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4 Introduction

4+ Selected experimental results of exotic hadrons in heavy
guark sector

+Summary
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Exotics and heavy quark sector

AN SU:5 MODEL FCR STRONG INIERACTION SYMMBETRY AND ITS BREAKING
*

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN
California Institute of Technology, Pasadena, California G fweig #)
CERN ~ Geneva

Received 4 January 1964
anti-triplet as anti-quarks q. Baryons can now be
constr ed from quarks by using the combinations In general, we would expect that baryons are built nmot only from the product
(qqq) etc., while mesons are made out of three aces, AAA, but also f‘rorl AAAAR, m,] etc,, where A
of (qq » \4a4dy, etc.‘It iS‘ assuming that the lowest denotes an anti-ace., Similarly, mesons could be formed from IA, AAAL
etc. For the low mass mesons and baryons we will assumé the simplest

possibilities, KA and ALK, that is, "deuces and treys",
Hidden-charm sector is ideal for exotic searches
e Theoretical models well-established for conventional

e Experimentally easy to measure
o Narrow and non-overlapping
o Agreement below DD threshold

= Exotics easier to identify respect to light and heavy-light sector



Main contributors worldwide

« ete collider

« Fixed-target experiments
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http://www.slac.stanford.edu/BFROOT/BABAR.html
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An example: Spectroscopy at LHC
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New Hadrons Discovered at BESI I

26 New Hadrons Discovered at BESIII

http://lenglish.ihep.cas.cn/bes/re/pu/NewParticles/
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N3R5 097 ?

Compact tetra/pentaquark Hadronic molecules
PRL 105 (2010) 232001,
PRL 115 (2015) 122001
ur°) Diquark-antidiquark Zr?dDotl&?s(zmg) 011502 (R) + qqg h)’brld,
v_ PRD 71, 014028 (2005)
QD) s s62424 (2008) glueball or

Color Forces mixture

o Hadrocharmonium/
adjoint charmonium
@ e PLB 666 344 (2008)

PLB 671 82 (2009)

o s) . Stat uld also be mimic b
+ b&] ;;i}ﬁ N ﬁ% *’f‘ ‘k‘ * s *EI ‘E"ﬁ; il -ﬁ.’%k R:s:t(t::ringaesfcf)ecis -
% *}i ‘}% PRD 92 (2015) 071502
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One of the first exotic candidates: X(3872)

4+ X(3872) nature is still uncertain, although many Mode Fraction (T /T)
studies are performed since 2003 '
X(3872) ¢ =1
4 Mass =3871.69 + 0.17 MeV
by Belle in 2003 in 4+ Width < 1.2 MeV @90% CL
B*—K*m*nJ/y decays OE = (mp.0+mpo) — Mx(3g72) = 0.01 £ 0.20 MeV
4+ Production

4+ Ine*e™ collision, see strong connection of

Y (4260) resonance decays
[BESIII, PRL 112. 092001 (2014); 122, 202001 (2019)]

4+ In b-hadron decays: B, Bs, Ay, ...
4+ Prompt production in pp/pp and heavy ion
collision
4+ Whatis it? + Radiative decays
Y52 as4 38  3ss 39 392 4+ Loosely D°D% bound state?
H e 4+ Mixture of y.4(2P) and D°D%*?
= JFe=1"" by LHCb 4+ Important to fully explore its production and
PRL. 110 (2013) 222001 decay properties

Sx 0

o0
)
=

A

Events / (8,005 GeV)
=]

N
(=)

[
o

PRL 91, 262001 (2003)
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Nature of y,(3872) state

Many experiments contribute to it: . _
Its nature is still under debate!

— conventional x,(23P,), DD* molecular state,
tetraquark, hybrid, vector glueball, or mixed?

e Spin assignment; JPC = 1++101
e Mass is consistent with m(D?) + m(D*)

e Width is surprisingly narrow

T T T
T ¥ |
LHCb [JHEP 08 (2020) 123] o T
LHCb [PRD 102 (2020) 092005] ot LI .
M aTipa I LHCb [PRD 102 (2020) 092005] -
PDG 2018 [PRD 98 (2018) 030001] @
CDF [PRL 103 (2009) 152001] i Belle [PRD 84 (2011) 052004] |———
Belle [PRD 84 (2011) 052004] et
LHCb [EPJC 72 (2012) 1972] e BESIII [PRL 112 (2014) 092001 ] |~a———
BESIII [PRL 112 (2014) 092001] —i.
BaBar [PRD 77 (2008) 111101] booe BaBar [PRD 77 (2008) 111101]
BaBar [PRD 77 (2008) 111101] p—e—
BaBar [PRD 82 (2010) 011101] : BaBar [PRD 73 (2006) 011101]
DO [PRL 93 (2004) 162002]
L L N i L . L | . L L ! | 1 1
3868 3870 3872 3874 0 1 2 3 4 5
2
My, (3872) [MeV/c?] Txer(3872) MeV]

[1] PRL. 110 (2013) 222001, PRD 92 (2015) 011102(R)
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X(3872) production (1)

+ Radiative production in ete~—y X(3872)

12

BESIII, PRL122, 202001 (2019)

Events / 5 MeV/c?

(b) 4.00<E_

Events / 5 MeVic?

1 4.15 .<-E .<ﬂ4.30 GeV
cMm
w 9.0fb1 ]
“ X(3872) 160

<4.15,430<E_ < 4.60 GeV
M cM ‘ i

4

2

1:

0 - |

375 3.80 385 3.90 3.95 4.00

M diy) [Gevic?]

«  From two-photon process:
evidence of yy* - X(3872) » ntn~J /¢

8

@ (GeV/c?)

ETT BELLE, PRL 126, 12200 (2021)

\X\\\\\\\\\\\\\\\\\\\\\\_X R \\\\\\\\\\\\\\\\\\\
25 \)\}\\ﬁ\,‘ \\%\\\.\ SN MESLLLARLAREL VLR R, CINENINRNSNRNRNRNY

_—
N
NN
NN

//‘/7/

X(3872)

3
T sy

T A7

I PN S
7 38 39 ] a1 22 13 24
M(Jhyma) (GeVic?)

7hrT) = 5510, (stat.) £ 0.7 (syst.) eV

—3.¢

» Evidence in heavy ion collision: P,P, collision at VSyn = 5.02 TeV per nucleon pair

1.7 nb”! (PbPb 5.02 TeV)

1.7 nb” (PbPb 5.02 TeV) 1.8¢
< 400f- CMS 15.<p, <50 GoVie s r CMS
;3595_ fnolusive ) Camwo-‘s;ez = 185 Prompt
asop ‘ Hﬂu.. E E s a4 ® PbPb (5.02 TeV)
2 300F | } + 4_#‘ B = |8 140 Iyl < 1.8, 0-90%
S L P35 b
S T TR 1,08 40.49 10752
& sof- , Mas‘) 1* § 32 1:_
“E ;g_b-armedffxy>ﬂfmm) -da‘ﬂm 43 Z“ 0.8 W pp (7 TeV)
3F o 2 3
2 s ‘ I:;lx:lugmund_1 2 0.6F Iyl 1.2 (CMS)
° aof | EN & [ = pp (8 TeV)
E 20k u‘ | { iF &Q 0.4 Iyl <0.75 (ATLAS)
£ 204 QﬁLu, Lﬁ) oo e :
: T L 02 I
TR A Y R Y TRy Y A T T I
My (GEVIC?) %20 "m0 éow 50 60 70
P, (GeVic)

CMS, PRL128, 032001 (2022)

An indication of large R in P, P,
collisions with respect to the pp
collisions.



X(3872) production (2)
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2y

Candidates/ (2 MeV/ ¢

Observation of prompt X(3872) relative to 1 (25) in pp collisions

LHCD, PRL126, 092001 (2021) < 03— i e SL GUCC
oL o THEE — | 30915 13T g 10 _\._\/\ AT
E :&; - +Prompl +bdecays E 02k basous gmmpl E 1 —.—*3’—_._\ pmrrsq:[ :J_‘(hﬂ}) E
:% Comover Interaction Model, Esposito et al. E [ % 10 %%_._:‘U{‘:dj
% ? 01 ], Molecule Compact zm(é‘:ﬂféﬂii r ‘ g ; | Lic s R
% g o 3 E o -_ﬁﬁb“sﬁ i" 10 £ NLONRQCD
o= F 3 [ 5 100
SR F qﬁi— i E b . . ‘
. oo4f- - 0 - r I | © 10
%}_ 5: 00 :_ ‘*‘++ __ 3 10 s P, [Gc\ipd ’ b b pT[G:/?c]
[+] E
of . - ;., *  From By decays:
suppressed relative to prompt y(2S
PRTes: > 10 prompt y(2S) CMS. PRL125, 152001 (2020)
production as multiplicity increases. s e s R
3 005 | pm % 140F @ Daa
From A,° decays: A,° — pK" X(3872) > 1 :%M_ : Eu_:f:m_ ¢
é 140 —-:X:]E;’ZJ‘:::(gl é 1007——;;_337;:::19]
LHCb, JHEP 09, 028 B e R S I -
H( 380 < myy o+ < 3,05 GeV/ 2 I E 3 ! 61 < I (I;:c:;‘-\' 2 8 zg X(3872 g ® AL
120 o CLHCh T % e LHCh 4 > 6.0c :g
100 20 . LN
80 ) L 380 Y T R T T BT 104
601 h& S -,» X(3872) iy 154 6=
T E 0
4o ﬁ ++’.H { i 7 °° BriB/oX(3872M) _ ) 457 + 0,063 + 0.037 £0.070 (Br)
N i 4t ~+++4+ o M m_} T ;40 TJf i Br(B* —X(3872)k")

(

558

(
56 50 se 56 38
U ——— e Y

half of pK- from A(1520)

3 .‘{5

1 9

ELINTIE

395
[Gev/e?]

about two times smaller than the ratio for ¥(25)

Also observe B, — X(3872) K*K-at LHCb
(in later slides)




More X(3872) decay information

» Observation of X(3872) >n%x,, « Transition of X(3872) — yJ/y, yw(2S)
A — : BESIII, PRL 124, 242001 (2020)
NS% gi—{a) 415 <E_, <4.30 GeV ol #"‘ Jhymode ’Y \|I(ZS) ::
BESH ¢ P
° 7 2 R R SRR
2 o e e’
215 1 . Miyy’) (Gs\?}z") ’ 8 h:(:iJ.'w) (Gi?nce) aee !
o ,_Jl L
S L 00 <E_ <4.15,430<E, <4.60 Ge BF(X(3872)—)]/\|](ZS))
s r (b) 4.00 ECM 4.15,4.30 EcM 4.60 GeV = 0,
I | R BE(xG872-7I/) 0.59 at 90% C.L. , agrees
un - -
3 BESII. PRL122, 202001 (2019) with Belle(<2.1), while challenges Babar(3.4+1.1)
g and LHCDb results (2.46+ 0.70)
b ¢
- 10 (L
M 0
975580 585 a‘eo 58 400 c\'z' ;10
M(n"xc_]) [GeV/c?] ‘%— 5 '§
= v i 5 il B TRESLT T
*  Observation of X(3872) — wJhy % 0 Ba b
BESIII, PRL 122, 232002 (2019) 5° y
wiof i
2
+  Observation of X(3872) >D°D*° o iy
BESIII, PRL 124, 242001 (2020) O%="""39 395 : ,
M(D D) (GeV/c?) il i

W % 4 a5

14 Moly) (GeVic)



o contribution in y,(3872) — J/ynn

Studying decay processes can help understand its nature:

e Measure the isospin violating x.,(3872) — J/yp

—

' 04f

N ATLAS
s 0.35f Vs=8TeV, 11.41b"
%
T 03 —+— Data
§ 025 Bl x572) - 9y’ 7m)
8 0.2 7/, X(3872) > Jlyxx MC (phase space)
X 0.15
3 p
g 0.1 -
Z 2%,
g 005 7
O oMauzzziagdeen7777

0.3 0.4 0.5 0.6

o
o

0.7
M, [GeV]

Previously only x.,(3872) — J/yp
dominates the phase space

;
=
B
3
2
~
<
3
=

Ratio of isospin violating to isospin conserving couplings is
much larger than expected for a charmonium

G4p(28) =m0 T/
9(28)—nJfp

Gxc1(3872)—p0 J /1)

= 0.29 £ 0.04.
Gxc1(3872)—>w/p

15

Latest LHCb analysis: w contribution of 2%,
enhanced by w-p interference (~19%)

—~ 400 —————————————————r—
% 350 LHCb
3 -1
= F 9 fb
v, 300
= 2505_ —e—data
§ 200§ — total fit
] E —F
150 F- o
100 é_ ----- p’-w interference
50
()5 Pl RSP I S
400 500 600 700
m_.. [MeV]
= X.1(3872) cannot be a
pure charmonium state

= 0.045 £ 0.001



Exotics : Hidden-charm pentaquark

PN(4457)+ 221 0.10346

IP§(4440)+ -P;}s(4338)°
PN(4312)*



https://arxiv.org/abs/2210.10346

Pentaquarks in A} — J/ypK~ decays

+ Pentaquarks [ccuud] were first
observed in 2015 by LHCb in A9 -

J/¥pK™ decays s
W £,

{b»—dc

Ay §

u—-»\_
d— »—d

+ New pentaquark and fine structure
were discovered in 2019 with x10 signals

4+ Three narrow pentaquarks just below
2 D™O thresholds, favors molecular picture

K

}qu ]/
P

State M [MeV | I [MeV ] (95% CL)
P.(4312)F [ 43119407758 | 9.8+27 37 (< 27)
P.(4440)F | 44403 + 13751 | 206 £4.97 57 (< 49)
P.(4457)% | 445734 0.6 )% | 6.44+2.07 37 (< 20)

4+ A lot of open questions:
4+ JP, more decay modes,...?
*1%U(3) partners, hidden-bottom pentaquarks?

PRL115, 072001(2015)

Events/(15 MeV)

LHCb

- iy
(=] N
o o
(=] [=]

Weighted candidates/(2 MeV)
-]
[=]
(=]

= ~ s
4200 4250 4300 4350 4400 4450

— data :
— total fit |
— background

6.2c
(2vs 1)

P (4440)°

8.20 |
P(4312)"

PRL122, 222001(2019)

3500 4550 4600
Myp [MeV]

LHCh

RUN 1

RUN 1+2



Pc confirmations in b decays at ATLAS and DO

« ATLAS studied ~1K A) - J/ ¥pK~ using RUN1 data

+ Pc states are needed to describe data: two Pe’s fit (left) and four Pe¢’s fit (right) ATLAS-CONF-2019-048

Fitted Pc parameters o Pc parameters flxed to LI{CQ L‘v results
. . , 2 CATLAS Preliminary - 3 Larlas Prei O ana
consistent with LHCb'’s § 300/ 15=7,8TeV; 49,206 1o = Combmatora 8| §> 300/ 15=7, s're\r/e‘ltn;n;gje o [ Combmatorial 86|
= . = e —— 2 559 <MUWpK) <585 GeV move | 5 [ 550<MUiypK) <565 GeV — ol
T £ o0 | R o0 | Chan
N(P.) 400 {j4 tat) *110(syst) w r Agaww-uen. ! w r ADdyAt s refl. ]
N(P.) 150179 stat) * 39 syst) - 200 i}:ﬁ::i,e,,_ . 200 ik%:::ﬁmn ]
N(Pa+Pa) | 54073 (stat) 70 (syst) - F NP ] F Rk
A 2.8 ’,x tat) * )3 (syst) rad 150; T ? 150; —A‘Eﬁiiﬁ
m(Py) | 4282'33(stat) % (syst) MeV | 43804829 MeV 100: ] 100"
I(P.) 14077 (stat)*3} (syst) MeV 205+ 18+ 86 MeV C E
m(Pa) | 44492 (stat)* 1} (syst) MeV | 4449.8+1.7+2.5 MeV 501 . 50
I(P2) 51735 (stat) 33 (syst) MeV 394£5419 MeV F o o ] [ \
. - O e 44 46 48 35 52 0 =202 44 46 48 5.2
M(J/y. h=p) [GeV] M(JAy, h=p) [GeV]
» DO studied J/ ¥p in b-decays with displaced vertex DO, arXiv:1910.11767
* A sum of Pc(4440) and Pc(4457) confirmed in b decays major contributions from b SL decays
>150 .
m 5000 DO Run Il, 1o4rb‘ 2 DO Run II, 10.4 &' + + +
9 4000 3.26 gmo 230 «  Pc(4312) is not evident
o) 8 . i
£ 3000 £ No P states seen in prompt
L%zooo 3 production
| Dat -
~ | ;F:a 50 f Data ]
1000 Background ) H 0 o =
requiring A, = J/ YpK

243 42 45 46 892 43 44 45 46

M(JApp) [GeV] M(JApp) [GeV]
18



Pentaquark photoproduction at GlueX

* Photoproduction: yp — P, — J/yp studied with
GlueX data in 2016 and 2017
 Combined data from SLAC and Cornell

2
= 10k
(o} =
g
_, =
1 IFSR ST SRS A 5 SN 55 N HO S S A A
o i
= H
5 |
o
— -1 —=— SLAC
* | —A— Cornell
i o [ELCEEE JPAC P}(4312) 3/2' BR=2.9% |
5 ; : JPAC P(4440) 3/2" BR=1.6%
1(:)_1 . ,'i‘ri‘i'f":‘i",'i‘:",1::":',‘ri‘i':g':‘:"‘,'i‘: ---------------- JPAC P:(4457) 3/2' BR=2.7% |
I | I H H H : . H H H 1

8 9 10 E,Gev 20

The results do not exclude the molecular model,
but are an order of magnitude lower than the
predictions in the hadrocharmonium scenario.

19

PRL123, 072001 (2019)

1oof-Number of J/ 1 = 469 + 22
Fmean = 3.096 + 0.00] GeV

80§D = 0.013 = 0.001 GeV
1 - G EX
F N |
| .

15 2 25 3 35
M(e'e), GeV

Model-dependent upper limits at the
90% C.L. are et for cross section times
branching fraction for the Pc states:

4.6 nb for P (4312)
1.8 nb for P(4440)
3.9 nb for P(4457)



Search for Pc in A) - n.pK~ {ish

4+ Same quark contents as A) — J/PpK~
4+ If P.(4312)" is Z.D molecule,

+y _ B(P(4312)>n.p)
R(P,(4312)7) = B(P(4312)* ] /{p)

[PRD 100, 034020 (2019); 100, 074007 (2019); 102, 036012 (2020)]

~3 Is predicted

4+ LHCb run2 data (5.5 fb!): 5, reconstructed using n. — pp
4 Study background-subtracted n.p mass spectrum

No significant P.(4312)* contribution (~20)

R(P.(4312)%) < 0.24 @ 95% C.L.

20

25

ghted candidates / (30 MeV/c?)
S W

dn

-1

Weli
(e]

P

35¢
30F

20f
15F
10}

—
P(4312)"

(4440)*

T T T T
P45 LHCb -
—Data E
—~—Simulation

Candidates / ( 8 MeV/c?)

1
4500

ISOOOI 7
m(1_p) [MeV/c?]

PRD102, 112012 (2020)

? Frrrr T L
RS r LHCb —=— Data (@ 1
% r — Total fit

r [t Ay = npK
E 200 T T A > IypK |
= Ag e Ay > pPlpK ]
wn === [¢Z] not from A;‘ 4
4:-3 r --=-- Random comb. 1
.'9 100~ -=- Swapped protons  —|
S L
=]
<
@) i

F T St

smmmnoaol S o i

9500 5550 5600 5650 5700

5750

m(pppK ) [MeV/c?]

~170 AY - n.pK~ signals
Loy T A w |

m(pp) [MeV/c?]



Pc state in B — J/ypp IS

. ) PRL 128, 062001 (2022)
4+ RUN 1+2 data, untagged B decay, with CP conservation, ~800

Slgna|S ?: 3()()_' 3 Data H ) -

) o s F— ";(I)lal fit ~ LHCb 1

4+ 4D amplitude analysis implemented 8 | B e 9 fb
. . L 200F e Backgroun : -

4 Evidence for a new pentaquark-like state Pc: A T ]
2 ]

S ]

< -4

Mp, = 4337+ (stat) "3 (syst) MeV © 100f -

[p, = 29775 (stat) 15 (syst) MeV 0: M. S NN

o8 LT S il e
5300 5350.0e 5400
m(J/y pp) [MeV]

5250

+ 3t
» 3.1~3.70 for (% , % ) hypothesis; statistics not sufficient for determining the spin-parity

> LHCbO fo!  —+Dam S [ 1e [T '
(]
= | i | 8% | 3% -
< i -~ NR decay hom [ 1 = I
S0l | Su Sop [
=} L " @ L 5 L
) [ —Background 3 [ 3
220 1 520 520 i 4 t f X
12 I . g ! i
07 - e - L < ,- f L i ’ i I " ey
22 24 OO0 o0
_ 41 42 43 44 41 42 43 44
m(pp)[GeV] m(J/y p) [GeV] m(J/y p) [GeV]

+  No evidence for F,(4312), glueball f,(2220), pp enhancement
21



Evidence for the hidden-charm strange pentaquark P

Lccuds

im to search

+ RUN 1+2 data: detect ~1750 =},
4+ 6D amplitude analysis is performed

4+ Statistics not enough for J¥ determination
m(P%) = 4458.8 + 2.9+}7 MeV

r(P}) =173+ 6589

P.,(4459)° mass close to £.D* threshold

two I = 0 states W|th =

3~
OI’—

More data needed to resolve

]or P, a SU(3) partner of P, state

- J/WYAK™ signals

MeV

Yield/ (20 MeV)

20

60

Pcs(4459) significance >3.1c

Yield/(6 MeV)

« B~ - J/YAp decays with 19.6 fb-l CMS data
It finds that data is inconsistent with purely phase space distributions, but consistent with model-

independent K* contributions

22

=]
=3
S
S

8000

6000}~

Corrected yield / 5 MeV

4000

2000f

L L L 1 L L !
404 406 408 41 412 414 416

M(J/yp) [GeV]

19.6 o (8 TeV) > CMS 19.6 fo” (8 TeV)
£+ Data g E + Data
- Phase space (H,,) l ! m10000~ Phuase space (H,))
—<P ) (H,) ‘ = — @M,
cosﬂ (H &) o 8000 costy. (H__)
........... ;‘ i
Beooo- 7 LFTTRIL
°
g
S 4000»

2000

1 Y S L
424 426 4.28 4.3 4.32 434
M(J/yA) [GeV]

4.22

/5 MeV

Corrected yield

Sci. Bull. 66, 1278(2021)

/¥
A

Zooms in to P, signal region
T T

IS__ LHCb E}([i{lfu —_
;| B T Fit \vilhm:l 1
10 m,, > 22 GeV — Fitwith P, E
- P.;(4459)° |
N T, o S L & e
T L i R
24 445 ;

CMs 19.6 o (8 TeV]
+ Data
10000~ --Phase space (H,)
—(P% H
8000 G A"
oo ||/ L1
¢
4000 1 \
. '\-
2000(- §
oboud it i iy R
206 208 21 212 214 216 2.18

M(Ap) [GeV]

LHCH
)

CMS

JHEP12, 100(2019)



Observation of the hidden-charm strange pentaquark

narrow structure in J/YAin B~ — J /3 Ap decays, with 9 fb- LHCb data
amplitude analysis is performed b Vo S

~

_ W s~ r/¢C
P@S(4338) - J /A observed with significance larger than 106 VC; A
i (_d
JP == preferred and close to £f D~ threshold —\ﬁﬁdl_)

> 0.8MeVabove EcD75 pf, = 4338.2+ 0.7 + 0.4 MeV
> 2.9 MeV above £2D°

NIR

arxiv:2210.10346

I'p, =70x12+13MeV o ! 145
o —————— 2 18.8 0~ LHCb Preliminary | | -
>180F LHCb ~Data 1 Sk tace | 0 1 O 9 b’
S160F 9 b Nominal 3 & "L ¢an w 1 =1g6k 35
Baselme 2120_ 9 b + 1] <<18.61
‘;\"440— prellmmar M 1 7t preliminary + ﬂ & #} 1 s 30
w2 A & 1 b
.“5.3120 P‘ £5n gm, )( F 5‘ Sy 1041 125
D100 Background~ o 80 1 & [
g ﬂ | 18.2 20
= 80._ =] 60 F ﬁﬁ + =} r
< b < + \ 5
O 60 o) W - » 15
i af L 18
40¢ : ] F 10
20 Zo?f) J— ; 17.8 5
B as - 4 435 %405 Td«tjlﬂt{ﬁ e 0
m(J/yp A) GeV m(J/ yp) GeV 16.4 16.6 16.8 17 17.2

23 m3(J/ yp) GeV?



Hidden-charm tetraquarks with strange quark

Zes" (— Tews1)

:Tgﬂmoom+ @ 41(4000)°




Zcs [ccus]: SU(3) partner of Zc state

4 Important to look for Z ., the SU(3) partners of X(3872)/ Z.(3900)

- —n* *— “éf D _/—C)

« BESIII analyzes the process of ete™ - K*(D;D*° + D" D) »@Léz@&ﬁ < ’5) .
; 1 : = —

with 3.7fb-! data at energies between 4.628 and 4.698GeV &gj vz @/ BES

PRL 126, 102001 (2021) e C?;g

%350 s =4.681 \'
S s=4681GeV 5530 ete™ > KO(D7 D™ + D:~D*) PRL 129, 112003 (2022)
40F ) B=a6mGev | 40F o 5=1641 Gev
Il 30 30

“+ L2

e I e L % WE ) 5=4661Gev 100_@) \5=4.682 GeV
0 4 405 41 415 2 {,% gg-}f{_
o 65 P
« Afitof JP=1" S-wave Breit-Wigner with mass dependent & _j' H ¥ A
width returns: 40F (g 154699 Gev 2008 (@ Alldata
- 150F
Mass (MeV/c?)  Width (MeV) 30 | bl M*H;*
Z.s(3985)° 39922+ 1.7+1.6 7.7 3% +4.3 o %%MM% b i
Z..(3985)F 39852721 £ 17 138! £4.9 P G

?.95 4 405 4.1 4.15 42 30.95 4 4.05 4.1 4.15 4.2

RM(K])(GeVic?)

First candidate of the hidden-charm tetraquark with

, strangeness, and isospin triplet confirmed!
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Amplitude analysis of Bt — J/Y¢pK™

N
»

With Run 1 B* — J /¢ K" data, LHCb performed 1t amplitude fit and observed
the X(4140), X(4274), X(4500) and X(4700) =» [ccs5s] tetraquark? LHCb
NGO

LHCb RUN 1+2: 24K signals, about 6x larger than RUN 1 PRL127, 082001 (2021)

g T T T T T T T T T T T T T
g 700 LHCb
< 600
= 500
9]
= 400 Contribution  Significance [xa] My [MeV] T [MeV FF %]
% 300 u New States' X(27) Syst included(Stat.)
Lﬁj 200 ZCS(4'000)I X(4,685) > 156 [ _\'\(113(11 1.8 (8.7) 114618 £33 135£2875%  2.0+0570 |
X(1)
100 ch (4220), X(4-630) > 50 [ x(630) 5.5 (5.7) 162616+ 18 174+2741%  26+0542) |
All X(0%) 20455
X(4150) <5c X (4500) 20 (20) 1474 +3+3 L6+ 5.6+0.7123
.1+ X (4700) 17 (18) 1694 + 411§ 87+8*1% 89+1.2%1%
= Z,(4000) & X(4685): 1 oy e e
+ - All X(11) 26+3% 0
9 OO; . ZCS(4220) can be 1 or 1 X (4140) 13 (16) 4118+ 11112 16242142 174340
700 H . X(427 8 (18 204 +4+3 53+5+5 2.8+ 05103
P = Confirmed states: L Rt
600 F = —t — =
= E X(4140), X(4274), All Z..(17) 25511
- E Z,,,(4000) 15 (16) 4003+6%,] 131+£15+26 94+2.1+34
E 500 F X(4500)1 X(47OO) Z,,(4220) 5.9 (8.4) 216 +2415 283+52%7] 104+
= 400F
=IN:
= 300F
= E
O 200;
100f
0 E




B°—J/y®K, decays

:2301.04899
Combined fit to B* and B%decays:
e All components except T¢,,(4000) in B decay are constrained by those in B* decay

% 700F 4-paa LHCb = o ' F ' ‘ K
= 600 ;— = Total fit 9! —;;— 3
% 500;— +++Background ) —zz_
E; 400F- = = All K and X " 3 B+
3 3005 - T, (4220) £
T 200F WT0.(4000 =
© 100F ‘
= £ T, MU
% 70F
= 60F
S Sof
g 40f
5 30F B®
2 20f
© 10F

0:

Evidence for a new state with 40

M (T, (4000)°) = 3991 55 F,7 MeV, = T9,,(4000)° & T¢,,.,(4000)*: consistent
I'(T;,1(4000)°) = 105 *33 *5f MeV, with being isospin partners, AM = 127131$ MeV
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http://arxiv.org/abs/2301.04899

Hidden-charm tetraquarks & hidden-strange




X(4740) structure with [ccsS]

Study of BY — J/ym*m~ K™K~ using LHCh RUN 1+2 data: 26.5K signals

Observations of BY —X(3872)K*K- and X(3872)¢ E

B
S

Candidates/(10 MeV)
8

29

T
LHCb

Simulation

85 2 3

%)
o __o

m,,W[ eV

Yield/(15 MeV/?)

JHEPO2, 024 (2021)

e (3872)¢

(2.42 £0.23 £0.07) x 1072,
1.57+0.32+£0.12, |

LHCb ]
I:IB 2 X (38726 —
(38 .

‘LHCD
] . L)

Yield/(15 MeV/c?)

o) MK+K [GCV/ Cz]

R we 1 1D fit using S-wave Breit-Wigner
100 B |f.|, b ]
+ ] My (4740) = 4741+ 6 + 6 MeV

%L ]/IIKP Structure ©  I'yiu740) = 53 +15 + 11 MeV

Systematic uncertainties:

» Shape of underlying non-X

» Alternative P-wave or D-wave BW

> Inteferenc 75 (Muwe) % |A (M) +b (mupe) e

e X(4700[)( ]

X(4740): could be the X(4700) in B* - J/YpK™



B*— D,'DSK*: new X(3960) — DD,

Signal yield: 360 events with 9 fb"! 3| roei
Near threshold 101 |E
enhancementin D.*D,~ £ [ |
: |
New states with JP=0%*: 8F
- X(3960) to describe the near-threshold enhancement
- to describe the deep 6l dJ
— but also described by J/w¢ — DD, rescattering 6] 18 20 2
m(D;D;)’ [GeV?]
;50 P T I BT BT LT R SR NN TR N
o LHCb + Data t
= ok 9fb-!  —— Total fit :
it —— X(3960) - 2
S s _ Same state as x.,(3930)"
=30} —— $(4260) - o .
g === ¥ (4660) Exotic c€s§ or conventional state?

------- Nonresonant DDy -

[
o

)
<
T TT T T

—~
<
T T T

4.0 4.2 4.4 . 4.6 4.8
m(D} D) [GeV]

w
o

conventional charmonium predominantly decay to
D)D), while:

IN(X—D"D™) _
(X>D¥Do) — 0.29 4+ 0.09 = 0.10 = 0.08

Yield / [0.15 x 0.12 GeV*]



Hidden-charm tetraquarks : Di-y resonance

@ 76900

@ 6600)



T\I"I’

Weighted candidates / (28 MeV/c?

resonances

8200 7000 8000
Mg g1, (MeV/c?)

Narrow structure at 6.9 GeV
— TW(6900)

Broad structure just above

double-J/y threshold

— 50 deviation from NR

32

9000

Candidates / 25 MeV

Data-Fit

CMS f’relimingry . _135 fb'1‘(13 TeV)

180 — .

me_ % Data —Fit

140 == BW1 ' BW2[X(6900)]
120~ o wn BW3 — Background

100 — #

80

60— §

=

20 ;
i 3?‘%%#? ﬁ# ;Mﬁi__ SR _&%

8.5

My [GeV]

T, (6900) consistent with LHCb
+ New peak at 6600 with ~100
3rd peak seen with 40

3300F Lot

1] F ATLAS Preliminary
< 250F Vs =13 TeV, 139 fb”'
o E

S‘ 200;_d|-J/\y

T T

i m
{ Data
— Sig.+Bkg.

— Background E

-~ - Sig. w/o Int.

Sig. Int.

T, (6900) confirmed &
consistent with LHCb




Open-charm tetraquarks

]
Tcso(2900)0 T2..(2900)**
0 0
@ 7.2,(2900) .T§§0(2900)°

PRD, 2005, 72: 054026 arXiv:2212.02716



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.054026
https://arxiv.org/abs/2212.02716

First T, in B-— D*D"K* decays

PRL 125 (2020) 242001

—2f 5 T 8o
3t r = =
N\Q r E 120 = E 70 B
- 20:‘ = 100 = o0p
S I = s0fF e HF
o 18 hordd - ~ 40E
L ~ - ~
Q L » 60 »
o F 8 F 8 30E
S 161 S 4F S 20f
g =] C =) =
i § 20f 5 10F
141 ] O C wA t 5 O =
L 1 L L L 1 L N " | . " N 1 0 L 2z & = 0
6 8 10 12 4 45 .
mDK*) [GeV7/c*] m(D*D") [GeV/c?] m(DK*) [GeV/c?]

Tes01(2900) - D™K*: first csud tetraquark

Models predict its SU(3) flavour partner: T,z = Dsm = it motivates searches in B— DDt decays
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001

a 0 I + [+
7 (2900)"" in Dtz

Isospin symmetry
— combined amplitude
analysis of the 2 channels

Ta.

cs0

(2900)" 5 95 & JP= 0*

M = 2.908 £ 0.011 £ 0.020 GeV

T = 0.136 & 0.023 % 0.011 GeV
(RBW)

35

BO

Candidates / (0.014 GeV)

=
=]

[
w
(=]

g

2

B

)
S
{1 ©
1
94

A

arXiv:2212.02716, arxiv:2212.02717

T

| LHCb
9 fb-!

————
+ Data
Background
Total fit 1
D, (2460) Dy
D[ (2600) D}
D4 (2750) D}
D, (2760) D
D3000) DY
D*(2010)- D}
EEA T'(2900)D
D S-wave D

100 1 HCb |

0
<
T

1

Candidates / (0.014 GeV)

3.0 32 = ‘,’;.4
M(D} 7-) (GeV)

218 3.0 3.2 3.4
M(D7") (GeV)

T T
+ Data
Background 1
—— Total fit
D3 (2460) D,
Dy (2600) D ]
D;(2750) D}
D[ (2760) D 1
D(3000) D,
«— D"(2007)" Dy
Ti290m D ]
—— DaS-wave D}

Candidates / (0.014 GeV)

2 3.2 34

2.8 3.0 32 34

M(D~ %) (GeV) MDD ) (GeV)


https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717

a 0 ] + ]+
T (2900) N D Sfx

arXiv:2212.02716, arxiv:2212.02717

First tetraquark candidates T (2900)** = first doublv-charaed tetraauark
composed of c3ud and csud cs0 ' ubly g qu

e |sospin triplet?

a 0
T2 (2900)

T*,(2900)" ? = tobe searched forin DS m° [1]PRD 2005, 72: 054026, PRD, 2009, 79: 094004
++ — v &% - °* +r - 1 v = -

T, (2900)

jg T,s0,1(2900) LHCb

60
50
40
30

e Same mass as Z¢s0(2900) observed in B* — D*D-K* [1]

T.0(2900) csud
T.50(2900) csud

= SU(3) flavour partners?

Candidates / (17.3 MeV/c?)

=L

I I e S e L 2N
25 3 35
m(DK*) [GeV/c?]
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https://arxiv.org/abs/2212.02716
https://arxiv.org/abs/2212.02717
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.054026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.094004

Doubly-charm tetraguark

Tc(3875)*

Nat. Comm



https://www.nature.com/ncomms

Observation of doubly charm tetraquark

Nature Communications

< 70 ‘ I S
First observation of same-sign z: 60F-  LHGh =%
double charmed tetraquark, T,.*(3875) -~ DDt g - 9 S 25 J”f
- S
- % 50;- | 2 15 +
= exotic quark content cctd - woF > 10; +++}Ji
> 40 ¥
- +  Data piee 3874 3876ji:b ]
30 . @ T DDt Mpoport  [GeV/c?]
Mass close to D**D° threshold and very narrow - e ]
. D**D° threshold ]
dmpw = —273 % 61(stat) £ 5(syst) "4 (model) keV 205 ][ + _____ DD threshold + + ]
T = 410 + 65(stat) + 43(syst) " 35 (model) keV 10 KH\ + ﬂ H # + + ﬁ HH +—j
E ##% ; W ot f HHh
Consistent with isoscalar with JP=1* E i w5 \ g 5 O
3.87 3 88 3 89 3.9
MpOpO,+ [GeV/c?]
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https://www.nature.com/ncomms

00°qq’ states

T.."is the first representee of (QQ"q q’) hadrons @
— almost stable against strong interaction: T~1020s @
= It supports existence of:
Ty, (bbud): stable against QCD with binding energy 3 o5
about 215 MeV with respect to BB* threshold %
T.,°(bciid): either stable or almost, like T,* i 0
g —-200
= bc
l AlOOO 1500 ‘ AZOOO

Mrep(QQ)  (MeV)

39

BB |
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Summary

* An exciting period of finding new (heavy) hadrons
« Many new hadrons are observed at different experiments

— hidden-charm tetraquark states:
Zcs(3985), Zcs(4000) and Zcs(4220) [ccus];
X(6900), X(6600) [cccc];
X(4630), X(4685), X(4740), X(3960) [ccs5];
— singly charmed tetraquark states:
X(2900) [esud]; T .50(2900)** [cSud]; T :50(2900)° [c5ud]
— doubly charmed tetraquark state: T/, [ccud]
— observation/evidence of new pentaquark states: Pc(4312), Pc(4440), Pc(4457) and Pc(4337)
[ccuud]; P.s(4338), P.;(4459) [ccuds]
* More data are desired for marginal evidence or observation, determination
of spin-parity
— new results based on higher statistics data can be expected

40
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New naming scheme

No PDG rule for
o exotic mesons with s, c, b
quantum numbers
o no extension for pentaquark
states

Idea of the proposal
o T fortetra, P for penta
o Superscript: based on existing
symbols, to indicate isospin,
parity and G-parity
o Subscript: heavy quark content

43

Impact on existing states

arxiv2206.15233

Minimal quark

Current name IS), JAE) Proposed name
content
cc ¥a(3872) I€=0t J¢ =1+ Xc1(3872)
ceud ( 900)* =1t J%=1F 7", (3900)*
ceud Z.(4100)* = T, (4100)*
ceud Z.(4430)* 1= 1+ I = T[’1(44‘3())+
ccus Z.5(4000)* I=3,JF= 1+ T°.,(4000)*
ccus Z.4(4220)* Feg JF =1 1(4220)F
céce X (6900) 16 = QF, JFC =77+ TL.L.(()S)()())
csud 1\(,(9900) JP =0t T.40(2900)°
cstd X1(2900) JP =1- T.1(2900)°
ccud T..(3875)" T..(3875)*
bbud Z,(10610)* IS =1+ J° 2.(10610)*
ceuud P.(4312)* =3 PY(4312)*
ccuds P.,(4459)° I'=0 P2 (4459)°



https://arxiv.org/abs/2206.15233



