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The tetraguark candidates at LHC

AStructures inUff & mass spectrum at CMS, LHCb and ATLAS
from the LHC run 2 data

AStructures established but need more study to understand them
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Internal Structure of the tetraquarks

ATetraquar

A

CMS 135 fb™ (13 TeV)
0

Candidates / 0.05 GeV

A

- parity either
A How to study their spin- parity?

K candidates observed In experiments
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Infer spin parity of X

Alnfer 0  of & from angular distributions

ATheory AExperiment

Ad O & @ depends onv AMeasure angular distributions
of ull I etc.

olarization of U N
P d Alnfer of ®

Ad ®O w wderermines angular distributions
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ufl polarizations
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® Symmetries:

UIf polarizations

— angular momentum: |4, —4,| < J — P & C conserved

nQcD: X with definite JFC

— identical J/ybosons A, ;, = (—1)’A; ; C =+1

A, =PC1'A,

Test 8+ J5 models:

0-t 0~ A, =—-A__
0t O0fand0f A,, =A__andAy, <« note2d.o.f.
-t 1~ Ag=—Agy =A_y=—Ap_
1++ 1+ A+O — —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

AExpect three resonances to have the same tensor structure

AX,_y— V|V, = (al(qz)nft‘z/ef‘eiI< + a,(q
---------------------- »
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QD PO 4 g (gD ),W)

N ¢ 1a 0

' recall (22 years): . ' Om O h O

E B — (pK* expect AO()E “I ; ' A++ =—-A__

: : v Ay =A,, =A__ at2my,, threshol

found ~50% A,, | % (0= A=A atamy, treshold

E Higgs (12 years): E '.“ Ao .at large my, A, =A__ ".

\ H—42 =0, " arXiv:1001.3396
empirical form factors (mfﬂ) szzzzase-siiliol

e ‘f.
qz)eayvﬁe)tfxel ’#62* ’Dqﬁ)
| 17

. = — = = — rl-
more for spin-2 A== A=A =4

»
AXyzy = ViVy) = (bl(qz) l(€f<CI)(€;<€X) + (€§<C])(€fk€x)] + Dy(

Apg=—Ap = —A =4y

==

Helicities (0,-) of two Uff
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Simplification in angular analysis

AFull amplitude analysis possible, but very complex
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135 b (13 TeV)

P (D, 9]3 922’””4#) 0 |O((JOO W @)| 9""3
ASimplification in angular analysis |

(1) Same properties of 3 resonances:

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

-~ X(6600)

empirical angular

(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(m4ﬂa 91-]-) = @k(mzw) ' Tijk(@ij | My,)
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Analysis of data
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ATwo dimensions @ RO ) analysis: | Zutmy,. 2y) = Pumy,) - T(D;Imy,)

AEvent selection from observation papegrxiv:2306.07164
ABKG: data sideband & MC simulation with Pythia

A&  shapes:arxiv:2306.07164
ADecay angless h—h— to identify ‘O B h—h—If
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All steps till here prepared blinded
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Decay angles

A Production angles not use i consistent with unpolarized arxiv:2506.07944

A 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

CMS 135fb™ (13 TeV)
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CMS Preliminary 135fh™ (13 TeV)
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Hypothesis test oft O &

AHypothesis test forQ m vs.Q ¢
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135 6" (13 TeV)

Observed Expected
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Hypothesis test obh 0 B)

ACOmbiHEd 2D fit: Pijk(m4]/l’ Dij)

U0 ¢ model survives
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Summary of results
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Summary

A0 of the three resonances inGff U at CMS jjfms e
APC = ++ arxiv:2506.07944 gm’ a0
Ab pat>99% CL B Y Y
Ab Trat>95% CL i R
A0 ¢ possible, but highly unlikely, required ¢ T

AL consistent, rare in nature,

naively expected J =0
Thanks
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Backup



Production:j andn of @

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

CMS Praliminary

Candidates / 2 GeV

Candidates / 8 GeV

135" (13 TeV)
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— residual p%( and pZX

consistency tests

coverage in systematics

— essential to model
detector acceptance

arxiv:2506.07944

— tune Pythia to match p%(

In sideband and signal region

— fine-tune re-weighting p%(

Simulation:
JHUGen+ Pythia
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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
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(4) production angles consistent with unpolarized resonances
CMS ooy 3817 (15 Tey with respect to the beam axis
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Production angles

(4) production angles consistent with unpolarized resonances

CMS Preliminary 135 ™ (13 TeV)
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does not prove unpolarized

VA .
boost axis
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Lorentz invariant amplitude

arxiv:2506.07944

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

Ay = ViV = (a(gdmieres + a@fOf @ + g, F @)
---------------------- o 4 4
' recall (22 years): | Om

- foor 00
fjui ?foo:)jjit oo ‘.“ Ap=A,, =A__ at2m 75 threshold Aer 4
' Higgs (12 years): : Ago atlargemy A =A__
:‘~ H . M :>0’_; _____ I arXiv:1001.3396
empirical form f'acto'rs (mfﬂ) Coszzzzee-ez2ll.

-----

- -
4
L4

» »
AX,_, = V|V, = (bl(qz) [(e;“q)(e‘;‘ex) + ((—:;‘q)(efex)] + bz(qz)ea#yﬂe)‘gef ’”G;’”Z]ﬁ )
1~ I
Apg=—Agr =A_g=—Ap-

Ag=—Agp =—A_g=4g_

more for spin-2
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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

(4
qat ( *1,uv *2+ *2, 1V *1)+ ( )q ~ f*llxﬁf
Bv jL~ Af Cy A2 yv ap

-------
-
n.

'——_- * Uk ROk y~v %k
o (2es(tel'es’ 3 20D Tty (et = eitest) + () T et

L .

- -~
-—

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

s K A S S e Ay
M ) D () T (1 (q65) + €5 (aei)) )

___________________________
- ™ - - -
~ - -

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

-
~ p'
-y -
--------

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 o v &
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+
® Full set of results, compared to 2 _ JPC _ o+t
Observed Expected most Ilkely
P=—1 p-value  Z-score  p-value  Z-score
Tvent 0 27x1007 72T 65x10 4T 74 T — J > 2 possible
m + -1 . .
e o R R e but highly unlikely
0 43x107 39 56x10° 57 require L. > 2
/ OnvsZn ot 75,102 15 0.50 0.0 9 =
[ . 07, 14x102 22  84x10* 31
\ Omx V825 T 17101 10 0.50 0.0 —J#0at >95%CL
0, 31x10° 58 85x10° 38
+
\ 0y vs 2 2% 90x10°!  —13 0.50 0.0
([ ... 1 ~80x10° 52 64x10% 57
o B oy ssxa0t 03 0s0 00 _
17 47x103 26  27x10° 40 —J#1lat >99%CL
( TIvs2i o 524102 16 0.50 0.0 7
N T T T E TitT es dox v 75
2uvsZi ot agx10-l 06 0.50 oo | _
| o vept 2mx 65x107% 32 15x10% 36 | T P # — 1 very certain
| mix V8Em o7 31%10°1 05 0.50 0.0 . .
" B B | (exclude J™ " including J > 3)
o venr 2 22x10 55  63x10 5.7
| 2ovs2e b y3v10t 02 0.50 00
. - — - + 1+
® Recall: 27" can have a mixture of 2 and look-alike of 07,1

24



https://arxiv.org/abs/2506.07944

Data analysis
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