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Outline

» Study of radiative decays of y.1(3872) [arXiv: 2406.17006]

» First measurement of J /¢ production in pp collisions with no additional activity
[LHCb-PAPER-2023-043] in preparation
> Amplitude analysis of BY —» D* "Dt  [arxiv: 2405.00098]

} B - DDh

» Amplitude analysis of BY = D*TDTK™  [arxiv: 2404.19510]

» Search for prompt production of pentaquarks in open charm final states

[arXiv: 2404.07131]

> Observation of A) — ZE*)H_D(*)_K_ [arXiv: 2404.19510]
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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

EXOTIC

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?
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The LHCb Experiment

m LHCDb is a dedicated flavour physics experiment at the LHC
o >10% X larger b production rate than the B factories @ Y(4S)
a Access to all b-hadrons: B*, B°, BY, B}, b-baryons

m Can also study hadron spectroscopy and exotic states

= Acceptance optimised for forward bb production
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Integrated Recorded Luminosity (1/fb)
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» All results based on full or part of run-1 and
run-2 datasets
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New particles in a glance

m 67 new hadrons discovered by LHCD!

https://www.nikhef.nl/~pkoppenb/particles.html
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Radiative decays of y.;(3872) jarvs 240627008

= 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
By, = I'xe1(3872)50(25)y

Reference Fxcl(3872)—>J/ll)y
T. Barnes and S. Godfrey (67 5.8 ¢
T. Barnes, S. Godfrey and S. Swanson [69] 2.6 cc
F. De Fazio [84 (1.64 £ 0.25) cc m
B.-Q. Li and K. T. Chao [85 1.3 i ' ' ' i
Y. Dong et al. > 1 (86 1.3-58 T / \
A. M. Badalian ef al. ~ [87 (0.8 £0.2) @ Babar 2008
J. Ferretti, G, Galata and E. Santopinto [8b 6.4 C L4
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89 24 @
W. J. Deng et al. (90} 1.3 ¢ Belle 2011
F. Giacosa, M. Piotrowska and S. Goito [71) 5.4 ¢ /ve :
E. S. Swanson (81} 0.38 % DD*
Y. Dong et al. [86 0.33% DD*
D. P. Rathaud and A. K. Rai K 1 [91 0.25 DD* LHCb|2014
R. F. Lebed and S. R. Martinez 92) 0.33% DD*
B. Grinstein, L. Maiani and A. D. Polosa 193] 3.6 % DD*
F.-K. Guo et al. 182) 0214/ 3)? DD™> BESIII 2020
D. A.-S. Molnar, R. F. Luiz and R. Higa (83) 2~ 10 DD* -
E. Cincioglu et al. mixed [94] <4 DD* : : : :
S. Takeuchi. M. Takizawa and K. Shimizu [95)] 1.1 -34 DDh* 0 1 2 3 4 5
B. Grinstein, L. Maiani and A. D. Polosa [93] > (095150 cTqq
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Radiative decays of y.1(3872) (cont.)

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

Xc1(3872) = (2S)y
Runl: N = 40 + 8;5.30

Run2: N = 63 +10;6.70

g BaBar 2008
a— Belle 2011
e LHCb/Run1l 2014
[ BESIII 2020
o LHCb/Run1 2024
d LHCb/Run2 2024

0 1 2 3 4 5

By = rryf”(mi) ~\I'(?S)>'
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https://indico.cern.ch/event/1423946/

Central exclusive production (CEP)

n Study J/Yo resonances in CEP

v’ Experimentally clean even @LHC

v’ Spin-parity option narrowed down

inelastic

” single diffraction
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X in Bt - J/YpK*

[PRL 127 (2021) 082001]
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X - J/vae in CEP

[LHCb-PAPER-2023-043]
in preparation

% -I—ll)am , | 'HI'Ch' o | —ILP;llil )
i o' st preliminary 7 O0
2 . N =989
R purity = (93.0 + 0.5)%
: preliminary
l e
" 2()I()() A
My;l [MCV] MKK (MCV]
4 tracks
~ x() T T T T T T T T
% 4.30 I Data
= 10 i LHCb — Total model
-1
Vc\} 60 ‘ 51b ....Xc|(414())
< 5 preliminary %4274
2 E2.4c X o(4300)
§ 40 | ....Xd(_4(,35)
m 30 I\ & = X o (4700)
2 i
of § 5 T
) A":J' 2 .4- o -A- -’-ll.;.";!""::- F I 'Em.'ﬁ?’.'";r-:;;r--rr‘u Lt ....'_'
ﬁi()()() 4500 5000 5500 6000
9/7/24 Liming Zhang MM}’Q’ IMCV]

10



First exotic hadron measurement in CEP!

[LHCb-PAPER-2023-043] in preparation PRI 127 (2021) 082001]
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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 ...

q q ! K&+ K®0 g+ & A ...

——————————————————————————
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B - Dl_)h studies at LHCDb [PRL 125 (2020) 242001]

[PRD 102 (2020) 112003]
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B — DDh studies at LHCb PR 151 (2023) o150
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B — Dﬁh StUdieS at LHCb [PRL 131 (2023) 071901]
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B — DDh studies at LHCb

B* > DID;K*
X(3960)
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B* > D Dir*
T%,(2900)**
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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
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B* —» D*~D!n™: amplitude analysis

[arXiv: 2405.00098]

= Baseline fit with D**0 - D*~* contributions

Resonance | J¥ Mass [MeV] Width [MeV]
Di(2420) | 1+ 24221406 31.3+1.9
Dy(2430) | 1T 2412 +9 314 + 29
Di(2460) | 2+ 2461.1 737 473 £ 0.8
6.50 Dy(2550) [ 0= 2549 +19 165 + 24
6.80 D(2600) | 1= 2627 +10 141423
Dy(2740) | 2= 2747 +6 88 + 19
Dx(2750) | 3 2763.1+32 6645

Component

Fit fraction [%]

Phase [rad|

D;(2420) S-wave
D, (2420) D-wave
D;(2430) S-wave
D,(2430) D-wave
D3(2460)
Dy (2550)
D;(2600)
D,(2740) P-wave
D»(2740) F-wave

3.8+ 1.7+08%3
71.0 + 4. ua(ﬁb(,
14.2 2.5 £ 2.4157

(),iu()ﬂ:l'“”
11.7+ 1. u:o(\“"’
23+08 :i:O"“”
.x.Lil(H;ugi;},
0.4 0.4 &+ 0.213]
2.3+ 0.7+ 0.913%

—1.96 £+ 0.16 £ 0.10% 937

0 (fixed)
+0.14 £ 0.11 & 0.13709%
—2.99 £ 0.42 + 0.84+0 2%
- 311&0111011*33’,
~2.24 4 0.21 + 0.26*09>
+0.32£0.16 £ 0.16* 037
~0.02 + 0.56 £ 0.327720
—0.09 % 0.27 £+ 0.21*9%

Sum of fit fractions
9/7/24
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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
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~ | — I 1 == Fit with NR D7+ and T7%,(2900)++
é 20 ? 20 1 --- NRDfnH(L=0)
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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
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= Fits incorporating D*~DJ amplitudes: none provides a physical description
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B — DDh studies at LHCb
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B* - D*t*DTK™: signal yields

[arXiv: 2406.03156]

= Using the full LHCb dataset of 9 fb™!: D*~ - D%°(» Ktm &K nt)m™
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B* —» D**D*K*: amplitude analysis i 2406.03156)

= Amplitudes of BY - R(D**D™)K* and B* - R(D*D*")K™ linked by C-parity
= allowing determination of C-parities of R resonances

’
| { o
Alz) = .J;( ¢ Z ¢;A;(x) Z (';\.h‘[.r)} B* - D'D* K™
- DTKT*)

\_;-';h'll)‘L“T) keR(D*~ K+,

- d
' l_jL \ Z @x c;A;(x) 4 Z ('z-‘i(-")} BT - D*'DK*

(JER(D**DF) IER(D** K+, D-K*)
v d=1forBt* > D*D*K*;d =—1forB* > D**D"K*

OR resonances with J° = 1*: S-wave & D-wave

#i S/D(m) _ Ys/D
’ mg — m?2 — imo[véls(m) + vpI'p(m)]

OOther resonances: Breit-Wigner

OONonresonant contributions to D*tD 7 :
4 2
fr(m) = g@+BD(M*—mg) for NR,-+; otherwise frp(m) = 1
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B+ — l)>l<i D$ K+ : fit resu Its [arXiv: 2406.03156]

s All components in baseline fit have significance > 50
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s > (404( g
575 275 (4040) 1 1
Zsof Zsof h.(4300) 1t
8 s I e ¢ 0 +
Sos| Sos T7(2870)°T 0
E 0 : § ()E i e R il ’1:&1 (QQ(JO)() ' 1~
2.4 2.6 2.8 3.0 32
NR==(D*FD*) 1—
§100 _ §100 NRo--(D*¥D*) 0~
= 12 | NRy++(D*FD%) 1+t
g o 15 % NRg-+(D**¥D*) 0%
= - 12 -
- 12 |
< R e T e il S I 3 . .
© 0 2.6 2.8 3.0 2 34 0 . i Fit fI'aCtIOI’lS m paper
M(D*~K*) [GeV] M(D**K*) [GeV]
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B — D~ an D + K+ D *T D + SySte m [arXiv: 2406.03156]

— — T T
% Total fit

2 N == Reference fit i

+ Data R ){62(3930) R 1/)(4040) T§f0(2870)0 ————— T;}l(2900)0 o 60 - j in:ex?erence :e:ween :(3(3)88) ang o::er con:r%l;u:%ons (no: %nc:ug%ng ;{‘,(igig)) .

Total fit - EFF,.- N 2(4000) I 71 (4010) 27 hu(4300) NRy- = L ierforence between o (3010 and ther comstbutine T E 010D 3

Background =~ NR—- e NRo-+ NRo—- e Reference fit S 40 NN T(2870)0 and T (2900)° —

~ AL A B o —— 7 a :/.f-/om ontributions ]

L _ i _ Y Data 4

g 100 + ! LHCb 9 fb™! é') 100 LHCb 9 fb~! 2 20 - == Background ]

) L 1 o0 L 35 : ]

= | 1= | L or E

< i 1< | | [ ]

8 50 8 50 4 2 _0F R

< + 1= F a -20 N ]

= - 1= - - - .

o L { o L =z + ]

5 o Ll st o iy | § ot e T, 3_@—40 o .

4.0 42 ar a6 as 4.0 42 4.4 26 4.8 60 . LHCbO fb-! ]

M(D*~D*) [GeV] M(D** D) [GeV] ' * ]

=80 R S T R B

4.0 4.2 4.4 4.6 4.8
= Significances for those charmonium(-like) states >6.1c ME D GV

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

Component JP(©) This work o prediction :”] = States can fit into Charmonia, and
; X(3940)? 04 1S) J1C =0 : :
S = - " ““ s . ‘ 2 o] 9 '~“'“ A ’” mass more consistent with the
\",(39;0)1 o+ ’, lu“'m:-‘ = ")P'I' R prediction with unquenched quark
0(4040) 1 i mo = 40001742 [y = 184431497 L 3056 T = 87 model [arXiv: 2312.10296]
\IR1~-(D**D1) i \ 1‘ - " =10 | X ~":f ‘ -’l"" A " ¥-1(4010) could be the partner of
T Mo =4012.0 T3 T3> Lo =027 723 T celmo = 390: o= 165 . .
Sl i R e L e e e ¥01(3872), predicted both in the
NR;++(D*¥D*) 1t+ B (4300) o=l h(3P) J'* =1 cl .
NRy+(D*FD%) -+ Mo = 43073464 433 [ ZpRAB B | igie [ =75 unquenched model and Lattice

[arXiv:2402.14541]
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T %
* .
Bt - D*tTDtTK™*: =< states [arXiv: 2406.03156]
> BT > D™FDKT > BT > D" DTKT
S P T T T S100F Lol T T
275;_ LHCb 9 fb-! b E 5 f LHChOfv } P
g5 2 0
L = L
§ 0' 8 0
M(D-K*) [GeV] M(D*~K*) [GeV]
Property This work Previous work
110 T2..(2870)" mass [MeV 2014 £ 11 £ 15 2866 + 7
=) J
X0(2900) T2,(2870)° width [MeV] 128 + 22 + 23 20 57T+ 13
9 20 T7,,(2900)" mass [MeV] 2887+ 846 2004 4+ 5
X1(2900) 1%,(2900)" width [MeV] 92 4+ 16 = 16 110 + 12
B(Bt — T%,(2870)°D™*+) (451580 +£04) x10~* (1.2+£0.5) x 1073

9/7/24

+0.7 +16

(
B(B* — T%,(2900)°D**) (3.8* 1511 +£03) x 107* (6.7+2.3) x 1077

B(B* =T ,(2870)" D\ ) " — ‘ o
B(B* 1., (2000)° D7) 1.17 £+ 0.31 £ 0.48 <=——>().18 £ (.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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B - DDh studies at LHCb

Bt - DID K™
X(3960)
4
B* > D*D7K™
TcsO/l(zgoo)rXc2(3930)

-

B* > D Dir*
T%,(2900)**

B* > D*Dim*

9/7/24 Liming Zhang

B* - D**D*K*
T, h.(4000/4300), x,1(4010)

BY - DDfm~
T%,(2900)°

26



Background for 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.» (MeV]

of couplings

s

[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

9/7/24 Liming Zhang



Search for pentaquarks via open charm

[arXiv: 2404.07131]

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

= Reconstruction: A}, D=, D0,z p+-

v'hidden-charm pentaquarks v'doubly-charmed pentaquarks & excited =,
Hadron 1 Hadron 2 Charge I Y C l';:‘_:" Hadron 1 Hadron 2 Charge I3 Y C I';:‘_:"
A} D’ +1 /2 1 0 v A} pD° +1 /2 3 2
Al D~ () L/ 10 v A? D* +2 1 /2 3 2 v
Al D* 0 /2 1 0 v A} D+ +2 i 3 2
) e D° +2 3 /o 1 0 v rH D’ 2 /2 3 2
> Ve g D- +1 1f2 1 0 v P 5 D* +3 3f2 3 2 X
2 D* +1 1 /2 1 0 X P Io g D** +3 3/2 3 2 X
e D" 0 -—1p 1 0 v bRy D° 0 a3 2 x
270 D -1 312 1 0 v » o D* +1 ~1/; 3 2
X0 D*- -1 o 1 0 50 D+ +1 -1 3 2
b Pz p° 2 3/ 1 0 v ) Pyt D" +2 Lf2 3 2 v
) an D- +1 A 1 0 v Fe+s D* +3 a3 2
g Dr +1 1f2 1 0 v Do D +3 32 3 2 x
Sy D" 0 2 1 0 Treg D" 0 2 3 2
L D- -1 3% 1 0 v z D* +1 '/ 32
I D*- | 3f2 1 0 b Pt D+ +1 -1/2 3 2 x

~ *10 modes too statistically limited to set upper limits
9/7/24 Liming Zhang



Results

[arXiv: 2404.07131]

107 L

Local p-Value
S
—

1072 3
107 3

107 3

local
4

N

0

200 400 600

m(Ai*D™)-m(Af)-m(n*)-m(D”) [MeV/c?]

90
80
70
60
50
40
30
20

Candidates / (6.5 MeV/c?)

10E

— Data
— Total fit
} - -Signal

.
.o
L 1 T L " L "

O0 400
m(AZmD™) = m(AY) —m(w*) —m(D”) [MeV/c?]

= 1
200 600

ccuud
M~4520.69 MeV

9/7/24

= No significant signals are found

s Upperlimits seton R =

Nee | Eaf a(PC)xB(PCeAgD(n))xB(D)
NAZ- €pc O'(Ag_)

s Largest significant modes:

Decay Mode

\'x*D
1'=x=D
Atz DP

*Complete list in paper

Width Significiwe (o) Q-valin , x UL (<107
(MeV/@) Local Corrected (Mevycd) il Yielkd o0 o g5 CL
0 3.50 221 225 1.6+ 126 505 119
5 1.01 2.589 225 4.7 £ 174 143 1.69
1() 1.30 392 205 RT.1 4 216 1,64 185
L 1a 150 362 2% 08 2 4+ 25 3 | 72 |4.90
0 3,306 1.0 257 38.1 4124 128 1.56
5 L86G 2.71 253 62.1 4 17.1 |62 1.83
1 1.18 3.20 249 8374212 1.72 |55
15 144 3.56 249 103.5 % 24.6 1.77 1.92
() 3.18 1.58 245 1.9+13.7 28T 3.06
3 3.73 253 245 L6~ 192 3.22 3.35
10 .00 300 245 1.6 = 24.1 3.29 334
15 .30 3.42 245 115.0 2 28.5 3.30 3.40

Liming Zhang 29



Observations of A},

- AfD™OK- decays

=
8

%

600

400

Candidates / (4 MeV)

200

s These decays can pave the way for
future P+ search in A¥D®0 systems

o which are open-charm equivalent of | /yp
a D*%is partially reconstructed with missing =° /y

NA-ASD°K™ _ 4010 =+ 70,

NA2—>A+D*0K — 10 560+

LHCb 547!

310
290

'% Data

Full model
........ A= A*DK-
- A= A K 'K
Bl o A (D). K
Bl - A [D%),.K
B> (A7) 3 ugys DK
54.00 55.0(] 5600 : 5700 5800 Combinatorial background
m( AYDYK ) [MeV]
9/7/24 [arXiv:231 1.1 4088] Liming Zhang

= Branching fractions

B(A) - AFD°K™)
B(Ap — AEDS)

— (19.08+036%016 4  38)0)

B(A) » AtD*°K™)

— — (589+1 8+1.7 )%
B(AY - ALDY) 17-18
= Relative to A} - J/YpK~

B(Ap — ] /YpK™)

= — 15 2+32 0
B(AY - A¥DOK ™) ( a)%
B(Ap = J/YpK™)

Ul — 4.9+1.1 0
B(AY - AfD*OK ) (+9%00)%

30



A? - 09 p-K-: observation

[arXiv: 2404.19510]

0 *)++ *)— 17— . . . .
s Four Ay - Zg **p™-K~ modes observed with overwhelming significance
B s T ¢ : : — :
ﬁ Iél_tl-t(;l]) i ?2:21 fit ] E 100 L6}tI,§llj i ?otal fit N 2
Sk 7 )5 Dk 3 S [ A3 DK N Lok ]
- [ Bl A)—Ai7rDKNR ] = Bl A)—Af7D K™ NR & I . i
% [ Bkg. with real Z(:)H ] % Bkg. with real Z'(:) - g L i
g 100 - Combinatorial bkg. - § 50-_ Combinatorial bkg. é :
2 = S 50 =
S sof S [
' t :_ PpL ey e L it J.i;*é;,.!;“n.l"‘é.}b.'&.;é' L Ll BAAD I 514 '
0250 2500 2550 2600 0™ 50 2500 2550 260 05550 5600 5650 5700
m(Alr*) [MeV] m(Alr*) [MeV] m(Ag) [MeV]
§300 T T T T T T T T
2 LHCb B o
) A— YT DK™ St
%200' ] ( l'() ———— ) = 0.282 £ 0.016 & 0.016 £ 0.005,
50 ] B (.r‘l,) — AT DK ‘)
g B(A)— T+ D-K-
© 1o0f ; t LT ) 0,460 + 0.052 + 0.028,
[ B(A,— Li+D-K-)
DN I ok s B(A)— S D K-
0775550 s600 5650 5700 ( [:’ — ) = 2.261 £ 0.202 &= 0.129 £ 0.046,
m(A%) [MeV] B(A,— L+ D-K-)
B(A) — X+t D*~K~)
— - - = 0.896 £ 0.137 £ 0.066 £ 0.018,
B(A° - T++D-K-) ‘
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Ag — Zg*)++D(*)

- iIntermediate states

[arXiv: 2404.19510]

m Larger dataset needed to draw a definitive conclusion

Za600[- * ol 6
| T i ]
%3400 ..-‘ N s ’
S AT SR I ]
3200 "",‘ . .'.".'t,, o
3000 “*?\{“"”‘r’ ; :
400 4600 4800 5000
m(2;"D7) [MeV]
> T T T T ]
Ei 20 E;i{i? E
E s b HWH
L
o UL
9/7/24 400 4600 4800 5000

m(2;"D7) [MeV]

\'
J
3

3400 -

(Z7°K7) [Me

m

3200

3000 -

I T T

.”.o o ® ° |
o: L

R T b .... .
TR A

T
4400

N
4600

‘4800 | 5000
m(E*D ) [MeV]

[\ 9%}
e} e}
L L B B B Y

Candidates/(15.17 MeV)

p—
]
1 1 ‘ 1 1 1

LHCb
6 fb!

hHHj##H

0 . | .
Liming Zhang 3000

3200

3400 3600
m(37K™) [MeV]
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Summary and prospects

s LHCb keeps making important contributions to heavy hadron
spectroscopy, both for conventional or exotic hadrons

m In Run 3, the upgraded LHCb detector and an improved software-
only trigger system will be implemented

18
Run S Run &

16 4

PRTS Upgrade Il -

Upgrade Ib  “*

max luminosity (10" ¢cm 7

Upgrade | LS3

n3

LS2

~ s [~ =
" A .

-

S __Bd -
2010 2015

_a—_

2020 <025 2030 2035 2040 2045
Year

More exciting results are to come!

More data, more chances & challenges!
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Qg
w’»

The LHC as a Beauty and Charm factory

= Proton Proton CoII|S|ons at+/s =13 TeV =
= ~ 20 000 bb pairs per second, x 20 of cc pairs §

B* : B°: BY : )

(ub) (db) (sb) (udb)

4 : 4 : 1 : 2
Unique dataset




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

CuE T T ] & o T T 040  B(AY - DTD™A)

< ME LHCb ata 1 2 5f LHCb ata E b % b = 0.179 £+ 0.022 + 0.014

%2 b saw! o 3 2 F san T ; opo - B(BY = D+*D-KQ)

E F WA DDA ] 540_— A decay WA =D DA

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

8 AN-ppx 4 G NE A =D D50 0 -

-§ +==Comb. bkg. - -qé E +==Comb. bkg. E B(Ab -3 D+D A) —

3 1 B 20f E

g 4 i 1 5. : (124 £0.154+0.10 £ 0.28 £ 0.11) x 107*
4 -l- i

iy “-“!---”!. --I-!”- ek

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 1 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 00853 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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Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles a Usually with amplitude analysis
o Pros: High statistics, in principle can o Pros: Low background, Better
study all states determination of J°
o Cons: Large combinatorial o Cons: Low cross-section, limited

background, hard to determine J° mass range

9/7/24 Liming Zhang
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LHCDb collected luminosity

Integrated Recorded Luminosity (1/fb)

LHCDH Cumuative Integrated Recorded Luminosity in pp, 2010-2024

1 © REFETINISW ¢
oq o NIRRTV T W '
L] - N2 MrTI R D
ol - e ssTevi 219
12 1 - NTHS2H TV 1T e 090D
B - MWIEAS TV AT
ol WEASTI O3
‘o;__" . MWMZA0TV) 208 ,
B - W ASTV 11! D ,
- 201035 TeV) 006
5
b —
-
6| LS1 LS2
4
2
0 b j S TN TSNS TN .55 TSy VA VO, s
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year
9/7/24 Liming Zhang

I “T——This is Run3

Run3: Hope to collect ~15 fb-
physics data in 2024&2025

Statistics ~ 2X run1+2

Trigger efficiency 2x for

| hadronic final state

38



Other exotics in CEP

>X — ]/ ] /y: CEP of charmonium pairs studied using 3 fb~! Run1 data

- 5000 T T I T T T T T T T

> - ]
= 4500 LHCb =
g 40002— . —
EME i JpeEs)
o C - ]
S 3000 =
= - .
S 2500 . E
=) n .
T T =
-52000: EIEIEEIIEI:IE uuuuu .
g 1500 eHEee88s 8.8 % % oy ]
2 200 3000 4000 5000
-

Higher di-muon invariant mass [MeV]

J/plp HHP

_
o

Events per 500 MeV

St

0 1 1 1
6000 8000 10000 12000
Mass [MeV]

%% :1(3872)? Other suggestions?

[J. Phys. G: Nucl. Part. Phys. 41 (2014) 115002]

oIl = 58 4+ 10(stat) + 6(syst) pb,
oY) — GBf%(stat) + 10(syst) pb,
o¥(25)%(25) < 237 pb,

Liming Zhang

gXc0Xcd < 69 Ilb,
ogXclXel <« 45 pb,
gXe2Xe2 < 141 pb,

[Science Bulletin 65 (2020) 1983]

T T T
—I— Data

200 LHCb —— Total fit

= Resonance

= = Interference

Weighted candidates / (28 MeV/c?)

8200 7000 8000 9000
My, (MeV/c?)
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Observation of T,, > D" K™

[PRL 125 (2020) 242001]
[PRD 102 (2020) 112003]

=47

A new resonance?LHCb_:
(b);

= Amplitude analysis of Bt - D*D~K™* decays
o ~1300 signals with purity 99.5% (9fb1)
s Enhancement in m?(D~K*)~8.5GeV 2

mXD*D") [GeV?*/ 4] e O

25 3 35

new X', (2900 2.904 + 0.005 = 0.001 110 £ 11 =+ 4 mDK*) [GeV/c?]

9/7/24 Liming Zhang 40

18 »
= Described by X,(2900) and X,(2900) l(f_x 30 k
= First discovery of open-charm tetraquarks e YO0 — oA TRt
with four different flavors [csud]! ° i \,,IQ(D.‘,"@) GeV¥en
= The observation motivates study of B —» DD, R R R LH(Cbl;E
= R et e A 3
= = , = 2 M et X1(2900)
Resonance Mass (GeV/e) Width (MeV) < :2: . g
new Xc0(3930)  3.9238 £+ 0.0015 + 0.0004 174 + 5.1 + 0.8 £ sk Xo2900) |/ ] :
Ye2(3930)  3.9268 + 0.0024 + 0.0008 342 + 6.6 + 1.1 3 2
< 10F
new X,(2900)  2.866 = 0.007 =+ 0.002 57T £12 + 4 e
)




Study of B’ - D°D}!n~ and Bt - D D! nt

[PRL 131 (2023) 041902]

s Full 9 fb~1 Run1+Run2 LHCD date

— _ c C d € ne
= 4420 B® - DD 7~ and ) w5 (@) w5 0
3940 Bt - D™D n* candidates 5 ) ’ ) ‘o
B° -
<d m+
d : .
S 12F T T 7 102‘f> O 12FP " 102<r>
> L 1. 3 % I 1. 3
SN ] =2 ¢ 11 =
~ 10| . s =< 10F I [ I
i 10 T2 ] il 10 5
Q.0 17 35 2 0 A I R
> L. . 5= ol KRR S
S 0 1 2 = | 11 =
Y @) i 1 - o
6_—& 7 6_— —
| | R i |
T T s 0 44"'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)%

9/7/24

Liming Zhang

42



X(3960) in B - DD ;K™ decays """

= Strong threshold enhancement found in DS D; system é - e )
= Amplitude analysis is performed é @;;E‘E‘ﬁ
» X(3960): threshold enhancement ;};m SIg;fl'é; {*f :

a JP¢ = 0** preferred over 17~ and 2** by 9.3¢0 and 12.3¢ 50. ,,,,,,, ,,,, '"<DD”GV] |

LHCb + Data
-1 —— Total fit

— X(3960)
X0(4140)

B
<
mEEEE
©
3

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

| — (4260)
[ Y(4660) ]
‘ Non-resonant D; D; 1

Candidates / (20 MeV)
8 8
L3 UL

.__
o
T

= More data need to study the lineshape for X(3960)

(=]

4.0 4.2 4.4 4.6 4.8
m(Dg Dy ) [GeV]

Component J'% \I(. MeV) ['g (MeV F (%) S (o)
X (3960) 0" 3956 +£5+10 43+ 1348 204+ 7.74+£5.0 12.6 (14.6)
Xo(4140) 0" 4133+£6+£6 67177 16.7 £ 4.7 £ 3.9 3.8 (4.1)
(4260) 1 1230 [62) 55 [62] 3.6+ 0.4+ 3.2 3.2 (3.6)
(4660) -~ 1633 [32] 64 [32] 2.2+ 0.2+ 0.8 3.0 (3.2)
NR 0+ - - 46.1 £13.24+11.3 3.1 (3.4)
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Charmonia in an unquenched quark model

Thereotical predictions

Experiment results Gl Unquenc states
hed
m
n:(3945) "3 945+28+37 4064 4022
- -17-28
r n:(3S)
0+ 0 80 62
= 130+33+101
h.(4000) '_n‘;(moﬂmg 3956 3961
- —-14-22
. h.(2P)
1+ 0 87 66
= 130+33+101
my
Xc1(4010) _ 4012, 5+36+41 3953 3990
- +9-39-3.7
T Xcl(zp)
1+t 0 165 60
= 62.72627%%
h.(4300) " 4318 4307
¢ = 4307.3784+33 h,(3P)
1" I, = 58738*28 75 25
9/7/24

arXiv: 2312.10296

E e x
5000 - o o * . "
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