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® The Large Hadron Colllder (LHC) at CERN is the
# world's largest particle collider. It lies in a tunnel 27
i kilometres in circumference and as deep as 175

metres beneath the France—Switzerland border near
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13.1 " (13 TeV, 2016) Excellent detector for studies with muons

Trigger paths
CMS -

Preliminary = i’w ° Muon System
Y = ?t:wmassdoublemuonﬂmck - High-purity muon ID’ Am/m~0.6% for ]/]“lJ

double muon inclusive

z

CMS-DP-2016-059

| | il

u*u invariant mass [GeV]

» Silicon Tracking detector, B=3.8T
— Apt/pr~1% & excellent vertex resolution
Majority of analyses rely on dimuon triggers

1 | 10 T * Special triggers for different analyses

— upr (uu) pr. (up) mass, (up) vertex, and

additional u
CMS Preliminary

\\\\\\\\\\\\\\\\\\\\ L s s ey s s s By s s
I I Inclusive low mass dimuon trigger

- W Displaced low mass dimuon tigger  https://cds.cern.ch/record/2868780
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First mention of 4c states at 6.2 GeV (1975)

— Just one year after the discovery of J/y

We expect at least three exotic mesons wi

tween 3.7~4.1 GeV], ch [~4.1GeV] énd ¢

All-charm tetraquarks

shar cc(pp nn) [be-

——Ezxotics and Hidden' Charm

]

Progress of Theoretical. Physics, Vol. 54, No. 2, August i975l

A Possible Model for Néw Resonances

Yoichi IWASAKI

Research Institute for Fundamental Physics

Kyoto University, Kyoto

(Received January 20, 1975)

First precise calculation of 4c¢ states (1981): Z. Phys. C 7 (1981) 317

L S JrC Mass {GeV)
| 0 1 6.55
1 0—+’1—+=2—+
2 177,277,377~
2 0 27+ 6.78
1 1*-,2%°,3%-
2 0++‘1++.2++,3++‘4++
3 0 377 6.98
1 2—+.3—+.4—+
2 177,277,377 ,47 7,5~
[ ]
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< (Cc)g* — (a’)g ‘,

(cc)e — (E)@*,»

K. T. Chao
S JeC Mass (GeV)
0 1 6.82
0 2+ 7.15
0 37~ 7.41

A different (all heavy) exotic system compared to exotics with light quarks
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J/YJ/Y events - first evidence (1982) @
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All-charm Tetraquarks at LHC
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CMS J/PJ/Y Run 3 &N

180 135 fb (13 TeV)
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« New data samples [315 fb-"]
— Run Il: 135 fb-1T data taken in 2016, 2017 and 2018
— Run Ill: 180 fb-1 data taken in 2022, 2023 and 2024
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J/WI/YP candidates Run 2+3 &)
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MS

reliminary

7 » RunII+IID J/yJ /v yieldis 3.6X of RunII
» RunII+III Luminosity is 2.3X of Run II'!

[6, 15] GeV NU/YI/Y) NU/Yup) N /)  N(uppp)
Run II 12622 + 165 6451 £146  772+£52  1295+60
Run I1I 31802 + 476 33603 +491 4604+ 166 33187 %267

Run I+ 44936 + 692 39371+ 698 5374 +181 34656+ 278
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Observation of a family of all-charm tetraquarks @

; : CMS 135fb ' (13 TeV) + 180 fb ™' (13.6 Te
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Radialindex - g hmitted to Sci. Adv.

11


http://arxiv.org/abs/2602.02252
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-24-003/index.html

Fit muimu2
I~ -
8 - — FullModel
e -
% 250 — LIJ (2 S ) —wES), I
s L —
4 C V(@8), K9 4
200 — — BkngJMu:M
C BK9, 4,2BX9 0
150 —
100 —
sof
aQ _ Jﬂiﬁ;—-—./ PR —
S 2F : i i
o1
0
-1
-2 ; : ; :
3 : i : :
34 35 3.6 3.7 3.8 3.9 4

m(uin) GeV

S

CMS-PAS-BPH-22-004

Fit mu3mu4
™ F
g 0 — FullModel
5 asof— J / LIJ T WE@S) I
S =
> — —
E b w@s) , Bkg,, |
g — BKg, W,

250 —

200 —

150 —

100 —

50— "

o == =
=5 ; .
o 1 : :
0

=

B!

-3 ; ; : ; : i T

47 2.8 29 3 3.1 3.2 3.3 3.4 35

m(wiw) GeV

I S ——

N(yp2S)]/Y) 386 + 26 S

N (2S)Bkg,) 56 * 24
N(Bkg,J/¥) 282 + 28 B

N(Bkg, Bkg,) 1089 + 43

Z. Hu, 07/15/2026

386 + 26

, 3.5 times yield
(vs 109114 in Run2)

1427 + 57
(vs 208%22 in Run2)
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m(y(2S)JAp) (GeV)

8.5 9

« X(6900) is obvious
« X(7100) is visible
 Signal dominated by

Run3
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Observation of X(6900) — {(2S)J/y @

CMS 135 fb' (13 TeV) + 180 fb ™' (13.6 TeV)
250
8.10- { Data X(6900) . .
5 117430 —runom o First observation of
E i ---Background ---Interfering Xs X(6900) — l'IJ(ZS)‘J/LIJ — 4“
< - Pt
PRLE
g A Evidence of X(7100) — w(2S)J/y: 4.30
si gl T[T LM Interference: 2.5¢0
e L A
E 2 i -
§§_2:+{.#f++§ﬁﬁ%+#+ 1#%;*; %ﬂ*w% {} i }%#1% arXiv:2602.02252
7 78 8 85 9 Submitted to Science Adv.
Myv@s) [GeV]
Fit Sample Interf. X (6600) X (6900) X(7100)
fiz  J/9p(2S) BW,, BW; m: — 6876130 110 7169725175
- etE el

fi (11 J/$)/p Interference m(MeV) 6593 T13+£25 6847 T0+15 7173 7], £ 13
(Run2+Run3) T (MeV) 44618 +87 13511414 73 18 £ 10
54 14 15
43416 44448 48+41
Interference m (MeV) 6638 "3T9 6847 t35100 7134 T21

(Run 2 [12]) I'(MeV) 440 F330+700 191 T85+% 97 +39+22
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363.9 320.3 -366.7 337.5 -14.4 0 6553 = B
=T 356.7 320.2 -366.7 337.5 -7.2 43.1 6460 6398.1  7c(1S)xc0(1P)
356.6 337.5 -7.2 21.5 6554 6494.1  7c(1S)xc1(1P)
356.6 337.5 -7.2 -2.1 6587 | 6539.6  7c(15)xc2(1P)
342.4 337.5 7.2 -30.2 6 6508.8  nc(1S)he1(1P)
342.2 337.5 7.2 30.2 657§ 6607.6 J/¥(18)xc1(1P)
342.3 337.5 7.2 -8.6 66234 6653.1 J/9(18)xc2(1P)
414.7 548.6 -11.2 0 6925 RV N
410.0 548.6 -5.6 -34.5 6851 a_rX|v.21 080401 7 [hep-ph]
410.0 548.6 -5.6 17.2 6926 -
410.0 548.7 -5.6 -3.4 6 R
398.7 548.6 -5.6 24.2 684 P-wave
398.7 548.6 5.6 24.2 6944 A -
398.8 548.6 5.6 -6.9 6982 -M[BW1] = 6552 +10 * 12
479.8 727.8 -9.3 0 7221 - MeV
0 T 4752 7207 46 310 7153] — =
475.1 727.7  -4.6 15.5 7220 «M[BWZ] =6927 = 9* 5
475.1 7278 -4.6 -3.1 7243 - - MeV
465.9 727.7 4.6 -21.7 7150 - M[BW3]=7287 + 19 * 5
465.7 727.8 -4.6 21.7 7236 = =
MeV
465.8 727.8 4.6 -6.2 7271

T4q(nS) states

Teczz

’
Tae
Tz

,
Toors

Mass(n=1)

6055159
609052
5984751
12387199
124017437
123004195
184757130
184837122

18383+189

S-wave

Nucl. Phys. B 966 (2021) 115393

Table 1. Predictions of the masses (MeV) of S-wave fully heavy T4q(nS) tetraquarks. Only 0**
and 2** are considered for 7} ;.. The uncertainty is from the coupling constant
a;=0.35+0.05.

7154+32

1281615
1907353
1907553

18976135

6631

3429729
1343073
13333733
19566732
19567732

34
19468131

M[BWA] =

%J_r 10 £ 12

MBW2] = 6447 + 9 + 5

MBW3]=7134 + 19 £ 5

* Radial excited p-wave states (like J/i series)?
Or Radial excited s-wave states?

» Theoretical situation difficulty & confusing
* Important next step: measure JPC to clarify


https://arxiv.org/abs/2108.04017

Spin Parity Analysis @
“Molecule”
m a bound state
of two mesons Q
E = connected by
@ residual nuclear
® force, like proton

and neutron in a /

—p
——
:

-~

nucleus
“True” tetraquark e
connects _ e ~Th T note (cC) mass
two colored objects V(ir)=g- x 22 heavier
(CC) and (55) r than 7
through direct stron L
inroug .d ect strong binding would be much weaker
interactions than in a nucleus or light “tetraquarks”
like quarks in a proton an in a nucleus orfight tetraquarks
or neutron other empirical interactions?

Z. Hu, 07/15/2026 16



Spin Parity Analysis @
® Fundamental study of matter at quark level...

M — unique all-heavy tetraquark states
0.

. E 3 e Quantum numbers J7¢ = ?

»@ directly related to structure:

——

e Tightly-bound tetraquark:
(CC) or (CC) identical = color anti-triplet (bg-gb,..) L = 0, axial vector S , = 1

-- -
_______

“(cc)+(CC) = L=0@mS): S=0,2 = ‘JP =0, 2+ 2 EEEEED most likely for
L=1@P): —1 = JP _‘6—‘-1 "‘é_ a tetraquark
n=1234 ' b ~~+. ......... less likely
ot L=2@D): §=0= J"=27 . uniikely

S=2 > JP_0+1+2+3+4+

e Molecular: less restrictions (e.g. meson S, , = 0,1): recall J* = 17

Z. Hu, 07/15/2026 17
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Optimal Observables and Statistical Analysis

S

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

CMS Preliminary 1 35 fb™! (1 3 TeV)
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1D projections from 2D
= limited information
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— Observed
0.08 e
2 0.07F O .2+ m
GE’ 0.06/-
g_o.os;—
S 0.0 served
o C
§ 0.035— qobs
Q. 0.02
001
0= s 0 50 100
-21In(L, /L)
Observed Expected
p-value  Z-score  p-value  Z-score
0- <27x10% 733 65x10°4 74
2 42x1071 02 0.50 0.0
19
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Summary of Statistical Analysis

Y
CMS Preliminary

X=JlyJly

135fb~1 (13 TeV)

e Scan mixture of two 0" amplitudes (11 steps)
— constructive interference most conservative

e Data are consistent with a

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

| o I
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— no interference (different spin projections)

N++

2**: rare in nature
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model, inconsistent with others
Nature 648 (2025) 58
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http://dx.doi.org/10.1038/s41586-025-09711-7

Summary of new exotic hadrons at LHC @

11.5
11.0 24 new exotic hadrons at the LHC © cclgg) @ cccc W ccqqq
' ® g ® cGgg
10.5
21 from LHCb
7.5 3 from CMS
.Tcécé(7100)
7.0 - @ (6900
TcEcE(66OO)

6.5 - [

6.0 A B
~ 5.5 - N
2
2 5.0 - i
O . Xc0(4700) . Xc1(4685)
= Pe4450)"  ®y(4500) Pec(4457)* 0 X(4630)
wn 4.5 D Y (4274) Pc2(4440)* Pes(4338)° -
L _ Xc1(4140)) . @ B . o Teai(42200° W
© > <2(4380) ) Pce(4312) O T.:2(4000)  Te51(4000)°_ xc1(4010)

S 4.0 o™ °® !
ch(3875)+ X(3960)
3.5 4 B
3.0 T..,(2900)° . - i
O 2870 @ e 20001
2.5 A B
2-0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
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Summary and outlook

« Recent CMS spectroscopy studies
— Observation of X(6600), X(6900), X(7100)
— First measurement of spin-parity reveals their JPC = 2++

— CMS paints a full picture of the all-charm tetraquark family

« Stay tuned for more results with larger Run 3&4 datasets
— Cross-section measurement of X(6600), X(6900), X(7100)

— Searching for more decay channels of 4c states
— Searching for 2b2c, 4b, 6c, 4c2b, ...

Thank you!
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pum) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals \
\

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

23

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



Signal and background &N

» Signal: pp = X = J /Y] /Y

X

Q\._W/

E 3

Q/ &

I

« Background: pp - J/YJ /Y

Single Parton Scattering (SPS) Double Parton Scattering (DPS)
o O —
\
" Rl o
— ]/
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Ns=7TeV,L=4.7fb

J.HihEner Ph 8.09(2014)094 (\’I’: _IIIII |||||||||||| IIIIIIIIIIlIIIIIIIII_
g gy Fny © | oms .
= Unpolarized J/y
[0
350 \s=7TeV,L=47fs \5=7TeV,L =471t ©J '}' Stat. unc.
o TTTT[TT T T[T T T T[T T T T[T T T T[T T rr[rrrTs TTT T[T T T T[T T T T[T I T[T TTIr T
o CI\IIIS ' T ] L f C|\|/|S ' ARAAMMOAARLELEE e —}— Stat. and syst. unc.
% 300 L —— All components ] % 250 —— All components — 5 1 0_1 | _]—. N
e Prompt 7 e Prompt 7 - . i
(u?) - 4 - - - - Nonprompt g - - - Nonprompt i % - J/\II phase Space' T
8 250 C Jiy-combinatorial 8 s00l Jiy-combinatorial | g B P> 6.5 GeV/c for lyl < 1.2 7]
C P L R 5
P Purely combinatorial | P T Purely combinatorial 7] s L p, > 6.5->4.5 GeV/c for 1.2 <lyl <1.43
a, @ o - p,>4.5 GeV/c for 1.43 < lyl <2.2 .
£200f € 8 L .
& f &
150 L I i
100f
i 102~ =
500 C { ]
OB AT TR o o N SR T A Ode L i
285 29 295 3 305 31315 32 325 3.3 3.35 285 29 295 3 3.05 3.1 3.15 32 325 33 335 B T
Mpp (GeV/Cz) MHH (GeV/CZ) ||||| Lo b by s by by by v by
0 10 20 30 40 50 60 70 80
2
M, (GEVIC?)

Total cross section, assuming unpolarized prompt J/pJ/y pair
production 1.49 = 0.07 (stat.) = 0.13 (syst.) nb

Different assumptions about the J/wJ/yp polarization imply
modifications to the cross section ranging from -31% to +27%.
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« J/y mass and vertex a0

g 500
f 400
[ 300
S
g 200
:
L 100
ol
3
'. 0
3.1 3.3
AOW § / Serepipue) reRa m(w-)1 eV
- gl\'ﬂsl — Erglirr)iqa(yl —————————t :13? fbl(.13.Tev)
O 2200 -
s ¢ Data — Fit
=
CMS data: 135 fb~1, taken § oo v pkg, — Bkg kg,
5
3
8

in 2016, 2017 and 2018
LHC runs 600

II|III|III|III|III|III|III|III|III|III|III|II

related cuts removed . , - :
Clean J /i signals are seen §15 _g@#ﬁi&@m o o Mg A @
2.8 2.9 3 3.1 3.2 33 3.4

m(w.)1 GeV
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| Background (SPS + DPS @J

CMS background (SPS + DPS + BWO) 135 b (13 Tev)

160 CMS Supplementary

x% prob = 79%

Candidates / 25 MeV

[6.2,15] GeV

* Most significant structure is a BW at threshold, BW0--what is its meaning?
* Treat BWO as part of background due to:

* BWO parameters very sensitive to SPS and DPS model assumptions

* Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...
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Candidates / 25 MeV

2 Background (SPS + DPS + BWO0) @

—CMS background (SPS + DPS + BWO0)

180 [ T T T T

135 fb’ (13 TeV)

160 |-
140
120 .
100

CMS Supplementary

x% prob = 79%

[6.2,15] GeV

* Most significant structure is a BW at threshold, BW0--what is its meaning?

* Treat BWO as part of background due to:

* BWO parameters very sensitive to SPS and DPS model assumptions

* Aregion populated by feed-down from possible higher mass states

* Possible coupled-channel interactions, pomeron exchange processes...

e SPS+DPS+BWO as our background

Z. Hu, 07/15/2026
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First observation of X(6600)

x2 Prob. = 1%

[6.2,7.8] GeV

Statistical significance based on:
2 In(Lo/Liax)

6552+ 10+ 12

r 124732 + 33
N 470129
o(stat.) 6.5
o(stat. + syst.) 5.7
First
Observation

Z. Hu, 07/15/2026

Candidates / 25 MeV

180
160
140
120
100

=

135101 (13 TeV)
- CMS
== ¢ Data —Fit
' —BW, ---BW,
] “ ------ Background

6927 + 9 + 4 7287 +20_ .+ 5
122121 + 18 95+35 + 19
492*78 156184
9.4 4.1
9.4 4.1

Confirmation of Evidence

X(6900) from LHCb
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©y

135fb” (13 TeV.
o

Candidates / 25 MeV
o

(o]
o
TT'PTI-H-'-I-L—L*J,I. -

— 7
CMS

¢ Data —Fit
—BW, ---BW,
...... BW, Background

v
=
=
=
>
=
4
2
.
= FNy

Data-Fit
Stat. unc.

» Possibility #1:

* Multiple fine structures to reproduce
the dips?

* No enough statistics to test

» Possibility #2:
 Interference among structures?

Z. Hu, 07/15/2026

85 9
my,y,, [GeV]

e More secrets to dig out
* We explored possibility #2 in detail
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Interference fit

D
o

09-09

S
o

S 180 — 138 fb” (13 TeV)
s £ 790 cMs S
= o0 980 E

New Structures in the J/4J /14 Mass B 0F ¢ Data — Fit =
Spectrum in Proton-Proton Collisions at ~ =L/ —BW, ---BW, 3
vi=13 TeV g 120 —op Iya) { 475 BW, -~ Background
A. Hayrapetyan et al. (CMS Collaboration) 8 100 \ .. i \ -~ Interfering BWs —
Phys. Rev. Lett. 132, 111901 (2024) — Published 15 March 2024 'g wl } N/ ° N .
< 80 —]

O -

%

=

¢

b
¢

®

o

Data-Fit

Stat. unc.

Three structures, X(6900) and two new ones around 6.64
and 7.13 GeV, are seen in the J/v.J /¢ mass spectrum that

are consistent with being part of a family of radial excitations.
Show Abstract +

7 75 8 85 9
My [GeV]

« Fit with interf. among BW1, BW2, and BW3 describes data well

« Measured mass and width in the interference fit

X(6600) X(6900) X(7100)
Interference  m [MeV]  663875512° 68477518 713417571
FIMeV] 440135705 19141 979"
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Concept of Analysis: All Input |G

(1) my, spectrum X — 4u — arXiv:2306.07164 =" " "
> 300 — — Model *+** X(6600)
(2) prandp, of X - 4y — matchtodata == o o

0-2005 '. \ == Non-resonant =" X(7100)
(3) polarization J, or J,,of X — unpolarized s
850 ; ’ "
for J = 0 exact

o e I
6.5 7 7.5 8 8.5 9

forJ = 1,2,.. depends on production mechanism
— vary J, or J,, systematics or test

(4) @, 0% or ®7, 0™ production angles

flat for unpolarized — testindata ~ ——+——
non-flat for polarized ~ \_i> """"""""
do not use in the primary analysis

v .
(5) @, 6,0, decay angles — analysis 2 <--- X boost axis

Z. Hu, 07/15/2026
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Simplification in Angular Analysis @‘m

— BW1

¢ Full model possible, but very complex = — o

JHUGen —@»

—— BW1/BW2 Interference

‘@(CDS 019 929 m4ﬂ)

(1) Same properties of 3 resonances:

100 4

P(my,, 5) = P(my,) - T(S_i |my,)

empirical angular | Mgy (GeV)

(2) Pairwise tests of J; hypotheses i and j: _ arXiv:1208.4018
‘@I(Q | m4'u)

PAQ |my,) + P(Q |my,)

MELA D,(Q|my,) =

1 optimal observable < Higgs boson discovery and spin-parity

e Final 2D model: | < ljk(m4/p @ij) =P k(m4,4) ' Tijk(gij | m4,)
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@)

? (€C)4—q + (cC)y—q _most likely
?(cc) s b (@8) e S L=DDS)E S=2 = -JPC 2+ n=(1,)2,3,4....

o JFC analysis of exotic hadron decays at LHC (production-independent)
— consistent picture: set of 3 exotic teraquark resonances with the same ¥
— PC = + + very certain n= (1,234
—J#1lat >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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Chi2/nbins

[6, 15]: 363.20/353
(6, 9]: 117.33/113
[6.2, 7.8]: 56.66/64

CMS J/WJ/y fit — Run 3 only

17 = 180 b (13.6 TeV) 135 b (13 TeV) + 180 fb™' (13.6 TeV)
x , 20 CMS
C ¢ Data — Fit |
E_) 400 —J¢ I Feeddown —BW, B
= C o - -BW, UBW, < 400—
o aook- —BW, Interfering BWs. [0 =
@ Tk ---SPS+DPS+Comb = B
5 H - Dip:&de Sl agal
T 200 :-,‘» ~ 300
8 »
$) o
100 g 200:
L) 1
c
______________________ S
| 9 o I
=g 100 {3
I-l-é 5 2f K
Slg ©
Qle | .
g ; i i H 0
6.5 7 7.5 8 8.5 9 7.5
Myyyar, [GEV] M0 [GEV]
BW1 BW2 BW3 Interf BW1-BW2 Interf BW2-BW3 Interf BW1-BW2-BW3
Significance (6) 12.7 12.9 6.3 8.4 5.1

8.4

6588 * 19
r 454 * 74
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First observation of interferene

6849 = 12
136 = 18

7179 £ 10
67 * 18
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