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1.	Introduc,on

• How	can	CP-viola,on	be	observed	with	b-quarks?	
– can	be	observed	by	comparing	CP-conjugated	decay	rates	in	

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

– can	manifest	itself	in	charm	∆B=1	transi,ons	(direct	CP-viola,on)	

– or	in	∆B=2	transi,ons	(indirect	CP-viola,on):	mixing	

– or	in	the	interference	b/w	decays	(∆B=1)	and	mixing	(∆B=2)
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�(B ! f) 6= �(CP [B] ! CP [f ])
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|B1,2i = p|B0i± q|B0i
<latexit sha1_base64="GgAA5h2TfGE8zhnHgLvLMe0XQl0="></latexit>
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Recall	from	yesterday:	CP-viola,on	in	the	SM
★	CP-viola,on	in	the	SM	is	related	to	a	single	phase	of	the	CKM	matrix

• there	are	MULTIPLE	ways	to	parameterize	CKM	matrix			
-	Wolfenstein	parameteriza,on	(parameters:	λ	~	0.22,	A	~	0.83,	ρ	~	0.15,	η	~	0.35)	
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<latexit sha1_base64="tKOAmEPbrnONRUDfXeeyBdFZtUU="></latexit>

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

(note )ρ̄ + i η̄ = −
VudV*ub

VcdV*cb

• off-diagonal	terms	in	rela,ons	VV+=1	look	like	triangles	in	a	complex	plane	

★	CP-viola,on	in	flavor	transi,on	s	can	be	learned	by	studying	the	CKM	matrix
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Recall	from	yesterday:	CP-viola,on	in	the	SM

★	There	is	a	single	phase	of	the	CKM	matrix	for	3-genera,on	SM
• off-diagonal	terms	in	unitarity	rela,ons	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)
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<latexit sha1_base64="1XSrarufYvVz0ryD6ALZpBgSOjE="></latexit>

• angles	are
phase	of	 	in	Wolfenstein	paramVtd

phase	of	 	in	Wolfenstein	paramVub
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2.	Time-independent	(direct)	CP-viola,on
★	Direct	CP-viola,ng	asymmetries	probe	CP-viola,on	in	∆B=1	amplitudes

• CP-asymmetries	compare	par,al	rates	of	CP-conjugated	decays

aCP (f) =
�(B ! f)� �(B ! f)

�(B ! f) + �(B ! f)
<latexit sha1_base64="0FHPhzcQPsln0HW7qnBrI5ES5gI="></latexit>

• a	non-vanishing	decay	asymmetry	requires	that	a	decay	amplitude		
-	contain	several	components	each	of	which	has	its	own	strong	and	weak	phases	
-	strong	phases:	do	not	change	under	CP	transforma,on	of	the	decay	amplitude	
-	weak	phases:	flip	sign	under	CP	transforma,on	of	the	decay	amplitude

(both charged and neutral B’s)

A(B ! f) ⌘ Af = |Af1|ei�1ei✓1 + |Af2|ei�2ei✓2
<latexit sha1_base64="BdfYolK2Lgg/9uqfuNS9MX/WAwE="></latexit>

• Now	we	can	form	the	CP-asymmetry

aCP (f) = 2rf sin(✓1 � ✓2) sin(�1 � �2)
<latexit sha1_base64="wMzSAXkb4YwXfY05k0XeptJtQlc="></latexit>
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<latexit sha1_base64="tap1bs410JYeJmZc32hYIYHB6mI=">AAACEXicbVC7SgNBFJ31GeMramkzGIRUYTcRH4UQtbGMYB6QDcvsZDYZMvtg5q4QNvsLNv6KjYUitnZ2/o2TTRA1Hrjcwzn3MnOPGwmuwDQ/jYXFpeWV1dxafn1jc2u7sLPbVGEsKWvQUISy7RLFBA9YAzgI1o4kI74rWMsdXk381h2TiofBLYwi1vVJP+AepwS05BRK0vHwObYF82Bse5LQ5MJJvEqaZt1KU1vy/gDGTqFols0MeJ5YM1JEM9SdwofdC2nsswCoIEp1LDOCbkIkcCpYmrdjxSJCh6TPOpoGxGeqm2QXpfhQKz3shVJXADhTf24kxFdq5Lt60icwUH+9ifif14nBO+0mPIhiYAGdPuTFAkOIJ/HgHpeMghhpQqjk+q+YDoiOBXSI+SyEswmOv0+eJ81K2aqWqzdHxdrlLI4c2kcHqIQsdIJq6BrVUQNRdI8e0TN6MR6MJ+PVeJuOLhiznT30C8b7F/YQneY=</latexit>

weak strong
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Direct	CP-viola,on

• How	can	one	compute	the	amplitudes	(especially	the	strong	phase	difference)		
-	QCD	factoriza,on	with	Bander-Silverman-Soni	mechanism	

-	experimental	fits	to	flavor	flow/flavor	SU(3)	amplitude	basis
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Loopless	studies	of	CP-viola,on:	CKM	angle	 	ϕ3

★	There	are	ways	to	study	CP-viola,on	without	penguin	loops

• 		cleanest	signals	involve	interference	of	 	and	 	b → cūs b → uc̄s

( )0 0, , CPB D D D D f K± ±⎡ ⎤→ →
⎣ ⎦

( )multibodyB D D K± ±→ →

( )*B D D KK K± ±→ →

( )0 0,B D D D K Kπ± ±⎡ ⎤→ →
⎣ ⎦

  
➢ via     GWS (Gronau, Wyler, London) 

➢ via     ADS( Atwood, Dunietz, Soni) 

➢ via     GLS (Grossman, Ligeti, Soffer) 

➢ via        (Giri, Grossman, Soffer, Zupan, 
                    Atwood, Soni)
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CKM	angle	 :	final	state	trianglesϕ3

M. Bona
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CKM	angle	 :	final	state	trianglesϕ3

M. Bona
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CKM	angle	 :	ini,al	state	trianglesϕ3
★	One	can	also	use	a	fact	that	ini,al	state	at	Belle	II	is	quantum	coherent

• which	means	that	ini,al	state	can	be	CP-tagged

• can	be	done	for	both	 	(at	 )	or	 	(at	 ).	For	Bd Υ(4S) Bs Υ(5S) Bs

• measuring	all	amplitudes,

• analysis	is	similar	for	 	is	similar,	but	coefficients	are	e	,me-
dependent

Bd → Dπ

Falk, AAP
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3.	Time-dependent	CP-asymmetries

★	Time-dependent	CP-asymmetries	probe	CP-viola,on	in	∆B=2	amplitudes

• it	most	conveniently	can	be	probed	in	transi,ons	that	involve	mixing			
-	use	,me-dependent	CP	asymmetries	due	to	the	interference	between	B-mixing	
and	B	decay	amplitudes	
-		interference	between	the	two	neutral	B	meson	evolu,on	eigenstates	generates	
the	,me-dependent	CP	asymmetry

• SM:	CP-viola,on	in	∆B=2	and	∆B=1	transi,ons	have	the	same	origin,	this	fact	
does	not	have	to	be	true	in	general	NP	model	

aCP (f, t) =
�(B(t) ! f)� �(B(t) ! f)

�(B(t) ! f) + �(B(t) ! f)
<latexit sha1_base64="DiNkZ5TeEe5aTeWmaGhALGLsHng="></latexit>

• Need	to	develop	a	formalism	for	,me-dependent	decays
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Time	dependent	decay	amplitudes

★	In	the	SM,	neutral	B-mesons	can	mix	via	weak	interac,on	diagrams

• only	at	one	loop	in	the	Standard	Model,	so	can	
be	sensi,ve	to	possible	quantum	effects	due	
to	new	physics	par,cles

• 	interac,ons	couple	dynamics	of	 	and	ΔB = 2 B0 B̄0

• This	is	very	similar	to	the	case	of	coupled	
pendula	in	classical	mechanics

|B(t)i =


a(t)
b(t)

�
= a(t)|B0i+ b(t)|B0

(t)i
<latexit sha1_base64="ufJZAAgbfrwNJo0/oS/D9mbf53E="></latexit>

• We	need	to	study	simultaneous	,me	evolu,on,
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Time	dependent	decay	amplitudes
• Time	dependence:	coupled	Schrodinger	equa,ons			

-	note	that	CPT-invariance	requires	that	 	and		M11 = M22 Γ11 = Γ22

Q: this Hamiltonian is clearly non-hermitian! What is goin on?

• Non-diagonal	Hamiltonian:	need	to	diagonalize	the	mass	matrix	

i
d

dt
|B(t)i =


M � i

�

2

�
|B(t)i ⌘
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A p2

q2 A

�
|B(t)i

<latexit sha1_base64="g1kUrVC5TVL6FXsoJHAZudEap8o="></latexit>

|BLi = p|B0i+ q|B0i

|BHi = p|B0i � q|B0i
<latexit sha1_base64="BWB6VkpSoxW2g6XMvW96qGlDtCg="></latexit>

(“switch from flavor to mass eigenstates”)

• In	the	mass	basis	the	mass	matrix	is	diagonal,	i.e.

Q�1


M � i

�

2

�
Q =

✓
ML � i�L/2 0

0 MH � i�H/2

◆

<latexit sha1_base64="iwxuqqE8I10dc05WOeen9XQX5pw="></latexit>

• …	with	mass	and	life,me	differences:	 & 

Note that & 
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Time	dependent	decay	amplitudes
• The	transforma,on	matrices	that	diagonalize	the	Hamiltonian	are

and 

• To	find	the	,me	development	of	the	flavor	eigenstates	one	needs	to	
transform	the	evolu,on	equa,on	back	to	the	flavor	basis	

 |B0(t)i
|B0

(t)i

�
= Q

✓
e�iML��L/2 0

0 e�iMH��H/2

◆
Q�1

 |B0i
|B0i

�

<latexit sha1_base64="dYSl+hi4uJuhKa0IjsTUxP9aLdo="></latexit>

• …	which	gives	for	the	,me	evolu,on	matrix	in	the	flavor	basis

with 

Nierste
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Time	dependent	decay	amplitudes
• This	procedure	provides	a	picture	of	how	B-states	evolve	due	to	flavor	

oscilla,ons, |B0(t)i = g+(t)|B0i+ q

p
g�(t)|B

0i

|B0
(t)i = p

q
g�(t)|B0i+ g+(t)|B

0i
<latexit sha1_base64="3lbhutTV3tIHEzNFBKm3gGfgGmI="></latexit>

with 

• The	only	thing	len	is	to	relate	q/p,	 	and	 	to	original	parameters	of	HΔM ΔΓ

secular equation: 

• Finally,	the	ra,o

Re Im 
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Phases	and	amplitudes
• The	B-meson	states	can	have	an	arbitrary	phase,	so	only	rela,ve	phase	is	

physical,	which	implies	that	there	are	three	quan,,es	that	define	B-mixing	

• …	which	gives	for	the	mixing	parameters

and 

• …	and,	up	to	a	good	approxima,on,	to	the	phase	of	the	box	diagram,

q

p
= �M⇤

12

M12
=

V ⇤
tbVtq

VtbV ⇤
tq

<latexit sha1_base64="zNt1a7YGCsKE2rGyk7W5vJT4ABo="></latexit>

We	can	calculate	B-mixing	parameters	in	the	SM:	any	sign	of	New	Physics?

and 
����
q

p

����
2

= 1� a = 1� Im
�12

M12
<latexit sha1_base64="m++nmBOPUjk9wmUX0nDVDMg3FPA="></latexit>
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FCNC	in	the	SM:	GIM-mechanism

Ø Let’s calculate them! For each internal quark type we get

Ø There are no ΔQ=2 interactions in the Standard Model… 
Ø        … but we can make them via a “two-step process” (loop diagram):

(k2)

Divergent: not good...
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GIM-mechanism

Ø Thus, in the limit where k >> mi, mj, MW:

Ø However, CKM matrix is unitary: 
Ø             contribution of different internal flavors comes with different signs!

top:

top-charm:

top:

top-charm:

… and similarly for other quarks

A �
�

i

m2
i (VisV

�
ib)

2gk(m2
i ) Glashow-Iliopulous-Maiani

(k2)

(k2)
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Introduc,on:	energy	scales

mc

mb

mt

mW

★ It is important to understand relevant energy scales for the problem at hand

★ Modern approach to flavor physics calculations: effective field theories

physics of beauty physics of charm

dominant dominant smallsmall

b,s,d

c,u t

tc,u

s,d

s,d

b

b
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Theore,cal	expecta,ons

Ø Assume quark-hadron duality: relate width to forward matrix element

I. Bigi, M. Shifman, A. Vainshtein, M. Voloshin, 
N. Uraltsev, A. Falk, A. Manohar, M. Wise, M. 
Neubert, C. Sachrajda, P. Colangelo, F. de Fazio, 
…

What are the results?

Ø This correlator can be expanded using OPE
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Standard	Model	contribu,ons

�21(Bs) =
�

k

Ck(µ)
mk

b

⇥Bs|O�B=2
k (µ)|Bs⇤.

M12(Bs) =
G2

F MBs

12⇥2
M2

W (VtbV
�
ts)

2 �̂BS0(xt)f2
Bs

B

Both ΔMBs and ΔΓBs can be computed in the limit mb→∞:

∆MBs:

∆ΓBs:

A.Buras, M.Jamin, P.Weisz

+

A. Lenz, U. Nierste
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Not	so	easy:	SM	contribu,ons	to	ΔΓBs	

�21(Bs) = � G2
F m2

b

12⇥(2MBs)
(V �

cbVcs)2 [[F (z) + P (z)] ⇥Q⇤

+ [FS(z) + PS(z)] ⇥QS⇤ + �1/m + �1/m2
�

Q = (b̄isi)V�A(b̄jsj)V�A, QS = (b̄isi)S�P (b̄jsj)S�P

Q̃ = (b̄isj)V�A(b̄jsi)V�A, Q̃S = (b̄isj)S�P (b̄jsi)S�P

⇥�Bs =
�
0.0005B + 0.1732Bs + 0.0024B1 � 0.0237B2 � 0.0024B3 � 0.0436B4

+ 2⇥ 10�5�1 + 4⇥ 10�5�2 + 4⇥ 10�5�3 + 0.0009�4 � 0.0007�5

+ 0.0002⇥1 � 0.0002⇥2 + 6⇥ 10�5⇥3 � 6⇥ 10�5⇥4 � 1⇥ 10�5⇥5

� 1⇥ 10�5⇥6 + 1⇥ 10�5⇥7 + 1⇥ 10�5⇥8

⇥
(ps�1).

�Q⇥ = 2
1 + Nc

Nc
f2

Bs
M2

Bs
B

⇥QS⇤ =
1 � 2Nc

Nc

M4
Bs

(mb + ms)2
f2

Bs
BS

ΔΓBs: a calculation yields:

★ ... with operators

★ ... so the result (up to 1/mb2) is:

A.Badin, F. Gabbiani,  A.A.P. 
Phys. Lett. B653, 230 (2007)

WC (incl. pQCD corr): Beneke et al, Ciuchini et al 

}
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Time-dependent	CP-asymmetries

★	Time-dependent	CP-asymmetries	probe	CP-viola,on	in	∆B=2	amplitudes
• Now	we	know	how	to	deal	with	,me-dependent	rates

• …	which	can	be	calculated	using	the	developed	formalism, �f =
q

p

Af

Af
<latexit sha1_base64="q6FYadTYOxA8ahWMKv1q1cazDKE=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVRIrPhZC1Y3LCvYBTQiTyaQdOnk4MxFKyHe48VfcuFDEnbjxb5ykQdR6YIbDuffcmXvcmFEhDeNTq8zNLywuVZdrK6tr6xv65lZXRAnHpIMjFvG+iwRhNCQdSSUj/ZgTFLiM9NzxZV7v3REuaBTeyElM7AANQ+pTjKSSHN20mGr2kOPDM2j5HOH0NkvjrORWpMz5bHju+FmaX45eNxpGAThLzJLUQYm2o79bXoSTgIQSMyTEwDRiaaeIS4oZyWpWIkiM8BgNyUDREAVE2GmxWgb3lOJBP+LqhBIW6k9HigIhJoGrOgMkR+JvLRf/qw0S6Z/YKQ3jRJIQTx/yEwZlBPOcoEc5wZJNFEGYU/VXiEdIZSJVmrUihNMcR98rz5LuQcNsNprXh/XWRRlHFeyAXbAPTHAMWuAKtEEHYHAPHsEzeNEetCftVXubtla00rMNfkH7+ALaGaGI</latexit>
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Time-dependent	CP-asymmetries

• The	flavor-specific	CP-asymmetry	(aka	semileptonic	CP	asymmetry)

★	Various	,me-dependent	CP-asymmetries	can	now	be	formed

• CP-asymmetry	for	decays	to	CP-eigenstates	(such	as	 ,	etc.)fCP = J/ψKS

and where 
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Belle	II	studies	for	,me-de	pendent	CPV



Alexey A Petrov (WSU) KEK Physics Week, Oct. 20190

Things	to	take	home

Ø We discuss how CP-violation can be studied with B-mesons  
– would D-mixing be different? 
– would CP-violation studies in charm be different?

Ø We shall see tomorrow how to deal with that
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