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Overview

* Introduction

e Recent results from LHCb

— Measurement of CP violation in
BY > (= I117) K (» nwtn™) decays
* LHCb-PAPER-2023-013 (in preparation)

* Concluding remarks
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CKM mechanism and CP violation

CKM mechanism agrees
well with experiment

But still room for new
physics contributions

Vital to make precision
measurements of CP
violating observables in
as many different decay
processes as possible

Look for disagreements

18/09/2023
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B°~BY mixing
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« BY decays to CP eigenstates allow to probe the
mixing phase, 3, through the interference between
decays with and without mixing
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Time-dependent asymmetries

* The time-dependent CP asymmetry is given by:

[[B°(t) = f1—T[B°(t) - f]

Assumes Al'; = 0

Arp(t) = —= :@s'n Amg t —@cos Amg t

cp(t) [[B°(t) — f] + T[B(¢) — f] in(Amy t) (Amg t)
. _494r 2
. A is the ratio of decay amplitudes Sf ~ 2 Cf = ! 2
e« 1 jsrelated to neutral B mixing

determination of sin(2f)
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= sin(2p + APe"E 4 ANP)
Cng ~ (

Measurements of sin(2f) at LHCb

B° decays via b — cCs transitions, e.g., B® - 1/)1(8, give a theoretically clean

AP®NE ~ (0.5°

See, e.g.
J.Phys.G 48(2021) 065002
and references therein



Time dependent analysis

Primary pp collision  Decay of
vertex (PV) b hadron
Decay of

————— b hadron

Decay times O(10-12)s

* Vertex measurements by LHCb VELO allow decay times of particles
to be precisely determined

 Need also to tag the flavour of the signal at production
— Using information from PV and/or the other b-hadron

* Putting these two pieces of information together, can measure
decay rates as a function of the decay time

 Hence allows mixing-induced CPV to be probed
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Time dependent analysis

Primary pp collision  Decay of
vertex (PV) b hadron
Decay of

b hadron

Decay times O(10-12)s

* Need also to account for experimental effects, e.g.:

— Rate of mis-tagging the B flavour at production
— Decay time acceptance (from trigger & selection requirements)
— Experimental resolution on the measurement of the decay time
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Previous experimental status

* Previous LHCb results use 015 e e
Run 1data (3 fb™1) s @ BaBar 2000
O [ @ Belle 2012

0.10F @ LHCb Run 1 _
- @ HFLAYV 2021 y

* Measurements of both S, .o 005k
and C¢K0 in good agreement :

between B-factories and LHCb -0F 1

—0.05 | N .

* WOrld averageS (H FLAV 202 1) ; contours hold 68%, 95% CL ]
o Syxo = 0.699 % 0.017 55 060 065 070 075 080 085

Sy K0
o Cygo = —0.005 + 0.015 v
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Previous
experimental status

* Previous LHCb results use
Run 1 data (3 fb~1)

* Measurements of both S, ko
and C¢K0 in good agreement
between B-factories and LHCb

 World averages (HFLAV 2021)
0.699 + 0.017

—0.005 + 0.015

O SlpKO -

O ClpKO
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BaBar J/vy KS'
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PRL 108 (2012) 171802
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% data sample

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023

x1| — 2023 (6.8 TeV): 0.37 /b
a B . 2022 (6.8 TeV): 0.82 /fb
= 0.01— . 2018 (6.5 TeV): 2.19 /fb
A B . 2017 (6.542.51 TeV): 1.71 ifb + 0.10 /fb
- B - 2016 (6.5 TeV): 1.67 /fb
-‘5 B 2015 (6.5 TeV): 0.33 /fb
o - 2012 (4.0 TeV): 2.08 /fb
c 0.008 f 2011 (3.5 TeV): 1.11 /fb
é B 2010 (3.5 TeV): 0.04 /fb
= — : : : :
J L
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@ - Run 1
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Run 2 data set (6 fb™) used in analysis presented today
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LHCb-PAPER-2023-013 | N§ FLHC D
S [lreliminary [\ = i
S . I . S0k =R
gNna reconstruction :
=
S
 Use three decay modes :
— BO S ]/1/)(—) ‘u""u_) KS ~306k signal decays 050 5200 5250 5300 5330 5100 5450 5500
. m(JYKS) [MeV/c?]
— B> y2S)(» utu) K ~23k signal decays o ’
— B> J/p(—ete) KO ~43k signal decays N% Elgigmmar e ]
2 e S
SR B e :
* Inall cases, reconstruct K — m ™ g
— For first time in CPV analysis, include “Upstream” tracks :§ 107
<
— Include also combinations of “Long” + “Downstream” tracks ~

— Together, these boost signal yields by ~13% 10
5150 5200 5250 5300 5350 5400 5450 5500
m((25)KQ) MeV/c?]

c:]\104:'"'|'"'|""|""|""|""| """
° : Dat:
Upstream track = -LH(.: . .l th;J/wHe*e*)KS
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2 103 W Partial bkg.
@/ F —— Total fit
~
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VE ~~~~~ v.-a 102
VELDO track =
O
1 1 1 1 1 1

101...........................
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| LHCb-PAPER-2023-013
Experimental decay rates

P(t,d,n) « [1 +]PBo(t) +1 +)]P§o(t)

PBO(EO) (t) {(11 e_rdt,(?j((:?in(Amdt’) i@OS(Amdt,))} X

* Crucial experimental ingredients * CP violation coefficients
— Determination of any production determined from weighted
asymmetry maximum likelihood fits

— Determination of the flavour of signal —  Fit variables:

B at production (flavour tagging) Decay time, ¢
— Determination of the decay time *  Flavour tag decision, d : (+1 = B%,—1 = B°)
resolution and acceptance * Predicted mis-tag probability, n

— Simultaneous fit to 3 decay modes

18/09/2023 Measurements of sin(23) at LHCb 12



| LHCb-PAPER-2023-013

Flavour tagging

SS Pion
SS Kaon
SS Kaon NNet

SS Proton A
SS Pion BDT / \\

Use Opposite Side (OS) and o
Same Side (SS) taggers, which
provide for each candidate:

— Flavour tag decision, d: | ,§e | SameSide e ...
+1=B° —-1=R°
— Predicted mis-tag probability,

Signal Decay

0S Muon

OS Vertex Charge 0S Electron
0S Charm
Calibration * Production asymmetry, Ap, &
— Use control modes in data tagging asymmetry, A€,
Bt 5 K+ & B0 K*0 determined in same time-
]/l/). J1v dependent fit to B - J /i K*°
to determine OS and SS control mode
calibration parameters: * Full covariance matrix used to

wt =pE+pim - constrain parameters in signal fit

18/09/2023 Measurements of sin(23) at LHCb 13



| LHCb-PAPER-2023-013
Decay time acceptance

PBO(EO)(t) o< {(1 + AP)(l + Aetag)e‘rdt'(l + Ssin(Amyt') £ C cos(Amdt’))} X
R(t—t") e(t)

is the decay time
acceptance
— Introduced by

selection/trigger
requirements

— Parameterised using
cubic splines

* Number of spline

Data
BO = Jip(— p ) Kg
- BY5(28)(mptp ) KO
B — Jhp(—ete) K
Total fit

’—l
S
B~

102

Candidates / (0.1 ps)
=)

10

. Preliminary :
components optimised 6 fh-1 N

using simulation 25 50 75 100 1

e Parameters floated in fit t [ps]
to data

10°
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| LHCb-PAPER-2023-013

Decay time resolution and bias

PBO(EO)(t) o< {(1 + AP)(l + Aetag)e‘rdt'(l + Ssin(Amyt') £ C cos(Amdt’))} 0%

R(t —t") is the decay time
resolution function
— Modelled as sum of Gaussian
functions

* Centred at zero
* Widths are linear functions of per-
event decay time error

— Effective resolution is ~60 fs
— Thanks to the relatively long B®
oscillation period, the resolution

has a very small effect — at level of
0.5% — on oscillation amplitude

* Possible bias on the decay time
measurement, from VELO
misalignment, is calibrated with
prompt data

- €(t)

Data
BO = Jip(— p ) Kg
- BY5(28)(mptp ) KO
B — Jhp(—ete) K
Total fit

Candidates / (0.1 ps)

Preliminary <
6fb! N

2.5 5.0 7.5 10.0 1

10°
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LHCb-PAPER-2023-013
Result of the simultaneous fit

/_’:1.0_----|""|""|""|""|""|_ /ﬂ:1'0-IIIIIIIIIIIIIIIIIIIIIIIIIIIIII—
Q?/ +  BO°-BO yield asymmetry 1 Q:_/ + BO°-BO yield asymmetry
@) —— Total fit O - —— Total fit
= 0.5 = 0.5
0.0} 0.0
- LHCDb ‘
_o.5 L Preliminary _o.5 | Preliminary
[ 6fb! " 6fb ! ‘
[ BY— Jap(—ptp ) KQ(—»mtn) — ] [ BY=9(2S) (= ptp)KY(—atn) ]
1. . P IR R SR N B B G [y O R U RIS A B
0.0 2.5 5.0 7.5 10.0 12.5 15.0 0.0 2.5 5.0 7.5 10.0 125 15.0
t [ps] t [ps]
) . . ) /ﬂ:]..O""I""I'"'I""I""I""I
. Data points show the maximum likelihood el [ + 4+ B9-BO yield asymmetry ]
estimator of the CP asymmetry integrated over the @) i —— Total fit
bin: A 0.5
N
— X Kd;D;
AP = J '
= 0.0
j Y - LHCb
" Prelimina
—  kjis the signal sWeight =051 6 b1 y ]
—  djisthe flavour tagging decision I
+ . . L [ B°—= Jip(—ete ) K (—mtn) ]
— D;j=1-w; — wj isthe flavour tagging dilution B L o

0.0 2.5 5.0 75 10.0 125 15.0
t [ps]
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LHCb-PAPER-2023-013
Result of the simultaneous fit

::1_0_....|....|....|....|....|....|_ G1_0_....|....|....|....|....|....|_
Q?/ L +  BO°-BO yield asymmetry 1 Q:_/ + BO°-BO yield asymmetry

@) - Total fit O - Total fit

A 0.5 N 0.5

0.0} 0.0
- LHCD ‘
_o.5 L Preliminary _o.5 | Preliminary
[ 6fb~! " 6fb ! ‘
[ B0 Jpp(— pt ) KS (— ) — ) T BY o (28)(— ptp ) K () ]
_1'%.0 2.5 5.0 7.5 10.0 12.5 15.0 _1.(()).0 2.5 5.0 7.5 10.0 12.5 15.0
¢ [ps] t [ps]
@10"J"'
* Corrections applied to CPV S S = +  B°-5° sicld ssymmetry
coefficients to account for S osf
— Kaon regeneration :
. 0.0
CPV !n kaon system L HC
* Corrections: _o.5 | Preliminary i
6 b
— 6S = +0.0016 F B0 Jp(—ete ) KO () ]
— 6C = —0.0035 0T 25 50 75 100 125 150

t [ps]
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| LHCb-PAPER-2023-013
Systematic uncertainties

« All systematic uncertainties * Fitter validation
evaluated using — Nominal model used for
g _ generation
pseudoexperiments  Decay-time bias model
* Variations of sources of — Variation of bias model parameters
systematic uncertainty used to * FT A€tqq portability
generate samples — Variation from difference in
asymmetry between simulated
samples of calibration channels
and signal channels
* FT calibration portability
Source a(s) a(C) — Variation from difference between
Fitter validation 0.0004 0.0006 calibration parameters obtained
Decay-time bias model ~ 0.0007 0.0013 frol-rngl I\Q-C-truﬁh mfcirmago.n n |
FT Ae,., portability ~ 0.0014 0.0017 calioration channels and signa
L o channels
FT calibration portability 0.0053 0.0001 )
AT'; uncertainty 0.0055 00017  * Al uncertainty

— Vary by HFLAV uncertainty
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LHCb-PAPER-2023-013

Results

LHCb Preliminary

Mode | s | c | p_

J/b(= ptuo) K2 0.716 + 0.015 + 0.007  +0.010 + 0.014 + 0.003  0.446
W(2S)(» ptu ) K?  0.649 +0.053 +0.018 —0.087 + 0.048 + 0.005  0.503
J/P(— ete™) KO 0.754 + 0.037 + 0.008  +0.042 + 0.034 + 0.008 0.374

Owm 02 ' | ' ot | ' ' | ' ot | L ! !
g [ ® B° - Jpp(— pp) K
) . ® B° - y(29)KY

- @ B° - Jip(— ee)KY

0.1F _

0.0f —

—0.1F -

[ LHCDb ]

—0.2 Preliminary

- contours hold 68%, 95% CL .

P PR [ TR T TR TR NN SR ST SR SR S TR TR T T

0.5 0.6 0.7 0.8 0.9
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| LHCb-PAPER-2023-013

Results

LHCb Preliminary

Mode | s | c | p_

J/b(= ptuo) K2 0.716 + 0.015 + 0.007  +0.010 + 0.014 + 0.003  0.446
W(R2S)(~ ptp ) KO 0.649 +0.053 +0.018 —0.087 + 0.048 + 0.005  0.503
J/P(— ete™) KO 0.754 + 0.037 + 0.008  +0.042 + 0.034 + 0.008 0.374

—~ 107777
+ 3 i

+ B9-BO yield asymmetry
Total fit

o -
Q i . . .
S sl Combination from simultaneous

fit of the three decay modes:

00} Syre = 0.717 £0.013 + 0.008
- LHCb ] S
- Preliminary ] _
R S : Clng = 0.008 £ 0.012 + 0.003
[ B = (=L )KQ(—nta) ]
S ) SO U EEPUPU S EEPU R p=0441
00 25 50 75 100 125 150

t [ps]
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| LHCb-PAPER-2023-013
Combination with Run 1

 Combination with the
previous Run 1 results

o 0.075 e e
— Assumes sources Of § F ¢ R 1’3fbj ]
. e e @) 0.050 F ® Run 2, 6fb ]
SyStematK: Uncerta|nt|es [ @ Combination
from external paramEterS 0.025 [ =
Amg, ATy, Ap are fully 0.000 F :
correlated
—0.025_— ]
—0.0505— ]
S, 0 = 0.724 + 0.014 :
YKs —0.075F LHCb = 4
f contours hold 68%, 95% CL Preliminary ]
- A B BRI B RS R
Cl/)KO = (0.004 + 0.012 O s 070 075 080 085
p = 0.40
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Comparison with other experiments

om (000 5 T s e e e e
NS [ Belle 1T 2023
= [ @ BaBar 2009
O | @ Belle 2012 :
0.100F @ LHCb Run 1 _
- ® HFLAV 2021 T
| @ LHCb Run
0.05 N ] Does notinclude
1 latest result from
- [N - Belle II
0.00 | A | -
—0.05 F _
[ contours hold 68%, 95% CL
_ 10 1 1 1 1 | 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.55 0.60 0.65 0.70 0.75 0.80 0.85
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Concluding remarks

To date, most precise single
measurement of sin(2f)

Should improve precision of
world average by ~ 35%

Still statistically limited

Looking further forward, the
LHCb upgrades will provide
unprecedented samples of
these decays

Excellent prospects for making
precision tests of the Standard
Model explanation of CP
violation

B L \‘
0.040 Belle Il (preliminary) ]
- o ]
0.035 _ LHCb Run 1 ]
- o ]
i BaBar ]
0.030 -
i Belle
0.025- ¢
0.020} f
i ! HFLAV 2021 World Average |
0.015F ~LHCbRun 2 (preliminary) ]
[ \ \ Estimate of new World Average |
0.010 . a
i EHSE Run 4 Belle Il (50 ab~")]
0.0051 “-.__LHCb Run 6 *
0'000 ; Ll \‘ L - \‘ Ll \‘ Ll \T
100 10! 102 103 104

LHCb L [fb"]

CERN-LHCC-2021-012
LHCb-PUB-2018-009
PoS(KMI2017)005
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Concluding remarks

* However, not finished with Run 1 & 2 dataset just yet!

* Excellent prospects to make/update measurements of
sin(2f) in several other quark-level transitions:
— b —>céd,eg, B> J/Yrtn~and B® » DM

where LHCb had results from Run 1:
PLB 742 (2015) 38 and PRL 117 (2016) 261801

— b — cud, e.g., BY - Dopr ™ using method from
JPhysG 36 (2009) 025006

— b - qgs, e.g., B® > K2h*h~, where LHCb has published a
time-integrated amplitude analysis using Run 1 data:
PRL 120 (2018) 261801

e \Watch out for news on these and similar channels!
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The %detector

LHéo(pp SHX)@7TeV=(72.0£03+6.8 Q;b\
LHCb o(pp = H, X) @ 13 TeV = ( 154.3 + 1.5 + 14. QFQ
, [Phys. Rev. Lett. 118 (2017) 052002] \

LHCb MC
Vs=7TeV

o, frac] gEcar HCAL

M5
SPD/PS M3 M4

Interaction'/ #

Approximate
. acceptance:
Point 2<n<5

»
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CKM mechanism and CP violation

° CKM mechanism agrees Allowed newphysicscont'ri|buti(')n's iln lBomlixlinlg Ip-VaIU(?Lo
well with experiment -

e But still room for new
physics contributions

arg(NP / SM)

Gy =

* Vital to make precision
measurements of CP
violating observables in
as many different decay
processes as possible

* Look for disagreements

= |[New Physics / SM|
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J.Phys.G 48(2021) 065002

Controlling penguin contributions

| BY - J/KY
Aqbd/( a = /v &S‘)\jﬁd

BY - J/WKY| |BY — J/yr |BY — J/ip"

Figure 5: The cross-dependence between the determination of ¢4 and ¢, and their
hadronic penguin shifts, showing the interplay between the five Bg — J/¢ X decays
discussed in this paper.
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Manifestations of CPV

e CPVindecay

Mixing-induced CPV

— The ratio of the amplitudes for — The ratio of the amplitudes for
the decay of b and b hadrons to decays with and without mixing is
CP-conjugate final states is not of not real: arg(/lf) + arg(4f) # 0

unit magnitude: |/Tf/Af| * 1
— Only form of CPV possible for B*
mesons and b-baryons

— Occurs for both B® and B?

— Requires time-dependent analyses
— The focus of this talk!

_ 94y
L Ap =——
 CPV in mixing p Ay u,c,t d(s)
— The ratio of the mixing b > -
amplitudes is not of unit 17,74
magnitude: |q/p| + 1 .
— Expected to be very small for the d(g) < < b
B meson system u,c,t

Neutral B mesons exhibit mixing through box diagrams
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Time-dependent decay rates

* For an initially pure flavour eigenstate, time evolution proceeds according to:

dr[B? _ _
| d’sd(f) > /] o« e Tt l(|Af|2 + | 4| )cosh(AF“ls t) + (|Af|2 — |Af|2) cos(Amgy s t)
+2Re (%AfAf) smh(Ade'S t) — 2Im (% A]’Z/Tf) sin(Amg g t)]

dar|B9 ) )
[ d,id(f) = f] x e Tt l(|Af|2 n |Af|2) cosh(Ade’s t) . (|Af|2 _ |Af|2) COS(Amd,S t)

+2Re (% A}‘Z/Tf) sinh(Ade'S t) + 2Im (% A]’Z/Tf) sin(Amyg t)]

 The time-dependent CP asymmetry is therefore:

[[B.(6) > f] - T[BL(O) - f] @sin(Amdst) C; fos(8mas t)

Acp(t) = ==
CcpP F[Bg‘s(t) N f] + F[Bg,s(t) - f] COSh(AFds t) + ? d, Slnh(AFds )
2Tm; 1—|2°
S = C — —f — 2 2 AT |2 _
f 2 f e [Cql +|SF| + 1A =1
o el [ad)] bl e
f 2 © s related to the neutral B mixing
ATy, 2ReAs P Ly A . .
P s . A—flsthe ratio of decay amplitudes
1+ |4

18/09/2023 Measurements of sin(2p) at LHCb
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Time-dependent asymmetries

* The time-dependent CP asymmetry is given by:

Aoy = FEO® = f1-TIB(®) = f] (Sppin(ama ©) <(crFos(amy
P TTIBO(6) » f1+TIB(6) > f1 cosh(Bld ) +sinh(% t)

2ImA; 1— |7 2 JATa _ 2Rels
= 2 Cr = 5 £ 2
1+ |4 1+ |4 1+ ||

Sf

2 2 2
|Se|” + |Ce|” + |AFT| =1

1 . j—; is the ratio of decay amplitudes

P Ay . % is related to the neutral B mixing
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Flavour Tagging Approach

Flavour Tagging approach

7

Control channel
B° — J K*0

J

J

-
Control channel

Same Side

Calibration Decay time fit B — J/i) K*
——- | se J/i) K* starting parameters for SS
—=p~| Constrain OS calibration to J/i) K

— HW(%

Jj,Wrong tag

B +e S1de
BT — Jp K+ os\te ‘
\ y Ca\'\bra\i\on
e N
Fit result
Calibration parameters
Calibration procedure Production asymmetry
Maximize tagging Iikelihood Flavour Tagging efficiency asymmetry
N Full covariance matrix

H 77], \ J

J;Correct tag “Slide from CERN seminar by V. Jevtic & P. Li

18/09/2023

https://indico.cern.ch/event/1281612/
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LHCb-PAPER-2023-013

Flavour Tagging Performance

Table 1: Flavour Tagging efficiency and mean squared dilution of each decay channel.

18/09/2023

Channel €tag [ 0] D2 (%] Q = €1q9D* [%]
B°— Jip(— ptpT)KS  85.3440.05 4.661+0.013 3.98
B — Jph(— ete”) K2 92.20+0.08 6.46240.032 5.96
BO— (28)(— ptp~)K9 84.81+£0.15 4.59 +0.04 3.89
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