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Status

x All-charm Tetraquark on LHC in J/y J/ly channel

SCi. Bull., 65(23):1983, 2020 Phys Rev Lett 131(15) 151902 2023 Phys. Rev. Lett. 132 111901 2024
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C ALL exp observeX(6900) + additional structure U Only CMS claimed X(6600) & X(7100)

A Hump @ 6.6GeV: Different modeling
A Hint @ 7.2 Ge\f LHCb not considerATLAS 30 hintin GIf [ ¢ Y

C All exp useinterference, but in diff ways
A LHCDb: extra BW interfere with SPX(6900) NOT interfering!
A ATLAS andCMS: differentmulti-resonance interference A number of unresolved questions

C All exp seea threshold excessNOT explained! Classified as background 3


https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901

UT U yield: two -dimensional fit

135fb™ (13 TeV) + 180 fb™' (13.6 TeV)

reliminary

CMS-PAS-BPH-24-003

C Luminosity
Run2 135fb-?
Run3 180fb1

C W % vyield
Run?2: 12622+ 165
Run2+3 44936+ 692

C n W% yield perunit luminosity
Run2 ~93eventd fb
Run3~ 177eventd fb!

0 Run2+3 b Ip yieldis 3.6X of Run2

U Run2+3luminosityis 2.3Xof Run2


https://cds.cern.ch/record/2929472?ln=en

> Signal and background models

T
< L o i N SPS
A Signalshape:Relativistic Breit-Wigner T w
A Background component:NRSPS+ NRDPS+ Feeddown+ Comb+ BWO P
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| (n) =T (1) 50 (Bi(a,0) orE—— &
x Non-interference model: \gp) o Bl X

A Signakhypothesis:NRSPS+ NRDPS+ Comb+ Feeddown+ BWO + BW1 + BW2 + BW3
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x |nterference model:

A Signakhypothesis:NRSPS+ NRDPS+ Comb+ Feeddown+ BWO + BW123 Interf . Term
Pdf(m) = Nx_ - |BWp|* ® R(My)
+ N and interf - |71 - €xp(ipy) - BWy + BW, + 15 - exp(i¢hs) - BW, |

+ Nngrsps * fnrsps(m) + Npps + fpps(m)
+ NPeeddown ’ fFeeddown (m) + NComb ) fComb(m)l




Run 2 & 3 no -interference fit result

x No-interference model:
A Signakhypothesis:NRSPS+ NRDPS+ Comb+ Feeddown+ BWO + BW1 + BW2 + BW3
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U Dips poorly describedd no-Interf. model no longer sufficient


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://cds.cern.ch/record/2929472?ln=en

CMS

Run 2 & 3 interference fit result

x |nterference modelwith Run 2 + 3:

CMS-PAS-BPH-24-003

135fb™ (13 TeV) + 180 fb™" (13.6 TeV)

CMS-PAS-BPH-24-003

135fb" (13 TeV) + 180 fb™" (13.6 TeV)
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U All statesand dips well above5( !
0 Quantum interference among structures validated!

Stronglyimply that they havesame - F


https://cds.cern.ch/record/2929472?ln=en
https://cds.cern.ch/record/2929472?ln=en
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Explore U7 T ( n) channelwithRun2 & 3 data

CMS 135 fb~" (13 TeV) + 180 o' (13.6 TeV)
N Dominant sources Mxeo00) T'x(69000 Mx(7100) I'x(7100)
25 ¢ Data + X(6900) Signal shape +29 +79 +22  +131
> | " — Full model  ===- X(?‘]OO) NRSPS Shape +14 +54 +14 +29
% 20 _ Combinatorial background shape +15 +51 +15 +20
o il ---Background - Interfering Xs Mass resolution +5 +7 +5 +9
NI ) SR Efficiency +7 +27 +7 +10
b4 k| Add X(6600) peak +104 +14 +61 +31
g : *\ , Fitter bias f?l ié‘; ffz [lg()
T 10 HF I Total +110 +120 +74 +140
g 1\ l ~110  -120 70  —160
5 ,"}“\’. '- f? _\?:;- I — y _ ““ 0{ , , ,
l/ Y AN } } 1 Params 0f 7 (2S) [MeV] of Of [MeV]
\\ ! .\?'\‘7‘-.“-7.—..— . i i
| 0: I : ? : : ] M(BWZ)
2 oL, Bttt B i G
R | 1 i M(BW3)
7 7.5 8 8.5 9
Myw2s) [GeV] arXiv:2602.02252 G(BW3)

U Significanceof X(6900)= 7.9
U Significanceof X(7100)= 4.00
ATLASonhc | ai m X ( ;1970 Q ))) chénnél {

V Consistentwith O Uf result!
V Confirmedin a differentchannel!


https://arxiv.org/abs/2602.02252
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Spin parity analysis
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Angular Analysis

Fglo(6%) x [4 | Ago|? sin® 6, sin® @y + 2| A, ||A__|sin®6; sin® 05 cos(2® — ¢ + ¢++)]

+ |Apq P (1 + 24, cosf; + cos® 01) (1 + 24y, cos 6 + cos® 92)
+|A—_|? (1 — 24y, cos b1 + cos’ 01) (1 — 24y, cos B2 + cos” 02)
+ 4| Ago||A++|(Af, + cosby)sinby(Ag, + cosB2)sin 02 cos(P + ¢4 )
+ 4| Aoo||A——|(Ag, —cosb1)sinbi(Afs, — cosb)sinfa cos(P — ¢ )

spin=0& >1

L (0%) % [2|A+0|2(1 + 24y, cos b + cos® 01) sin® B2 + 2| Ao—|* sin® 01 (1 — 24, cos f2 + cos® 62)
+2|A_o|*(1 — 24y, cos 0 + cos” 0:1) sin® B2 + 2| Ao+ |* sin® 1 (1 + 24y, cos 02 + cos” 62)
+ 4| A o||Ao—|(Af, + cosbr)sinby(Af, — cosbz) sin b2 cos(P + dro — ¢o-—)
+ 4| Ao+ ||A—o|(Af, — cosBy)sinby(Af, + cosb) sin 02 cos(P + Pt — d)-o)] spin > 1

+F1{_1(9*) X [4|A+o||Ao+|(AJ,c1 + cos 61) sin 01 (Ay, + cos 02) sin b2 cos(2¥ — @10 + Po4)
+ 4| Ao—||A-o0|(Af; — cosB:1)sin by (A, — cosb2)sin Oz cos(2¥ — po— + ¢—o)
+4|A o||A_o|sin® 6; sin® 3 cos(2¥ — D — ¢ 0 + o) + 4| Ao_|| Ao | sin? 61 sin? 05 cos(2¥ + ® — po_ + ¢0+)]

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

Valid

+|A_+]*(1 — 24y, cos b + cos” 61)(1 + 24y, cos B2 + cos’ 92)] spin > 2
for anyJ

+F5_5(07) x [2|A+_ ||A—+ |sin® 6 sin® 05 cos(4¥ — ¢ + ¢-+)] + other 26 interference terms for spin

here U =&, +®/2 and Fj(6) = o Lo (0% ) A (0°
whers =B RE i Bl mzo,zﬂ,ﬂf e arXiv:1001.3396




Simplification In Angular Analysis

® Full model possible, but very complex

P (D, 0y, 0;my,)

lllllll

(1) Same properties of 3 resonances:

Py, Q) = P(my,) - T(Q | my,)

empirical angular | | may, (GeV)

100 A

(2) Pairwise tests of J)I; hypotheses i and j: arXiv:1208.4018

PAQ | my,)
PAQ | my,) + PAQ | my,)

MELA Z,(Q|my,) =

1 optimal observable

e Final 2D model: | < ijk(m4ﬂ, 9;']') =P Wmmy,) - TiJ’k(@ij | My,

12



CMS

Decay Angles

CMS 135 b (13 TeV) CMS 135 fb™ (13 TeV)
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https://www.nature.com/articles/s41586-025-09711-7
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Optimal Observable

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

CMS 135 fb™' (13 TeV)
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Data / MC
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background model from MC
control in sidebands
systematic variations
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https://www.nature.com/articles/s41586-025-09711-7
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Statistical Analysis

CMS 135 b (13 TeV)
A Hypothesigestwith toyMC for0 ¢ vs ot — Observed
| 0
P 4 i 7N 0.07 +
A Teststatistich ¢l 1fl 7l i Oz
© 0.06
£
: o : G 0.05-
A Consistencyf datawith 0 70 usingp-value: X o
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A Significance: 0.0%
Co1 L R ) 11 [
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- o p-value  Z-score  p-value  Z-score
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https://www.nature.com/articles/s41586-025-09711-7

Discussion

CMS 135 fo" (13 TeV) + 180 fb~' (13.6 TeV) CMS 135" (13 TeV) + 180 fb ™' (13.6 TeV
CMS X=Jlylly 135fb~1 (13 TeV — Jly Jly Interference Model —«— Jiy Jiy Interference Model _
90 ; (] 2"*(spin-1 diquarks) e — 11§ 5| Y(1S, 2S, 3S) — All [PDG]
L R 0"*(spin-0 diquarks) < 10 s S
_ l_u B 55— Y(1S, 25, 35, 4S) PDG —1og
o A : 8 - — .
:SL Hﬂ._ gsnrrr 105§ g E
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||:_I~;- S0 . 4; | observed - Expected B i " x 4L 95, x 102 = o
_ L m— 2} 10 P+1g 2 A S S I
_;Z 2} 20 Jj,”i;a | A35 T T R S S S R SR S S S | %0 [ Fr Fros e —10
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R B Radialindex  arXiv:2602.02252
. Radial index
\t F verycertain o m
at>99% CL : U Interference imply same quantum numbers :
L at>95%CL | P d :
L lesslikely 0 > 200 MeV mass splittirgamongtriplet similarto | family :
L consistentrare : :
’ U Squarednasse®f triplet align Reggetrajectory==> Radial excitations 1
| |
e . . |
' U Reggeplot favorsspint1 diquarkmodel |
|
I .. . . . . |
1 U Width trendsimilarto | family !
b e e e e e e e e e e e e e e e e e e e e e e e e e e e = === —

A FAMILY of all -charm tetraquark states with same

16


https://arxiv.org/abs/2602.02252
https://www.nature.com/articles/s41586-025-09711-7
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Summary

x A family of all-charm tetraquarksith 0 C
U Three structures X(6600), X(6900), X(7100) establishid significances 50
A Thefirst two analysesncluding2024dataamongLHC 3 exps
A Precision improved by factor of 3
A Multiple statesnakescomparisons possible
U Quantum interference among structures validatil significances: 50
==> States have commoR“Imeasuredisq :
U Large massplittings Reggetrajectory
==> radial family of states

CMS is painting a coherent picture of @+ W structures

THANKS!
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CMS

x Data sampleg315fb1)

A Run2: 135fb! data taken in 2016, 2017 and 2018
A Run3: 180fb-! data taken in 2022023and2024

x Signaland Background simulated events

A Signal®©o o & © ¢ * * * byJHUGen
A NRSPSandFeeddownby Pythia8

A DPSeventmixing

A Feeddown (@ w I ® U [ ¢ YO GIf f

A% m ——=
W iz ]/l/) ,,()"x —— 2
» v»—<— qz . 5

p p
SPS DPS

WeE WO QQE Q

Datasets, MC, trigger, and event selection

x Triggers

U Run 2trigger:

A Level 1 requirements: 3 muons
A cguv 0C *) o&U A6
AnC¢) ov' A6

U Run3trigger (new):

A Level 1 requirements: 2 muons

Am O0C ) yd' A6

A Onemuomy () Tt' A@heothem (‘) o' A6
Anc ) 18 A6

increase30% W+ % statisticscomparedto old trigger

x Event selection
A Follow Run2 cuts+ newtriggerfor Run3

19
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A Signalshape:Relativistic Breit-Wigner

A Background component:NRSPS+ NRDPS+ Feeddown+ Comb+ BWO

x Non-interference model:

Signal and background models

BW (m;mg, Tg) = — vl (m)

m3 — m2 — imI'(m)’

q 2L+1 m() . )
C(m) = T, (—) ™ (B4 (4,40, d))
qo m

A Signakhypothesis:NRSPS+ NRDPS+ Comb+ Feeddown+ BWO + BW1 + BW2 + BW3

0 QM) 0 @6 aah ) § YO ) 0 tQ

0 £Q () 0O tQ (@) 0 £Q

(@)
(6)

X |Interference model:

A Signalhypothesis:NRSPS+ NRDPS+ Comb+ Feeddown+ BWO + BW123 Interf . Term

Pdf(m) = N - |BWp|” ® R(M,)

+ NX gnd interf - |71 - €xp(ipy) - BW;y + BW, + 15 - exp(i¢hs) - BW; |

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

20



S Run 2 & 3 interference fit result

Dominant sources Ampy, Algy, Ampy, Alpy, Ampy, Alpy,
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(BW1J) njBW1) M(BW2) njBW?2) M(BW3) njBW3)
Runll & Il Interf.
[MeV]
Runll Interf.
MeV] ®poy T QYT X pwp XPOT W X

X VS.Run 2 result
V Statistical uncertainty reducedoy a factor of 3
V Systematic uncertaintyreducedoy abouta factor of 2
V Large masssplittings (> 200MeV) still exist,with improved precision
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Explore U7 T ( n) channelwithRun2 & 3 data

A X(6900)nearthresholdobvious

A X(7100)is visible

A Accordingto GIf UIf channelshouldbean X(6900)and anX(7100)
A Signaldominatedoy Run3

: : : Co Run2 ~109% 14
A Two dimensionafit for - +  nfjyield ~2.6Xof Run2 .3 581499

Run2+3 ~386+ 26

230; ---------------- ::;I:b “?”-i E’SO; ................. ”.22:1“3-”.8") E’ml ........ Bl (13TeV) + cnlnfsb (134 ._
%20 Run 2 : ézoi— V l Run 3 - %203— J ‘ \t\ Run 2 + Run 3 3
EIR N BT TS B TN
SCTVPTIND I LT I A
° s Gev) T @Sy (GeV) T sy Gev)
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| ¥+ polarizations

® Symmetries:

— P & C conserved

— angular momentum: |4; — 4,| < J :
in QCD:

X with definite J©'¢
C =+1
— J
A, =P(1'A_,

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

Sl ﬁ++
I A _
S A Test 8+ Jfg models:
: "-0.0'
A 0 0—+ 0~ A++ — —A
o i, TV 0t 0fand0f A, =A__andA, <« note 2d.o.f.
<" 1 Apy 1 Arg= Ay, = A y=—A
|0+ 1++ 1+ +0 = —4o+ = A = —4o-
1 1 A+0=—A0+=—A_0=A0_
A AQ— 27T 2, Ay =A Ay A=A, =A =4y ,andA, =A
d o = A
N A+_ |
v ++
o Ay note 4 d.o.f. for 27, test one model
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CMS Preliminary
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Hypothesis test
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very certain
at >99% CL
at > 95% CL
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consistent,rare
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