Spin parity of tetraquark candidates
in J/YJ /Y mass spectrum at CMS
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The tetraquark 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 unde
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Internal Structure of the tetraguarks

arxiv:2506.07944

* Tetraquark candidates observed In experiments

CMS 135 fb™! (13 TeV)
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* Don’t know Internal structure Molecule

Tetraquark

* Tetraquark, molecule, -7

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

3
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Infer spin-parity of X

* Infer J¥¢ of X from angular distributions

* Theory * Experiment
« A(X - VV) depends on J%¢ * Measure angular distributions
polarization of J /i of J/y, u etc.

. PC
* A(X - VV) derermines angular distributions Infer J** of X
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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

A, =PC1'A,

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
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Lorentz invariant amplitude

arxiv:2506.07944

Expect three resonances to have the same tensor structu

AX,_y— V|V, = (al(qz)m‘z/ef‘e;‘ + a,(q
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simplification in angular analysis

* Full amplitude analysis possible, but very complex

arxiv:2506.07944

135 b (13 TeV)

P(D,0,,0,;my,) < |[A(X - VV)|?
* Simplification in angular analysis

(1) Same properties of 3 resonances:

Py, Q) = P(my,) - T(Q | my,)
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(2) Pairwise tests of J)I; hypotheses 7 and J: _ arXiv:1208.4018
P |m4ﬂ)

PuQ | my,) + PAQ | my,)

MELA inj(?i | my,) =

1 optimal observable < Higgs boson discovery and spin-parity

¢ Final 2D model: gjijk(ma,,,,, 91']') = @k(m4ﬂ) ‘ Tijk(@ij | m4,,¢)
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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,,)

CcMS 135 fb™ (13 TeV)
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De

cay angles

* Production angles not use — consistent with unpolarized

« Decay angles (consistency check): distinguish models
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Optimal Observables

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

arxiv:2506.07944
* Hypothesis test for j = 07 vs. i = 2
Observed Expected
p-value  Z-score  p-value  Z-score
B 0~ 2.7 x 10713 7.2 6.5 x 1014 7.4
0~ vs2;
2+ 0.42 0.2 0.5 0
« 2D parameterization: MS ——— R
— . T.. . 008 - '
’Pijk(mélw.lpfj) — Pk(mélpt) szk(Dzjlmély) oo 2;1
* Test statistics: go00 observed:
—_ 80.05;— i
q = Zln(LJLP/L];‘-’) 2o Qobs
. £ I
* Confidence level: g%
0.02~
CL = P(qg = 9obs |JJP + bkg) 001
" P(g 2 qops | Jf + bkg) o

q=-2In(L, /L,.)
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Hypothesis test of J; vs. ]}

arxiv:2506.07944
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summary of results

CMS 135 fo! (13 TeV) 90,(:_“15.\ i X=>)ly iy 135fb~1 (13 TeV)
0.08§— —Qbsewed dl | i
s 0 ' . | | |
0 0z ~ ,I | - H|
& 0.06F S 3 A ._
> r ~ i
2o B e . H
%0.042— E —1q; | J ARRfREl S5 mm mm LR
%0.03? | =30} '
pd D D D | IR | | [N e A N A A N S AR A 1
0.02F ! _SJI' ------ : i —— Observed --- Expected
0.015— -7qt I | z,f +1o 1:1 1o
= - = | | ;T igz j”iiz
) P Snade — ! | T _
) 40T |0 Ohx  OF) 1T 17 | 2 2o 2 |
ST B [\ Y\\A
S~ Scan of two 2~ " (11 steps)
* Data consistent with 27", inconsistent with others N --No interference (different
e PC =+ + RN spin projections)
« J#1at>99%CL;J # 0 at 95% CL N
* ] > 2 possible, but highly unlikely, require L = 2 Scan mixture of two 07" amp. (11 steps)

e | = 2 consistent, rare in nature, naively expected ] = 0 - Constructive interf. most conservative
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summary

« JPC of the three resonances in J /Y] /Y at CMS

e PC=++ arxiv:2506.07944
e [ #1at>99% CL

e ] #0at > 95% CL

* | > 2 possible, but highly unlikely, require L = 2
* | = 2 consistent, rare in nature,

naively expected ] = 0
Thanks!
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Backup

F/\JERFIEHE FEWTS

17



Production: pr and p, of X

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

CMS Praliminary

135" (13 TeV)
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— residual p%( and pZX

consistency tests

coverage in systematics

— essential to model
detector acceptance
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— tune Pythia to match p%(

In sideband and signal region

— fine-tune re-weighting p%(

Simulation:
JHUGen + Pythia

18
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Discriminant

arxiv:2506.07944
CMS Preliminary 135 fh (13 TeV) CMS Preiiminary 135 fb ' (13 TeV)
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Production angles

arxiv:2506.07944

(4) production angles consistent with unpolarized resonances
CMS ooy 3817 (15 Tey with respect to the beam axis

0.63
g
AR

Ll

100~ } Data
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- signal o0&z, - (I)l
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{ Data ...1‘ &2 e
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signal o 2 COSQ = distributions not flat

O—1 —08—06—04 02 0 02 04 06 08 ‘1
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Production angles

(4) production angles consistent with unpolarized resonances

CMS Preliminary 135 ™ (13 TeV)
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VA .
boost axis
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Lorentz invariant amplitude

arxiv:2506.07944

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

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

’

' ’

fjui ?§O°/j)j4pjit oo “.“ Ap=A,, =A__ at2m 15y threshold Ars -

Higgs (12 years): ! Ao atlargemy A, =A_

H_> : 4Lﬂ:’0’—’; _____ arXiv:1001.3396
empirical form f'acto'rs (mg,) cizzzzzae-esiiloo ‘

’ .

» IS
Az = ViV2) = (bl(qz) [(6‘;"4)(6‘;‘6)() + (€§<q)(€1>‘<€x)] + by(q)eg pe €, €S qﬁ)
1™ 1"
more for spin-2 ~ Aw = " = A0 =~ Ao Ayg=—Ag=—Ag=4
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Lorentz invariant amplitude

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

qaqﬁ

) — f*l ;wcf*Zv,B

'

. -
'-. -
" m mmmm= ™

arxiv:2506.07944

arXiv:1001.3396

(q
o P12+ £ ) ey () Dt 108

-------
-
-~

Pl - . UV
e} (zcs(oﬁ)twel“esv P2cy() Lot (efves — eites) + e, () TT ei‘e’ﬁ)

- -~
-—

-~
-
-------------

2_ ",---'%-'t;'-'-':;'--; 2 t *V ..~~“\ -
M ) D () T (1 (q65) + €5 (aei)) )

___________________________
- ™ - - -
~ - -

4d.0t: Ay A, =A_¥A, =Ag, =A_o=AginA,_=A_ ifor2*t

-

“ - p'

- ‘-
. mmm-

basis of 2" could be equivalentto 2,7, 07,07, 17
if data consistent with 2 = unambiguously 27 (orJ > 2)
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Results of J¥ vs. 2}

arxiv:2506.07944

+
® Full set of results, compared to 2 _ JPC _ o+t
Observed Expected most Ilkely
P=-—1 p-value  Z-score  p-value  Z-score
[ g veor 0 27x10°5 727 65x10°MT 74y — J > 2 possible
™ + -1 . .
e o R R e but highly unlikely
0 43x107 39 56x10° 57 r irel > 2
/ OnvsZn ot 75,102 15 050 0.0 equire L =
[ . 07, 14x102 22  84x10* 31
\ Omx V825 T 17101 10 0.50 0.0 —J#0at >95%CL
05 31x10°° 58  85x107° 38
\ Orvs2Zi b goki0t 13 0.50 0.0
(T T TBox10° 52 64ax109 57T )
yo L UF 2 3wt 03 om0 _o0p _
17 47x103 26  27x10° 40 —J#1lat >99%CL
( TIvs2i o 524102 16 050 0.0 7
Mg T T T T es dsxmi 75
2uvsZi ot agx10-l 06 050 oo | _
| o vegt Zaw 65x107% 32 15xi0¢ 36 | T P # — 1 very certain
| mix TEEmopr 31x 1071 05 0.50 0.0 —F . . >
2 22010 55 3k 57 | (exclude J™ " including J > 3)
| B VSEm o oh 43%10°1 02 0.50 00
. : + : + 1+
® Recall: 27" can have a mixture of 2 and look-alike of 07,1
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Data analysis

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

CMS 135 b (13 TeV)
s { Data -~ Signal
—_— tngger //t+//t _l’li 300 — Full model .- X(6600)
250 —— Background e X(6900)
pT > 3 GeV! pT > 5 GeV --=- Nonresonant == X(7100)

=]
[=]
[=]

—reco (u ) ") i
pr>2GeV, |n| <24

Candidates / 0.05 GeV

arxiv:2506.07944

— mass / vertex - constrained fit

signal region sideband

data MC
® Background: sideband & simulation with Pythia

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

— empirical threshold enhancement (signal-like MC)
/\BE TR T EHTITS
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Variables in the analysis

arxiv:2506.07944

(1) my, spectrum X — 4u — arXiv:2306.07164 . TrE———

300~ — Full model -~ X(6600)

—— Background -~ X(6900)

N

a

=]
4]

(2) prand p, of X — 4u — match to data

--= X(7100)

,,,,,,,,,,,

(3) polarization J_or J_ of X — unpolarized

Candidates / 0.05 GeV

for J = O exact

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

— vary JZ or JZ, systematics or test

(4) D, 0% or ], 0" production angles

flat for unpolarized — test in data

non-flat for polarized
do not use in the primary analysis

v |
(5) @, 0,, 6, decay angles — analysis Z' «--- X boost axis
All steps till here
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