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CP violation in the Standard Model
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CP violation in the Standard Model

The weak interactions of quarks are described in terms of the
unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix.

CP violation implies a complex phase in the CKM matrix
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The complex components reside only in V, and Vq at 1° order
- Higher order (1°) also in V.4 and Vs



CP violation in the decay (or direct CPV)

CP Violafion in the decay conisists of a difference in decay amplitude
between the decay of a hadron P - f and its CP-conjugate P — f

2 — 2
d _ |Af| - |Af|
ar = 2 )

[Ar|” + [A7|

CPV can be observed, if the total amplitude of P - f (or P - f)
consists of two interfering amplitudes with difference phases
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Only weak phases change under the action of the CP operator
Strong phases can enhance the obserbed CP violation



The unitarity triangle

The CKM maitrix is unitary implies constraints on CKM elements
These constraints are usually expressed in terms of the Unitarity Triangle
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The LHCDb detector



o(bb)(7 TeV) ~ 295 ub
a(bb)(13 TeV) ~ 590 ub
This region: o(cc)(7 TeV) ~ 1420 ub
25% of bb o(cc)(13 TeV) ~ 2840 ub

large cross-section of b
5 and ¢ hadrons in proton-
| proton collisions
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The LHCDb detector in RUNT and RUN2

| Efficient frigger for
hadronic and
leptonic modes

Precision tracking system
with a relafive a relative

uncertainty of 0.5%
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The LHCb-upgrade-| detector

CALO and
RICH new MUON new New detector!
readout * 5 times instantaneous lumi
photodetectors from 4x1032 cm=2s-1 to 2
ide View CAL 1033 cm™2s7?!
VeloPixel EeAL M3 \\44 v * readout at 40 MHz
SciFi N\ RICH2 M2 e full software trigger
Tracker — ' * all electronics and DAQ
- EH upgraded
e completely new data
centre
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Upstream = Tracker
fracker (UT) scintillating fibers

Remove first muon station,
preshower and scintillating
pad detectors

1




Run3 commisioning g

5-July-2022
First collisions at the world-record energy
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Latest results on direct CP violation
in beauty and charm decays

Direct CP violation in charmless three-body decays of B mesons
LHCb-PAPER-2021-049

Search for direct CP violation in charged charmless B — PV decays
LHCb-PAPER-2021-050

Measurement of time-integrated CP asymmetry in D° - K"K decays
LHCb-PAPER-2022-044
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Charmless three-body decays B* —» hh'h’
LHCb-PAPER-2021-049
Analysis based on [ £Ldt = 5.9 fb~!

B > gt~
B* - K*K*K~ Phase-space integrated CP asymmetries and CP
Bt > ntK K™ asymmetries in specific regions of the Dalitz plots
BT - K¥n*tm~

CPV already observed in previous LHCb analysis

[Phys. Rev. D101 (2020) 012006, Phys. Rev. Lett. 124 (2020) 031801]
[Phys. Rev. Lett. 123 (2019) 231802]

[Phys. Rev. Lett. 112 (2014) 011801, Phys. Rev. D90 (2014) 112004]

Long-distance effects, interference between P and S-wave and nr —
KK rescattering are the main sources of CP violation

[Prog. Part. Nucl. Phys. 114 (2020) 103808]
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Candidates / (0.01 GeV/c?)
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Localised CP-violation

Rich pattern of large and localized asymmetry from interference between
the resonant conftributions, and possible nr < KK rescattering
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Candidates / 0.25 GeV?/¢*

° R . LHCb-PAPER-2021-049
Localised CP-violation

CP asymmetry presents positively and negatively in left and right region
of m?(n*m™) high projection
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LHCb-PAPER-2021-050
CP violation in B —» PV decays

B — PV decays are quasi-two-body decays that result in three-
body final states due to V decays

Given the large phase space of these B-meson decays, different
types of resonant contributions are allowed where the vector
resonances interfere with other resonant components

The CP asymmetry is measured using RUN2 data corresponding to
5.9 b~ for the following decays

B* - K*(892)%* from B — Kfm*m~
B* - ¢(1020)n* from B* - K*K*K~
B* - p(770)°n%. from BE > nintn™
B* - K*(892)°K®* from B - ntK*K~
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LHCb-PAPER-2021-050
Results

For isolated vector resonance the squared module of the
amplitude is given by

IM4|? = f(cosO(m3, s1)) = pE FHpi cosO(mi, s1 ) |+|ps cos® O(mi, s) )

Related to CPV in the l
CPV from scalar Interference scalar CPV from
vector vector

B* - R(hihi)hi where R is the resonance
my IS the vector mass
s, ism?(h{hd)
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. . . LHCb-PAPER-2019-006
CP violation in charm

CP violation was observed in 2019 by LHCb with DY - K=Kt and
D° - ~n*t decays measuring the difference of the time-integrated

CP asymmetry
AAcp = Acp(KK) — Acp(mm)

LHCb observed (5.3 o) CP violation in the neutral charm decay

AAcp = (—15.4 +2.9)x107*

Time-integratede CP asymmetry

0_ (D% f
[e@[L(D=A)O-T(D°=A®]dt _ a  <t>; AY;

Acr) = Teoromnomro-nol ~ 4 T

e(t) is the time-depedent reconstruction efficiency
AYr is related to charm mixing parameters
<t >y is the average acceptance-dependent decay time of the D° mesons in the experimental sample
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CP violationin D° - K K*

The flavour of the initial state (D° or D? ) is
fagged by the charge of the pion from
D** — D', and D*~ - Dm,, coming
from primary verteces

The asymmetry, made of the number of
reconstructed D° and DY, is defined as

A_N(D°—>f)—1v(ﬁ°—>f)
- N(D° - f) + N(D° > £)

and it is related to the CP asymmetry as

A=Acp+Ap(m) +Ap(D™)
nuisance asymmetries
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LHCb-PAPER-2022-044

Prompt D** decay

*4 P
D" Ip~0

PV'_\

L+
TMag

production asymmetry
_o(D) —a(D)
"7 6(D) + o(D)

reconstruction asymmetry

_e() —e(f)
e(f) +e(f)
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LHCb-PAPER-2022-044

The strategy

The D° - K~ K* data sample corresponds to 5.9 fb~1 of integrated
luminosity recorded during RUN-2

Two sets of control samples to cancel nuisance asymmetries
Cp+: adlready used in RUN-1

Cpz: New sets of decay modes to improve precision and cross-check

Cp+: Acp(D° = K™K*) = A(D** - D°(K K )mg) — A(D** - DO(K nh)md,)
+ADT - K ntnt) — A(D* - K°zt) + A(KY)
Cpr: Acp(D® = K™K*) = A(D** - D°(K"K)mdg) — A(D™ —» DO(K " )mg)
+A(DS - ¢pnt) — A(DF - KO°K*) + A(K?)
A kinematic weighting procedure has been applied to all the data
samples

91 A(K?) is the kaon detection asymmetry including mixing and CPV



LHCb-PAPER-2022-044

The strategy

The D° - K~ K* data sample corresponds to 5.9 fb~1 of integrated
luminosity recorded during RUN-2

Two sets of control samples to cancel nuisance asymmetries
Cp+: adlready used in RUN-1

Cpz: New sets of decay modes to improve precision and cross-check

Cp. AcpD’—>KKH=+4A0D "> D> K KNz )-AD " - D° - Yzt )
+A(D* - zt) = [AD" - K° z%) — AK)]

Cps+ Acp(D® - KK =4+AD"" - D° > K KNz )—AD " - (D -  E AN
+A(D] - ¢n*) — [A(D} = K° K1) — AKO)]

Same “color” indicates particles with equalized kinematics
22




Candidate density

Candidate density

Weigthing procedure

A multi-dimension and
iterative algorithm is
developed to ensure @
good matching between all
the particles involved in the
various decays
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among the various decays
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LHCb-PAPER-2022-044
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Systematic uncertainties

Source Cp+ [107%] Cpy [107Y] Corr.
Fit model 1.1 1.0 0.05
Peaking backgrounds 0.3 0.4 0.74
Secondary decays 0.6 0.3 =
Kinematic weighting 0.4 -
Neutral kaon asymmetry 1.3 1.00
Charged kaon asymmetry -
Total 0.28
& l RS
'g 2 LHCb —-Data > 10°F
= 1 f 57" —— Prediction —f >
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LHCb-PAPER-2022-044

Fit model: alternative signal and
background fitting models evaluated

Peaking background: impact
estimated by fitting m(KK)

Secondary decays: the presence of D
meson from B decays estimated using
IP distributions

Kinematic weighting: evaluated the
residual difference after the weighing

Neutral kaon asymmetry. accuracy
tested with a data-driven approach

Charged kaon asymmetry: K"K+
residual asymmetry from D — ¢
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. LHCb-PAPER-2022-044
Final results

The value of the CP asymmetries are

Cp+: Acp(K~K™T) =[13.6 + 8.8 (stat) & 1.6 (syst)] x 1074,
Cp+ : Acp(K~K™) =[ 2.8 +6.7 (stat) + 2.0 (syst)] x 107*.

with a total correlation corresponding to p = 0.06

E791
——— FOCUS
The average corresponds to J—
* — . B I o Belle
AC’P(K_K+) — -°- —*—— BaBar
4 - — CDF
6.8 £ 5.4 (stat) + 1.6 (syst)] x 10 | |LHCb3 !
b e LHCb 5.7 fb’
consistent with the previous results S P . e
S50 5 10
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First evidence for direct CP violation

Combining this measurement with the AAq.p and AY;

LHCb measurements

+

K
T 0.006

a% or = ( 7.7£57) x107* M

0.002

ag-.+ =(232+£6.1) x 107
with p(al.,a?)=0.88 ~0.002
—0.004

:_ ===z LHCD combmatlon 3.0 fb —:
 + NodirectcPV T 7
- e ]
__ |': ------------ P —_
» ontoﬁrs hold 68°%, 95°% CL -
[ 1 L I 1 1 1 I 1 L L l ]
—0.004 —0.002 0 0.002 0.004
ad
K K*

This is the first evidence of CP violation (3.8c) in an
individual charm meson decay

LHCb-PAPER-2022-044
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U-spin symmetry

L 00l p—T——————————— ——
' - ——— LHCb combination, 8.7 fb ]
< R - ’ LHCb -
S 0.008 - — — U-spin symmetry ]
. d |
0.006 ----- Adac, =0 =
B + Nodirect CPV I
0.004 = e
0.002 F ~ 3
0f .
L. 2 ~— ]
—0.002f .-~ T~ =
= ~— o
~0.004 - e
B ntours hold 68.3%, 99.7%, 99.9999% CL i
—1 e L . - | . .
4.006 —O 002 0 0.002 0 004
ad
K K*

K+ al™ # 0 at the level of 2.7 standard deviation
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vy LHCb combination

LHCb-CONF-2022-003
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Charm and beaty combination

30

B decay D decay Ref. Dataset Status since
Ref. [14]
B* — Dh* D — hth™ [29] Run 1&2 As before
B* — Dh* D — htr—nta—  [30] Run 1 As before
= = — —
B* — Dh* D — K*rFptn=  [18] Run 1&2 New
B* — Dh* D — hth~n° [19] Run 1&2 Updated
B* — Dh* D — K3h*h~ [31] Run 1&2 As before
B* — Dh* D — K{K*r¥ [32] Run 1&2 As before
B* — D*h* D — hth™ [29] Run 1&2 As before
B* - DK** D — hth™ [33] Run 1&2(*) As before
B* - DK** D — htr—rntn=  [33] Run 1&2(*) As before
B* — Dh*ntr- D — hth~ [34] Run 1 As before
B° — DK*0 D — hth™ [35] Run 1&2(*) As before
B° — DK*° D — htr—ntn=  [35] Run 1&2(*) As before
BY — DK*° D — Kdrtm~ [36] Run 1 As before
B® — D¥g* Dt —» K-mtrt [37] Run 1 As before
B~ DI+ Df —» hth~nt [38] Run 1 As before
BY — DFK*r*m~ D} — hth™nt [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since
Ref. [14]
D° —» hth— AAcp [24.40.41] Run 1&2 As before
| D°— K*K- Acp(KTK™) 16,24,25] Run 2 New
DV — hTh~ Yop — YL, T [42] Run 1 As betfore
| D°— hth- yor — Y& ™" [15] Run 2 New |
D% — hTh™ AY |43-46] Run 1&2 As before
D° — Kt~ (Single Tag) R*, (/%)% y* [47] Run 1 As before
D° — K*r~ (Double Tag) R*, (z'%)? y* 48] Run 1&2(*) As before
D° — K*nFntn~ (2?2 +y?) /4 [49] Run 1 As before
D° - Kdntn~ z,y [50] Run 1 As before
D° - Kdntn~ Tcp, Yop, Az, Ay [51] Run 1 As before
D° — Kortn~ Zop, yop, Az, Ay [52] Run 2 As before
|D° - Kortr— (u tag) Zcp, Yop, Az, Ay [17] Run 2 New ]

173 observables to
determine 52
parameters

Combination based on
frequentist approach
(also Bayesian analysis

performed in the
previous combination)
JHEP12(2021) 141

Charm observables
also included
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Resulis

n 1_ I ' | ]

Qe LHCb | LHCb combination
— 08 0 0 October 2022 — y = (65.4:’%:; )

YCKMFitter = (655-*__1217 )O

.o L)
=~
I L

YUTFit = (65.8 = 2.2)°

68.3%

\O

50 60 70 8 90
y ']

Improvements of about 10% on y to the previous
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Results

ntw

=

(0.39813:929) %
(0.636%0:022) %

Improvements of about 6%
on xand 38% on yto the
previous combination

LHCb-CONF-2022-003

y [%]

0.8

0.6 -

| [7871 LHCb Beauty and Charm

[ ' [ '
LHCDb |
Preliminary
October 2022

1 L B — [T L L I N
. LHCb . '?g . r [Z871 LHCb Beauty and Charm  LHCDb
[ | Soooa 2o 1 . A
o ] Sr ]
i ] oF .
§ No CPV ] ST p
L &1 LHCb Beauty and Charm | E
I B B -10 e 13 o0 i L3 o5 I N
0.2 0 0.2 4 0.4 -0.1 0.05 0 0.05 0.1
at. - (%] la/p| -1

q
| = (0995281
¢ = (2.5 + 1.5)°

ak® = (9.0 £5.7)x10™*
al™ = (24.0 + 6.2)x1074

Evidence for CPV in aj”
at 3.6 o



Conclusions

 The LHCb experiment plays an important role in the
determination of CP violation in beauty and charm
decays

 Today the latest measurements on CPV in beauty and
charm

« Large CP violation observed in the B — hh'h' decay
and in specific resonances and Dalitz regions

 First evidence of CP violation in an individual charm
decay, D° - n~rt

« Last combination of the CKM parameter y and charm
parameters

« LHCb-Upgrade-I commissioning is proceeding well and

33

important milestones have been achieved so far



