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Introduction

= Decay BY—J/1¢ is expected to be sensitive to new physics contributions to
CP violation.

= Neutral B meson can oscillate into its antiparticle BY (and vice versa).

= The oscillation frequency is characterized by the mass difference Amg of the
heavy (By) and light (B;) mass eigenstates.

m In the absence of CP violation, the By state would correspond to the
CP-odd state and the B; to the CP-even state.
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- Types of CP Violation

= CP violation in decay (or direct CP violation): decay amplitudes of
mesons M — f and M — f are different.

m CP violation in mixing (or indirect CP violation): asymmetry in the
particle antiparticle oscillations... In this case the CP eigenstates are not
equivalent to the mass eigenstates.

m CP violation in interference of mixing and decay can only occur if M°

and MO decay into the same final state;
The common final state is reached via two different decay chains: M® — f

and M® — MO — £ (case of BY — J/1¢).

B /a Jiyp BY /a Ty
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- Motivation: New Physics

m (P violating phase is defined as the weak phase difference between the
BY — BY mixing amplitude and the b — s decay amplitude.

» In the Standard Model (SM) it can be related to the CKM matrix [1]
Vis V3,
¢s = —20s = —2arg (_ = tb)- (1)

and then ¢5 = —0.03696 0 00053 rad can be predicted [2].
= Any sizeable deviation from this value would be a sign of beyond SM physics.

12

m The New Physics processes could introduce additional contributions to the
box diagrams describing the BY — B mixing.
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= Muon Spectrometer: triggering |n| < 2.4 and precision tracking |n| < 2.7.
u Inner Detector: Silicon Pixels and Strips with Transition Radiation Tracker, pt > 0.4 GeV and
|n| < 2.5,
= NEW in Run2: “Insertable B-Layer” (IBL) - additional inner-most pixel layer (r = 33 mm) and
lower x/Xo beam pipe,
u resolution in m(p*p™): Around 50 MeV at Jpsi, 150 MeV at 7°(nS),
= resolution in b-hadron proper decay time: ~100 fs (30 % improvement with IBL).
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Used Data

w 4.9 fb=1 7 TeV pp 2011 (untagged [5] + tagged [6]).

w 14.3 fb~1 8 TeV pp 2012 (statistically combined with 7 TeV to full Runl
tagged analysis [7]).

= NEW: 80.5 fb~1 13 TeV pp 2015-2017 (stat. comb. with Run1 [g]).

m Collected by trigger based on identification of J/1) — utu™ with pr(u)
thresholds varying over run periods (but always low-pt, 4 or 6 GeV).

= Two muon tracks and two tracks (no PID, but not muons).
m 4 tracks refitted to a common vertex.
m In case of multiple candidates, using only the best candidate in the event.

m Signal-background separation done completely by an unbinned maximum
likelihood fit.
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- Angular Analysis

m BY — J/1¢ = pseudoscalar to vector-vector final state — admixture of
CP-odd (L = 1) and CP-even (L = 0, 2) states.
m Distinguishable through time-dependent angular analysis.

= Non-resonant S-wave decay BY — J/¥K+K~ and BY — J/1fy both
contribute to the final state:

m can't be identified in the measured data, but can significantly bias measurement of ¢,

m thus they have to be included in the differential decay rate (due to interference with
the signal decay) and treated by the fit.

J/V rest frame v ¢ rest frame
Y / K*
+ /
& K v B! ’Lx
/ B k- / ¢
/xy-plane 5 / -
w
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- Flavour Tagging

= Knowledge of the initial flavour can improve any CP violation measurement.

m At the LHC B-mesons are produced in the hadronization of bb pair.

m The majority of these pairs are produced either both in the forward or both
in the backward direction of the detector.

w Self-tagging B — J/9K* channel used for calibration and performance

estimation.
o

signal decay
same side 15 bSBs
opposite side™" b

e/u
opposite side tagger,
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Flavour Tagging

Opposite Side Tagging Methods

Muon /electron tagging: semi-leptonic decay of B (b — /e transition),

m flavour given by lepton charge,
m diluted by b — ¢ — ¢ cascade decays and neutral B-meson oscillations,

m improved by using momentum weighed charge of lepton and tracks
around the leading lepton

ZNtracks q[ pTl
N racks
Z ek pT/

where Ny scks is number of tracks in the cone AR < 0.5 around the
leading lepton, g; and pr; are charge and pt of the track, respectively,
and the constant x = 1.1 (found empirically).

Qr = : (2)

b-jet-charge tagging: used if the additional muon/electron is absent;
momentum-weighted track-charge in jet.
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Flavour Tagging

Calibration Curves

m From a calibration sample, the opposite-side charge is mapped to a
probability that the meson is B? (or BY), and put into the likelihood fit on

per-candidate basis.
u If there is no tagging information, P = 0.5 is assigned.

Tag method [ Efficiency [%] [ Effective Dilution [%] [ Tagging Power [%]
Tight muon 4.50 + 0.01 43.8 + 0.2 0.862 + 0.009
Electron 1.57 £0.01 41.8 +0.2 0.274 4+ 0.004
Low-p1 muon 3.12 £0.01 29.9 +£0.2 0.278 £ 0.006
Jet 12.04 + 0.02 16.6 + 0.1 0.334 + 0.006
Total 21.23 +0.03 28.7 +0.1 1.75 +0.01
£ amas’ ‘ ¢ o FEamas’ ‘ g
_ Nngged (3) V5=13 TeV, 805 b Tight muons  §° < 2 09 5 i3Tev, 805" Tightmuons &
€tag — — . 16 3 a0 0.16 2
N, + Data 2 + Data =
total BB -JiyK* e 07F EZB JyKt 0143
SEEN'S 2" 65 ESB K o2
2 Nwrong 4 |
Drag =1 — N
tagged - »\\\‘% ]
Prag = ctag * D2 (5) 6 \\\ —
ag = €tag ' Dpag-
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Maximum Likelihood Fit

Variables

= Observed variables (for i®'-candidate):

] BE mass m; and its uncertainty o,
m BY proper decay time t; and its uncertainty o, t = Lx;%,
m 3 angles between final state particles in transversity basis
Qi(071i, o711, 0Ti) (see slide 6),
[ BE momentum pT;,
m BY tag probability P(B|Q;) and tagging method M;.
= Determine 9 physics variables to describe B — J/1¢ and S-wave:
¢s, ATs, T's, [Ao(0) [, |41 (0)%, |As(0)I%, 3y, 01, ds.
m Likelihood function:

N
InL = Z{W; -In (f-ig - Feig + fig - fsg - Feo + fig * fa, - T, + (1 — faig(1+ fBj + 1)) fbck)}'
-1
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Fit Results

2015-2017 Data

m Fit projection to all data passing selections (2977526 BY candidates).

m Ratio plots include both stat. and syst. uncertainties; deviations within 20
= total uncertainties cover any discrepancy between data and fit model.

10

l Parameter [ Value Stat. Syst. l %3 %
¢s [rad] —0.081 | 0.041 0.020
ATg [ps™1] 0.0607 | 0.0047 | 0.0022
s [ps™1] 0.6687 | 0.0015 | 0.0018
|4, (0)]? 0.2213 | 0.0019 | 0.0022 s E ;
|Ao(0)|2 0.5131 | 0.0013 | 0.0034 S " £
H N ety . H -
|As(0)|2 0.0321 | 0.0033 | 0.0044 NE L I L T I
6) — ég [rad] —0.25 0.05 0.04 CEESE SIS SIS IS TS b B L B
5 [rad] 3.12 0.11 0.05
5 [rad] 3.35 0.05 0.08 :

e E T B R R R R NN} R R R T N R}
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Fit to strong phases

2015-2017 Data

ICHEP 2020

Likelihood fit determined two solutions for the strong phases || and ¢ :

m solution (a): d; =3.35, 0, = 3.12 vs. solution (b): 6] =2.94, 6, =2.91.

Origin — an approximate symmetry in the signal PDF:

{(5”, 01, (55} — {2(7T - 5H)’ o1 + (7T - (5”), 0, —ds + (71' - 5”)} (6)
— 2AIn(L) between the two solutions is to 0.03, favouring (a) but without ruling out (b).

Only a minor effect on all the variables.

z 38
S [ ATLAs — oAl = 20
> g6 's= 1 - 2am(L) - 6.18
S ge[ 15-13Tev,8051 -2 es
[ Solution (a) e
3.4F eI
3.2f
C - " Solution (b)
2.8 o
L 1 R | . L
26 28 3 32 34 36
3 [rad]
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Results

Combination Runl 4+ Data 2015-2017

= Ambiguity in sign of Alg:
{d)S? Ar57 6J_7 5”} — {7T - (Z)Sv _Ar57 ™= 5J_7 2T — 6“}7 (7)
Al g > 0 constrained by LHCb [11].

m The combination makes use of a Best Linear Unbiased Estimate (BLUE) method [12, 13].
m Solutions (a) and (b) are almost identical (differences shown in red).

Runl Data 13 TeV Data Combined
Parameter
’ H Value Stat. Syst. H Value Stat. Syst. H Value ‘ Stat. Syst. ‘
¢s [rad] —0.090 0.078 0.041 —0.081 0.041 0.020 —0.087(8) 0.036 0.019
Alg [p571] 0.085 0.011 0.007 0.0607 0.0047 0.0022 0.0641(0) 0.0043 0.0024
s [ps_ll 0.675 0.003 0.003 0.6687 0.0015 0.0018 0.6697(8) 0.0014 0.0015
1A (0)2 0.227 | 0.004 | 0.006 0.2213 | 0.0019 | 0.0022 || 0.2221(18) | 0.0017 | 0.0022
\Ao(O)‘z 0.522 0.003 0.007 0.5131 0.0013 0.0034 0.5149 0.0012 0.0031
‘As(o)‘z 0.072 0.007 0.018 0.0321 0.0033 0.0044 0.0343(8) 0.0031 0.0044
5, — &g [rad] —0.08 0.03 0.01 —0.25 0.05 0.04 —0.24 0.05 0.04
6, [rad] 4.15 0.32 0.16 3.12 0.11 0.05 3.22 0.10 0.05
2.91 0.11 0.05 3.03 0.10 0.05
6“ [rad] 3.15 0.10 0.05 3.35 0.05 0.08 3.36 0.05 0.08
2.94 0.05 0.08 2.95 0.05 0.08
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Results

Combination Runl + Data 2015-2017
= Ambiguity in sign of Alg:

{g‘bs, AFS, (ﬁ, 5”} — {71'
Al g > 0 constrained by LHCb [11].

— ¢s, —Alg,m— 0,21 — 6“}’

(7)

m The combination makes use of a Best Linear Unbiased Estimate (BLUE) method [12, 13].

= Solutions (a) and (b) are almost identical.

0.14 ‘

AT [psT]

ATLAS
(s=7,8,13 TeV

0.12F  68% CL contours

--7and8TeV, 19.2 fb"
---13TeV, 80.5fb™

— Combined 19.2 + 80.5 b
— SM prediction
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Comparison of the Results

(also Before vs. After)

‘ ¢s [rad] ‘ Alg[ps 1] ‘ Comments, ref. ‘
cms —0.021+£0.045 | 0.1073 £0.0097 | [14]
LHCb | —0.081+0.032 | 0.0777 £0.0062 | J/YK* K™, [15]
LHCh | —0.042£0.025 | 0.0813 +0.0048 | all channels, [15]
ATLAS | —0.087 £0.041 | 0.0641 £0.0049 | [g]

| sMm —0.03696- %% | 0.087 £0.021 | [2], [17], resp. |

—0.00082

u (Please note the different colour-code.)

—
‘9
HFLAV k=N ATLAS
DO 8 fb! P0G 2018 « 0.121- | 7
68% % 0.12 CMS, J/yK'K", 116.1 fb ﬁ=7,8,and13TeV
(Alog £ = 1.15) 68% CL contours
CMS 19.7 fb! 0.1+ i
‘ LHCb, J/y KK, 4.9 1o «——sm
0.08 LHCb, all channels, 4.9 o'
LHCb 3 fb!
ATLAS 19.2 fb ! 0.06- ATLAS, J/yK'K", 99.7 fb’ 1
Il L L
0.4 0.2 0.0 02 0.4 -0.2 0 0.2
62 [rad] 9, lrad]
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Summary

m ATLAS has produced very impressive and competitive results.
m Analysis of the 201542016+2017 ATLAS data of 80.5 fb—! performed.

m Results consistent with those obtained in the previous ATLAS analysis using
7 TeV and 8 TeV data, measurements statistically combined together.

m Compatible with the SM prediction.
= Our new measurement improves precision of the parameters.
= Analysis of full Run2 (60 fb~! more) ongoing.

= More public results on ATLAS B-physics TWiki page https://twiki.
cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults !

THANK YOU!
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Maximum Likelihood Fit

Probability Density Functions (PDF)

= Signal PDF consists of:

m mass PDF: Gaussian with per-candidate width and scale-factor,

= time-angular PDF convolved with time resolution function G(t;, oy,);

flavour-dependent terms weighted by the corresponding tagging
probability,

= 4D angular acceptance (in bins of pt, from MC),

m empirical distributions of (conditional) observables o, o+, pri, and

P(BIQ)
» Background PDF:

m mass PDF: exponential + constant term,

= time PDF: d-function + 3 exponentials convolved with G(¢;, o+,),
m angular PDF: Legendre polynomial functions.

ICHEP 2020
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| DecyRae

m Ignoring detector effects, the distribution for the time and angles is given by
the differential decay rate

LR < AT RIS
T = 2-9 (007, ¥, o7). (8)
k=1
k | 0W(t) gW(Or,vr.01)
1| 3Ac(0)2|(1 +cos¢5)e’rf)’+ (1 7cosos)e’rs)’i2e’r5’sin(Am5t)sin ¢ 2cos? Y7 (1 —sin®f7 cos® ¢7)
2 | 31A1(0) |(1+ cosds) e rf’r+(1 — cos ¢s) e 4 0e "<t sin(Amst) sin ¢ sin? 7 (1 — sin® 07 sin® ¢7)
3 | 3IAL(0) (1 — cos¢s)e Wy (1+ cosgs)e it e "<t sin(Amst) sin ¢ sin? 7 sin® 67
4 | 31A0(0)[|A)(0)] cos 3 [(1 + cos ¢s) ey (1 7cosqﬁs)e’rw’:EZe’msin(Amst)sin 055} %sin 247 sin® 07 sin 201
5 | |A|(0)l|AL(0)| %(e—r‘;’r —e’rw’) cos(d1 — ) sin s e TE(sin(61 — &) cos(Amst) — cos(d, —JH)coscbssin(Amst))} — sin® ¢ sin 207 sin g1
6 | |Ao(0)]|AL(0)| %(e—r‘;’r —e’r§§7f) cosd sin¢s e T<(sin 0 cos(Amst) — cosd ;. cosc‘assin(Amst))} %sin 2ip7 sin 207 cos o1
7 | 3As(0) [(1 — cos ¢) ety (1 + cos o) e Tt 3 9eTut sin(Amgt) sin q’)s} 2 (1 —sin? O cos’ 67)
8 | a]As(0)]|4(0)] [%(e*r‘n'" — e—r&;’z) sin(d) — ds) sin ¢s + e’r"(cos(JH — ds) cos(Amst) — sin(d) — ds) cos ds sin(Amst))] % 6 sin<r sin? 07 sin 201
9 | 1alAs(0)[|AL(0)|sin(6L — ds) |(1 —cosqbs)e’rgf)‘+(1 +cosd)5)e’rw’ F 2e~ "+t sin(Amgt) sin qﬁs} LV6sin ¥ sin207 cos o1
10 | alAo(0)||As(0)| [%(e’r{';»‘—e’rgf)‘)sin Js sin ¢ & e+ (cos b5 cos(Amst) +sin65cos¢bssin(Am5t))} 4V3cos i (1 —sin? O cos? é7)
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Systematic Uncertainties

2015-2017 Data

[ Ar, . A1) A0(0)* |As(0)/* LES L o1 —3s
[1073 rad] [1072 ps~?] [1073 ps™?] [1073] [107%] [1073] [1073 rad] [1073 rad] [10™2 rad]

Tagging 19 0.4 03 0.2 0.2 11 17 19 23
Acceptance 0.5 <01 < 0.1 1.0 0.8 26 33 56 7.0
ID alignment 0.8 0.2 0.5 <01 <01 < 0.1 11 7.2 < 0.1
Best candidate selection 05 04 07 05 0.2 02 12 17 75
Background angles model:

Choice of fit function 25 <01 0.3 1.1 <01 0.6 12 0.9 1.1

Choice of prt bins 13 0.5 < 0.1 0.4 0.5 12 15 7.2 1.0

Choice of mass interval 0.4 0.1 0.1 03 0.3 13 4.4 7.4 23
Dedicated backgrounds

B: 23 11 < 0.1 0.2 3.0 15 10 23 2.1

Ay 16 03 0.2 0.5 1.2 18 14 30 0.8
Alternate Am, 1.0 <01 < 0.1 <01 <01 < 0.1 15 4.0 < 0.1
Fit model:

Time res. sig frac 14 11 05 05 0.6 08 12 30 0.4

Time res. pr bins 07 05 08 0.1 0.1 01 22 14 0.7

S-wave phase 03 <01 < 0.1 <01 <01 0.2 8 15 37

Fit bias 5.7 13 12 13 0.4 11 33 19 0.3
Total 20 2.2 1.8 22 3.4 4.4 51 84 38

m Systematics assumed uncorrelated.

m Tagging systematics dominant for ¢g; accounting for pile-up dependence, calibration
curves model and MC precision, “Punzi” PDFs variations, difference between B* and Bg
kinematics.

m Fit-model time resolution systematics dominant for [ and Al,.
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Correlation Tables

2015-2017 Data

[ ar | . [1A@P [P [As@P] & [ 6. [6.—3ds

bs —0.080 0.017 —0.003 —0.004 —0.007 0.007 0.004 —0.007
Al 1 —0.586 0.090 0.095 0.051 0.032 0.005 0.020
s 1 —0.125 —0.045 0.080 —0.086 | —0.023 0.015
|A}(0)? 1 —0.341 | —0.172 0.522 0.133 | —0.052
|Ao(0) ]2 1 0.276 | —0.103 | —0.034 0.070
|As(0)|? 1 —0.362 | —0.118 0.244
5 1 0.254 | —0.085
61 1 0.001
| ar [ r [1A0P [14©0) [1AsO)F ] 3 oL |61 —3s

o —0.084 0.019 —0.011 —0.003 —0.006 0.007 0.005 —0.006
Al 1 —0.586 0.090 0.096 0.057 —0.029 | —0.010 0.021
s 1 —0.116 —0.048 0.071 0.070 0.017 0.015
|4} (0) 1 —0.338 | —0.110 | —0.444 | —0.106 | —0.052
|Ag(0)]? 1 0.269 0.080 | 0.017 0.070
|As(0)|? 1 0.291 | 0.060 0.251
8 1 0.235 | 0.097
51 1 0.056
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Lifetime Uncertainty Plots

(Runl, Run2, [ ])

10°
9 e A e 2 Eoamias T
8 25 s=8Tev, 143 . pata2012 E 8 Vs=13TeV, 805" * Data
8 E - ] = — Total Fit
o 200 —Tgtal Fit E S --. Signal
2 r --- Signal 1 2 -+~ Background
= [ % T Total Background ] £
G 15[ 4 u
10~ B
£ B (=83GeV
5¢ E
C o N . . ot b J A
0 005 01 015 02 025 03 035 04 0.05 0.1 0.15 0.2 0.25 0.3
o,[ps] 0, [ps]
o [ T T T T ] o 018, T T T T ]
8 0.16 ATLAS Simulation 3 & 0165 ATLAS Simulation ]
ol 14i Preliminary —=— Run18Tev E @ p Preliminary —=— Run18Tev E
‘O'i o —e— Run2 (IBL) 13 TeV B ‘g 0.145 —e— Run2 (IBL) 13 TeV =
E —=— HL-LHC (ITk inclined) 14 Tev L —=— HL-LHC (ITk inclined) 14 Tev 7
0.12f E 0120 E
04 v E 3 ]
E . 1 0~1jvvvvvvvvvvv+ -
0.08; v E 0.08 3
0,05;:.. ""v 3 0.06;"""""" é
5 " L] e . M MR v E F SEEEEEEEEER 3
0.04- LI IR A 0.04 . w=m
L | £ ]
0.02p | | | | | | | . | E 0020, | | | | | | L d
10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90
PT(B) [GeV] nPVv
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Prospects of CPV Measurements

(Upgraded ATLAS, HL-LHC, [ ])

DO 8 fb~!

ATLAS HS@sin

IKIA

=)
68% CL contours oo ATLASENRING
< S HL Ngig

(A log £ = 1.15)

CMS 19.7 fb™*

Combined

LHCb 3 fb~!

ATLAS 19.2 fb~!

ATLAS 19.2 fb~! 0.06) CDF 9.6 fb™" 68% CL contours
4 (& log £ = 1.15)
0.4 0.2 0.0 0.2 0.4 ‘ 0.1 01
$¢*[rad] ¢ [rad]
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CKM Matrix

Wolfenstein parametrization [ ], [ ]

1-)2/2 A AN3(p — in)
Vekm = - 1- )22 AN? +0(\Y),  (9)
AN(1—p—in) —AN 1

where the parameters A, p, and 7 are assumed to be of order one.
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