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* Introduction

* Spin-parity of all-charm tetraquarks

* X(6900) and X(7100) in J /Yy (2S5)

* All-charm tetraquarks using CMS run 2 + run 3 data

* Summary
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Exotic hadrons

/" Conventional hadrons in quark model
/" Meson [ Baryon
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/ D° Tetraquark A \

/" Glueball

KKD“—W”molecule” Diquark—diantiquay

ETRFEANGHRHHS



CMS detector
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The tetraguark candidates at LHC

* Structures in J /Y] /Y mass spectrum at CMS, LHCb and ATLAS
from the LHC run 2 data

* Structures established but need more study to understand them
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Candidates / 0.05 GeV

Determination of the spin and parity of
all-charm tetraquarks

arXiv:2506.07944
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Internal Structure of the tetraguarks

* Tetraquark candidates observed In experiments

CMS 135 b (13 TeV)
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* Don’t know Internal structure
* Tetraquark, molecule, -7

* Don’'t know spin-parity either
* How to study their spin-parity?

X J/ /- utputpu”

69

77\
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Tetraquark Molecule

3
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Infer spin-parity of X

* Infer J¥¢ of X from angular distributions

* Theory
« A(X - VV) depends on JE¢
polarization of J /Y

* A(X - VV) derermines angular distributions

E+EFEERHRIR

* Experiment

* Measure angular distributions

of J /U, u etc.
e Infer JP¢ of X

arxiv:2506.07944
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J /W polarizations
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® Symmetries:

]/l/) DO‘arlzathﬂS arxiv:2506.07944

— angular momentum: |4, —4,| < J — P & C conserved

nQcD: X with definite JFC

Alllﬂq S P(— I)JA—/ll—/lz

Test 8+ J5 models:

0-t 0~ A, =—-A__
0t O0fand0f A,, =A__andAy, <« note2d.o.f.
1=t 1~ Ag=—Agp=A_yg=—Ay_
1++ 1+ A+0 - —A0+ — _A—O — AO—
2=t 2,and2;, A,,=-A__andA,y=Ay =—-A_o=—-A, < note2d.o.f.
27 25 Ay =A__ A, A=A =A g=Ap,and A, _=A_,
A

\_ note 4 d.o.f. for 2*7, test one model

E+EFEERHRIR

10


https://arxiv.org/abs/2506.07944

Lorentz invariant amplitude

arxiv:2506.07944
° Expect three resonances to have the same tensor structure
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simplification in angular analysis

* Full amplitude analysis possible, but very complex

P(D,0,,0,;my,) < |[A(X - VV)|?
* Simplification in angular analysis
(1) Same properties of 3 resonances:
P(imy,, @) = P(my,) - T(Q | my,)
empirical angular

(2) Pairwise tests of J)I; hypotheses i and j: .
P(Q|my,)

arxiv:2506.07944

Candidates / 0.05 GeV
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-—--- Signal
---+ X(6600)

- X(6900)

arXiv:1208.4018

MELA inj(?i | my,) =

PuQ | my,) + PAQ | my,)

1 optimal observable < Higgs boson discovery and spin-parity

® Final 2D model: gjijk(m4ﬂa 91-]-) = e@k(mzw) ' Tijk(@ij | My,)
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Analysis of data

arxiv:2506.07944

* Two dimensions (my,, D;;) analysis: | Zimse 2y) = Pilma) - Tyl Dyl my,)

Event selection from observation paper arxiv:2306.0/164
BKG: data sideband & MC simulation with Pythia
my, shapes: arxiv:2306.07164

Decay angles @, 84, 8, to identify D;; (P, 81, 6,; my,,)

CMS 135 b (13 TeV)

} Data --- Signal

—— Full model ---- X(6600)
—— Background o X(6900)
--= X(7100)

[
[=]
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w
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Candidates / 0.05 GeV

signal region sideband

All steps till here prepared blinded E+EFTHERD RTINS 13
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Optimal Observables

e 1D projection of data, optimal for j = 07(2,) vs i =2

CMS 135fb™ (13 TeV)
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Candidates / 0.2

Data /MC

arxiv:2506.07944
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O R A B R RS RS AR RERAN RN R

- — Bkg. MC } Data ]
500(— —

- { | .
400_— ]
300 | —

r { .
200 Sldeband
1002— 91‘](91, 92, (D | m4ﬂ)

ob b S D T B it
13 ‘ . : ‘ . ‘ . . ‘ -
12 3
1'1 1 * 4 _§
09 { ! b3
08 E
076—%7 02z 03 04 05 08 07 08 09 1

D,

background model from MC
control in sidebands
systematic variations

14


https://arxiv.org/abs/2506.07944

Hypothesis test of 07 vs. 27,

* Hypothesis test for j = 07 vs. i = 2

Observed

p-value Z-score

Expected

p-value

Z-score

0~ 27x10°1 7.2 6.5 x 1014

0~ vs2;
2t 0.42 0.2

m

* 2D parameterization:
Piix(myy, D) = Pr(my,) - Ti(Dyjlmy,)
* Test statistics:
q = —Zln(ﬁjf/L]}D)

* Confidence level:
CL = P(g ZqObs |JJP+bkg)
’ P(quObsl‘]{)+bkg)
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Hypothesis test of J; vs. ]}

arxiv:2506.07944
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summary of results

CMS 135 b (13 TeV) QOCMS . X=Jlylly 135fb=1 (13 TeV)
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X(6900) and X(7100) in J /W (2S) at CMS

CMS-PAS-BPH-22-004

134.8 fb' (13 TeV) + 179.6 fb' (13.6 TeV)

Candidates / 40 MeV

. 9
m(y(2S)J/y) (GeV)
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X(6900) and X(7100) in J /Y (2S) at CMS

* J/Y and ¥ (2S) reconstructed via u* u”

* Data (314 fb~1):
« 2016-2018 (run 2): 13 TeV, 134.8 fb~1
« 2022-2024 (run 3): 13.6 TeV, 179.6 fb1

* Trigger:

* Run 2: 3 muons, pT > 5, 3, 3 GeV
* Run 3: 2Zmuons, pT > 4 3 GeV

- ﬂ 386 + 26

Candidates / 40 MeV
— N n

8 . 9
m(y(2S)J/y) (GeV)
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CMS-PAS-BPH-22-004
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= — n

Candidates / 40 MeV
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X(6900) and X(7100) in J /W (2S) at CMS

CMS-PAS-BPH-22-004

* X(6900) and X(7100) in J /Y (25)
* Data fit

* Signal: X(6900), X(7100) and their interference
* Background: NRSPS, DPS, combinatorial contribution

* > 50 for X(6900), 4. 00 for X(7100)
* Impact from X(6600) [below threshold] considered in systematic uncertainty

134.8 fb' (13 TeV) + 179.6 fb' (13.6 TeV)

> [ T T cMs -
= B Preliminary ~J
g { Data — Fit ]
P — Interfing BWs ---- X(6900) —
2 F I P— X(7100) Combinatorial . Fit Sample Interf. X(6600) X(6900) X(7100)
15 E — =
3 o °re E for  Vgp(2S)  BW,BW,  m: —  6876735N 716971
© C i . 2904120 1104140
S 1w M[ : r: — 2531201120 544110414
: ]L e fir (1 J/9l/p  BWy, BWy, BW;  m: 6638733130 6847150738 713473511
HHe— 1 i . 230+110 66+25 40+29
)E L] T i I 440500240 19131917 97J—r29t26
= 3
& 5 }1' i
721 £y 'H'{'{‘{ '}'}"I"{"I“'! by }ul‘
7 75 8 8.5 9

m(w(2S)J/y) (GeV)
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Observation of a family of a
tetragquarks candidates at t

CMS-PAS-BPH-24-003

135 b (13 TeV) + 180 fb' (13.6 TeV)

r CMS Preliminary
> ok & $ Data — Fit
E _—Ex; _.-i:;ering BWs.
 w *3
3 Mﬁf@ ﬁﬁﬁ#ﬂ*++*#*ﬁ**w++*f*#%“ﬁn#§i##@ﬂﬁ
b 9

[GeV]

ETEFEERBRTNE

e

Nalrim

HC

21


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html

All-charm tetraquarks candidates at CMS

CMS-PAS-BPH-24-003

* Tetraguark candidates observed in J/Y]/Y mass at CMS

* J/Y reconstructed via its utu” decays et o s e

+ Data (314 fb™1)

» 2016-2018 (run 2): 13 TeV, 134.8 fb™1 = ##% A —run3
» 2022-2024 (run 3): 13.6 TeV, 179.6 fb~* ¢ —un
* Trigger

* Run 2: 3 muons, pT > 5, 3, 3 GeV
* Run 3: 2muons, pT > 4, 3 GeV

135 b (13 TeV) + 180 fb™! (13.6 TeV) 135 b (13 TeV) + 180 fo™! (13.6 TeV)
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All-charm tetraguark candidates at CMS

CMS-PAS-BPH-24-003

* X(6600), X(6900), X(7100) in J/Y] /¢ at CMS

* Data fit
* Signal: Coherent sum of X(6600), X(6900), X(7100)
* BKG: NRSPS, DPS, combinatorial contribution, feeddown
* Significance
* > 50 for each of X(6600), X(6900), and X(7100)
* > 50 for interference (two dips)
> 50 for each single dip: 6750 MeV dip, and 7150 MeV dip

135" (13 TeV) + 180 fb ™' (13.6 TeV)
CMS Preliminary

¢ Data — Fit
W, --BW, X(6600) X(6900) X(7100)

—BW,

Interfering BWs.

BW, BW, BW,

Candidates / 25 MeV

Interference  m (MeV) 6593 T{;+25 6847 F10+£15 7173 1] +13
(Run2+Run3) T (MeV) 44678 +87  13575+14 73718 £10

g BRAT I, A St N Interference m(MeV) 6638 13311 6847 T3 7134 +35+41
s =3 IR S NN SO SO SN S P S S 42304110 +66425 140429
P AR K e S SRISLINNE, SR SUpe (Run 2 [12]) ['(MeV) 440 7550 540 191 74557 97 T30 %
85 . ﬁ%‘%%ﬁ#{ﬁﬂ?d’%ﬁ%ﬁﬁ{#ﬁ by ﬁ R 1%%;1 i
- 7 75 8 8.5 9 . . N N
” My 1GEY] E+BEFEAH LTS

Feeddown: e.g., X = J/Yy(2S) = J /Y] /Yrm is reconstructed as J /Y] /Y instead of J /Y] /Ynm
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summary

* Spin parity of the tetraquarks decaying into J /Y] /¥ consistent with 2%+

* X(6900) and X(7100) in J/Yp(2S) using CMS run 2 + run 3 data

« X(6900) signifincance > 5o
* X(7100) significance 4o

* All tetraquark candidates using CMS run 2 + run 3 data
* Obvious peaks of X(6600),X(6900),X(7100)
* Significance of interference > 50
* X(7100) significance > 50 for the first time

Thanks!
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Decay angles

* Production angles not use — consistent with unpolarized

« Decay angles (consistency check): distinguish models

CMS Ppreiiminary
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