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Observation of a family of all-charm tetraquarks
with spin-2 and positive parity at CMS
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2 Outline

1 Motivation

d JADJ/AP updated result

d JADY(2S) result

] Spin-parity measurement

J Summary
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Status

¢ All-charm Tetraquark on LHC in J/yJ/y channel

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023 136 " (13 Te
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m4p [GeV] my, v [GeV]
L ALL exp observe X(6900) + additional structure » Only CMS claimed X(6600) & X(7100)
. Hump @ 6.6 GeV: Different modeling
Hint @ 7.2 GeV: LHCb not consider; ATLAS 3c hint in [/ (25)
O All exp use interference, but in diff ways
LHCb: extra BW interfere with SPS, X(6900) NOT interfering!
. . . ) : /
«  ATLAS and CMS: different multi-resonance interference # A number of unresolved questions |

L All exp see a threshold excess, NOT explained! Classified as background
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Phys. Rev. Lett., 132(11):111901, 2024 .

180 e e e 185M7(13TeV)
teoF- I | | Runll ™ =
% 140:_ ¢ Data —Fit =
= =Ral/ —BW, ---BW, 3
o 120p I % oy BW,; ---Background
c\n 100F \ 1 --=Interfering BWs 3
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° & bORY
o 1« e 3
R — T L gHI I
5 R R

PRGN - 4 o i - $

7 7.5 8 8.

65 .
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Run 2 result:
 X(7100): 4.70
 Interference <4c

With 3.6X statistics:

0.5

0.4

0.3

Mass Diff (GeV)
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O Significance of ALL states over 56 ?

Status

Chinese Phys. Lett. 41 111201

C 54 -

C Runll —— CMS No-Interference — 52:_ —=— CMS No-Interference Run |1

:—Y Famil —— CMS Interference s -

- 1 ramily —=— Upsilon(15,28,38,45) @ 90F —+— CMSinterference

— ~ 48F

_ 9\4 e -

C 46:—

- 445

— Res. Diff Indices: 421

C 1:Y(25)-Y(19) 400

— 2:Y(3S)-Y(2S), X(6900)-X(6600) a8k

- 3:Y(45)-Y(3S), X(7100)-X(6900) o

L | | | 36_ | | |
Resonance Difference Index Resonance Index

|

> Interference imply same J¥¢quantum numbers

» >200 MeV mass splittings ==> Radial excitations ?

' » A family of all-charm tetraquarks ?

L Significance of interference over 56 ?

A FAMILY of all-charm tetraquark states with same J©¢ ?




. Datasets, MC, trigger, and event selection

% Data samples (315 fb'!) % Triggers
« Run2: 135 fb! data taken in 2016, 2017 and 2018 » Run 2 trigger:

+ Run3: 180 fb-! data taken in 2022, 2023 and 2024 * Level 1 requirements: 3 muons
e 295< M(utuT) < 3.25GeV

 pr(u) > 3.5GeV
¢ Signal and Background simulated events: > Run3 trigger (new):
o Signal X - J/YJ /Y - uTu~utu~ by JHUGen * Level 1 requirements: 2 muons
« NRSPS and Feeddown by Pythia8 * 0.2<M@utuT) <85GeV
* One muon pr(u) > 4 GeV; The other pr(u) > 3 GeV

* DPS event-mixing
e pr(utu~) > 4.9 GeV

* Feeddown: X(6900) - J/Yy(2S) - /Y] /¥ + anything

p > increase 30% J /Y] /1 statistics compared to old trigger
q1
e / G
2 J .
5 3': & gy <+ Event selection
D p * Follow Run 2 cuts + new trigger for Run 3

SPS DPS
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J/Yj/y yield: two-dimensional fit

e
W

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

=

reliminary

O Luminosity
Run 2 135 {b"!
Run 3 180 fb!

3 J/PI /P yield
Run 2: 12622 + 165
Run 2+3 44936 + 692

Qd J/YJ /Y yield per unit luminosity
Run 2 ~ 93 events / fb’!
Run 3 ~ 177 events / {b-!

» Run 2+3 J /Y] /Y yield is 3.6X of Run 2

» Run 243 luminosity 1s 2.3X of Run 2



e Signal and background models

. . . o e 4o . . . mI'(m)
Signal shape: Relativistic Breit-Wigner BW (m;my,T) = w2 2 — imT ()’
2L+1
= Background component: NRSPS + NRDPS + Feeddown + Comb + BW0 I'(m)=T, (;—0) % (B.(4,90,4))°

+* Non-interference model:

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

PAf(m) = ) Ny, [BW(m, My TI? ® R(M)) + Nugss - frsps(m)

+Nnrpps * fnrops(M) + Ncomp * feomb (M) + Npeedown * freeddown (M)

++* Interference model:

= Signal-hypothesis: NRSPS + NRDPS + Comb + Feeddown + BWO0O + BW123 Interf. Term

Pdf(m) = Ny, - |BWy|* ® R(My)
+ NX and interf - |71 - €xp(ipy) - BW; 4+ BW, + 13 - exp(i¢h3) - BW, |

+ Nngrsps * farsps(m) + Npps + fpps(m)
+ NFeeddown ) fPeeddown (m) + NComb ) fComb(m)l




> 4 Run 2 & 3 no-interference fit result

s+ No-interference model:

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

PAf(m) = ) Ny, |BW(m, My T)I* @ R(M) + Nygses - funses ()

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

180 135 1 (13 TeV) 135 fb™ (13 TeV) + 180 fb™' (13.6 TeV)
160 Run 2 No-Interf s 3 600 | Run 2+3 No-Interf ~ CMS  Preliminary
% 140 ¢ Data —Fit = > - § Data — Fit
P 120 ‘ —BW, ---BW, = 2 00 | - -BW, _.-BW,
Ln ...... __ .
R\ { Background E @ wok ‘L/ —_BW, S PR
~ 100 ] .
3 = 3 B Al
o 80 — 8 300
'c — —
S 60 = =
= 3 O 200
O 40 ¥ Db
o0k 100
. 0 0 o4
=0
[ [ ==/ N |- cIEUCRRE § SEPERPe] (IR SERCRCT) (CRRR ¢ § AECCERRPSPPPLORRTPUIIDPM 2] (ECOTURE & STPUCR) SUCTOPPUT DPISSRYS CRORE L © FRCTRRPL. ) STLUOR, SUCFPRUORRPPTS ~| o
[N =) (TN = i
o~ i E ! ﬂq ﬂ #
>, 1S **4 ‘*g qu, **#% &4,
o s ©|'® ﬂ * %
88 ° N s | + + pety
B e e s e L
9 6.5 7 75 8 85 9
M,ur [GEV]

» Dips poorly described — no-Interf. model no longer sufficient !



=4 Run 2 & 3 interference fit result

¢ Interference model with Run 2 + 3:

135 fb™ (13 TeV) + 180 fb™* (13.6 TeV) 135 fb" (13 TeV) + 180 fb™" (13.6 TeV)
600 :_ 150 CMS Preliminary 600 :_ CMS Preliminary
- ¢ Data = Fit E -

% 500 — > 500— Run 2+3
s F CBW,  TUBW, Ol
Te) - ) u
N —BW Interfering BWSs. C
N a0 3 9 0 400F
§ N . -~ Background z o
S 0 b oatam i gl <2 300
s H YpL. L6 AL BT S [
c T I
S X S 200¢t
* S I

100[L7¢ ¥

----------------------- O s

7.5
Mgy [GeV]

wﬂ@mwww## ﬁﬁﬁﬁ ﬁw@‘“ﬂﬂw

» All states and dips well above 5¢ !

» Quantum interference among structures validated!

Strongly imply that they have same J*¢
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Run 2 & 3 interference fit result

Dominant sources Ampy, Algy, Ampy, Algy, Amgy, Algy,

Signal shape 25 52 2 11 3 5
NRSPS shape 3 7 <1 1 <1 5
DPS shape <1 5 <1 <1 <1 1
Combinatorial bkg shape <1 22 <1 2 <1 4

Feeddown <1 1 <1 <1 <1 <1
Mass resolution 4 58 15 7 12 5

Efficiency <1 4 <1 <1 <1 <1
Without BW,, <1 29 2 3 2 1

Total uncertainty 25 87 15 14 13 10

Params M(BW1) r(Bwi) M(BW2) r(BW2) M(BW3) r(BW3)

Run Il & Il Interf.

659315 +25 | 44678 + 87

6847 + 10 + 15

135715 + 14

717313, + 13

73*18 + 10

[MeV]
Run Il Interf.
(MeV] 6638143110 440%230+110 68471 55+48 191155%25 7134138+71 97+39+29

* VS. Run 2 result

v' Statistical uncertainty reduced by a factor of 3

v’ Systematic uncertainty reduced by about a factor of 2

v Large mass splittings (> 200MeV) still exist, with improved precision
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Explore J/yy(2S) channel with Run 2 & 3 data

*  X(6900) near threshold obvious

*  X(7100) 1s visible

* According to J /1] /1 channel, should be an X(6900) and an X(7100)
* Signal dominated by Run 3

Run2  ~109 + 14

e Two dimensional fit for J /Yy (2S) yield ~2.6 X of Run 2 Run3 28] +22

w
o
T

Run 2+3 ~386 + 26

N
a
T T 1T

N
o
T T 11

N
a
T T 1T

>
[0
=
o
v
~
»
o)
R
®©
=
T
c
m
o

N
(=]
T T 1T

0
T T 11

o
TTT

----------------- z:;;fbj-“??ei EJaoz. e e TR .1?:3:1‘?3-??”’ éaol, LB (AT, -c“.nfsb- 0 .—
Run 2 E %205— M l Run 3 = %202 ‘ \L Run 2 + Run 3 —

i SHT TS M ++HW T

ijjﬁ H+ij5+1+++++“+g##&hfi&fwﬁfEg z_+ T ﬁj ﬂ ﬂ A{ﬂ H]L# ﬁ»i% # Hﬂi :_ _ jjf oy ﬂ Jf‘tHJf ﬂ H ﬁ i+ # ##E
m(y(2S)J/y) (GeV) ' m(y(2S)J/y) (GeV) ' m(y(2S)J/y) (GeV)
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Explore J/yy(2S) channel with Run 2 & 3 data

¢ Only consider X6900 in //Y(2S) channel

135 fb' (13 TeV) + 180 fb™' (13.6 TeV)
D e S e e

> ~ I B [N R N A

g - CMS Preliminary -

o 25— —

3 F o = :

§°F | ¢ " Combinstors E M(X(6900)) = 6841 + 14 MeV

g 15 |t DPS =

- 3 H }l . I'(X(6900)) = 150 + 28 MeV
g_ i 2oLl el \l g Significance of X(6900)=7.5¢
- : * e

5 = 5 8.5 9
m(y(2S)J/yp) (GeV)

12
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135 fb™ (13 TeV) + 180 fb™ (13.6 TeV)

Explore J/yy(2S) channel with Run 2 & 3 data

”s - CMS Preliminary Dog.linarlfc }s\ources M:Xt(sggoo) l";ié;go) Miglzom 1":;’(:(17;010)
- _ ignal shape
> F . f pata —Fit NRSPS shape +14 +54 +14 +29
E 20~ S BW, - -Interfering BWs. Combinatorial background shape | +15 +51 +15 +20
5 f ] Mass resolution +5 +7 +5 +9
e 15 [ "BWs - -Background Efficiency +7 +27 +7 +10
5 f & \ Add X(6600) peak +104  +14 +61 +31
g = | L Fitter bias i fgg te 0 5o
S b N\ad il ¢ _ F110 +120 474 1140
3 AT 1 T . -110 -120  —70 —160
AL Y T
olcess- "+‘ o T RO, S, Params JApp(2S) [MeV] JipJhp [MeV]
~1¢ F : : s s
LF € 2 ;_ ............................ e + ..............
85 o E*"'i##}%;--ﬁ-ﬁ-ﬂgﬂi*é%-'-ﬂ'}'*"}{'ﬂ'{iﬁiH}Hﬂ"-f{'i"‘}-{'}"}'i" M(BW2) 68761351110 6847 + 10 + 15
I T
Lk ] t i + . 8;5+ {l r(BW2) 2531100 130 135115 + 14
Mapyees) [F6V] M(BW3) 7169+25+7% 7173%3, + 13
» Significance of X(6900) = 7.9¢ I(BW3) 154 +110+140 7318 + 10

» Significance of X(7100) = 4.0c

v’ Consistent with | \W] /1 result!
v Confirmed in a different channel!

ATLAS only claim X(6900) 4.70 in J/YY(2S) channel
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jeriment at the LHC, CERN
orded: 2016-Aug-13 06:39:34.675328 C
ent/LS; 278769 / 13873923/ 76

Spin parity analysis
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J /¢ polarizations

_____ o g
/’t_‘ @ G & . M

/11 decay helicity amplitudes /12
. A ....... o
— AL — =
0 Ao, 0 o
«— A+O 0 o
O §AO+ —> > vV
— A, o (" [
0 Ay —
“— A, _ “—
— A —

—+ 15
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® Symmetries:

.............

.............
------------------
.

— angular momentum: [4; — 4, | < J

— identical J/y bosons Aﬂl 1= (— 1)JAM]

J /¢ polarizations

— P & C conserved

in QCD: X with definite J©'¢

C=+1
A =PEDA, L,

Test 8+ J; models:

0~+ 0° A, =—A__
0t 0fand0f A, , =A__andAy, <« note2d.o.f.
-t 1- Ag=—Ay, =A_g=—Ay_
1++ 1+ A+0 — —A0+ — _A—O — Ao_
2=t 2,and2; A, =-A__andA = Ay, =—-A_o=—A,_< note 2d.o.f.
27T 2 A=A A Ag=Agp =A g=Ag,andA, =A_ |
A

\_ note 4 d.o.f. for 27, test one model

16
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-------------

-------------

.
.
-----------------

Angular Analysis

Fglo(6%) x [4 | Ago|? sin® 0, sin® 05 4+ 2| A ||A_ _|sin® @, sin® 6 cos(2® — ¢ + ¢++)]

+ |[A [f (1 + 2A;, cos b, + cos? 91) (1 + 245, cos B + cos® 02)
o (1 — 24y, cos 6 + cos’ 01) (1 — 2Ay, cos 02 + cos” 02)
+ 4| Ago||A++|(Af, + cosBy)sinb;(Ay, + cos b2) sin b, cos(P + ¢4+ )
+ 4| Aoo||A-—|(Ay, —cosb1)sinbi(Af, — cosb)sinfa cos(P — ¢ )

spin=0& >1

+F{1(0%) x [2|A+0|2(1 + 24y, cos b + cos® 01) sin® 02 + 2| Ao—|* sin® 01 (1 — 24, cos 02 + cos® 62)
+2|A_o|*(1 — 24y, cos 6 + cos” 0:1) sin® B2 + 2| Ao+ |* sin® 01 (1 + 24y, cos B2 + cos” 62)
+ 4| Avol||Ao-|(Af, + cosbr)sinbi(Af, — cosb2)sin 02 cos(P + d+0 — Po-)
+ 4| Ao+ ||A—o|(Af, — cosBy)sin by (Af, + cosb) sin 02 cos(P + pos — qb_o)] spin > 1

+F{{_1(9*) X [4|A+0||A0+|(Af1 + cos 61) sin 01 (Ay, + cos 02) sin b2 cos(2¥ — @10 + Po+)
+ 4| Ao—||A-o|(Af;, — cosB:1)sinby(Af, — cosB2)sinf2 cos(2¥ — po— + ¢—o)
+4|Ao||A_o|sin® 6; sin® 83 cos(2¥ — ® — ¢ + o) + 4| Ao_|| Ao, | sin? 61 sin? B5 cos(2¥ +  — po_ + ¢0+)]

+F2J,2(9*) X [|A+_ I°(1 4+ 2A¢, cosb; + cos® 6;)(1 — 24y, cos B + cos® 6;)

Valid

+|A_ 4 [>(1 — 244, cos b + cos” 01)(1 + 24y, cos B2 + cos” 02)] spin > 2
for anyJ

+F5_5(6%) x [2|A+_ ||A—+|sin® 01 sin® 0 cos(4¥ — ¢4 + ¢_+)] + other 26 interference terms for spin
where U =&, +®/2 and F;(0) = Z frn @ (07)djm (67)

m=0,£1,+2

arXiv:1001.3396




> ¥ Lorentz-Invariant Amplitude

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

-----------
-

l' * * x q q * *
A(Xj_p = ViVa) S261 (@) f7 1 f 20 205 (4 by g f 1 FP21F

5B A% qV A1 .
o () - te (PSR4 S )+ eald) Rt f P o)

LAEE T . U SU SV
o} (2c5(q2)tw€1‘”€’z"” 3 266(%) Tht,, (€163 — eies”) + c7<q2>",\—‘;twerez)

arXiv:1001.3396

-------
=3
~

-
-~ -
2 =
- - mememmmm =

-
-
-

N AN q'-q----;-a.."* e tuad ~ T8 AV S\ -
2m ‘+C8(q2 jy\zvtyvf b ﬁfg:/{z;_z.)_?lsclo(qz ‘u/o{_zeyvpaqpqg (61 (qez) T € (qel)) 7 e 2

h..
-

Ay =—4) (Ao =Agy =—Ao=—4p)
2;; — minimal representative model including all amplitudes:
------------- W mmmmmmmmmsmeeell___a===--.__ Unique
4 d.O.f;’: ,A++ =A ;;";é_—i-o — A0+ = A—O = ,4—6;:,A+_ = A +:‘, for N+t
------------------------------- (orJ > 2)

basis of 2" could be equivalentto 2, 07,07, 1*

if data consistent with 27 = unambiguously 2** (or J > 2)

18
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Simplification in Angular Analysis

— BW1

B
— BW?2
JHUGen —¢
—— BW1/BW2 Interference
—— BW2/BWS3 Interference

300 A

P (D, 91, 922 m4,u)

200 A

(1) Same properties of 3 resonances:

FP(my,, S_i) = P(my,) - T(?i | my,)

o . 7 75 .
empirical angular ma, (GeV)

100 A

(2) Pairwise tests of J)’() hypotheses i and J: _ arXiv:1208.4018
P i(Q |m4,,)

MELA D,(Q|my,) =

PR my,) + g’j(ﬁ | my,,)

1 optimal observable

e Final 2D model:

19
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Dec ay An g I es Production angles not use

Consistent with unpolarized (backup)

decay angles (consistency check): distinguish models

‘ ?:‘35’ -ft]’qv ('1'3I TeV) 135 b (13 TeV)
] T T

LA B R N B R N ™

tData - =
; 0&2, - (D 3
E mix 2 Ry Y PO 0:.--. .‘\... |E
0'...]...I...I...I...I...I...I...I...I...' ...... % 2 3
-1 -0.8-06-04-02 0 02 04 06 08 1
cos6,
background-subtracted A Tt
CMS , 135%7(13Tev) e\ T
DR R R s R e BT T PR R e,
300} __
1—- [ . O R E ‘‘‘‘ o
© 250 . : o D ——
~ r { i botur g ’_i i‘ E
@ 200 :2.ZZIf-':':':':':':'z.‘.:'.%ﬁfZ-fk??:::::: ............ e o ; T
8 pszsssss [ i } :'ll}l'u
N o) 150 + Shaniasser 000 | Cmsamame —
S F ot
S 1001 t Data 1&2, -
O &

T A% »
o signal g " .o+ COS 0, - ) 1D projections from 4D
2108060402 0 02 04 06 08 1 = limited information

coso,
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Optimal Observable

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

CMS 135 fb™' (13 TeV)
2% B B R | | TTTT | TTTT | TTTT I TTTT | FEET | TTTT | TTTT I TTTT | TTT1 1]
18001 B
1600 ; l —

N 1400 N
O © * ?

\ —
o 1200F ]
O
+5 1000 -

o ! Data —Model 2 ;

S 800 -
C QO — - =
@ ool Signal —"Model 0 & 2, h

O B st s 7]

400 W—— A =

200 ¢+ ]

0 kl 111 | 1111 | 1111 | 1111 I 1111 | 1111 | 1111 | | | 1111 | 111 I_

0 01 02 0.3 04 05 06 07 08 09 1
Dz;, 0

optimal observable  _,

— P(L|my,)
D(Q|my,) =—— =
‘@l(g |m4ﬂ) + 9](9 |m4”)

1D projections from 2D
= limited information

Candidates / 0.2

Data/MC

600
500[-

400

CMS Preliminary 135 (13TeV)
3 — Bkg. MC { Data E
3 IS e B
= —
- sideband

100;— g1‘1(915 92, (I) | m4'u) —i

PRI i

L

0 kl
1.3¢ : h
125 3
e ' ¢ 3 E
09t ¢ |
0.8 E
075~""01 02 03 04 05 06 07 08 09 1
D,

background model from MC
control in sidebands
systematic variations

21
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Statistical Analysis

CMS 135 b (13 TeV)

Hypothesis test with toy MC for J{ = 2} vs . 085_ — Observed

08F . T

Test statistic ¢ = —2In(L »/Lr) a3 H2n [ﬁl Zm

1 S 0.06F
5005;
Consistency of data with J1 14 ]2 using p-value: EO'M;
p = P(C[ = qobsl]l + bkg) 20.03_ ObS V[Ed
= P(q = qopsl/" + bkg) 2° | “Qobs
0.02—

Significance: 0.01 j ' L
Converted from p-value =SSm0 o 50 100
via Gaussian one-sided tail integral q=—2InCy/Ly;)

Confidence level Observed Expected

p-value  Z-score  p-value  Z-score
P(q = + bkg) @00 (e
CLS _ (q qObSl 4 g) . - 0- :.2..7- Z<-1-0—13 ) -_7_.2_‘_, 6.5 x 10~ 14 7 4
P(q = qopsl/i + Dkg) VEEm ok 42%1071777702 0.50 0.0

22



b Hypothesis test

CMS Preliminary 135 b (13 TeV) CMS Preliminary 135 fb”’ (13 TeV)

0.08 ~— Observed F + — Observed
oorf- W O+ 0.08§ VS O [lo = .
*ém B m onwg h g e Combine 2D fit: @ljk(m4ﬂ, 91])
gon 3o — J© =27 model survives
°§-so 60 40 20 0 20 40 60 80 .°-§4o 20 0 20 40 60 P . o
2iniy/L,) 21l e pyalue  Zejore PC =+ + very certain
CMS Preliminary - 135 b (13 TeV) CME Preliminary 135 b (13 TeV) rejﬁt ])12
o:oa' T fome - i " -
2ol ; - 2o% o VS 1 — -13 1
f 007 Bz VS | §°~°5;E - 0 2.7 x 10 : 2 : ] =~ 1 at>99% CL
oo 0. 43x107° 1 39,
-§°-°3;‘ ¢ mEm EmEm--- _"""'I'"\ 8
(e 1AXW02TTEZITTIMIX g 2 0at>95% CL
. 0y 31x107° ! 58,
"% 2 o0 2 40 60 80 %0 40 =20 0 20 40 " il
i) ) - 80x10° 1 52 J > 2 less likely
CMS Preliminary 135 fb' (13 TeV) CMS Preliminary 135 fb” (13 TeV) 0 :
0.09  —Oberved Z'Zz —Oboeried N N _3 1
o 008§ 2m B a ] .:h" VS 2h 1 4.7 x 10 : 2.6 :
c 0.07 2t s 0-075 - _ °
2 ou Eom 2 41x102 ' 68, J = 2 consistent, rare
8 0.05 g 005 e S TS ,
(T 83XI03 LT mix
8 £ ot 2, 22x107° | 551
0.01 0.01 Wi = 2g

-2In(L,/L,) 2In(L,/L,)
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1 Summary

< A family of all-charm tetraquarks with J¥¢ = 2+

» Three structures X(6600), X(6900), X(7100) established with significances > 5o
* The first two analyses including 2024 data among LHC 3 exps
* Precision improved by factor of 3
» Multiple states makes comparisons possible
» Quantum interference among structures validated with significances > 5o
==> States have common J*¢, measured as 2+
» Large mass splittings, Regge trajectory

==> radial family of states

CMS is painting a coherent picture of J /Y] /1Y structures
THANKS!
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New conventional hadrons at LHC
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s New exotic hadrons at LHC
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Status

Standard Exotic Mesons: Tetracharm Threshold
Mesons Effects
Molecule Diquark Compact Hybrid e.g. Triangle
(Amorphous) Singularity
@ | % l ', w3770) §  w3770)
. 6 D\/ D
Jh Jhy

¢+ Models of potential quark configurations for J/yJ/y mesons.
* Meson-meson “molecule” (cc- c?)

Pair of diquarks (cc-c¢)

Hybrid with a valence gluon

Peaks as artifact of dicharmonia production thresholds

Family of all-charm tetraquarks with same J*¢
offers new perspectives on interpretation for exotics
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J/wi/y: 6-15 GeV fits

135 fb™! (13 TeV) + 180 fb™" (13.6 TeV) 180 fb™! (13.6 TeV)

L 500
600 — CMS Preliminary CMS Preliminary
. I $ Data — Fit > ¢ Data — Fit
® 500 o 400
= - -BW, - BW, = - -BW, --BW,
e} T} _
N —BW, Interfering BWs. N — BW, Interfering BWs.
By = 300 |8
3 -+ -Background B -+ -Background
© ©
o i)
g g 200
@) &)
100
=| o =|o
ke Pk
©|® o|®
a3 Ofh

My [GEV]
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Fit model

3 Final 2D fit model (0" vs.07):
P(mx, DO_) = iiees
+N (interf—BW1BW2BW3) * [f of, * P 0, (inter f~BW1BW2BW3) (my, DO_)
+(1 —f o;*n) * Po~(interf—w1sw2w3) (Mx, Do-)]
f oz : fraction of 0}, signal component
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O3 Concept of Analysis: Production

® We do not know the production mechanism
— empirical model to reproduce p%( and pf in data

- pMS Preliminary 135 b (13 TeV)
8 w0 ; - X
o 800 | ata — tune Pythia to match
match pé( g 7002— ++ { et y pT
S L —smusen | in sideband and signal region
© oo X
aoo; ¢ pT . . . X
N i — fine-tune re-weighting p--
IR NI . P
_ oMsre _mwew  — residual pa and p2
3 600 ¢ Data — Simulation &
match p¥ §uf X * | consistency tests
2 P2 coverage in systematics
S ¢t ]
300} by s
Simulation T essential to model
200 A 4 7 —
JHUGen + Pythia | : ; ]
o - detector acceptance

Tl v b b by 1
95 400 50 0 50 100 150
p,(wwpw) [GeV]
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Concept of Analysis: Production

® We do not know the production mechanism
— empirical model to reproduce p%( and pZX in data

JHUGen o
. . 8(g)
to model spin correlations M

(A) parton (gg/qq) collisions E 3

e Monte Carlo tools:

(B) gluon (quark)

fragmentation
polarization J/, beam axis 6
arXiv:2109.13363 Il
MELA
e ¢ 8

— re-weight J = 1,2 to unpolarized POOSt axis

— re-weight J, or J,, for systematics =~ .. arXiv:2405.14773
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Angular Analysis

e Observations: — 17 & 1~ identical in 1D, differ in 3D

— 0" & 17" cannot be distinguished from general 27
— unique to 27 (orJ >2): A, , A__, “mixture” of 07 & 17

— 0™ &2 identical arXiv:1001.3396

1 — & 2_ .d t. I Fglo(0%) x [4|Aoo|2 sin® 6, sin® 02 + 2| A+ ||A__|sin® 6; sin® 02 cos(2® — o + ¢++)]
- h I en Ica +|A++|2 (1+2Af1 cos 6 + cos> 01) (1+2Af2 cos 0 + cos? 02)

+|A__|? (1 —2Ay, cosf; + cos® 01) (1 — 2Ay, cos 0 + cos’ 02) spin=0& >1

— unique to 2_: “mixture” [ (i ceden0 (A ol )smboold o)

+ 4|Ago||A——|(Af, — cosB1)sinbi(Ays, — cos2)sinb cos(® — ¢ )

f J > 3 +F1(6%) x [2|A+0|2(1+2Af1 cos 01 + cos® 0;) sin® O + 2| Ao | sin® 01 (1 — 2A5, cos O + cos® 02)
Or — +2|A_0|*(1 — 24y, cos 01 + cos® 61) sin® B2 + 2| Ao+ | sin® 61 (1 + 24y, cos B2 + cos” 02)
+ 4| Ayo||Ao—|(Af, + cosr)sinby(Ay, — cosbz)sinfs cos(® + dro0 — do—)

JP @ 2P + 4| Ao+ ||A—o|(Af, — cosB1)sinbi(Af, + cosB2)sin @2 cos(P + doi — ¢—o)] spin > 1

+F1J,_1(0*) X [4|A+0||A0+|(Af1 + cos 61) sin 01 (Ay, + cos 62) sin 02 cos(2¥ — ¢ + Po)

—_— polarized J > 1 + 4|Ao—||A—o|(Af, — cosb1)sinb; (A, — cosbz)sin b2 cos(2¥ — do— + ¢—0)

+4|A0||A_o| sin® 6 sin® B cos(2¥ — ® — ¢ 0 + o) + 4| Ao || Ao | sin® 0; sin® B2 cos(2¥ + D — o + ¢0+)]

uniq ue @1 9* +F5,(0%) x [|A+*|2(1+2Af1 cos 0 + cos® 01)(1 — 2Ay, cos 02 + cos” 02)
9

+|A_4|>(1 — 24y, cos 61 + cos® 01)(1 + 24y, cos B2 + cos® 02)] spin > 2
not used here A +F5 _5(6%) x [2|A+_ ||A-+|sin® 6, sin® B2 cos(4¥ — ¢~ + ¢A+)] + other 26 interference terms for spin
where U =& +®/2 and Fj(07)= Y fudin(0")d}n(0")
m=0,%+1,+2
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Polarization in Production

.....
0
'l
V)

(A) parton collisions ¢ (B) fragmentation
X . g * 89
\ . .
‘ t polarization JZ,
OB D

Q
.Q

polarizatonJ, s

\uu«««(,,

arXiv:2405.14773

® Helicity amplitudes appear in production. For parton collision:
— spin-0: unpolarized in any case, e.g. gg¢ — X
— spin-1: g — X produce J, = = 1 (not 0!)
— spin-2: gg — X produce J, = 0, £ 2, minimal coupling: J, = £ 2

qq — X produce J, = 1

e Similar ideas in fragmentation of g or QO

— re-weight MELA to any model: unpolarized, polarized 7' or 7
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Lorentz-Invariant Amplitude

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

A = ViVa) = (ar(@dmieres +arg £ @ +a (qz)f*‘”f @)

x 2 + =
\ O+ ; O ‘ O
. S h -.
‘| ! ‘. A++ - A——
\ A=A, =A__ at 2my,,, threshold ;
Backup Ay atlargemy A, =A__
_.*" arXiv:1001.3396

empirical form factors (mfﬂ) szzzzzzae-esillol

L
l
O

AX;_ > V|V, = (b (q?) [(e*q)(e*ex) + (e*q)(e*ex)‘ + by(g*)e €aupEXE| ”e qﬂ)
1~ 1"

more for spin-2 A+ = Ao = A=A Ayg=—Ag=—A =4y
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S Production Angles

(4) production angles consistent with unpolarized resonances

ST with respect to the beam axis
I R R
2 200 -'-'T’-’- """"" “T” """"t*"“""l 1 e
o -;i;{i;;[ ‘::.L::::::L:: \ :_+” ............
T 0 | E
%100; {Data ~T&2 o
§ sof Signal -oaz, -r (DI . E
O 21 beam axis
03 & 9 0 1 2 3
(I)1
background-subtracted NS
CMS
o
::-5 200 “‘J‘” {s33q33
; :{r—LJ
Q T 4 e
© |
= =4
2'% ipaa -fa&z 1 e
S sof signal "% T Lo ek acceptance effects
bt = distributions not flat
-1 08060402 0 02 04 06 08 1

cosH*
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Production Angles

(4) production angles consistent with unpolarized resonances

CMS 135 b (13 TeV) . .

ol T with respect to the boost axis
oo, b, (0% TERL
Saol | S " [Tl {1  does not prove unpolarized
P 250} ‘ s =
gzoog— , ] - % { { -
'-g 150;__{__! e T L‘é
DN R ki
O 5p signal ! (I)l E

013“"_'z’““_'{‘“qé"“‘%”"é"“é’
1
background-subtracted
CMS _ e 135107 (13 TeV) .

300~ - "
Saso | 'M
N 200 ‘ ...... - yA .
g | | [E boost axis
,-9 150;{ -'.‘.".‘..‘.‘.‘l ?
T ipws ez
O - i "'0-&2;71 -t / .

505— signal ot .COS 9 K g

0 082060402 0 02 04 06 08 1
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Candidates /0.2
> o B
S 8 8

CMS Preliminary
vt WU E Sakal || 2tal St ] La¥ &R

Discriminant Distributions

135 fb" (13 TeV)
Lo L BB
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Hypothesis test

\

CMS 135 b (13 TeV) | o0 EMS _ X=Jly]ly _ 135fb~! (13 TeV)
E 1 i 1
. — Observed I 1
0.08 i 1 1
2 oort ° |
-oq:-; 0.07:— .2;‘
g 0.06[~
g’_o.osg
:l<) .
o 0.04~ <
S 003/ | _ i |
2 -s01 L | —— Observed  --- Expected RN
A 0.02f | —701 | — 2%+ 10 JP+10 111L
0.0tk o0, 2} *+20 JF+20
“E | | 2} +30 JP+30
| PRI T ) i S -110
-100  -50 0 50 100 B B ~
2 In(Ly/Ly) | 0~ | o5 Ormix oh 17— 1% 25 2ix 25
\ — — - " ,'
————— ’I
++
e Scan mixture of two 0" amplitudes
"’
4
L 4
L4
4

e Scan mixture of two 2~ amplitudes

e Data are consistent with a 27" model, inconsistent with others
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Summary of Results

® Full set of results, compared to 2,

Observed Expected
P=-1 p-value  Z-score  p-value  Z-score
([ g-vept O 27x1077 727 65x10°MT 74
/)~ M 2h_42x107' 02 _ 050 _ _00_
5 43x107° 39  56x107° 57
/ 0} vs 2,f O
24 72x1072 15 0.50 0.0
I 0f vyt Omp 14x1072 22 84x107* 31
\ mx S m ok 17x1071 1.0 0.50 0.0
oFvso+ O 31x107 58  85x10° 38
\ hEEEmo b 90x 107 —1.3 0.50 0.0
( 1-veot 17 80x10% 52  64x107° 57
/o~ — o 38x107T_ 03 050 __00
[ TETHIP R 47x107% 26  27x107° 40
moo24  52x1072 16 0.50 0.0
N¢ T T TR xioT s soxd 75
| =SS 9w 28510 0.6 0.50 0.0
o= veot Zmx 65X 10~* 32  15x107* 3.6
l mx TS 2k BAXITT 05 0.50 0.0
_ , 22x10® 55 63x107° 57
+ h
| 20vsZn 51 4310t 02 0.50 0.0

. JPC — D++
most likely
— J > 2 possible

but highly unlikely
require L > 2

—J#0at >95%CL

— confidence level:

o - P42 dobs | Jf + bkg)
’ P(QZQObsl*IzP+bkg)

—J#*1lat >99%CL

— P # — 1 very certain
(exclude /7 including J > 3)

® Recall: 27" can have a mixture of 2, and look-alike of 0,17
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