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The ATLAS detector
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• ATLAS (A Toroidal LHC ApparatuS) is one of the two general-purpose detectors at the Large Hadron Collider 
(LHC)


• Coverage: 


• Magnetic field: 2T


• Excellent track and muon identification with the goodness of the inner detector and muon spectrometer.

|η | < 2.5



                                                                                                                                                            

Outline
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• Observation of an excess of di-charmonium events in the four-
muon final state at  TeV with the ATLAS detector 
(2015-2018) ATLAS-CONF-2022-040


• Measurement of the CP-violation phase  in  
decays in ATLAS at 13 TeV (2015-2017) Eur. Phys. J. C 81 (2021) 
342 

s = 13

ϕs B0
s → J/ψϕ
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-040/
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X(6900) from LHCb

• At June 2020, LHCb claimed evidence for a narrow resonance in the di-  to 
4 muons spectrum at 6.9 GeV, presumably coming from 4-charm quark state.

J/ψ

arXiv:2006.16957 

LHCb model I: no interference

LHCb model II: interference

Model I Model II
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https://arxiv.org/abs/2006.16957
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J/ψ

J/ψ
 J/ψ

(ψ (2S ))

Data, Signal and backgrounds
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DPS

Signal

SPS

• Backgrounds:


• Single parton scattering (SPS) 

• Double parton scattering (DPS)


• Non-prompt ( 
)


• Single  background and non-peaking 
background containing no real  candidate 
(Others)

bb̄ → J/ψ + J/ψ/ψ(2S) + X
→ 4μ

J/ψ
J/ψ

• Data:  @ 13 TeV in 2015-2018.


• Signal process: tetraquark (TQ) 

139 fb−1

→ J/ψ + J/ψ or J/ψ + ψ(2S) → 4μ
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Event selecEon and analysis regions
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• Two positive charged muons and two negative charged muons:


•  and < 2.5


• Signal region (SR) is used to extract signal parameters (e.g. mass, width).


• SPS and DPS control regions (CR) are used to estimate SPS and DPS backgrounds.


• Non-prompt region is used to validate non-prompt background estimation.  

pT(μ1) > 4, pT(μ2) > 4, pT(μ3) > 3, pT(μ4) > 3 GeV |ημ1, μ2, μ3, μ4
|

SR

SPS CR

DPS CR

Non-prompt region

Tight vertex cuts:


 mm


 mm  


|Ldi−μ
xy | < 0.3

L4μ
xy < 0.2

χ2
4μ/N < 3

, 
m4μ < 7.5 GeV
ΔR < 0.25 between charmonia

7.5 GeV < m4μ < 12.0 GeV

14.0 GeV < m4μ < 25.0 GeV

Reverse vertex cuts:  and  mmχ2
4μ/N > 6 |Ldi−μ

xy | > 0.4
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Fit models
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• Unbinned maximum likelihood fits are performed to 
extract the signal parameters (e.g. mass m, width ) 


• Fit regions:


• Fit SR:  GeV and 


• Fit CR:  GeV and , for 
SPS shape validation


• In di-  channel, 3-peak model with interference 
among signals is considered. 2-peak model is also 
tested but with worse fit quality.

Γ

mcon
4μ < 11 ΔR < 0.25

mcon
4μ < 11 ΔR ≥ 0.25

J/ψ

Resolution function
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Fit models

• In  channel, due to lower statistics, two models are considered.


• Model A: the same peaks with interference observed in the di-  channel also 
decaying into  plus a standalone peak.


• Model B: only one single peak

J/ψ + ψ(2S)

J/ψ
J/ψ + ψ(2S)
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Fit results in di-  channelJ/ψ

Extracted masses and widths (GeV)

(GeV) <0 �0 <1 �1

di-�/k 6.22 ± 0.05+0.04
�0.05 0.31 ± 0.12+0.07

�0.08 6.62 ± 0.03+0.02
�0.01 0.31 ± 0.09+0.06

�0.11

<2 �2 —

6.87 ± 0.03+0.06
�0.01 0.12 ± 0.04+0.03

�0.01 —

• The 3rd peak mass is 
consistent with the LHCb 
observed X(6900), with 
significance of 10 


• The broad structure at 
the lower mass could 
from other physical 
effects, e.g. feed-down 
from higher di-
charmonium resonances

σ
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Fit results in channelJ/ψ + ψ(2S)
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(2S)ψ+ψJ/

Extracted masses and widths (GeV)

(GeV) <3 �3

�/k+k(2S)

model A 7.22 ± 0.03
+0.02

�0.03
0.10

+0.13+0.06

�0.07�0.05

model B 6.78 ± 0.36
+0.35

�0.54
0.39 ± 0.11

+0.11

�0.07

Model A Model B

• In model A, the 1st peak could be related to X(6900) in the di-  channel. The significance 
of 2nd peak (7.2 GeV) reaches , also hinted by LHCb in the di-𝐽/𝜓 spectrum 

J/ψ
3.2σ
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UncertainEes
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• Data statistics has the largest impact in both two channels, 
followed by the systematic uncertainty from impact of fourth peak
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IntroducEon
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• In the presence of new physics phenomena, additional sources of CP violation in b-hadron decays can 
arise.


• This analysis studies the decay. The CP violation occurs due to interference 
between a direct decay and a decay from  mixing. 


• CP violation phase  : the weak phase difference between the  mixing amplitude and the 
 decay amplitude.


• In Standard Model,  rad [CKMFitter]

B0
s → J/ψ(μ+μ−)ϕ(K+K−)

B0
s − B̄0

s

ϕs B0
s − B̄0

s
b → cc̄s

ϕs ≈ − 2βs = − 0.03696+0.00072
−0.00082

Phys. Rev. D 85, 072002

Physical parameters: 


• 


• Average decay width  


• Width difference 

ϕs

Γs

ΔΓs

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.072002


                                                                                                                                                            

Flavour tagging
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• Tag flavour of the signal B meson using the opposite b-hadron produced from the pair production of 
 and  quarks.


• “Cone charge” ( ) is defined as  weighted sum of charge in a cone of size , which provides 
strong discrimination power.  


• Muon (electron)-based tagging: semileptonic decay of a B meson; 


• Jet tagging: in the absence of a muon or electron; 


• Taggers are calibrated and optimized by self-tagging  channel


• Classify taggers by efficiency ( ), dilution ( ) and tagging power ( ).

b b̄

Qx pT ΔR

κ = 1.1 (1.0) and ΔR = 0.5

κ = 1.1 and ΔR = 0.5

B± → J/ψK±

ϵx Dx Tx



                                                                                                                                                            

Fit to data
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• Data:  @ 13 TeV in 2015-2017.


• An unbinned maximum likelihood fit is 
performed with a combination of signal and 
background probability density functions 
(PDFs).


• A time-dependent angular analysis is required 
to untangle CP-even and odd states.

80.5 fb−1



                                                                                                                                                            

Fit results
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• The measurement of  is consistent with the SM prediction.


• Contours of 68% confidence level are set in the  plane. The results 
are consistent with the Run1 results, and improves the precision of previous 
ATLAS measurements.

ϕs

ϕs − ΔΓs



                                                                                                                                                            

Comparisons
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• HFLAV average for PDG 2021:  rad.ϕs = − 0.050 ± 0.019

https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/


                                                                                                                                                            

Summary 
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• Analysis of di-charmonium events:


• A broad structure at lower mass and a resonance around 6.9 GeV 
are observed in the di-  channel.


• A significant of  is observed in the channel with a 
model of an enhancement at about 6.9 GeV plus a standalone peak.


• Measurement of CP-violation phase:


• The measured values of physical parameters are consistent with 
the SM values.


• Working with full Run2 data to improve precision.

J/ψ

4.6σ J/ψ + ψ(2S)

Thanks!
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IntroducEon
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• The quark model was proposed by Gell-Mann and Zweig sixty years ago

• Exotic hadrons were predicted at the same time as conventional  mesons 
and  baryons. 

qq̄
qqq



                                                                                                                                                            

The ATLAS detector
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• ATLAS (A Toroidal LHC ApparatuS) is one of the two general-purpose detectors at 
the Large Hadron Collider (LHC)


• Coverage: 


• Magnetic field: 2T

|η | < 2.5
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MC samples
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FuncEons
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✦ Likelihood function:

✦Significance is calculated with asymptotic formula:
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Event selecEon
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✦Di-muon or tri-muon triggers


✦Baseline selections: 


➡Two positive charged muons and two negative charged muons:


•  

• < 2.5 

➡  mass window: 2.94 GeV<  < 3.25 GeV ;  mass 
window:  GeV 

➡Loose vertex cuts:  

• Vertex fit quality of  candidate:   

• Vertex fit quality of  and : 

pT(μ1) > 4, pT(μ2) > 4, pT(μ3) > 3, pT(μ4) > 2 GeV

|ημ1, μ2, μ3, μ4
|

J/ψ mJ/ψ ψ(2S)
3.56 < mψ < 3.80

4μ χ2
4μ/N < 40

J/ψ ψ(2S) χ2
di−μ/N < 100
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CPV — flavour tagging
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CPV — flavour tagging
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CPV — parameters
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CPV — fit results
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CPV — systemaEcs
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