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Introduction
Xc1(3872) » ]/

Open-charm tetraquark T;5,(2900) in B = DDgm
X(3960)in BT - DJD;K*

Neutral Z,(4000)/T5,,(4000) in B® > J /K
Searches for exotics in

v BT > ATAZK™

v BT = K™nj/y

Pentaquark PJ}S (4338) in B~ — J/YAp
Summary

more details, see talks by:
Shuangli Yang and Zhihong Shen today afternoon,
Quan Zou yesterday afternoon
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Introduction

r fm
. . 1/2000 1/200 1/20 1/2
* Quarks and gluons not isolated in nature. [ ' ' S
— Formation of colorless bound states: “Hadrons” il 5 T A
b aS B P %, 39\§ k $ '°o
— 1-fm scale size of hadrons? ™ e ¢ % s AR
* Hadron spectroscopy provides opportunities T P
. . . 0‘ B
to study QCD 1n the non-perturbative region eru
— Extensive and precise spectroscopy combined with a e i 4_.5*;3;53;;i°
thorough theoretical analysis, will add substantially to 0 L L L
our knowledge of QCD i LT >
* Complex exotic hadrons can reveal new or
hidden aspects of the dynamics of strong
interactions
— Predicted in quark model Higgs mechanism QCD dynamics
— Recent results show strong evidence for their o @
existence ke 8* Mase = 1664102
= 1% of profon mass ~99% of proton mass
(,__ 10 MeV) ("' 928 MeV)
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Different types of hadrons to be explored

. Baryons are red-blue- Mesons are color-
‘ green triplets anticolor pairs

A=usd n=ud

Other possible combinations of quarks and gluons :
Pentaquark

S=+1 ‘

H di-Baryon Glueball

Tightly bound Color-singlet multi- ¢
Baryon ‘ 6 quark state gluon bound state
Tetraquark Molecule qé -gluon hybrid
Tightly bound loosely bound mesons
diquark & ikl
anti-diquark antimeson
“molecule”

Xiao-Rui LYU CLHCP2022, Nanjing



Heavy hadron Spectroscopy

an example: LHC as a Large Hadron Discovery Factory
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The LHCDb detector and physics

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022 Pseudorapidity coverage b

M4
T3 RIcH2 AT

™

‘.‘ \

Collision
point

Beamli=\. § Beam2

Excellent vertex and IP, decay time resolution: Hadron and Muon identification

* o(IP) =~ 20 pm for high-p tracks * €k~ 95% for e,k = 5% up to 100 GeV
* 0(1) = 45 fsfor BY - ] /1¢p and B - Dt decays * €y = 97% fore,,, = 1-3%

Very good momentum resolution: Data good for analyses

*6p/p = 0.5% — 1% for p € (0,200) GeV * >99%

* a(mp) = 24 MeV for two-body decays

Designed for CP violation and heavy flavor studies

Xiao-Rui LYU CLHCP2022, Nanjing [~



X(3872) before LHC

X(3872) 16(P) = 0707) PDG2012

XC 1 (3 8 7 2 ) B fa CtO ry e ra Seen by CHOI 03 in B — K™ n™ J/4(1S) decays as a narrow peak

in the invariant mass distribution of the 7 7~ J/1(1S) final state,
but not seen in the yx final state of these decays. Possibly absent

X 3872 IG(JP) _ ??(??) in the invariant mass spectrum of the final state 77 7~ J/4(15) in
PDG2004 et e collisions. Interpretationasal ™ ~ charmonium state not fa-

vored. Isovector hypothesis excluded by AUBERT 05B and CHOI 11.

OMITTED FROM SUMMARY TABLE A helicity amplitude analysis of the X (3872) — J/¢nTn~ decay
Seen by CHOI03in B— Kntn™ J/4(1S) decays as a narrow peak gives two possible JPC assignments: JPC _ 1+ + and2—+
in the invariant mass distribution of the 7+ 7~ J/4(1S) final state, (ABULENCIA 07E and CHOI 11). A study of the 3 invariant mass
but not seen in the yx; final state of these decays. Possibly absent distribution in J/4w decays slightly favors JP =2 (DEL-AMO-
in the invariant mass spectrum of the final state 7 7~ J/4(1S) in SANCHEZ 10B).
et e™ collisions. Interpretation as a 1~ ~ charmonium state not See our note on "Developments in Heavy Quarkonium Spec-
favored. troscopy” .
Quantum numbers are not established.
X(3872) MASS FROM J/¢ X MODE
: : -1
X(3872) MASS LHCb measured its mass using 2010 data_(34.7 pb™")
VALUE (MeV) EVTS DOCUMENT TECN  COMMENT
VALUE (MeV) EVTS DOCUMENT ID TECN _ COMMENT
3872.0+0.6+0.5 36 CHOI 03 BELL B — Krnta—J/¢ | 3871.95+ 0.48+0.12 0.6k AAlJ 12H LHCB pp — J/yprtn— X | |
3871.85+ 0.27+0.19 ~ 170 L1 CHOI 11 BELL B — Kntzn J/Y |
X(3872) WIDTH 3873 + 18 £13 27+8 2DEL-AMO-SA108 BABR B — wl/yK
. 3871.61+ 0.16+0.19 6k 23 AALTONEN 09AU CDF2 pp — J/pntn—X
VALUE(MeV)  CL% EVTS DOCUMENT. 1D TECN ~ COMMENT - I 3871.4 + 0.6 +0.1 93.4 AUBERT 08y BABR BT — K+ J/prtn—
<23 20 36 CHOI 03 BELL B — Kr'n™J/¢ 3868.7 + 1.5 +0.4 94  AUBERT  08v BABR B® — KQJ/yntn~
3871.8 + 3.1 £3.0 522 24ABAZOV  04F DO pp— J/pmta—X
X(3872) DECAY MODES o o ® We dn nat 11ce the fallawing data far averacec fite limite ot a a a
" . wews [Mass: close to the D*°D° threshold
ode Fraction (I';/T) 38713 X
R ete we Width: narrow
_ 3871.3 o
M, ata=J/p(1S) seen 38720 C pa r|ty: +
M Yxa 3836

Isospin: 0
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X(3872) during LHC Era

PDG2022

Xc1(3872)l IG(JPC) = 0+(1++)

also known as X(3872)
This state shows properties different from a conventional qq state.
A candidate for an exotic structure. See the review on non-q{ states.

Xc1(3872) MASS FROM J/X MODE

ass resolution: 0.06 MeV/c
VALUE (MeV) _EVTS DOCUMENT ID TECN  COMMENT

2

3871.65 + 0.06 OUR AVERAGE
3871.64 + 0.06 +£0.01 19.8k 1 AAl 20s LHCB Bt — |
Jjprt = KT
38719 + 0.7 +0.2 20 ABLIKIM 14 BES3 ete™ —
JprtaTy
3871.95 + 0.48 +0.12 0.6k AALJ 12H LHCB pp = J/ynta— X
3871.85 + 0.27 +£0.19 170 2 cHol 11 BELL B— Krtn—J/y
873 * 18 113 27 3DEL-AMOSA.108 BABR B — wJ/yK
3871.61 + 0.16 +0.19 6k 34 AALTONEN 09AU CDF2 pp — J/ymta—X
38714 + 0.6 +01 934 AUBERT 08y BABR Bt —
KtJppnta—
Xc1(3872) WIDTH 2
Width: 1,19 + 0.21 MeV/c
VALUE (MeV, CL% EVTS DOCUMENT ID TECN COMMENT
1.1940.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39+0.24+0.10 156k  L1AAl 20ADLHCB pp — J/pntn—X |
0.96+512 +0.21 42k 2AAl 20s LHCB Bt — J/pata— K+
e o o We do not use the following data for averages, fits, limits, etc. @ o o
<24 90 ABLIKIM 14 BES3 ete™ — J/pntnny
<12 90 CHOI 11 BELL B— Krta—J/y
<33 90 AUBERT 08y BABR Bt - Kt J/prtz—
<4.1 0 69 AUBERT 06 BABR B — Knta—J/i
<23 9 36  3CHOI 03 BELL B— Knta—J/p

1 Using x1(3872) produced in inclusive b-hadron decays. Breit-Wigner parametrization. I

2Using Breit-Wigner parametrization.  Partially overlapping dataset with that of I
AALJ 20AD.
3 Superseded by CHOI 11.

— Loosely D°D°%* bound state?
— Mixture of y.,(2P) and D°D%*?
Xiao-Rui LYU
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Mode
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7w J/P(1S)

w0 J/(1S)

wne(1S)
wJ/P(1S)
ol
DD 70
5 po
Y

D°D’
D*D~
X2
7%
7T0Xc0

m e (1S)
T Xel

pp

~ Radiative decays

yDt D~
—o0
~vD D°
vJ/P
YXel

YXc2
Y¥(2S)

Produced in b-hadron decays: B, Bs, Ay, ... and prompt production in
ete™ /pp/pp and heavy ion collision;

Fraction (T'; /T)
<2.8x10°°

(3.8+1.2)%
not seen

< 33%
(4.3+21)%
not seen
(49730)%
(37 +£9)%

< 11%

< 29%

< 19%

< 4%
(3.4£1.6)%
< 70%

< 14%

< 753 )

<24x107°

< 4%

< 6%

(8+4) x1073
<9x1073

< 3.2%

(4.5 £2.00%




LHCh  Observation of sizeable w contribution (3]
in X(3872) — T[+T[_]/¢ arXiv:2204.1259

% 1600[- LHCh 3 B* — K*X(3872) studied with RUN 1+2 data
= 1400 9T >
n O F IS I e
12001 o data | 2 E 350F LHCb
1) - =} E -1
= 1000 - — total fit E v, 300 o1
= 800 - ' @) : 250 E_ —o—data
2 oof X7 | sio s - 2 “F — total fit
< . K Jly 8 200 F 0
O 400F background A 505 —p
- 150
200 & . E @
0 o ooy 100 ... 0’-w interference
3800 3850 3900 3950 50F
mﬂ*ﬂ']/l/} [MCV] OE Grreeg "'T"'l"';' ............... pasazzzcst |
B - 400 500 600 700
— - :
Ixer (387200 fp _ (w 07r/ ) 099+ 0.04. m_._ [MeV]
Ixc1(3872)—wfp R, /o
9 400 g
Ju@s)smoapw _ [ B(4(25) /) P’ _ o045 +0001 2 OF
Gu(28)-n.J B(4(25) = nJ/p) pro 0 300
2 250
The isospin violating p° contribution, S 200f
. . . A 150E
quantified for the first time with proper E
. . . . 100 E
subtraction of the w contribution, is an N :
order of magnitude too large for p————"
: 400 500 600 700
X(3872) to be a pure charmonium state. m._. [MeV]
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Open flavor tetraquark

® The D.,(2317)" (DIn?) state was

3 n
. Dvs = V=
observed in 2003. L] <:%d \
B_ T T~z |F k.
. . - LS
® [t is argued to contain some tetraquark @ s T\u,)
ls
component in several theoretical descriptions /i// 7 )
whose I = 1 partners can exist in the DF ™ E—b’“*i&’—?\ i _.\‘g’
—\bs.ﬂ'nﬁ \'{. Y
final states. () Ly (d) > /D

® Cheng & Hou: It would be astonishing if a Fie 2 Diagams for @ 8 > DDG|®) B* — D™ Di,”
(B— DDyy), (¢c) B— n~ Dz, n~D,(d) BE— DDy.
doubly charged resonance is found.
[PLB 566, 193 (2003)]

2 :E — Ei g 3 = «,ﬂ*’!W"'W‘o"t“'!'*‘c‘."o‘f“'*.’f’;";‘f'ﬁ'w ::f
. . o 3 I NI A
DO claimed evidence for the . Y, Mkl
X(5568) in decaying to Bgmt,  *- A
interpreted as tetraquark state . s Ee
* But not seen in other experiments s L
e i ':::Z ; M(Eslgn‘) * 553@5

Xiao-Rui LYU CLHCP2022, Nanjing 10



LHCD
% )

« First simultaneous amplitude analysis of Bt > D D{n* & B® - D°Din

with RUN 1+2 9 fb-1 data

 D,m mass spectra well

described by adding J¥ = 0%

(>7.50)T5%,(2900)>9 0

M = 2.908 £ 0.011 4 0.020 GeV
['=0.136 £ 0.023 + 0.011 GeV

» Separate resonance fits:

> ng; m = 2892 4+ 14 + 15 MeV,
[=119426 + 12 MeV:;
» T2 m=2921+17 4+ 19 MeV,
=137 £ 324+ 14 MeV
Xiao-Rui LYU

m-)(GeV?)

+
S

M?(D

Candidates/0.014 GeV

T ..0(2900)° [c5tid]

Observation of a doubly charged tetraquark
T .50(2900)*" [csud] and its neutral partner

LHCDb-PAPER-2022-026
LHCDb-PAPER-2022-027

B 0°Din- B+ D~ Dirt
w4 T T g 12 ﬂ_'ﬁT .
L (a) D;(2460) New State’?: % (b) 2460)~ ., New State?]
10F 1 © : i ]
[ @B i e o i
I 1l r .
8 NP ¢ S8 S K 2 A PR SRR DO PN L N A AN - + I 8 | Rt ARRE e T Y T _
[ 12 I
- T N .
6 R 1 S 6F . N
I L LHCb Prehmmdry [ ¢ LHCb Preliminary 7
B 9 fb k> . 9 fb—l T
4 P BV e 5l Al N
4 6 3 10 4 6 8 10
2 - 2 2 2
M2(D 1) (GeV?) M3(D"r1*)(GeV?)
> T T T T
N b (a) 2wl HOY (b) 1 + Daa
= e
Preliminary 26l Preliminary _oa "
ol £ D; (2460) D;
| I* D; (2600) D;*
sl S4r * D; (2750) D;*
1 Lw R §f (2760) D
0+ 3 20§ ;,_j* — i 'a{' D(3000) D
i ”w\km el ,,H b | D*(2010)- D}
0 32 34 VESE2, 2n 26 28 32 34 EEE T%(2900) D
M(D; 7~) GeV M(D 7 *)GeV —— DxS-wave D}t

CLHCP2022, Nanjing
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({68 T%,(2900) and X, 1(2900)

LHCb-PAPER-2022-026 ; LHCb-PAPER-2022-027 PRD 102, 112003 (2020 B* > D*D K*
T Niang Faaciaat i s aas S R R R e e A R w(3770) - D* D"
80l ;‘I;Ib(f? (®) { j jg LHCb T X (3980) - i

3o %,(3930) > D* D
§ ———— y(4040) - D* D
1 — — - y(4160) > D' D
] y(4415) - D* D
X,(2900) - DK*
X,(2900) — D'K*

Preliminary

Candidates/0.014 GeV
5 3
| RARRS LARLS LALLS LALLS LALE) LALM) LA |

Candidates/0.014 GeV

Candidates / (17.3 MeV/c?)

22 24 26 28 30 32 34 O e 13 E
M(Dg ™) GeV M(D b g )GCV 0

(DK [GeV/e] N Nonresonant
(2900)°[csud] (2900)**[c5ud)] " o _
es0 cs0 X,(2900), X1(2900)[csud]
Mass (GeV) Width (GeV) J?
T%,(2900)° & T%,(2900)*" 2908+ 0.011 + 0.020 0.136 + 0.023 + 0.020 ot
X(2900)/T .5,(2900) 2.866 + 0.007 +£0.002 0.057 + 0.012 + 0.004 o+
X1(2900)/T.s1(2900) 2.904 + 0.005 + 0.001 0.110 + 0.011 + 0.004 1-

« T%,(2900) v.s. X((2900)

v Similar mass, but width and flavor contents are different.

V' Tgs1(2900)? * no isospin relation: [cSud] v.s. [csud]

v T£,(2900)** - DTK*? « U-spin relation: [csud] v.s. [cdus]

v T%,(2900)* - Din®, Dintn=? |* T¢50(2900) mass and width larger
than T .4¢(2900)

Xiao-Rui LYU CLHCP2022, Nanjing 19



LHCD

Studyon B™ - DD K™

. ) ) arXiv:2211.05034
* Relative measurement of branching fractions : arXiv:2210.15153

B(B* - DI D;K™)
B(B+ —» D*D-K+)

= 0.525 4+ 0.033 + 0.027 4+ 0.034
—~ B* > DID;K*

£ 7
SowfE T 3o T T 3 o LHCb 6
£ E 700 3
§ 80F 3 S g Ig-zfgb(ib A I Data ] 9 9 f!
= - 3 < 600 3 — Fit E =~ - 5
8 602_ _z §500: ------ B*—D*DK _E M = )
g S0E i = ‘,'8 400 0 f 1 Background 3 IQv: C h- H y .
T 40f o EREY E - i_.'-__ ' - 3
S wp ': : ERE : : u
20F P E 5 : . " '=_- 2
10 7 100§ .__)_.."_' ________ L E C :- |
OE—— R L S 3 [ P L N L | RS n T t N
5200 5250 5300 5350 5250 5300 . 5350 - a .
m(DiD;K") [MeV] m(D*DK*) [MeV] oF 1 | | .
16 18 20 22

R , m(D{D;)* [GeV?]
* DJ Dg near-threshold enhancement is seen

B* - D*D™K*
LHCb
(b)]

* Similar to the Y0 2(3930) observed in
B* - D*D™K™*?

PRL125, 242001 (2020)

Resonance Mass (GeV/c?) Width (MeV)

Xc0(3930) 3.9238 £+ 0.0015 £ 0.0004 174 £5.1+£0.8
X2(3930) 3.9268 + 0.0024 + 0.0008 342+ 6.6 1.1 14

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

16

-7+ 2
Xiao-Rui LYU CLHCP2022, Nanjing mADKY) [GeVet] 4



* Near threshold structure X(3960): 120, J* = 0%

[ J
~50 T L % 30F
_ 1 530
% [ +  Data g
s ok Total fit . 25
=40} —— X(3960) 8¢
s Xo(4140) 1 Soof
S b —— (4260) 1 3%
3 = (4660) 1 >ist
Y Nonresonant D;D; -
20 1 :
: 10
10F 5t
ok

4.6 4.8
m(DD;) [GeV]

X(4140) accounts for the dip around 4.14 GeV

L{ICII\?] New [ccssS] state in DI Dy

arXiv:2211.05034
arXiv:2210.15153

1
—_
[e]

] < r ol
E 3 30F LHCb
] = C 9 fb-!
E 825;—

1 =20F

1 © ¢t

] =

—
W
T

m(D;} K*) [GeV]

] . ,__ ! > [
2

4 2.6 2.8 3.0 32 34 O

4 2.6

Components ~ JF¢ Mass (MeV)

Width (MeV)  Fit fraction (%)

Significance (o)

30 32 34
m(D;K*) [GeV]

[ X (3960) 0FF 3956 +5+10 43+13+8 254+ 7.7+5.0 12.6 (14.6) 1 | 4:

b e e S T R A | dip at 4.14
X0(4140) 0t  4133+6+6 67+17+7  16.7+4.7+3.9 3.8 (4.1) +— d,p ,at S
1 (4260) 17~ 4230 (fixed) 55 (fixed) 3.6+04+3.2 3.2 (3.6) via interference
1 (4660) 17~ 4633 (fixed) 64 (fixed) 2.2+0.2+0.8 3.0 (3.2)

NR S-wave — — 46.1+13.2+11.3 3.1 (3.4)
BX 2 DD)  0294009+010+008 Resonance Mass (GeV/c?) Width (MeV)

B(X — DZ D;)

Xc0(3930) 3.9238 + 0.0015 =+ 0.0004

174 +£5.1+£0.8

If X(3960) and y.0(3930) the same particle, the ratio (<1) indicates intrinsic
[sS] components. Hence, they could be exotic [cCsS] tetraquark state.

Xiao-Rui LYU CLHCP2022, Nanjing
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Z.cs |ccus] states

BESIII, PRL 126, 102001 (2021)
* Charged Zcs states are observed at BESIII and o

35F (s =4.681 GeV
LHCb: Z.5(3985), Z.5(4000), Z5(4220) Ss0f oy 33
e It is natural to search for the neutral isospin §§g l 4

l

|L+..IL.

artners 31
P LHCb, PRL127, 082001 (2021) ‘05)1(5) ﬁ' |
o T -~ T 1 T T " 1T T T T T T 9 >
Em? LHCb HE: S
o 600; 9fb—l - 0
< soof 4 405 41 415
8 4o0f RM(K*) (GeV/c?)
S a0 ete™ - KQ(DyD** + D:~DY)
© 200¢ ~ BESIII, PRL 129, 112003 (2022)
100§ 40F o) §=4628Gev 40F ) (§=4.641Gev
0 30F ‘} 30F
20f 20¢
10F t T 10F
All Z,,(17) 25+ 5+11 N X A 5
Z,5(4000) 15 (16) 4003 +6*,4 131+15+26 94121434 z 40; © F=4661Gev | 100
725 (4220) 5.9 (8.4) 4216 £ 24758 233 +527%0  10+4°0 s 0 '} S .
< 20F , 501 il
5 105-‘/“”&%’%\ e
: i= = Tz 200:— -’.‘"‘:x;t;' "
Mass (MeV/c®) Width (MeV) ;‘g O I U
Z:(3985)" 39922+ 1.7+1.6 7.7 35 +4.3 ol f f }o[oof
Z.4(3985)" 3985.2+21 + 1.7 13.8751 +4.9 of THFHTTHY |l 4
00 205 4T a15 42 955 4 405 4141542

RM(Kg)(GeV/cZ)

Xiao-Rui LYU CLHCP2022, Nanjing 185



Candidates / (10 M
N
=)
S

Candidates / (1
W P W
S

—_ N
o O O
T

S

S

(6% 75,1(4000) in B® - J /K

B+ - J/ppK*

+ Data

= Total fit

E- All K'+X

~ . T},,(4220)

F N
§ 1351(4000)

F -+ Background

LHCb
9 fb!

46

48 3.6

I LHEb
nooofl'

N\ R
,\\\\\\\\\ .

SOUMANANR

LHCb—PAPER—2022-040
preliminary results

simultaneous fits to

> J/PpKs and B* -
J/WPK™, assuming isospin
symmetry for all the intermediate
states, except for the charged and

neutral T£s1 (4000) states.

2 44 3.8 4 4.2
My [GeV] My [GeV] Mk [GeV]
- Consistent with being isospin partners: Am = —12.1713:3%$9 MeV/c?

* Significance is. 4.00 without isospin symmetry for T£s1(4000)» while 5.40

with 1sospin symmetry constrains

prel.

Xiao-Rui LYU

T951(4000)° > J /YK
Zg TS5, (4000)* - J/pK*

1t  3991.3%117+85  104.8%223%171 7.9 + 2.5739
1* 4003 + 611, 131+ 15+ 26 94+214+34

CLHCP2022, Nanjing
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Search for exotics in B~ - AT A7 K~

« AYA; and A7 K~ systems are good places to search for exotics arXiv:2211.00812
 Near threshold enhancment of Y(4630) — At A7 is observed at Belle.
However, the Breit-Wigner line shape 1s not supported by BESIII

-------------------- Belle: PRL101, 172001 (2008)
LHGb 5,023 BESIII: PRL120,132001(2018)

S Th

2o H I i A :HH T symmey 14,5 2022) @Y
i U\ RN

% %EE HHﬂJHi“ H hH hH wamh HN#H; Eg 20-th I! } H \HHHH I i _ o | | L

o B T iR REL B || HH@| REaW ! I M

R T T T R % 7% - | HWHHHHH S H IM Hm |H MH H

M(A.K) [MeV] M(A.A7) [MeV] S ZENLWI’J‘“ } H “ ’“HHW 3 ‘E WH”J:H}IH M J MHP

No obvious structures are seen in CEw e a

AZ_ZZ and A7 K~ systems vetoing 2.90 GeV < M(AfK™) < 2.97 GeV
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Charmonium(-like) states
in B+ - K+n]/llj JHEP 22, 046 (2022)

 With RUN 1+2 LHCb data, evidence is found for R L 3
¥,(3823) - n/ /i and P (4040) - nJ /Y S
* Searches for the known XYZ states and provides UL
on BFin Bt - K*X

LHCD

—— observed
expected
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B expected £30 =

x [90%CL UL]

B
o

narrow wi
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3 1005— B B+ 25K+ = :/120_ + + ] P(3770) 232 4.6
© 80F e Bt (I KT T ok 3(3842) 2.9 6.1
405 { 3.40 ewdence 60:—4&* + 1(4415) 4.6 9.6
200, N4 4oL . 4, cewde e
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ﬁ’ﬁ% Pentaquark states at LHCb

* Observation of [ccuud] pentaquarks: P} (4312)*, P)(4440)*, P} (4457)*
—0 —*0
in A — J/ypK~ decays; near thresholds of FD , 27D , J? not determined

6102)1L002ee ‘c2l1dd

(S1L02)100220 ‘SI114d

X 5 - -+ ~ —— = S
4800 4250 4300 4350 4400 4450 4500 4550 4600
my,, [GeV] My MeV]

« Evidence for [ccuds] pentaquark

candidate with strangeness:
P{s(4459)° in Ep - J/PAK™ decays, near

» Evidence of [ccuud] pentaquark:
qu;](4337)+ in B - ]J/ypp decays

—0 —0 ~0o3 0
Y+D $:+D -  threshold of Z;D

S\ i I - I I > I I I I I m N I | 1 CD
® © 60 1 M > - O
O [ O — Y 15 HCb —e— data -1 -
= = N = "t L 310 &>~ 1 @
o o 40 - N I T ;!: “'!::0;;* Ps 1 C
% | 3 | o S 10k m >2.2GeV Soanhhe ) =

et r - AK B
5 g 20} N S P.(4459)° |
T | T 1 S &~ .
§ b= : 8 o =4 = stt 1 ™
O 41 42 43 | 44 © 41 42 43 44 5 <
m(J/y p) [GeV](1 P) m(J/y p)[GeV] O o R o s o
t { = )
Xco p \R)j 0 : TT s | THTF %
' 24 445 45 =

. . . 0 [GeV]

Xiao-Rui LYU CLHCP2022, Nanjing 10



LI‘ICI\Q Observation of the hidden-charm strange
pentaquark [ccuds]
* narrow structure in / /YA in B~ — J/PAp, with 9 fb-! LHCD data

amplitude analysis 1s performed

. W T
P$S (4338)°% — J /A observed with significance larger than 100 e V;‘}Cs

) 7 ( d
JEr = % preferred and close to £ D~ threshold u—\ F
U
u

> 0.8 MeVabove E7D7; My =4338.2+0.7 + 0.4 MeV
> 2.9 MeV above E2D°

b‘Vcb . C

Tp, =7.0+12+13MeV

>180F LHCb =~ ~Dua 7 >1a0F LHce + E
F -1 — Nominal fit ] N X .
Siwbon S | 20w Hh
140 + NRUpp) 4 QT F :
] 3100:; + + =
S 80f | + N
Bt

g 60F + ﬁ + g
O 403_ H +* f -
F ArD ]
20} ¢ ]

I N e Ty T T

m(J/y A) [GeV] m(J/yp) [GeV] DA '

AJ/yp) [GeV?
no evidence for P$S(4255)0 and Pj (4152)* m(JIyp) [GeV]
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Summary

» 3 tetraquark states and 1 pentaquark state observed at LHCDb in 2022

« T%,(2900)%++ [c5ud]in B - DDg

 first doubly charged tetraquark candidate
* X(3960) [ccsS]inBT » DfD;K™

Tps1(4000)° [ccd5] in B® > ] /K

 isospin partner of Z.;(4000)
* Observation of new pentaquark state P$S (4338) [ccuds]

 first open-strange pentaquark candidate

« Observation of y.,(3872) » w// Y in x.1(3872) > n*n~ ]/ ¢

* More data in Run 3 are desired for further improvement on
understanding their natures

LHC ERA HL-LHC ERA

= -
3fb! +6fb? 23fb? 50 fb! 300 fb?
Run1 Run 2 Run 3 Run 4 Run5...
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Thank you!

I |
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Exotic hadron naming convention

LHCb-PUB-2022-013, arXiv:2206.15233

Minimal quark

Current name

1@ JP©)

Proposed name

content
cc Xc1(3872) I¢ = 0%, JPC¢ = 1++ Xe1(3872)
ceud Z.(3900)* I¢ =1*, JF =1+ T5,(3900)*
ceud X (4100)* I¢ =1- T, (4100)*
ceud Z.(4430)* I¢ =1%, JF =1+ Th,(4430)"
cc(ss) Xc1(4140) I¢ = 0%, JFPC¢ = 1++ Xc1(4140)
ceus Z.+(4000)* I=1%,J=1" T9,,(4000)*
ceus Z.5(4220)*F I=1% J7=1 Tops1(4220)*
cece X (6900) I¢ = 0t, JPC =77+ Ty, (6900)
csud X(2900) JP =0* T..0(2900)°
csud X1(2900) JP =1- T.s1(2900)°
ccud T..(3875)*" T..(3875)*
bbud Z,(10610) I¢ =1+, JF =1+ T2, (10610)*
ceuud P.(4312)* I=1 P} (4312)*
ceuds P.,(4459)° I=0 P (4459)°

o P for pentaquarks, T for tetraguarks

a P states: i.e. P)) (4312)", P} (4459)°
Superscript: denotes isospin: A,N,X,A for 1=0,1/2,1,3/2

Subscript: Y 3,¢ for hidden beauty, charm, strangeness; b.c,s for

open flavor quantum numbers
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