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Outline

© Main focus: CP violation (CPV) in weak decays of quarks
o Outline

* Introduction

% CPV in Bottom sector

% CPV in Charm sector

* CPV in Kaons decays

o Strong CP violation [see talk by Carlos Tamarit]
o Electroweak Baryogenesis [see talk by Lisa Biermann]

¢ Many talks on CP violation and mixing at the CKM workshop,
15-19 September 2025, Cagliari, Sardinia, Italy
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Introduction
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Cabibbo-Kobayashi-Maskawa (CKM) matrix

o The quark flavour-changing weak interactions are described by:

c Vie Vs Vb d
Lywg = ﬁ(ﬁb LI | Va Ve Vo st | Wi+he
th Vis th bL
VekM

o Vekm - the quark-mixing Cabibbo-Kobayashi-Maskawa (CKM) matrix
¢ In terms of three mixing angles 61, 013, 623 and one CP-violating phase ¢

i5
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CKM triangle

o The Wolfenstein parametrisation (it terms of A, A, p,7)

1-X2/2 A AX3(p — in)
Vekm = .Y 1-X2/2 AN2 +O(M\*)  A=0.22
AN (1 —p—in) —AN? 1

¢ Unitarity of the CKM matrix
VikmVoxm =1 = eg V, Vi, + Vg Vi + Vig Vi, = 0

o The CKM triangle angles

Via Vb )
a =y =arg (—t X
Vud V:b levub V;{]V;Z
% VaaVeh V.V
6 =, = arg (_ cd c*b> cd” cb
th th
V.,V
sV
Vcd Vcb
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CP-violation and matter-antimatter asymmetry

o CP-violation is needed for matter-antimatter asymmetry
(one of the Sakharov conditions)

n= B ~ N3, q1p-10

= "
o CP violation within SM is not sufficient
J
< (me = me)(mg = mg) (mg — mi) (mf, — m3) (g — m3)(mg —mg) ~ 107
C
J= c126123cQ3512513523 sind ~ 3- 107> — Jarlskog invariant
T. ~ 100 GeV

= New mechanism (New Physics) is required!
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History of CP violation

o 1956

o 1964

o 1973

o 2001

o 2012

o 2013

o 2019

o 2025
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Observation of parity violation in weak interactions [Wu experiment]
— 1957 Nobel Prize to Lee, Yang

Observation of CPV in Kaon decays (K, — 7m) [Christenson et al.]
— 1980 Nobel Prize to Cronin, Fitch

Kobayashi-Maskawa mechanism — 2008 Nobel Prize
Observation of CPV in B%-meson decays [BaBar & Belle]
Observation of CPV in B~-meson decays [LHCb]
Observation of CPV in B%-meson decays [LHCb]
Observation of CPV in D%-meson decays [LHCb]

Observation of CPV in baryon (A9) decays [LHCb]
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Three types of CP asymmetry

o Direct CP violation

Adir=r(H_)f)_r(ﬁ—>i) o £ ey
FH—f)+T(H—f)

o CP violation in mixing (flavour-specific CP asymmetry)

—0 —
(M (t) = f) — T(M°(t) — f) g

fs — ) — 7& K 1”. !
F(M (t) — )+ T(MO(¢t) — f)

o CP violation in interference of mixing and decay (indirect CP violation)

e — 0 70 —) 0
Aig = r(yo — fop)(t) — T(M° — fop)(t) 7 o 4 Mg
F(M™ — fop)(t) + T(M° — fcp)(t) y
M o g 4 Mg,
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Direct CP asymmetry

o Decomposing an amplitude of H — f transition
A(H = £) = \e'™ Are'? 4 \pe'™2 Aye'??
e e Ve e e
weak int. QCD weak int. QCD
¢ The amplitude of the CP-conjugated mode
A(H = F) = Me '™ Are’?t + \oe /2 Ape’#?
—— N N —

weak int. QCD weakint. QCD

-2 i—; sin(a — o) % sin(p1 — 2)
= Adir = , _
1+2 i—; cos(ay — az) % cos(p1 — p2) + % %

o Both parts of the amplitude could be the SM ones (e.g. tree-level and
penguin contributions) or the SM and Beyond SM (BSM) ones
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Neutral-meson mixing

: : ) o
o Neutral-meson time evolution (enabling M~ <+ M° transitions)

(M) (i) [ IO
'dt(M"(t»)(M 2r><|M°(r)>>

o Box diagrams in the SM (for example, for ES — Bs mixing)

b u,c,t S b s
> > > — N\ \N\N[——
U, C, 1 Au, c,t
S u, Cvt B S B
< < ——N\N\NN——

* [1p — absorptive part of the box diagrams (on-shell)
* My, — dispersive part of the box diagrams (off-shell)
* 10 = — arg(— M2 /T12) — relative phase
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Neutral-meson mixing and CP violation

o The meson mass eigenstates |My) and |M,)

—0
My} = plM®) — oW1 e

¢ Diagonalisation of the 2 x 2 matrix yields:

1
ZAI’2 =4|Mp* = [Fp*  AM AT = 4|Myo||T12] cos(¢12)
* AM = My — M, - mass difference

* Al =T — 'y - decay width difference

AM? —

o |lg/p|#1 = CP-violation in mixing
1—‘—‘%- for ags < 1

o  ag coincides with CP-asymmetry in flavour-specific decays
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CP violation in interference of decay and mixing

o CP violation in interference between a decay without mixing, M° — f,
and a decay with mixing, M® — M~ — f

¢ Denoting an amplitude of M — f transition

Ar = (f|Heg| M) Ar = (f|Hegt| M)

N Rali
- pAf
Srsin(AMt) — Cr cos(AMt)
F ~ 1 Aina(t) = -
o Forla/pl a(t) = Coh(ATt/2) — AR sinh(AT¢/2)
S, = 2Im)\f o 1-— |/\f|2 Al _ 2Re)\f
TIENE TTTIEE T T IR
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Bottom sector
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B, — B, mixing and CP violation

q puct b q b
. < « — < AN——
o T, < Mf, q=d,s
= AM, ~ 2|M], AT g = 2|, ]| cos ¢, gl = Mq sin ¢7,
12

o Experimental data [HFLAV (2025)]

AM, = (17.765 4 0.006) ps ! AMy = (0.5069 + 0.0019) ps~*
AT, = (0.082 +0.005) ps~* ATy = (0.7+6.6) x 103 ps™*
a, = (-6+28)-107* ad = (-214+17)-107*
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B, — B, mixing and CP violation

o My, is dominated by diagrams with top-quark

0.70
| | @ HFLAV'23
FNAL/MILC'16
0.65 - RBC/UKQCD’18
L Sum Rules'19
HPQCD'19 . .
— 0} gy Ql ) & SM predictions for AM, ¢
'z o >1.nu e.g. [Albrecht, Bernlochner, Lenz, Rusov (2024)]
S L FLAG'13
A 05 AM, = (18.23 +0.63) ps !
I AMy = (0.535 +0.021) ps~*
0.50 -
sl o
15 16 17 18 19 20 21 22
AM, [ps’l]
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= Bq mixing and CP violation

o = le B,| /d“xT{HAB Y(x), HEPT1(0)}| By)

mBq
¢ The Effective AB = 1 Hamiltonian Naraaa = VeyqVasb
4Gr | < 6.8
HEE = F 122 (e Q@7 + Mg Q@ + Mg @ + Aug Q") — Metg 3_ i@ | +hc.
i=1 i=3

QP29 = (@7 (1 — )b )@ v (1 — v5)q)) etc.

o Determined using the Heavy Quark Expansion (HQE) method

N N R
PLSPANENPANEE (Y
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B, — B, mixing and CP violation

o Determination of Al at NNLO (up to second order in m./m, expansion)
[Gerlach, Nierste, Shtabovenko, Steinhauser (2021,2022)]

o Completing NNLO corrections by including full dependence on m./my
[Gerlach, Nierste, Reeck, Shtabovenko, Steinhauser (2025)]

= First determination of al at NNLO

¢ SM predictions of both Al and a at NNLO

[Gerlach, Nierste, Reeck, Shtabovenko, Steinhauser (2025)]

AT, = (0.077 £0.016) ps™*  Aly = (2.11+0.45)-10 3 ps~*
al, = (2.28+0.14)-107° ad = —(5.214+0.32)-10~*

o CP-violation in B-mixing (within the SM) is small

o Not yet observed!
al, =(-6+28)-107*  a =(-21+17)-107*
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B° — D*K~ and B? — D7~ decays

o Tree-level decays induced by b — ciig transitions qg=4d,s
o No penguin and annihilation topologies

o "Golden” modes for the QCD factorisation (QCDF) approach

[Beneke, Buchalla, Neubert, Sachrajda (1999-2001)]
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Anomalies in non-leptonic B-meson decays

¢ There are discrepancies between SM and exp. data on several two-body
non-leptonic tree-level B-meson decays

BR(B? — Df77) x 10° e ——
BR(B? — D 77) x 10° —
M Data [PDG-2024]
. ., @ QCDF [Bordone et al." 20]
BR(B” = D*K™) x 10 ~ e B QCDF [Cai et al. 21]
BR(B® - D"K™) x 10° o

o Underestimated power corrections? Enhanced QED or/and re-scattering
effects? New Physics?
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B, — B, mixing and CP-violation

o Assuming New Physics effects in tree-level non-leptonic b-quark decays in
a model-independent way

4G 10
Mot = TQFVCb Vi S [EN Qi+ NP @) + he,

i=1
<o

Impact on B-meson lifetimes and mixing
¢ Complementary constraints on
NP Wilson coefficients from

* Non-leptonic B-meson decays

[Cai, Deng, Li, Yang (2021)]

mEGEC R
e 3 Proja

[ [CDLY"21

v
;
i e . -1 %
* B-meson lifetime ratios i
d i)
* Ard7s and af;s [Miiller, Lenz, Piscopo, Rusov (2022)]
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Flavour-specific CP asymmetry

0 T (Bg(t) = ) =T (Bg(t) — F)
A = ——= =
[ (Bg(t) = ) + T (Bg(t) = F)
¢ For a flavour-specific decay: A =0=A;

Examples: BY — D¢~ 1y, B — Dfn—, BY — Ktn—
¢ Absence of direct CP violation: Az = Af
Examples: BY — D7, B — D*K~
o Therefore, for example, within the SM

Ai(B? = DI K™) = Aw(B? — DIt~ 1) = a3,

o Null-test of the SM:  Ag(B2 — DFK™) — Aw(B2 — DS ¢ 7) =0
[Fleischer, Vos (2016)]; [Gershon, Lenz, Rusov, Skidmore (2021)]
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Flavour-specific CP asymmetry

[Gershon, Lenz, Rusov, Skidmore (2021)]
¢ Under the presence of general New Physics in tree-level decays

Af. _ |A§M| ei¢SMei¢Shl + |A?SM| e,-(z)BSMe- BSM

|A§M| el ™ (1 + reiq)ei'*°)

¢BSM _ (z)SM

¢ = — relative strong phase
. BS

0 = pBSM _ ,SM - _ relative weak phase
F — |ABSM| /| ASM| F ~ (10 — 20)%

ag, — 2rsin ¢sin o + 2al rcosgcosp +alr’ 0 A9
1+ 2rcos¢cosp + r2 — 2al.rsin ¢sin p s

q _
© Afs — dir

Al =~ 2rsingsing

o Enhancement from a ~ 10~ (in the SM) up to 0.4 possible !
fs
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Determination of

¢ Consider, for example, tree-level decays B~ — D°K— and B~ — EOK*

W

© ABT = DK™ = fK™) = A e AB~ = D°K— = FK~) = Ay eil¥2—)

o AB™ — fK™) = Aje# (1 + rgel®s=) rg = |As|/| A1l
A(Bt = fKt) = Aje'?1(1 + rge(¥57)) dg =2 — 1
Clean determination of CKM angle « from data for various multi-body
states f (within the SM!) [Brod, Zupan (2013)]
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Determination of

¢ Direct determination of v from measurements

[LHCb-CONF-2024-004] [HFLAV 2025]
10— T — 10
S [LHCb 3
| Preliminary DEE PDG 2025
— ().8 | Summer 2024 N | 08 ;
0.6
[ B® — DK™
[]B* = DK™
04 [ Combined
’ 68.3%
0.2
95.4%
- " i 0.0 " 7
40 60 80 100 120 0 125 150 .
70 70

v = (64.6 +2.8)°

o Consistent with indirect determination: v = (66.297352)°

[CKMfitter (2023)]
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Determination of

o Assumption of NP in tree-level non-leptonic b-quark decays could lead to

sizeable modification of the extracted angle ~
e.g. [Brod, Lenz, Tetlalmatzi-Xolocotzi, Wiebusch (2014)]
[Lenz, Tetlalmatzi-Xolocotzi (2019)]

¢ e.g. modifying Wilson coefficients of the @; and @, operators

5’YCKM

v =+ (ra—ra) G

- (DK|Q{**|B)
A= (DKIQ5%|B)

_ (DK|Q™|B)
"' = (DK|Qs™|B)

-0.6 -0.4 -0.2 0.0 0.2

Re AC, (My,)
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Determination of (3

o Golden channel B® — J/¢Ks
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Determination of

o Aspks =Aipks = Cupprs 20, Sippks = sin(25)

= Aina(B® — J/1Ks)(t) ~ sin(23) sin(AMy t) (for ATy = 0)
[HFLAV (2025)] [HFLAV (2025)]
=12
o HFLAV
1.0 PDG 2025 ?0 i
T~ 68% CL contours
- 011 CMS 116.2 fb~? (A log £ = 1.15)
0.8 _
e TV)
06 = 0.09
0.4 %m LHCb 9 b=t
0.2 0.07 %?Tebrirr:)erg‘scaled by 1.88
00 contours hold 68.3%, 95.4% CL nos ATLAS 9?.7 b=t ‘
0.0 0.2 0.4 0.6 0.8 1.0 2 03 0.1 0.1

¢<%[rad]
B = (22.63197%3)°

Indirect determination 8 = (24.21797%)° [CKMfitter (2023)]
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Determination of «

o Consider, for example, the B® — 777~ decays

o Interference between the tree-level and penquin contributions which are
both of the same CKM suppression ~ A3

= Less clean extraction of o from data
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Determination of «

[HFLAV 2025] [CKMfitter 2023]

o 15 e e e
o O ‘ LAY I oxciudodaeahas L > 055 ]
O B [ YA\ ]

oo 3 ]

IR (=0 ; s Lamsam
— ] [ Combination P, R
- sin2p 1

05 ]

0.6 r Amy - 4

[ & « ]

1= oof £ 2 ]

0.4 L © . 1

8 L vhbv, R o ]
0.5 — —
0.2 y: [ ]
-1.0 } Y & ]
0.0 + sol.w/cos2B<0 o
0 25 I Sommerzs (excl.alCL> 0.95) -
R AP U PRI EPAEPIN BRI A
1.0 0.5 0.0 05 1.0 15 20
p

o= (91.3749)°
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o b d are CKM suppressed vs b — 51 |V Viy|? /| Vis Vi[> ~ 0.05

© b — d transitions induce non-vanishing direct CP-asymmetry

wInb s Vi ViE| ~ | Viep Vi~ A2 5> [V Vi | ~ A*
* In b— d: |ththj|~|VCbV:d|~|VubV:d|~)\3
¢ The LHCb data [arXiv: 1509.00414]

Agie(B* = 7t p~) = —0.11 4+ 0.12 4+ 0.01
¢ SM prediction at large hadronic recoil [Hambrock, Khodjamirian, Rusov (2015)]
Agie(BE = 78t u7)[¢? € (1 — 6) GeV?] = —0.1437393°
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First observation of CP violation in decay

o Observation of CP violation in A — pK—7+7~ decay by LHCb
b
[Nature 643 (2025) 8074, 1223-1228]

Agie(A) = pK~ 7t ™) = (2.45 4 0.46 + 0.10)%

o CPV induced by interference of the tree and penguin contributions

W/f
b U
AO\ u u
b/ d
¢ Study with N7 scatterings [Wang, Yu (arXiv: 2407.04110)]
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Charm sector
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Discovery of CP-violation in sector

¢ Discovery of CP-violation in D-meson decays by LHCb [arXiv: 1903.08726]

AAcp = ACP(DO — K+Ki) — ACP(DO — 7T+7r7)

r(DO(t) — ) — [(D(t) — f
Acp(D° = i t) = (D°(t) — ) (4() )
r(Do(t) —» )+ T (D (t) —f)
AAEE = (~15.7+2.9) x 107*
o Measurement of Acp(D° — K*K~) by LHCb [arXiv: 2209.03179]
% Combining with measured value of AAJL
AG(D® = KYK™) = (7.7457)x107*
AIL(D® — 7tr7) = (23.2+6.1) x 1074
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Theory of D° — 7=7nt(K~K™) decays

o The effective Hamiltonian (neglecting penguin operators)

G
Mo = 7’; 3 Aq(clof + C2O§’) the=—-> A 0% +he
g=d,s q=d,s Ag = Vi Vg
Of = (@T.c) @) 0§ =(§T.d)(@rq)

o The amplitudes

_ Ap P
A(D° + =g Tom |1 = 22222
(D° = 7tr7) d Tn [ y 7;m]
A
A(D® = KTK™) = A Tk [1 - ”PK"}
As Tkk
o |Ap/Asd| ~ 1073 Trm = (xTn|0%D%) — (xt ™ |0%|DO)

Tk = (KTK—|0%|D%) — (KTK—|09|D°)
Prm = (rT77|0°D%) Pk = (KTK™|09|D%)
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Theory of D° — 7=7nt(K~K™) decays

© Branching fractions

s Pk |2
1 222 o N[ T2

Br(D® = KTK™) ~ | A2 2
r(D° — ) ~ [As|% Tkl X Trr

2
= [\l Trer]®

sin ¢7T7T>

ok = arg (P /Tkk) 7 = —arg(Ap/As)
o Naive estimate Pxk/Tkk ~ Prr/Trx ~ O(0.1)
= |AAYE] <25 x 1074
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1_ﬁpﬂ'ﬂ'

BDO—>+_N/\27;TTF2
(D > ) ~ I To 1 = 3222

o Difference of direct CP asymmetries

T

b sin %
As 7 Tkk

. A _
AAYE ~ 2 sin ¢k +

T

CP violation in the Standard Model and Beyond



Diagrams

Pk

(Similar for DO — 7t7~)
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Theory status

o Determination of Pxk/Tkk and Prr/Trn

* Symmetry arguments, employing the U-spin and SU(3)f relations
e.g. [Grossman, Schacht (2019)]

* Topological amplitude decomposition method
e.g. [Li, Lii, Yu, (2019); Cheng, Chiang (2019)]
* Effects of nearby scalar resonances f5(1500), f,(2020)
[Soni (2019); Soni, Schacht (2021)]
* Final-state interaction using data on 7w, KK re-scattering
[Bediaga, Frederico, Megahlaes (2022)]
[Pich, Solomonidi, Vale Silva (2023)]
* Light-cone sum rule (LCSR)
[Khodjamirian, Petrov (2017); Lenz, Piscopo, Rusov (2023)]
* Unitarity and isospin symmetry

[Sinha, Browder, Deshpande, Sahoo, Sinha (2025)]
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LCSR prediction

¢ Determination of Pkg, Prr from LCSR in [Khodjamirian, Petrov (2017)]
o Determination of Tkk, Trr from LCSR in [Lenz, Piscopo, Rusov (2023)]

= Predictions for branching fractions of D® — PP decays within LCSR
* Good agreement with data within uncertainties

<o

Combining the results [Lenz, Piscopo, Rusov (2023)]
|IAAIL [ osr < 2.4 x 1074

o Far below the LHCb value AAJL = (—15.7 £2.9) x 107*

o

Similar conclusion by investigating final-state interactions
[Pich, Solomonidi, Vale Silva (2023)]

<

New PhySiCS? e.g. [Chala, Lenz, Rusov, Scholtz (2019)]
[Dery, Nir (2019)]
[Sinha, Browder, Deshpande, Sahoo, Sinha (2025)]
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CPV in D°-meson mixing

[HFLAV (2025)]

20
CKM 2025 30

N
T

o Not yet measured [HFLAV (2025)]

Arg(q/p) [degrees]

(=}
T

L lq/p| = 0.9831551%

T

-4 ¢ Challenging from theory side

because of extreme GIM cancellation

-6

T

T

-8

T

e b e e e |

L l
-0.1 -0.05 0 0.05 0.1
la/pl-1
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Kaons
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CPV in kaon decays

§ § vt IKs) = plK®) + qIR?)
4 omeltd s S K = plK®) — q|R°)
<7T°7T°|7'l|Ks> =
(rtr MUK
o HRKs) T

o All three types of CPV have been observed in kaon decays
o Fit to experimental data [PDG (2025)]

le| = (2.228 +0.011) x 1073
Im(e) = (1.57 +0.02) x 1073
Re(¢'/e) = (1.66 4+ 0.23) x 1073
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Conclusion
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Conclusion

o CP violation is established in weak interactions

¢ Not sufficient for matter-antimatter asymmetry

= New mechanism is needed

¢ Much more data expected from LHCb, CMS, ATLAS, Belle Il, BES IlI...
= More precise measurement of CPV observables and CKM angles

¢ From theory side, one should keep scrutinising the SM predictions (higher
orders in perturbative series, power corrections, re-scattering effects, etc.)

¢ Investigation of clean observables, both theoretically and experimentally

= Indirect searches of New physics

Aleksey Rusov

CP violation in the Standard Model and Beyond



Thank you for your attention!
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