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where tanf=b/a. Since J,, as well as the baryons
and the pseudoscalar mesons, belongs to the oc-
tet representation of SU,, we have relations (in
which 8 enters as a parameter) between process-
es with AS=0 and processes with AS=1.

To determine 6, let us compare the rates for
K" —put+vand 7t = ut+u; we find

D(K* = pv)/D(n = p)

= tanZBZVIK(l - Muz/MKz)z/M"(l - Muz/an)z. (3)

From the experimental data, we then get®°

6=0.257. (4)
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EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*

J. H. Christenson, J. W, Cronin,I V. L. Fitch,:t and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

PRL13,138(1964)
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We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,~7"+77)/
(K,° = all charged modes) = (2.0+ 0.4)X 10~® where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°, The presence of a

two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP., Expressed as
K,°=2"Y3(K,-K,) +e(K,+K,)] then |e|%= RpTiTo
where 7, and 7, are the K,° and K,° mean lives
and R is the branching ratio including decay to

two 7°. Using R7 = 3R and the branching ratio
quoted above, €l =2,3x1073,




Theoretical foundations

Strong eigenstates: K= ds, F — ch,
CP eigenstates: - _ L KO 4 KO
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Mixing CPV

T(B(t) — [Ty X) — D(B°(t) — I-5.X)

T(BY(t) — "1 X) + D(B(t) — - 7X)




Violation of CPinvariance, C asymmetry, and baryon asymmetry of the universe

A.D. Sakharov

(Submitted 23 September 1966)
Pis’ma Zh. Eksp. Teor. Fiz. 5, 32-35 (1967) [JETP Lett. 5,24-27 (1967).
AlsoS7, pp. 85-88]

Usp. Fiz. Nauk 161, 61-64 (May 1991)

Literal translation: OQutof'S. Okubo’s effect
At high temperature
A fur coat is sewed for the Universe
Shaped for its crooked figure.

3 conditions required to generate a baryon asymmetry:
Period of departure from thermal equilibrium in the early
universe.
Baryon number violation.
C and CP violation.

_




1 0
Veckm =10 ¢, S,
0

—S853  Cog

C12C13 _ $12C13 .
= | —-s.¢c.—c.8.5.e° ¢.C.—8..8.5.€e9
1223 122313 ] 1223 122313

20 10
819893 — €15C535,3€ —C15853 — 815C935,3€

Prog. Theor. Phys.49, 652 (1973)

Cabibbo Sakharov
1963 1967

) O) @ )

K CPV KM
1967 1973



Theoretical foundations
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Theoretical foundations

As = ay D1+ | o oidatida

A; = a e~ i01Hi01 | g p—idatids

a2

Ay = —sin(¢2 — ¢1)sin(d2 — 1) + O(a%/a%).
Direct CPV ai




Theoretical foundations
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Direct CPV

CPV in interference between decays with and without mixing



Theoretical foundations 11

|Br,u) = p|B’) + q|B°)

d (|B°(t))\ _ |IBO(t))\ _ (My +il11, Mis+il |BO(t))
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CPV in interference between decays with and without mixing



Theoretical foundations
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CPV in interference between decays with and without mixing



Theoretical foundations
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CPV in interference between decays with and without mixing



Theoretical foundations

Asop(t) = Sysin(Amt) — Cy cos(Amt)
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ImAj/ypKg =sin2p

CPV in interference between decays with and without mixing



Theoretical foundations
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CPV in interference between decays with and without mixing



Theoretical foundations
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|. Adachi et al., PRL108, 171802 (2012), 1201.4643
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CPV in interference between decays with and without mixing
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Asop(t) = Sysin(Amt) — Cy cos(Amt)

Sakharov B- J/WK
1967 1981
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K CPV KM

1967 1973

l. Bigi, A. Sanda
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Babar, PRL.87.091801(2001)
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Entries/2MeV/c

505 53 5.05 53
M, (GeV/c?) M, (GeV/c?)

Sample 7 Ngoxr Agr
1999-2001 142 + 15 —0.240 *+ 0.102 - Y
Mode Signal Yield Acp Bkg A p
K+*7* 2140 =53 —0.101 = 0.025 = 0.005 —0.001 = 0.005
K¥7% 728*34 0.04 = 0.05 = 0.02 —0.02 = 0.01
7%  315%+29 —0.02=0.10 = 0.01 —0.01 = 0.01

2002 479 =27 —0.102 = 0.055
2003 241 £ 19 —0.109 = 0.079
2004 743 £33 —0.142 += 0.044

Babar, PRL93.131801(2004)
Belle, PRL93.191802(2004)

Cabibbo Sakharov B- J/WK B CPV(Large)
1963 1967 1981 2001
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K CPV KM Asymmetric Large Dir CPV

1967 1973 1987 2004
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Moriond 2019 Belle
CDF KK+mm

LHCb SL KK+
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See Wen-bin, Pei-Lian, and Xiaodong’s talks.



Challenges

sin(2f) = 0.699 +0.017
B =(2224+0.7)

Penguin

Golden Channel: B = J /YK

Tree Amplitudes:
V., V..~40%x1073
a,~0.1—-1

Penguin Amplitudes:
V.V s~0.8x1073
a4~0.04‘

23



Challenges 24

A~ [d%, d*k, d¥k, Tr [ C(t) Dy(k,) D,(k,)
D,(k3) H(ky,ky,ks,t) | exp{-S(t)}

AB— zr)xc ¢, ®T, ®F*" +¢, ®T, ®¢, ®,



Prospect:

A 1mmcomplete list of recent theoretical progress:

High Precision: New Observables:

v"QCD corrections v' Baryon CPV:

v'Power corrections vs Factorization

v Multi-body CPV:

v'Low energy Inputs
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Prospect:
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Increasing accuracy
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Prospect: Baryon CPV

> LHCOLIGEBERKS REFUE
A) - pr rtn &I 7300y CP
BRI

1 2
[Nature Rinys)2017]

BESIIL: A - pr

> FREBESIIELLES EtENIEZIBRIR Acp = (—0.6 + 1.4)%
F-HEFCPIIA G ™ fZHY_ PR [Nature Phys 2019]
> BRRNETFCPRUR, BxiolE 7 OO
B22AET 1% 2% Acp = (0.6 + 1.4)%
o [Nature 2022]
LHCb: Ay - pm

PLB 2018]



Prospect: Baryon CPV 29
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Prospect: Baryon CPV
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https://arxiv.org/abs/2211.07332

Summary

CPV 1n (Heavy) Quarks has played an important role in SM

Great Progresses have been made and we are entering a precision
era.

High Precision Prediction vs New Observables

Warning: Small CPV BSM vs SM Uncertainties

Thank you very much!
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Unitarity constraints: the triangles




