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From Hadrons to QCD→ brief motivation of the fundamental theory

Quarks as building blocks→ QCD Lagrangian

From QCD to Hadrons→ deriving expectations from QCD Lagrangian

e.g. Symmetries of QCD→ potential models, Effective theories, Lattice

Determination of Hadron properties

Methods: e+e− Annihilation, γ+Baryon, Hadron-Hadron Collisions, Electron Scattering
⇒ Mass, Width, Decays, Quantum Numbers,
Wave-Function (Form-Factor, Polarizabilities, ...)

Compare experiments with expectations: Exotics, ...
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The Standard Model of Elementary Particles
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Quark Model

Introduced 1964 by Gell-Mann/Zweig to clean up “particle zoo”

Mesons as Quark-Antiquark Pair:

Pions:

π+ π0 π− η1

|ud〉 1√
2

(
|uu〉− |dd〉

)
|du〉 1√

2

(
|uu〉+ |dd〉

)

Kaons:

K+ K0 K0 K−

|us〉 |su〉 |us〉 |su〉

. . . 6 flavours→ 36 Mesons?

C: Charm, Y : Hypercharge, Iz: Isospin

Z
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Baryons

Baryons as three quark states

Examples:

p : |u ↑ u ↓ d ↑〉
n : |u ↑ d ↓ d ↑〉
∆(1232) : |u ↑ u ↑ d ↑〉
Λ : |u ↑ d ↓ s ↑〉

. . .

Ground states are OK, excited states?
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Color

Problem: ∆++ with angular momentum J = 3
2:

∆
++ = |uuu〉︸ ︷︷ ︸

flavour

· | ↑↑↑〉︸ ︷︷ ︸
spin

· |l = 0〉︸ ︷︷ ︸
orbital l

Not possible for Fermions→ additional antisymmetric charge neccessary

Not visible for three- and two-quark states

Color Analogy:

Three colors: Two Colors:
Primary Colors Color – complementary Color

Physical objects are colorless (i.e. SU(3) Color-Singulets):

Baryons: red–green–blue tripletts

|qqq〉=
√

1
6(|RGB〉− |RBG〉+ |BRG〉− |BGR〉+ |GBR〉− |GRB〉)

Mesons: color–anti-color pairs
|qq〉= |RR〉+ |GG〉+ |BB〉

⇒ SU(3) Symmetry of Gluons
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QCD Lagrangian

Lagrangian field theory:

L = T −V and Lagrange’s Equation
d
dt

(
∂L
∂q̇i

)
− ∂L

∂qi
= 0

or with continuous field φ(xµ)
∂

∂xµ

(
∂L

∂(∂φ/∂xµ)

)
− ∂L

∂φ
= 0

Only two ingredients for LQCD:

Quarks are massive spin 1
2 particles⇒ Dirac equation for free lagrangian

L0 = q j(iγ
µ
∂µ−m)q j

Gauge invariant under SU(3) color symmetry
i.e. invariant under local phase rotation: q(x)→ eiαa(x)Ta q(x) with eight 3×3 matrices Ta

LQCD = q(iγ µ
∂µ−m)q−g(qγ

µ Ta q)Ga
µ −

1
4

Ga
µνG µν

a

with 8 massless vector gauge fields transforming like Ga
µ → Ga

µ −
1
g

∂µαa− fabcαbGc
µ

gauge field strength tensor Ga
µν = ∂µGa

ν−∂νGa
µ −g fabcGb

µGc
ν

SU(3) structure constants given by [Ta,Tb] = i fabcTc ⇒ “non abelian”
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Charge Screening

Quark loops like lepton loops in QED

For each flavour, large mass supressed

Additional:

Gluon Loops
Large contribution: 8 gluons
opposite sign!

F. Halzen, A. Martin, Quarks and Leptons
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Strong Coupling Constant
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Strong Coupling Constant

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1
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0.3

αs (Q
2)
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Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)
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1000

 (NLO

pp –> tt (NNLO)

)
(–)

⇒ running of αs⇒ non-abelian structure of QCD!
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Possible Quark States
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Not only qq and qqq states⇒ a new zoo of “Exotics” is expected!

Important for most of them: “Color-Singulet” does not mean “white”!
Two singulets are always decoupled→ non-trivial binding (e.g. “white” exchange) neccessary
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e+e− Annihilation: Cross Section

e++ e−→ Hadrons, with over all JPC = 1−−
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e+e− Annihilation: general features

Idea: Relate qq cross section to known (i.e. QED) cross section (µ to be distinguishable from e):

µ+µ− cross section from QED:

σ(e+e−→ µ+µ−) =
4πα2

3s

qq cross section (also only QED!):

σ(e+e−→ qq) = Nce2
q σ(e+e−→ µ+µ−)

with eq =

{
−1

3 for q = d,s,b

+2
3 u,c, t

and Nc = 3 number of colors.

R =
σ(e+e−→ Hadrons)

σ(e+e−→ µ+µ−)
= ∑

q
3e2

q
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e+e− Annihilation
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with QCD corrections: R = ∑q 3e2
q(1+

αs(Q2)
π

)

confirms quark charge

confirms (again) Nc = 3 colors
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R-Ratio: u, d, s
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R-Ratio: c
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R-Ratio: b
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Consequences from QCD for Hadron Properties
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Symmetries of the QCD Lagrangian: Parity

LQCD is invariant under parity transformation (i.e. point reflection)

P̂ : (t,~x)→ (t,−~x)
Eigenvalues:

P̂2(φ(t,~x)) = P̂(P̂(φ(t,~x)) = P̂(φ(t,−~x)) = φ(t,~x)

⇒ P̂(φ(t,~x) = Pφ(t,~x) with Eigenvalues P =±1 (actually ±eiϕ, but we can redefine P̂)

Consequences for Hadrons:

All states can be decomposed into states with P =+1 or P =−1

Might be degenerated?

System of Hadrons

P̂(φ1(t,~x)⊗φ2(t,~x)⊗·· ·⊗φN(t,~x)) = P1 (φ1(t,~x))×P2 (φ2(t,~x))×·· ·×PN (φN(t,~x))

Parity is a “multiplicative” quantum number

Hadrons produced via QED/QCD from a state with defined total parity have same total parity

Additional U(1) Symmetries for Baryon-Number, Charge, Lepton Number⇒ combined parity
operators

Define intrinsic parity PProton = PNeutron = PElectron =+1:
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Symmetries of the QCD Lagrangian: Experimental determination of Parity

Example: Parity of the pion
2H +π

−→ n+n

measure angular momentum (i.e. angular distribution)

intrinsic parity P(p) = P(n) = 1

Deuteron has Spin Sd = 1
Pion has Spin Sπ = 0
s-Wave L = 0
n antisymmetric




⇒ total orbital momentum of final state L = 1⇒ P = (−1)L

Sum
(1)︸︷︷︸
p↑

(1)︸︷︷︸
n↑

(Pπ)︸︷︷︸
Pion

= (−1)︸︷︷︸
L=1

(1)︸︷︷︸
n↑

(1)︸︷︷︸
n↑

⇒ Pion has parity Pπ =−1, it is a “pseudoscalar” particle

General approach:

calculate parity of initial state

examine strong and electromagnetic (not weak!!!) decays, determine angular momenta

tie to defined intrinsic parity
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Symmetries of the QCD Lagrangian: Charge Conjugation

LQCD is invariant under Charge Conjugation (i.e. exchange particle→ antiparticle)

Ĉ : |φ〉 → |φ〉
Same properies as a parity operator

Eigenvalues C =±1

Multiplicative quantum number for a system

New: only neutral particles can be eigenstates!

Experimental determination: e.g. C-Parity of the pion from decay:

π
0→ γ+ γ

C-Parity of photon C(γ) =−1 from QED

Multiplicative⇒ C(π0) = (−1)γ(−1)γ = 1

Quantum numbers of the Pion: JPC = 0−+
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Natural Quantum numbers

“Natural” quantum numbers for mesons: JPC with |L−S| ≤ J ≤ |L+S|
P̂(R(r)Ylm(θ,φ)) = Ylm(π−θ,φ+π) = (−1)lYlm(θ,φ) ⇒ P̂|qq〉= (−1)L+1|qq〉

Charge Parity of a Meson as a Quark-Antiquark pair:

Ĉ(|qq〉) =C|qq〉
Charge Conjugation corresponds to exchange of quark/antiquark
L = 0,2,4, ... symmetric, L = 1,3,5, ... antisymmetric⇒ C ∼ (−1)L

Spin⇒ C ∼ (−1)S+1

Exchange particle→ antiparticle⇒ C ∼ (−1)

Ĉ(|qq〉) = (−1)L(−1)S+1(−1)|qq〉= (−1)L+S|qq〉

Allowed: 0−+, 0++, 1−−, 1+−, 1++, 2−−, 2−+, 2++, 3−−, 3+−, 3++, ...
Not allowed: 0−−, 0+−, 1−+, 2+−, 3−+, ... ⇒ Exotic Mesons

2S+1LJ S L J P C JPC Mesons Name
1S0 0 0 0 − + 0−+ π η η′ K pseudo-scalar
3S1 1 0 0 − − 1−− ρ ω φ K∗ vector
1P1 0 1 1 + − 1+− b1 h1 h′1 K1 pseudo-vector
3P0 1 1 0 + + 0++ a0 f0 f ′0 K∗0 scalar
3P1 1 1 1 + + 1++ a1 f1 f ′1 K1 axial vector
3P2 1 1 2 + + 2++ a2 f2 f ′2 K∗2 tensor
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Theoretical Approaches
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The “brute force” approach: Lattice QCD

Starting point: Feynman’s Path Integral formulation of Quantum Mechanics:

ψ(x2, t2) =
1
Z

∫
eiS

ψ(x1, t1) Dx

with
∫

Dx : Integration over all paths x(t) with x(0) = x1

and the action S =
∫ t2

t1
L(x, ẋ, t) dt

(a.k.a. Fermat’s principle, Hamilton’s principle, principle of least action)

⇒
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Lattice QCD

Quark
Gluon

a

Transform to Euclidean Space (neccessary to use Monte-Carlo-Methods):

t→ iτ
−(dt2)+dx2+dy2+dz2→ dτ

2+dx2+dy2+dz2

Define Link Variables for gluonic field

Uµ = exp
(

iaGµ

(
n+

µ̂
2

))

Uµν(n) : closed loop around one tile, “plaquette”

Fermion action bei discretizing derivatives ∂φt ≈ φ(t+a)−φ(t−a)
2a

S =
∫

u(iDµγµ+m)ud4x → Dµ =
1
2a

[
Uµ(x)q(x+aµ̂)−Uµ(x−aµ̂)†q(x−aµ̂)

]

Gluonic action:

S =− 1
2g2Tr

∫
GµνGµνd4x → SL =−

1
2g2 ∑a4Tr(1−Uµν(n))
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Lattice

Final Step: Numeric solution via Markov-chain Monte-Carlo:

Choose a start-configuration C0

Accept a random next configuration Cn+1 with probability

P = min
(

1,
W (Cn+1)

W (Cn)

)

⇒We don’t need to know the probability density function,
we need only the relative weight W (C),
calculated by discretized path integral!

Repeat until “thermalization”, i.e. distribution of configurations corresponds to W (C)

Repeat everything with different Lattice spacing a

Extrapolation a→ 0

Summary:

Gauge invariant

Works in the non-perturbative regime

Finite volume, finite momentum
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Hadron Spectrum from Lattice QCD
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Still one symmetry of QCD not used...
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Chirality

Helicity: Spin projection in direction of motion

p

S

p

S

Right-handed: Left-handed:

Not a good quantum number: inversion by “overtaking” reference frame!

Better: Chirality

γ
5 = iγ

0
γ

1
γ

2
γ

3 =




0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0




For massless particles:

γ
5 ·u+ = γ

5 ·
(

χ

~σ·~p
E+m

)
= γ

5 ·




1
0
1
0


=+u+ and γ

5 ·u− = γ
5 ·




0
1
0
−1


=−u−

Eigenvalues of γ5 are the eigenvalues of helicity for particles with m→ 0

Chirality ≈ Lorentz invariant version of Helicity
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Chiral Symmetry

Projection Operator
1
2
(1+ γ

5)u = uR
1
2
(1− γ

5)u = uL

Consequences for Dirac Equation (iγµpµ−m)u = 0:

uγ
µu = (uR+uL)γ

µ (uR+uL) = uRγ
µ uR+uLγ

µ uL

for m→ 0: left-/right-handed particles interact only with left-/right-handed particles

Def.: Chiral Symmetry: invariant under separate rotations

ψL→ eθLψL and ψR→ ψR

or ψR→ eθRψR and ψL→ ψL

Chiral Symmetry in QCD: combination with Isospin rotation of q =

(
u
d

)
:

U(2)L×U(2)R = SU(2)L×SU(2)R︸ ︷︷ ︸
Chiral Symmetry

×U(1)V ×U(1)A︸ ︷︷ ︸
Baryon number, Quan. anomaly

Chiral Symmetry: QCD invariant under separate isospin rotation for left- and right-handed quarks
in the limit of massless quarks



Harald Merkel, Hadron Physics, Bormio 2019 27/80

The Power of Chiral Symmetry...
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QED Example: Bremsstrahlung

Virtual intermediate electron
1

p/−m→ 0 Peak in electron direction

Exactly at θγe = 0:

Emmission of Spin 1 Photon
No orbital angular momentum
⇒Spin Flip of electron

breaks Chiral Symmetry
Cross section→ 0

⇒ Chiral symmetry is powerfull
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Expectations from Chiral Symmetry for Hadron Physics

Mass of light quarks:
mu = 2.2MeV md = 4.7MeV

mq� mHadrons

Chiral symmetry SU(2)R×SU(2)L should be conserved at least at 1% level!

Expectations:

Parity doublets: all light quark states have partner with oposite parity

Observation:

No parity doubletts in baryon or meson spectrum seen! e.g. ρ(770)< a1(1200)

Three ridiculous light mesons π0, π+, π− with mπ� 2
3mp

Hypothesis:

Chiral Symmetry is spontaneously broken

SU(2)L×SU(2)R→ SU(2)V ×SU(2)A

of standard vector SU(2)V and rest (...SU(2)A is not quite axial vector)



Harald Merkel, Hadron Physics, Bormio 2019 29/80

Spontaneous Symmetry Breaking and Goldstone-Theoreme

2-dimensional Example:

L =
1
2

∂
µ
φ∂µφ− 1

2
m2

φ
∗
φ− λ

4
(φ∗φ)2

Minimum at

|φ|= k =
√
−m2/λ

  −
1  −

0.
5

 0

 0
.5

 1

V(Φ)

-2

-1

0

1

2

Im
(Φ

)

-2

-1

0

1

2

R
e
(Φ

)

Replace complex scalar field φ = keiθ/k, θ ∈ R

⇒ L =
1
2
(−ie−iθ/k

∂
µ
θ)(ieiθ/k

∂µθ)− 1
2

m2k2− λ

4
k4 =

1
2

∂
µ
θ∂µθ − 1

2
m2k2− λ

4
k4

︸ ︷︷ ︸
const. in θ

⇒ Real scalar field θ ist massless!

Spontaneous Symmetry Breaking⇒ massless Goldstone-Bosons. ⇒ QCD: Pions
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Chiral Effective Field Theories

What are the relevant degrees of freedom? ⇒ e.g. pions as Goldstone-Bosons

Ingredients for an effective field theory:

Choose degrees of freedom: ⇒ Pions

Most general Lagrangian in theses DoF respecting the Symmetries of LQCD
⇒ series in terms of derivatives, fields
⇒ this is a perturbative theory!

Most important: sort these terms!

Expansion in mass terms (explicit symmetry breaking by −q f Mq f )
Simultaneously expansion in p
Order Scheme→ define what is LO, NLO, NNLO!

Derive Feynman rules, calculate observables order by order, ...

To deal with:

Regularization⇒ Low Energy Constants Fit to experiment, limits predictive power

Degrees of freedom: e.g. better to include resonances?

Convergence of series

...

Systematic expansion, not a Model!
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N.B.: Theorists’ “Slang”

If a theorist uses the word

”chiral”

like e.g. in ”Chiral Extrapolation of Lattice QCD” this usually means

”Using methodes from Effective Field Theories
using the Chiral Symmetry of QCD”
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Potential Models
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The qq Force of QCD

Idea: heavy quarks→ non-relativistic

A quark in the potential of a mean field
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Simple Model: Non-relativistic Potential Model

Model: quarks in the potential of the rest of the meson/baryon

V (r→ 0)

Asymptotic freedom
Massless gluons
→ infinite range Coulomb like potential 1

r

V (r→ ∞)

Confinement potential k · r
Running coupling constant

V (~r) =−4
3

αs

r
+ k · r

V
(r

)/
G

eV

r /fm

1

0

-1

-2

1

V (r ) =−4

3

αs

r

V (r ) =−4

3

αs

r
+k r
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Simple Model: Non-relativistic Potential Model

Non-relativistic qq potential:

V (~r) =−4
3

αs

r
+ k · r

Running Coupling constant:

αs(Q2) =
12π

(33−n f ) log
(

Q2

Λ2

)

n f : number of flavours
Λ≈ 0.2GeV: QCD Scale parameter
k ≈ 1 GeV

fm : QCD String constant

V
(r

)/
G

eV

r /fm

1

0

-1

-2

1

V (r ) =−4

3

αs

r

V (r ) =−4
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αs

r
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qq Potential from Lattice calculation

-3

-2

-1

0

1

2

3

4

0.5 1 1.5 2 2.5 3

[V
(r

)-
V

(r
0
)]

r 0

r/r0

Σg
+

Πu

2 mps

mps + ms

quenched
κ = 0.1575

V (~r) =−4
3

αs

r
+ k · r@

@
@@I

Quenched approximation, i.e. no disconnected quark loops

G. S. Bali et al., PRD62 (2000)
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Other usefull Ingredients: Spin Dependent Potential

Neccessary extensions of potential model:

Spin-Orbit (fine structure)

VLS =
1

2m2
cr
(~L ·~S)

(
3

dVV

dr
− dVV

dr

)

Spin-Spin (hyperfine structure)

VSS =
2

3m2
cr
(~S1 · ~S2)∇

2VV(r)

Tensor force

VT =
2

12m2
c
(3(~S · r̂)(~S · r̂)−S2)

(
1
r

dVV

dr
− d2VV

dr2

)

with VV , VS vector and scalar part of the previous potential
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Finding Hadrons

⇒ Just looking for Bumps?
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What is a Bump? The Line Shape:

Strong Decay ⇒ Lifetime τ≈ 10−23 s
⇒ Width Γ0 ≈ 100 MeV

c

Breit-Wigner Amplitude (complex mass in Dirac-propagator)

BW (m) =
Γ0/2

m0−m− iΓ0/2

valid for Γ0� m0
m0� Threshold Energy

Better (relativistic, orbital momentum, phase space included):

BW (m) =
m0Γ(m)

m2
0−m2− im0Γ(m)

with Γ(m) = Γ0
m0

m
p
p0

F2
l (p)

F2
l (p0)

angular momentum barrier: F0(p) = 1

F1(p) =
√

2z/(z+1) with z = (p/pR)
2

F2(p) =
√

13z2/((z−3)2+9z)
. . .
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Example ρ(770)

Γ0 = 150 MeV 150 MeV 350 MeV
m1 = m2 = 140 MeV 350 MeV 140 MeV

Argand-Diagramm:
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Reality Check: ρ→ π+π−

 0
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 1200

 1400

 0.6  0.65  0.7  0.75  0.8  0.85  0.9  0.95

σ
0
(e

+
e

-  →
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+
π

- ) 
[n

b
]

√s [GeV]

BaBar (09)

New Fit

KLOE (10)

KLOE (08)

no clean Breit-Wigner→ ρ−ω interference at the position of the ω mass
→ amplitude and phase changed
⇒ all open channels have to be considered on complex amplitude level!
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Coupled channels

Simplest Example: proton around the pion production threshold
three open channels: γ+ p, n+π+, p+π0

Scattering matrix (S-Matrix) of complex transition amplitudes:


p+ γ

n+π+

p+π0




final

=




Aγγ Aγπ Aγπ

Aγπ Aππ Aπ+π0

Aγπ Aπ+π0 Aππ


 ·




p+ γ

n+π+

p+π0




initial

Conservation of Probability⇔ Unitarity of S-matrix

All channels are seen in all other channels

γ+ p→ p+π0, s-wave:

p pn

γ π
0

π
+
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Compton-Scattering

Polarizabilities in Compton Scattering (partial waves):



Harald Merkel, Hadron Physics, Bormio 2019 42/80

Is the Scattering Phase an Observable?

Quantum-mechanics: An absolute phase is not measureable!

But:

Elastic scattering: optical Theorem

σ =
4π

k
Im{ f (θ = 0)}

Elastic phase is a transition phase

Direct measureable at forward direction (θ = 0) in

γ+ p→ γ+ p
π
++n→ π

++n
π

0+ p→ π
0+ p (not measured yet...)

Unitarity of S-matrix fixes phase of all scattering amplitudes

⇒ Scattering amplitudes have relative phases (inital state→ final state)!

⇒ Production amplitudes are also Observables (but in reality hard to determine absolute)
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The Art of Partial Wave Analysis

Limited significance of single channels (even if this presentation is “standard” in talks...)

All open channels have to be fitted simultanously

Separate for every angular momentum (Partial Wave)

Fit on Amplitude level (not cross section!)

Polarization degrees of freedom

Resonances: Breit-Wigner width (line shape, pole position), mass

Background contributions

Combinatorical background

...

Hundreds of parameters, most determined with limited significance
...choose wisely
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I only believe in peaks seen

. . . in several channels
. . . by different groups,

. . . measured with different apparatus,
. . . with different analysis

and still I have doubts...
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Heavy Quark Mesons
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The J/ψ discovery

Simultanious discovery 1974 in BNL and SLAC

First evidence of a new quark: charm

Confirmation of quark model (c missing partner of s)

Bound state of cc quarks

⇒ new era of heavy quark physics

SLAC
e++ e−

BNL
p+Be→
e++ e−+X
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J/ψ-Decays

Below open charm threshold:

J−−⇒ electromagnetic decay possible

States with C =+1 can decay via two gluons

States with C =−1 can only decay via three gluons

Hadrons

Hadrons

⇒ electro-magnetic decay of same order of magnitude as strong decay

⇒ J/ψ is a very small resonance

Above open charm threshold:

⇒ broad resonances
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Heavy Quark Systems

Heavy Quarks:

mc = 1.3GeV mb = 4.2GeV mt = 170GeV

Heavy Quark Systems are non-relativistic:

mJ/ψ = 3.1GeV = 2×mc+2×0.25GeV

⇒ β =
p
E
≈ 0.25GeV

1.3GeV
= 0.2

The mass scale is perturbative:
mQ� ΛQCD

Potential model for description well suited

non-perturbativ – transition – perturbative regime
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Positronium as Model for Quarkonium (Charmonium or Bottomonium)

Positronium Charmonium
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Production channels

• Weak decay Belle

• e+e− annihilation and
initial state radiation
– only JPC = 1++

– 0 <E<c.m. energy

• Double Charmonium
– J/ψ + cc

BES III

• Two-photon production
– C =+1

• pp annihilation
– 2 gluons: 0−+, 0++, 2++

– 3 gluons: 1−−, 1−+

PANDA
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Charmonium States below open charm threshold

Discovered Charmonium States: Solution of non rel.
Schrödinger-Equation

Notation:

0−+ 1−− 1+− J++

ηc ψ hc χ1,2,3

8 States well established

Hyperfine splitting to adjust
spin dependent potential VSS

∆mh f (1S) = m(J/Ψ)−m(ηc)

= 116MeV

Look for

Missing States
Additional States
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Charmonium Spectrum
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The X(3872) (new PDG2018 naming scheme: χc1(3872))

Belle (2013): A new state, not quite fitting into spectrum:

3820 3860 3900

M(π
+
π

-
J/ψ) (MeV/c

2
)

0

15

30

E
v
e
n
ts

/5
 M

e
V

/c
2

3630 3670 3710

M(π
+
π

-
J/ψ) (MeV/c

2
)

0

100

200

300

Discovery channel:

e+e−→ ϒ(4S)→ B+B−

B+→ K+
π
+

π
− J/ψ︸ ︷︷ ︸

subsystem

Decay to J/ψ: cc content neccessary

Isospin: Decay via ρ→ π+π− or ω→ π+π−

ρ decay is isospin violating→ suppressed

Both channels are of same order

⇒ additional u and d content?

Resonance confirmed by BaBar, BES, CDF, D0, LHCb, ...

LHCb: Quantum Numbers JPC = 1++, I = 0 (these are not exotic!)
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X(3872) Decay to ρJ/ψ

X(3872)→ρ+ J/ψ

ρ→ π
++π

−

2

measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0

BOUNDS ON THE WIDTH, MASS DIFFERENCE AND . . . PHYSICAL REVIEW D 84, 052004 (2011)

052004-13

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&
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ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS
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λJ=ψ −λρ λJ=ψ −λρ

!

×
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L S JX
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"
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Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.

2
E

ve
nt

s/
10

 M
eV

/c

0

200

400

(a)

3.85 3.9 3.95
0

200

400 (c)

)2 (GeV/cωψJ/m

4 4.2 4.4 4.6 4.8

2
E

ve
nt

s/
10

 M
eV

/c

0

200

400

(b) Data
Fit function
X(3872)
Y(3940)
Nonresonant

FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
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4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5

 (GeV)cmE
4 4.1 4.2 4.3 4.4 4.5

) 
(p

b)
ψ

J/- π+
→

γπ
X

(3
87

2)
γ(

B σ

0

0.1

0.2

0.3

0.4

0.5

0.6
data
Y(4260)
Phase Space
Linear

FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.

PRL 112, 092001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

7 MARCH 2014

092001-5

where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect

) (GeV)ππM(
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

E
v

e
n

ts
/ 

0
.0

2
 G

e
V

0

5

10

15

20

25

30

35

40

FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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(d)

(b)(a)

(e)

in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.

2
E

ve
nt

s/
10

 M
eV

/c

0

200

400

(a)

3.85 3.9 3.95
0

200

400 (c)

)2 (GeV/cωψJ/m

4 4.2 4.4 4.6 4.8

2
E

ve
nt

s/
10

 M
eV

/c

0

200

400

(b) Data
Fit function
X(3872)
Y(3940)
Nonresonant

FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.

) (GeV)ππM(
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

E
v

e
n

ts
/ 

0
.0

2
 G

e
V

0

5

10

15

20

25

30

35

40

FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf
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P-wave 158* 15 0:48þ0:20
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at
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s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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where k! is defined above, ‘ is the orbital angular momen-
tum value, f0X ¼ 1:0 and f1Xðk!Þ ¼ ð1þ R2

Xk
!2Þ&1=2 are

Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW! is the
relativistic BW expression

BW!ðm""Þ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m""!!

q

m2
! &m2

"" & im!!!

: (15)

Here !!¼!0½q!=q0(3½m!=m""(½f1!ðq!Þ=f1!ðq0Þ(2, where
q!ðm""Þ is the pion momentum in the ! rest frame, q0 ¼
q!ðm!Þ, f1!ðqÞÞ ¼ ð1þ R2

!q
2Þ&1=2, !0 ¼ 146:2 MeV and

m! ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R! are poorly
known. Generally R! ¼ 1:5 GeV&1 is used and CDF uses
values forRX that are as large asRX ¼ 5:0 GeV&1. (Higher
values of RX reduce the effects of the k!ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: #2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
#2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV&1 improves the P-wave
fit #2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R! are found to have little effect on the fit
quality for either case.

However, both Belle [48] and BABAR [18] have reported
evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the !J=c and !J=c final states, where ! !
"þ"&, can have an important effect on the Mð"þ"&Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from !-! interference.
For these fits we use the form given in Eq. (14) with

BW!ðm""Þ replaced by

BW!&! / BW! þ r!e
i$!BW!; (16)

where BW! is the same form as BW! with ! meson mass
and width values substituted for those of the !, r! is the
strength of the ! amplitude relative to that of the !, and
$! is their relative phase, which is expected to be 95) [49].
We performed fits to the Mð"þ"&Þ distribution using

this form weighted by the acceptance with $! fixed at 95)

and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07* 0:05)
improves the S-wave fit to #2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

&0:14, and a good fit quality: #2 ¼ 14:6 for 17 degrees
of freedom (62% CL).
The fits have three components: direct ! ! "þ"&

(/jBW!j2) and ! ! "þ"& ( / r2!jBW!j2) contributions
and a !-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! "þ"&"0 and ! !

"þ"& line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð"þ"&Þ distribution
for Xð3872Þ ! "þ"&J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.
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FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð"þ"&Þ distribution for Xð3872Þ !
"þ"&J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of !-! interference included.

TABLE VI. Summary of the results from the !-! interference
fit.

Nsig r! N!!"" N!!"" N!-! interf

S-wave 159* 15 0:07* 0:05 140.9 0:6* 0:5 17.8
P-wave 158* 15 0:48þ0:20

&0:14 93.2 3:6þ1:5
&1:1 60.0
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψÞ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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Figure 2. The J/ ⇡+⇡� invariant-mass distribution in the X(3872) region for two bins of

transverse momentum, 10–13.5 GeV (left) and 18–30GeV (right). The lines represent the

signal-plus-background fits (solid) and the background-only components (dashed). The �2/ndf of

the fit is also reported.

the Gaussian functions, the fraction of signal associated with each Gaussian, and two

background-shape parameters. Figure 2 shows examples of fitted mass distributions for a

low- and a high-transverse-momentum bin. The measured numbers of X(3872) and  (2S)

signal events are listed in table 1.

The acceptances and e�ciencies of the X(3872) and  (2S) final states are factorized

into four components, each of which is determined individually from the simulation: the

acceptance A(J/ ) and e�ciency ✏(J/ ) for the trigger and detection of the J/ , and the

acceptance A(⇡+⇡�) and e�ciency ✏(⇡+⇡�) for the pion pair, including the J/ ⇡+⇡�

vertex probability requirement. The acceptances are the same for the 2011a and 2011b

datasets for the pT bins in common (pT > 13.5 GeV). The e�ciency is calculated for the

2011a dataset in each bin since the changes in e�ciency related to the trigger evolution

during data taking do not a↵ect the e�ciency ratio. The average value of A · ✏ in each pT

bin is determined using fine-grained bins in transverse momentum as

⌧
1

A · ✏

�

bin

⌘
Nbin

fineX

i=1

Ni

Ai · ✏i

,Nbin
fineX

i=1

Ni, (4.3)

where Ni is the number of signal events observed in the data, Ai = Ai(J/ ) · Ai(⇡+⇡�),

✏i = ✏i(J/ ) · ✏i(⇡+⇡�) are the acceptance and e�ciency in each fine bin, and Nbin
fine is the

number of fine bins contained in each pT interval. This procedure accounts for the large

variation in acceptance and e�ciency over the wide pT bins, relying on the pT spectrum

from the data. The number of signal events in each fine bin is determined using a sideband-

subtraction technique. The ratios of the acceptances and e�ciencies, listed in table 1, are

di↵erent from unity because of small di↵erences in the X(3872) and  (2S) decay kinematics.

Studies are performed to verify the description of the data by the simulations and to

determine the systematic uncertainties. These are listed in table 2 and described in the

following.
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(e)

in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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Two Pion distribution described by Breit-Wigner with known ρ(770) width

Violates Isospin conservation⇒ at least two gluons

Should be suppressed compared to decay via ω→ π+π−π0



Harald Merkel, Hadron Physics, Bormio 2019 54/80

Interpretations of the X(3872)

X(3872) Properties

Mass is very close to open charm threshold D0D0∗
Width is very narrow < 1.2MeV

small binding⇒ huge separation

Decays to ρJ/ψ

Decays to ωJ/ψ

Decays dominant to D0D0∗
Interpretation:

Exotic nature? Probably...

Many interpretations on the market

Loosely bound D0D0∗ molecule?
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Y (4260)

BaBar (2005) via Initial State Radiation

e+ e− → γISR π
+

π
− J/ψ

1

signal. To determine an upper limit on the total width, we
repeated the fits using a resolution-broadened Breit-
Wigner (BW) function to represent the signal. This fit
gives a BW width parameter that is consistent with zero:

! ! 1:4" 0:7 MeV. From this we infer a 90% confidence
level (C.L.) upper limit of ! < 2:3 MeV.

The open histogram in Fig. 3(a) shows the !#!$

invariant mass distribution for events in a "5 MeV win-
dow around the X%3872& peak; the shaded histogram
shows the corresponding distribution for events in the
nonsignal "E-Mbc region, normalized to the signal
area. The !#!$ invariant masses tend to cluster near
the kinematic boundary, which is around the " mass; the
entries below the " are consistent with background. For
comparison, we show the !#!$ mass distribution for the
 0 events in Fig. 3(b), where the horizontal scale is shifted
and expanded to account for the different kinematically
allowed region. This distribution also peaks near the
upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions
for B# ! K#X%3872&, X%3872&! !#!$J= and B# !
K# 0,  0 ! !#!$J= to be

B!B# ! K#X%3872&"'B!X%3872&! !#!$J= "
B%B# ! K# 0& 'B% 0 ! !#!$J= & ! 0:063" 0:012%stat& " 0:007%syst&:

Here the systematic error is mainly due to the uncertain-
ties in the efficiency for the X%3872&! !#!$J= chan-
nel, which is estimated with MC simulations that use
different models for the decay [13].

The decay of the 3Dc2 charmonium state to #$c1 is an
allowed E1 transition with a partial width that is ex-
pected to be substantially larger than that for the
!#!$J= final state; e.g., the authors of Ref. [4] pre-
dict !%3Dc2 ! #$c1& > 5' !%3Dc2 ! !#!$J= &. We
searched for an X%3872& signal in the #$c1 decay chan-
nel, concentrating on the $c1 ! #J= final state.

We select events with the same J= ! ‘#‘$ and
charged kaon requirements plus two photons, each with
energy more than 40 MeV. We reject photons that form a
!0 when combined with any other photon in the event. We
require one of the #J= combinations to satisfy

398 MeV< %M#‘#‘$ $M‘#‘$&< 423 MeV (correspond-
ing to $15 MeV< %M#J= $M$c1

&< 10 MeV). In the
following we use M#$c1

( M##‘#‘$ $M#‘#‘$ #MPDG
$c1

,
where MPDG

$c1
is the PDG $c1 mass value [9].

The B! K#$c1, $c1 ! #J= decay processes have a
large combinatoric background from B! K$c1 decays
plus an uncorrelated # from the accompanying B meson.
This background produces a peaking at positive "E val-
ues that is well separated from zero and is removed by the
"E< 30 MeV requirement. Because of the complicated
"E background shape and its correlation with Mbc, we do
not include "E in the likelihood fit. Instead, we perform
an unbinned fit to the M#$c1

and Mbc distributions with
the same signal and background PDFs for Mbc and M#$c1

that are used for the !#!$J= fits. We fix the Gaussian
widths at their MC values, and the  0 and X%3872& masses
at the values found from the fits to the !#!$J= chan-
nels. The signal yields and background parameters are
allowed to float.

The signal-band projections of Mbc and M#$c1
for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,
together with curves that show the results of the fit. The
fitted signal yield is 34:1" 6:9" 4:1 events, where the
first error is statistical and the second is a systematic error
determined by varying the Mbc and M#$c1

resolutions
over their allowed range of values. The number of ob-
served events is consistent with the expected yield of
26" 4 events based on the known B! K 0 and  0 !
#$c1 branching fractions [9] and the MC-determined
acceptance.

The results of the application of the same procedure
to the X%3872& mass region are shown in Figs. 4(c) and
4(d). Here, no signal is evident; the fitted signal yield is
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(a)

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we

3880 4080 4280
M(ωJ/ψ) (MeV)

0

10

20

30

E
ve

nt
s/

40
 M

eV

3880 4080 4280
M(ωJ/ψ) (MeV)

0

10

20

30

FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.

0

4

8

12

E
ve

nt
s/

bi
n

0

4

8

E
ve

nt
s/

bi
n

0

4

8

E
ve

nt
s/

bi
n

5.200 5.250

Mbc (GeV)

0

4

8

E
ve

nt
s/

bi
n

5.200 5.250

Mbc (GeV)
5.200 5.250 5.300

Mbc (GeV)

FIG. 3. Mbc distributions for B& ! K&!J= candidates in
the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.

PRL 94, 182002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
13 MAY 2005

182002-4

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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signal. To determine an upper limit on the total width, we
repeated the fits using a resolution-broadened Breit-
Wigner (BW) function to represent the signal. This fit
gives a BW width parameter that is consistent with zero:

! ! 1:4" 0:7 MeV. From this we infer a 90% confidence
level (C.L.) upper limit of ! < 2:3 MeV.

The open histogram in Fig. 3(a) shows the !#!$

invariant mass distribution for events in a "5 MeV win-
dow around the X%3872& peak; the shaded histogram
shows the corresponding distribution for events in the
nonsignal "E-Mbc region, normalized to the signal
area. The !#!$ invariant masses tend to cluster near
the kinematic boundary, which is around the " mass; the
entries below the " are consistent with background. For
comparison, we show the !#!$ mass distribution for the
 0 events in Fig. 3(b), where the horizontal scale is shifted
and expanded to account for the different kinematically
allowed region. This distribution also peaks near the
upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions
for B# ! K#X%3872&, X%3872&! !#!$J= and B# !
K# 0,  0 ! !#!$J= to be

B!B# ! K#X%3872&"'B!X%3872&! !#!$J= "
B%B# ! K# 0& 'B% 0 ! !#!$J= & ! 0:063" 0:012%stat& " 0:007%syst&:

Here the systematic error is mainly due to the uncertain-
ties in the efficiency for the X%3872&! !#!$J= chan-
nel, which is estimated with MC simulations that use
different models for the decay [13].

The decay of the 3Dc2 charmonium state to #$c1 is an
allowed E1 transition with a partial width that is ex-
pected to be substantially larger than that for the
!#!$J= final state; e.g., the authors of Ref. [4] pre-
dict !%3Dc2 ! #$c1& > 5' !%3Dc2 ! !#!$J= &. We
searched for an X%3872& signal in the #$c1 decay chan-
nel, concentrating on the $c1 ! #J= final state.

We select events with the same J= ! ‘#‘$ and
charged kaon requirements plus two photons, each with
energy more than 40 MeV. We reject photons that form a
!0 when combined with any other photon in the event. We
require one of the #J= combinations to satisfy

398 MeV< %M#‘#‘$ $M‘#‘$&< 423 MeV (correspond-
ing to $15 MeV< %M#J= $M$c1

&< 10 MeV). In the
following we use M#$c1

( M##‘#‘$ $M#‘#‘$ #MPDG
$c1

,
where MPDG

$c1
is the PDG $c1 mass value [9].

The B! K#$c1, $c1 ! #J= decay processes have a
large combinatoric background from B! K$c1 decays
plus an uncorrelated # from the accompanying B meson.
This background produces a peaking at positive "E val-
ues that is well separated from zero and is removed by the
"E< 30 MeV requirement. Because of the complicated
"E background shape and its correlation with Mbc, we do
not include "E in the likelihood fit. Instead, we perform
an unbinned fit to the M#$c1

and Mbc distributions with
the same signal and background PDFs for Mbc and M#$c1

that are used for the !#!$J= fits. We fix the Gaussian
widths at their MC values, and the  0 and X%3872& masses
at the values found from the fits to the !#!$J= chan-
nels. The signal yields and background parameters are
allowed to float.

The signal-band projections of Mbc and M#$c1
for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,
together with curves that show the results of the fit. The
fitted signal yield is 34:1" 6:9" 4:1 events, where the
first error is statistical and the second is a systematic error
determined by varying the Mbc and M#$c1

resolutions
over their allowed range of values. The number of ob-
served events is consistent with the expected yield of
26" 4 events based on the known B! K 0 and  0 !
#$c1 branching fractions [9] and the MC-determined
acceptance.

The results of the application of the same procedure
to the X%3872& mass region are shown in Figs. 4(c) and
4(d). Here, no signal is evident; the fitted signal yield is
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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gram represents the fixed background and the curves represent
the fits to the data (see text).
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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the fits to the data (see text).
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(d)

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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(c)

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Quantum numbers are now JPC = 1−−

Confirmed by CLEAO, CLEOIII, Belle, BESIII

Weak coupling consistent with hybrid meson
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Sideband

e+e−→ π
−

π
+J/ψ︸ ︷︷ ︸

subsystem

Decay to J/ψ:
⇒ cc content neccessary

Charged!!!!!!
⇒ at least ccud

Status:

Confirmed by several experiments

Several states

also Z+
b states seen

PDG 2018 naming scheme: X now χ Isospin 0
Y now ψ

Z Isospin 1
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Growing number of states...

Particle Data Group (2018): States near open cc or bb threshold

90. Spectroscopy of mesons containing two heavy quarks 9

Table 90.2: As in Table 90.1, but for new states near the first open-flavor thresholds in the cc̄ and bb̄ regions, ordered by
mass. Updated from [8] with kind permission, copyright (2011), Springer, and [9] with kind permission from the authors.

PDG Former/Common m (MeV) Γ (MeV) IG(JPC) Production Decay Discovery Summary
Name Name(s) Year Table

χc1(3872) X(3872) 3871.69±0.17 < 1.2 0+(1++) B → KX π+π−J/ψ 2003 YES
pp̄ → X... 3πJ/ψ

pp → X... D∗0D
0

e+e− → γX γJ/ψ
γψ(2S)

Zc(3900) 3886.6± 2.4 28.2± 2.6 1+(1+−) ψ(4260) → π−X π+J/ψ 2013 YES

ψ(4260) → π0X π0J/ψ

(DD̄∗)+

(DD̄∗)0

X(4020) Zc(4020) 4024.1± 1.9 13± 5 1+(??−) ψ(4260, 4360) → π−X π+hc 2013 YES

ψ(4260, 4360) → π0X π0hc

(D∗D̄∗)+

(D∗D̄∗)0

Zb(10610) 10607.2± 2.0 18.4± 2.4 1+(1+−) Υ(10860) → π−X π+Υ(1S, 2S, 3S) 2011 YES

Υ(10860) → π0X π0Υ(1S, 2S, 3S)

π+hb(1P, 2P )

(BB̄∗)+

Zb(10650) 10652.2± 1.5 11.5± 2.2 1+(1+−) Υ(10860) → π−X π+Υ(1S, 2S, 3S) 2011 YES

π+hb(1P, 2P )

(B∗B̄∗)+

...and ≈ 25 more unassigned states above threshold



Harald Merkel, Hadron Physics, Bormio 2019 58/80

Bottomonium

higher b-quark mass

lower coupling αs(Q2)

dominated by Coulomb term of the potential

better description by potential models

ground state ηb(1S) discovered 2008

ϒ(3S)→ γηb(1S)



Harald Merkel, Hadron Physics, Bormio 2019 59/80

Pentaquark (LHCb 2015)
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Glueballs
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Calculable in Lattice QCD

Predictions:

JPC = 0++,2++

Mixing with scalar mesons f0(1370)

Candidates f0(1500), f0(1710), ...

No clear signature yet
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Testing the wave-function: Form-Factors
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Form-Factor of the Nucleon

Elastic Cross Section (Rosenbluth-Formula):

dσ

dΩe
=

(
dσ

dΩe

)

Mott

1
(1+ τ)

[
G2

E(Q
2)+

τ

ε
G2

M(Q
2)
]

with τ = Q2

4m2
p

ε =
(
1+2(1+ τ) tan2 θe

2

)−1

GE(Q2): Electric Form-Factor → related to charge distribution
GM(Q2): Magnetic Form-Factor → related to distribution of magnetic moments

Normalization:
Gp

E(Q
2 = 0) = 1 Gn

E(Q
2 = 0) = 0

Gp
M(Q

2 = 0) = 2.79 Gn
M(Q

2 = 0) = −1.91

Root-Mean-Square Radius:

〈r2
E〉= −6

d
dQ2 GE(Q2)

∣∣∣∣
Q2=0

〈r2
M〉= −

6
µp

d
dQ2 GM(Q2)

∣∣∣∣
Q2=0
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Gross features of the Nucleon Form-Factors: Dipole formula

Results of Rosenbluth separation:

Empirical dipole fit:

Gp
E(Q

2) =
Gp

M(Q
2)

2.79
=

Gn
M(Q

2)

−1.91
= GDipole(Q2)

GDipole(Q2) =

(
1+

Q2

0.71GeV 2

)−2
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Polarization Transfer

Polarization transfer reaction:
~e+n→ e+~n

Longitudinal and transverse polarization:

Pl =
E +E ′

mI0

√
τ(1+ τ)G2

M tan2 θ

2

Pt = − 2
I0

√
τ(1+ τ)GEGM tan

θ

2

I0 = G2
E + τ

[
1+2(1+ τ) tan2 θ

2

]
G2

M

⇒ GE

GM
= −Pt

Pl

(E +E ′)
2m

tan
θ

2

Signal proportional to GE(Q2)

Systematic errors cancel out

Requires measurement of recoil polarization
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Rosenbluth vs. Polarization Transfer

Error propagation for Rosenbluth-separation (example: ε = 0.2,0.9):

 0

 2
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δG
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G
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σ

Q2/GeV2

δGE/GE
δGM/GM

dσ

dΩe
=

(
dσ

dΩe

)

Mott

1
(1+ τ)

[
G2

E(Q
2)+

τ

ε
G2

M(Q
2)
]

High Q2: G2
M ≈ 2.792×G2

E

G2
E suppressed by τ >> 1

Low Q2: G2
M suppressed by τ = Q2

4M2 → 0

BUT: Recoil polarization difficult below Q2 ≈ 0.2GeV2/c2

Utilize knowledge at Q2 = 0 ⇒ µGE = GM
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Rosenbluth-Separation by Fit
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Form-Factor results
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Milbrath et al.
Punjabi et al.

Jones et al.
Pospischil et al.
Dieterich et al.
Ron et al.

rE = 0.879 ± 0.005stat. ± 0.004syst. ± 0.002model ± 0.004group fm,

rM = 0.777 ± 0.013stat. ± 0.009syst. ± 0.005model ± 0.002group fm.

Jan C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010), Phys. Rev. C 90, 015206 (2014)



Harald Merkel, Hadron Physics, Bormio 2019 67/80

Muonic Hydrogen

mµ

me
≈ 200⇒ Muon spends more time at center

Increased overlap wave-function with nucleus (at least s-wave...)

Incresed sensitivity to charge distribution

First order: electric radius of the proton
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The Radius Puzzle: Lamb shift in µH-Atom

Nature 466, 213-216 (8 July 2010)
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Radius of the Proton

(σ× 5)
µD+iso

Reanalyses

(σ× 20)
µH atomic data

eH atomic data

Nuclear scat. data

C
O
D
A
TA

20
14

rE [fm]
0.940.920.90.880.860.840.820.80.780.760.74

Pohl et al. (2016)

Antognini et al. (2013)
Pohl et al. (2010)

Fleurbaey et al. (2018)
Bayer et al. (2017)

Combined spectr. data
Melnikov et al. (2000)

Udem et al. (1997)

Higinbotham et al. (2016)
Griffioen et al. (2015)

Lee et al. (2015)
Arringron et al. (2015)
Lorenz et al. (2015)
Lorenz et al. (2012)

Adamuscin et al. (2012)
Sick et al. (2012)
Ron et al. (2011)
Borisyuk (2010)
Hill et al. (2010)

Belushkin et al. (2007)
Sick et al. (2005)

Blunden et al. (2005)
Rosenfelder et al. (2000)

Mergell et al. (1996)
Wong et al. (1994)

Zhan et al. (2011)
Bernauer et al. (2010)
Eschrich et al. (2001)
McCord et al. (1991)
Simon et al. (1980)

Borkowski et al. (1975)
Murphy et al. (1974)
Akimov et al. (1972)

Frerejacque et al. (1966)
Hand et al. (1963)

5σ Discrepancy between atomic physics and electron scattering

Situation still unclear

Serious problem far beyond nuclear science: e.g. Rydberg Constant

Trigger experimental program in atomic and nuclear physics
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Models for Form-Factors
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Charge Distribution

J. J. Kelly, Phys. Rev. C 66 (2002)

Non-Relativistic charge distribution:
Fourier transform of form factor F(k)

F(k) =
∫

∞

0
r2 j0(kr)ρ(r)dr

ρ(r) =
∫

∞

0
k2 j0(kr)F(k)dr

with k = |~q|
Lorentz boost

k2→ Q2/(1+ τ)

Relativistic prescription (not unique)

F(k) = (1+ τ)2G(Q2)

Limit for k (position uncertainties!)

kmax = 2M
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Nucleon Form-Factor in Lattice QCD
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Charged Pion Form-Factor

Measurement:

p n

π+

π+γ*e-

e-

Pion electroproduction

Virtual pion in initial state

Measurement at different virtualities

Extrapolation to viruality zero
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Huber et al. (08)
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Pion Form-Factor

Interpretation:

e-π+→e-π+

e-e+→π-π+
ρ(770)

π+ π+

γ*

e- e-

Crossing symmetry

Photon is virtual vector meson4m2
π

un
-p

hy
si

ca
lr

eg
io

n

P
io

n
Fo

rm
-F

ac
to

r

ρ
(7

70
)

pr
od

uc
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n

⇒ “Vector Meson Dominance”
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Vector Meson Dominance

Also the Proton Form-Factor can be described by mesons:
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Space-like
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Space-like: ∃ reference frame where virtual photon is emmitted and absorbed at the same time
Time-like: ∃ reference frame where virtual photon is emmitted and absorbed at the same position

NB: Blue line from 1974 (G. Höhler), data are much later!
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Time-like Form-Factors

Cross section of e+e−→ pp:

e+

p

e-

p
_

θ

σ =
4π

3
α2β

q2 C
(∣∣GM(q2)

∣∣2+ 2m2

q2

∣∣GE(q2)
∣∣2
)

dσ

dΩ
=

α2β

4s
C
(∣∣GM(q2)

∣∣2 (1+ cos2
θ)+

4m2

q2

∣∣GE(q2)
∣∣2 sin2

θ

)

with Coulomb correction factor C = 1
1−e−y and y = 2π

αm
β

√
q2

Separation of GE(q2) and GM(q2) via angular structure

q2→ 4m2 at threshold:
GE(4m2) = GM(4m2)

q2→ ∞ limits from perturbative QCD:

F1(q2)∼ α2(q2)

q4 F1(q2)∼ α2(q2)

q4

∣∣∣∣
Gn

M(q
2)

Gp
M(q2)
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2

≈
(

qd

qu

)2

=
1
4
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Time-like Form-Factors (BESIII)
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Proton Timelike Form-Factor (BaBar)
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Low q2 region

“Dipole-like” over-all fit subtracted:

Interference structure

Interpretation: Rescattering in pp final state, e.g. π, ρ, ω exchange
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Separation GE – GM

Separation via angular structure:
dσ

dΩ
=

α2β

4s
C
(∣∣GM(q2)

∣∣2 (1+ cos2
θ)+

4m2

q2

∣∣GE(q2)
∣∣2 sin2

θ

)
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Conclusions

Hadron Physics
An invaluable tool for a deep understanding of strong interaction and QCD

Exciting experimental Results

New discoveries ≈ 1/year
XYZ and clear signatures of Exotic States

Continuing Progress in Theory

Lattice QCD
Modelling of exotic states

Running and new Facilities for Spectroscopy

LHC, e+e− Colliders
JLab 12
PANDA at FAIR

Precission Physics

Determination of the Wave Function
Connection to Atomic Physics

And still a lot to do ...


