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Introduction

s QCD describing strong interaction between quarks and gluons is not well
understood due to its non-perturbative nature at low energy scale

s Hadron spectroscopy provides opportunities to test QCD and its effective
models
o e.qg. lattice QCD, diquark model, potential model ...

s Exotic hadrons provide unique probe to QCD
o Predicted in quark model

o Recent results show strong evidence for their existence Q

meson

baryon

EXOTIC

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?
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The LHC as a Beauty and Charm factory

Proton Proton CoII|S|ons at+/s = 13 TeV
= ~ 20000 bb palrs per secondr X 20 of cC palrs
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The LHCb Experiment

s LHCD is a dedicated flavour physics experiment at the LHC

o >10% X larger b production rate than the B factories @ Y(4S)

) . p+ RO RO p+ A
0 Access to all b-hadrons: B¥, BY, B¢, B., b-baryons > All results based on full or part of run-1 and

s Can also study hadron spectroscopy and exotic states run-2 datasets
= Acceptance optimised for forward bb production
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New particles in a glance

m 67 new hadrons discovered by LHCD!

https://www.nikhef.nl/~pkoppenb/particles.html

11.5 1 1 1 1 1 1 1 1 1 1 1 1 1
bg cccc b
11.0 - 67 new hadrons at LHCb ¢ M ¢ « u oag
' ® ® cqq
10.5 4 c¢lqq)  ® cGgqg M ccqqq
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6.0 1 Ap(5920)° Eb(5955)‘. B)(5970)*+° [ ] . . - 52(6087)0 |
' Mo(5912)° - 50350 85,(5840) 0 %5(6097)°  A,(6070)° B (6114)°
. s b 35(6097) - B, (6063)°
NU . -
>
& 201 X(4700) X(4685) i
= Pee(4450)* X(4500) Pec(4457)+ X(4630) ,
n 4.5 X(4274) [Jr=as40° Tenta220y @ =339 h(4300) [
a Pe2(4380)* P.:(4312)* e
§ 4.0 i (3842) Tees1(4000)" Tees1(4000)°  _ Xc1(4010)
.01 " ho(4000) [
st ) ch(.3875)* X(3960)
3.5~ Q(3327)° B
0 C
D,3000)*+° ) . 8 3090/0 _ , 0.(3185)°
3.0 1 D)(3000)°@ D.1(2860) A(2860)% | Q(3066)° Zc(2939) @ J=0(22000 @ 72:0(2900)* o
D/*(2760) [ ] , Qc(3050)0 2.(2923)° Tes1(2900) T.26(2900)°
D}(2740)° . Q(3000) cs0
2.5 1 Dlgzsao;" 7 (2760 @ D.p(2590)" i
: /)
2.0 T T T T T T T T T T T T T
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
patrick.koppenburg@cern.ch 2024-07-18 Date of arXiv submission

Exotic hadron naming convention: PDG2024 Z.— T Z.s = ) P.—> P.:

ccj ccs]
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https://www.nikhef.nl/~pkoppenb/particles.html
https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-naming-scheme-hadrons.pdf

AY, AL, A decay parameters S—

s Decay parameters of baryon are first proposed by Lee and Yang to search

for parity violation, with s and p as S- and P-wave amplitude > B 42 =1

= 2%(s*p) 5= 23(s*p) = |s]? — [pl|?
| 5[ 2|2" |52+ |p|? 5|2 + [p|2
s Two A) - Ath~(h = m, K) decays and three Broasame g, 1 rest rame

hi (K$)

At - ARt or AY - pKQ decays are studied

s The decay parameters are encoded In
the anglular distributions of these decays
a The A$ is unpolarized, shown by previoius study

A (p)

Lab frame

' i iy
d cos 01d cos O5d o,

x (14 QU 004+ COS 01 + o+ cos b + g0 Qip €OS 01 cos by

A rest frame

— QU9 a+ QA SID 6, sin By cos ¢y + ozAgﬁAjaA sin 67 sin f sin ¢s)
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A, A, A decay parameters

[arXiv:

2409.02759]

s Parameters are determined for A and A},
= No significant CP violation is found

Other paramaters can found in the paper

Decay a a () A,
Ag — Atn~  —1.0104+0.011 £ 0.003 0.996 +£0.011 +0.003 —1.003 £ 0.008 = 0.005 0.007 + 0.008 + 0.005 |
Ag — ATK~  —0.933+0.042 +0.014 0.9954+0.036 £ 0.013 —0.964 +0.028 +0.015 —0.032 &= 0.029 + 0.006
AF — Azt —0.782 4 0.009 £ 0.004 0.787 £0.009 4+ 0.003 —0.785 £+ 0.006 == 0.003 —0.003 £ 0.008 == 0.002 7
A - AKT  —0.569 £ 0.059 4 0.028 0.464 +£0.058 & 0.017 —0.516 £ 0.041 +=0.021 0.102 £+ 0.080 £ 0.023
AT — ng —0.744 £+ 0.012 £+ 0.009 0.765 £0.012 + 0.007 —0.754 +0.008 £0.006 —0.014 + 0.011 4 0.008 |
A — pr~ 0.717+£0.017+0.009 —0.748 £+ 0.016 = 0.007 0.733 £0.012 +0.006 —0.022 £ 0.016 == 0.007
S 20000~ A2—>A(—I>Aﬂ)r IA;’I—;A:I(—;AIKJ)} E 8 LHGb. 008!  Aoatoardr] B r | A AN AT
= [ 4Data 4 Data(x10) 1 S2000F 4 Data -4 52000f LHCb90f™ +Data
ﬁ r  —Fit —Fit (x10) ] = —Fit . 8 . -+ B ;F(it Ko
' 1500 S st esarms| o = By
= I 1 15001 A—+—D2ta((><1/:)§< ) < 1500 tllz)iztlt(aiﬁs)) :
] —Fit (x10) i .
1000 - - E 1000 i
+ot : ot
e e Sk 4 500 ndd
- LHCb, 9.0 fb! 1 C ]
0 : T I — 0 L. | L | | 1 L
-1 05 0 1 _
(cosb ) . 0 (¢22 ) [rad]
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Amplitude analysis of 27 - pK~ " decay

LHCb-PAPER-2024-034
in preparation

= ZF from B-hadron semileptonic decay

s An amplitude model is provided, which is
useful for polarization measurement
of 2} in multiple production processes
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Amplitude analysis of 27 - pK~ " decay

LHCb-PAPER-2024-034
in preparation

m Fit fraction

s Polarization and decay parameters

Resonance Fit fraction (%) Stat. unc. Model unc. Syst. unc.
A(1405) 3.1 0.2 1.5 0.2
A(1520) 2.69 0.08 0.10 0.04
A(1600) 2.4 0.3 1.4 1.0
A(1670) 1.85 0.09 0.17 0.11
A(1690) 1.51 0.12 0.18 0.42
A(1710) 26 0.3 1.1 0.4
A(1800) 0.42 0.13 0.54 0.15
A(1810) 2.04 0.28 0.86 0.17
A(1820) 0.806 20986 0.053 0.079
A(1830) 0.24 \&\ 0 05 0.10 0.03
A(1890) 0.249%° 0.05 0.17 0.04
A(2000) 6.88 0.34 0.86 0.82
K3(700)° 6.6 0.4 1.1 0.7
K*(802)° 28.28 0.28 0.53 0.80
K3(1430)° 14.2 0.7 3.2 1.9
K3(1430)° 3.07 0.21 0.65 0.68
A(1232)++ 17.73 0.35 0.48 0.45
A(1600)* 4.17 0.27 0.96 0.91
A(1620)+ 3.29 0.21 0.42 0.27
A(1700)+ 2.03 0.17 0.36 0.15
10/25/24 Liming Zhang

Resonance o Stat. unc. Model unc. Syst. unc.
Model v/3S 0.6801 0.0055 0.0093 0.0088
K*(892)° v3S 0608  0.016 0.010 0.014
173(1430)0 Vv3S 042 0.05 0.10 0.08
A(1405) —0.67 0.09 0.14 0.08
A(1520) —0.759 0.038 0.052 0.056
A(1600) —0.06 0.11 0.21 0.08
A(1670) —0.65 0.06 0.06 0.11
A(1690) —0.65 0.07 0.07 0.12
A(1710) —0.83 0.09 0.12 0.06
A(1800) —010  030asY o071 0.71
A(1810) 0.86 \o\bg 0.11 0.08
A(1820) 0. 7@(6 0.07 0.13 0.21
A(1830) ~0.01 0.19 0.91 0.41
A(1890) -0.27 0.19 0.35 0.21
A(2000) 0.51 0.04 0.12 0.05
1?3(700)0 0.648 0.038 0.065 0.058
K3(1430)° —0.745  0.028 0.078 0.054
A(1232)* —0.743 0.020 0.040 0.019
A(1600)* 0.33 0.06 0.17 0.06
A(1620)* 0.11 0.06 0.10 0.22
A(1700)*+ 0.30 0.07 0.17 0.24




Muonic decays of y.,,(1P) and y,,(1P,2P)

= 1t observation of y.q2 = J/Pu™p™ in 2017

: _ . —  9892.50 +0.26 + 0.10 + 0.10 MeV/c?

= 1Istobservation of yp12 = Y(1S)u pu~ in 2024 (P 7 = /02’

’ My,1P) = 9911.92+0.29 £0.11 £+ 0.10 MeV/c”,

m Competitive mass and width measurements Myepy = 10253.97 % 0.75 % 0.22 + 0.09 MeV/c?,

My ,0p) = 10269.67 +0.67 +0.22 + 0.09 MeV/2,

[PRL 119 (2017) 221801] [JHEP 10 (2024) 122]
= gE 1 &0 T T T T SO T T
< _0_ - % :_ &I Data s e LHCbH _: % i 4 Data L LHCb 1
* - = ol — iG] ot T D sor gmm imT IO ol
2000 1,HCH fit result 4 <X 30 ——- Background ] § - === Background .
= 18005 ﬁ — Y- Jupty 4 8 T ol | H g el -
% 1600:— | T — background E __Cg 25:_ f _: § 40: :
= a0k | 3% ¢ & 1 2 F xXn(2P) -
= 1400F & 20F t 4 & 3¢ -
LE o an(P) E ;
3005 | - Xp2(1P) 3 20~ | &
- 10/~ i - JP
ot S, : o - I
208;_..—,.--:-*'-'-"‘" Oilll%l**l*uu*'l.r*;{dﬂ)r— ;\iﬂﬁ— &l-m Vi L.L }uu hi 0: . 7L . , -
. 9.85 99 9.95 10.2

myiS)utu- [GeV/ CQ] [GeV/ CQ]
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Observation of T,, > D" K™

= Amplitude analysis of Bt - D*D~K™* decays
o ~1300 signals with purity 99.5% (9fb-1)

s Enhancement in m*(D~K*)~8.5GeV 2

s Described by X;(2900) and X,(2900)

= First discovery of open-charm tetraquarks
with four different flavors [csud]!

= The observation motivates study of B - DD.rr

Resonance Mass (GeV/c?) Width (MeV)
X0(3930)  3.9238 £ 0.0015 + 0.0004 174 £+ 5.1 £ 0.8
X2(3930)  3.9268 + 0.0024 + 0.0008 34.2 + 6.6 £ 1.1
X,(2900)  2.866 + 0.007 + 0.002
X1(2900)  2.904 + 0.005 4+ 0.001 110 + 11

10/25/24 Liming Zhang

mX(D*D") [GeV?/c*]

andidates / (17.3 MeV/c?)

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003]
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T:.0(2870)° decay into a different channel .cowmmo

in preparation

~240
[9\}

. . _ . . = 'preliminary o 3
= Amplitude analysis of B* - D~D°K? finding S 200 o P
o) E - — Fitw/ T,,(2870)° 3
T%0(2870)°, but not T%,(2900)° to DK} EL R Fuio o -
E — - Backgroun =
S 1400 DTy .
S120f D@10 ]
~ E -~ D, (2860) ]
s T:0(2870)° g0 ) Nk ]
< E/l — - NR (P-wave) ]
o Significance of 5.3 ¢ 5 9 D
o m=2883+11+6 MeV 6232 3 :
— 22 2.5
o I'=87747+6 MeV m, . [GeV/c?]
% S preliminary
& S r ]
= Branching fraction ratio 3 100 30 fhor ©
T:.,(2870)° - D°K® 2 80f ' ;
: 5 ——=3.31+19 =S 2 s0f
T: ,(2870)° - D+K S oo 2 ol
_ 8 ok L
T:.1(2900)° — D°K° 015 + 0.17 5 O 5 4o
= V. T V. o X
T: ,(2900)0 > D*K- 57 3 22- i
Isospin symmetry: two ratio should be 1 ' me o [GeV/e] e mD_Doél[éeV/cz]
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B* - D**D*K™*: signal yields

[arXiv: 2406.03156]
accepted by PRL

= Using the full LHCb dataset of 9 fb™': D*~ - D%(» K*n &K+ m m n)m~

10/25/24
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b Bt — - ' [ Zackground ] =
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= I I a ] 50
O 10F i i @ . 5
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Neomy=60% 5
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W
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REIUEREIE R = LA FE LT LT b
LHCb 6 fb1i i BN signal !
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C *_ 1 1 data B
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Bt —» D*IDTK*: amplitude analysis oo

accepted by PRL

= Amplitudes of R - D**D~and R —» D*~ D" linked by C-parity
= allowing determination of C-parities of R resonances

+ Data 22(3930) n:(3945)  —— (4040) == T0(2870)0 == T5(2900)0
Total fit - EFF .+ NN £,(4000) [T ye1(4010) w7 he(4300) NR;++
| Back% ......... NRp-- e NRg-—+ e NRO"/_i" Reference fit Component JP(C)
2ol tu, N\ wHobOm 1%,,0/ O\ LHCbOm! |
=) 5100/ ® EFF;++ 1++ = Four new charmonium
3 dof 3’5( ] 7(3945) 0—+ (-like) states are
3 i S I >06.
: \l R R T Yea(3930) T 2%+ observed for >6.1c
° 0 -0 2 44 a6 4g b (4000 1+- = JPC for each state is
M(D"+D~) [GeV C( )
= s T e SRl yer (4010) |+ determined for >5.7c
§75 %’75— cl
550: gsof— ¢(404O) f 1=
£ St h(4300) 1+=
§ 0: 42625,~ 3 § (): g§0(2870)01- O+ - ng States, Seen in B+ RN
o MOTKDIGeV] T*,(2900)° 1 1- D*D~K™, are confirmed
ElOO— LHCb 9 fb~! ++ __EIOO NR;, _(D*:FDi) j in B+ - D*+D_K+
= [ © bt 121 el g decays
S of P 13 s ] NRo--(D*¥D*%) 0
I - LR NRy++(D*FD*¥) 1++
8 O 26 2|8 ........................ 316”““’“" ,_,,,! 8 0 . 6 2|8 ................ 31‘0 ............ »A,3,2 gill: ! NR0_+ (D*:FD:b) O———|—

M(D*-K*) [GeV] M(D**K*) [GeV]
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Study of D.,(2460)" - D"t~ decay

m D;y(2317) and Ds4(2460) are very special

o Masses ~100 MeV below expectation

o Isospin-violating decay D70 dominate

s Propose to study of D.;(2460)* - Dfn*m~

o Double-bump lineshape in m(nm) if
D.1(2460)" is a D*K hadronic molecule

0 "
[Tang et. al. K%K™) s G
Commun. Theor. P // P
/ \
Phys. 75 055203] pt. o e »f Dt

D*+(D*O)
m |=1 partners of D;,(2317) are proposed,

spired by observation of 1=1 tetraquark

Tcs‘(2900)++/0 — DS+7'[i [PRL 131 (2023) 041902]

10/25/24 Liming Zhang
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z
>

3400 - I | | I | | | | | | .
3200 :—__ —=_—:
3000 — _— D, (3040) —
2800 :— D! (2860) D {(2860) —:
= D’ (2700) _:

2600 :_D,O(_ZS?OJ._Hme,p;z(g;m_._._._._._._._._._._._._._._._._._:
2400 baewe -
2200 :_ D, ,(2317) _:
2000 — B 3
1800 F =
1600 - | | ] | ] | | ] ] | .
's, ’s, '°p, P, P, 'D, D, D, °F, F, °F,

JP= 0-1— 0ot 1t 2t 1= 2= 3~ 2+ 3t 4+

S33(2335 4+ 100) — D°KO, K+ K%~ (weak decay)

[L. Maiani et. al.

Sy3, T2 @ =v-eee- W) Sa, T Phys. Rev. D 110,
034014]
@
$11(23674+10) » Dyn~ D5 (2317)  Sx(236710) - Dyt

or D”K~ + second state or D°K?° 15

DK
DK


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034014
https://iopscience.iop.org/article/10.1088/1572-9494/accc1f

St”dy Of Dsl (2460)+ D+n+n decay LHCb-PAPER-2024-033

in preparation

= ~800 D51(2460)+ - Dintno decays from three B — D51(2460)+D(*) decays

—
o0
(=]

<160 T (o " o 4 . I
- LI-ICb ﬂ BO—)DDsl(246O) ¢ 160 B “ D D (2460 > 100 LHCb H BO—)D Ds,(2460)-
= 140F 9 fb +113am ,,2,140 —I—R@ta > [om’ —I—I]?ata
- 1 — Fit ' oy | sk T — Fit
T 1208 K 00 D, §2460§ < 120 T Dﬂ§2460§ T F(c) R - D, §2460)" .
o (11| S | S o 2536)" o + 2536)* = AR | N oo D 2536)F
& == Background 2 100 L Background 8 60f == Background -
9 2 80 S f :
E 60 preliminary g 60 preliminary g 401 preliminary ~
O 40 © 4% O [ _ 5
20 X =]
20 [ ; \ :
( G o PR . A S o T - ity "; I L 0 o s SUPRRE 5ol . - D I . ol eI T Tl 0 B ’l'
2450 2500 2550 2450 250 00BN 2450 2500 2550
m(D!n*7) [MeV] m(D;7*7w’) [MeV] m(D:m*m) [MeV]
N DOUble'bump structure iIn m(TL'Tl') 0.0 FHCE om!t ()
: : 280F tnes @ 1 | N 1
= Amplitude analysis performed Sl g preliminary ]
| Beof O ]
cannot describe the data well I ++ yo
. So0p + 1 4Tty -
o The model in paper [Tang et. al.] S b, HET Ty .

also cannot describe the data well 825030033 0.40 045 0.50
m(nTn~) [GeV]

m(D} ) [GeV]
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Two resonance models can fit the data well ..cower2005

in preparation

++ 0 -
x £,(500) + £,(980) + £,(1270) = f,(500) + T + T (new exotics)
o Large contribution from f,(980) and
f>(1270) above PHSP of m(mm)
o This model cannot rejected, but implausible
Resonance | Mass (MeV) | Width (MeV) FF (%) Resonance | Mass (MeV) | Width (MeV) | FF (%)
76 +9+16 | 175+23+16 | 197 + 35 + 23 +
f0(500) o0 i i fo(500) | 472+32419 isz— 24 237133 + 42
f0(980) 945.5 167 187 + 38 + 43 =
s 2328+ 12+ 12| 96+ 167170 151131 + 25
f2(1270) 1275.4 186.6 29+2+1 Tes i — 2 38 —
20F [Hco  preliminary ] 2 [ rpen preliminary ]| Swf ppes preliminary  { £ PreNMmATY "] ___ .
""" £o(500) 2100:— R (a)4 © sof Ciof 9! (a) S sof S ] 7S
------ et O S - g 12" —
Buckgomd S *F 1S9 S wf 1S wf Rl
Total fit o 60F — > [ E 60F  HFH | . :m/ I ] Data
L W ) ERE B §of [ ™ ] & ]
e R Tal [ eyl Sl -:
S i ] 8 ! S T o 8§ [ET | |
825 030 035 040 045 050 3 025 030 040 045 050 910 215 220 225 230
m(mtr) [GeV] m(D{ ") [GeV] m(n*n~) [GeV] m(Dnt) [GeV]
10/25/24 Liming Zhang 17



BT - Y(2S)K"m"rr~: amplitude analysis ... ..,..s

s Can study K*n "~ system, crucial for NP ésmg_ 30'1(' T e
I = - ¢ Data 4
studies of B - K (y /uu) Y sk / ng E
. . . § T~ Background 7
= Can also study charmonium-like exotic states £ ™ - e Sk
S 2000 —
= With ~1000 signal decays, Belle only studied =~ wf ;

+ C 2
the K"'n™m system (pro 83 (2011) 032005] e T 300 e T
m(y QS)K*+ 1) [MeV]

s LHCDb performed the first full amplitude

_ _ Decay channel Fit fraction [%)]

anaIyS|S on this decay Bt — xo(4475) K+ 18.45 &+ 1.31 £ 2.92

Bt — ¢)(2S) K*(1680)* 8.15 4 1.31 £ 3.51

: : : : Bt — (2S) K,(1270)* 7.60 £0.85 4 1.35

m Baseline fit contributions BH{P] o 1(28) K, (1270)* a5 1 G 14 8
B*[D] — (29) K,(1270)* 6.8140.45 + 1.18

o 6 K'T states B — 1(2S) K,(1400)* 5.78 + 0.62 4 0.92

Bt — 1(2S) K (1460)* 5.26 + 0.48 4 0.87

: _ Bt[P] — T,:1(4200)" K*(892)°  4.60 +0.54 + 2.17

o 11 exotic states: most are very broad Bt 5 T (46000 10 QR

10/25/24 Liming Zhang 18



Exotic contributions

[arXiv: 2407.12475]

s 4 X0 > y(2S)ntn~ states are identified
a Main decay mode is ¥ (25)p°

o Similar but broader that the states observed in B* - J/jp$pK™

o But they might not the same, ¥ (25)p" has 1=1, J /)¢ has |=0

O
00

Resonance J= mo [MeV] I'o [MeV] Res. PDG mo [MeV] I'o [MeV]

X c0(4475) i 44754+ 7 +12 231419432 X 0 (4500) 447444 T ie B _
Xe1 (4650) 1t 4653414427 227426422 Xc1(4685) 46847115 126440 i thtif "
X0 (4710) ot 4710+ 445 644+ 9 +10 X0 (4700) 469471 16 g 15 /K
Ne1 (4800) 1~ 47854374119 4574934157 X (4630) 4626728, 174715° |

T (4055)™ 1~ 4054 (fixed) 45 (fixed) T.z(4055)T 4054+3.2 45413

T.z1(4200)% 1t 4257411417 308+20+32 T.z1(4200)T 4196 52 o 100

T.z1(4430)T 1t 4468421480 251442482 T,.z1(4430)T 4478118 181431

T,.z51(4600)° 1t 4578410418 133428469

T.z51(4900)° 1t 4925422447 2554+55+127

T (5200)° 1~ 52254864181  226+76+374

Tozs1(4000)T 17T 4003 (fixed) 131 (fixed) Terzy (4000)T 400371, 131430

10/25/24

Liming Zhang
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Exotic contributions

[arXiv: 2407.12475]

= 3T S y(25) states are identified

a Confirmed Z.(4430)" seenin B® - v (2S)ntK~

©0e
00

a Confirmed Z,.(4200)" seenin BY - J/Yn*K~, and J¥ = 1% is determined for the 1st time
o T.:(4055)* seeninete™ —» yY(2S)n*n~ is also needed

Resonance J= mo [MeV] I'o [MeV] Res. PDG mo [MeV] I'o [MeV]

X 0 (4475) I 44754+ 7 +12 231419432 X 0 (4500) 447444 T ie

Xe1 (4650) 1t 4653414427 227426422 Xc1(4685) 46847115 126440

X0 (4710) ot 47104+ 4 +5 644+ 9 +10 X0 (4700) 469471 16 g 15
_ 7c1(4800) 1~ 47854374119 4574934157 X (4630) aeper 2.  W7AtE°

e (0S5 1~ 4054 (fixed) 45 (fixed) T.z(4055)T 4054+3.2 45413

T.z1(4200)% 1T 4257411417 308+20+32 T.z1(4200)T 4196 52 o 100

T,.z1(4430)T i 4468421480 251442482 T,.z1(4430)T 4478118 181431

T,.z51(4600)° 1t 4578410418 133428469

T.z51(4900)° 1t 4925422447 2554+55+127

T (5200)° 1~  52254+86+181 2264764374

Tozs1(4000)T 17T 4003 (fixed) 131 (fixed) Terzy (4000)T 400371, 131430

10/25/24

Liming Zhang
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Exotic contributions

[arXiv: 2407.12475]

m 3 new T, = Y(2S5)Kn states are observed

O
@0

s P(25)K mass above Z.,(4000)*, only tail of Z.,(4000)* can contribute

Resonance J= mo [MeV] I'o [MeV] Res. PDG mo [MeV] I'o [MeV]
X 0 (4475) I 44754+ 7 +12 231419432 X 0 (4500) 447444 T ie
Xe1 (4650) 1t 4653414427 227426422 Xc1(4685) 46847115 126440
X0 (4710) ot 47104+ 4 +5 644+ 9 +10 X0 (4700) 469471 16 g 15
ne1(4800) 17 47854374119 4574934157 X (4630) d6g6n 24,  d7an 150
T (4055)™ 1~ 4054 (fixed) 45 (fixed) T.z(4055)T 4054+3.2 45413
T.z1(4200)% 1t 4257411417 308+20+32 T.z1(4200)T 4196 52 o 100
T.z1(4430)T 1 4468421480 251442482 T,.z1(4430)T 4478118 181431
| (o0 1t 4578410418 133+28+69
new g I T ) 1t 4925422447 2554+55+127
T (5200)° 1~ 5225486+181  226+76+374
Tozs1(4000)T 17T 4003 (fixed) 131 (fixed) Terzy (4000)T 400371, 131430
10/25/24 Liming Zhang
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Fit projections

[arXiv: 2407.12475]

LHCb 9 b
X/ Vip=12

s Fit quality is
acceptable, 7D
x?/ndof = 1.2

(=}
=
)
TITT [T TA T TT T[T AT TI T IT T[T

1 12 14 1.6

= Resonances are K GV

o
=
K

generally broad o A

0.02
0.015

Candidates (normalised)
[
=

BT y(25)[K (1270)"/K (1400)'] H BT __ [rtn]

3

0.005

4.6 48
m(y2S)m* 1) [GeV]

"

All other K'= K'm*m

ccs

0.035 3 LHCb 9 fb~!

0.03 X,/ Vip=12

0.025

Bt XKt - Background

0.02

0.015]
BT _ [K'n]
& 0.01

Candidates (normalised)

0.005

42 44 YT
m(y(29)K") [GeV]
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Candidates (normalised)
Candidates (normalised)

P G LA LA LR LAY LALR LA |

=]

m(K*m) [GeV]

Candidates (normalised)
Candidates (normalised)

38 4 42

. 44 46
m(y(2S)r*) [GeV]

LHCb9 fb!
X/ V=17

0.8 1
m(r*n) [GeV]

LHCb9 fb!
X/ Vip=0.7

Candidates (normalised)
Candidates (normalised)

LHCb 9 fb!
X%D/ Vip=07

LR R RN AL LR RLRY RN LLRRY LA

m(w(2S)K* 1) [GeV]

T R
m(w2S)K %) [GeV]
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Radiative decays of y.;(3872)

[arXiv: 2406.17006]

= Nature of y.1(3872) still under debate, while study of radiative decays provides a way to probe it
= Only evidence of y.1(3872) — y¥(2S)y was seen experimentally before

f@tbv

Iy (3872)5p(28)y

Reference FXcl (3872 Iy

T. Barnes and S. Godfrey @ 5.8 Ge
T. Barnes, S. Godfrey and S. Swanson @ 256 ¢
F. De Fazio 84 (1.64 +0.25) e
B.-Q. Li and K. T. Chao 85 1.3 c
Y. Dong et al. > 1 @ 1.3-5.8 e
A. M. Badalian et al. ~ 87 (0.8 4£0.2) cc
J. Ferretti, G. Galata and E. Santopinto 38 6.4 cc
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89 et ¢E
W. J. Deng et al. 90 o e
F. Giacosa, M. Piotrowska and S. Goito ﬁ 5.4 cc/ve
E. S. Swanson 81 0.38% D
Y. Dong et al. E 337 B0
D. P. Rathaud and A. K. Rai < < 1 i 0.25 DD*
R. F. Lebed and S. R. Martinez 92 0.33% DD*
B. Grinstein, L. Maiani and A. D. Polosa @ 3.6 % DD*
F.-K. Guo et al. 82] < 0.21(gb/g2)>  _DD*>
D. A.-S. Molnar, R. F. Luiz and R. Higa @ 2—10 B
E. Cincioglu et al. mixed 194 24 (B
S. Takeuchi, M. Takizawa and K. Shimizu 95 1.1-34 DIF
B. Grinstein, L. Maiani and A. D. Polosa 93] > (0.952 05 ccqq

10/25/24
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B decay
/ Babar 2008
@
Belle 2011
LHCb 2014
H—‘—H
BESIII 2020

0 1 2 3 4 5

I
Ry = Xc1 (3872} (2S)y

T 23
Xe1 (3872)+ JAby



Radiative decays of y.1(3872) forXiv: 206.17006]

= Update at LHCb using Bt — x.,(3872)K* decay with 9 fb~! Run1+Run2 data

LHCb meets theory workshop

_ 120 120,
N& r <+ Data LHCb ] N& r <+ Data LHCb ] )
= 100~ [ B* — X1 (3872)K ™ 9fb~' o = 100 B0 Bt — i (3872)K* 9fb~! X (3872) - l/)(ZS 1%
= [ [0 Boyp(@S)K+X 1= [ [0 Boy@SKHX ] cl
© 80 __  Combinatorial 7 = 80F __ Combinatorial E
% 60| Total H . % 601 Total + . Runl: N = 40 i 8, 5 30
= 40 ﬂ ¢ 12 40 +++ E
g ! TR I - T Run2: N =63+ 10;6.70
CC@: 20; + ++ ] % 20; + 1
S g C ST

g AR RS A e Ok SIBRRNIIPE S e

5 5.1 52 53 54 3.75 3.84 3.93 4.02

My (28)yK+ [GGV/C2] My (28)y [GGV/C2]

/_\24x1'03' . e — /_\12x103”_”w””_”' F——*——1| BaBar 2008
7P 4 Data LHCb 1 & “F 4 Data LHCD 1
= o = B+ — X1 (3872)K+ 9fh! E - % Bt — X1 (3872)K+ 9fh~! - | Belle 2011
= . B— JAX ] - B— JAX ]
0 1.6F X (3872)KF 4 S 08F = xa(3872)KH . g LHCb/Run1 2014
% [ —— Combinatorial ] E I —— Combinatorial ]
< 12F Total E: 0.6 Total b, | 7] il BESIII 2020
T Feu N 1 ¥ 4 1
T OB e, b 1 = o4f I -
% . oo.“.”,' + 3 % i ’+ + 1
O 04 - imnm . —__ O 0-25 e R 7 . LHCb/Run1 2024

ERIRNNRRNY RN s reses) 0 ,,,Tf77_.,’7~.~~f~l~*7tft‘t*,vsttw

5.1 52 53 4 3.7 38 39 4 4.1 e LHCb/Run?2 2024

M yppyK+ [GeV/ CZT My (GeV/? /
o O 1 2 3 4 5
%ﬂyy — 1.67 :I: 0.2]. :I: 012 :I: 0.04 (15 A)) By = Ly (3872)sp(28)y

10/25/24 Liming Zhang Ixea 387212310y 24


https://indico.cern.ch/event/1423946/

Run3 performance

LHCB-FIGURE-2024-021

= Reaching Run 2 performance
In mass resolution

IHMHMII|II||IH‘III|III|IHMH‘III|I

Integrated Recorded Luminosity (fb™)
=

| — 2024 (13.6 TeV): 9.56 fb”* |

— 2023 (13.6 TeV): 0.37 fb
2022 (13.6 TeV): 0.82 fb’

— 2018 (13 TeV): 2.19 b

— 2017 (183 TeV): 1.71 fb’

— 2016 (13 TeV): 1.67 fb‘
2015 (13 TeV): 0.33 fb‘

— 2012 (8 TeV): 2.08 fb‘

— 2011 (7 TeV): 1.11 fb‘
2010 (7 TeV): 0.04 fb™

LS2 - b
8 / o
o / >
4 / 2
LS1 —
2 / 5
0 yd \ | \ | \ | §
2009 2011 2013 2015 2017 2019 2021 2023 2025 ?g
Year 8
10/25/24 Liming Zhang

2 70000E LHCb Preliminary
> : 2024
§ 60000
S 50000 — Data
400000 | | Signal
- 30000E [ | Combinatorial
o : 7 0 () L+
5200004 77 5= D)
2 10000¢
N 4 Z.
5 100 5200 5300 5400 5500 5600
m(D™rt*) [MeV/c?]

Xl(‘)3 % | : ’ X ¥ | | i ® ' X | =
450 . Data —
400 — Fit Model LHCb Preliminary 2024  —
350 >>> ?823 0<p <14GeVie 3
300 §$§§T(3S) 2<y<45 =
250 = = Background —z
200 =
150 =
100 =

(9]
S

S

9000 9500

LHCB-FIGURE-2024-025

10500 2
mwu.[MeV/ c?]

10000
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https://cds.cern.ch/record/2909712
http://cds.cern.ch/record/2909650

Summary

s LHCDb keeps making important contributions to heavy hadron spectroscopy
with run1 and run2 data

m Run 3 this year has taken 9.5 fb-' data, same luminosity as run18&2
m Stay tuned for more exciting results

10/25/24

max luminosity [1033cm~2571]

=
[ee]

= = =
N H [o)]
L 1 1

=
o
1

N EN [e)] [e¢]
1 1 1 1

Run 1

Run 5 Run 6

- 300

Upgrade Il
LS4

- 250

- 200

Upgrade |b

Upgrade | LS3
LSZ Run 3

- 150

- 100

integrated luminosity [fb~!]

50
Run 2

, (]
2010

2015 2020 2025 2030 2035 2040 2045
Year
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BACKUP
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Prospects

[arXiv:1808.08865]

LHC ERA > HL-LHC ERA e
3fb? +6 fb? 23 fb? 50 fb? 300 fb? ]
2011-2012 2015-2018 2022-2026 2030-2033 2036-2041
Run1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade ?
P - —— ————————
LHCDb
Decay mode 93ih+ B0t S0

[*] updated according to the latest result

LHCb is now boosting the
data to a new level

o Expect to 3x data (5x hadronic
events) by 2026

o Opportunity for decays with
hadronic final state, such as

A9 - AFDHIOKH

Xc1(3872) lineshape from multi-channels

Z.(4430)
Doubly-charmed tetraquark 7} — D D°

More information for pentaquarks

28



Pentaquark study

= The observation of new decay modes can shed light on the binding scheme of the exotic

hadrons = search through open charm modes
A) - [J/pplK™

—0
37D

>tD*°

—
N
o
(@)

—
o
o
o

800

Weighted candidates/(2 MeV)

600

400

200

| — data :
- — total fit
L — background

o Mass proximity to
threshold natural

o Fall-apart decay
dominant

o Mass proximity to
threshold accidental
oNo (strong) hierarchy

[ v = —i— = =
4800 4250 4300 4350 4400 4450 4500 4550 4600

M,y MeV] of couplings
[PRL 122 (2019) 222001] l

Proximity of 21 D? and 2} D*Y thresholds to the peaks
suggests they play an important role in the dynamics

10/25/24 Liming Zhang



Search for pentaquarks via open charm

[PRD 110 (2024) 032001]

= Inclusive search performed using 5.7 fb~! data from 2016-2018

= Reconstruction: AY,D~, D", 2++(0) D*~

v'hidden-charm pentaquarks v'doubly-charmed pentaquarks & excited =,
Hadron 1 Hadron 2 Charge I3 ¥ G LéI:tlt Hadron 1 Hadron 2 Charge I3 Y © LéI:tlt
At pe +1 1o 1L O AF pe +1 1 8 B
AF B 0 1 i 0 At D+ 42 i 3 2
AF Do 0 1k L 0 wf At BEF ), lh 3 2
2++ Be +2 3/2 1 0 Vv b S B +2 L/ 5 2
2++ B +1 iy 1 0 et Dt 48 3% 3 2 x
S BE- o5 iy 1 0 x Bt D*+ 43 3 3 2 x
50 Be 0 -1k 1 0 «F b3 Do 0 -3k B B %
b3 D~ -1 =3/ 1 0 Vv b3 D+ +1 —1/ 3 2 ¥
% D*- -1 =3/ 1L B % & VD +1 =l 3 2 2=
b3 A B +2 3/2 1 0 Vv $3t DP +2 1/ 3 2
2*++ - +1 1/ 1 0 2ot i 2g +3 3f2 3 2
E*++ D= +1 1/2 1 0 Vv E*++ ok +3 3/2 8 2 2=
20 D° 0 -% 1 0 50 e 0 -3 3 2
X D- 1 % 10 v |5 D* 1 Y 3 2
b2 BF- —1  -3f 1 0 V 2*0 e +1 -1k g 2 X

*10 modes too statistically limited to set upper limits
10/25/24 Liming Zhang



Results

[PRD 110 (2024) 032001]

= No significant signals are found

|
2 1 o T T LE
SN IR R TV No  Ext  o(P)XB(PeoALD(1))xB(D)
S0 F ! A Pc Ac ¢ c ¢
2 U ki m Upper limits seton R = - —
102k \ (J 11 Aé_ Epc O'(AC)
E E |
: 30
107 = Largest significant modes:
-k local |,
10_55 \I = : *Complete list in paper
e : q % _3
0 300 200 L Width  Significance (o)  Q-value . ; UL (x107°)
m(AL7* D7) =m(A7)=m(r*)-m(D") [MeV/c?] | Deay Made (MeV/c?) Local Corrected (MeV/c?) Bl s 90% CL 95% CL
l 0 350 221 295 116 +£12.6 3.95 119
K 3 [
C | e ! Wbt 5 4.01 2.89 225 64.7 £ 17.4 443 4.69
= E N : c 10 430 332 295 87.1421.6 4,64 4.85
< o l : L 15 450 362 225 10824253 472 14.90
g wf il : 0  3.36 1.90 257 381+124 4283 156
3 : . 5  3.86 2.71 253 62.1+17.1 4.62 4.83
3 E A D
A AV c 10 4.18 3.20 249 83.7+£21.2 4.72 4.88
D) i iy ) ey | 15  4.44 3.56 249  103.5 4 24.6 477 4.92
: 0 3.18 1.58 245 419+137 2.87 3.06
ccuud | 0 406 306 345 916241 3% 339
N : : . . . . :
M~4520.69 MeV : 15 430 342 245  115.0+£285 3.30 3.40
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A? - 09 p-K-: observation

[PRD 110 (2024) 1.031104]

s Four A9 - 2 DM~K~ modes observed with overwhelming significance

S T s uld] —» > ld] | e PR . p
o LHCb I Daa ] 9 | LHCb 1 Daa _ b c A5+ Ay > > ut AF
2 6 fb_l —— Total fit < E 100 6 fb.l —— Total fit u [ c / c ]
Lok 1 T e A3 DK . 2 T e A—3"D K ] b ¢
d - B A—A7*DKNR . =) i B A)—Af7D K™ NR i 0 ~ s
% - Bkg. with real 5" % i Bkg. with real 307 ] Ay W= u K- B } K-
g 100 - Combinatorial bkg. - g 50'_ Combinatorial bkg. _ s w u
3 r =] i
E 50:— S’ ¢ D®- < w)
r d[u] —» > d[u] | [D®] EJ D
oF '2:1'50:"" 2;00 == 55150‘ T l26100 2450 250 ' 260
m(Al ) [MeV] m(A;m*) [MeV] A ( 0 s+ D- K")
N — s prr——— . , = = 0.282 £ 0.016 % 0.016 £ 0.005,
E [ LHCb ﬁ LHCb B (Ab — Ac DK )
) - ) 0 *++ N— I —
% [ ] E\;’ 100 . B(Ab — Zc D™K ) _
% 200 i B(A0—> S D-K-) —0:460 + 0052 £ 10.028,
g [ ] I
° ° [ i b c
_g B _ g : : 0 ++ *— o
S 100 - S 50 - B(Ab i Zc D ) . 4
[ ] [ ] =226 == 0202 - 0.1.20 - {.040,
; : B(A2—> et D)
A ".--.J.. P whi [ . A A £ SR 5. G B AO % 2*++D*_K_
05550 5600 5650 5700 0550 5600 5650 5700 ( 5 < ) = (0.896 + 0.137 = 0.066 £+ 0.018
0 0 )
m(A,) [MeV] m(A}) [MeV] B(A)— X+ D-K-)
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https://link.aps.org/doi/10.1103/PhysRevD.110.L031104

AY - 20 pO-K-: intermediate states

110 (2024) L.031104]

m Larger dataset needed to draw a definitive conclusion

E oTe LHCb
:36007 * ..‘ 6 fb! =
£ 3400 e e n

H AT AR XL

3200 o SR AT s
‘gl ':. O.ﬂ.g: gl ]
[ W et s e,
3000 2 “;".}t,.'-;-".; .
TTH00 4600 4800 5000
m(27'D7) [MeV]
E: — T — T ]
g 20 LHCb g
E B 6 fb! ]
=) B i
S | |
S 5F k .
7 tHHﬂH*H i z
10/25/24 04400 4600 4800 5000

m(2;"D7) [MeV]

\'
J
3

\_3400 [~

(Z7°K7) [Me

m

3200

3000 -

I T T

T
4400

N
4600

. | . . . | . .
4800 5000

m(ZTD ") [MeV]

|98}
)
1 1

\®}
e}
L B B

[S—
[e)
—_——
——
R S——

Candidates/(15.17 MeV)

LHCb
6 fb!

i,

N

0 . | .
Liming Zhang 3000

3200

3400 3600

m(37K™) [MeV]
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https://link.aps.org/doi/10.1103/PhysRevD.110.L031104

1st determination of /© for £.(3055) " ..o

= Eg(_) — E+(O)(3055/3080)(—> DA)r~ decays are used to study of the
properties of charm baryons
= Amplitude analysis performed to four observables (mpy, 0z, B, O4)

180F LHCb S 140
E 54 =

160F > ~ 120F
140F Ec(3053) 8 N
E < 100F
208 Ry Z.(3055)" = F
el =.(3080)" g SOp
S0 o < 6oF
60 - === Nonresonan ot [
= 1 <= 40F
40 — oh C
3 £/ (3080) 2
s 3 20
() AT T e s s -

.................... 0

3000 3050 3100 3150
mp.  [MeV/c?]

Weighted candidates / (0.2) ~ Weighted candidates / (5 MeV/c?)

r B of
C (5] :
Bat S 100f
60 F £ 80F
[ = -
[ .'_g 60 F
40 - = [
L <
| Q
20 SR
[ £ 20 e
3 20 L
0 ) 0
- =
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1st determination of /© for £.(3055) " ..o

= /P =3/2" is determined for Z.(3055)*° with JP =3/2% and narrow width for £.(3055) may
significances of more than 6.50 (3.50) against favor it as a 1D state
other hypotheses
= Evidence found for £.(3080)*° 3400 o,
: ~0(— L OE=\ren),, B o
in the 2 b( ) decays s | \Zﬁﬁjﬁj; O/jﬁgjj}j
) 3200 —_— ZFO2) %Z; =<1D(3/2‘)1_I -
s Mass, width, £, decay parameter «, T R, ‘ \lmmﬂ
i — i 1DG2) = DGR, ]
and relative rate for 3080/3055 R3 . o 2507 0059 i,
é) [ 2s502)(2970) =10,
~ (2923,2939,2964)\1}12 E:j 2;0
Quantity =.(3055)* =.(3055)° é o 1262) (2815) Py |
m[MeV/?] 3054.52+ 0.36 £0.17  3061.00 & 0.80 £ 0.23 _ P (2790)
I [MeV/c?] 8.01+ 0.76 +£0.34 1244 20 +£1.1 150/2),(2645)
a —0.92+ 0.10 £0.05  —0.92+0.16 £ 0.22 2000 T = | e _—
Rg 0.045 = 0.023 =+ 0.006 0.14 = 0.06 & 0.04 - s B ¢ ¢
2400 L=0 L=1 L=2 L=3 L=0 L=1 L=2

Zhen-Yu Li, Guo-Liang Yu, Zhi-Gang Wang, Jian-Zhong Gu, Jie Lu
Chinese Phys. C 47 (2023) 073105
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1st determination of /© for £.(3055)*°

= (Qqq baryons is well described by heavy quark-light diquark Q[qq] model
v A-mode: can describe almost all observed states

3400

2p112), /2P(5/2 3
I 2P, ==\, apan,
1F(5/2) (”2)/10(5/2’)
: 35(3/2) ~ s
3200 |- . 2D = 1DG2),,
35(1/2%) R 38(1/2%) \11) 1/2?), |
(112,
: — Nt — 1+ A . ]
Configuration [qq] 0 ][qq] =1 - 1D(5/2) s DGR,
> 1D(3/2) ST 1PG2), D)
© 3000 | 25(1/2)(3080) / s
Namin = =/ 2 25(112) (2970) — — L 1P,
8 < Q g (2923,2939 2964)\1P (20
o 1PG2) (2815) i
. T ' 2800 + _ 1P(3/2),, _
v p-mode: no firm assignment yet - 712 (2790)
153/2)) (2645)
PRD 92 (2015) 114029
[ (2015) ] 2600 |- L -
—_ 1512 (' ") —

Zhen-Yu Li, Guo-Liang Yu, Zhi-Gang Wang, Jian-Zhong Gu, Jie Lu

Chinese Phys. C 47 (2023) 073105
Liming Zhang 36

e Cc
i 15(1/2") (Ec+‘0) é e J
L=0 L=1 L=2 L=3 L=0 L=1 [=2
2400
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.054017

B T D Xt D + K + . flt resu |tS [arXiv: 2406.03156]

accepted by PRL

s All components in baseline fit have significance > 50

4+ Data ——  72(3930) N:(3945)  —— (4040) T2,(2870)° == T21(2900)°
—— Total fit - EFF,-- NN 72,(4000) I 71(4010) 27 h(4300) o NRy+ P(C)
Background =~ NRi-- e NRo-+ NRo-- e Reference fit C()mp()nent J
9 F T T L L ; T T L L L L BN I
L LHCb 9 fb! 5 LHCbO fb! ]
E 100 @ — OEO 100 |- b) EFF++ 1++
z 12 —+
= 1S 1e(3945) 0
L5 8 50
= ﬂ( 12 | X2(3930)T  2++
= A APURRRSORI, SN o SO {15 L -
C ool A SH h.(4000) 1
++
_ et Xc1(4010) 1
275 275 - L((If)Cb 9 fb~! ik : 1(4040) T 1=~
Ss0f S sof " h.(4300) i
st st 0 +
S25F S25F Té—0(2870) ¥ 0
B I = - ; 0 -
g 5 T%,(2900)° 1 1
2.4 2.6 2.8 3.0 32
M(D-K*) [GeV] NR;-- (D*]FDi) i
§IOO émo" LHCbOm' ] NRo-—(D*¥D*) 07~
z j= | @ Y ] NR++(D*FD¥)  1**
é 50_ ] % 50_— 418 i - NRO—+ (D*:FD:I:) 0—+
= - 12 - 1
- 12 |
< [ e ) S [ Ay e e e Gt I *F4 1 1
© 0 2.6 2.8 3.0 2 34 0 2.6 2.8 3.0 32 3.4 Fit fI'aCtIOI’lS m paper
M(D*~K*) [GeV] M(D**K*) [GeV]
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B+

— D * T D + K+ : T%‘S‘ States [arXiv: 2406.03156]

accepted by PRL

10/25/24

> Bt > D*DYK*

» BY > D**D7K*

o T Tt I T Tt < T L T T I
: > 100 | . ]

% 75F  LHCb 9 fb! _ 3 LHCh o™ } +

=T .

00 - < -

S50F 3 = ot

I £

S25F . =

S [ Y s —

§ 0: R e S o Lt RSN SRR et L1

24 2.6 2.8 3.0 3.2 2.6 2.8 3.0 3.2 3.4

M(D-K*) [GeV] M(D*~K*) [GeV]

Property This work Previous work
110 T%,(2870)° mass [MeV] 2914+ 11+ 15 2866 £ 7
X0(2900) 1T*,(2870)° width [MeV] 28 == 2225 20 S
—
9 20 T%,(2900)° mass [MeV] Zsielastdias (0 2904 £ 5
X1(2900) T%,(2900)° width [MeV] 92 =k MGEE 16 =R

B(B" - T (2870)"D\9%) (45T e e 04 310>  (1L24-0i5) % 10~°
B(B" — T1i(2900)° D) B8 3£03) x 10 (6:7+23) % 10-®

csl

B(B+—T%,(2870)°D™)+)
BB+ T~ . (2000)0 D7) 1.17 £ 0.31 & 0.48 «=—0.18 + 0.05

v'T%0(2870)° > D*"K™ forbidden
v'B(T;:,(2900)° - D*"K*)/B(T%4,(2900)° > D"K*) < 0.21 @ 95% CL

Liming Zhang
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Bt - D**DYK*: D**D™ syste

[arXiv: 2406.03156]

B (] DDl
T T T T alleEpPleEd DY FRE T

% 80 E— Total fit

2 [ ==== Reference fit ]
+ Dus 0 —— 95— w00 T@8T00 o TLQU00P G 60| s b sttt etictane 1. 000)
) . p - W c uti includi e T
Total fit - EFF;++ NN £.(4000) M ){cl(4010) 722 he(4300) NRy++ -’ [ = Interference between y1(4010) and other contributions e ]
Background NR;—- NRo-+ NRoy-—- e Reference fit =~ 40 = N\ T5(2870)° and T5(2900)° -
—~ | . —T T T T T T —TT 3~ T —TT —TT —TT —TT = z [ /// Other contributions ]

S + T T T T BES T T T T T Q )
> LHCbOfb' 1% ol LHCb 9 fb~! a 20f .
s 100 i 4 1= 100 i - C ]
) L 1 o0 L 35 C ]
= | 1z | 10 ]
g i 1] | | r i
©n ©n Q r ]
o 50 8 50 he [ 1
5 Tt 1 F L -20f 3
s | . 1= | . ]
£l 1z | <E Lo ]

S o A ” 0 S o i '

4.0 4.2 4.4 *4.6 4.8 . 60 Ff LHCb 9 fb-!

M(D*~D*) [GeV] M(D**D") [GeV] ' *
-0, b e e
4.0 4.2 4.4 4.6 4.8

= Significances for those charmonium(-like) states >6.1c M(D"*D*) [GeV]

= JPC for each state is determined to be >5.7c better than other hypotheses

( This work ] cc prediction [34] = States can fit into Charmonia, and
X(3940)7 w04 - JFO=0F [ p3S) JT=0 mass more consistent with the
o 7%%57 == Lo szigi‘fi:m m;’;?f)&l J}Jgjﬁ_ prediction with unquenched quark
i :Zoootg £ [ 2 g HTLHT o — 3056 Ty — 87 model [Qian Deng, Ru-Hui Ni, Qi Li, Xian-
Xe1(4010) JPC =1+t | ya(2P) JPC =1++ Hui Zhong, arXiv: 2312.10296]
3.6 +4.1 7.0 +6.4

=0 :20(1423353'9 il }?’S‘Ttm - T;}ffg ﬁéilff = ¥.1(4010) could be the partner of

mo = 13073 164433 I _ 5g+28+428 moc: 4318 To=175 Xc1(3872), predicted both in the

unquenched model and Lattice
[Haozheng Li, Chunjiang Shi, Ying

Chen, Ming Gong, Juzheng Liang, Zhgg)feng
Liu, Wei Sun, arXiv:2402.14541]

10/25/24 Liming Zhang



Central exclusive production (CEP)

n Study J/Yo resonances in CEP

inelastic

t

single diffraction

v’ Experimentally clean even @LHC
v’ Spin-parity option narrowed down
X Much smaller rate

10/25/24 Liming Zhang

P
p
p Y-y ~-pomeron pomeron-pomeron
‘ double diffraction >
P p
’Y§
p n+
o :% CEP elastic S
p —>
CEP inelastic u-
p Y g
p
_ a ’
elastic *
................... P glueball



X in B+ — ]/¢¢K+ [PRL 127 (2021) 082001]

%700 f——l x(4lﬁ30)I
= 600 E_— X (4500)
S E— x@mno
2500F— x NR
% 400 = X@140)
g E— X(4274)
O300E— xuess)
200E— X@150)
E == Z,,(4000)
100 F - Z,,4220) ’J
X(27)
X (4150) 4.8 (8.7) 4146 £18 £33 135+28%3)  2.0+05%08
X(17)
X(4630+) 5.5 (5.7) 4626 £161 18 174+£27T123 26+ OE Eﬁ;g
All X(0F) 20+ 5717
X (4500) 20 (20) 4474 £3+3 TTE611 5.6+ 0.7 2%
X (4700) 17 (18) 4694 + 41 87+ 8711 8.9+1.271)
NR./pg 4.8 (5.7) 28 + 871
X (4140) 13 (16) 4118+ 11153 162 +21 73 17+3+19
X(4274) 18 (18) 4294 + 473 SRR 2.8+0.575%
X (4685) 15 (15) 4684+ 71712 126+15F737 724+ 1.0157
All Z. (1) 25 +57 15
Z5(4000) 15 (16) 4003+6% 57 131+£15+26 94+21+34
Z..5(4220) 5.9 (8.4) 4216424733 233+ 52197 10+4+19
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X - J /¢ in CEP

10— T ] = . —
: I Data ] E { Data 3

- LHCDb — Total fit 70 LHC 14 —Totalfit

80 === Signal ] 60 C ---- Signal 3
i -.--Background | E -+-+ Background

Events / (2.4 MeV )
Events / (0.6 MeV )
3

60 ok N =989
40 305 purity = (93.0 + 0.5)%
" 205
i 10F
0™ 3050 3100 3150 0=
M, [MeV]

> 20 I Data

)

> 70 LHCIb —— Total fit

) 5fb" 2.40 --- (4140)

60 X

< 4.30 Xc:(4274)

> 30 _,(4500)

g 40 -y (4685) + x_(4700)

230

' \
L
-
W3- TE 1)

0 d 1 1 " h h T A m 0§ L L
4000 4500 5000 550 6000
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First exotic hadron measurement in CEP!

[arXiv: 2407.14301] [PRL 127 (2021) 082001]
_ — T S FT Bt S1/wekt ' i
> 0 I Data L 700 =]/ LHCb -
S 70 il LHCb —— Total it > F t Y =
Q60 5 - 1, (4140) S 6005 9fb" 3
el { x_{4274) ~ 500F E
> 50 | - x,(4500) - = :
=R -i-0 y_(4685) + y_(4700) < 400F E
> NR g - 3
2 30 ' { E 300 :
20 i 1 2 Jr O 200F =
10 ‘,\.,,;. + ,J‘ 1 + _H_ 1005_ _E
0 = R |.;..:-:'”§"T TN A |5 AR W 1. . s Torwrit -..h..-..,.: - oo e G e T — Y -
4000 4500 5000 5500 6000 0 g : " s “‘ .8
My g [MeV] My, [GeV]

= Mass & width measurements: slightly higher = Cross-section measurements:

mass of X(4500)
Orr(a1a0) X B0 = (0.8040.15 +0.28) pb,

Parameter (MGV) This Letter Ref. |12 Oy (4274) X BXC1(4274) = (0.7340.08 +0.17) pb,
M, ., (1274) 429846 49 4294 + 47 o asiny X B0 Z (0.427998 40,06) pb,
T, (a272) 92 2157 53+ 545 01 (4685) +xe0 (4700)
M, (4500) 4512. 5er 9430 4474+3+3 x BXe1 (4689 £xc0(4T00) _ () 1 4+0.07 1) ) by,
T.(4500) 65 i32 77+ 615 ox X BYE = (0.43%924 +0.20) pb
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Observations of A} —» At D™°K~ decays

s These decays can pave the way for = Branching fractions
future P+ search in AtD™9 systems o
¢ ¢ y B(A(I)? - A-‘I;DOK ) +0.36+0.16 + 038)%

' - i = (19.08Z,34"
0 v_vhlc.:h arg open-charm equn./aler?t qf]/lpp B(AD = ATD.) ( 0.34-0.18 T
o D*Yis partially reconstructed with missing 7 /y

NA=ATDK™ _ 4010 4 70,

B(A) » AtD*°K™)
B(A% - ALD{)

= (589113117 + 1.2)%

NA2—>A;|'5*OK_ — 10 560+310

—290

1000 T T T T T
%\ - ) i ﬂ:— Data . 0 -
E 800 = ﬂ LHCD 541 - = Full model u Relatlve tO Ab — ]/lppK
I [ : ........ A2_>AC+EOK—
g il _: - A)— ATK K™ B(Ag _)]/l)b_pK_) _ (152+32)%
g 400 F 4 B 4 A} D) 0 K- B(A) —» AFDOK ™) —28

[ 1 - A7 [D%],. K- _
200 p Al())_> [/1+[7r0]7] DK~ B(Ag _)]/l/)pK ) — (4 9+1.1 %
b c X.(2455)+ B(Ag N A;E*OK_) 2 —0.9

5():00 5700 5300 Combinatorial background

m (A D°K™) [MeV]

5400 5500
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B — DDh studies

= Rich opportunities for spectroscopy study
o charmonium(-like) states in D®D™ ATD™ ATAC ..
o excited DT, D% D}, Af states from D®h, Afh ..
o exotic states from D™Wh, Azh ..

D™+ pHo p+ At

D™=, D™O D= A7 ...

K+ KO0 o+ o A ..
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Bt — D*‘Dg*)+1t+: branching fractions

[arXiv: 2405.00098]

‘= Measurement performed using the full LHCb dataset of 9 fb~1

o)

-

o
|

ABRRERRAS SR im(D*DFnt) — mp+| < 30 MeV

° Data

>
&
-~ Fit ]
o -
3400 - = B+ SN D*—D;-n.+ ]
: [ B+ N D*—D;k-|-7_[-|- -
-g 300 | Comb. backgr. -
= L 4
£

m?(D*~mT) [GeV?]

B(B* — D*Drr)
R = s™ ) _ 0.173 + 0.006 % 0.010
B(BY = D—D+) X L
+ *— yxt o+
rr = BB = D"DITY) L ao 007 40.14

B(BT — D*Dir+)
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B* —» D*~D!n™: amplitude analysis

[arXiv: 2405.00098]

= Baseline fit with D**Y - D*~x* contributions
Resonance | JE  Mass [MeV] Width [MeV]
D1(2420) | 17 2422.1+£0.6 ol.8 = 1.9

[o.e
(=}
T

=
(=}

Entries / (0.005 GeV)
[ [=2]
o (=}

D1(2430) | 17 2412 +9 314 + 29 o _ ]
22460y | 2+ 24611707 473+ 0.8 e s W
6.50 Dy(2550) | 0= 2549 +19 165 =24
D*(2600) | 1= 2627 £10 141 4 23 = =
8 2 60f
Dy(2740) | 2= 2747 +6 88 £ 19 : N:
DR2750) |3~ 27631182 66 £ 5 st
Component | Fit fraction [%] Phase [rad] i
D;(2420) S-wave 3.8+1.7+ o.sié;g —1.96 £+ 0.16 £ 0.10%552 S T -I' 3
D, (2420) D-wave 71.0+ 4.4+ 46199 0 (fixed) § of on 1 5
D;(2430) S-wave 142£2524%0 41014011 £0.13°37¢ S g W E
D, (2430) D-wave 05+09+ 15502 —2.99+0.42+0.841023 o T} | /./( k
D3(2460) 714080 314011104400 ¥l W F
Do(2550) 2.3+08+0.71)3 —2.24+0.21 +0.2619% P Zmono ]
D3 (2600) 48+1.0+009%55 +0.32+0.16+ 0.161557 TR U B g
D5(2740) P-wave 0AE£04-£02": —002E0564032 * Data Di430) (L=2)  —— Dy(2740) (L=1)
D,(2740) F-wave 2.3+0.7+0.9%57 —0.09+0.27 +0.211093 o I .. giﬁiﬁfﬁi L =
Sum of fit fractions | 111.0 5.2 4+ 4.2 e T S L L L) Rehofeden

------ Dy (2430) (L =0)
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B* —» D*~D!n™: amplitude analysis

[arXiv: 2405.00098]

m Fits incorporating D+ amplitudes
o bestfit: T%,(2900)"" + nonresonant vector

2.6 o, fit fraction = 1. 2 + 0. 8%, upper limit 2.3(2.7)% at 90(95)% CL
 consistent with (2.25+0.67 +0.77)% inB* - D™ DS n™

m(D* " nt) > 2.5 GeV

N
(@n]

—~ —~ - T T
E : E LHCb
2 a0f 2 30 9 fb! _ e Data
S - = . Baseline fit
~ | — I 1 == Fit with NR D7+ and T7%,(2900)++
é 20 ? 20 1 --- NRDfnH(L=0)
R E 0 —:= NR DirH(L=1)
10 - 10 B 7 NR Dfnt (L =2)
E : /’\ : F— TC*EO(QQOO)'H'
[ i | e e ”-'\\.' il
0 2.5 3.0 02.0 2.5 3.0
m(D*~7T) [GeV] m(DFnT) [GeV]

= Fits incorporating D*~DJ amplitudes: none provides a physical description
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Observation of A}, > D*D™A S

= First observation of A}, - D*D~A with significance of 16 o

N=19+5 N=73+9

O T A A op0  B(AY - DYD™A)

= *F LHOb e 1 S sof LHC ata E b ox b =0.179 £ 0.022 + 0.014

2 b s3m o 1 27 san o : op . B(B® — D*D-KQ)

E F WA DDA ] 540_— A decay WA =D DA

= AN-pepa ] T F outside VELO A DD A ]

3 AN-ppx 4 G NE A) =D D30 _

é -+ Comb. bkg. ] -qé E ++=:Comb. bkg. E B(Ag ~> D+D A) —

3 1 B 20f E

S 4 i rIN: E (1.24 +0.15 +0.10 £0.28 £ 0.11) x 10~*
i 'l' ]

L *‘*"l ] |l""*"| 1 !. “:'! I I“ .. ............. Pk

I I5600
m(D*D"A) [MeV/c?]

T 0 LT \ L -
5700 5800 5400 5500 5600 5700 5800

m(D*D"A) [MeV/c?] [PRD 103 (2021) 114013]

4 u u}A
d d

u u c .
c aro
et & p X(3700)
~=c
A9 , s b ¢ b ) ¢
w- Peg w s

’ i . :

50.25: T — T T T T T T ] (\’3‘0.14__| T T T T = (\'E‘ 0.1_' LA L L N

. | Data LHCb 1 7 ,F LHCb 1 T pLHG®

% 02 E } N 53 fb E % b 53 b Pc‘s E i 0.08 _ 53 fb X

S 0Isp . 1 <oosE 3 Koosk .

% 0.1F “c 3 Tooef 1 a8 ¢

; i H ] §004:— E -§0'04:_ E

SRR = I AR -

) i ELURI

- ++ . ++|+++ _.+1FH++++++HH+ ] — 0: 1 +++ﬂ> . + |+. H L +H . % o) S VI }I i . * R

3000 3200 3400 3600 3800 3000 3200 3400 3600 3800 3800 4000 4200 4400 4600

m(D*A) [MeV/c?] m(D"A) [MeV/c?] m(D*D") [MeV/c2]
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Study of B’ - D°D}!n~ and Bt - D D! nt

[PRL 131 (2023) 041902]

s Full 9 fb~1 Run1+Run2 LHCD date

I~ C (o} + d © +
= 4420 B® - D°D# 7~ and ) " ¢ o (@) y o
3940 B* - D™D n* candidates b ‘ ° 5 b ‘ © o
B° B* -
<ﬁ T — <d T +
d > d u > u
< 12F ' ' TR " < 12F . g 107 ¢,
5| | | B
= 10f : 1 S Zof L o
& —F E L e E
Sl wfh 193 S 0 1310 F
= i R = 11 S
Jy. ' 6| 1
‘ . K |
T T s 0 421"'6"'8'_0"10"
D;(2460) M (D x*) (GeV?) D5(2460)° MXD ) (GeV?)

= Joint amplitude analysis where amplitudes of the two decays are related through isospin symmetry
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Observation of T%,(2900)%/**

= Fit with two D] states sharing resonance parameters

~ [T rrr1 " 1 """ "1 """ T T T —~
% 100 %
@) LHCb | @)
< 9 fb! =
S 80 >
S I S
~ ~
w2 w2
g 60 g
= * * =
=} O 40
g a0 ' g
S S
20+
o i AT ey By | "»*-“v«««ral 7‘.4. R s e L i 0 f ‘.

32 3.4

22 24 26 28 3.0
MDD x7) (GeV)

[PRL 131 (2023) 041902]

—— Total fit

(o)
(=)
T

[\
(=)
T

—— Dj(2460) D}

LHCb ] _°
- - —— D{(2600) D,

] —— D;(2750) D}

I ] Dy (2760) D

i } | ] D(3000) D;*
ffffffffff D*(2010)~ D¢

—— T%,(2900) D
—— D S-wave D

+ Data

22 24 2T6 28 30 32 34 Background
MDD x+) (GeV)

»>T%,(2900)° - Dfn~ & T%,(2900)*" —» Dfrt significance > 90
v'Asecond 1~ DI state yields significance of only 1.30
v'Additional Dm, Df , DD resonances disfavored

> JP = 0% favored over other spin-parity by more than 7.5¢
M = 2908 + 0.011 £ 0.020 GeV
[=0.136 +£ 0.023 + 0.011 GeV
Fit fraction = (2.45 + 0.65 + 0.84)%
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X(3960) in B - DD ;K™ decays """

= Strong threshold enhancement found in D§'Dg” system % "1amas, o 4
= Amplitude analysis is performed é :@E{;}::n
m X(3960): threshold enhancement ~36081grflls:£ it {*f :
a JP¢ = 0** preferred over 17~ and 2** by 9.3¢0 and 12.3¢ or _ | ,ﬁ??f’s?zzfﬁev,ﬁ. -
wb Bt on Total i E

o Could be a ccss tetraquark predicted by Lattice QCD
[JHEP 06 (2021) 035]
o Resonance parameters are consistent with y.0(3930) within 3c

— X(3960)
X(4140) ]
— (4260) .
W4660)

Non-resonant Df Dy 1

Candidates / (20 MeV)
(%]
(e}

= More data need to study the lineshape for X(3960) o EeaL MUY
m(D3D;) [GeV]
Component J"¢ My (MeV 'y (MeV F (%) S (o)
X (3960) 07t 3956 +5+10 43+13+8 [254+7.7+5.0 12.6 (14.6)
X (4140) 0t+  4133+64+6 67+17+7 16.7+4.7+3.9 3.8 (4.1)
(4260) 1 4230 [62] 55 [62] 3.64+0.4+32 3.2 (3.6)
(4660) 1-~ 4633 [32] 64 [32] 2.24+0.2+0.8 3.0 (3.2)
NR 0t - - 46.1 +13.2+11.3 3.1 (3.4)
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