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Exotic hadrons

» The existence of exotic hadrons was already predicted since the
establishment of quark model by M. Gell-Mann and G. Zweig in 1964

» Different compositions and binding schemes: qgg hybrid, glueball,
compact multiquark state, molecular state ...

Hybrid Glueball Tetraquark Pentaquark
Hadronic molecule ’\‘“\E\roton

T

@“Neutron

Deuteron: p-n molecule

-o.‘ =

» Study of exotic hadrons can
v'provide new insights into internal structure and dynamics of hadrons
v'act as a unique probe to non-perturbative behavior of QCD
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Theoretical scenarios

»Since the discovery of x.1(3872) by BELLE in 2003, there is an explosion of
discoveries of candidates for heavy tetra- and penta-quark states

»Two main players for multiquark state modelling:

(Di-)quarks bound via color forces
' oTypical size O(1 fm)
oMass proximity to threshold accidental !
1 0SU(3)4av0r Multiplets from combmatlons
of (di-)quarks
o No (strong) hierarchy of couplings

____________________________________________________________________________________________________

>Other possible scenarios: hadro-quarkomum, hybrid ...

o Mass proximity to threshold natural
0 SU(3)f1avor Mmultiplets from combinations
of component hadrons

» Experimental discoveries help drive the development of multiquark studies
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Experimental observations

Charmonium (cc)-like spectrum

Bottomonium (bb)-like spectrum
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Major players
At

ete™ collider

e

€4pp®
Two-photon fusion processes

T2 BESIT

pp collider

(b) E
Color-suppressed B-meson decays e — > C
b P . C v* JPC=01+'21+
Y c . .
\ e e -

W~ \\\ JPC=Q+ 1++ 1 € C
Double charmonium production
e

Jhp \y(28)
— s

CC
JPC=0t+

ol

g

Initial-state radiation
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Exotic hadron measurements

d Open-charm
tetraquark

J Quarkonium-like
pentaquark

J Quarkonium-like
tetraquark

Disclaimer:
not able to cover all results
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Exotic hadron measurements

J Quarkonium-like
tetraquark

Disclaimer:
not able to cover all results
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¥.1(3872) (or X(3872))

> X1(3872) is the first observed charmonium-like exotic hadron with most abundant
experimental information

v'Firstly observed in B —» K*y.,(3872) with y.,(3872) — J/yr*n~ by Belle
[PRL 91 (2003) 262001]

v'Confirmed by other experiments in several decay modes:
J/yntn7° (J/yw), D°D°r®, DOD*Y,
/by, $(28)Y, xer (1P)TO o PRL110(2013) 222001]
v'Mgw = 3871.64 + 0.06 MeV/c?;

Events / ( 0.005 GeV )

* Simulated J"°=2" s+ Simulated J?°=1"*

Number of experiments / bin

Igw = 1.19 + 0.19 MeV/c? +
‘/]PC:1++ , ; “i
o . oo e e e
» Intriguing properties: ]
~ 400
v'Measured mass below prediction for y.;(23P;) z ss0f- LHCp
v'"Mass extremely close to D°D*? threshold S o
& F — total fit
3871.70 + 0.11 MeV/c* G0
v x-1(3872) - ] /Yp is isospin violating wf . o inerforence
S e
400 500 600 700

. Xiv: 2204.12597] ' **
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Nature of y.1(3872) (I)

>No consensus: conventional 1 (23P;), D°D*Y molecular state, tetraquark,
ccg hybrid, vector glueball, or mixed?

: ol *#F LHACD - T
» Experimental study e pp 15=8Te 4 Prompt b decays E
i §~ o _pT>5GeV/ Comover Inter>~* :
v'Production in collisions and in weak decays 1 |> B e -
* Multiplicity-dependent modification of =5 ™ E
3872) production in pp collisions Z | ﬁﬁ’ E
Xc1(3872) p pp e o :
b;jbs __
I SIO — l(I)O — ]5I0 — IV;:L%)OO
[PRL 126 (2021) 092001] Nirucks
B(B°->y.,(3872)K° B(B2—y.1(3872)
. BB et ) and 2 xa %) 4imost half that of Y(25),
B(B*—x1(3872)K™) B(B*—x1(3872)K)
Suggesting not a pure charmonium [PR D84 (2011) 052004] [PRL 125 (2020) 152001]
v'Decays

. 0n*0 0
B(x.1(3872) - D°D*%) > 30% [arXiv: hep-ph/0410284]

* Discovery of y.1(3872) - J/yn*rn~ Y is consistent with the prediction of
molecular nature

* B(xc1(3872) = (25)y) /B(xc1(3872) = J/hy)~5.6
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Nature of y.;1(3872) (ll)

» Experimental study

v'Lineshape: Flatté lineshape accounts for the opening up of D°D*? threshold

. LHCb Xc1(3872) = J/YymTn” [PRD 102 (2020) 092005}

7 B Breit Wi ' 1% CF T resolntion and backeromnd 3 20 T et IV ]
. £ e rel 1gner — 1 "o [ Incl. resolution an acC gI‘OUIl q [5) i shecl
<, 400F 0 *0 = E 3
N F — Flatté D D ] = 7000; ---------- Breit—Wigner LHCb ] 5 O_LHCb ......
| PO E  Flatté ER- N
+ |+ = E ] -
§ 53005 o 3 -0.2F
S| 250F F 3
|3 o _ i
=T 200F F 3 -o4r
150 3 E ‘
o o -0.6—
100 £ = oy ~2.4 — 3.0 MeV/c? :
S0F L E s ]
0= . ° * * * I * * * 0_ Ll L i sheet II |
3.868 3.87 3.872 3.87¢ 3.84 3.86 3.88 39 R . S L R :
mJ/¢ ata— {GGV] m‘]/d”ﬁﬂf [GGV} -04 -0.2 0 ROezE [Me\;)]4
. ) +. - 0pno0.0
« BESIII (preliminary): x.1(3872) - J/Yyn "n~&D°D"n
16 -.u- Signal 70
o 14 - - - Background| = F Ote
S ===+ Lineshape o 60 O2o
% 127 : { [ [J—Total % sof— .;U
= 10 B - E [ONot allowed
2o [t g, <1MeV/c? S R A Sa—
Te 4y M P
Hooe = 1o
0
3.
2 N
0 T };T I
WS ey P S e i e R YWY WY R SR PR

Re E (MeV)

2023/8/29 Liupan An 10/36



Nature of y.;1(3872) (ll)

» Experimental study

v'Lineshape: Flatté lineshape accounts for the opening up of D°D*? threshold
 BELLE: x+1(3872) - D°D*°(-> D% /n")
[PRD 107, 112011 (2023)]

;'}.'QE Signal ?A Broken signal ===+ Generic background = Total / G . .
- _ ood consistency across experiments
o~ o 30
3 = ]
3 3
S S g 0.108 + 0.003+3:592 0.29*242 0.16 + 0.10*}12
% % Re[E|] [MeV] 7.10 7.12 7.04 4+ 0.15%3:97
o @ Im[E,] [MeV] -0.13 -0.12 —0.19 + 0.08+914

3.87 3875 3.88 3.885 3.89 3.6;95 3.9 0 -' X . .: 3.89 3.895 3.9 Re[k+] [MEV] _139 _153 _12'6 i SStgg

*0 *0
M(D’D ) (GeVic?) M(DD’) (GeVic?)  Im[k*] [MeV] 8.8 7.7 123 +6.8+¢9
— 22 —
L of . H L 12 0 } a (fm) —-27.1 —-31.2 —16.517045¢ .
8 Lot " ||| & o : H{ \ H } 7e (fm) 53 -3.0433 —41733730
N N
o 14F o st _
g 12F g 0 3.9 395 Zy 0.15 (0.33) O-OBtg:gg 0. 18+g (1)9 +8 %2
~— ~— 6 -
c c o .
S sf o . . by Junli Ma
M Jr ljr I * a: scattering length by |
i 4* RS T :
O 3.87 3875 3.88 3885 389 3.895 3.9 0 3.87 3875 388 3.885 389 3.895 3.9 ° re : effe Ctlve ra nge

M(D’D") (GeV/c2) M(DD ) (GeVic?)

e Z,: Weinberg’s compositeness;
Z, = 1: pure elementary (compact)
Z, = 0: pure bound (molecular)
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Candidates / (20 MeV)

[arXiv: 2211.05034]
[arXiv: 2210.15153]

» New exotic X states needed to describe data
v 0*t*t:X(3960) (14.30),X,(4140) (3.90), Non-resonant

X(3960) in Bt -

1“'¢(426Q)¢(4660)

DSDSK™

m(D;K*Y [GeV?]

(=)} ~ = =)

-
bEﬂ_
25

20 22
’ [GeV?

N
(e)
Hi

LHCb
9 fb!

+ Data

Total fit
— X(3960)
X(4140)
— (4260)
W(4660)

4.0 4.2 4.4

Non-resonant D} Dy

(O8]
[e)
T

Candidates / (20 MeV)

: 4.8
m(Dy" D7) [GeV]

»X(3960): threshold enhancement

‘/]PC — 0++

»X(4140): dip at ~4.14 GeV via interference
v JPC = 0** preferred over 17~

v'the dip can also be described by / /¢ — DI D scattering

2023/8/29

preferred over 17~

3.0
m(D¢ K+) [GeV]

and 27* by 9.30 and 12.3¢

and 2%t by 3.50 and 4.20

%)
S

-

T

0

=2

Candidates / (20 MeV)
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|
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U S—
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(=]

Candidates / (20 MeV)
= &
L B B B B
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+ "'Liﬁ;*ﬂtL/

1 o BT ey oy N
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SOF T T T T T T T T T T T T T T T
I Do ]
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—— (4660)
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mD¢ D) [GeV]
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X(3960) and ¥,.0(3930)

[arXiv: 2211.05034]
[arXiv: 2210.15153]

M [MeV] I [MeV] Jre
X(3960) 3955+ 6+ 12 48 +17 + 10
O++
Xc0(3930) 3924 + 2 1745

»Same particle?
[(X >D*™D7) B(B* - DD K)XFFpi_p+p-g+

[(X > DfDs)  B(B* > DD K)XFFX, 4o

FF: Fit fraction
= 0.294+0.09 + 0.10 + 0.08

v'Creation of s§ from vacuum is suppressed wrt ui or dd
v'X - DFD; has smaller phase-space factor than X - D™D~
= X has an exotic nature! Candidate for ccss

» Different particles?

v"No obvious candidate within conventional charmonium multiplets
for them; likely to be exotic
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0 MeV)
=
S o
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Candidates / (1
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S o S
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200
100
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200
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S oS S S 2
S & & & 3
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[PRL 127 (2021) 082001]

E— X(4630) =+
E — X(4500)
E — X(4700)
- — XNR

F — X(4140)
E — x(4274)
E — X(4685)
F— X(4150)
= Z,(4000)

LHCb

KT LHCb I
o K1
E+ K2
F K2

[ == Background
E- == Total fit
E == Data 9 fb"

My [GeV] My, [GeV]

»New states included in updated model:

J/WdK™ update

G ' 2 42 44 4.6 48 36 38 4 42
- [GeV]

Updated model

Run 1 model

Z} - Tjs1(4000)*

v'1*t Z and 17 X produce the largest improvements

v'Additional Z}; (either 1* or 17)
v'Two X with 1~ and 2~

2023/8/29 Liupan An
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Amplitude fit result

[PRL 127 (2021) 082001]
Contribution Significance [x o] My [MeV] [ [MeV] FF [%]
X(27)
X (4150) 4.8 (8.7) 4146 £18 £33 135+28%%  2.0+05%0%
X(17)
X (4630) 5.5 (Be7) 4626 +16 7 18 174 +27713 26405722
All X(07) 20£5712
X (4500) 20 (20) 4474 +3 £ 3 (e R 5.6+0.7157%
X (4700) 17 (18) 4694 + 411 87 +8+ 10 89+121 1]
NR /4 4.8 (5.7) 28 + 8+ ﬁ)
All X (1) 2637
X (4140) 13 (16) 4118 11728 162+217F7% 17+3+}°
X (4274 18 (18 4294 +47°3 5345+ 5 2.8+0.5+08
AH Z 1+ 25 + 5 + 11
Z.5(4220) 5.9 (8.4) 4216 £24172 233+ 527157 1044719

> | assignments:
v'JP for previously reported four X states confirmed
v'Z..(4000) J¥ = 1% and X(4685) J¥ = 17 firmly determined
v’ X(4150): 27 preferred by 40; X(4630): 1~ over 2™ at 3¢
v'Z.,(4220) couldbe 17 or 1~
2023/8/29 Liupan An 15/36



[S—

Z . at LHCb vs BESIII

> BESIIl observed a Z_, structure in K* recoil-mass spectra in
ete” > K*(D;D*° + D~ DY

% [PRL 127 (2021) 082001] BGS]]I [PRL 126 (2021) 102001]

s0f

o J;V¢e(425 435)GeV 1 o Jwe(435 445)GeV 403\@-4681 GeV —+4— Data

LHCb i 1 _5 30f (a) Totalfit
C 4+ Data 9 fb" T . [ — — — Z.,(3985)
E 4 Total fit I 1 oof e - D*(2600)°D*°
F -+No Zfit ., o\ Nl VTN no1n-Res.
:-— Z.,(4000) " -' ' 10;_ “ : //: D: Dg)
3 1 1 N X7 Y /7 comb. BKG

. A S L] 4 405 41 415
3.8 4 38 4 42
e [GeV] e [GeV]

M(Z.s(4000)*) = 4003 + 611, MeV M(Z.s(3985)7) = 3985.2%31 + 1.7 MeV
['(Z.s(4000)*) = 131 + 15 + 26 MeV I'(Z.(3985)7) = 13.8781 + 4.9 MeV

»Same state or not?
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Evidence of neutral Z2,
»BESIIl: ete™ - KQ(DFD*™ + Di*D™)  »LHCb: B® - J/Y¢pK]

—4— Data Total PDF Signal
-+ Sideband Non-resonant process ~ — == D**D, _ i . -
WE @ Goeeseev | OF ) Goastcey | e
30 30f } T Sy
10} wf 4§ S
o F g T 3 S S sof
S 40f 100 i
> 40¢ Vs =4.661 GeV I Vs = 4.682 GeV S 0p
- (c) (d £ 20F
= 30F [ © of
S T 0
< 20} 50p mr (6
5 10} - : , :
I v’ significance is 4 o (5.4 o under isospin
W0 ¢ -469Gev 200 symmetry assumption)
: 150F
of |t T | Sof 4 6 o s
ot T - M(T,,(4000)°) = 3991 12 *,2 MeV
3.95 4 405 41 4]5 42 3.95 4 405 4141542 0 +29 +17
RM(K‘S’)(GeV/CZ) F(T¢s1(4000) )= 105753 +23 MeV.
Mass (MeV/c*) Width (MeV) AM = —12 11 +6 0\
eV
Z.5(3985)° 39922:|:17j:16 77T s £4.3 —10 —4
Z.5(3985)" 3985.212 0 £1.7 13. 8+§ ; +4.9 [arXiv: 2301.04899]
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gf ¥ Daa
r — Fitcurve: Total
- — Fit curve: Y(4230)

(a)

cP(e*e” — K*K'J/y) (pb)

o N A O OO N

(b)

4.2

B(c;'é‘\‘/)
v'First observation of Y (4230) - J/YK K~

4.6

v'First observation of Y/(4500)

Parameters

Solution I Solution II

M/MeV
Y(4230) rmt/MeV
290 r.sev

42253+23+21.5
72.9+6.1+30.8
0.42+0.04+0.15 0.29+0.02+0.10

M/MeV
Y(4500) Ftot /MeV
8o [e.B/eV

4484.7+13.3+24.1
111.1+30.1+£15.2
1.35+0.14+0.07 0.41+0.08£0.13

Phase angle p/rad

1.72+0.09 £0.52 5.49+0.35+0.58

2023/8/29

[CPC 46,111002 (2022)]

Y states at BESIII (1) e'>N<c
o ¥ <

ete” » J/WK K~

ete” - J/YKIK

[ 5 T T T T =
= T & Data —— Fit result (a) -
o . Y(4230) - === Y(4500) -
= i Y(4710) -
>
5

[=27]
X
o w
X
&
o

o

©

v'First observation (26 o) of Y(4230) — J/YKJK?
v'Strong evidence (4.2 o) for Y(4710) (¥ (55)?);
waiting for update frome*e™ - J/YK*tK~
Mass (MeV) Width (MeV)
Y(4230) 42269+ 6.6 +22.0 71.7 £ 16.2 + 32.8
Y(4710) 4704.0 +52.3+69.5 1832+ 114.0+96.1

Liupan An [PRD 107, 092005 (2023)] 18/36



1200

-
o
o
o

c¥es*d(e*e'D*’D*1*) (pb)
(o]
o
o

Y states at BESIII (lI)

ete” > DOD*rt

— Fit
----- Continuum

—+ XYZ data
—+ Scan data

.
.
-
.
.
-
.
-
-

P
-
-
.*
-®

L.
.
.
.
-'.’
e
-

-
.
-
-
-
----
"
aus®
-
-
......

.
*

Mass (MeV)

Width (MeV)

BW1 4210+5+6
BW2 4469+26+4 246+37+9 Y(4500)
BW3 4675+30+4 218+73+9 Y(4660)

82+18+9 Y(4230)

v'First observation of these structures in D*°D*~tt

[PRL 130, 121901 (2023)]

2023/8/29
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ete”™ - DIYD:

S~ H
— BW} ¢ data
— W — fitted line
1BW,

! . 3 \ \ A . . , \
4!3 4.‘4 45 4.‘6 4.7 48 4.'9 43 44 45 4.6 4.7 4.8 49
Ecy (GeV) Ecy (GeV)

43 44 45 4.6 4.7 4.8 49
Ecy (GeV)

Result 1 Result 2 Result 3
M, (MeV/cz) 4186.51+9.0 4193.8+7.5 4195.3+7.5
'y (MeV) 55117 61.24+9.0 61.849.0
M, (MeV/cZ) 4414.5+3.2 4412.84+3.2 4411.0+3.2
s (MeV) 122.6+£7.0 120.3£7.0 120.0£7.0
Ms (MeV/cz) 4793.3+7.5 4789.8+9.0 4786+10
I's (MeV) 27.1+7.0 41439 60435

v BW1: 1)(4160) or Y (4230)?
v BW2: 1)(4415)?

v'BW3: necessary to describe structure
at ~4.79 GeV (6.1 o)

[arXiv: 2305.10789] 19/36



-pair structures at LHCb

[Science Bulletin 65 (2020) 1983]
»X(6900) observed by LHCb, matching the lineshape of a T..;z resonance;
a broader structure close to the threshold is also found
»Two possible interpretations:

<) 220 T T T T T T T T T T T T T

&Q I
8 —F— Data —I— Data
> 200

Total fit

Total fit

é) 1 80 Resonance 1

=== = Threshold BW1
o0 == = Threshold BW2
% 160

N~ === = Resonance 2

~ 140 B2 pps

4 NRSPS
2 120 = = DPS+NRSPS

Resonance

= = Interference

m Interference BW
B ors

= NRSPS

oot
oo oo oot
iy oo oosrerorotor
R R
IR
RIS
RIS
R RS
s
R SRR

T
o ooy eren
a9 %07, "

o

5%

T
]
e

R

¥ A kS 55
‘;’;0‘ R o0y J0T0% s e LR

2% R R

oo 200 b SRR KRR EKRKKDNIDTR

4 2K delole 00K R KKK RKIKKIKKLKNKKLKKS

e o SIS,
R 2 X RIS

Weighted candidates / (28 MeV/c?)

Weighted cand
N
S

M(X(6900)) = 6905 + 11 + 7 MeV/c? M(X(6900)) = 6886 + 11 + 11 MeV/c?
['(X(6900)) = 80 + 19 + 33 MeV/c? ['(X(6900)) = 168 + 33 + 69 MeV/c?

» Other possibilities: feeddown contribution, e.g. T.cqc = xc(= J/Yy) +]/;
near-threshold kinematic rescattering effects
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-pair structures at CMS and ATLAS

»X(6900) confirmed by CMS and ATLAS o
EE———— %160; ‘ . cmsé
E‘moj—Arll.As | | —éig.+Bkg]. i E 50;?_7[’-43 | —ISig.+Bk|g. E § 3 17 ié’?&? :gl‘;"z E
F /s=13TeV, 140" ___ Backgroun w [ Vs=13TeV, 140fb" — Backaroun gmr vIN . - BW, - Background |
ésooédi"]/‘v - Ekgf(svlo erd-downé E 40}J/“’+"’(28) e :ignkagl i N g 1:21 E
= 3 —==-- Sig. w/o Int. E >~ — Data ] 8 ol E
‘GE)ZOOE ------- Siz. int. 2 I ™ 40% iy %
& 100 + b g E wl FA 3
Oi T T ] 20 ) * © E §§ Z%ﬁm +ﬁ%ﬁ+ ﬂ%g%ﬁ %%ﬂ% iﬁ?mﬁ%&&&ﬁﬂt
_100;_\”‘.\ : _; 10 - o8 & ¢ rer'{:’wW [GeV]
_200} \\“lyv (a) _: ‘w * o 180 ‘132:;;'”6\/:
|||Hl||| P | NI AT | Gl I ek i ' %}1607 E
6.5 7 75 8 8.5 9 7 75 8 8.5 9 Q 10F # Data —Fit E
m4ll [GeV] m4u [GeV] ?8 120 _gw; ---Sz\tl:iground é
8 100§ --=Interfering BWs é
di-J /¥ model A model B & ol E
40 P /
mo 6.41 £0.08*0:8  6.65+0.02+0:%3 O AR E
+0.12 +0.06 e - S P
To 0.59 +0.35*012  0.44 + 0.05+0.% HE AL e B R
m 6163:50:05' e L
i — My, gy [GeV]
r 0.35+0.11*011 .
! ~0.04 [arXiv: 2306.07164] 410
> 6.86 +0.03*99!  6.91 +0.01 +0.01 — B W
I 0.11 £0.05*%:92 0.15 +0.03 + 0.01 L 2 >
As/s +5 1%+8.1<7{ o No-interference m [MeV] |6552 £ 10+ 12| 6927 £9 +4 72871%3 +5
S —8.9%
+32 +24 +59
) T model 3 I'[MeV] | 124752 4+33 | 122131 4+18 | 9515 £ 19
N 470+120 492—1-78 156+64
+0.01 ~110 ~73 —51
ms or m 1220037 : 6.96220.05+0.03
FyorT  0.09+0.06*%  0.51+0.1711 Interference  m [MeV] | 66381573 | 684775750 | 71347357
Risls 1%+ 14%  +20% + 12% T [MeV] | 44075505000 | 19138 H | 97730%%
2023/8/29  larXiv: 2304.08962] Liupan An >50 21/36
P



Events / (10 MeV/c?)

o(e'ewy, ) (pb)

(o2}

©

N »

o

Observation of Y (10753) — wyy,;

Belle Il, 1.6 fb™!
Vs =10.701 GeV

Belle II, 1.6 fb™! ]
/s =10.701 GeV ]

-4

!
w

T
)

1 =1
e Data Belle Il, 9.8 fb Belle I, 9.8 fb™
s0f- — Totalfit Vs =10.745 GeV| = Data /s =10.745GeV |
[ —— Background — Total fit b
20 - — Background
10F
0 i W p-s, S - 0
: Belle Il, 4.7 fb" Belle Il, 4.7 fb™ ]
sk Is = 10.805 GeV s = 10.805 GeV -
ok 10
aF
: 2 l 15
2F . 1
C : '1\ l ]
06 Aty 0
975 98 98 99 995 0.7 0. 9
M(yY(1S)) [GeV/c?] M(r* n:“) [GeVlcz]
i -8~ Belle Il data Belle Il 1.6, 9.8, and 4.7 fb™" .
-4 Belle data - 1 .8_
— Total fit ]~
r --+ Solution | _:4 Ag
-« Solution Il ]
olution 13 1§
2o
1 +
1 @
15
1" b
L) . 'r-.:' T 2b 8thanegepenneen s e SIITOT ----:A:’O
10.7 10.75 10.8 1085 107 10.75 10.8 10.85
(s (GeV)

[PRL 130, 091902 (2023)]

Channel /s (GeV) N
ete”™ = wxw 10.701  0.055;
ete” — wym 0.01%5
ete” — WX b2 0. 1ig'f
ete” = wyxw 10.745 3. OjL5 2
ee” — wxp 68.91“}3_;
ete” — wyne 27.6115°8
efe” — wxw 10.805  3.675°%
ete” — wxe1 15.0755
ete” — WXb2 3.3ng2

>op(eTe” = wyp1)/og(eTe™ = wypz)
= 1.3+ 0.6 at+/s = 10.745 GeV

v'Contradicts expectation of pure D-wave of 15
v'1.8 o difference to S-D mixture of 0.2

»Y(10753) - wyp; &Y (10860) - Y (nS)nm
are different states

Liupan An
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Exotic hadron measurements

J Quarkonium-like
pentaquark

Disclaimer:
not able to cover all results
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Observation of P in A}, = J/YK™p

» P (ccuud) states were first observed in AY — J /K ~p using LHCb Run1 data

» Later, the A% — J /WK ™ p study was updated using Run 1 + Run 2 data
v'A new narrow P (4312) observed with significance of 7.3 o
v'The P (4450) structure is resolved into two peaks, P+ (4440) and Pt (4457)

[PRL 115 (2015) 072001]

V)

2 !

=
£ *
()
>
L

2023/8/29

narrow
’ P+(4450)

LHCb

[PRL122(2019)222001] E*D

—
N
o
(@)

| — data :
- — total fit |

1000 _ backgrouhd

(o]

o

o
L

Weighted candidates/(2 MeV)

(o))

o

o
|

400§w‘;.~

i Pc(4§1 2)*
200}

‘‘‘‘‘

P .(4440)

l

4800 4250 4300 4350 4400 4450 4500 455[& 4{/6]00
e

Mypyp

Proximity of 27 D® and 2} D*Y thresholds to the peaks
suggests they play an important role in the dynamics
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P. searchin BY - J/ypp

> Dataset: Full Run1+Run2 LHCb data corresponding to 9 fb™1

>The B sample is flavor untagged, assuming CP symmetry

e v Add Breit-Wigner shaped P and P~
— with floating and identical
M, I" and couplings

[PRL 128 (2022) 062001]

%60:— 7
" -
g
3 201 ]
ER =
< o = m—
O UTTITT4s
, m(J/y P) [GeV]
2 ) —~ LI B B
m*(J/ y p) [GeV~] > 60k 1
O
Hints of horizontal and vertical bands in S 40}
(18.8 — 19.0) GeV? Ell:
520
i _ . . :'9 |
4D (M5, 6y, 6, @) amplitude analysis =
O 0T

| 42 43 4



BY — ] /Ypp - evidence of new P.

[PRL 128 (2022) 062001]
»Significance of the P. estimated with look-elsewhere effect considered
v'The best /¥ hypothesisis 1/2% for P* = 3.70
v'For different J¥ hypotheses in 1/2%,3/2% = 3.1 — 3.7¢
v'None of the /¥ hypotheses can be excluded at 95%

»The P, state is measured to have
Mp_ = 43371 (stat)*5(syst) MeV
[p. = 29715 (stat) T 1 (syst) MeV
v'Its mass and width are distinct from previous P, states
VIt peaks ~10 MeV below the y.,(1P)p threshold

»>No evidence of
v'P.(4312) and P.(4440) observed in AY - J/YK™p
v'Glueball candidate f;(2230)
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Yield / (10 MeV)

. O . —— —
Evidence of P5 in &) — J/YAK |
[Science Bulletin 66 (2021) 1278]
> P2 (ccsud), strange partner of P, is searched forin £, — J/WAK™

» Dataset: Full Run1+Run2 LHCb data corresponding to 9 fb™!
» Six-dimensional amplitude fit performed

—
—— Data 9 fb™! =

10° i 1
C P E L ]
B LHCb - ;:E}ggggf 1 ,; 60 LHCb |
=) - | -1 ]
10? 3 N Z(1950)" § 9 tb * PO . f
E b E(2030)" . .
i B N T O T NR ] Eo\]/ 40 *H * | CcS Slgn| Icance:
10 H%E e iE = + + ] 3.10
. FRg T ) B +
] ; Id: ;:@a"dji . th) N ; >" 20 j + + :{A-E--:--"-':-'-I-K“'-;:;-o.':ﬁ:_ﬂ_—"a"--g-.-_a----t-. i
LA jﬁ ' e e S D). T
T/ las | S ] B R T G G S S
20 25 4.5 50
m . (GeV) My (GeV)

m(PY%) = 4458.8 + 29117 MeV,T'(P2) = 17.3 £ 6.5189 MeV

v'Mass ~19 MeV below of £2D*? threshold
v'The data cannot confirm or refute the two-peak hypothesis
v JP determination needs more data
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Amplitude analysis of B~ = J/WAp

[arXiv: 2210.10346]

» Amplitude contributions
v Ap: K;(2045),K;(2250),K3(2320) and J¥ = 1~

3 40
non-resonant (NP) component N "
(K*-only model cannot describe data) T P

20
~. JP _— - 15
v ]/Yp:]© = 1/27 NR component "
(preferred over resonant lineshape) 5
" l64 166 168 17 172 °

Y] [PA: Py n2(J1 yp) GeV?
>180F LHCb | <Daa_ | - l’/?250:”'"””"”'L'H'CB”: > 140[- LHCb o, A
é) 1602— 9 fb’ " Bl § + é) 1o 910 U Hh .
< 140F + 75}%1/“/ 3 QY * { :
§ 120;_ + i%ﬁ':,l(szpkground_; Tg § 100:_ + * ]
S 100 + 41 E S sof * + ]
2w Mty R 2wttt E
O 60F = O H + ]
10k E 40 f il
20 E 201 E

Y T 3 43 0=

02 i»s . 4 405 41 415
m(J/y A) [GeV] m(J/yp) [GeV]
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Observation of P$S - J/YA

[arXiv: 2210.10346]

>P$S observed with significance > 100
»] = 1/2 is established
»P = —1 preferred; J* = 1/2% excluded at 90% CL

M(Pj;) = 43382+ 0.7 + 0.4 MeV
[(Pps) =7.0 412+ 1.3 MeV

» Key properties

v'First observation of pentaquark with strange quark content ccuds
v'Narrow
v'Close to 57 D~ threshold and in S-wave

»The most precise single measurement of B~ mass

M(B~) = 5279.44 £ 0.05 £ 0.07 MeV
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Exotic hadron measurements

d Open-charm
tetraquark

Disclaimer:
not able to cover all results
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:p+ +n—+
TCS In B — D D K [PRL 125 (2020) 242001]

[PR D102 (2020) 112003]
»Resonant structures observed in the D™ K system from an amplitude

analysis of the BY - DTD~™K™ decay

m(D*tD™) > 4 GeV/c?

1 — — ]

E - 60 . -
I (3770) - D*D ]

221 LHCb__ e ;/ o(gao)ﬁ—» D'D LHCD ]
- . S0F 7.,(3930) > D' D ]

———— y(4040) - D* D
— — - y(4160) - D* D"

mXD*D") [GeV?*/ 4]
3
[

[ 40 v(4415) — D* D

- N X ,(2900) - D K* ]
18 — 30 X ,(2900) - DK* .

i —— Nonresonant

. R SY
.....
P

Candidates / (17.3 MeV/c?)

16 __ ‘ .-‘:.":::,."'.: '-',.'. .. ‘...“‘."‘:“::’ ::r.:r. 0 ] 20 f_
Qe W g : E
uf  $(3770) A R O 0F E
I N B R B - g i T .
2 — 7t 2 4 . |
m (D K ) [GeV /c ] m(D_K+) [GeV/CZ]

Xo(2900) : M = 2.866 & 0.007 + 0.002GeV/c>, T'= 57+ 12+4MeV
X1(2900) : M = 2.904 & 0.005 + 0.001 GeV/c>, T'=110+11+4MeV

> First discovery of open-charm tetraquarks with four different flavors [cstid]!

> The observation motivates study of B - DD,
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Study of B® - D°Dfn~and Bt - D™ Dfn*

[arXiv: 2212.02716]

>Full 9 fb~! Run1+Run2 LHCb data
= 4420 BY - D°DJ ™ candidates with signal purity of 90.7%
3940 B* - D™Dt candidates with signal purity of 95.2%

o 12 T T T | ql 102¢> (_g 12 ) T —r T T ql 102<f>
- Q - [
% B . @) 8 B ; . @)
. . s O } . 1] =
= 10F s <10 SE. S
& —F —t L . 12
+ B ) _ QL to B 1 _ Q
S|l 13% s 2 of 13%E
N =z - 5 E 2 ] =
E L | St 7 g L n <
[ i3 1 O i ] O
6 - posien 61 —
1 1 —
4—|

4III6III8III10II 4III I8III10II

6
D3(2460) MDD 7*) (GeV?) D;(2460)° M2D 7)) (GeV?)

v'Faint horizontal band at M%(D}m) ~ 8.5 GeV? indicating T,.s candidates

= 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/} 7 states sharing resonance parameters

(]
S

Candidates/0.014 (GeV)

(3]
(=)
T

»>T%(2900)° - D~ & T%,(2900)*+

(o)
(=)
T

N
S
T

N
[e]
T

e
| .
et VR

ffffffffffff i T M

M(Dg 7~) (GeV)

Candidates/0.014 (GeV)
N
o

[\
(=)
T

o)
(=)
T

D
(=)
T

7I2.2 2.4 2!6 2.8I I 13.0 3.2 . .3.4
M(D; 7*) (GeV)

v'A second 1~ D state yields significance of only 1.30
v'Additional Drt, D, DDJ resonances disfavored

> J¥ = 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

»Flavor partner of T.4(2900)? Multiplets to be revealed in the future.

2023/8/29

Liupan An

[arXiv: 2212.02716]

,,,,,,,,,,

Total fit

D, (2460) D
D, (2600) Dt
D3 (2750) D
D/ (2760) D;t
D(3000) D}
D*(2010)~ D¢
T%,(2900) D
D S-wave D}

Data
Background

— DFm™ significance > 90
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CRES Observation of T.X. in DYDOx

> Dataset: Full Run1+Run2 LHCb data corresponding to 9 fb™1

»Prompt D°DOrrt candidates selected;
Non-D° background subtracted according to (Mg, Myt ) fit

v Slmple Breit-Wigner v’ Unitarized 3-body Breit-Wigner
&> 07 . — 70— " I S ——
= ok § = F LHCh 5%
= % i = omt Bl |
ok | 2 } oA
E 405_ i !;) 4():— l(;: 1 +++ ++ E
~ | ~ } data et ;234 ﬁ -
301 300 - T ot (G 3
of o B P S R T
* i Hﬁ HW M* L ﬁwﬁ e
. ﬂ # T ﬂ% ot i i # +
™ W \ o L
387 | 388 — 3.|89 — 39 3.87 388 389 39
Mpopost [GeV/c?] MO0+ [GeV/?]
dm |keV/c?| o |keV/c?]
FBW 279 4+ 59 409 4+ 163 [arXiv: 2109.01038] (Nature Physics)
SU —361 + 40 47.84+1.9 [arXiv: 2109.01056] (Nature Communications)
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SEE

Study of T.X. in DYDOnt

[arXiv: 2109.01038] (Nature Physics)

[arXiv: 2109.01056] (Nature Communications)
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> Results in agreement with expectations for isoscalar T with J¥ = 1%
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Summary and prospects

» A new “particle zoo”
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w contribution to y.,(3872) - J/Yymn ™

> x01(3872) — ] /Yp? is isospin violating; [arXiv: 2204.12597]
quantifying the isospin violation is important to understand its nature

>Full 9 fb~1 Run1+Run2 LHCb data
= 6788+ 117 Bt - )(c1(3872)(—> J/yntn™)K™ signal candidates

o 400 S 3 o 400p ——r s
% 350 F LHCb {++ > 350 F LHCb
) 300_— v 300_—
P 250 P 250: - data
> 3 > 3 -
3 —e data 5 E total fit
S 200F ! g 2008
S s0fp TP A t 2 1s0f "

100 #* 100E ... p’-o interference

50 F el S0E

(V) o st T E——————e——— (O] S i P RSP PRI

400 500 600 700 400 500 600 700

m_. - [MeV] m_. - [MeV]
»Total w contribution: (21.4 + 2.3 + 2.0)%
Excluding interference: (1.9 + 0.4 + 0.3)%

> p? contribution an order of magnitude too large for pure charmonium
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