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OUTLINE

" Lecture 1: The Past and Present
" How it all began (on a parking lot)
" The X, the Y and the Z
" What is ,,beam constraint™?
" Lecture 2: The Future
" Dalitz formalism: how to ,see” quantum numbers

" (Bottomonium: recoil mass, kinematic reflections
— BACKUP)

" Belle Il (ready to take data ?)
" Panda, an X factory! (,,detailed balance")
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Vs = 3.1 GeV
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Discovery of Charmonium (J/y)

SLAC (Stanford)
Mark |, Richter et al.
e+ e— — hadrons, e+ e— , utu—

BNL (Brookhaven)
E598, Ting et al.
p+A—[et+t e—]X

new, very narrow state
(decay to light mesons blocked by OZI)
width ~100 keV

experimental proof for existance of 4™ quark
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MARK | group reacted quickly
— it was feasible to modify the accelerator, so that the
beam energies could be changed to <1 MeV every minute.
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Discovery of '

= first exited (n=2) state of J/y
= only 3 weeks after J/y
beginning of charmonium spectroscopy
= Decay:
Y'=J/V a+ n-
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Heavy Quarkonium

~1fm
1 gluon
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Charmonium vs. Positronium
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Decays to light quarks suppressed

— narrow widths
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. Eichten, Gottfried, et al. PRD 17(1978)3090
Cornell-Potential Barnes, Godfrey, Swanson, PRD 72(2005)054026

" Coulomb-Potential
+ Confinement-Term 4=0.5 GeV/fm

4 v /
V(T) — _—g‘l‘]ﬁ" \FI{:}[G&?] | ,

3r
spin-spin +327m96 55 —
I | A4=1.5 GeV/fm
_ _ 1 24 k-
spin-orbit +m?( i 27O)LS o,
1 4o, 3S.7- S = - 3r
tensor 33 ( 3 — S.5z)
" solve Schroédinger equation :
(quark mass heavy — non-relativistic) NOtatIOﬂ

U(r,0,0) = Ruy(r)Yim (0, 6) n2S+1L

{ 1 ( 0? 29 —I—i) + V(r)ﬂ R(r) = E Ry (1) JPC

Mg A2 r or mgr
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Quarkonium Excited States

radial

n spectroscopic

notations

> L seo.

JPC

= 111

—1)Et parity
charge conjugation
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V(r) [GeV]

exponential tail

Radial densities

1,5 4
4S
SRR, 38
11, B VA P RS S - LTSRS 25
i Find this point numerically !
»turning point”
i | ' | . | ; | - 1S
0,50 0,75 1,00 1.25 1,50 1.75

radius [fm]

Wronski determinant = zero
R+R-'-R-R+'=0

Newton algorithm — simple! .
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Charmonium

&

P =
(=

O

radius [fm] E
O

s

HE)

o

M

D

— 15
1,59 —18
g —38| &
s s
] S 14
o0
0
radius [fm] olo
0,5 4
A o
=104
154 2
—p
‘r- 155 2P
—'.E T
= 104 *
= P £ ]
0,54 E 1,04
05
00
radius [fm] '
0,5+
a8
A0 04
A5
asd N
15
L) LT
E w E
= Z 104
= =
054
05
00 - .N"
alo 05\
radius [fm
0,5 I ] 05
-1.0 -
1,04
54

Radial Wavefunctions

" radius [tm]

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017

12



. . . ©L=O
= . 9 ’: L=1
- W e o
z - - -

B
5 - - =
3 8. =
CFEFFF

n=4

w

n=1 n=2 n=

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017

13



: : : : : : : 3 3
15:1 ;51 1P1 {Pu {Pl ;Pz 1D2 ;Dl ;Dz ;D:‘} lF:; F2~3~iG4 G35
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> Charmonium
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line: observed, dashed: not observed yet
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: : : : : : : 3 3
1Sy %Sy Py %Py PPy Py 'Ds °Dy °Ds Dy 'Fy “F234Gy “Gaags

Bottomonium

Mass / GeV

line: observed, dashed: not observed yet
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N . _+
Overall mass precision ~1 MeV 4
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The agreement between prediction by the potential model

and experimental observation is and was encouraging
(level ~1073, 2—3 MeV compared to mass of 3-10 GeV)
and heavy quark hadron physicists were living happily.

About 30 years passed.
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Belle and KEKB, Japan

1}&,}:“ %

A
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asymm.
— extend decay length

>YMM- of B mesons
Accelerator CESR KEKB PEP-II SuperKEKB
Laboratory Cornell |KEK SLAC KEK
Detector CLEO III |Belle BaBar Belle 11
(achieved)|(achieved)|(achieved)|(planned)
Circumference (km) 0.768 3.0 2.2 3.0
Energy ¢ /et (GeV) 5.3/5.3 [8.0/3.5 (9.0/3.1 7.0/4.0
Lorentz boost G~ 0 0.43 0.56 0.28
Beam current e~ /et (A)|0.5/0.5 1.6/1.2" [3.2/2.1 3.6/2.6
Number of bunches 45 5120 1732 2500
Crossing angle (mrad) |42.3 +11 0 83
Luminosity (10°°/cm®s) |1.55 21.08 12.07 800
o (pm) n.a. 103-116 120 7.2-8.9
o, (pm) 1n.a. 0.94 4 36x1077
o, (mm) 1n.a. 6 11 5 N
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The BELLE Detector
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Luminosity

Start Time: Z005 Dec 7, 22:58:37 took 78 sec to start
Stop Time: Z005 Dec 7, 23:14:01 toock 224 sec
Stop Reason: FATAL frow [EFARM1] E1TEE CDC timeout (1 sec rx0 stat=238 len=64/0/114458 ewv=19368583,

Expert shift: Z3. Lange

Non—-Expert: K. EKinoshita

ECs shifr: Ishikawa [(4562)

Fun Mode: Luminosity Eun

Locelerator: at start at stop Fill-number=16364 Status=Phy=ics Fun
HEEF current 1337.4 mi 1321.5 md 7.9947 eV  Physics Bun
LEER current 1719.2 mi 1732.6 md 3.4977 eV Physics Bun

[(CH-energy 10.53759 GeV)

HER beamsiz 2392.5/ 4.2 242.3/ 2.9 um (=x/v) life 229 mwin
LER beamsiz 186.3/ 3.6 187.5/ 3.8 uwm (®x/v)] life -243 mwin
HEE -~vacuin 5.0/ 3.0 5.1/ 3.0 Hle-8 Pa (average/upstreamn]
LER =racuum B.65 4.6 .6/ 4.6 xl1e-8 Pa [average/upstresin)
LEE cont. inj. OM (&.6 Hz 7934 times) inj.weto ON (0)

Luminosity: ECL EFcC EEEE
at start 155.50e32 ) 140.0%7e3z 105.39e3Z2
at stop 156.55e32 ) 139.11e32 109.068e32

peak/fill 157.78e3s
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1 x10%% s 1cm™2
1 barn = 10=2* cm?

24 hours x 60 min x 60 seconds x 1/101° barn~1
= 86.400 x 1/10%° barn™!

~1/10%> barn™?!

= 1 inverse femtobarn per 1 day

1 nb cross section
x 1.000.000 nb™1 per 1 day
= 1.000.000 Y(4S) per 1 day !

Almost every Y(4S) decays into a B anti-B meson pair.

— we call it a ,,B meson factory”
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Example Events with Charmonium
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| A RooPlot of "Mass(e+e-) (GeV)"

Events / (0.003}

500

£
=
=

I\II‘I\I\lIIIll\I\Il\I\I‘

300

200

100

core mean = 3.081 +/- 0.007
cut = 103 +/-0.05

m0 = 3.0957 +/- 0.0002
power = 3.0 +/-0.4

sigma = 0.0085 +/- 0.0002
tail width = 0.054 +/- 0.004
yield BG = 3907 +/- 83

a2

yield tail = 352 +/- 57

radiative
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| A RooPlot of "Mass(mu+mu-) (GeV)"

~4000
o)

=]
(=1
=]

Events / ( 0.00

600

400

200

tail (Bremsstrahlung)

core mean = 3.098 +/- 0.004
cut= 213 +/-0.09

m0 = 3.0975 +/- 0.0001
power = 1.5 +-0.2

sigma = 0.0074 +/- 0.0001
tail width = 0.033 +/- 0.002
yield BG = 5427 +/-95
yield tail = 387 +/- 64

I/ = pt+u—

L
3.15

Boppard, 08/2017

P p—

’ Mass(mu;mu-) (GeV)-

3



E=p 3 Run 482 Farm & Ewant 11846

B ELLE Eker B.00 Eler 550 Sunaug 1 03ziGzhi 1969

Muon
|dentification

The gaps are instrumentelé" with
RPCs (Resistive Plate Chambers)




Kiong Detection, also with the muon detector

Exp 5 Run 404 Form 1 Evant B1383
Enrar B.CO Eter 3,50 Sot Cec 11 232256251 1909

B EI I E f.q_'; N Dotilo s n \l,.._,. ! C_HE inlet 180 Donifor N4
Pltoi(gM 7.8 Elot(gm) 1.45vD-M CCDC-M OXKLM o]

B’ — J/WK,

K, hits
}
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A difference between
BaBar and Belle:
the Cerenkov detectors
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Belle: Aerogel Cerenkov Detector

- different
Csl Calorimeter
Bﬂ"'El Acc ToF Counter . designed b
n=1.020 n=1.015 n=1.010 :
2" FM-PMT x 2 2.5" FM-PMT x 2, 3" FM-PMT x 2 .refl:actlon
240 modules 300 anduI?gMT 360 modules indices!
_ : . Endcap ACC
““--“ WwWowY-. B n n=1.030
3" FM-PMT X 1
224 modules
B (1.5 Tesla)
e e
R T T T O Y O
1.0m 0.5m 0.0m

SiO» '
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Particle Indentification with Aerogel
,threshold mode" (Belle)

5 |
° 0.9
0.8

0.7 &

0.6 |
0.5 &
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0.2 &
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n=1.030(FW)

.H.EHIIII“III
> @
3N

"0 10 20 30 40

pulse height / number of photoelectrons
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BaBar DIRC (Detection of internally reflected Cerenkov light)

PMT + Base
~11,000
PMT's

Purified Water

Light
Catcher

17.25 mm Thickness
(35.00 mm Width)

Bar Box ’
Track [ L \
Trajectory . \

PMT Surface /1

%,
_~Mirror "\\

rs
Bar
é‘ 7 | 4 \ Window /— Standoff Box

) 91 mm— =10mm
490 m ——

TEm

4x1.225m
Synthetic Fused Silica
Bars glued end-to-end
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Belle Silicon Vertex Detector

FIG. 28. Belle SVD 1.4 (left) and SVD 2.0 (right).

about 10° readout channels
vertex resolution in beam direction Az~50 um
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Particle Detection with Silicon Vertex Detectors
single sided double sided

50 um

SiO2 Al /

+
|
++++
1)

LAY

n type silicon  cooedineie)

n* silicon
V>0

Schematic of a single-sided silicon-strip detector

G.J.Barker, b Quark Physics at LEP
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~200 um

resolution ~50 um
P
A

B,.c Momentum

Ly
S

o~
S

<SS

B,oc daughters

B, Vertex

Beam spot

Production point

110 pm X5 pm x 0.35 cm

htemp

E lemp 10000
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9000} Mean  0.00953 C M 0.1205
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8000} 8000
- . : — e Biag tracks, Vos
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: radia
Gooog 6000 — O l
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4000; 4000—
3000
2000F- ] 2000
1000 : L \_Lli
E b = = PR 1
GO 0.02 ‘!J:M 0? OID& s 9 0.2 ’ 04 0.6 U‘B :
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Reconstruction of higher charmonium states
by invariant mass

often
Y EZ) - D 52 DOUBLE
¢ ¢ GAUSSIAN

A

Y(28)—=Thy mn ji
5 |
% ool ||| : _
2 | ]
| ]
§ r +" +' 1 ! X2 -
MM ME—— | \“\: |
" ’ + o - R 1D00:— ”""‘"-',._E
: w—>JI'lP3'CJ'C : :XCI’IXCZ_)l‘]/w ;y i

. . — My (GeVic?)
M= My (GeVie?) Y !
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Why we often use double Gaussian to fit a signal:

a.) for real data

any effect, which is not in MC,
is parametrized as an additional Gaussian

b.) if a peak is constructed from two (or more) daughter particles

each daughter particle contributes as a Gaussian
(in particular, when combining a neutral and a charged particle)
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Example: ¢ —» K+ K-

Signal MC
| A RooPlot of "Mass(K+K-) (GeV)" | A RooPlot of "Mass(¥+#r=)\(GeV)"
= . /4 \
%900 i c0 = 40 +/- 236 %900 c0 = 40 +/- 6125
S 800 $4 core mean = 1.01959 +/- 0.0000 S 800 core mean = 1.01958 +/- 0-00033
= { core width = 0.00312 +/- 0.0000 = core width = 0.00200 +/- 0.00005
2700 yield BG = 2042 +/- 60 £700 tail width = 0.0061 +/- 0.0002
@ [ .
i 600 yield core = 8922 +/- 102 3 600 yield BG = 1286 +/- 63
yield core = 5701 +/- 207
=00 500 yield tail = 3977 +/- 186

1 101 102 103 104 105  1.06

1 1.01 1.02 1.03 1.04 1.05 1.06

Mass(K+K-) (GeV) Mass(K+K-) (GeV)
Single Gaussian double Gaussian
sigma 3.12 MeV sigma 2.00 MeV

input value in generator: width 4.26 MeV

Note: narrow and wide Gaussian are forced to same mean.
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Breit Wigner Shape

in particular for particles with a natural width
comparable to detector resolution

1
(m? —mg)? + mgI?(m)

width may change
with m !l

p(m) =

from resonance theory (,, T matrix"):
the pole of a resonance is a complex number:
a real part (m) and an imaginary part (1)
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Voigtian shape
Breit-Wigner and Gauss, folded

Width of BW fixed to 4.26 MeV (input width in EvtGen)
Result: Gaussian adds 0.9 MeV (= resolution)

A RooPlot of "Mass(K+K-) (GeV)" | fits better

§ r mean = 1.01955 +/- 0.00004
(=] L
T width_s = 0.00092 +/- 0.00008
@ Z yield core = 8001.536326 +/- 89.452562
= 500—
Li6] -
> L
Ll L

400—

300—

200

100

1 .01 1.02 1.03 1.04 1.05 1.06
Mass(K+K-) (GeV)
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Attention!
never forget the factor 2

0.3 =
when you compare
N o o width of Breit-Wigner
0.6 — with G=0.5 and width of Gaussian!
0.4 =
| Hred - Wigner deiribulion
s wilh [12=05
Hall l
maximum |
J |
. : T
0.0 0S5 10 1.5

FIG. 109. Difference of the line shape of a Breit-Wigner prob-
ability distribution and a Gaussian probability distribution

R. K. Bock, W. Krischer, The Data Analysis BriefBook
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Beam Constrained Mass mpc

or

energy substituted mass mgg

mpe = \/ (Bgs,)? — (0")?
4

2 - 12 12 -

—BC _ sz'm + Zpiy - Zpiz
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B—K[J/ ¢y m = ]

px_Bc= jpsi_vector.x() + pcms[kaon].x() + pcms[pionl].x() + pcms[pion2].x();
py_B = jpsi_vector.y() + pcms|kaon|.y() + pcms[pionl].y() + pcms[pion2].y();
pz_B = jpsi_vector.z() + pcms|kaon|.z() + pcms[pionl].z() + pcms[pion2].z();
esum_B = jpsi_vector.e() + pcms|kaon].e() + pcms[pionl].e() + pcms[pion2].e();
deltaE = ECM /2 — esum_B;

mass_B = sqrt( esum_B*esum_B — (px_B*px_B + py_B*py_B + pz_B*pz_B) );

mass_BC = sqrt( ECM*ECM /4. - (px_B*px_B + py_B*py_B + pz_B*pz_B) );

ECM comes from accelerator measurement.
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300
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B meson
Invariant mass
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B 1 L I_|_L A el 1 | —_Y
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Beam constrained mass

MBC
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energy substituted mass
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— htemp
- Entries 2542
- Mean 5.391
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: L_.—rLr"!I_.—l_r"—-—t-nJ_

5.28 G&V

42



Statistical Significance

1] 110 = = [1»] 110
2 C Entries 257 2 L Entries 257
© EZ5[ Py Mean 07992 o 225 Mean 0.7892
L RM3S 0.4433E-01 - RMS 0.4433E-04
C F/ndf 42.08 7 56 fnd 7
20— | P1 —197.9 C A1 —197.7
. ‘ P2 498.3 P2 498
E 3077 3 397.9
e 18,29 175
u 7S8E—02Z
15 C 15
25| | 125 b
iIs} :— | o :—
7.5 ‘ 75F
| C
s 5
r | u )
_ T T % + +\-+ : )
" C p .
) . | . I . | e . +| | . + \+ 5,
o

D 1 Il 1 C 1 1
0,65 0.7 0,75 0.8 0.85 Q.9 0.95 8,65 0.7 0.75 0.8 0.85 0.9 0.95

oss{ e"e'?r"?r'j—rnus's{.]f‘gbj J GeV rmoss{ete
X(3872)

Fit S+BG Fit only BG
2=42.08 22=T73.04
Significance = V(- 42.08 + 73.08) = 5.6 ,,sigma”“

if ,likelihood fit“, then 2 - 2In(likelihood)

Upper limit (<30), evidence (>30), observation (>50)




v?2 fit vs. log likelihood fit

_ AR
S=+(x*B) -x*(5+B)) Py(k) = o e
If number of events is small — Poisson statistics
— exp() Term — log likelihood is better than 2
(in other words, removing the shape of exp() and make it flat,
when searching for the global minimum)

2 = =2 In L + constant

(don't forget the minus sign!
minimum 2, but maximum log likelihood)

S=+V( 2 (-InL(B)--InL(S+B)))
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HOWTO scale the significance

" for a known resonance (control channel)
mass and width are known from PDG
only vyield is floating — ndof=1

" for a new resonance (maybe exotic)
nothing is known
mass, width, and yield are floating — ndof=3

rule: we must scale the significance

chi2=52.58 for a fit with ndof=3
root [4] TMath::Prob(42.08, 3)

(Double_t)3.85831510574144829e-09

search for new chi2 with same p-value, but ndof=1

root [68] TMath::Prob(34.694,1) // corrected chi2
(Double_t)3.85818878297546610e—-09
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X(3872)

A molecular state?
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%

— KT J/ww+7r_
N———

resonant state?

{ > (

¢ - [& J/w
S
d
d B
L

Product branching fraction small
B(B decay) X B(X decay) = 10
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Candidates / 5 MeV

Candidates / 5 MeV

——
1= >
e Belle ; 2 2 III’ LHCb
B decays | ¥© o - B decays
f | 8 2
L | = - 1000
p | & I X(3872)
T S 800
C c
8 8 600

400

200

: N [ ] [ ]
AN MR 08 73823843.863.66 39 3.923.04 3.083.08 4 ol 10 1 RGO Al )
3820 3840 3860 3880 3900 3600 3700 3800 3900
m(J/yn+n—) - m(J/v) / MeV m(Jiyn+n—) / GeV m(JAyn+n—) / MeV
30007 _ > s0oF > x1e° :
25001 o . { < L0 | . .
] \II' = - P P a0t \ inclusive
20007 4 600 _.% 25 ‘+
] X(3872) ®© o _°
1500—; % 4001 DO % 202_ )l \ X(3872)
1000_5 4 o8 o/ inclusive o f T*MMTW
] 200+ [/ 0 T
500;] ’ I 5
S I U'."'olg'" 07 08 68 96 365 37 a75 38 385 39 395 4
3.65 3.70 3.75 3.80 3.85 3.90 3.85 4.00
m(Jiyr+n—) / GeV m(Jyr+n—)-m(u+p-) / GeV m(J/yn+n—) / GeV
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Candidates / 5 MeV

Candidates / 5 MeV

30

20

0

30001

2

20007

10001

500:;“J

X(3872)

B decays |

1 1 1
3820 3840

m(J/yn+n—) - m(J/v) / MeV
500

15001

.|

+
*

I I
3860

1 1
3880

1 1
3900

1 inclusive

r

v

o

X(3872)

+

3.65 3.70 3.75 3.80 3.85 3.90 3.85 4.00

m{J/yr+n—) / GeV

This is B meson decays

This is not simply invariant mass,
but fitted my yield (for a given mass bin)

many fits!

Trick: subtract the J/4 mass

(so the experimental resolution of the J/

is ,taken out")

This is ,inclusive” production (not B decays)

This is invariant mass.

J/1 mass is not subtracted.
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X(3872—J /ymm event - can you ,see” the 1 shape ?

Exp 25 Run P Farrn O Event 607335 {ECLY
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4 v 050 624 s . w/F WA B
50&&5 IJ 46.F  SEF 3
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B o+ 0445 353 1385 &0 —3Rp 0w 0% ; -2 g I e, ) § DO ATE  TIEE ©
F - 0,312 8352 F ¥ (e d = — g 5 5.2 2% 7
o+ 077 1026 . ; 5153?5 ru]I
1 [ R - a4 4 A % R B 1P .
- s Tt 1 Joseh = Fhodle s08 g b
12— 0.0 372 ) B D] 0 .-_-_______ F 4L . N 1 It o
1881 D
2368 D
MO0 B
AT D
4 2
0
FE4R 1
1655 D
CFR
L
246E 0
§i337 o
03 o
Sl A
FE3EE 0O
A9 Fonil
FatEERY )
55 B4
B8 -22
-2.5
)
(e ) % 22a
Tk @by Taf o :
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I a 40 d.0
31 51 0.
4 4 51 04
5 a 79 0.00
B 0 58 001
& Trledu Pri Cuay boyer
" omE3 A 0 1
{aLc} 2 455 723 0 1
Trh @ity firn ph— 3 11431539 0 1
1 2 o a | E R £, 4 GR3 %17 o 1
0 1 &1 Db Q07 QOZ e 9 418 -Ti5 D 1
¥ oo o0 o 02 088 08
9 a 1 Z.0 0bs 008 003
5@ 1 15§ 004 002 0.2
B 0 0 00 010 .0 100
T4 1 246 oiw 000 003
B Q 0 1.7 099 058 Q9E
B2 0 o0 o Q00 000
1) 0 08 003 40 S -
1" 0 B9 000 900 QN .
12 » 00 000 a0 oo gdl—in =01,2 345689 13,14,15,16,17,18,15,20,24 2642 7
13 11,3,:':'.."1 08 00d 403 8 fidi-gut=0,1,2.3,4,5.6,7.8 810,11,12,13,14,15,19,21_23,24,27,28,298,30,31,32,33,34,39 40,
gdl—out =0,4.56,10,12,1384,27, 30,39, 40,43,44 47 =
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What do we know about the X(3872) 7

* Observed by 7 experiments
* Observed in 5 decay channels

= very near to DD* threshold

E.=0.01+0.18 MeV

—_— LHCb, Phys. Rev. Lett. 110(2013)222001
bUtDD*decaySdominant ) S e e R
(factor ~10) : '

1ﬁ_‘
= [' <1.2 MeV — very narrow b E

(Belle, by 3-dim overconstrained fit) 20'—+—‘|‘ gt " 5
10;— 2_+ SR 5 —
n JPC—_1++ qi. L ]

Cornell-potential: ¥.1'

Barnes et al., Phys. Rev. D72(2005)054026
— predicted mass >50 MeV higher
— predicted width factor =100 larger

" isospin violating decays
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Is the X(3872) exotic 7

TETRAQUARK

[4Qlg[aQls

Diquarks
N are colored

Maiani, Riquer, Piccinini, Polosa, Burns;
Ebert, Faustov, Galkin; Chiu, Hsieh;
Ali, Hambrock, Wang

THRESHOLD CUSP

X(3872)

Bugg; Swanson

MOLECULE
Intriguing Analogon

1.8 GeV 2 GeV

Tornqvist; Swanson; Braaten, Kusonoki,
Wong; Voloshin; Close, Page
Guo, Hanhart, Meissner
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Subresonant structure of X(3872) — J/y|mtn]

Belle, arXiv:hep-ex/0505038
12 | | | | 1 | | | | |
> | I |
@]
= - a
o
2 s -
@ -
Q
L*
2
>
N
F~
0
3
>

0.40 0.50 0.60 0.70 0.8
M(n+m) / GeV

almost no non-resonant phasespace component !
dominated by p0 (~100%) ! ISOSPIN VIOLATING
2 particle decay (back-to-back), not a 3-particle decay !
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Isospin violating charmonium transistions

Only 2 decays for charmonium measured in PDG

Decays into J/¢(1S) and anything

J/1¥(1S)anything

(61.0 +0.6 )%

J/1¥(1S) neutrals (25.11 £0.33 ) %
J'/l,b(lS)?r;ﬂ; (34.46 +0.30 ) %
J/Y(1S)n  w (18.14 £0.31 ) %
Y(25) J/9(18)n ( 3.36_40.05 ) %
J/¢(18) 70 ( 1.268+0.032) x 10~3
Hadronic decays
7 he(1P) (86 +13 )x104

but branching fraction of

B(X(3872) — J/yp) is order of ~5-10%

factor ~102 too large
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s there isospin inside the X(3872) 7

Phys Rev D84(2011)052004

4G:
s Without +
> F . o
8 *% p/w interference | | +
o 25:— i
_g_- 20 Belle !
£ 711 fb! +
(7] E
T 10 J :
o + '
OE e o .
0.4 0.4 05 055 06 065 07 075 0.8

35§ with
* plw interference+

Events/ 0.02 GeV
P
T

i3 + +
0" _!lﬂ- .
04 0. 05 055 06 065 0.7 075 0.8
M(r7) (GeV)

No evidence. Significant p/m interference can explain lineshape.
(proposed by Terasaki, Prog. Theor. Phys. 122(2010)1285)
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What important knowledge is missing?
— Width of X(3872)

upper limit on width (Belle 1),
I' <12 MeV

for pure %' charmonium state,

prediction I = 40 keV
G. Y. Chen, J. P. Ma, arXiv:0802.2982[hep-ph], Phys. Rev. D77(2008]097501.

if molecule
- must be larger than width of D*

I' > 823+1.2+1.4 keV
E. Braaten, arXiv:0711.1854 [hep-ph], Phys. Rev. D77(2008)034019.
- long-range molecular components in the wavefunction?

— measure the width of the X(3872)
in the sub-MeV regime
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X(3872) Width Measurement at Belle |

‘ — cms cms
My = \/ Egg}:m p%nb) X(3872) - J/w tt T AE = EB Ebeam
37 3, 3
o L] o
g o 2 g
s & &

A

0 1.5 'I: h L -
.2 5.215.225235.245.255.265.27 5.285.25 3.78 3.8 3.823.843.863.88 3.9 3.923.943.96 0.15 -0.1 -0.05 L] ﬂﬂﬁ 01 U 15 0.2
M, (G ew M(J/y ) (GeV) E (GeV)

Mg /GeV M1/ ot n= )/GeV AE/GeV

3-dim fit =»kinematical over-constraint provides access
to observables smaller than detector resolution

Belle, Phys. Rev. D84(2011)052004
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Reference Analysis:

M cms 2 cms\2 — cms cims
I - \/ E - ) — —
ol be‘nn pB AE EB beam
- — 80

= z 3

ﬁm S oo o

=t B .

= =4 b=

280 2" EEO

[ = =

e 2 250

w L w

o
=

Y
=

]
=

MBC /GeV

=
=

.265.275.285.

Mg /GeV

60

3.643 653 663.672.683.69 3.7 3.713.723.73

M(J/yp =t = )/GeV

[
N k& @S MW

.65 3.063.673.683.69 3.7 3.713.723.

M(J/y x* - )/GeV

~ 52 e
o - L4
o 022 1]
E g_zu Eﬂs
= =18 4
o w o
£ 1o £
E‘ .Em 5
10

BoKy’, ¢y — J/y atm-

] i 1] ®

U1 -0.05 O 0.0

AE/GeV

factor ~10 more statistics than X(3872) — use as reference signal
— fix resolution parameters
- fix absolute mass scale (MC/data shift +0.92+0.06 MeV)

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017



Measurement of width of X(3872)

Correlation function from MC

I’ (output) = f( I (input) ) >
3-dim fits validated with 1 “width =,
(PDG 0.304=0.009 MeV) 2
- bIaS 0231011 MeV 8 0.5
procedure for upper limit: : ;
width in 3-dim fit fixed
Negnat @Nd ngg floating
— calculate likelihood g’
Ty < 0.95 MeV + bias i
1.2 MeV )
implication: width of X(3872) o |

can be measured at Belle |l
with syst, error 110 keV
(PANDA, expected fit error £15-20 keV)

w
T

MC

I (input) / MeV

3
Width (MeV)
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Q]

X(3872) in B decays

)=V 1=z X(3872)

e Jy=1 J,=V2

vector or
axial-vector

<

Q|«
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Exercise:

B - K X(3872)
0—->0- 1+
parity (—=1) - parity (—1) x (+1) x (—1)t
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Exercise:

B - K X(3872)
0—->0- 1+
parity (—=1) - parity (—1) x (+1) x (—1)t

We need L=1 to create J=1,
but this violates parity.
The X(3872) is created in a parity violating
weak decay.
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Y (4260)

a gluonic hybrid state?

Note: recent notation
by PDG as X(4260)
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Y (4260)

initial state radiation events
ete—y J /- initial state radiation
(undetected y parallel to beam axis)

mass >4 GeV

far above D(*)D(*) thresholds
decay to J/ym+m—

should be suppressed

Phys Rev. Lett. 95(2005)142001

~ 40 |
Wldth < 100 MeV E :BABAR !
quite narrow % 30| -
for such a high state 8 [ .
[_% 20/ -
quantum numbers must be f\m i
(based upon production 10 N
. iyl R[]
mechanism) : ? W;Urlﬂ "*ﬁ
PC_1— — 88 4 42 44 46 48
J —1 m( Iy (GeVic
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Y(4260) Parameters

BaBar

CLEO-c

Belle

Belle

BaBar

BaBar [6]

L

211 b1

13.3 fb~!

553 fb~*

548 fb~ !

454 fb—1

454 fb—1

N

125123

14.1153

165124

3241421

344439

Significance

~88c

~4 9o

>Mo

>150

m / MeV

42594812

42831 5+4

4295+1012°

4247412117

425246713

42444514

I" / MeV

88+2316

+40
70755

133426153

10819410

105+18+3

114116

EREIESCON SN
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BaBar Collaboration, arXiv:hep-ex/0506081, Phys. Rev. Lett. 95(2005)142001.
CLEO-c Collaboration, arXiv:hep-ex/0611021, Phys. Rev. D74(2006)091104.

Belle Collaboration, arXiv:hep-ex/0612006.
Belle Collaboration, arXiv:0707.2541hep-ex|, Phys. Rev. Lett. 99(2007)182004.
BaBar Collaboration, arXiv:0808.1543hep-ex].

BaBar Collaboration, arXiv:1204.2158[hep-ex|, Phys. Rev. D86(2012)051162.
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RPC: lavers

SC coil

TOF

barrel
TOF
endcap

SCQ

BESIII Experiment at BEPC Il (symmetric )

il A TEETEETEEEESTETSEEESFEEEEETEFFTN |

FFTFFFFTF TR FECTFRTFFFFTFFFFTTS

HFFTITTTTTETTTTETTEET S TITTITTFESTET TS

|

MDC

RPC: 8

layers

EE;DFHEOJ

o

Csl

end cap
Csl
barrel

|||||||||||

FFFFFTFRTTFRTTTFRTFTFFFTN FFFFFFFFFFTFFTFTFFTTTS

FEFTFITITTITTTFETITIITFTTTITTTTTISFETTIETTFITIS

Superconducting
solenoid

B=1T

no silicon vertex
detector,
because

only D mesons
(no separation
of B mesons
and D mesons
required)

no Cerenkov detector
(time-of-flight sufficient
for K/m separation,

low momentum)
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ete- - Y(4260) — Jp w+ m at BESIII

BESIII, PRL110(2013)252001

e*e~(yisg) — wra-J/yY at BaBar

s, A0EKE PRD 86, 051102(R) (2012)
MARK |, 1977 2 { _
efe” -’ §
- Jhp wt !
Vs=3868 MeV %

BESIII, 2013
ete— - Y (4260)
- Jhp nt
Vs=4260 MeV

o(n' 7 dy) (pb)

120 7

LS LN AN R T LN LT L L LN

38 4 42 44 46 48 5 52 54
E.n(GeV)
ete~(yisr) = wta JIyY at Belle

80
70
60
50

40:

30
20
10E

0—

} PRL 110, 252002 (2013)

|

3844244464855254

E.m (GeV)
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s the Y(4260) exotic ?
TETRAQUARK

higher excitation ? HADRO-CHARMONIUM [J/4 f,(980)]

LR I L L B
n* - continuum ]
Interference term =
r —— f,(980) component
ol T All components

Q ¢
q Q

Events / 20 MeV/c?

Phys Rev D86(2012)051102 ]

720\ I

Maiani, Riquer, Piccinini, Polosa, Burns

04 05 06 07 s o TUTTTI
m(Tm T[')(GEV/C )

MOLECULE Voloshin, Li

— (Guo, Hanhart, Meissner) HYBRID
heavier mesons (DD1(2460)) ? _
Q Q
— g
---- [QQssg

[Swanson, Rosner, Close

Guo, Hanhart, Meissner Zhu; Kou, Pene; Close, Page;

Lattice QCD, Bernard et al.; Mei, Luo
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e'e” — yisr J () w'm

L T

-1 Y(4008,4260,4350,4660)

= 80 : — L ]
[ I 7> P - ’ ‘g >y -
1 [ - " -
o 60 sre S BELLE |
@\ | | al L 1
\ 4
~
£ g ' ]
3 s | , :
LLI Lﬁ i A ]
5[ k: ;
L ! _'-.:_"_ - o
O —E-é 4 ¢ b ol 44
4 4 5 5 55
M(y ‘mtma ) / GeV
80 22_' | ||| |||||||||||||||||||||I||_
: > 1{)5 3
> () = =
> 70 S isfp
= =
o 60 8 16
N ~ ]4:—
~ 50 -
o 8 12E
% 40 <1C>) ]'D;—
> —
L 30 L SE
20 65_
iy 4
10 5E
1 u|'|u| 1], ¥ " o "
05 Oi} 552

M(J/yp i ) / GeV
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What is the tail around 4.7 GeV?

Threshold m(D)+m(D**) = 4326 MeV
Lineshape distorted? No.
Non-corrected radiative effects? No.

Radiative lower mass tail in J/{y — e+ e-
might generate higher mass tail in m(J/vy-with-wrong-mass m+m-).

Fit funtion: Breit Wigner x Phasespace x Efficiency
Efficiency a(m-mg)+b with a=7.4£1.3 GeV-1, b=9.31 + 0.07 (Belle)

ch

Events/20 MeV/c?

anges factor ~2 over peak

%]
[=)

- =

=) (4]
I e e e e B B A B B A A
&

Belle, hep-ex/0612006

Y(4260)

Lkl

6.5 7
M(r*Jly) (GeVic?)
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Overpopulation of 17~ States

3 o
5 31 3 30 Belle
Y (4660) %25:_
T No more states. & -
— Y(4350) 201
0 Y{AZ60) -
4 Y(4008) 15 M
DD* __| I;'-w
DD — - 10 ]
s 1 | mﬂm I
3 ol EEm TR T Y
1 —— 5.5 6 6.5 7
M(r*r-Jdly) (GeVic?)
All same quantum Aumber No more [J/y n* n~ ] state up to 7 GeV
t rentl L .
b.u :(I)Dfr?ixeingywith other v states Note: radiative transitions
o between the states
" no mixing among them

Y(4260) seems not decay to ¢ n+ - forbidden by parity
Y(4350) seems not decay to J/y n+ 7
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Y(4260): Comparison Belle and BaBar

BaBar collisions head-on,
dipole magnet close to IR

Belle: 11 mrad

slightly higher background
at BaBar (also seen as
MRad SVD radiation dose)

backward acceptance
for 6~1800 limited

arXiv:0808.1543, 454/fb

Events / (20 MeV/c?)

BABAR

E preliminary

EntntndllininnEnintn i Lnnind Line, i lininini g
8 4 42 44 46 48 5 52 54

Events / (50 MeV/c?)

L1
CVEeNnIs/v.£

hep-ex/0612006, 553/fb

(%]
=]
T

Belle

Events/20 MeV/c?
\g‘ T 171

N
[=]
T T

-
a
s

IR B | | |
4 4.5 5 5.5 6 6.5 7

m(' TIy)(GeV/eh

R N R R R B R
1 BiBar
H preliminary

| i

i‘ﬁ.'_" ¢ al . 0, a0 R A s o—tig bbb ;

L L1

S AT I OO I I R
1 08 06 04 02 0 02 04 06 08 1

-

cosh*(n'n J/y)

M(r*rJly) (GeVic?)
1400}
. Belle

12001
3 10001
800
600
00
2001

0:‘ i o SESECC TR SEC SC rn BE

1 0.8 -06-04-02 -0 02 04 06 08 1

cos(0)

CMS polar angle of Y(4260) to e— beam
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What is the Y(4260) 7

A hybrid ? [QQ]Sg
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Does the Y(4260) decay to e+e— 7

" very small coupling to e+ e—
(although Jr=1--)
BR(J/y m+ n-) x I'(e+ &) =
(7.5£0.9£0.8) eV
BaBar, arXiv:0808.1543

" This is a partial width of the order ,,eV"

of a state which is ~100 MeV total width !
— factor 108 suppressed

What is blocking these decays?
(maybe the gluonic string 7)
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Z(4430)*
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B —» K+ '
' = Jhp Tt

K*(892)

K*(1430)

| 1 | 1 | I | 1 1 |
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A charged state can never
be a charmonium state.
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Belle
605/fb

Phys. Rev. D79(2008)112001
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Can you see something maybe wrong?

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017 81



Events / 0.18 GeV3/c*
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B - K+ '#xT not
S confirmed
resonant state? by BaBar

m=4433+4+2 MeV, I'=45T18139 MeV
Belle, Phys. Rev D80(2009)031104

:Z;—ZLZ% 13.20 ‘ B’ — K+ Xch:F (r:]cc));firmed
:Z: | DOUBLET resonant state? by BaBar

) H m(Z1)=4051£14720 MeV, I'(Z;)=8212L+47 MeV
AT Y m(2)=42487 50 MeV, T(Z)=1777 550 MeV
qplaaidt s leswlan il Belle, Phys. Rev D78(2008)072004

M (x,,7"), GeV/c®
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Long discussion between Belle and BaBar (2007-2014)
Is the Z+(4430) a kinematical effect ?

e cosfi, the normalized dot-product between the
K7 three-momentum vector in the parent-B rest
frame and the kaon three-momentum vector after
a Lorentz transformation from the B meson rest
frame to the K rest frame

e cos#ly, the normalized dot-product of the ¢’z T
three-momentum vector in the parent B meson rest
frame and the ¢ three-momentum vector in the

Y'wF rest frame.

cosfy is correlated with m(K*xT), cosb,, is correlabed
with m(yn ™), cosf is correlated with cos#,,

TRUE !
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nel.

events/20 MeV/c*

0 : | [ | L | i
< 4.5

m(%ﬂ ﬂ) GeV/C2

MC with angular correlations can describe data well.

No Z* states in red line (MC) required !
BaBar, arXiv:1111.5910, Phys Rev. D85(2012)052003
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