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Introduction

The LHCb Experiment [1IIMP A30(2015)1530022]

m LHCb is a single-arm (2 < n < 5) spectrometer at the LHC
m CP violation measurements, rare decays,
heavy flavor decays as source for exotic hadrons
m Exploits the correlated production of bb pairs in the LHC environment

Runl: 3fb~"

10! bb pairs
B:Ay: Bg

4:2 :1

LHCb MC
{s=8TeV

w2

W g, [rad]

m Clean B-hadron samples through excellent vertex resolution: O(15) ym (VELO)
m Flavor tagging, final state discrimination needs excellent particle ID (RICH)
m Highly efficient trigger: di-muons, displaced vertices (topological B-hadron), ..
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Exotic Mesons with Hidden Charm

Exotic Mesons with Hidden Charm

The X(3872)
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Exotic Mesons with Hidden Charm The X (3872)

The X(3872)

m Since its discovery a decade ago by Belle -, [PRL 91 262001] in
B* — J/ynaK™ the X(3872) has been studied at a number of experiments

m The existence of the X(3872) is now beyond doubt,
but structure is still unclear:

m Mass and decay mode disfavor cc state.
B C=+1 &« X(3872) - J/y

= CDF, Babar and Belle analyses left 2 options for J°¢ assignment
m JP€ =27": Nearest in mass to . (1'D,)
m J7¢ = 17" D’ D* molecule, Tetra-quark
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Exotic Mesons with Hidden Charm The X (3872)

Measurement of the X(3872) Quantum Numbers @ LHCb

Analysis of the decay Bt — X (3872)K" — J/ynaK*
uses full angular correlations in 5D

m Amplitude analysis on 1 b~ [PRL110(2013)222001]
® 313+ 26 Bt - X(3872)K" candidates
E 7 in P-wave
m Only S/P-wave decays of X taken into account
m Established J7¢ =117

= Reanalysis on 3 fb~! [PRD92(2015)011102]

® 1011 =38 BT - X(3872)K* candidates
m Full amplitude model
E Including D-wave decays

A¢'X,7r1r
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Exotic Mesons with Hidden Charm The X (3872)

Amplitude Analysis X(3872) — J/¢yp on 3 o' (pro9212015)0m02]
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Exotic Mesons with Hidden Charm The X (3872)

Amplitude Analysis X(3872) — J/¢yp on 3 o' (pro9212015)0m02]

. . i cos 0,1> 0.6
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Exotic Mesons with Hidden Charm The X (3872)

Radiative Decays of the X (3872)

m The X(3872) lies right at the DD" threshold (3871.81 + 0.09 MeV)
m Popular model: Molecular state, characterised by tiny binding energy
[PLB598(2004)197]

Radiative decays as a test for molecular models
B(X(3872) — ¢(2S)y) =O;8=>M
Ryy =

Y B(X(3872) — J/y)

Model Ry, prediction

DD* molecule  (3—4)-10"° see

pure cc state 1.2—-15 [Nucl. Phys. B886(2014)665]
Mixture 0.5—5 and ref. therein
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Exotic Mesons with Hidden Charm The X (3872)

Radiative Decays of the X(3872) [Nucl. Phys. B886(2014)665]

B — X(3872)K — J/yyK B — X(3872)K — ¢/(25)yK

1500 40

30

20

10

TTTT

0 T8 53 é.4 55
m(y (25) yK)[GeV/c”]
40
30; +
i
10; + A2
37 38 39 . 4 21 ok 38 39 N
m(3/¢y)[GeV/c”] m(y(2S)y)[GeV/c™]
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Exotic Mesons with Hidden Charm The X (3872)

adiative Decays of the X(3872) [Nucl. Phys. B886(2014)665]

1500

1000(—" =%

500(—

B — X(3872)K — J/yyK B — X(3872)K — ¢/(25)yK

_ B(X(3872) — (2S)y)

=246+ 0.64 +£0.29

Y B(X(3872) — J/y)

m Does not support the pure DD* molecule interpretation g&és

OE.—A—A—
wo—— ™ For more complex models see e. g. [IPG38(2011)015001]
300; m Recent calculations in EFT [PLB742(2015)394] and
: unquenched potential model [EPJ C75(2015)26]
200;@,?;5 emphsaize importance of DD* contribution %
’ 1
3.; 38 39 R 4 21 0 38 S N
m(3/py)[Gev/c?] m(y(25)y)[GeV/c”]
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Exotic Mesons with Hidden Charm The X (3872)

Status of the X (3872)

m JP¢ =17t is established

Radiative decays indicate a complex substructure:
Mixture between DD*-molecule and cc?

m Significant isospin violation in its decays

Mass m = 3871.69 + 0.17 MeV (X(3872) —J/¢ X)
DD* threshold: 3871.81 & 0.09 MeV

Mass difference myx — myy, = 775 £ 4 MeV
Width T < 1.2 MeV

m Next steps at LHCb: Precision mass measurement my — my,»s)
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Exotic Mesons with Hidden Charm The charged exotic meson ZJr (4430)

The charged exotic meson Z™(4430)
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Exotic Mesons with Hidden Charm The charged exotic meson 77 (4430)

A Charged Charmonium-like Exotic

m Z(4430)" has first been claimed by Belle in B — K(n™ ¢/(29))

m Minimal quark content: ccdu

m BaBar could explain this through reflections of the K system (K*)

= Amplitude analysis by Belle confirms new state (assuming a resonant shape)

Belle data

60
50 J

30

M(x'y), GeVrc*
Events / 0.18 GeV?/c*

20

L I 0
0 0.5 1 15 2 25 14

M3(Kn"), GeVa/c* Mi(ay), GeVarc*
PRL 100(2008)142001
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Exotic Mesons with Hidden Charm The charged exotic meson 7 (4430)

B — Kx ¢(2S) at LHCb

7)

Data sample:

m ~ 25000 B - Kx ¢(2S) candidates
in3/ ' at LHCb
with ~ 3% residual background

Candidates/ (0.2 GeV

2 Analysis methods:

m 4D amplitude analysis a'la Belle
model the decay matrix element
extract resonant phase
[PRL112(2014)222002]

14000

12000

10000

Yield / (25 MeV/c?)

8000

FIFIS ITE A e N

6000

® Moments analysis a'la BaBar
model independent
confirms existence of Z(4430) . . . .

[PRD92(2015)112009] gsoo 4000 4200 4400 4600 4800
M5, [MeV/c’]

4000

v W

2000
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Exotic Mesons with Hidden Charm The charged exotic meson ZJr (4430)

Z(4430) Resonance from Amplitude Analysis pPrinz(2014)222002]

m Full 4-dimenisonal amplitude analysis of B — Kz~ (/(2S)
m Model-independent extraction of resonant phase

go_z:_ LHCb _
I ] m Argand plot:
0 amplitude in complex plane

m Circular shape corresponds to
02 ] resonant phase motion

| (anti-clockwise)
i m M = 4475 + 7752 MeV

04}
i ] m =172+ 1373 MeV
-0.6- T T N T R A N SR N M i | JP — 1+
-0.6 -0.4 -0.2 0 0.2

ReA?
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Exotic Mesons with Hidden Charm The charged exotic meson 7 (4430)

Model-independent Moments Analysis  proo2(2015/112009]

m Extract the angular structure of the K o 20000 T T g
7 system by moments: E 1000 Py . LHCDb 1
= 16000 oo ++ =
o C ]
/ 5214000 + 3
dN max E + ++ E
_— Py )Py (cos B~ 12000 B SO S
dcos 6, kZ0< k> K ) 10000 - + t
a 3000; —;
m with Legendre polynomials P, 6000 - 3
4000 -3
m highest moment /., corresponds to 2000 - E
twice the highest orbital angular L
momentum ' T cos B,
® Moments are determined Resonance Mass (MeV/c?) T' (Mev/e?) J”
— . K*(892)"  89581+0.19 47406 1
in bins of /g K*(1410)° 1414415 232421 1°
K;(1430)° 1425450 270480 0t
Nevents 11, , K3(1430)° 14324413 10945 e
(P,f’) - Z —LPy(cos 6;+) K*(1680)° 1717427 3224110 1°
= €i K3(1780)° 17767 159421 3°
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Exotic Mesons with Hidden Charm The charged exotic meson ZJr (4430)

Reflections from K* Resonances not sufficient

m Higher spin K* resonances are E 1000 E
heavier i 12000 - 3
2 My < 836 MeV/c? = 10000 F =
Imax = {3 836 MeV/c® < myer < 1000 MeV/c? & oo E 3
4 Micx > 1000 MeV/c2, F ]
6000 [ 3
m K;(1780) is outside the Dalitz plot oo b ]
m Hypothesis that K* reflections F
alone cause ((2S) x shape 2000 g .

| I T IS S T N TR S

rejected: e
3800 4000 4200 4400 4600 4800

m,, o5, [MeV/c?]

S, whole mpg, spectrum S, 1.0 < mg, < 1.39 GeV/c?

I = 4 1330 18.20 .
L 800 1410 Higher moments are

Linax (M) 15.20 17.30 reflections of
Z(4430) into K !
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Exotic Mesons with Hidden Charm The charged exotic meson 7 (4430)

Status of the 77 (4430)

m Candidate for a tetraquark

. m Rescattering effect?
m Resonant nature established

D, K D;-
B M = 4475 + 7552 MeV ﬁ%ry« - ﬁ%ﬁ» -
D L\V D L‘V

m T =172+ 1375 MeV

=17 2
m positive parity rules out 2” i
S-wave molecules -y
D*(2007) D" (2420) and ct
D*(2007) D5 (2460) ToL
BZH(430) - ¢/m) o ot
B(Z"(4430) — /)~ I S B
Belle: [PRD88(2013)074026] T ) arbiary unit!
[PRD90(2014)112009] -
[PLB748(2015)183]

but: wrong sense of phasemotion
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An Exotic Baryon Resonance in J/¢ p Ay —=J/Yp K

Baryon Resonances in
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An Exotic Baryon Resonance in J/¢ p Ay —=J/Yp K

A Surprise in A, Decays

m Initial goal: a precise measurement of the A, lifetime

m 17" of A, — J/YpK + previous measurements: 7 = 1.482 + 0.018 = 0.012 ps
< PRLI111(2013)102003

o

m But looking closer at the J/y p K Dalitz-Plot with a dataset of 3 1 (Run 1)

> s —
© 7000 4 FT ' ' ' R
= F LHeb 26007 + 166 o 26 g
¥ 6000F . 0] 1
= E 34t Ay, candidates 1 =54 .
£ 5000 S ]
o F &S N ]
2 4000F 22r E
3000 20~
2000F C
F 18- 7
1000F i 1
0 pomespesss; Soses i i e 6 T
5500 5600 5700 2 3 4 5 6
Mk, MeV] mg, [GeV7]
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An Exotic Baryon Resonance in J/¢ p Ay —=J/Yp K

A Surprise in A, Decays

m Initial goal: a precise measurement of the A, lifetime

m 17" of A, — J/YpK + previous measurements: 7 = 1.482 + 0.018 = 0.012 ps
< PRLI111(2013)102003

m But looking closer at the J/y p K Dalitz-Plot with a dataset of 3 1 (Run 1)

; F T T T T T —
© 7000 F o ' ' ' N
="F LHob 26007 + 166 > 2 E
~ 6000F . o ]
= E 34t Ay, candidates 1 =54 .
£ 5000F = ]
GC) F NS L ]
2 4000F 22r E
3000 ;_ 20 [
2000F r
F 181~ 7
1000F i 1
0 oty n n i s . 16 L ]
5500 5600 5700 2 3 4 5 6
Mk, MeV] mg, [GeV7]

Sebastian Neubert (Uni Heidelberg) Hadron Spectroscopy at LHCb Bormio 2016 20/ 30 PRED


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.102003

An Exotic Baryon Resonance in J/¢ p Ay —=J/Yp K

A Surprise in A, Decays

m Initial goal: a precise measurement of the A, lifetime

m 17" of A, — J/YpK + previous measurements: 7 = 1.482 + 0.018 = 0.012 ps
< PRLI111(2013)102003

m But looking closer at the J/y p K Dalitz-Plot with a dataset of 3 1 (Run 1)

; F T T T T T —
© 7000 F o ' ' ' N
="F LHob 26007 + 166 > 2 E
~ 6000F . o ]
= E 34t Ay, candidates 1 =54 .
£ 5000F = ]
GC) F NS L ]
2 4000F 22r E
3000 ;_ 20 [
2000F r
F 181~ 7
1000F i 1
0 oty n n i s . 16 L ]
5500 5600 5700 2 3 4 5 6
Mk, MeV] mg, [GeV7]
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An Exotic Baryon Resonance in J/¢ p Ay =J/Yp K

2-Body Mass Spectra [PRL115(2015)072001]
< 3000 S F
) - :
= C = gooF- b LHCb
o 2500F @ LHCb - 800F (b)
« C ha s
3. F 2 F
& 2000 S 600F
> - i :
L C —=— data L E
1500F :
L — phase space 400F
1000 .
: 200F-
500 F E
PRI T T TN TR W [N TN W T T TN TR N [N N TN T :---I---I---I...I...I.
1.4 1.6 1.8 2.0 22 24 4.0 4.2 4.4 4.6 4.8 5.0
my, [GeV] my,.,, [GeV]
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An Exotic Baryon Resonance in J/¢ p Ay =J/Yp K

2-Body Mass Spectra [PRL115(2015)072001]
< 3000 %\ 2
(] - C
o 2500} (@ LHCb 0 800E (b) Cb
ST s F Reflection of
n 5 * <« -
£ 2000F | |A7(1520) € s00F- A" states?
o ' (] -
> - i :
L C —=— data L E
1500 :
L — phase space 400F
1000 .
: 200F-
500 | F
PR [N SN T N TN SO T RN TR T NS A :---I---I---I...I...I.
1.4 1.6 18 20 22 24 4.0 4.2 44 486 4.8 5.0
my, [GeV] my,.,, [GeV]
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An Exotic Baryon Resonance in J/¢ p Ay —=J/Yp K

Results with only A* States [PRL115(2015)072001]

6D amplitude analysis with 14 A™ states included:

= 2200 —s— data %:soo
= 2000 : — :Joa:gl(g:ound =

31800 : (@ LHCb “g: ﬁgggg; Lr::joo
5 % o 5
iriaas A(1690) 133 500

- A(1800)
- A(1810)
- A(1820)
A(1830)
- A(1890) 800
- A(2100)
- A(2110) 200
weeiens A(2350)
---4--- A(2385) 100

e R 22 24 26 0% 42 4.4 R Y B
My, [GeV] Mo [GeV]
m Adding two new A” states with floating mass/width does not improve fit
m A" reflections don't explain the structure in my,,,
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An Exotic Baryon Resonance in J/¢ p Ay =J/Yp K

Results with One J/iy p Resonance [PRL115(2015)072001]

Extended A* model +1J/y p resonance (floating m,T') with J© = 5/2"

—
> 2200 —a— data % 800
S 2000 t —e— total fit s
background
a; e 0
(@ LHCb — w0 700
--op-- A(1405) ‘\‘;
~5-- A\(1520) 2 600
- A(1600) 4
A(1670)
< N(1690) L 500
--3-- A(1800)
---E-- A(1810) 400
-oote-- A(1820)
ov--- A(1830) 300
o=~ A(1890)
-g-- A(2100)
—--pe-- A(2110) 200
<eoke-- A(2350)
---4--- N\(2385) 100
0 ‘ -
4 4.2 4.4 4.6 4.8

2.4 2.6
My, [GeV]
Improvement w.r.t to fit without P.: VA2L =14.70
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An Exotic Baryon Resonance in J/¢ p Ay, =J/Ygp K

Why a second state with opposing parity? (rrinsiois)o7200m

mi, < 1.55GeV 155 < my,, < 1.70GeV

IS
o
o

@ g }b')"*""'

Events/(20 MeV)

n

o

o
T

Events/(20 MeV)

X 5
My, [Gev] my,, [GeV]

1.70 < mg, < 2.00GeV 2.00GeV < my,,

Sebastian Neubert (Uni Heidelberg)

u The peaking structure in my,, is
asymmetric as a function of my,, (or cos 6p_)

m This can be explained by interference of
two states with opposing parity

gs""; —— Combined P,
2 [ LHob  — P,(4450)

& 400l . P,(4380)

5 [

(0] L

‘g 300~

s

S

LA i iz
08 06 -04 -02 0 02 04 06 08 1
cos(epc)

-1
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An Exotic Baryon Resonance in J/¢ p Ay =J/Yp K

Results with 2 J/y p Resonances [PRLI15(2015)072001]

— —
= 2200 ' —=— daa_ 2 800
= 2000 - g)e:g:(g:ound =
ﬁ 1800 ¢ (a) LHCb SERn P(4450) a 700
N 1. “mc P(4380) >
A -~ -~ A(1405,
E 1600F= ¢ - /\215203 g 600
> 1400 i - A(1600) Q
w ] NA(1670) LLI 500]
1200 HH /\ElGQOg
-~ A(1800
1000 A(1810) 400
A(1820)
800 --v--- A(1830) 300)
600 a-- /\ElSQO;
- A(2100
“-tee- N(2110) 200
400 -ke-- N\(2350)
s0oF: Ak o i e VT A\(2385) 100|
03 2.6 0

My, [GeV] my,,p [GeV]

Improvement w.r.t to fit without P.: VA2L =18.70
Adding further states (also in J/¢ K) did not improve the fit significantly
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An Exotic Baryon Resonance /Y p Ay, =J/Ygp K

Extracted Resonance Parameters [PRLI15(2015)072001]

State Mass [MeV]  Width [MeV] fav.J"” Fit fraction  Signi.
P.(4380)"7  4380+84+29 205+ 18+86 3/2° (84+07+42)% 90
P.(4450)" 44498 +1.7+25 39+5+19  5/27 (41+£05+1.1)% 120

m Significances evaluated on Toy-MC samples: —2In £ distributions
consistent with x* distribution — p-value s pe——

< o (a) E3N) E|
00sF- + E
1

P,(4450)

0f E P.(4380) E
“onsf E E
02f T E E
-o2sf + — E
0sf 3

LHCb F

L I |

m Spin-parity assignment not conclusive: e g T R T R s

Re A% Re A%

Im

TP
T

Fit A(—2InL) P.(Low) Mass P. (Low)T P. (High) Mass P, (High) T"
%7, %+ 0 4.3799+0.0064 0.205+0.011  4.4498 +£0.0017  0.0387 + 0.0037
%+, %_ 0.9°  4.3696 +£0.0063 0.211+0.012  4.4504 = 0.0017  0.0492 = 0.0040
g*, 3 23> 43770 £0.0098 0.239+0.024  4.4486 £ 0.0018  0.0444 % 0.0053
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An Exotic Baryon Resonance in J/¢ p Interpretations

Interpretations

KEEP
CALM

AND

BARYON

Inspirations
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An Exotic Baryon Resonance in J/¢ p Interpretations

What causes these resonant structures in J/ p?

m Valence quark content: vudcc
m What are the relevant degrees of freedom?

Challenges:
m Why two states with opposite parity?
® Small mass gap ~ 100 MeV ,
= Narrow width of P_(4450) e

Proposed paradigms:
m Rescattering effects
m Meson-Baryon Molecules
m Pentaquarks in the Di-Quark model
m Crypto-exotics in chiral-unitary dynamics
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An Exotic Baryon Resonance in J/¢ p Interpretations

Deja-vu: Threshold Effects?

Exotic states with hidden charm appear close to 2-body thresholds

[MeV] P_(4380)T P_(4450)T
+ 8+ + +
MeV]  X(3872) [Mev] 77 (4130) Mfiiu 4380 +8+29 44498+ 1.7+25
Mass 3871.69+0.17 Mass 2475 2 7115 .'D 4382.3+2.4
DD 3871.81 - - = '=25 X1 (1P)P 4448.93 +0.07
D*(2007)D#(2420) 4430.16 AJg 0 445709 + 0.35
*_o*
Pure molecule disfavoured D" (2007)D, (2460) 4471.26 3. D’ 4459.9 £ 0.5
5 D=’ 4452.7£0.5

by radiative decays S-wave molecules excluded by parity
Studies of further decay modes needed

Are thresholds the unifying pattern across the meson and baryon sectors?
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An Exotic Baryon Resonance in J/¢ p Interpretations

Deja-vu: Threshold Effects?

Exotic states with hidden charm appear close to 2-body thresholds

[MeV] P_(4380)T P_(4450)T
+ 8+ + +
MeV]  X(3872) (Mev] 77 (4230) Mfiiu 4380+ 8+29 44498+ 1.7+25
Mass 3871.69+0.17 Mass 2475 2 7115 .'D 4382.3+2.4
DD 3871.81 - - = '=25 X1 (1P)P 4448.93 +0.07
D*(2007)D#(2420) 4430.16 AJg 0 445709 + 0.35
*_o*
Pure molecule disfavoured D" (2007)D, (2460) 4471.26 3. D’ 4459.9 £ 0.5
5 D=’ 4452.7£0.5

by radiative decays S-wave molecules excluded by parity
Studies of further decay modes needed

Are thresholds the unifying pattern across the meson and baryon sectors?

Or are these just coincidences, because the density of thresholds is so high?
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An Exotic Baryon Resonance in J/¢ p Interpretations

Deja-vu: Threshold Effects?

Exotic states with hidden charm appear close to 2-body thresholds

[MeV] P_(4380)T P_(4450)T
MeV] X(3872) [MeV] Z+ (4430) MstriU 4380+ 8+29 44498 +1.7+25
Mass 3871.69 +0.17 Mass 14752770 .'D 4382.3+24
DD’ 387181 D*(2007)D7 (2420)  4430.16 . Xcﬁ*(i? P 448,93 %007
N 2]» : A, D 4457.09 £0.35
Pure molecule disfavoured D" (2007)D, (2460) 4471.26 ECBO* 4459.9 £ 0.5
» D%x° 44527405
by radiative decays S-wave molecules excluded by parity <

Studies of further decay modes needed

Are thresholds the unifying pattern across the meson and baryon sectors?
Or are these just coincidences, because the density of thresholds is so high?

Most ambitious theory attempts use QCD symmetries and try to explain exotic
states together with 'known' spectrum
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An Exotic Baryon Resonance /Y p Interpretations

Testing Rescattering Models Ay = xa(1P) p K

m Guo et al -, arXiv:1507.04950 LHCb B — x. (1IP)K*
<sarXiv:1305.6511
K‘/, » . - ’f(: E
All; ! A(b) > p p 300;

m can explain . L ° e 5T s

P.(4450) m(xe1 (1P)K")[GeV]
C T L

phase motion i
bUt PC(4380)? ‘ 03 02 -01 00 ol 100}

m Rescattering would not explain a 50:7
narrow enhancement - ot
right above x.;(1P) p threshold 34 Bl GevT
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http://arxiv.org/abs/1507.04950
http://arxiv.org/abs/1305.6511

Summary

®m B and A, decays provide a valuable source of exotic mesons

® LHCb has collected 3 /" in Run I and is well situated to study
spectroscopy

m In the meson sector:

m Established quantum numbers J”“ = 17" of X(3872)
m Radiative decays of X(3872) disfavour pure molecular state
m Established resonant nature of tetraquark candidate Z*(4430)

m In the baryon sector:

m First observation of exotic baryon resonances
in a full amplitude analysis of A, — J/ypK

m Two states found, valence quark content: vudce

m Starting big program to investigate

= Will triple data sample in Run Il of the LHC: Stay tuned!
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Backup
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Summary

AR
n \*& P
1 % o y
Event 251784647 ’17:% LA
Run 125013 o (R
Thu, 09 Aug 2012 05:53:58 IR
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Summary

Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58 Ab

decay point
Ap| b h

PP
collision point
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Summary

Amplitude Analysis of B — K(1™ ¢)(2S)) tprun2o141222002]

< 1000 & Fr T T T 9
> ) __
g | o
N 8 ]
o 4 a
g k*(1680)
500 2 F ]
] €10 .
5 g
z4430) 8 1] ’
0.5 1 15 22 5
m2. - [GeV
[Te} T T T T T T ]
S 600F ] 8 ]
3 | ] g ]
S 400 F + ¢ .._*-HH"-M+“"++"'+++++++ pd R %1000 C Pl . "=_
k=] + = - — ]
8 ] S 1 ]
200 . 500 5
LHCb 1 LHCb |
ok o‘:’l"“"” ) 0‘“"::: ] 0 s — - S——c
-1 -0.5 0 0.5 1 -100 0 100
cos8, @ [degrees]
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Summary

Amplitude Analysis of B — K(1™ ¢)(2S)) tprun2o141222002]

)
)

~_ 1000 ] o~ Fr
3103k
8 r 8103
N o £
S S r
g i K (1650) TS
500 - Z F
33 B ‘?é 10 E
5 S ¢
S z4430) 8 1
d :

ResUIts

36 Mass [MeV] Width [MeV] J” Significance
g 4475 £ 7 172 £13 17 18.90(> 13.9)
24
> m D-wave contribution negligible (1.3¢ using Wilks' theorem)

m Biggest systematic: inclusion of K3 (1780) resonance

cos8,” @[ degrees]
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Summary

K s Angular Moments

’};_ 2000 + PV ?;_14000— + Py ?;’ 2000 - } P;Jé
2 ok +* 3 0f 3 2 ook ++++ 3
: “eee T . =1 2k E A T wt
Somef v, R S R £ 2 okt Ll b
= IO ok } 1 5 % \ "t E
—4000 - B £ F ]
1 6000 - E 1000 + E
0o E 000 t E E E
5000 [- + E 2000 + E a3 3
LHCb b £ LHCb wonoF LHCb
—10000 - + 3 0 n -, A ——— E E
12000 | . L L I —2000 |- L L . it - —4000 = L L L | 4
800 1000 1200 1400 800 1000 1200 1400 . 800 1000 1200 1400
my, [MeV/c?] my, [MeV/eT] my [MeVic’]
< ! ' + R % i i pY L E i py 3
2 1 & L kb E
2 I B vt I i
2 ohtty | L i 8 [ + ++ ++‘+ + ++ +++ ++ ++ s 1500 £ E
= [ T t ‘++ :*: S 4 1 = wwf 3
_1000[ t + 3 {. s00F + + + + E
E —2000 - ] O:H\JTLI | +l + + fﬁf:
ot I o PR
ma LHCb e LHCb E t LHCb 1
] b -1000 - 3
‘ ‘ . P B S . ‘ ‘ aso0f ‘ ‘ L
800 1000 1200 1400 800 1000 1200 1400 800 1000 1200 1400
iy, [MeVic] iy, [MeV/c!] iy, [MeV/ic?)
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Summary

K 7 Angular Moments

) F vl % vl % U

;™ t P e i I e
4+ 12000

= 2000 * ey 4 21000 ++ -

sead Partial waves and moments

“«F  m Highest moment /,,,, corresponds to twice the highest

2 orbital angular momentum
m D-Wave = /., =14 )
< = Moments contain mixture of partial waves 73
1000 |- 54
: . m Aresonance in ((2S) m would contribute to all moments -
" o] 7| + | s00F- :
—2000 T 0 H 4+ T ‘ ‘ +l ++ $++‘L+++f

—2000 + E
oof H LHCb 000 LHCb :: HW i LHCb
‘ ‘ . . o . . ‘ ‘ sk . ‘ ‘ ‘ E

800 1000 1200 1400 800 1000 1200 1400 800 1000 1200 1400
iy, [MeVic] iy, [MeV/c!] iy, [MeV/ic?)
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Summary

K 77 Angular Moments - Normalised to Intensity

LHCb

EN N T Fn F 5|
= Q 2 L |
2 02 S LHCb 4 5 1F E
2 o 3 o8 1 2 sk 3
g 02 g 06 1 & K i
= 5o Z 0
A —04 A At
02 # * 04
0.6 L Iy ‘ |
08 UE{ 0.2
~0.2 M 2!
E LLa
E 0
-1 _04F E | AT \Tﬂ L/
—12 ~0.6F E -02
—08f Pr; E P;q
14 S —0.4 [ -
L 1 1 L = 1 L 1 L 1 1 L 1
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G s T T T 3 5 0eF T T 5! T T T
= LHCb = £ LHCb > L LHCb ]
5 06 4 @ 04 1 0 [
= = E = r
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Summary

Reconstructing Reflections into /(2S) x

m Moments-weighted Monte Carlo B =06
m Reflections with /,,,, =4 m However: where should
do not explain ¢/(2S) 7 spectrum spin 3 (F-wave) come from?
g,: L T 7 g.; L 7
% 14000 }LHCb . % 14000 }LHCb *ﬂ . .
E F ] 2 C KN ]
8 12000 :— —: 8 12000 :— —:
S 10000 - 3 5 10000 3
e . ] 2 F 3
~ 8000 |- 3 ~ 8000 3
6000 — . 6000 | .
g : 4000 | -
2000 H —; 2000 ' ;
0 l. PR I TR TR T EN SRR SN TR NN SR S SR NN SR S y 0 ,. PSR [N S TR SR AN TN SR TR NN SR S A NI .
3800 4000 4200 4400 4600 4800 3800 4000 4200 4400 4600 4800
My gy [MeV/c?] My [MeV/c?]
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Summary

Reminder: 3-body decays and Dalitz-Plots

:5307 M = const
. . 3257 phasespace
all particles spin 0: =, '
£
151
X — ABC ok
T o< |[M[Pdmagdmpe  °
o T

0 5 10 15 20 25
m2, (GeV?/c*)

plots by Antimo Palano
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Summary

Reminder: 3-body decays and Dalitz-Plots

< 30F <30
2 * M = const N‘;’ J = 0resonance
25" phasespace | 3 25 in [AB]
all particles spin 0: <, ' S0
£
155 15
X — ABC
10} 10
2 2 2 5[ 5
I' x |M| dmABdeC
0 e 0 Lo

0 5 10 15 20 25
m2, (GeV?/c*)
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Summary

Reminder: 3-body decays and Dalitz-Plots

~30 ~30
2 M = const N‘;’ J = 0resonance
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10 10
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0
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Summary

Reminder: 3-body decays and Dalitz-Plots

30 <30 5 30F
L M = const L J = 0resonance < J =0resonance
. . R phasespace | 3% in[AB]| &2} in [BC]
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Summary

K* Reflections in bins of KII mass
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Known A* States

2 Fit-Models used!

State P PDGclass Mass(MeV) TI'(MeV) # Reduced # Extended
A*(1405)  1/27 1405175 505+20 3 ¢s couplings 4
anchor — A"(1520) 3/2° 15195+1.0 156+1.0 5 6
A*(1600) 1/2% 1600 150 3 4
AT(1670)  1/27 1670 35 3 4
A*(1690) 3/27 1690 60 5 6
A*(ri0) 172t * 1713 + 13 180 + 40 o} o}
AT(1800) 1/27 1800 300 4 4
A*(1810) 1/2% 1810 150 3 4
A*(1820) 5/2% 1820 80 1 6
A*(1830) 5/2” 1830 95 1 6
A*(1890) 3/2T 1890 100 3 6
A*(2000) ? * ~ 2000 ? o] o]
A*(2020)  7/27 * ~ 2020 ? 0 0
A¥(2050) 3/27 * 2056 + 22 493 + 60 0 o]
A*(2100) 7/2° 2100 200 1 6
A*(2110) 5/2" 2110 200 1 6
A*(2325) 3/2° * ~ 2325 ? o] (o]
A*(2350)  9/2F 2350 150 0 6
A¥(2585) ? *x ~ 2585 200 (o] 6
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Known A* States

2 Fit-Models used!

State P PDGclass Mass(MeV) TI'(MeV) # Reduced # Extended
A*(1405)  1/27 1405175 505+20 3 ¢s couplings 4
anchor —» A*(1520) 3/2° 1519.5+1.0 15.6+1.0 5 6
A*(1600) 1/2% 1600 150 3 4
AT(1670)  1/27 1670 35 3 4
A*(1690) 3/27 1690 60 5 6
AT(1800) 1/27 1800 Two A" models
A*(1810) 1/2% 1810
A*(1820) 5/2° o 1820 m Extended: Explore model spa.ce.
A(1830) 5/2° P 1830 = Reduced: onlgl ki‘ep Inon-\llanlshlng
A*(1890) 3/2+ . 1890 components for final result
A*(2000) ? * ~ 2000 [ ] Agreerpent checked by moments
A*(2020)  7/2* * ~ 2020 analysis
A*(2050) 3/2° * 2056 + 22 495 = vu v v
A*(2100) 7/2° 2100 200 1 6
A*(2110) 5/2" 2110 200 1 6
A*(2325) 3/2° * ~ 2325 ? o] (o]
A*(2350)  9/2F 2350 150 0 6
A¥(2585) ? *x ~ 2585 200 (o] 6
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Summary

Amplitude Analysis of A, — J/ypK

Matrix Element M parametrised as function of 5 angles and one mass mf,K

Two coherent contributions:

m Ay — JYA* Full angular structure
| Ab — PCK

A, rest frame

m Helicity formalism

® 14 A" resonances used
1 rest frame

m XCheck with 2 Fitters
(different background handling) W
m Efficiency corrections lab frame
from Monte Carlo
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Isobarmodel Helicity Amplitudes for A, — J/yA”

Matrix Element M" is a function of 5 angles and one mass mf)K

A, rest frame
q)A* =0

A rest frame

1 rest frame

lab frame
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2 Fitters - XCheck of Background Treatment

Log-likelihood fitters:
m sFit : subtract background with the sWeight method
m cFit : explicitly model background from sidebands (default)
m Missidentified B-meson decays vetoed B -J/y K 7 and BY -J/y K K

Efficiency from MC Background density shape (5.4%)

% 26:_ (a) efficiency 12 Ng 26:_ (b) background

~ LHCb ~ [ LHCb
2 24 2 2
€ L € L
- 0.8 -
22_— 22_—
i 0.6 i
20 20
0.4
18_— 18__
B 0.2 [

16, 1 1 1 1 o 16, 1 1 1 1

2 3 4 5 2 3 4 5
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Summary

Isbarmodel Helicity Amplitudes for A, — J/WA*

m Angular structure of J/i decay WJigner D-functions for A — BC:
(no free parameters)

® Helicity coupling for A* decay D* Alg (¢ 0,0) = (J AAIR(¢. 0,0)|J4)
(complex fit parameters) = ”\ ‘7’d)\ A (9)

= A" resonant amplitudes

BC
(masses/widths) 14 N 4 mx
\ O(Q,B,O)— 2£+1Yg (O(,B)

AT —)K A
Moy Aoy = Z Rn(mkp) H,\ ? Ze' 90y, (By) %
Ay

A _)A*L,l/ iA *¢) 1 JA*
/\Z HA:*,AJ e Ajb,AA*—A¢,(9Ab) dAA*,"AP(QA*)
A*

m Helicity coupling for A, decay /
(complex fit parameters)

® Angular structure of A, decay
(no free parameters)

® Angular structure of A* decay
(no free parameters)
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Summary

Resonance parametrisation

Dynamical Terms R,(m,) given by

m Relativistiv, single-channel Breit-Wigner amplitudes BW(MKP|M6\Z, Fg\z)
m special case A(1405) is subthreshold: Flatté (K p and ¥ & channels)
= Blatt-Weiskopf barrier factors B;(p, p,, d)

’ p gAg Ay A ’ q EAZ
Rn(Mkp) = B{,A:(Pr Po. d) Mo x BW (M| My, Tg") % B(JA*(CI: qo. d) A :
Ab Ab n Mon
1
BW(M|M,, T )
(M| Mo. To) M2 — M? — iM,T(M)
where o
g \" " My
I'M) =Ty | — B . qo, d
=t (L) Tt a0

p(q) are momenta of the daughter particles in the rest-frame of the decaying particle.
po(qo) calculated on the nominal resonance mass
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Adding Helicity Amplitudes for A, — P.K

1 rest frame Ay rest frame ¢ -7

Construct M’ > p inthe
Anq ApC ANE

Abl P
helicity formalism,

A*
analogously to
gously MAAb,AP,A/\

lab frame

u
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Summary
Aligning reference frames

Helicities of final state particle have to be evaluated in the same reference
system!

A, rest frame

A rest frame

alignment factor

e ds? (6)
p rest frame walignment 3fc_ 1 """
proton align.
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Fit Projections

Angular distributions myyp iN bins of my
my, <1.55GeV 155 < my,, < 1.70GeV
ECLCLY e L B HLEL L B B
2 @ ()
: t
h
5 200F toy J

* & data A(670)
1500F = I -e-totalfit - \(1690) 1
¥ — background “* A(1%00
* :P(4450) .
1000F - cosf 3 BN s A(1820) 1
*:,o‘ A =P(4380) T AEMD; s
~#:A(1405) 1 p(1go0) 2
-9-A(1520)  .ooA@1o0) S
~-N(1600) - A(2110) g
1 1 [ ]
1 } } £
S
2000F S PR 2
- - -+ -
1500 ....5,4:._:;.&. i 3
o -] - (p &= = -
o cos + (TR E

5
m,,, [GeV]

1.70 < mg, <2.00GeV  2.00GeV < myg,
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Summary

Systematic Uncertainties

Source M, (MeV) T, (MeV) Fit fractions (%)
low high low high low high A*(1405) A*(1520)

Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
A" masses & widths 707 20 4 058 037 2.49 2.45
Proton ID 2 0.3 1 2 0.27 0.14 0.20 0.05
10 < p, < 100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Non-resonant 3 0.3 34 2 235 0.13 3.28 0.39
Separate sidebands 0 0 5 0 024 0.14 0.02 0.03
JP3/27,5/27)or(5/2%,3/27) 10 12 34 10 0.76 0.44

d=15—45GeV " 9 0.6 19 3 0.29 0.42 0.36 1.91
0 Ay, — PF (low/high)K~ 6 07 4 8 037 0.16

e P (low/high) — J/yip 4 04 31 7 063 037

eﬁé Ayt = JJPA* 11 03 20 2 081 053 3.34 2.31
Efficiencies 1 0.4 4 0 0.13 0.02 0.26 0.23
Change A*(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 2.5 86 19 4.21 1.05 5.82 3.89
sFit/cFit cross check 5 1.0 11 3 046 0.01 0.45 0.13
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Pre Selection

Table : Pre-selection requirements used. The stripping line is
FullDSTDiMuonJpsi2MuMuDetachedLine.

# Selection variables Requirements
1 All tracks x”/ndof <4
2 Muon PID DLL(y—7) >0
3 PT of muon > 550 MeV
4 PT of hadron > 250 MeV
5 I/ vertex x> <16
6 J/ib mass window —48 < m(ut ) = m(I/Y) < 43 MeV
7 Hadron X,2p >9
8 K~ ID DLL(K — ) > 0 and DLL(p — K) < 3
9 pID DLL(p — ) > 10 and DLL(p — K) > 3
10 pK™ vertex x> DOCA x> < 16
n Ay, X <25
12 Ay, vertex x?/ndof <10
13 Ay, flight distance >1.5mm
14 Ay, pointing, cos 6, > 0.999
15 Trigger HLT1 and HLT2 TOS on J/i (see text)
16  Clone track rejection on hadron Ghost probability < 0.2
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BDT Classifier

BDT variables:

® minimum DLL(y — n) of the " and p~
(mmPIDmMu);

® minimum of the Xﬁa of the K~ and the p
[log(pmipCHI2)];

m A, (DIRA);

® Ay x5 log(BCHI2);

m A, FD;

m PT of the A, (BPT);

m A, vertex x? (LogBIPCHI2);

m PT sum of the K~ and p (SumPT).

m Trained on signal MC and
sideband data for bkg '

m Cut optimzed by maximising

S/V'S + Bin data, subsequently
tightened to reduce background
across DP

Sebastian Neubert (Uni Heidelberg)

Input variable: LogBIPCHI2
e
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Input variable:dira

.ﬂs
§

(a1 7
L

oo
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¢S Couplings

m The angular momentum barrier should suppress decays
with high orbital angular momentum.

m Express helicity couplings through ¢5-couplings By
using Clebsch-Gordan coefficients

A-BC __ / 2041 JB JC S ¢ S JA
Tha e _gg 2yt X Bes ( A —Ac | Ag —Ac ) g ( 0 Ag—Ac |4 —Ac

Spin—Spin coupling Spin—Orbit coupling

m Limit the allowed range of ¢ in the fit model

= Automatically implements parity conservation in strong decays
by choice of ¢
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Efficiency corrected Signal PDF

m () = 6 kinematical variables (my, + 5 angles)
® w = fit parameters (couplings, masses, widths)

dP
dQ = PSlg Q|

m Phase space volume element 4
m efficiency

= With the normalisation calculated by MC-integration over accepted MC

events e )
S I MQ @
/(Z})E/PS.@(Q)de i | A(chlw)l ,
2jw;

H weights ch account for differences inA, production kinematics and PID
between simulation and data
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Summary

Interference between A, — J/WA* and A, — P.K

m Coherent sum over amplitudes, incoherent sum over external helicities
m Set A, polarisation to O

2
2 A" iA 1/2 P
M| = MY 4 2 (6,) MPe
S—~— ApSiAp
A= %5 4= %5 Ak,==£1 palignment jc—, 1
proton align.
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J/y K Dalitz Plot Projections in bins of m x

Sebastian Neubert (Uni Heidelberg)

Events/(15 MeV)

Events/(15 MeV)

N
Q
t=1

Events/(15 MeV)

Summary

N
=}
S

a
=3
S

@

(b)

LHCb

- data A(1670)

-@- total fit “¢ A(1690)
A 4+ — background ¥ Qgggg; b

-8

h # Sc(ggg) - A(1820)

, <ucP(4380)  A(1830)

) -4- A\(1405) -4 \(1890)

. -6-N(1520) ;. A(2100)

-4 \(1600) - 20+ A(2110)

L L
Y 4 4.5

My [GeV] Mg [GeV]
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Summary

Extracting the Phase

m Replace the Breit-Wigner amplitude in the model with complex valued
cubic spline Ain 6 bins of m*(J/yp), centered around the P, peaks from
nominal fit

el

'LHCb

l.... Liay

B 035 03 -0.25 -0.2 -0.15 -0.1 -0.06 0 0.05 0.1 0.15 -0.1 -005 0 0.06 0.1 0.15 0.2 025 0.3 0.35
Re A% Re A%

= Amplitude in complex plane

m Circular shape corresponds to resonant phase
motion (anti-clockwise)

® Inred: BW amplitude from nominal fit
m Offset in phase from reference amplitude(s)
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Summary

Theory community reacting to J/ypK (selection)

Rescattering effects:

Xc1(1P)p rescattering <5 arXiv:1507.04950 . X X
D", D/*, X, triangle singularity s arXiv:1507.06552 M'nc" R'Iewew on Meson-Baryon composite
P(4380) rescat, P.(4450) di-quark model s arXiv:1507.07652 MOGeIS: —arXiv:1509.02460
Anomalous triangle singularity s arXiv:1507.05359
P P
Molecules: » s.D* A*D  JWN* >*D JWN*
Chiral constituent quark model < arXiv:1507.08046 [ | : i : i
Isospin exchange model s arXiv:1506.06386 %”VN oL M
D" 3, molecule s arXiv:1507.04249 e ,
LIWA XXX Y X
. A X v X X v X
Di-Quark Models: e
Dynamical di-quark tri-quark picture < arXiv:1507.05867 | ﬁfg* j [JX] m X [/X] X |
Strange and Nonstrange pentaquarks  «s arXiv:1509.04898 b v x] v % x]  x
QCD sum rules for (qq)(qq)(q) «sarXiv:1509.06436 =D Y v x] v
Flavour SU(3) ir.1 di-quark model > arXiv:1507.04980 [ JiNs = - ™ - - 7 |
P, masses in di-quark model > arXiv:1508.00356 ADr X X X X v X
Coloured constituents «»arXiv:1507.04694 AcD'm X v % %
TP x v v x

Production:
Bottom baryon decays <« arXiv:1509.03708
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Pentaquark Isospin Multiplet?

Isospin partner: replacing uu with dd

The observed pentaquark A, — P?KO - J/c,anO or J/(,UPJT_KO
Ay — PIK — J/ypK :
# d

\ d Neutron in the final state or 4-body J/y
p o K§
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Summary

Ay, —J/W A ¢ and Friends

SU(3) Flavour Multiplet!?
Strange partner: replacing vt with ss

m Each subsystem exotic
0 H
Ay - PLg - Ifpng 5 /b & Strange Pentaquark
8 m A ¢: Spectrum unexplored
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Summary

Ay, —J/W A ¢ and Friends

SU(3) Flavour Multiplet!?
Strange partner: replacing vt with ss

m Each subsystem exotic

0 :
Ay, = Pl — JYAe : j% g: )S(Lr'?:g)e?Pentaquark
8 m A ¢: Spectrum unexplored

Di-quark model suggestions

< . Maiani et al —, arXiv:1507.04980

f ) Process Pel0e8

’ A, = K J/dp Py (€leqls=119'q ls=01. £ = 0.1)
u e Ay — /3 (1385) _ /

P \ . Eb — KJ/L/JE(1385) ]Plo(c[cq]s Ol[q 5] )

\ . QE — ¢ J/PQ (1672) Pyp(c(cs]s=o,1(sS]s=1)

Q, - KJ/P=E(1387) Pyo(clcqls—0,1[55)s=1)
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Charm Pentaquarks at PANDA?

HESR: p p max /s ~ 5.6 GeV
Process Threshold [MeV]
D — pJ/YD 4966
pb — pn.p 4854
pp — ATDS 5086
PP, (4450) 5385
pp — pép 2890
pd —7?
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Summary

Determination of X(3872) Spin-Parity [PRLT10(2013)222001]

® B* — X(3872)(— J/ynm)K" selection calibrated on BT — ¢4(2S)K™ control channel

s 7 T y .
5. F X(3872) £ 10 T T T r T
1200~ - - E E
= 2% =50 s F LHCb ]
ol .5 Me 2 o
1000 g 10F E
2 - -% F e Simulated J°°=2" + Simulated JP°=1"" E
S so0f §0F T
< 600f 2 E £t ‘\’ g
g F 2 o £ data 3 3
§ 400:— - Y
200 wE Iy R
600 800 1000 1200 1400 -200 -100 0 100 200
V5=17 TeV, 1fb~! M dry) - MUAy) [MeV] {22 ILE]
Yields:
® 5642+ 76 BT — (28)KT m )7 =17 compatible
® 313+26 Bt — X(3872)K* m J€ = 27" rejected at > 80
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Summary

P.(4380)&P.(4450): a New Sector in Baryon Spectroscopy?

What are they?

Are there more of their kind?
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Summary

P.(4380)&P.(4450): a New Sector in Baryon Spectroscopy?

What are they?
m Observe P. — J/Yp as subsystems in different final states
mAIYp
mY>J/ypD
m A, —J/p K

m Confirmation by other experiments urgently needed!

m Search for new decay modes of P,
B A, —xa(1P) p K
m A, AT DUK

Are there more of their kind?
m Explore a possible multiplet of pentaquarks
m A, —J/Yp o K
m Triply charged baryons?
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Summary

P.(4380)&P.(4450): a New Sector in Baryon Spectroscopy?

What are they?

~.

m Observe P. — J/Yp as subsystems in different final states @
] Ab —>J/¢l p o
Y Jpp d
m Ay =/ p o KS qZ;J

m Confirmation by other experiments urgently needed! e

m Search for new decay modes of P,
B A, —xa(1P) p K
m A, —>ALDYK

m Explore a possible multiplet of pentaquarks
m Ay I/ p o K3
m A, I A

(/]
2
Q
S
S
Are there more of their kind? zg?
O
IS
oS
m Triply charged baryons? I
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Summary

A Hadronic Renaissance - Charmonium-like Exotics

New, narrow states found by Belle, BaBar and BES in a region where
conventional mesons tend to have widths of O(100MeV)

Among them charged states containing cc.

PC

State M[MeV] I'MeV] J Process Status
X(3872) 387168 £0.17 < 1.2 17T B S Ko Jg) ok
pp = (7 J/) ok
pp — (a7 Jj) ok
B - K a 7°J/p) ok
B — K(yJ/y) ok
B — K(y¢(29)) NC
B — K(DD") ok
Z.(3885)"  3883.9+45 25 + 12 1 v@260) » » (DDt NC
Z.(3900)"  3891.2+33 40+8 277 Y(4260) - 1 (T I)p) ok
Z.(4020)7  4022.9+2.38 79+37 777 Y(4260) > 7 (7" h.(1P)) NC
Z.(4025)7 40263+ 45 248495 77 Y(4260) > (D'DY)T NC

Charmonium-like exotic mesons at open-charm thresholds —; arXiv:1404.3723
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Summary

A Hadronic Renaissance - Charmonium-like Exotics

Narrow States above Open-Charm Thresholds —; arXiv:1404.3723

State M, MV T, MeV JP€  Process (mode) iment (#0) Year Status

Y(3915) 301B4L19 20+5  0/2°F B Kwl/v) Belle [1050] (8), BaBar 1000, 1051] (19) 2004 Ok
ete™ — ete (W) Belle [1052] (7.7), BaBar [1053] (7.6) 2000 Ok
X2(2P) 30972£26 246 2t gte s ete (DD) Belle [1054] (5.3), BaBar [1055] (5.8) 2005 Ok
X(3040) 304277 3t 9Tt et L ap(DDY) Belle [1048, 1049] (6) 2005 NC!
Y(4008) 380142 2542 1-—  etem - (ata—Jfv) Belle [1008, 1056] (7.4) 2007 NC!
P(4040) 40301 80+£10 1= etem — (DOIDE)(m)) PDC [1] 1978 Ok
ete —+ (nJ/v) Belle [1057] (6.0) 2013 NC!
Z(4050)" 4051%3% gatil 9™t B K (atxen) Belle [1058] (5.0), BaBar [1059] (1.1} 2008 NC!
_ Y(4140) 41458+26 188 T+ Bt o K+H(pJjw) CDF [1060] (5.0), Belle [1061] (L.9), 2000 NC!
- LHCb [1062] (1.4), CMS [1063] (5)
DO [1064] (3.1)
_ $(4160)  4153=3 103+8 17—  etem — (D)D) PDC [1] 1978 Ok
O=0 (qq )o ete= = (nJ/d) Belle [1057] (6.5) 2013 NC!
Xx(a160) 4156%32 180743 9+ etem — Jjy(D*D*) Belle [1049] (5.5) 2007 NC!
+ Z(4200)" 419673 w0ty 1 B K (x /) Belle [1065] (7.2) 2014 NC!
O-O O_O (qq)(qq) Z(4250)F 4248+1% 17Tt ?°_+_ BY jK’(r*xd) Belle [1058] (5.0), BaBar [1059] (2.0) 2008 NC!
Y(4260) 4250=0 108+12 1 ete= — (wndfy) BaBar [1066, 1067] (8), CLEO [1068, 1060] (11) 2005 Ok
+ Belle [1008, 1056] (15), BES IIT [1007] (np)
ete~ —+ (fo(980)J/v) BaBar [1067] (np), Belle [1008] (np) 2012 Ok
O\D (q?z) g ete — (x~Z(3000)+) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok
8 ate™ =+ (7X(3872)) BES III [1070] (5.3) 2013 NC!
+ Y(4274) 420320 36x16 H Bt o Kt(pdp) CDF [1060] (3.1), LHCb [1062] (1.0}, 2011 NC!
CMS [1063] (>3), DO [1064] (np)
: X(4350) 43506785 183t 0/ etem et (pdfY) Belle [1071] (3.2) 2000 NC!
Y(4360) 435411  TBE16 1~ ete” — (rtx-u(2S)) Belle [1072] (8), BaBar [1073) (np) 2007 Ok
Z(4430)* 445815 166735 1+—  BY — K—(ntu(28)) Belle [1074, 1075] (6.4), BaBar [1076] (2.4) 2007 Ok
+ LHCb [1077] (13.9)
e B — K~ (xtJj4) Belle [1065] (4.0) 2014 NC!
X(4630) 463477 9t 1 eter = (ATAD) Belle [1078] (8.2) 2007 NC!
Y(4660) 466510  53+14 1= etem — (rtru(28) Belle [1079] (5.8), BaBar [1073] (5) 2007 Ok
T(10860) 10876 £11 35498 1— ete — (BB (@) PDG 1] 1985 Ok
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