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Motivation and discrete symmetries

Motivation

CP violation allows for a distinction between
matter and anti-matter independent of
convention.

It is needed to have an abundance of normal
matter over anti-matter. (— Baryogenesis)

Based on Kooijman & Tuning (2015)



Motivation and discrete symmetries

Motivation

CP violation allows for a distinction between
matter and anti-matter independent of
convention.

It is needed to have an abundance of normal
matter over anti-matter. (— Baryogenesis)

Parity violation

P symmetry (P(Z,t) = ¢ (—Z,t)) has been
believed to hold until 1956: Wu-experiment.

— Decay of Co-60 to Ni-60 in magnetic field
shows different decay rates after changing field
polarization.

— Violation of parity.

Based on Kooijman & Tuning (2015)



C violation

Charge conjugation replaces particles with
anti-particles and vice versa.

Pion decay:
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— Violation of P and C symmetry.

Based on Kooijman & Tuning (2015)



C violation

Charge conjugation replaces particles with
anti-particles and vice versa.

Pion decay:
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— Violation of P and C symmetry.

CPT theorem

Liders & Pauli: “Every Lorentz invariant,
causal, local field theory with a Hamiltonian
that is bounded from below is CPT invariant.”

CPT invariance implies the existence of
antiparticles with the same mass for every mass
eigenstate.

C & P symmetries are violated but combined CP
symmetry could hold, which is equivalent to time
reversal (T) invariance.

Based on Kooijman & Tuning (2015)
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CP violation in the standard model

The kinetic term and charged-current interactions
£SM — £kin + EHiggs -+ LYukavva + Egauge

The kinetic term is

Lkin = iq/(’yﬂDM)\If
Dy =0, +igsGuA" + z'gWﬁab +1i9'B,Y
d ~
" U= Qr(3,2)1/6, (3, 1)2y3, di¥(3,1)1/3, Li(1,2)_1/2, (1, 1)

For example, the left-handed quarks are represented by

L o fug up up Uy Uy Uy Cy Cr Cp tg tr
@32, +1/6) = (dg d; db)¢ - (dg d; db) ’ (39 Sr 35) 7 (bg br bb)

Through the kinetic term, the fermions couple to the gauge bosons.

with

Based on Kooijman & Tuning (2015)



Example: charged-current interaction of left-handed quarks

Lin D —QQ%WMWEUbQ%
L
U

d)
= —guly" W, dy — gdiy' W, up

= —g(u d);y"Wyo"

with

Wt=wt-w?2 W= =w!+w?

— Interaction between quarks of the same generation.

Based on Kooijman & Tuning (2015)



The Higgs and Yukawa sector

LHiggs — (Du¢)T(Du¢) T M2¢T¢ — A(¢T¢)2

where after spontaneous symmetry breaking

v=7 (v +%<x>>

Based on Kooijman & Tuning (2015)



The Higgs and Yukawa sector

LHiggs — (DM¢)T(DM¢) T :U“2¢T¢ — A(¢T¢)2

where after spontaneous symmetry breaking

v=7 <v +Oh(x)>

The Yukawa terms are given by
_ LR
»CYukawa — Y;jqbqu \Pj + h.c.
— Y;j—\IJZ.L\IJR + h.c. 4+ interaction terms
v2

= M;f?u_,?u? + Mg-d_z.Ld? + h.c. + interaction terms

Based on Kooijman & Tuning (2015)



Now diagonalize the mass matrices to obtain proper masses:
U _ U uy sut
Mgipe = Vi MV
d _ yydpgdyydf
Mioe = Vi, M7V

Based on Kooijman & Tuning (2015)



Now diagonalize the mass matrices to obtain proper masses:
U _ U uy sut
Mgipe = Vi MV
d _ yydpgdyydf
Mdiag = Vi MV,

so that
Lvakawa O uLMZZuﬁ - dLMZ‘;cﬁ{
= uPV VMV TV + AV Ve M v v alt
— ( mass) (Mdlag)’&]< Ifrilass) (d%nass) (Mdlag)ZJ (diass)
where

(fu’%nass)i — (VL )Z]u}7 (quilaSS)i — (V];{L)Z]u?
(d?nass% — (VL )wd?a (dr%ass) — (Vfg)wd}f

Based on Kooijman & Tuning (2015)



Charged-current sector revisited and the CKM matrix
Now express cc terms through mass eigenstates:
Liin D —gﬁv“W‘dL — gd_%v“W+ ;
= —g (b i VEVEN Y Wy ()i = 9(d5as)i VI Wi (s )i

Based on Kooijman & Tuning (2015)



Charged-current sector revisited and the CKM matrix

Now express cc terms through mass eigenstates:
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Charged-current sector revisited and the CKM matrix

Now express cc terms through mass eigenstates:
Liin D —g@y“W‘dL — gﬁ MW L
— g( mass) (VLquT)Z]fy/J‘W (d}nass) (dlrﬁass) (VLdVUT>Z.]/yMW_|_( mass)
This defines the CKM matrix:
Ve = Vv

By convention, up-type quarks don’t change in the mass basis but down-type are rotated:

d V:ud Vus ‘/ub dmass
S — ‘/cd chd ‘/;b Smass
b V;fd V;fs V;tb tmass

Based on Kooijman & Tuning (2015)



CP violation in the hadron sector

Reminder: the charged-current interaction term is

ﬁkin 2 _g< mass)VCKM’Y'uW (d%nass) <dmass>VCKM’yluW—l_( mass>

Based on Kooijman & Tuning (2015)



CP violation in the hadron sector

Reminder: the charged-current interaction term is

Ekiﬂ 2 _g< mass)VCKM’yNW (d%nass) <dmass>VCKM’yluW—l_( mass>

After a CP transformation this becomes

Lyin D _g(dlrﬁass>VCKM7MW+( mass)_g( mass)vCKM’YMW <dII;IaSS>
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CP violation in the hadron sector

Reminder: the charged-current interaction term is

ﬁklﬂ 2 g( mass)VCKM’yNW (d%nass>_ <dmass>VCKM’yluW—l_( mass>

After a CP transformation this becomes

Lyin D _g(dlrﬁass>VCKM7MW+( mass)_g( mass)vCKM’YMW (dII;laSS>

CP violation is strongly related to a complex phase of the CKM matrix:

Vexkm # Vg € CP violation

Based on Kooijman & Tuning (2015)



Parameterization of the CKM matrix

Number of free parameters

The CKM matrix is a unitary nxn matrix

= n? real components

Based on Kooijman & Tuning (2015)
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Parameterization of the CKM matrix

Number of free parameters

The CKM matrix is a unitary nxn matrix

= n? real components
2n phases can be absorbed into quark states but overall phase is irrelevant
= 2n — 1 components removable

In total there are

(n — 1)? free parameters

Based on Kooijman & Tuning (2015)



Parameterization

CKM matrix can be written in terms of three mixing angles and a complex, CP-violating phase:

C19 s1o 0 C13 0 8136—i513 1 0 0
Vekm = | —S12 ¢12 0 0 1 0 0 co3  So3
0 0 1 —81362513 0 C13 0 Co3 —S593

where .
cij = cos b, sij = sinb;;



Parameterization

CKM matrix can be written in terms of three mixing angles and a complex, CP-violating phase:

C19 s1o 0 C13 0 8136—i513 1 0 0
Vekm = | —S12 ¢12 0 0 1 0 0 co3  So3
0 0 1 —81362513 0 C13 0 Co3 —S593

where .
cij = cos b, sij = sinb;;

The absolute values of the components are experimentally given by

0.97446 £ 0.00010  0.22452 4 0.00044  0.00365 = 0.00012
[Verum| = | 0.22438 4 0.00044  0.973591000019 (0.04214 4 0.00076

0.00896 00005 0.04133 £ 0.00074  0.999105 = 0.000032

A. Ceccucci, Z. Ligeti and Y. Sakai (2018)



Experimental Status



CP Violation in Kaon Systems

K® and K° are flavor eigenstates

CP eigenstates:

|K1>§F<|K°>+|K°>> CP = +1
| Ko) = ﬁ'“ — |K") CP=-1 KO

Question: Do K, and K, correspond

to mass eigenstates K, and K ?

1%
us,cs,ts

Vud,cd,td

? u7c7t E
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S
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Ve
us,cs,ts



Search strategy:

CP Violation in Kaon Systems

Kq & K| have very distinct lifetimes:

r(Kg) =0.9x 107%s, 7(K ) = 0.5 x 107 s

Neutral kaon decays mainly hadronically into pions:

—*
KL \ /,"
K,— mm, K,—ran as CP(x) = -1 /

I KL can be identified with the CP eigenstate K2 then Kﬁ»m KL—’JUT 6=0




The Cronin & Fitch Experiment
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The Cronin & Fitch Experiment

PLAN VIEW
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- DATA

----- MONTE - CARLO CALCULATION

f
VECTOR Te «0.5

(l)) cos @

- 1 i
0,998 0.999 1

49+9 K — n events in 22700 decays

BR(KL—> a*x) = 2.0£0.4 x 103
First observation of CP Violation in

weak interaction
PhysRevlLett.13.

138




CP Violation in Kaon Systems P — K"K’ and p — K'x K’

1 | indirect CPV E "" CPLEAR
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CP Violation in Kaon Systems

| K

L)

1

|
= ([K2) + €[ K1)

V 1+ el?

l direct CPV: &’ = I'(K,— 7x) | I'(K,— 7mr)
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CP Violation in B Mesons

B'— Jiy K, CP ) B'— Jip K,

Nep=-1
b P Vcb < . b " Vcb 5 c
Py J 1y i~ J Iy
~ g _ ~ —
BO Vcs 3 B . Vcs (s:
. — —
> - »- K™ = K, < d < K 5 N
Via Vio
- . 4 »- 4 >
d : t ocu : b —y Mixing Phase:
BO _ | , ) BO | g 2 -
b | t cu | d el(ﬁd = e/ B
< * < ‘ <
Veo Vid J. Albrecht




CP Violation in B Mesons

B'— Jip K, ::CP > B’— Jy K,

IF(B® = Jlw KX Z£ I'(B° > J/ly K,)(t)

Require knowledge about the production flavor of the B meson

J. Albrecht




CP Violation in B Mesons

3 steps to measure CP asymmetry in mixing & decay:

u 1. B Meson
______ - | Reconstruction
! s
e e
Az~ ™ -
T~ : K 3. B-Flavor
T Tagging
1:CP 1:’[ag
2. Measurement
of At =Az/<py>
Tagging efficiency Mistag probability Dilution
# tagged candidates # tagged wron
g = 99eC =2 g D=(1-2w)
# all candidates # tagged




CP Violation
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In B Mesons

Acp(t)

N(B () = f) — N(B(t) = f)

N(BO(t) = f) + N(B°(t) = f)

= (1-2w) sin(2p) sin(Am t) with €D*=30%

PRELIMINARY

BaBar H
PRD 79 (2009):072009
BaBar y_, K:
PRD 80 (2009):112001

]

sin(2B) = sin(2¢,) FZ2A

0.69 £0.03 +£0.01

0.69 £ 0.52 +0.04 = 0.07

pu—
BaBar J/y (hadronic) Kg : 1,56+0.42+0.21
PRD 69 (2004):052001 i :
Belle i : g 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 | :
ALEPH : H M 0.84 153 40.16
PLB 492, 259 (2000) : N
OPAL H H i 3.20 *180 4+ 0.50,
EPJ C5, 379 (1998) : N
CDF : : : 0.79 94
PRD 61, 072005 (2000) | o
LHCb : ; L 0.76 +0.03
JHEP 11 (2017) 170 H :
Belle5S : : : 0.57+0.58 + 0.06
PRL 108 (2012) 171801 |
Average : : 0.70+0.02
HFLA H
2 -1 0 1 2 3

arXiv:hep-ex/0610007



CP Violation in Charm Decays

Two production mechanisms of D° K-
K-
0 K*
D - o+
P o =
PV 2

Ilg

Deduce flavor of D° at production by charge of the muon or soft pion

A. Carbone



CP Violation in Charm Decays

Araw(f)zACP(f) + m + AP(D*+

CP asymmetry charge-dependent D™* production
asymmetry in asymmetry
reconstruction

_ o« _ N(D°-> h*h’) - N(D°— h*h")
with A, (") = R(O"= i) + N(D'= hh)

Take raw asymmetry difference of D°— K*K~and D°— z*x"
to cancel detection asymmetry:

DA, =A_ (KK)-A _ (21) = A p(KK) - A (1)

To [ l‘ T T ]
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E oosf- - =D Er 3
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T
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Normalized candidates

50 100 150 200
p(D") [GeV/c]

detection & production asymmetries
dependent on kinematics
— apply weighting procedure

A. Carbone



1500

gl()()o
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Fiducial Selection: In parts of phase space soft pion leaves the detector _s,
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http://arxiv.org/abs/arXiv:1903.08726
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CP Violation in Charm Decays
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Simultaneous fit to D® and D° samples combined with Run1 results gives:
AA_, = (-15.4 £ 2.9) x 10* corresponding to 5.3 ¢

arXiv:1903.08726


http://arxiv.org/abs/arXiv:1903.08726

The 3 Types of CP Violation

u

1. Direct CPV (in decay): -
q

. Af_ c > - q q
with A=<fl[H|D%>: |—-L| #1 i i 2
Af 4 .
2. Indirect CPV (in mixing): Interference between tree & penguin amplitudes
— Vu*s,cs,ts Vud,cd,td
with |P1> =p |P0> +q |P0> q s u,c,t d
S CPVif [—| # 1 O »
& |P,>=p[P®>-q [P p o ERGEEEREE
d u,c,t S
3. CPV in combination of decay and mixing: Vidieatd  Vis.csts

A
oy q fy.
with A = Nfcp (1—) (Af). Jnp K,

CPV if |A|=1 and Im(4)#0

[(B° - J/y K )(t) ['(B° - J/y K,)(t)



Unitarity Triangle(s)

CKM matrix: unitary transformation
between weak and mass basis

vyl =1

= weak universality

Z|Vik|2:1
K

= 6 unitarity triangles Zv;k =0
k
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Unitarity Triangle(s)
sin(28): BY — J/U K, (BaBar, Belle, LHCb)
EK - kaon mixing (KLOE)

Vwpl: B — Xy vl (BaBar, Belle, CLEO)

Ay decays (LHCb) e T T
N 00200 \-E

Am: BYmixing (BaBar) os N \ 3
3 . et s,

BY mixing (LHCb os 5 B\
s mixing (LHCDb) = “E =% V. v A
23 * 78 = I/ 17k N

VidVio| [« s VeV :

02 i (o5

Ved D :

0.1 ’ v

o : B \:

0.0 UL U [ . | 1 O POl B A R ~

04 -02 0.0 0.2 0.4 0.6 0.8 1.




Other Sources of CP Violation



Lepton Sector

neutrino mass eigenstates mismatch weak eigenstates

= analogue to CKM matrix: PMNS matrix

0.797 — 0.842 0.518 — 0.585 0.143 — 0.156
O mieaty o ) oPA i) A 0.473 — 0.674 0.651 — 0.772
0.295 — 0.525 0.493 — 0.688 0.618 — 0.744

NuFIT 4.1: JHEP 01 (2019) 106

CP violating phase still 2o consistent with CP conservation: 6o p = 144° — 357°

determined at accelerator experiments


http://dx.doi.org/10.1007/JHEP01(2019)106

T2K (Tokai to Kamioka) Experiment

Super Kamiokande Near Detector
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Muon Monitor ~<— muons

—~— neutrinos

T. Koga



T2K (Tokai to Kamioka) Experiment

sin*20,,= 1.0
AmZ, =2.4x 107 eV?

lllll]ll

Super Kamiokande Near Detector
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T. Koga



Super-Kamiokande Detector

50 kiloton water Cherenkov detector, 11000 PMTs B
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Super-Kamiokande Detector

50 kiloton water Cherenkov detector, 11000 PMTs
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T2HK(K) Experiment

50 kilotons — 260 kilotons (x2)
11000 PMTs — 40000 PMTs (x2)

construction supposed to start 2020 o

60% of dop space could be discovered at 50
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CP Violation in QCD

QCD Lagrangian can contain CP violating relative phase 6 o
measurement of neutron electric dipole moment: § < 10~ Wi(\ﬁ e
= fine tuning problem n | D

suggested solutions: e CP broken spontaneously, not explicitly
e massless up-quark

e Peccei-Quinn theory:
global approximate U(1) symmetry broken at scale f 4
= axions as pseudo-Nambu-Goldstone bosons



CP Violation in QCD

-

Neutron Electric
Dipole Moment

hVL = 2/LNB + QdNE

best limit: |dy| < 2.9 x 10~ %ecm

next gen: |dy| ~ 10*%ecm
(e.g. CryoEDM)

\

-

Axion / ALPs Search

detectable via Primakoff effect
(“light shining through a wall”)

|AXO, ALPS Il, MADMAYX,; ...




Summary

e CP violation well measured in meson weak interactions:
o decay
o mixing
o decay + mixing

e Lepton sector has CP violating phase, hint at 6op # 0

e QCD should have CP violating phase, but none observed



Backup



CKM Matrix

Via|  [Vas|  |Vis| (0.97427 £ 0.00015 0.22534 + 0.00065  0.00351 100001
Vea|  |Ves|  |Va| | = [ 0.22520 +£0.00065 0.97344 £ 0.00016  0.04127)000s
Vial  [Vis| [V | 0.008670:00028 0.040413.9011  0.999146*0-000021
1—A?%/2 A AN (p —in) |
- 1—A%/2 AN? + 0\
AN (1 —p—in) —AN? 1 |

0.0009 0.021 0.031 0.015
A=02057 e A=OBA 55 5, B=0.185, ¢ 5o and = 0348 o=



TH2K vs ESSnuSB

Appearance Probability (Neutrino)
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Peccei-Quinn Theory

without Peccei-Quinn:
‘CQCD D) @ GaGa

with Peccei-Quinn:

CDA — OZS ~
L 0| —=G*G*
QeD 2 (fA ) 8



The Cronin & Fitch Experiment

(a)
— DATA: 5211 EVENTS

o ~--- MONTE-CARLO CALCULATION
VECTOR = .05 3

1

i L
(a,) 300 350 400 450 500 550 600

600

500

400

300

200

100

MeV

0.9996 0.9997 0.9998 0.9999 1.0000

(e)

484<m* < 494 1
™My

30

120

494 < m¥*< 504 o
0

504<m*< 514 t10
Nl

NUMBER OF EVENTS



