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i » X(6900) observed by 3 experiment
o/ Al » CMS adds X(6600) & X(7100)
3¢ - : » X(6600) below J/WW(2S) threshold
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* Observed structure at 6.9 GeV, >50  « x(6900) consistent with LHCb » Debate: Tetraquark? Dynamical?
* M~6900 MeV, I~ 100 MeV . New state X(6600) with 6.50 > Further studies vital: other channels?

* Evidence of X(7100) with 4.10
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» CMS established candidates for all-charm tetra-quark family
» Each peak and each dip is well over 50 in complete dataset
» This defines our model: two peaks with interference
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e IfseeninlJ/P/J/Y, probablyin $(2S)J/P?
* Possibility of non-resonant "threshold effects”?
~ X—)J/LIJ LIJ(ZS) . * X(6900) is just above threshold

50II|I| T I|I|||I 50

E :_ATLAS —— Sig. + Bkg. E :_AT’-AS —— Sig. + Bkg.

w | Vs=13TeV, 140 fb" — Background w | (s=13TeV, 140" — Background - .

S o[ Jwrvies)  signa 1S o[ swrves) - signal 1 * ATLAS has published spectrum

2 | ~F pae |2 | F pae 1 ¢ They do see excess

z 30: _ & 30: e LEFT: Assumed X(6900) with J//J/ P values
20} . 20} (4.70) & find weak X(7100) signal (3o local)
103,'2‘\ J( Jf © 10;,  ATLAS compatible with CMS no-interf fit

5 | * RIGHT: One BW fit -- very fat!

ol- 7'1“‘3;_'5 ' i s ||/ NOT very consistent with X(6900) (4.30)

m,, [GeV] | -~ MGVl oI5 excess X(6900)? ATLAS doesn't actually claim it!

ATLAS : Phys. Rev. Lett. 131, 151902

* Can we see it? Can CMS clarify??
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902

Dataset samples

* Charmonium dataset

* 135 fbt CMS data taken in 2016, 2017 and 2018 LHC runs (13 TeV)
e 2017B excluded due to improper trigger 315 fb1

* 180 fb! CMS data taken 2022, 2023 and 2024 LHC runs (13.6 TeV)

B Using J/PJ/Y selection as first step

B Preliminary event selections:
M Fire trigger
M Standard soft muon ID
B pT(n) >2.0GeV
W n (W |24
B 4y total charge =0
W Vix(4p) > 0.5%
B Vix(u+p-)> 0.5% (HLT)
B m(p+p-) within 30 (EBE) of J/ or  (2S),scale factor 1.16
B m(p+p-) constraited to J/P or P (2S) mass
B Resolve pairing confusion using mass chisq
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MC simulation

* Background
» Single Parton Scattering (NRSPS) to [/Yi)(2S) sample by Pythia8
* Double Parton Scattering (DPS) to J/Y1)(2S) sample by Pythia8

* Signal
* gg = X - J/YP(2S) by JHUGen - Default
* g9 - X - J/WYP(2S) by Higgs model in Pythia - Systematic
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Two-dimensional fit

Jigpp region > (2S)up region

4 components for 2D fit:

J/P+YP(2S) : product of 2 Crystal-Ball functions for each resonance
J/P+ptu: product of 2 Crystal-Ball functions and 15t order polynomial

D (2S)+utu : product of 2 Crystal-Ball functions and 1%t order polynomial
Nonresonant: ptppt : product of 2x 1t order polynomial
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Optimization

B Optimization procedure
Optimize X(6900) signal (JHUgen) (though model dependent)

B Defined signal mass window (6.7 ~ 7.1 GeV)

B Use f=5/(463/13 + 4B + 5v/25 + 8vB +4B) as FOM

B S from X(6900) MC

B B from data

B Not need to do normalization

~r

F e

Variables Previous cuts | Optimized cuts
pr(¥(2S)) - > 13.5 GeV
pr(J/¥) - > 11 GeV
pr (4) from 9 (2S) > 2 GeV > 2.5 GeV
Muon ID of ¢(2S) 2 soft u 2 loose u
¥(2S) mass window - < 2.50
J /¥ mass window - < 2.50

Procedure:

B Optimize one variable at a time

B Cycle through all variables

B From "optimal point" iterate new optimization cycle
B Iterate until stable

B To avoid over-optimizing on fluctuations:

try to round final optimum to 0.5 GeV increments
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Event selection

 Same cuts for Run2 and Run3 data except triggers

e Four muons:

o prob,. (4p) >0.5%

e 4y charge should be zero

e Single muon from J/¥: Prowuon  from  j/¢) >3-5 GeV

e Single muon from Y(25): Primuon  from p(2s)) >2-5 GeV
e Pass # requirement: |y#| < 2.4.

e Single muon from J/:
e Soft muon ID

d pT(muon from /) >3.5 GeV
e Single muon from 1(2S):

e Loose muon ID

® PT(muon  from y(25)) >2:5 GeV e Multiple candidate treatment:

e Select best (‘'min. x7,") combination from one pu " u; 15 4, candidate if both

e Single J/¢: (# w5, uiuy) and (u5p,, uiuy ) combinations pass final (25)]/ se-
e M(J/4) within 2.5¢ ) Lo [m(ptuT ) —myas 2 m(ut =)=y 2
e M(J/) constraint to ] /1 mass lections based on: xy, = [ Tt ) ] T [ O (ot =) ] .
o vr(J/y) >11 GeV
e Single y(25): e Keep all combinations if an event has multiple 1(25)] /1 candidates which
e M(y(2S)) within 2.5¢ are composed of more than four distinct muons, i.e. the candidates have
e M(y(2S)) constraint to ¢(25) mass one or more non-overlapping muons. There is no multiple candidate after

o pr(¥(25)) >13.5 GeV final selection
e Exclude events with wrong combination making | /¢-pair <2c of PDG.
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Two-dimensional fit
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Fitting Strategy.

« Same signal function as J/Y]/y analysis (Relativistic Breit-Wigner) mI'(m)

mg —m? —imI'(m)’

[(m) =T, (i)zm 20 (B1(3,90.4))%,

To m

BW(?’H; mo, Fo) =

v’ Non-interference model:

Pdf(m) =) N A|BW(m, M;, I;)"i® R(M;) - €(M;)
e o o o o -
+ Nops - fsps(m) 4+ Npps * fops (M) + Neompinatorial * fcombinatorial (1)

v’ Interference model:

. R(Mj) & E(Mj): resolution & efficiency at M;

*  fsps, fops fcombinatoriai: Shapes of SPS, DPS and combinatorial background
* BW: relativistic Breit-Wigner

* 1%, @r: coupling magnitude and relative phase of interfering Breit-Wigner

* Resolution and efficiency included in the default model
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Significance calculation

* Constrain mass & width of both peaks within 1o of J/{J/{ values

Model I: X(6900) & X(7100) with interference (NLL =-2056.83):
Contents: X(6900) + X(7100) Interf. + Background

Model Ii: X(6900) only (NLL =-2045.87):
Contents: X(6900) + Background

Model lil: X(7100) only (NLL =-2021.63):
Contents: X(7100) + Background

e Modell vslll e Modellvsll
* Degrees of freedom =2  Degrees of freedom =2
* )(2=2*ANLL . X2=2*ANLL
e Significance of X(6900) = 8.1 ¢ e Significance of X(7100) = 4.3 ¢

» Can use J/PP(2S) to make independent mass & width measurements?
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Independent measurement - 1BW=X{6900)

1351b™ (13 TeV) + 180 b (13.6 TeV)
T T I T T T T I T T T T

2 | | CMS
g 25 :— Preliminary —]
i . E L E > . X(6900) X(6900)
s N | Sombimatorial - arameter Mass (MeV) | Width (MeV)
© — —— SPS 7
8 0 H e E Value 6836112 151+122

10 —

sE- :

- e NLL=-2040
* Signal: X(6900)
. * Background: NRSPS, DPS, Comb bkg

(J/wJd/w mass/width constraints removed)

Liangliang Chen @ NNU Observation of X(6900) and evidence of X(7100) in the JAyy(2S) — pt+pu—p+p— mass spectrum



Independent measurement - 2BW (Interference) =X{6900)&X{¥4.00)

A B s S X(6900) |  X(6900)
E 25:_ Preliminary _: Mass (MeV) Width (MeV)
S r I Dat — Fit .
o 2F —In&t‘ea:'fing BWs ---- X(6900) = Value 6876155 253128
£ F I X(7100) Combinatorial
2 L ok — SPS ~—— DPS ]
5 F . X(7100) X(7100)
O 10— —
- /\ J{ + }L ! Parameter Mass (MeV) | Width (MeV)
51— S, 1 1 P 1 B
- P Value 7169725 154%432

NLL =-2045.55

Signal: X(6900) & X(7100)
Background: NRSPS, DPS, Comb bkg
Fit range : 6.6 - 15 GeV

Pull
i w  FRRE
e
[ ]

7 7i5 8 855 9
m(w(2S)JAy) (GeV)

(J/wJ/w mass/width constraints removed)
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Comparison to J/wJ/w analysis

100

| T “\/

M 135 fb™' (13 TeV) + 180 fb~' (13.6 Te
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pE f bt 4ot btk Tl &3 SERIVENRE I EREI0NE, SR PN
QL ofi }:#H*WH ! it M% A L M 4 W;%%MW% wﬁmﬂm
P e i 85 9 6.5 7 75 8 85 9
Myuizs) [GEV] My, [GEV]
X (6600) X (6900) X (7100)
Mass 6638T3+16  ggq7t8+8 7134 +28+4
J/pT/p: Run2[15] + 230010 gy 40129
width M0z Plsy . * Mass of both peaks consistent
Mass 659371 +25 6847+10+15 717317 +13 . .
J/$J/$: Run2+3 I = ey * Width of both peaks consistent
Width 44673 +87 1357;9+14 731 :2+10
. +46 +111 +26 + 80
g p(aS) Run2es Mo e e
Width - 253 T 100 - 134 1547 g T g

Liangliang Chen @ NNU

Observation of X(6900) and evidence of X(7100) in the JAyy(2S) — pt+pu—p+p— mass spectrum



Systematic uncertainties

Do systematic for interference model with X(6900) & X(7100)

Variations are below

 Signal Shape
e Default: BW function with L=0
* Alternative:

e |=1/2,d=2/3/4

* Flatte

] SPS shape
* funcdefault(SPS) - funcdefault(DPS)

] DPS shape
* funcdefault(DPS) - funcdefault(SPS)

(J Combinatorial backgroud shape
* Nine-tile -> sPlot

J Mass resolution

Take extremes of mass resolution dependence

 Efficiency

Increase/Decrease the weight of Run3 efficiency

O Add X(6600) tail

X(6600) mass/width/coef fixed to J/PJ/ Y fit values

(] Fitter bias

Toy MC
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Results listed in Paper:

X(6600) X (6900) X (7100)
T/ Runzpis] Mass 6638T5Ts 68477575 7IMTLT,
Width 480tZ0410  gortsetd gzt iR

 Significance of X(6900) / X(7100) : 8.1c / 4.30
Mass 659371 +25 6847+10+15 7173%7,+13

/P J/¥: Run 2+3
e ry Width 446+8+87 135719+14 7318 +10

CMS 135 fb' (13 TeV) + 180 fb~' (13.6 TeV) 464111 26 -+ 80
_ 1/ $(25): Run 243 Mass — 68761251, 716912513
tous - xisson) | width  —  253YIRHIE  1serpoele
> 20: 4 — Full model -+++ X(7100)
; 3 :.'-: - --Background --- Interfering Xs X(ﬁg[)()) X (7100)
~ a e Source Am AT  Am AT
»w 15[ :
O ] P Signal shape 29 ? .2 13
= o N 3% NRSPS shape 14 54 14 29
§ ' o i { Comb. bkg. shape 15 Bl .15 . = .20
5'_ A% i Bimg 8 1 | Mass resolution 5 7 5 9
\ {;' \‘.,;,\ * { i A Efficiency 7 27 74 10
ok AT s} e Fitter bias Tom o O
T, T N S SN ST X(6600) addifin 104 14 61 31
=) g
&2 oF bat bbb bttt b dn Bttt Tl 4111 +140 480 +140
Sg_g: ++ } ++ HHHH h *é HH} h H H * + + g Total uncertainty 112 —-134 -72 —181
? P ; i
7 75 8 8.5 9 . . . . :
» Alternatives with no significant changes are not listed in the
My es) [GEV] 8 8
Y

table, such as DPS shape
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* An excess observed in Y(25)//y channel [Significance: BW2 (8.10), BW3 (4.30)]

With interference:
BW2: m = 6876 *35(stat) Y11 (syst) MeV,T = 253

+290
—100

BW3:m = 7169 *25(stat) ¥39(syst) MeV, T = 1547330

(stat) *139(syst) MeV

(stat)

+140
—181

(syst) MeV

* Consistent with interfering X(6900) and X(7100) as observed in J/yJ/i) analysis
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