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The ATLAS detector

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

e Coverage: |n| < 2.5

e Magnetic field: 2T

e Excellent track and muon identification with the goodness of the inner detector and muon spectrometer.
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e Observation of an excess of di-charmonium events in the four-

muon final state at \/E = 13 TeV with the ATLAS detector
(2015-2018) ATLAS-CONF-2022-040

e Measurement of the CP-violation phase ¢, in BY — J/yi

decays in ATLAS at 13 TeV (2015-2017) Eur. Phys. J. C 81 (2021)
342
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e Observation of an excess of di-charmonium events in the four-
muon final state with the ATLAS detector (2015-2018) ATLAS-
CONF-2022-040
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X(6900) from LHCb

e At June 2020, LHCb claimed evidence for a narrow resonance in the di-J/y to
4 muons spectrum at 6.9 GeV, presumably coming from 4-charm quark state.
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m[X (6900)] = 6905 + 11 + 7 MeV/c?

LHCb model I: no interference
| (X (6900)] = 80 & 19 + 33 MV,

m[X(6900)] = 6886 & 11 4 11 MeV/c?
['[X(6900)] = 168 + 33 & 69 MeV

LHCb model ll: interference
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Data, Signal and backgrounds

e Data: 139 fb~! @ 13 TeV in 2015-2018.

|gnal @
e Signal process: tetraquark (TQ)
— Jhy+ Jlhy or JIy + w(2S) = 4u

N
\#-

e Backgrounds:

e Single parton scattering (SPS) %’fiii E:i %j
DPS

e Double parton scattering (DPS)

e Non-prompt ( bb — Jhy+ Jhylhy(2S) + X colo singlet producti

o %jﬁ% ﬁj%

 Single J/y background and non-peaking

background containing no real J/y candidate
(Others)

P-2016-211
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Event selection and analysis regions

Two positive charged muons and two negative charged muons:

o pr(py) >4, pr(py) > 4, pr(ps) > 3, pr(py) > 3 GeVand |7, , ., 1<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.

SR

SPS CR

DPS CR

Tight vertex cuts:
di—
| Lyy ] < 0.3 mm
4
L7y <0.2mm

X /N <3

my, < 1.5 GeV,
AR < 0.25 between charmonia

1.5 GeV < my, < 12.0 GeV

14.0 GeV < my, <25.0 GeV

Non-prompt region

Reverse vertex cuts: )(fﬂ/N > 6 and |Ljyi_“ | > 0.4 mm
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Fit models

* Unbinned maximum likelihood fits are performed to

3 180i_';&'rl;s"p'r'e'n};{r{;n}'_:""""""';‘ =
extract the signal parameters (e.g. mass m, width I) S te0 T I s st
£ 140 Fit CR =SPS =
L with a J/y or w(2S) mass 1o ann 3
* Fit regions: v Wg ) 1005 NG o
constraint 0 W =
6o;— \ 3

o Fit SR:{m>"'|< 11 GeV and AR < 0.25 o
B 15k
Con % 1; \\\\\}\“\;\#“‘;\*i*\’\ﬁ‘“;’;i\#%\*\*“‘;\\ﬂ\*ééé;#*#ﬁﬁ#\#éig
o FitCR:my " < 11 GeV and AR > 0.25, for § o5 :
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e In di-J/y channel, 3-peak model with interference S ol I R
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Fit models

e InJ/y+ w(2S) channel, due to lower statistics, two models are considered.

e Model A: the same peaks with interference observed in the di-J/y channel also
decaying into J/yw + w(2S5) plus a standalone peak.

2 2 2

2
Zi 23 My + My (25) )
xX) = + 1 - ® R(a
fs(x) ;xz—m%+imil”i x2—m§+im3F3 ( X (@)

* Model B: only one single peak
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Fit results in di-J/y channel
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g e The 3rd peak mass is

consistent with the LHCb
observed X(6900), with

significance of 100

e The broad structure at

the lower mass could
from other physical
effects, e.g. feed-down
from higher di-
charmonium resonances
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Fit results in J/y 4+ w(2S5)channel
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model A 7.22 + 0.03%0-02

0. 10+O.13+0.06
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model B 6.78 + 0.3610-3°
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e In model A, the 1st peak could be related to X(6900) in the di-J/y channel. The significance
of 2nd peak (7.2 GeV) reaches 3.20, also hinted by LHCb in the di-J/y spectrum
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Uncertainties

Systematics (MeV) di-J/y T+ 25)
my TIo my It my I |mz I3
SPS theory 7 15 4 20 5 6 <1
SPS di-charmonium pr <l 8 4 14 5 7 <1
Background MC statistics | <1 4 14 5 7 <1
Mass resolution 19 34 3 21 4 9 | <1 4
Fit bias 43 58 10 56 11 16| 13 41
Nonclosure <1 <1
Transfer factor — <1 16
Presence of fourth peak 29 49 11 108 60 18 —
Interference of fourth peak — 29 11
Data statistics 50 119 34 88 30 39| 28 130

« Data statistics has the largest impact in both two channels,
followed by the systematic uncertainty from impact of fourth peak
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» Measurement of the CP-violation phase ¢, in BSO — Jlyg

decays in ATLAS at 13 TeV (2015-2017) Eur. Phys. J. C 81
(2021) 342
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Introduction

* |In the presence of new physics phenomena, additional sources of CP violation in b-hadron decays can
arise.

« This analysis studies the BY — J/l//(pt+/,t_)¢(K+_K_)decay. The CP violation occurs due to interference
between a direct decay and a decay from BY — BY mixing.

« CP violation phase ¢, : the weak phase difference between the BS — B_g mixing amplitude and the
b — ccs decay amplitude.

Physical parameters:
« In Standard Model, ¢, ~ — 23, = — 0.0369610 50072 rad [CKMFitter] . .
- —  Average decay width I,
b Yoo W W & vesE
------ .  Width difference Al
BOO u,c,t u,c,t OBO b Vcb Cc
s # .
...... T~ J/Y
8 Vo W V3 b B’ W™ _¢
S -
- B
b Vb uct Vs \ ¢
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Flavour tagging

Tag fla\_/our of the signal B meson using the opposite b-hadron produced from the pair production of @
b and b quarks.

“Cone charge” (Q,) is defined as p; weighted sum of charge in a cone of size AR, which provides

strong discrimination power.
9 P ZN tracks
l

gi - (pTi)"
k
ZzN trac S(pTi)K

Muon (electron)-based tagging: semileptonic decay of a B meson; k = 1.1 (1.0) and AR = 0.5

llllllll

Qx:

Jet tagging: in the absence of a muon or electron; k = 1.1 and AR = 0.5

Taggers are calibrated and optimized by self-tagging Bt — J/ wK * channel

J/Y

Classify taggers by efficiency (¢,), dilution (D,) and tagging power (7). e NS A
- @ 9% \s-13Tev,805f"  Tightmuons i <
Tag method e, (%) D, (%) T, (%) 08 4 Data e
0.7t Bi—)J/\yKi —50.14'2
Tight muon 450+001 438402  0.862+0.009 oop BB "
Electron 1.57 £ 0.01 41.8 +£0.2 0.274 £ 0.004 0.4 0.08
Low-prmuon  3.12£0.01 299402  0.278 £ 0.006 o L o
Jet 1204£0.02  16.6+£0.1  0.334£0.006 s o
Total 21234+0.03  28.7+0.1 1.75 £0.01 S 05 o 05 1
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Fit to data

e Data: 80.5 fb~! @ 13 TeV in 2015-2017. : Q= (0r.Yr.91)

O rest frame

e An unbinned maximum likelihood fit is KYIT
performed with a combination of signal and ng
background probability density functions F e
(PDFs). e ¥ K

S
‘\
~

e A time-dependent angular analysis is required

J/y rest frame
to untangle CP-even and odd states.

% X1‘?;3I+’l.lAlsllllllll"lllIIIIII;II[;é{aIIII”I””I””E
E 45 {s=13TeV, 80.5 0" — Total Fit —
N g 40 oo Sgcnkeground . E
= - 10xBy» JwK® 3
ln -[::Z Wi 'ln[fS 'ﬂ(miatiagmiaati’Qi’Pi(Ble),pTi) (D 35 --~--10xAB—>J/\{1’1pK' g
i—1 30 —g
25 ‘ —
+fs'fBO'TBO(miati,O'm,-aO'tiaQiaPi(B|Qx)apT,-) 20§ ;‘: —i
15 e R S =
—I_fS'fAb'TAb(mi’tiaO’mi’gl‘i’Qi,Pi(B|Q)C)7pTi) 10 "‘ =
+(1_fS°(1+fBO+fAb))ﬁkg(mi’ti’UmiaUti’ k- ‘ _;
o Eswbessmiastitivie e T
Qi, Pi(B|Qx), pt1;)], s 3
T oW |
§ o TWM%W
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-3
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m(J/yo) [GeV]
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Fit results

» The measurement of ¢, is consistent with the SM prediction.

» Contours of 68% confidence level are set in the ¢, — Al plane. The results
are consistent with the Run1 results, and improves the precision of previous

ATLAS measurements.

Parameter Value Statistical uncertainty Systematic uncertainty
¢ [rad] —0.081 0.041 0.022
AT [ps™!] 0.0607  0.0047 0.0043
Ty [ps~'] 0.6687 0.0015 0.0022
A (0)]* 0.2213  0.0019 0.00
|A0(0)]? 0.5131 0.0013 0.0038
|As(0)]? 0.0321 0.0033 0.0046
8, —dg[rad] —0.25 0.05 0.04
Solution (a)

8 [rad] 3.12 0.11 0.06

8 [rad] 3.35 0.05 0.09
Solution (b)

8 [rad] 291 0.11 0.06

S| [rad] 2.94 0.05 0.09
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Comparisons

o HFLAV average for PDG 2021: ¢, = — 0.050 £ 0.019 rad.

- —
! m T
(7)) _ HFLAV
2 DO 8 fb~* PDG 2021 é 0.161 DO 8 fb~1
L 0.13 68% CL contours L
< (Alog £ = 1.15) <1 0.14;
CMS 116.1 fb~1
0.11 CMS 116.1 fb~! 0.121
0.10]
CDF 9.6 fb~1 (
0.09 0.08]
LHCDb 4.9 fb—l LHCb 49 fb_l
' 0.06 Lk
Combined X
0.07 "T's errors scaled by 2.5 ATLAS 99.7 fb~
- 0.04 - AT errors scaled by 1.77
0.0, 03 01 01 03 0-¥6a0 0.650 0.660 0.670 0.680
¢<[rad] Ms[ps™!]
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Summary

* Analysis of di-charmonium events:

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

A significant of 4.60 is observed in the J/y + w(2S5)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.

Thanks!
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Introduction

* The quark model was proposed by Gell-Mann and Zweig sixty years ago

AN U ODEL JOR STRONG INTERACTION SYMMETRY AND IT REA
Volume 8, number 3 PHYSICS LETTERS 1 February 1964 S 3 MODE TR ¢ L5 BREARING

6. zwelg )
e LWRLE
A SCHEMATIC MODEL OF BARYONS AND MESONS * SUET 2 B

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964
ABSTRACT

If we assume that the strong interactions of bary- ber n; - nf would be zero for all known baryons and
ons and mesons are correctly described in terms of mesons. The most interesting example of such a
the broken “eightfold way" 1-3), we are tempted to  model is one in which the triplet has spin } and
look for some fundamental explanation of the situa- 2 = -1, so that the four particles d~, s, u® and b®
tion. A highly promised approach is the purely dy- exhibit a parallel with the leptons. Both [ e and baryons are congbructed from a set
namical "bootstrap' model for all the strongly in- A simpler and more elegant scheme can be of three fundamentel particles called aces. The aces

e Exotic hadrons were predicted at the same time as conventional gg mesons
and gqgqg baryons.

Glueball Hybrid meson Tetraquark Pentaquark
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The ATLAS detector

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

e Coverage: || < 2.5

e Magnetic field: 2T

25m

Tile clorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electiromagnetic calorimeters

Toroid magnets

Semiconductor tracker
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MC samples

Di-charmonium Generator PDF Parton shower Tune
Process
SPS PyTtHiA 8.244[20] | NNPDF23LO[22] Al4[21]
DPS PyTHIA 8.244 NNPDF231L.O Al4
Non-prompt PyTHiA 8.244 NNPDF23LO | DYTHIA 8:244+NNPDE2SLO | )
X(6900) JHUJ[26] CTEQG6L1[27] Al4
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Functions

4 Likelihood fiinction:

L = LgR (C_f,,g) - Lcr (@) - ﬁG (a;’;aj’o-j)
j=1

4 Significance is calculated with asymptotic formula:

/ = \/21n L(ﬁ’é)ﬁ
L(s5=0,0)
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Event selection

4 Di-muon or tri-muon triggers
4 Baseline selections:

= Two positive charged muons and two negative charged muons:

o pr(py) >4, pr(iy) > 4, pr(us) > 3, pr(uy) > 2 GeV

° | }7”1’ Hos U35 Hy | < 25

=.//y mass window: 2.94 GeV< m,,, < 3.25 GeV ; y(25) mass
window: 3.56 < m,, < 3.30 GeV

=| oose vertex cuts:
o Vertex fit quality of 4u candidate:)(fﬂ/N < 40

o Vertex fit quality of J/y and 1/1(25)5)(5,-_”/1\7 < 100

HFCPV2022
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Table 4 The ten time-dependent functions, 0% (¢) and the functions
of the transversity angles g® (97, ¥, ¢7). The amplitudes |Ag(0)|?
and |A (0)| are for the CP-even components of the B‘? — J/Ye
decay, |A 1 (0)|? is the CP-odd amplitude; they have corresponding
strong phases J¢, 5 and 6 | . By convention, § is set to be zero. The §-

CPV — parameters

wave amplitude |A S(O)|2 gives the fraction of B‘? — J/Y KK~ (fy)
and has a related strong phase §g. The factor « is described in the text of
Sect. 5.1. The £ and F terms denote two cases: the upper sign describes
the decay of a meson that was initially a BY meson, while the lower sign
describes the decays of a meson that was initially B?

ko 0% gWOr, yr.or)

1 %|A0(O)|2 [(1 + cos ¢y) e_rg)’ + (1 — cos ¢y) e_rl(;)’ + 2¢ s gsin(Amg1) sin ¢S:| 2 cos® Y7 (1 — sin? O cos? ¢r)

2 LA [(1 +cosds)e Tl 4 (1 — cos ) e TH T + 2~ sin(Amyr) sin ¢S] sin2 7 (1 — sin? 67 sin? ér)

3 LAl [(1 —coss) e LT 4 (14 cos ¢g) e 1 2e T sin(Amy1) sin ¢s] sin? Yy sin 07

4 %le(O)llA” (0)[ cos & [(l + cos ¢y) e_r(LS)’ + (1 — cos ¢y) e_rl(;)’ + 2e 15" sin(Amyt) sin d)s] % sin 297 sin’ 67 sin 2¢7

5 A (0)]|AL(0)] —%(e_rf)' — e_rl(;)’) cos(6y — &) singy £ e_r-"(sin(éj_ — d)) cos(Amyt) — sin? Y sin 207 sin ¢r
—cos(6] — 8”);:05 s sin(Amst))]

6 1A0O)|ALO) [ Lt — eTi'") cos 8. sin gy & e (sin 81 cos(Amyt) — cos 81 cos sin(Amst))] 5 sin 297 sin 207 cos 7

7 LAs))? [(1 —cosy) e TL T 4 (1 + cos ds) e T 126! sin(Amy 1) sin ¢s] 2 (1 — sin? 07 cos? ¢r)

8 a|As(0)|[A}(0)] [%(e_rf)’ — e_rg)’) sin(8) — &) sin ¢ £ e~ Tst (cos(8) — 8s) cos(Amyt) %\/gsin vr sin? 07 sin 2¢7
—sin(§) — ds) cos ¢y sin(Amst))]

9 La|As(0)[|AL(0)|sin(G, — 8s) [(1 —cos¢y) e LT 4 (1 + cos ) e~ TH 265! sin(Am,1) sin ¢s] L /6 siny7 sin 207 cos ¢y

10 «a|Ag(0)||Ag(0)] [é—(e_rg)' - e_rf)’) sin §g sin ¢ =+ e s’ (cos 85 cos(Amt) + sin 8 cos Oy sin(Amst))] % 3cos Yy (l — sin? 67 cos? ¢T)
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CPV — fit results

Parameter Value Statistical uncertainty Systematic uncertainty
¢s [rad] —0.081 0.041 0.022
AT [ps™1] 0.0607 0.0047 0.0043
Ty [ps™!] 0.6687 0.0015 0.0022
|A)(0)]? 0.2213 0.0019 0.0023
|A0(0)? 0.5131 0.0013 0.0038
|As(0)]? 0.0321 0.0033 0.0046
51 — dg [rad] —0.25 0.05 0.04
Solution (a)

8 [rad] 3.12 0.11 0.06

8| [rad] 3.35 0.05 0.09
Solution (b)

8 [rad] 291 0.11 0.06

8| [rad] 2.94 0.05 0.09
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CPV — systematics

Table S Summary of systematic uncertainties assigned to the physical parameters of interest

¢s AT s A1 OF 400 [AsO)* 81 Jl 51 —8s
(103 rad) (103 ps~hH A0 3 ps™hH 1073 (@0~ @107 (103 rad) (103 rad) (1073 rad)

Tagging 19 0.4 0.3 0.2 0.2 1.1 17 19 2.3
ID alignment 0.8 0.2 0.5 < 0.1 < 0.1 < 0.1 11 7.2 < 0.1
Acceptance 0.5 0.3 < 0.1 1.0 0.9 29 37 64 8.6
Time efficiency 0.2 0.2 0.5 < 0.1 < 0.1 0.1 3.0 5.7 0.5
Best candidate selection 0.4 1.6 1.3 0.1 1.0 0.5 2.3 7.0 7.4
Background angles model

Choice of fit function 2.5 < 0.1 0.3 1.1 < 0.1 0.6 12 0.9 1.1

Choice of pr bins 1.3 0.5 < 0.1 0.4 0.5 1.2 1.5 7.2 1.0

Choice of mass window 9.3 3.3 0.2 0.4 0.8 0.9 17 8.6 6.0

Choice of sidebands intervals 0.4 0.1 0.1 0.3 0.3 1.3 4 7.4 2.3
Dedicated backgrounds

Bg 2.6 1.1 < 0.1 0.2 3.1 1.5 10 23 2.1

Ap 1.6 0.3 0.2 0.5 1.2 1.8 14 30 0.8
Alternate Amg 1.0 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 15 4.0 < 0.1
Fit model

Time res. sig frac 1.4 1.1 0.5 0.5 0.6 0.8 12 30 0.4

Time res. pr bins 0.7 0.5 0.8 0.1 0.1 0.1 2.2 14 0.7

S-wave phase 0.3 < 0.1 < 0.1 < 0.1 < 0.1 0.2 8.0 15 37

Fit bias 5.7 1.3 1.2 1.3 0.4 1.1 33 19 0.3
Total 22 4.3 2.2 2.3 3.8 4.6 55 88 39
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