Observation a Family of All-Charm
Tetra-Quark Candidates at CMS

ok EUK
B RIMSE AR
' CMS

FHtRERTEEWRYIESETOI1FETS
P2025E4818H-22H, HMx



Qutline

* Introduction

« X(6900) and X(7100) in J /4y (2S)

CMS-PAS-BPH-22-004

* All-charm tetraquark candidates from CMS
CMS-PAS-BPH-24-003

* Spin-parity of all-charm tetraquarks
CMS-PAS-BPH-24-002

* Summary

FtEEEERYESETENNFINR



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-004/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-24-002/index.html

CMS detector

CMS DETECTOR

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m
Overall length ~ :28.7m
Magnetic field :3.8T
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Excellent detector for (exotic) quarkonium
* Good muon system

* High-purity muon ID, AFm~0.6% for J /Y

 Silicon tracking detector

e B=38T, Ap—pTT~1% & good vertex resolution

* Different triggers for different physic

programs/purposes
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Candidates / 25 MeV

Data-Fit

The tetraquark candidates at LHC

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

| HC starts run 3 in 2022

- more data & more opportunity
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X(6900) and X(7100) in J /Ynp(2S) at CMS
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X(6900) and X(7100) in J /W (2S) at CMS

CMS-PAS-BPH-22-004

* ]/ and Y (2S) reconstructed via utu~

* Data (314 fb
« 2016-2018 (run 2);: 13 TeV, 134.8 fb~1
» 2022-2024 (run 3): 13.6 TeV, 179. 6fb 1

* Trigger:

* Run 2: 3 muons, pT > 5, 3, 3 GeV
* Run 3: 2muons, pT > 4, 3 GeV
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Candidates / 40 MeV

X(6900) and X(7100) in J /Y (2S) at CMS

« X(6900) and X(7100) in J /Y (2S)

* Data fit

CMS-PAS-BPH-22-004

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

* 7.90 for X(6900), 4. 00 for X(7100)
* Impact from X(6600) [below threshold] considered In

systematic uncertainty

! Data
—— |Interfing BWs
-------- X(7100)
— SPS

— Fit

X(6900)
Combinatorial
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................ | | | {
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Fit ~ Sample Interf. X(6600) X(6900)  X(7100)
fiz 1/ p(25) BW,, BW; m: — 6876755 110 7169757
T 7 R o
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Observation of a family of all-charm
tetraguark candidates at the LHC

CMS-PAS-BPH-24-003
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All-charm tetraguark candidates at CMS

* Tetraquark candidates observed in J /Y] /¥ mass at CMS

« J/¥ reconstructed via its utu~ decays

 Data (314 fb~ 1.

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

* Trigger:
Run 2: 3 muons, pT > b5, 3, 3 GeV
Run 3: 2muons, pT > 4, 3 GeV
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Candidates / 25 MeV
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All-charm tetragquark candidates at CMS

CMS-PAS-BPH-24-003

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

* Data fit
* Signal: Coherent sum of X(6600), X(6900), X(7100)
* Background: NRSPS, DPS, combinatorial contribution,feeddown
* Significance
* 15.20 for X(6600), 16.70 for X(6900), and 7. 70 for X(7100)
* 9.90 for interference (two dips),
9.70 for 6750 MeV dip, 6.50 for 7150 MeV dip

135 fb" (13 TeV) + 180 1b™' (13.6 TeV)

00 i CMS Preliminary
: bow i X(6600) X(6900) X(7100)
—BW, Interfering BWSs. Bwl BW2 BW3

- *Background

Interference ~ m (MeV) 6593 13 4+25 6847 T10+£15 7173 7], +13
(Run2+Run3) T (MeV) 446%%+87 135H5+14 737 8+10

Interference m(MeV) 6638 7331 6847 Tai+38 7134 38+
(Run 2 [12]) T (MeV) 440 1330000 191 T2 97 59 5

------------------
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Spin and symmetry properties of
all-charm tetragquarks

CMS-PAS-BPH-24-002
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Internal Structure of the tetraguarks

CMS-PAS-BPH-24-002

* Tetraquark candidates observed In experiments
:CMS Preliminary - 135 fo" (13 TeV) X - ]/1/)]/1/) N ,U+,Ll_,Ll+,Ll_
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o

Tetraquark Molecule
* Tetraguark, molecule, -7
e C4 0.
* Spin-parity study could help = - ~1B
* How to study their spin-parity? £’
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Angular distribution and spin p

e Infer J¥¢ of X from Iy fut

. L - 2B (O <N
* spin polarizations of J/i mesons 2 (%« — A
* angular distributions of muons 92\‘

;‘*’_ Q
[,

* Helicity and angular distribution

For 1 — 2 decay process

, 2J + 1
dqr

olarization

CMS-PAS-BPH-24-002

— /N

Wigner D function

R Helicity
(angular distribution)

amplitude

Polar and azimuthal
angles of final states
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J /W polarizations
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decay helicity amplitudes
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CMS-PAS-BPH-24-002
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J /Y polarizations

® Symmetries:

— angular momentum: |4, — 4,| < J — P & C conserved _ . e
inQcp: X with definite J
- . J :
— identical J/ybosons A, ; = (—1)'4, C =+1
A}VIAZ - P (— I)JA—AI—AZ
= Ay P
1 iA__i Test 8+ Jy, models:
S :
AOO 0~*" 0° App=—a
Al 0** 04and0f A, =A__andAy < note2d.o.f.
><& A 1_+ 1_ A+0 — —A0_+_ — A—O == —Ao_
I Ut ISR Apg=—Agy = —A_o= Ap-
- A_() 2=+t 2,and2;, A,,=-A__andA = Ay =—-A_og=—A,_ < hote 2d.o.f.
4 A 27 25 A=A, A A=A =Ag=4Ag,and A, _=A_,
AL ]
VoA k note 4 d.o.f. for 2*7, test one model

FtEEEERYESETENNFETNS 15


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-002/index.html

s E E E EEE B ®E®EEE®m W,

Lorentz invariant amplitude

CMS-PAS-BPH-24-002

e Expect three X resonances to have the same tensor structure:

AX g = V) = (“1(q2)mv€*€* +ay (@)W P+ a (qz)f*(”f*m’”y)
---------------------- : . + » -
recall (22 years): v O’_,’I; , O I : O

’

' ’

* P ' \ —_
fjui ?g)o:);‘pjit oo ““ Ap=A,, =A__ at2m 11y threshold Ars -
Higgs (12 years): ! Ao atlargemy A, =A_

H_> : 45;\'0’—’; _____ arXiv:1001.3396
empirical form f'acto'rs (mg,) cizzzzaee-esiiloo ‘

L4

» IS
A = ViV2) = (bl(qz) [(GfQ)(Gfé‘X) + (6‘;‘4)(61*6;()] + by(q)eg pl €, €S qﬁ)
1™ 1"
more for spin-2 ~ Aw = T = A0 =~ Ao Ayg=—Ag=—Ag =4
FtREEERYESETFENNFMITE 16
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simplification In angular analysis

CMS-PAS-BPH-24-002

* Full amplitude analysis possible, but very complex

QA AlSI @I+ D (a + Ao~ ViV = (@(@mietes + @S (2)’”U+a3(€2)ﬁ51)f =
= * A 4 A
e Tt M - VN i S

> P(D, 6,605 my,)

aaaaa

* Simplification in angular analysis o= ===

(1) Same properties of 3 resonances:
—_— —_—
@(m/_].ﬂa Q) — g)(mé].ﬂ) ’ T(Q |m4,,1) VN M
emp|r|Ca| angular &5 n‘?‘w[giga-’:élsectronv&oltsl 8

(2) Pairwise tests of J}; hypotheses i and J: _ arXiv:1208.4018
‘@l(g | m4/4)

P(Q| My,) + g’j(s_i | my,)

Candidates / 0.05 gigaelectronv
o mom oW

MELA D,(Q|m,,) =

| optimal observable < Higgs boson discovery and spin-parity

¢ Final 2D model: g’ijk(m4,,p 9;‘}') = g’k(m4ﬂ) ' Tijk(gij | m4,,,)

FtEEEERYESETENNFETNS 17
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Data analysis

CMS-PAS-BPH-24-002

(1) empirical my, spectrum — for signal and background

CMS Preliminary 135 fb™ (13 TeV)
3505_ { Data === Signal
) + — + > 300 — Model ==+ X(6600)
— trigger -
t gge 3/’6 /’{/ﬂ 5 G V §2503_ === Background " X(6900)
pT > e ,pT > e g F = Non-resonant =="X(7100)
<2000 3
0 CF ™ ! F
+ — _|_ — %150: .;' ) ‘ .
— reco o S T AN
(") u”) N e
pr>2GeV, |n| <24 & 1F Vi

— mass / vertex - constrained fit 65 7 75 8 85 9

signal region sideband
data MC
® Background: sideband & simulation with Pythia

— J/y J/y single- and double-parton scattering

— empirical threshold enhancement (signal-like MC)
FLECEERMIES BT ENNEHINE 18
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Variables in the analysis

CMS-PAS-BPH-24-002

(1) m4//l Spectrum X —> 4” —_ aI’XIV2306071 64 3soCMS Preliminary 135 b (13 TeV)

{ Data == Signal
> 300

(2) prandp, of X - 4u — maich to data &=

o00f i N

— Model ===+ X(6600)
+=+* Background e X(6900)

Ge

0.0

ant == X(7100)

(3) polarization J_or J_ of X — unpolarized

Candidates /

for J = ( exact

for J/ = 1,2,.. depends on production mechanism

— vary JZ or JZ, systematics or test

(4) D, 0% or @7, 0" production angles
1

flat for unpolarized — test in data
non-flat for polarized
do not use in the primary analysis

A .
(5) @, 0,, 6, decay angles — analysis Z' «--- X boost axis

All steps till here
prepared blinded FtEsEERYIESEFENNFEWITS 19
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Optimal Observables

CMS-PAS-BPH-24-002

e 1D projection of data, optimal for j = 07(2,) vs i =27

CMS Preliminary 13517 (13 TeV) CMS‘ Prefiminary 135 fo! (13TeV)
18003— B l T _ oo — Bkg. MC } Data E
L 4 i B i
1600} * 1 a e
N 400F — S 4002— { —f
g - ¢ ’ e 1
“}31200: — 5 a0 ,—f— + -
51000 . 5wl sideband 3
3 !Data —Model 2, 3 S a0l :
o 800 ] - .
§ 6001 - Signal —“Model 0 & 2, E 1001 91-]-(91, 929 ® | m4ﬂ) .
400~ ] f ............. ] i 10"""
200 . S 1‘?E 1 f : -
prosemeenee . £ os { ! 3
O \\\\‘\\\\‘\\\\‘Illllllll‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ D gg ) ) ) ‘ ) ‘ ) ) ‘ E
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 i
Dz:no' Doy
optimal observable  _,
. PUQ | my,) background model from MC
MELA 2,G|m,)=—— - grounc
PR | my,) + F(€2 | may) control in sidebands
1D projections from 2D systematic variations

= limited information
ErELEEGRYESEFEHNNEWTS 20
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Hypothesis tesf of 0~ vs. 27,

CMS-PAS-BPH-24-002

. * _I_
e Hypothesis test for vs [ =2
Observed Expected
p-value  Z-score  p-value  Z-score
.0 27x10B 7200 65x10°% 74
0~ vs 2m + 4 ATCEE -l il
2 4.2 %10 0.2 0.50 0.0

2D parameterization:

P ijk(m4ﬂ, 9,'1') =P k(m4ﬂ) ' zjk(gij | m4#)

— test statistic:

— confidence level:

CL

_ P(g 2 qObsl-]f)+ bkg)

0.08f

L oo7t
C r

x F
D 004
3 0.03F
3 -

N -
0. 0.02f

0.01

" P(q 2 qops | I + bkg)

(O} r
£ 0.06f

o r
o 0.05F

CMS Preliminary
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NI |

— Observed

2+

o
B2,

served
dobs

-2
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Hypothesis test of J; vs. J;

e Combine 2D fit: P, (my,,, D;;)

— J¥ = 21 model survives
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summary of results

CMS Preliminary
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S 003[
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w C
Q. 0.02F

0.01-

— Observed

o

Bz

e Scan mixture of two

CMS-PAS-BPH-24-002

TN
1351b " (13 TeV) | o CMS P'iE'”m"nafy X))y 135fb~1 (13TeV)
70
- = = B
| % = _._-_- .lll
T iy i
I __:l__‘ -10 | fufep B me o
£ O EEENnnR s T BEEOBER O RiUdaiin | .
I B IR A E—— |
=507 . —— Observed --- Expected
| | — 2} %10 S0
o0 2+ +20 JP+20
l | 2% +30 JP+30
-110
| 0~ | o O rmix 0 - 1 2 2mix 2y
----- v ~
- 4
————— y'
++ - ’
0" amplitudes (11 steps) .-
r' 4
L4
4
*

— constructive interference most conservative

'

*

L
¢

e Scan mixture of two 2~ " amplitudes (11 steps)

— no interference (different spin projections)

e Data are consistent with a

FtEEEERYESETENNFETNS
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model, inconsistent with others
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summary of results

CMS-PAS-BPH-24-002

+ .. Jy Jhy oy
,,,,, 0 U
//t .'-..,_. e X W g -="
D . B E L P e >
M_‘_‘-_.-' o el M

| |
? (cC)yy +(CC) sy > L=0mS): §=2 =>1JC =2 n=(1,234,...1

J

‘--------------

o JFC analysis of exotic hadron decays at LHC (production-independent)
— consistent picture: set of 3 exotic teraquark resonances with the same Jre

— PC = + + very certain n=(1,2,3.,4

—J#lat >99%CL

—J#0at >95%CL

— J > 2 possible, but highly unlikely, require L > 2

— J = 2 consistent, rare in nature, naively expected J = 0
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summary

* X(6900) & X(7100) seen in J /P (2S) at CMS
* 7.90 for X(6900), 4. 00 for X(7100)

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

* > 50 for each; > 50 for interference. (vs. no-interf.)

* JPC of the three X
e PC = ++
* ]+ 1at>99% CL
* ] #0at>95% CL
* | > 2 possible, but highly unlikely, require L = 2
* ] = 2 consistent, rare in nature, naively expected J = 0

Thanks |
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Decay angles

» Production angles not use — consistent with unpolarized
« Decay angles (consistency check): distinguish models
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Production: p and p, O

— empirical model to reproduce p%( and pZX in data
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X

CMS-PAS-BPH-24-002

— tune Pythia to match p%(

In sideband and signal region

— residual p%( and pg(

consistency tests

coverage in systematics

— essential to model
detector acceptance

— fine-tune re-weighting p%(

Simulation:
JHUGen + Pythia
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Production angles

CMS-PAS-BPH-24-002

(4) production angles consistent with unpolarized resonances
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Production angles

CMS-PAS-BPH-24-002

(4) production angles consistent with unpolarized resonances
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Lorentz invariant amplitude

CMS-PAS-BPH-24-002

e Expect three X resonances to have the same tensor structure:

AX g = V) = (“1(q2)mv€*€* +ay (@)W P+ a (qz)f*(”f*m’”y)
---------------------- : . + » -
recall (22 years): v O’_,’I; , O I : O

’

' ’

* P ' \ —_
fjui ?g)o:);‘pjit oo ““ Ap=A,, =A__ at2m 11y threshold Ars -
Higgs (12 years): ! Ao atlargemy A, =A_

H_> : 45;\'0’—’; _____ arXiv:1001.3396
empirical form f'acto'rs (mg,) cizzzzaee-esiiloo ‘

L4

» IS
A = ViV2) = (bl(qz) [(GfQ)(Gfé‘X) + (6‘;‘4)(61*6;()] + by(q)eg pl €, €S qﬁ)
1™ 1"
more for spin-2 ~ Aw = T = A0 =~ Ao Ayg=—Ag=—Ag =4
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Lorentz invariant amplitude

CMS-PAS-BPH-24-002

e Expect three X resonances to have the same tensor structure:
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if data consistent with 2 = unambiguously 27 (orJ > 2)
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Discriminant
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Results of J¥ vs. 2}

CMS-PAS-BPH-24-002

+
® Full set of results, compared to 2 _ JPC _ o+t
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