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The quark model

Classical quark model

“Exotic” hadron

Color Charge Meson Baryon Molecule
D’ 2
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= > 60 years of classical quark model tetraquark pentaquark

Diquark-antidiquark

\/\J \/\ q
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« Experimentally tested at high energies; asymptotic
freedom —Nobel Prize 2004 g g

*  Success of Conventional Hadrons at low energies: g ¢ @
non-perturbative quark model (confinement) 7Y @
—Nobel Prize 1969 g g (o AN A

= Exotic hadrons (Non-Conventional), no
definitive conclusion yet Glueball Hybrid
— currently a hot topic

. J
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Z.(3900), carries charge and couples to charmonium

« Light exotics likely exist, but too messy for clear identification

X(3872), kicked off a boom in (heavy-flavor) exotic hadron, dozens of XYZ found

Fully-heavy exotic hadrons, promising and accessible for theoretical exploration

* Heavy-flavor exotics: larger quark mass relative to Ap, theoretical treatments more reliable
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Status of of all-charm tetraquark

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023 Phys. Rev. Lett. 132:111901, 2024
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% All exp observe X(6900)

. Hump @ 6.6 GeV: Different modeling
+ additional structures:

Hint @ 7.2 GeV: LHCb not consider; ATLAS 30 hint in J/yYy(25)
s CMS first observed X(6600) & evidence of X(7100)

L)
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Status of of all-charm tetraquark
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AZZO - : : I - > d ” I E : J d > | LINLEL IRLELUNLEL N R NLAL L IRLAL L LU L BN B IS '+ m s o oo o o o o S S o 2 s B o e e e e e e 135 fb" (13 Te!

L ) 400_— -1 = 50 T T Trrrr1 T 7] 130': T 1 L B
& it & F ATLAS | —sg.+Big 18 ATLAS —sgemke ] oob ous
g 3005 v§ =13TeV, 140" — Background J© Vs=13TeV, 140 i’ —— Background i % 1a0 - bl . # Data —Fit =
o [ di-Jiy ---- Bkg. wio Feed-down 1 © gql-Jip+u(2S) -~ Signal . s E —BW, ---BW, 3
@ : 1 Sig. w/o Int ]2 ] w120 = BW, -~ Background
£200F . 1 % N oF .= Interferi E
ot l Sig. Int 1 o = 100 Interfering BWs E
(] r s . c - -
> B 1 o 2 =
(@ 100 ‘ e 1 & g -
h % e E
0 S =

C 20

~100- B o

- =0
e ol - I.'L g 2
C . AE
7000 8000 9000 —200¢ E gz |
2 'l 11 ] 111 1 l | ! I l 111 1 l 1 111 l 11 1 1 l ]‘
Mgy (MeV/c?) 65 7 15 8 85 9 . ‘ 5 . |
m,, [GeV] m,, [GeV] my, 4, [GeV]

% All exp observe X(6900)

. Hump @ 6.6 GeV: Different modeling
+ additional structures:

Hint @ 7.2 GeV: LHCb not consider; ATLAS 30 hint in J/yYy(25)

L)

2 CMS first observed X(6600) & evidence of X(7100)

L)

<&

L)
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> All exp use interference, but in ditf ways:
LHCb: extra BW interfere with SPS, X(6900) NOT interfering

ATLAS and CMS: different multi-resonance interference

&2 A number of unresolved questions !
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CMS Run 2 Result

CMS Run 2 mass spectrum CMS Run 2 Regge plot

Phys. Rev. Lett., 132(11):111901, 2024 i ome 0.61 54r ;
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Run 2 result: i b
' » Interference imply same J¥¢ quantum numbers !

. X(7100): 4.70 . ply same J72q i
|
1 » > 200 MeV mass splittings => Radial excitations ? !

 Interference <40 e i plittings =~ Radial excriations : !

With 3.6X statistics: Cornell Model:  y(r) = _g% 4 oor+ ...

o ALL states over 50 ?

o Interference over56? A radial FAMILY of all-charm tetraquark states with same J¢ ?
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CMS Trigger

Overview of CMS Trigger System

[ Collisions at 40 MHz ]

N

Level 1 Trigger (L1)
Coarse reconstruction, limited detector systems, hardware-based (ASIC/FPGA)

I
100 kHz

High Level Trigger (HLT)
Full detector information and online resolution, software-based (CPU/GPU)

|
~1.5 kHz

Y

Standard Stream

Immediate offline reco

/
= Save RAW event, contains complete detector

information, no reconstruction

= Uses less computational resources, enabling
N higher rates and lower kinematic thresholds y

Yilin Zhou Tetraquark 7




CMS Trigger

Overview of CMS Trigger System “» Majority of analyses rely on dimuon triggers
[ Collisions at 40 MHz ] Flexible trigger system for different analyses
A % Parking streams are a game-changing effort for CMS
Level 1 Trigger (L1) flavour physics

Coarse reconstruction, limited detector systems, hardware-based (ASIC/FPGA)

[ “ Expanded physics potential thanks to inclusive

100 kHz . .
v dimuon parking dataset
High Level Trigger (HLT) s — _82fb' (136 Tev) o
Full detector information and online resolution, software-based (CPU/GPU) % 10 CMS B Inclusive low mass dimuon trigger Y(nS) trigger ]
[ ) B Displaced low mass dimuon trigger | |
~1.5 kHz o 107F I .
+ £ | Phys. Rept. 1115 (2025) 678 Y
ie) 108 qJ' E 104
Standard Stream ?‘j 1
Immediate offline reco © E

-

—:103

/ . | W |
= Save RAW event, contains complete detector t 2 38 4 5 6 7 8 09 10 1
. . . : my, [GeV]
information, no reconstruction di-u mass lower threshold at 2xm,, HH
= Uses less computational resources, enabling Open new opportunities in flavour physics!
N higher rates and lower kinematic thresholds y
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J/Y]/: Datasets, MC, trigger, and event selection

% Data samples [315 fb"!]
* Run 2: 135 fb! data takenin 2016, 2017 and 2018.
* Run 3: 180 fb! data taken in 2022, 2023 and 2024.

% Signal and Background simulated events:

« SignalX - J/YJ /Y - utu~utu~ by JHUGen

X 4/@}]@1

Us

U ]/

* NRSPS, DPS by Pythia8 or event-mixing
q1
0 Jhp

qz
., WV

5.

Jh

p SPS

* Feeddown by Pythia8: X(6900) — J/Yy(2S) — J /Y] /Y + anything
* Combinatorial background

* Enhancement near threshold, BWO

Yilin Zhou J/Y] /Y updated result 9



Yilin Zhou

J/Y]/: Datasets, MC, trigger, and event selection

% Data samples [315 fb"!]
* Run 2: 135 fb! data takenin 2016, 2017 and 2018.
* Run 3: 180 fb! data taken in 2022, 2023 and 2024.
% Signal and Background simulated events:
« SignalX - J/YJ /Y - utu~utu~ by JHUGen
X 4 llg} I/
+

Us

U ]/

* NRSPS, DPS by Pythia8 or event-mixing

5.

I

p SPS p

* Feeddown by Pythia8: X(6900) — J/Yy(2S) — J /Y] /Y + anything
* Combinatorial background

* Enhancement near threshold, BWO

J/Y]/ updated result

% Trigger of Run 3
HLT_DimuonO0_Jpsi3p5_Muon2
* Level 1 requirements: 3 muons
e 295 < M(utu~) <3.25GeV
 pr(u) >3.5GeV

HLT_DoubleMu4_3_LowMass [new trigger for Run lll]
* Level 1 requirements: 2 muons
e 02<M(u*tu~) <8.5GeV
* one muonpr(u) > 4 GeV and the other pr(u) > 3 GeV
o pr(utu™) >49GeV

» Compared to only Dimuon trigger, LowMass
trigger increase 30% J /Y] /i statistics

+* Event selection of Run 3

Follow PRL cuts + A new trigger for Run 3

10



J/Yj/: Statistics of CMS Run 2+3

4 ™
= J/Y signal: Double Crystal Ball

= non-resonant p*u: 18-order Chebyshev polynomial

2D distributions of double-dimuon masses

* Luminosity
Run 2: 135 fb!
Run 3: 180 fb!

* J/¥)/ ¥ yield
Run 2 ~12622 + 165

Run 3 ~31802 + 476

> J/W] /@ yield per unit luminosity
Run 2 ~93 events / fb!
Run 3 ~177 events / fb!

Candidates / (400 MeV?)

» Run 2+3 J/@]/¢ yield is 3.6X of Run 2
» Run 2+3 luminosity is 2.3X of Run 2

Baseline mass variable
— invariant mass of two constrained J/y candidates

Yilin Zhou J/Y] /Y updated result 11



J/YJ/y: Signal and Background models

= Signal shape: Relativistic Breit-Wigner BW (m; mig, Tg) = — v ml (m)

m3 — m2 — imI'(m)’

= Background component: N ,
NRSPS + NRDPS + Comb + Feeddown + BWO0 L(m) =T ( P ) m (BL@ o))",

s* Non-interference model:

= Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW1+BW2+BW3

PAf(m) = > Ny, - IBWGmn, My, TDI? ® R(MY) + Nysps - furses(m)

+NNRDPS ’ fNRDPS(m) + NComb ’ fComb(m) + NFeedown ’ fFeeddown(m)

¢ Interference model:
= Signal-hypothesis: NRSPS+NRDPS+Comb+Feeddown+BW0+BW123 Interf. Term

Pdf(m) = Ny, - [BW,|* ® R(Mp)

+ N g interf * |71 - €xp(i¢py) - BWy + BW, + 13 - exp (i¢h3) - BW;/?

+ Nygrsps * fursps (M) + Npps - fpps(m)
+ NPeeddown ) fFeeddown (m) + NComb ) fComb(m)l

Yilin Zhou J/Y] /Y updated result 12



J/YJ/¢¥: Run 2+3 noninterference fit result

+¢* Noninterference model
NRSPS + NRDPS + Comb + Feed-down + BW0O + BW1 + BW2 + BW3

Pdf(m) = Z Ny, - |[BW(m, M;,T;)|* @ R(M;) + Nygsps * fursps(m)

+Nyrpps * farops (M) + Neomp * feomp(M) + Neeegown * freeadown (M)
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J/YJ/¢¥: Run 2+3 noninterference fit result

+¢* Noninterference model
NRSPS + NRDPS + Comb + Feed-down + BW0O + BW1 + BW2 + BW3

Pdf(m) = Z Ny, - |[BW(m, M;,T;)|* @ R(M;) + Nygsps * fursps(m)

+Nyrpps * farops (M) + Neomp * feomp(M) + Neeegown * freeadown (M)

s Rev. Lett, 132111901, 2024 1B 13 TeY CMS 135 b~ (13 TeV) + 180 fb ' (13.6 TeV
16oF- Run 2 Nomnterf Cms 3 - Run 2+3 Noninterf t Data == X(6600)
- n 600 : —F
> ok 4 Data —Fit E > : Fit X(6900)
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ﬁ 120 =2 y BWB Background —: g E | l s NRSPS ‘ — DPS
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T 80 — S 300
_‘g H Ly, T .'g 1
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© 7k ¢ A 100l T
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Dips poorly described --- Noninterference model no longer sufficient

Yilin Zhou J/Y] /Y updated result 14


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://arxiv.org/abs/2602.02252

J/YJ]/¢¥: Run 2+3 interference fit result

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

- 150. } Data .- X(6600) Params [MeV] Run &Il Interf. Run Il Interf.
S oo M 170 — Full model X(6900) M(BW1) 6593133 + 25 6638233131
%: s00[- ¢! ‘ Sg -- Background ---X(7100) rBwa1) 446255 + 87 44073507210
N 4003 .' b Interfering Xs M(BW2) 6847 + 10 + 15 6847153138
8 i A { r(Bw2) 135716 1+ 14 191758433
é Sﬂﬂ_f M(BW3) 717373, £ 13 7134158418
ttcg Eﬂﬂg r(BwW3) 73*18 4 10 97+40+29

100 T Precision improved by factor of 2~3
ol AV Large mass splittings, > 250 MeV

Li § s{% gy | First observation of X(7100) in J/iJ/ip channel
A 5}: -2 + e - f : First observation of interference among X(6600),

Y v =5 3 85 o X(6900), and X(7100)

m a0, [GEV] arXiv:2602.02252
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Interpretation and discussion

% In Regge theory:n, = pM?* + B,

n, = n — 1, radial quantum number n

Regge trajectories of X and Y

CMS 135" (13 TeV) + 180 fb~" (13.6 TeV)
———— Jiy J/p Interference Model
---------- 2" (spin-1 diquarks) i L L
--------- 0**(spin-0 diquarks)
. Y(_I S' 28' SS' 48) PDG ................................... _110

S

141
& 8 @&

X mass squared [GeV?]
g [4)]

Y mass squared [GeV?]

(]
o

(MeV)

| |
8580888
TT T[T ETJ T[T

AMaSS

Radial index

arXiv:2602.02252

&2 Good agreement with spin-1 diquark
O++ or 2++ state  Nucl. Phys. B 966 (2021) 115393
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Interpretation and discussion

< In Regge theory:n, = BM* + B,  +* X widths decrease with radial excitation, exponentially

n, = n — 1, radial quantum number n Widths trend of X and
Regge trajectories of X and Y

CMS 135 fb™ (13 TeV) + 180 fb™' (13.6 TeV)
CMS 135" (13 TeV) + 180 fb~" (13.6 TeV) Jhy Jhp Interference Model - ]
Jhp JAp Interference Model 5| ~= Y(1S,28S,35) > A [PDG]
_ 60f ----eeee 2 (spin-1 diquarks) =~ e =115 10°0 —— Y(1S, 23 33) — ggg [PDG]
$ | 0*(spin-0 dquarks) < et B |
&% —— v(s,28,38,45)PDG T g s [ perD 036940067 1'0
;‘ ; Q 5 I'(n) :3;
S o L °
:. : E PRIt CPTTPRTPIITIN | _E
@ g S B
E & 5 102 [ e -
o2 Q0| i . gsf_ = ?
W ol T R BN 10
I _—
3 3_~‘1(,—)_04‘114_0021tEJ .................................. S— i
< 60F I3, (n) i ]
=6 4 | | i
< 20f 1 2 3 4
B ol Radial index _
Sk arXiv:2602.02252
<_gok
Radialindex — /yi\/:2602.02252 In Y family, bb quark-antiquark annihilation predominantly

&2 Good agreement with spin-1 diquark  §2Suggest a similar decay mechanism for X states
O++ or 2++ state  Nucl. Phys. B 966 (2021) 115393 a sort of diquark-antidiquark “annihilation”

Yilin Zhou Interpretation and discussion 17


https://arxiv.org/abs/2602.02252
https://arxiv.org/abs/2010.09082
https://arxiv.org/abs/2010.09082
https://arxiv.org/abs/2602.02252

Interpretation and discussion

/7

% Interpretation and discussion

* Idealized models of all-charm structures theoretically
Molecular, Diquark-antidiquark, “amorphous” systems, hybrid, threshold effects

Standard Exotic mesons: all-charm tetraquark Threshold
meson effects
Molecule Diquark Compact Hybrid e.g., triangle
(amorphous) singularity
@ x % : -3 y(3770) p v (3770)
' A - M-l
y Dy «D
s ‘e
——
Jiy Jiy

Yilin Zhou Interpretation and discussion 18
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% Interpretation and discussion

* Idealized models of all-charm structures theoretically
Molecular, Diquark-antidiquark, “amorphous” systems, hybrid, threshold effects

Standard Exotic mesons: all-charm tetraquark Threshold
meson effects
Molecule Diquark Compact Hybrid e.g., triangle
(amorphous) singularity
@ x % : -3 y(3770) p v (3770)
' A - M-l
y Dy «D
s ‘e
——
Jiy Jiy

* Squared masses of triplet align Regge trajectory ==> Radial excitations

* Regge match predictions for spin-1 (anti)diquarks with J'C of 0* or 2*

0* is less prominent in production than 2+  aX.2000.14388
arXiv:2009.08376
* Widths decrease similar to Y bb annihilation

“diquark-onium”

Yilin Zhou Interpretation and discussion 19
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Interpretation and discussion

% Interpretation and discussion

* Idealized models of all-charm structures theoretically
Molecular, Diquark-antidiquark, “amorphous” systems, hybrid, threshold etfects

* Squared masses of triplet align Regge trajectory ==> Radial excitations

* Regge match predictions for spin-1 (anti)diquarks with J'C of 0* or 2*

Standard

Exotic mesons: all-charm tetraquark Threshold
meson effects
Molecule Diquark Compact Hybrid e.g., triangle
(amorphous) singularity
cc x % 2 |vG779 B vG770)
2 - B
;C c D \‘ ‘I D
Jiy Jiy

0™ is less prominent in production than 2**

* Widths decrease similar to Y bb annihilation

“diquark-onium”

* CMS angular analysis favors J'¢ = 2**

arXiv:2006.14388
arXiv:2009.08376

A system of aligned spin-1 diquarks

» forms a triplet of radially excited n°S,
states of ch(—:é

* No orbital angular momentum (Li.cj[ee) = 0)

high orbital less likely, difficult to produce

Yilin Zhou

Interpretation and discussion
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« A radial family of all-charm tetraquarks with same J¥¢ = 2**

* Three structures X(6600), X(6900), X(7100) established with significances > 50

* Quantum interference among structures validated with significances > 50

= First preliminary picture of the internal structure of this family.

— o e e e R M e e mmm Mmm e M Rmm M e e Mmm M e Mmm Mmm Mmm e Mmm Mmm M e Mmm Mmm M e Mmm Mmm Mmm S Mmm Mmm M G Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e Mmm Mmm M e mmm Mmooy

. We are painting a coherent picture of Fully-heavy exotic hadrons

!
S 1

______________________________________________________________________

THANKS!
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  𝐮 𝐜  𝐮 -  𝐜 -


   𝒁 𝒄 + ( 𝟑 𝟗 𝟎 𝟎 )


   𝛬  Q C D


  𝚼


  𝑽  ( 𝒓 ) = −  𝟒 𝟑    𝜶 𝒔 𝒓 +   𝝈 𝒓


   J  P C


   J  P C   ?


  X → J / 𝜓 J / 𝜓 →  𝜇 +  𝜇 −  𝜇 +  𝜇 −  


  X  (  6900 ) → J / 𝜓 𝜓 ( 2 S ) → J / 𝜓 J / 𝜓 + a n y t h i n g


   𝜇 3 +


   𝜇 4 −


  X


   𝜇 1 +


   𝜇 2 −


   J /   𝜓 1


   J /   𝜓 2


  2 . 95 < M  (   𝜇 +  𝜇 − ) < 3 . 25   G e V


   p T  ( 𝜇 ) > 3 . 5   G e V


  0 . 2 < M  (   𝜇 +  𝜇 − ) < 8 . 5   G e V


   p T  ( 𝜇 ) > 4   G e V


   p T  ( 𝜇 ) > 3   G e V


   p T  (   𝜇 +  𝜇 − ) > 4 . 9   G e V


  X → J / 𝜓 J / 𝜓 →  𝜇 +  𝜇 −  𝜇 +  𝜇 −  


  X  (  6900 ) → J / 𝜓 𝜓 ( 2 S ) → J / 𝜓 J / 𝜓 + a n y t h i n g


   𝜇 3 +


   𝜇 4 −


  X


   𝜇 1 +


   𝜇 2 −


   J /   𝜓 1


   J /   𝜓 2


  𝑱 / 𝝍 𝑱 / 𝝍


  𝐉 / 𝛙 𝐉 / 𝛙


  𝐉 / 𝛙 𝐉 / 𝛙


  𝐉 / 𝛙 𝐉 / 𝛙


  P d f  ( m ) = ∑   N   X i ∙    |  B W  (  m ,  M i ,  Γ i ) | 2 ⊗ R  (   M i ) +  N  N R S P S ⋅  f  N R S P S  ( m )


  +  N  N R D P S ⋅  f  N R D P S  ( m ) +  N  Co m b ⋅  f  C o m b  ( m ) +  N  F e e d o w n ⋅  f  F e e d d o w n  ( m )


  P d f  ( m ) = ∑   N   X i ∙    |  B W  (  m ,  M i ,  Γ i ) | 2 ⊗ R  (   M i ) +  N  N R S P S ⋅  f  N R S P S  ( m )


  +  N  N R D P S ⋅  f  N R D P S  ( m ) +  N  Co m b ⋅  f  C o m b  ( m ) +  N  F e e d o w n ⋅  f  F e e d d o w n  ( m )


  P d f  ( m ) = ∑   N   X i ∙    |  B W  (  m ,  M i ,  Γ i ) | 2 ⊗ R  (   M i ) +  N  N R S P S ⋅  f  N R S P S  ( m )


  +  N  N R D P S ⋅  f  N R D P S  ( m ) +  N  Co m b ⋅  f  C o m b  ( m ) +  N  F e e d o w n ⋅  f  F e e d d o w n  ( m )


   𝒏 𝒓 = 𝜷  𝑴 𝟐 +    𝜷 𝟎


   n r = n − 1


  n


  Υ


   𝒏 𝒓 = 𝜷  𝑴 𝟐 +    𝜷 𝟎


   n r = n − 1


  n


  𝚼


  b  b -


  Υ


    Γ ( n + 1 )  Γ ( n ) = 0 . 369 ± 0 . 067


     Γ  3 g ( n + 1 )   Γ  3 g ( n ) = 0 . 411 ± 0 . 021


   𝐧 𝟓  𝐒 𝟐


   𝚻  𝐜 𝐜  𝐜 -  𝐜 -


   L   [  c c ] [  c -  c - ] = 0


   𝐉  𝐏 𝐂 =  𝟐  + +

