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Standard Model does not explain how the Universe was formed…

Just after the Big Bang:

ü symmetric Universe (matter and 
antimatter) 

Ø equal number of particles 
and antiparticles

Now:

ü asymmetric Universe (matter 
only!)

Ø dust, planets, stars, 
galaxies, WSU, … 

Where did all the antimatter go?
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From a copy gifted to E.L. Feynberg (1967) 
(effect Okubo: CP-violation in 𝜮 decays)

From the effect of S. Okubo,
At high temperature,
A fur coat is sewn for the Universe,
That fits her crooked figure.

★	Sakharov’s	condi8ons	for	ma=er-an8ma=er	asymmetry	of	the	Universe

Probably not that crooked:
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!  Baryon (and lepton) number - violating processes  
                 to generate asymmetry 
 
 
 
 
 

!  Universe that evolves out of thermal equilibrium 
                to keep asymmetry from being washed out 
!  �Microscopic CP-violation� 
                to keep asymmetry from being compensated in the �anti-world� 

★	Sakharov’s	condi8ons	for	ma=er-an8ma=er	asymmetry	of	the	Universe

This CAN be tested experimentally 
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★	The	meaning	of	discrete	symmetries	in	classical	mechanics

• Parity	[P]	transforma8on:		 							⃗r → − ⃗r

• Time-reversal	[T]	transforma8on:		t → − t

Refection through a mirror, followed by a rotation 
of  around an axis defined by the mirror plane.π

x
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z z
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-y -y

Flips the arrow of time

• Charge-conjuga8on	[C]	transforma8on Changes particles into antiparticles (*)
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★	The	meaning	of	discrete	symmetries	in	classical	mechanics

Parity	[P]	transforma8on:																						||	Time-reversal	[T]	transforma8on:~r ! �~r
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dt
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odd under P

~p = m~v
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~F =
d~p

dt
<latexit sha1_base64="R7i5ISLgEja6GHQTjCss94JVFCY=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokVHwuhKIjLCvYBTSiTyaQdOpmEmUmhhGzc+CtuXCji1n9w5984SYuo9cCFwzn3cu89XsyoVJb1aczNLywuLZdWyqtr6xub5tZ2S0aJwKSJIxaJjockYZSTpqKKkU4sCAo9Rtre8Cr32yMiJI34nRrHxA1Rn9OAYqS01DP3nBHB8BpeQCcQCKc+LIQ4S32V9cyKVbUKwFliT0kFTNHomR+OH+EkJFxhhqTs2las3BQJRTEjWdlJJIkRHqI+6WrKUUikmxZfZPBAKz4MIqGLK1ioPydSFEo5Dj3dGSI1kH+9XPzP6yYqOHNTyuNEEY4ni4KEQRXBPBLoU0GwYmNNEBZU3wrxAOk0lA6uXIRwnuPk++VZ0jqq2rVq7fa4Ur+cxlECu2AfHAIbnII6uAEN0AQY3INH8AxejAfjyXg13iatc8Z0Zgf8gvH+BS76l+U=</latexit>

t ! �t
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odd under P

odd under P

odd under T

 and  are odd under P: 
 and 

⃗F ⃗v
⃗E → − ⃗E ⃗B → ⃗B

odd under T

even under T

~FLorentz = q
⇣
~E + ~v ⇥ ~B

⌘
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• Lorentz	force	allows	us	to	see	how	electric	and	magne8c	fields	react	upon	
applica8on	of	P	and	T

 is even and and  is odd under T: 
 and 

⃗F ⃗v
⃗E → ⃗E ⃗B → − ⃗B

~L = ~r ⇥ ~p
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even under P odd under T (so is spin)

Q: how is this supposed to work for quantum mechanics with  ?[ri, pk] = iδik
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Discrete	symmetries	are	conserved	in	classical	E&M.	Need	quantum	mechanics?

★	The	meaning	of	discrete	symmetries	in	classical	electrodynamics

Under P:     
                  
                  
                 

⃗E ( ⃗r, t) → − ⃗E (− ⃗r, t)
⃗B ( ⃗r, t) → ⃗B (− ⃗r, t)

∇ → − ∇
⃗j( ⃗r, t) → − ⃗j(− ⃗r, t)

• We	can	now	see	how	equa8ons	of	mo8on	change	under	P	and	T

Under T:     
                  
                  
                 

⃗E ( ⃗r, t) → ⃗E ( ⃗r, − t)
⃗B ( ⃗r, t) → − ⃗B ( ⃗r, − t)

∂/∂t → − ∂/∂t
⃗j( ⃗r, t) → − ⃗j( ⃗r, − t)

• Technically,	there	is	no	C-parity	in	classical	physics	(no	an8par8cles)…

Under C:   ,         
                ,    

ρ( ⃗r, t) → − ρ( ⃗r, t) ⃗j( ⃗r, t) → − ⃗j( ⃗r, t)
⃗E ( ⃗r, t) → − ⃗E ( ⃗r, t) ⃗B ( ⃗r, t) → − ⃗B ( ⃗r, t)

(fields changed signs since  
their sources changed signs)

Q: What about ? ⃗E ⋅ ⃗B
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★	LHC:

★	Belle	II/LHCb:

Can	see	effects	of	CP-viola8on	at	any	scale!	Where	does	it	originate?
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:	need	larger	
machines	to	probe	smaller	scales!
Δp ⋅ Δx ≥ ℏ

:	need	more	
sta8s8cs	to	probe	smaller	scales!
ΔE ⋅ Δt ≥ ℏ

★	LHC:

★	Belle	II/LHCb:

Can	see	effects	of	CP-viola8on	at	any	scale!	Where	does	it	originate?
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Nature is Nature has
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The Standard Model of particle physics is a remarkably 
simple and powerful construct
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simple and powerful construct
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+

The Standard Model of particle physics is a remarkably 
simple and powerful construct



Alexey A Petrov (WSU) KEK Physics Week, Oct. 2019

Standard	Model

29

+ Standard 
Model=

The Standard Model of particle physics is a remarkably 
simple and powerful construct
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LSM =
⇤

⇥

⇤�µ
�
i⌅µ �

g1

2
YW Bµ �

g2

2
⌦⇥L

⌦Wµ

⇥
⇤ + LB, kin + LW, kin + LHiggs

+ Standard 
Model

★ Part of this equation is related to matter interaction with Higgs: flavor sector

=

The Standard Model of particle physics is a remarkably 
simple and powerful construct

★ Part of this equation is related to particle masses: Higgs sector 
★ Symmetries require all particles to be massless!
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m�

mµ
� 17 ,

mµ

me
� 207 .

md

mu
⇥ 2 ,

ms

md
⇥ 21 ,

mt

mc
⇥ 267 ,

mc

mu
⇥ 431 ,

mt

mu
⇥ 1.2� 105 .

★ Ratios of masses of quarks and leptons  
- quarks 

- leptons 

E. Lunghi

Flavor Problem:   
★ Why generations? Why only 3? Are 

there only 3? 
★ Why hierarchies of masses and mixings? 
★ Can there be transitions between 

quarks/leptons of the same charge but 
different generations? 

Do	studies	of	CP-viola8on	lead	to	be=er	understanding	of	flavor?	Or	vice-versa?
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Why is MJupiter >> MMercury?
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★	Let	us	consider	a	(conven8on-dependent)	example
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P: parity (inversion of space)

C: charge conjugation

T: time reversal

★	Let	us	consider	a	(conven8on-dependent)	example



Alexey A Petrov (WSU) KEK Physics Week, Oct. 2019

Introduc8on:	what	is	CP(T)	quantum-mechanically?

26

P: parity (inversion of space)

C: charge conjugation

T: time reversal

★	Let	us	consider	a	(conven8on-dependent)	example



Alexey A Petrov (WSU) KEK Physics Week, Oct. 2019

Introduc8on:	what	is	CP(T)	quantum-mechanically?

26

P: parity (inversion of space)

C: charge conjugation

T: time reversal

★	Let	us	consider	a	(conven8on-dependent)	example
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★	Helicity	is	a	projec8on	of	a	par8cle’s	spin	along	the	direc8on	of	
its	momentum	

• important	(frame-dependent)	concept	in	weak	par8cle	physics

h =
~s · ~p
|~s||~p|

<latexit sha1_base64="K8ripuDji4IAArPUHHmGTYcT/bE=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARXJUZFS8LoejGZQV7gc5QMplMG5q5kGQKZTrP4cZXceNCEXfixrcxc0HU+kPgy3/OITm/EzEqpGF8apWFxaXllepqbW19Y3NL397piDDmmLRxyELec5AgjAakLalkpBdxgnyHka4zvs7q3QnhgobBnZxGxPbRMKAexUgqa6CbI3gJLY8jnFgTgqGAFnZDCfNLlCazwp3BAqJZOtDrRsPIBefBLKEOSrUG+rvlhjj2SSAxQ0L0TSOSdoK4pJiRtGbFgkQIj9GQ9BUGyCfCTvLVUnigHBd6IVcnkDB3f04kyBdi6juq00dyJP7WMvO/Wj+W3rmd0CCKJQlw8ZAXMyhDmOUEXcoJlmyqAGFO1V8hHiGVk1Rp1vIQLjKdfq88D52jhnncOL49qTevyjiqYA/sg0NggjPQBDegBdoAg3vwCJ7Bi/agPWmv2lvRWtHKmV3wS9rHF1cpoJ0=</latexit>

• for	massless	par8cles	helicity	is	equivalent	to	chirality

• under	C,	P,	and	T	it	transforms	as	

pseudoscalar

  under P 
     under C 
     under T

h → − h
h → h
h → h
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ü   Strong and electromagnetic interactions conserve C, P and T

ü   All interactions (local QFT) conserve combination CPT

ü   Weak interactions violate P and C… 
 what about CP?

Branco, Lavoura, Silva
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★	The	meaning	of	discrete	symmetries	in	Quantum	Field	Theory

• C	and	P	are	unitary	operators:	 	and	 		
-	…	and	if	they	are	good	symmetries,	they	commute	with	the	Hamiltonian,

C† = C−1 P† = P−1

• …	but	T	is	an8-unitary:	

-	note,	however	that	weak	interac8ons	break	both,	so	 	,[C, ℋW] ≠ 0 [P, ℋW] ≠ 0

[C,H] = 0
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[P,H] = 0
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-	for	the	sca=ering	matrix	 ,S = 1 + iT

CSC† = S
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PSP † = S
<latexit sha1_base64="0ldpMgSiLSi+emsrt7zjm7EwA38=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRIVHwuh6MZlpPYBbVomk0k6dDIJMxOlhP6HGxeKuPVf3Pk3TtIgaj1w4XDOvdx7jxszKpVpfhqlhcWl5ZXyamVtfWNzq7q905ZRIjBp4YhFousiSRjlpKWoYqQbC4JCl5GOO77O/M49EZJG/E5NYuKEKODUpxgpLQ3spj3oeygIiICXzWG1ZtbNHHCeWAWpgQL2sPrR9yKchIQrzJCUPcuMlZMioShmZFrpJ5LECI9RQHqachQS6aT51VN4oBUP+pHQxRXM1Z8TKQqlnISu7gyRGsm/Xib+5/US5Z87KeVxogjHs0V+wqCKYBYB9KggWLGJJggLqm+FeIQEwkoHVclDuMhw+v3yPGkf1a3j+vHtSa1xVcRRBntgHxwCC5yBBrgBNmgBDAR4BM/gxXgwnoxX423WWjKKmV3wC8b7F4dbkgQ=</latexit>

and

and

i
@ 

@t
= �

~r2

2m
 

<latexit sha1_base64="M2kMtgikL0f1ngbR+f/TtjdJH8M="></latexit>

T-odd T-even

only possible if T also switched 
       , and !i → − i ψ → ψ*

-	recall	that	an	an8-unitary	operator	A=UK,	where	 	
and	

U† = U−1

K[α |ψ1⟩ + β |ψ2⟩] = α* |ψ†
1 ⟩ + β* |ψ†

2 ⟩

-	it	interchanges	in-	and	out-	states	in	the	S-matrix:		TST−1 = S†



Alexey A Petrov (WSU) KEK Physics Week, Oct. 2019

C,P,	&T	in	Quantum	Field	Theory

22

★	The	meaning	of	discrete	symmetries	in	Quantum	Field	Theory
• Quantum	fields	in	QFT	are	Hermi8an	operators	

-	wri=en	as	linear	combina8ons	of	crea8on/annihila8on	operators

Branco, Lavoura, Silva

• We	can	summarize	ac8ons	of	discrete	symmetries	on	fermonic	currents:	

[CP ]�(~r, t)[CP ]† = exp(i↵)�†(�~r, t)
<latexit sha1_base64="HD9+hYHTt/9DLytTxjuKw3KfKK8="></latexit>

[CP ] (~r, t)[CP ]† = exp(i�)�0CAT †T (�~r, t)
<latexit sha1_base64="2cvJsN4g5Ivwxafr0sOtydWBicE="></latexit>

[CP ] (~r, t)[CP ]† = �exp(�i�) T (�~r, t)C�1�0
<latexit sha1_base64="7rBp44Dfle1uyCalJ0cpzHSajaI="></latexit>

A�µ = �†
µA

<latexit sha1_base64="RGgPPL8jyYBMRQoAYUr6x+G8uTI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQqPhZCqxuXFewDmhpuJtN06EwSZiZCKd278VfcuFDErT/gzr8xbYOveuDCmXPuZe49XsyZ0pb1YeTm5hcWl/LLhZXVtfUNc3OroaJEElonEY9kywNFOQtpXTPNaSuWFITHadPrX4z95i2VikXhtR7EtCMgCFmXEdCp5JrFqhOAEOA6IsFn+Ptx4/gQBFTiqmuWrLI1AZ4ldkZKKEPNNd8dPyKJoKEmHJRq21asO0OQmhFORwUnUTQG0oeAtlMagqCqM5zcMsK7qeLjbiTTCjWeqD8nhiCUGggv7RSge+qvNxb/89qJ7p50hiyME01DMv2om3CsIzwOBvtMUqL5ICVAJEt3xaQHEohO4ytMQjgd4+jr5FnS2C/bB+WDq8NS5TyLI492UBHtIRsdowq6RDVURwTdoQf0hJ6Ne+PReDFep605I5vZRr9gvH0C3buacQ==</latexit>

�µC = �C�T
µ

<latexit sha1_base64="RNxDEpJ8AObC3RkO40/xDnw1+IA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBjWVqxcdCKHbjskJf0Kklk6ZtaJIZkoxQhi7d+CtuXCji1k9w59+YmQ6+6oF7OZxzL8k9XsCo0o7zYWXm5hcWl7LLuZXVtfUNe3OrofxQYlLHPvNly0OKMCpIXVPNSCuQBHGPkaY3qsR+85ZIRX1R0+OAdDgaCNqnGGkjde1dd4A4R12Xh7ACL+Ch6d/STa1r552CkwDOkmJK8iBFtWu/uz0fh5wIjRlSql10At2JkNQUMzLJuaEiAcIjNCBtQwXiRHWi5JAJ3DdKD/Z9aUpomKg/NyLElRpzz0xypIfqrxeL/3ntUPfPOhEVQaiJwNOH+iGD2odxKrBHJcGajQ1BWFLzV4iHSCKsTXa5JITzGCdfJ8+SxlGhWCqUro/z5cs0jizYAXvgABTBKSiDK1AFdYDBHXgAT+DZurcerRfrdTqasdKdbfAL1tsnMjmYUg==</latexit>
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★	In	any	quantum	field	theory	CP-symmetry	can	be	broken

• recall	terms	like	 	for	E&M;	can	write	a	similar	one	for	QCD!⃗E ⋅ ⃗B

L = LQCD +
✓g2

32⇡2
Gµ⌫

a
eGaµ⌫

<latexit sha1_base64="45XvAVE5LTeXkEEwG39OXJANeDI="></latexit>

• …	but	this	is	a	problem,	as	a	combina8on

✓̄ = ✓ +Arg [detM ]
<latexit sha1_base64="Qo8YbtCvujiCVWv9Ibs5W28jVO8=">AAACFXicbZDJSgNBEIZ7XGPcoh69NAZBUMLEiMtBiHrxIkQwC2SG0NOpmWnSs9BdI4SQl/Diq3jxoIhXwZtv42RR1PhDw8dfVVTX78RSaDTND2NqemZ2bj6zkF1cWl5Zza2t13SUKA5VHslINRymQYoQqihQQiNWwAJHQt3pXAzq9VtQWkThDXZjsAPmhcIVnGFqtXJ7lsMUtdAHZPT0C3bpmfIsCS4224D0ylLC89Fu5fJmwRyKTkJxDHkyVqWVe7faEU8CCJFLpnWzaMZo95hCwSX0s1aiIWa8wzxophiyALTdG17Vp9up06ZupNIXIh26Pyd6LNC6GzhpZ8DQ139rA/O/WjNB99juiTBOEEI+WuQmkmJEBxHRtlDAUXZTYFyJ9K+U+0wxjmmQ2WEIJwMdfp88CbX9QrFUKF0f5Mvn4zgyZJNskR1SJEekTC5JhVQJJ3fkgTyRZ+PeeDRejNdR65Qxntkgv2S8fQK5P54U</latexit>

with �LM = qRiMikqLk + h.c.
<latexit sha1_base64="3HeRY/FLFUmRDxluisH770fI/MU="></latexit>

• …is	observable	as	an	electric	dipole	moment	of	a	neutron:

dn ' emq ✓̄/M
2
n ⇡ 10�16✓̄ ecm

<latexit sha1_base64="/QJmDAbHN5HKsCCEPJvff9oBt/4="></latexit>

★	A	variety	of	proposed	solu8ons	exist	(axions,	anthropic,	etc)	
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I. Intrinsic particle properties 
ü electric dipole moments:       

Low	energy	strong	interac8on	effects	might	complicate	predic8ons,	but	 !θ̄ < 1016

dn ' emq ✓̄/M
2
n ⇡ 10�16✓̄ ecm

<latexit sha1_base64="/QJmDAbHN5HKsCCEPJvff9oBt/4="></latexit>

We	will	not	be	discussing	it	here.
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★	In	any	quantum	field	theory	CP-symmetry	can	be	broken
1. Explicitly through dimension-4 (or higher) operators (“hard”) 

Example: Standard Model (CKM): 

2. Explicitly through dimension <4 operators (“soft”) 

Example: SUSY, 2HDM, ... 

3. Spontaneously (CP is a symmetry of the Lagrangian, but not 
of the ground state) 

Example: multi-Higgs models, left-right models 

★	These	mechanisms	can	be	probed	in	quark	transi8ons

h�i =
✓

k 0
0 k0ei⌘

◆

<latexit sha1_base64="07pqp9woad+wUCaVjZ+Uh34ckUI="></latexit>
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★	One	can	show	that	SM	(or	other	1HDMs)	cannot	spontaneously	break	CP	

• In	order	to	spontaneously	break	CP,	a	scalar	doublet	(Higgs)	must	
have	a	VEV,	which	is	independent	of	 	and	t⃗r

• One	can	perform	an	SU(2)	rota8on	to	bring	the	doublet	to	be		

h0|�|0i =
✓

0
vei✓

◆

<latexit sha1_base64="kc3clKDS3O4FzQsgenvmXIMIJ4E="></latexit>

• Recall	that	under	CP	transforma8on		

[CP ]�(~r, t)[CP ]† = exp(i↵)�†(�~r, t)
<latexit sha1_base64="HD9+hYHTt/9DLytTxjuKw3KfKK8="></latexit>

• Choosing	 	we	can	always	make	it	invariant	under	CP-transforma8on!α = 2θ

★	Thus	we	need	mul8-Higgs	doublet	models	to	realize	spontaneous	CP	breaking
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★	CP-viola8on	has	been	firmly	established	with	the	down-type	quarks

★	What	about	up-type	quark	system?	Hope:	signs	of	New	Physics?
★	Down-type	quark	system:	consistent	with	SM!
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★	CP	viola8on	in	the	Standard	Model	is	related	to	mass	genera8on

• masses	are	generated	through	Yukawa	terms	(quarks)	

with Qf
Li =

✓
Uf
Li

Df
Li

◆

<latexit sha1_base64="SLACtyfeI6z0Qx1q17wHoByp1p0="></latexit>

• aker	spontaneous	symmetry	breaking	 H =
1p
2

✓
0

v +H
0

◆

<latexit sha1_base64="27+PowBbQswkOu73zHT19S4XsTg="></latexit>

�LM = (Md)ij D
f
LiD

f
Rj + (Mu)ij U

f
LiU

f
Rj + h.c.

<latexit sha1_base64="3VnAk5JGVuM86bylsAo9U9dxW4M="></latexit>

with (Mq)ij =
vp
2
(Y q)ij

<latexit sha1_base64="5NoHfkcWBTSJZ8yw0UNsI7JJa5o="></latexit>

• …	but	mass	matrices	above	are	NOT	diagonal!	For	for	both	q	=	{u,d}:

VqLMqV
†
qR = Mdiag

q
<latexit sha1_base64="CirJ7yCpPgD/ii+/zOOnQsxVNas="></latexit>

with

What	is	the	physical	effect	of	this	diagonaliza8on?

qLi = (VqL)ij q
f
Lj

<latexit sha1_base64="bUe0/a4yqnc6KFJNrRuWPZbpohA="></latexit>

qRi = (VqR)ij q
f
Rj

<latexit sha1_base64="6ywPETI3LFvT+J05gJHRz6juf3s=">AAACE3icbVDJSgNBFOyJW4xb1KOXxiBED2FixOUgBL14jMEskMShp9OTdNKzpPuNEIb5By/+ihcPinj14s2/sbMgaixoKKrq8fqVHQiuwDQ/jcTc/MLiUnI5tbK6tr6R3tyqKj+UlFWoL3xZt4lignusAhwEqweSEdcWrGb3L0d+7Y5JxX3vBoYBa7mk43GHUwJastIHAysq8xif46ZgDmSrVjQox03JO13YtyLei/Hg1tGZXmylM2bOHAPPkvyUZNAUJSv90Wz7NHSZB1QQpRp5M4BWRCRwKlicaoaKBYT2SYc1NPWIy1QrGt8U4z2ttLHjS/08wGP150REXKWGrq2TLoGu+uuNxP+8RgjOaSviXhAC8+hkkRMKDD4eFYTbXDIKYqgJoZLrv2LaJZJQ0DWmxiWcjXD8ffIsqR7m8oVc4fooU7yY1pFEO2gXZVEenaAiukIlVEEU3aNH9IxejAfjyXg13ibRhDGd2Ua/YLx/Ae6Mnlo=</latexit>

�LY = Y
d
ijQ

f
LiHD

f
Rj + Y

u
ijQ

f
Li

eHU
f
Rj + h.c.

<latexit sha1_base64="6Sdx1OauU9zVnd6Xxni8Cil6pzA="></latexit>
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L
<latexit sha1_base64="IG2O1LNAvOusfVnIwyioxhIjK6k=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bhwUcE+oA1lMp20QyeTODMRSuhPuHGhiFt/x51/4yQNotYDFw7n3Mu993gRZ0rb9qdVWFpeWV0rrpc2Nre2d8q7e20VxpLQFgl5KLseVpQzQVuaaU67kaQ48DjteJOr1O88UKlYKO70NKJugEeC+YxgbaRu0ieYo5vZoFyxq3YGtEicnFQgR3NQ/ugPQxIHVGjCsVI9x460m2CpGeF0VurHikaYTPCI9gwVOKDKTbJ7Z+jIKEPkh9KU0ChTf04kOFBqGnimM8B6rP56qfif14u1f+4mTESxpoLMF/kxRzpE6fNoyCQlmk8NwUQycysiYywx0SaiUhbCRYrT75cXSfuk6tSqtdt6pXGZx1GEAziEY3DgDBpwDU1oAQEOj/AML9a99WS9Wm/z1oKVz+zDL1jvX8paj/E=</latexit>

�Lq
W± =

gp
2
uLi�

µ
h
VuLV

†
qR

i

ij
dLjW

+
µ + h.c.

<latexit sha1_base64="eWRXvCmPLklYTxx2vrBpjpDK/JE="></latexit>

• since	lek	and	right	matrices	are	different:	charge	current	part	of						:	

★	Charged	current	interac8ons:	the	only	source	of	flavor	viola8on	in	SM

• Cabibbo-Kobayashi-Maskawa	(CKM)	matrix	is	unitary:	

(CKM matrix)

• Coun8ng	the	number	of	parameters:	N×N			
-	N×N		complex	matrix	contains	2N2	real	parameters		
-	N×N		unitary	matrix	contains	2N2	-	N2	=	N2		real	parameters	(phases	and	angles)	
-	can	rephrase	up	and	down	quarks:	2N-1	rela8ons:	N2	-	(2N-1)	=	(N-1)2	parameters	
-	…	which	represent	NC2=N(N-1)/2	angles	and	(N-1)(N-2)/2	phases	
	
2	genera8ons:	1	angle	and	0	phases;	3	genera8ons:	3	angles	and	1	phase!

V V † = 1
<latexit sha1_base64="AtJFCA4MeOJkPTnFsJZBIMBSAoY=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiQqPhZC0Y3LCvYBbSyTySQdOnk4MymU0O9w40IRt36MO//GSRpErQcuHM65l3vvcWLOpDLNT6O0sLi0vFJeraytb2xuVbd32jJKBKEtEvFIdB0sKWchbSmmOO3GguLA4bTjjK4zvzOmQrIovFOTmNoB9kPmMYKVlux2+77vYt+n4hJZg2rNrJs50DyxClKDAs1B9aPvRiQJaKgIx1L2LDNWdoqFYoTTaaWfSBpjMsI+7Wka4oBKO82PnqIDrbjIi4SuUKFc/TmR4kDKSeDozgCrofzrZeJ/Xi9R3rmdsjBOFA3JbJGXcKQilCWAXCYoUXyiCSaC6VsRGWKBidI5VfIQLjKcfr88T9pHdeu4fnx7UmtcFXGUYQ/24RAsOIMG3EATWkDgAR7hGV6MsfFkvBpvs9aSUczswi8Y71+/n5GR</latexit>

(N2 relations)

(No CPV) (CPV)
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★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• …	but	there	are	MULTIPLE	ways	to	parameterize	CKM	matrix			

-	Wolfenstein	parameteriza8on	(parameters:	λ	~	0.22,	A	~	0.83,	ρ	~	0.15,	η	~	0.35)	

V =

2

4
1� �2

2 � A�3(⇢̄� i⌘̄)

�� 1� �2

2 A�2

A�3(1� ⇢̄� i⌘̄) �A�2 1

3

5

<latexit sha1_base64="tKOAmEPbrnONRUDfXeeyBdFZtUU="></latexit>

-	Buras-Wolfenstein	parameteriza8on	(with	 	and	 )ρ̄ = ρ(1 − λ2 /2) η̄ = η(1 − λ2 /2)

(note )ρ̄ + i η̄ = −
VudV*ub

VcdV*cb

-	“PDG”	parameteriza8on	(in	terms	of	rota8on	angles)
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★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• Even	though	there	are	MULTIPLE	ways	to	parameterize	CKM	matrix

(Wolfenstein)

Im
h
VijVklV

†
ilV

†
kj

i
= JCKM

3X

m,n=1

✏ilkm✏jlkm
<latexit sha1_base64="VkSmgR+yTlOaeRAIs1ZR8VpUeIk="></latexit>

• …there	exists	a	parameteriza8on-independent	quan8ty,

with JCKM ' �6A2⌘
<latexit sha1_base64="5GYHDm+rMnid5OLDolbtLTZZ1yc=">AAACCnicbVDLSgMxFM3UV62vqks30SK4KtNWqu6q3YgiVLAP6ExLJr1tQzMPk4xQhq7d+CtuXCji1i9w59+YtoOo9UDgcM493NzjBJxJZZqfRmJufmFxKbmcWlldW99Ib27VpB8KClXqc180HCKBMw+qiikOjUAAcR0OdWdQHvv1OxCS+d6NGgZgu6TnsS6jRGmpnd69aEfly6sRtiRz4RZbXGc7pFXEp608tkCRdjpjZs0J8CzJxSSDYlTa6Q+r49PQBU9RTqRs5sxA2RERilEOo5QVSggIHZAeNDX1iAvSjianjPC+Vjq46wv9PIUn6s9ERFwph66jJ12i+vKvNxb/85qh6h7bEfOCUIFHp4u6IcfKx+NecIcJoIoPNSFUMP1XTPtEEKp0e6lJCSdjFL9PniW1fDZXyBauDzOls7iOJNpBe+gA5dARKqFzVEFVRNE9ekTP6MV4MJ6MV+NtOpow4sw2+gXj/QsPAplb</latexit>

(Jarlskog)
• Since	CP-viola8on	appears	from	imaginary	parts	of	Yukawas,	

there	is	a	condi8on	for	CP-viola8on	to	be	present	in	the	SM:

�m2
ij = m2

i �m2
j

<latexit sha1_base64="lqnWMKdR8hJsKy7vMUXfTKyHlVc=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSVpxcdCKOrCZQX7gDYNk+mknXbyYGYilNClG3/FjQtF3PoJ7vwbJ2kQtR4Y7uGce7lzjxMyKqRhfGq5ufmFxaX8cmFldW19Q9/caogg4pjUccAC3nKQIIz6pC6pZKQVcoI8h5GmM7pM/OYd4YIG/q0ch8TyUN+nLsVIKsnWdztXhEkEPTumw0m3DM8Vpaoeqjrslm29aJSMFHCWmBkpggw1W//o9AIcecSXmCEh2qYRSitGXFLMyKTQiQQJER6hPmkr6iOPCCtOD5nAfaX0oBtw9XwJU/XnRIw8Icaeozo9JAfir5eI/3ntSLqnVkz9MJLEx9NFbsSgDGCSCuxRTrBkY0UQ5lT9FeIB4ghLlV0hDeEswfH3ybOkUS6ZlVLl5qhYvcjiyIMdsAcOgAlOQBVcgxqoAwzuwSN4Bi/ag/akvWpv09acls1sg1/Q3r8A5BuYGg==</latexit>

with�m2
tc�m2

tu�m2
cu�m2

bs�m2
bd�m2

sdJCKM 6= 0
<latexit sha1_base64="P81IQQDI7ZdmvCMzjDRVQ1pqKzY=">AAACV3icbVFdSwJBFJ1drcy+tB57GZKgJ1k1+niT7CGKwCBLUFtmx6sNzc5uM3cDWfyT0Ut/pZdaNwk/OjBwzrn3cmfOeKEUBh3n07Iz2ZXVtdx6fmNza3unUNx9MEGkObR4IAPd9pgBKRS0UKCEdqiB+Z6ER++lMak/voE2IlD3OAqh57OhEgPBGSaWW1DdS5DIqO/GyMdPVTqjo3nNF7RnFnR/XptUX7tx4+Z2TLsKXqnjFkpO2UlBl0llSkpkiqZbeO/2Ax75oJBLZkyn4oTYi5lGwSWM893IQMj4CxtCJ6GK+WB6cZrLmB4mTp8OAp0chTR1Zydi5hsz8r2k02f4bBZrE/O/WifCwVkvFiqMEBT/XTSIJMWATkKmfaGBoxwlhHEtkrtS/sw045h8RT4N4XyCk78nL5OHarlSK9fujkv1i2kcObJPDsgRqZBTUidXpElahJMP8mVlrKz1aX3bq3but9W2pjN7ZA528QchorLl</latexit>

i.e. no mass degeneracies or zero (or 𝝅) angles/phases
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★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• off-diagonal	terms	in	unitarity	rela8ons	VV+=1	look	like	triangles	in	a	

complex	plane	(𝝆,𝜼),	e.g.	VudV*ub + VcdV*cb + VtdV*tb = 0 Each	term	is	𝒪(λ3)

�1(�) = arg [�VcdV
⇤
cb/VtdV

⇤
tb]

�2(↵) = arg [�VtdV
⇤
tb/VudV

⇤
ub]

�3(�) = arg [�VudV
⇤
ub/VcdV

⇤
cb]

<latexit sha1_base64="1XSrarufYvVz0ryD6ALZpBgSOjE="></latexit>

• angles	are

Each
Each

phase	of	 	in	Wolfenstein	paramVtd

phase	of	 	in	Wolfenstein	paramVub
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CKM	picture	of	CP-viola8on

11

★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• off-diagonal	terms	in	unitarity	rela8ons	VV+=1	look	like	triangles	

in	a	complex	plane	(𝝆,𝜼):

• …	but	regardless	of	the	lines/columns	used	all	these	triangles	have	
the	same	area	A	=	JCKM/2	(useful	cross-check	for	NP	studies)!
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Using	SM	CP-viola8on	to	study	NP

10

★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• triangle	parameters	can	be	determined	via	a	variety	of	ways…

• …	and	even	though	any	triangle	can	be	completely	defined	by	two	
measurements:	an	angle	and	two	sides	(or	3	sides	or	3	angles)
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Using	SM	CP-viola8on	to	study	NP

9

★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera8on	SM
• triangle	parameters	can	be	determined	via	a	variety	of	ways…

• …	and	even	though	any	triangle	can	be	completely	defined	by	two	
measurements:	an	angle	and	two	sides	(or	3	sides	or	3	angles)

• …	we	keep	measuring	the	“triangle	parameters”	trying	to	find	
inconsistencies!

E. Vale Silva
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Recipe	for	searches	for	New	Physics

8

1. Measure	as	many	processes	that	depend	on	CKM	parameters	
independently	

2. Interpret	those	measurements	assuming	there	is	no	NP	
contribu8on	and	extract	the	CKM	parameters	

3. Build	CKM	triangles	out	of	those	CKM	parameters.	If	a	triangle	
does	not	close,	then	no-NP	assump8on	was	incorrect	and	there	
is	a	(possible)	presence	of	New	Physics	

Realis8cally,	one	does	not	even	need	triangles…
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Current	issues	with	“experimental	unitarity”

7

★	CKM	parameters	extracted	from	various	decays	are	used	to	check	unitarity	
• Measurements	with	no	CP-viola8on:	first	row	unitarity

1809.02827
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CKM	angle	measurements	at	Belle	II

6
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How	to	observe	CP-viola8on?

5

★	There	exists	a	variety	of	CP-viola8ng	observables

1. “Sta8c”	observables	(flavor-conserving),	such	as	electric	dipole	moment	

2. “Dynamical”	observables	(flavor-viola8ng):	

a. Transi8ons	that	are	forbidden	in	the	absence	of	CP-viola8on	

b. Mismatch	of	transi8on	probabili8es	of	CP-conjugated	processes	

c. Various	asymmetries	in	decay	distribu8ons,	etc.

★	Depending	on	the	ini8al	and	final	states,	these	observables	can	be	
affected	by	SM	and	BSM	sources	of	CP-viola8on

★	LHCb:	ini8al	state	is	NOT	CP-symmetric,	nonzero	DD	produc8on	asymmetry
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How	to	observe	CP-viola8on:	easy

4

D0D0 � (F1)(F2)
�(3770)� D0D0 � (CP±)(CP±)

CP [F1] = CP [F2]

�F1F2 =
�F1�F2

R2
m

⇤�
2 + x2 + y2

⇥
|�F1 � �F2 |2 +

�
x2 + y2

⇥
|1� �F1�F2 |2

⌅

★   Recall that CP of the states in                              are anti-correlated at ψ(3770): 
★ a simple signal of CP violation:  

★    CP-violation in the rate   →   of the second order in  
CP-violating parameters. 
★     Cleanest measurement of CP-violation!

CP eigenstate F1

CP eigenstate F2

τ-charm factory

I. Bigi, A. Sanda; H. Yamamoto; 
Z.Z. Xing; D. Atwood, AAP

AAP,  Nucl. Phys. PS 142 (2005) 333 
           hep-ph/0409130
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What	if	F1	or	F2	is	not	a	CP-eigenstate

DCP (+) � f1f2

Bl
± =

�(DCP± � Xl�)
�tot

y cos � =
1
4

�
Bl

+

Bl
�
�

Bl
�

Bl
+

⇥

★ If CP violation is neglected: mass eigenstates = CP eigenstates 
★ CP eigenstates do NOT evolve with time, so can be used for “tagging” 

KS

π0

CP  
Eigenstate (-)

f1

f2

★ τ-charm factories have good CP-tagging capabilities   
                   CP anti-correlated  ψ(3770):  CP(tag) (-1)L = [CP(KS) CP(π0)] (-1) = +1 
                   CP  correlated  ψ(4140)

(-)

Can measure (y cos φ): 
D. Atwood, A.A.P., hep-ph/0207165 
D. Asner, W. Sun, hep-ph/0507238 

τ-charm factory

3
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How	to	observe	CP-viola8on:	hard

2

• How	can	CP-viola8on	be	observed	in	beauty/charm	system?	
– can	be	observed	by	comparing	CP-conjugated	decay	rates	in	

various	ways,	both	with	and	w/out	8me	dependence	

– can	manifest	itself	in	flavor	∆F=1	transi8ons	(direct	CP-viola8on)	

– or	in	∆F=2	transi8ons	(indirect	CP-viola8on):	mixing	

– or	in	the	interference	b/w	decays	(∆F=1)	and	mixing	(∆F=2)

�(D ! f) 6= �(CP [D]! CP [f ])

R2
m = |q/p|2 =

����
2M�

12 � i��
12

⇥m� (i/2)⇥�

����
2

= 1 + Am ⇥= 1

CPVint

dCPV

CPVmix
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Things	to	take	home

1

Ø Indirect effects of New Physics at flavor factories help to distinguish 
among models possibly observed at the LHC  
– a combination of bottom/charm sector studies 
– don’t forget measurements unique to tau-charm factories 

Ø Flavor provides great opportunities for New Physics studies 
– independent experimental access to up- and down-type quark sectors 

Ø Observation of CP-violation in the current round of experiments could 
have provided a “smoking gun” signals for New Physics 
- But latest observation seem to be (broadly) consistent with Standard Model
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Introduc8on:	Higgs	mechanism

-1

Imagine all particles as tiny (almost) massless magnets…

Moreover, since the filings are self-interacting, they would clump 
into bunches (“particles”) if disturbed: just like Higgs bosons!

Particle masses depend on the strength of our “magnets”! 


