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The need for CP violation

VIOIATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

A. D. Sakharov
Submitted 23 September 1966
ZnETF Pis'ma 5, No. 1, 32-35, 1 January 1967

@ CP violation is one of the Sakharov conditions
needed to explain the matter-antimatter
asymmetry in our universe

@ In the Standard model the only currently known
source of CP violation comes from the
Kobayashi-Maskawa mechanism in the quark sector

@ Orders of magnitude inferior to what is needed to
explain observed matter-antimatter asymmetry

» What about CPV in neutrino sector? See other talks
» Room for New Physics!
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CP violation in the quark sector of the Standard Model

@ In the Standard Model the Higgs mechanism gives mass to quarks and fermions through
the Yukawa couplings

@ Eigenstates of the mass and weak interactions are not the same: after all possible field
redefinition a 3x3 unitary matrix remains in the charged current interactions
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@ 3angles +1CP violating phase Via Vs Vb
@ Tree-level coupling between up and down-type Vem = | Vea Vs Ve
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50 years since the Kobayashi-Maskawa paper

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA
Department of Physics, Kyoto University, Kyoto
(Received September 1, 1972)
In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet

scheme without introducing any other new fields. Some passible models of CP-violation are
also discussed.

CP-Violation in the Remormalizable Theory of Weak Interaction 657

Next we consider a 6-plet model, another interesting model of CP-violation.
Suppose that 6-plet with charges (Q,Q, Q,Q—1,0—1,Q—1) is decomposed into
SUgeax(2) multiplets as 24242 and 1+1+1-+1+1+1 for left and right com-
ponents, respectively. Just as the case of (A4, C), we have a similar expression
for the charged weak current with a 3x 3 instead of 2X 2 unitary matrix in Eq.
(5). As was pointed out, in this case we cannot absorb all phases of matrix
elements into the phase convention and can take, for example, the following
expression:

cos 0, —sin ¢, cos 0 —sin 0y sin 0
sinf; cos @y cos By cos B cos B —sin fysin fe™ cos §, cos 0, sin §y+ sin 0, cos f® |.

sin§,sinf; cos B; sin B; cos O;+ cos f;sin §e®®  cos B, sin f; sin O5— cos 0, sin Gy

Predict third quark family one year before the discovery of the charm
quark!
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Strong hierarchy in couplings

Yukawa Couplings
A
4 h
Couplings Masses
d s b
u . B - u . d .
?
c B . u -« ¢ ] s ]
Ao 2 TN

Sign of an underlying mechanism?
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Quite different wrt neutrino sector
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Determining the elements of the CMK matrix

b Wt d

d W= b
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The unitarity triangles

From the unitaryty of the CKM matrix
6 null sums: triangles in complex
planes

One particularly relevant for B decays:
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Evolution of the constraints on the unitarity triangle

P
after LEP B-factories at work legacy B-factory +  After 10 years of LHCb
CDF@Tevatron
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Tree vs loop
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History of CP violation in the quark sector

1957

Y. Nambu
M. Kobayashi
T. Maskawa

J. Cronin
V. Fitch

C. Yang
8 T. D. Lee

1999

First observation
of CPV in decays
(Na48& KTeV)

2019
Observation

of CPV in D°
decays (LHCb)

1964
CP violation in mix-
ing is discovered in 2006

neutral kaon decays Observation of
by Cronin, Fitch et B_-BY oscilla-
al. at Brookhaven tion (CDF)

2001
Discovery of time- 2020 ]
dependent CP violation Observation of

in B meson decays by TDCPV in Bso
BaBar and Belle decays (LHCb)

1956
| Discovery of parity
violation

(Wu experiment)

1987
Observation of
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Where to observe CP violation

CP violation caused by a complex phase: quantum interference
needed to observe it

o Interference between different diagrams (e.g. tree and loop)

@ For neutral mesons possible interference between direct
decay and mixing

—J /YK
2¢1

& -
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Types of CP violation

CP violation in mixing CP violation in decay

Unequal transition probabilities

Hefivme Tavel ClEsiEes Unequal CP-conjugate decay rates

CP violation in interference between mixing and decay

Time-dependent or time-integrated difference of decay rates of initial flavour eigenstates
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Extract CP violation parameters

CP violation parameters enter the decay rate to specific final states

Tgo_,f = 2 e A2 (1+ [A]2) {cosh (Azrt> + Aar sinh <A2rt> + Ccos(Amt) — Ssin(Am t)}

They can be extracted by measuring asymmetries (time integrated or time dependent)

/\

f

rBO r 0
Acp(t) = r—rochm(Am t) — Ccos(Amt) \‘ j
Boft 150 o 0
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Typical performance drivers [I. Ripp-Baudot Moriond QCD 23]

Large integrated luminosity
Large o(bb)

Good detector acceptance « Good flavour tagging (B or anti-B)
Good trigger efficiency /

Good reconstruction eﬁlmency
(B°(t) = for) — N(B°(t) = fop)

« Different B species: B, Bs0, baryons

Acp(t) = _
( 0t) = fop) + N(B(t) = fopr)
+ Large B boost
- Good particle identification, K/rt separation. -+ Good vertex resolution

+ Reconstruction of y, 0, n, Kg0
* Presence of v: good hermeticity
+ Good S/N (physics, combinatorial, pile-up, beam bkg)
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Belle Il @ SuperKEKB

@ General-purpose detector successor of Belle @ KEKB

@ Beams of electrons and positrons with asymmetric energy (7 and 4 GeV):
boost py = 0.28

@ Collisions at the Y'(4S) mass (10.58 GeV)

Mt. Tsukuba

s

L&m‘ﬁr\p@ g &

Tl

Ri % Q Linac
. Ring y’:\\;
T

KEK Tsukuba
Campus
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LHCb @ LHC

@ General purpose detector in the forward region

@ proton-proton collisions at /s =7 — 14 TeV

HCAL

ECAL
SPD/PS

RICH2
3
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Belle Il vs LHCb

Belle Il

&

[l. Ripp-Baudot Moriond QCD 23]
7

LHCb

2019

Start

2011

428 (target: 50 000)

Current dataset (fb-1)

9 (target: 300)

4.7 (target: 60)

Instantaneous lumi. (x1084 cm2 s-1)

0.04 (target: 1.5)

1

bb cross-section (nb)

500000 @i37ev) &

Good & Selection efficiency 0.3-acceptance & trigger & background
BY, few Bs0 in the future? B species all: B, Bs?, B+, B-baryons &
130 B boost (um) 10000 &
>33% & B-flavour tagging power typically 5%

Unique measurements: D* polarisation,
inclusive measurements, ...
Excellent T physics capability

» Good reco of y, 0, n, Ks?

Collision setup

Hadronisation and large occupancy

> Good complementarity between Belle Il and LHCb
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Recent results }




CKM angles

CPVin B — 7w, pp, pTt

B — Xlv * x
VadVub T VeaVar T VigVip = 0

\:_<

=

A

PO) \%O)
CPVin B — J/yK;

B-/* _y DKM+
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Toward CKM angle o @ Belle Il

[S. Raiz FPCP "23]

a=arg [—VMV;Z/VMV:[?] less precisely known angle,

may limit the global testing power of CKM fits.

al’l=85.2 ti:g
HFLAV

Determined using B — pp and B — zx isospin
analyses: combine information from BF and
Acp to reduce impact of hadronic uncertainties
— non-perturbative QCD.

Unigue Belle Il capability to study in consistent
way all B — pp and B — zzm channels.

B — pp measurements require angular analysis:
- Winter 2022 Bt — p+p0 result: arxiv.org/abs/2206.12362;

-result for BY = p*p~. —_

B = p*p

Belle Il (Preliminary) =

[Ldt = 189 fb~1

o
3

Entries / 0.01 [GeV]
2 o
3 3

~
S

H

3 0

=5
=0.15 =0.10 =0.05 0.00 0.05 010 0.15
AE [GeV1

Pull
o uo

120 { Belle Il (Preliminary)

1.0 -0.5 0.0 0.5

B=(26T7+£2.8+2.8) x107°
S =0.956 £0.035 £ 0.033

arxiv.org/abs/2208.03554

AE =E* —E}

beam
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Toward CKM angle o @ Belle Il

[S. Raiz FPCP "23]

B = atn~

BY = 7t7° [362 fp

Belle Il (Preliminary) === B*am'n+cc
JLae=362 -t - kimecc

Belle I (Preliminary) wee BOamtm 4C.C.
JLot=362 -t -k scc

= Background

= BB background
== Continuum background

Cand. / 10 MeV'
Cand. /10 MeV.

B(rtrn~) =(5.83+£0.22+0.17) x 107
B(rtn’) = (5.10+0.29 £ 0.32) X 1070
(x*a% = - 0.081 = 0.54 + 0.008

SRS,
0z 01 00 o1 o0z 03

Pull

AE [GeV]
BY — 2970 189 fh-1
s 35 FBelle 1 (Preliminary) «Data s 35 Fgelle 1 (Preliminary) o
" s 30F " 1 = ° 30
First B > 797" measurement at Belle I: s [ [lo=remor Fen | 2
- rare, small BF (10-6), HE - %;
- only photons in the final state — % 10 5
dominated by signal-like background, i Z ______ - B
- large theoretical uncertainties. o800 e
s
s of teet] S
£ op ] & 3 |

0.0y — —6
Achieved Belle BF precision using only 1/3 of data. B'n’) = (1.38 £0.27+0.22) x 10
A(7°2% = 0.14 £ 0.46 + 0.07

arxiv.org/abs/2303.08354

Preliminary Belle Il results on par with best performance from Belle/Babar.
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CKM angle B @ LHCb [R.AR. Fernandez FPCP '23]

0 0  —
B é WKS LHCb PAHOQS 013

7 Small offset from 0, due to production and FT asymmetries

% I'y, Am, & Spline coefficients constrained to their know values.
FT

%
*

N L . . T . . .
calibration parameters + &,,,,; constrained to BY — JhyK*. : — Fit

&

LHCE TENEN]
’ Preliminary

f LHCb

[ B (= €KY (— ntm)

2 4 6 8 10 12 14
# [ps]

" Full Run2 Results Previous HFLAV
t ps

I Precision higher than current average Sy S WD ISR §=0.699£0.017
 In agreement with current average. Cygo = 0.012£0.012 +0.003 C =-0.005*0.015

5
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CKM angle B @ LHCb

[R.A.R. Fernandez FPCP '23]

BY - wK{

b—ccs CCP

[Summer 2023

PRELIMINARY

Preliminary !!!

HFLAV

sin(2p) = sin(2¢,) EZ73

PRELIMINARY

BaBar Jiy Kg

PRD 79 (2009) 072009
BaBar JAp K

PRD 79 (2009} 072009

BaBar y(2S) K.
PRD 79 (2009) 072009

Belle J Ky
PRL 108 (2012) 171802

Belle JAp K
PRL 108 (2012) 171802

Belle (28S) K.
PRL 108 (2012} 171802

LHCb Run 1 JAp K,
JHEP 11 (2017) 170

LHCb Run 1 y(28) K

0.026 = 0.025 + 0.016

-0.033 = 0.050 = 0.027

0.089 + 0.076 + 0.020

JHEP 11 (2017) 170

LHCb Run 2 Jiy Kg
LHCb-PAPER-2023- 013

LHCD Fun 2 y(25) Ko
LHCb-PAPER-2023-013

0.015 £ 0.021 322
-0.019 = 0.026 3517
-0.104 = 0.055 *0557
-0.014 +0.030
-0.050 = 0.100 + 0.010

0.018 = 0.013 = 0.003

-0.083 + 0.048 + 0.005

BaBar Jh) Kg
PRD 79 12009) 072009

BaBar Jiy K

—k—A

PRD 79 12009) 072009

BaBar y(2S) Ky
PRD 79 (2009) 072009

Belle JAy Ky
PRL 108 (2012) 171802

Belle JAy K,
PRL 108 (2012) 171802

Belle y(28) K

——]

0.657 = 0.036 = 0.012
0.694 = 0.061 = 0.031

0.897 = 0.100 * 0.036
—————————
0670 +0.029 + 0.013

0.642 = 0.047 = 0.021

(2
PRD 77 (eona) Bo1108(R)

LHCb Run 1 JAp Kg
JHEP 11 (2017) 170

LHCb Run 1 (2S) Kg
JHEP 11 (2017) 170

LHCb Run 2 Jiy K.
LHCb-PAPER-2023-013

LHCb Run 2 (28) K

0.718 = 0.090 = 0.031

0.750 = 0.040

LHCb-PAPER-2023-013

World Average
HFLAV

0.840 =0.100 = 0.0:10

0.720 £+ 0.014 :00‘07

0.647 = 0.053 = 0.018

0.708 = 0.0i11

World Average 0.006 + 0.010
HFLAV
-03 -0.2 -0.1 0.1 02 0.3

04 0.5 0.6 0.7

0.8 0.9 1
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CKM angle 3 @ Belle Il

[J Bennet FPCP "23]

+  SM measurement, but important analysis to refine all our tools for future measurement sensitive to NP
€.g.B* > KgKgK? - see following): we are ready!

. Essential to validate At resolution (~1 ps) & flavor tagger (emg ~ 30%) performance for TDCPV analyses

33k events from B® - D) z*

00 Belle IT

2500 | JLd1=190 fb7!

2000

1500

1000

Candidates / (0.5 ps)

+ BB
1 B°B°+B'B°

TN

oy

Asymmetry
o
g

e

4

80 -6.0 -40

7po = 1.499 £ 0.013 +0.008 ps
Am, =0.516 £ 0.008 £ 0.005 ps~' w.a. 0.5065 = 0.0019 ps~'

=20 00 20 40 60

Ate [ps]

8.

Y

(£202) 201 16071 “Z01 G "NeYH 'sAud

w.a. 1.519 +0.004 ps

Candidates / (0.5 ps)

Asymmetry

200

50

0
0.5

0.0

2.8k events from B® — J/!//Kg

Belle II (Preliminary) 4
JEdi=190 fb!
[ t B

0
Big

At ps]

8682 +3083/Se/B10"nxIE// SRy

Reference mode for

measurement of J with
gluonic penguins

Sep = 0.720£0.062(stat) £0.016(syst) w.a.0.698 + 0.017

Agp =0.094£0.044(stat) T 0-042(syst)

—0.017

w.a.—0.005 £ 0.015
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Other time dependent CPV measurements @ Belle Il [} Bennet FPCP 23]

B — qng on par with best measurements

180 50 T T T
- Clean experimental signature | Belle N reimnary -0k | ?f:j'f 1 (Prolmya) ¢ Bho(@=+1)
) X . . BO-K KK r = BC --1) 1
- Calibration of resolution and B 1o} Jedt=362171 . Geackgound | = " t Big@=-1
tagging with B — D*x g 120 b 2t 1
©
. . 2 - 4
- Validated with BY — K+ 2 10 A %
(null asymmetry test) 2 5 ~162 signal events § o} t 1
o , o ‘
- 4D fit: (Mbc* OCS* cos(6), A 2w . Og - : : E
= = -
@ 40 5]
~— S E 0.0 A, sl |
Continuum suppression E 05 ,\f_/ \T\,
BDT output 820 52 508 526 5.28 5 ) 5
Mpc [GeV/c?] At [pS]

Acp=031+0207000  Al# =—0.01+0.14

Scp=0.54+0.26109 n=0.59+0.14
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Other time dependent CPV measurements @ Belle Il

[J Bennet FPCP "23]

B° > K?KgKg on par with best measurements

Belle Il preliminary

0
a 5°’de1:36sz" +q=+"i§sg
- Complex vertexing (only displaced tracks!) S wfE-kKKTD [/ \% 9= B
- 3D signal fit: (M,,,, Mg, O simultaneous fit with § 0l [
- B* - KJKJK™ (background, At calibration) g 2f I I
i / A
. time-ind B® — KgKgKg for Aqp constraint L o
- Atfit to extract A-p and Scp 1
— +0.15
Acp = 007757 £0.02 L 05
et Z
e m— 3 - _ 4035 £
S .- = . Scp = 1.37_045 +0.03 g o
9 — 2
""" T < Belle Il preliminary
~ - wda. — =
-~ I, Agp=0.15£0.12 **T fLatzsezn’
T~ o | F-kKke
a — + -1r I
(K9 flight distance ~10 cm) Scp 0.83£0.17 T IR S e T
At[ps]
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Other time dependent CPV measurements @ Belle Il [} Bennet FPCP 23]

B > Kgﬂo on par with best measurements

70
60
50
40
30

i .
e %g (g=+1) Belle ll(preliminary)
< By (a=-1)

f Ldt=362 10"

Events/(2 ps)

G6520'G0£Z/sae/Bionnde//:sdny

, anotS

Asymmetry
566 coo
oRrNNONRO O
IS
b [
e

4]
At [ps]

Aep=004+0.15+005 Alp-=0.00%0.13

Sep=075T020+004  Sgp-=0.58+£0.17
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CKM angle vy @ LHCb

[arXiv:2209.03692 ]

‘B—‘

Acp ~ —47%

LHCh B + LHCbh

gm '
— DK, Bin 1

BT — DOK* with D° — KF¥mt ittt

ittt gttt g b

9fb !
| B* > DK* Bin 1

J}HH .....
L ﬁ‘

@ Binned approach based on Improved

LHCb Lll(,b
9"

B DK ,Bin2

sensitivity to phase y through binning D decay
phase space [T. Evans et al. PLB 802 (2020)]

B’ADA’B ) 2

@ Maximise the sensitivity: on second bin largest
CPV ever observed!

Candidates/ (10MeV/c2)

@ D decay hadronic parameters from CLEO-C
and BESIII

<54 8+6 0+0 66+4637)

¥
5
=
2
£l
<

‘Ad-‘hMt.'M hate ont
5.6 5.8

5.8 5.
mpk- [Gev/e?] mp [ Gev/e?]
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CKM angle vy @ LHCb

[CERN-LHCb-CONF-2022-003]

Update y combination from LHCb

measurements R ]
9 s LHCb |
35\° — 0.8 B; sl
+3. :
v = (6383%) - ,
0.6 }- All Modes =
0.4
@ Improvement of about 10% 1 08:3% .
@ Good compatibility with unitarity fits 02r
o _
11
Y CkMFitter = <65-5f2_7> 0
@ Tension between different B categories remains N
(~ 20)
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Other recent results | have not the time to cover

@ ¢sinBY — J/PpK+K~ at LHCb
[LHCb-Paper-2023-016]
» Improves World average by 15%

o $5inB® — ¢ at LHCb [LHCb-Paper-2023-001]
» The most precise measurement of 3% in penguin

dominated decays

@ Combination of the measurement of CPV in
D° — KK~ with the difference between

D% — KtK—and D° — w7,

» First charm CPV in a single channel D° — m 7~
» Moving from discovery to precision measurements

rad =(77+57)x107*

rad,  =(232+61)x107*

Vs Vi + Vi V2 + ViV = 0

(0,0) — (1,0
VsV B
]
(P, 7) M,
¢S ~ = 2/}‘
& r T T T B T
~k 0.006F LHCb combination, 8.7 fb LHCb 1

r -z LHCb combination, 3.0 fb!
0.004 - + No direct CPV

0.002 F

-0.002 }

—0.004 1 u)nmurs ho]d 68% 95% CL E

L [

-0. 004 —0002 0 0.002 0.004
d
a
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Conclusions

@ Study of CP violation and over-constraining of = 3/ g i |
. . . N 030- \\\\—
unitary triangle formidable way to look for New Eoe o 4N
Physics = LE
@ Abundant flux of new results by Belle [l and LHCb 3 Mol
. E p
@ The future looks bright R R
Ch/CKMfitter. LPC Clermont P
5 LHCb Current — Upgrade | —— Upgrade I— _ 10 " ‘tt i e ; 60
£ 20_5 Hbi s —— Lpeak(Target)
2] 75 = e 50
i ER o0 _
€14 To00 ¥ = 6 =]
=P R 1t 2 ¥ og
= 109 4 —1so £ § 4 5
. - E
6; —100 3 )
= 3 E [ 10
2 I
"2!;1.0‘ e 2015 l2020 20'25 — l2030 2035 2019 2024 2029 2034
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