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1.	Introduc,on

• How	can	CP-viola,on	be	observed	in	charm	system?	
– can	be	observed	by	comparing	CP-conjugated	decay	rates	in	

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

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

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

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

�(D ! f) 6= �(CP [D]! CP [f ])

R2
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Introduc,on:	charm-specific	lingo

u

q̄

s
d̄

s̄

d̄, s̄
d, s

d

VcsV
⇤
ud

Vcs(d)V
⇤
us(d)

VcdV
⇤
us

★	Cabibbo-favored	(CF:	𝝀0)	decay		
- originates from c → s ud  
- examples: D0 →K-π+

★	Singly	Cabibbo-suppressed	(SCS:	𝝀1)	decay	
- originates from c → q uq  
- examples: D0 →ππ and D0 → KK

★	Doubly	Cabibbo-suppressed	(DCS:	𝝀2)	decay	
- originates from c → d us  
- examples: D0 →K+π-

u

u

q̄

q̄

★	Can	be	classified	by	SM	CKM	suppression	of	tree	amplitude	(Vus	~	𝛌)

★	We	shall	concentrate	on	SCS	decays.	Why	is	that?
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Generic	expecta,ons	for	sizes	of	CPV	effects

With b-quark contribution neglected: 
only 2 generations contribute        
             real 2x2 Cabibbo matrix

Any CP-violating signal in the SM will be small, at most O(VubVcb
*/VusVcs

*) ~ 10-3 

Thus, O(1%) CP-violating signal can provide a “smoking gun” signature of New Physics

★	Generic	expecta,on	is	that	CP-viola,ng	observables	in	the	SM	are	small
Δc = 1 amplitudes allow to reach third -generation quarks!                                  

★	The	Unitarity	Triangle	rela,on	for	charm:

“Penguin” amplitude/contraction

d̄, s̄
d, s

u

q̄

“Tree” amplitude

😢
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Charmed	CKM	triangle

★ Fundamental problem: observation of CP-violation in up-quark sector!

★ “Charmed” CKM triangle is very squashed in the Standard Model

★ … with very small angles, e.g.

Bigi, Sanda
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2.	Indirect	CP-viola,on	
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★ ...can be calculated as real and imaginary parts of a correlation function

★ “Experimental” mass and lifetime differences of mass eigenstates...

★ Indirect CP-violation manifests itself in DD-oscillations

★ Theoretically, yD is dominated by long-distance SM-dominated effects 
★ CP-violating phases can appear from subleading local SM or NP operators 

local operator  
(b-quark, NP): small?

bi-local time-ordered product

bi-local time-ordered product

xD =
M2 �M1

�D
, yD =

�2 � �1

2�D
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Indirect	CP-viola,on:	mixing

Ø Why is D-mixing different (from B-mixing)?
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Indirect	CP-viola,on	

y = 0.66+0.07
�0.10%, x = 0.37± 0.16

Note that if |M12| < |Γ12|:

CPV is suppressed even if M12 is all NP!!!

Bergmann, Grossman, Ligeti, Nir, AAP  
PL B486 (2000) 418

HFAG 2016
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Indirect	CP-viola,on	

i
d

dt
|D(t)⇥ =

�
M � i

2
�
⇥

|D(t)⇥

★ Indirect CP-violation manifests itself in DD-oscillations 
- see time development of a D-system:

★ Define “theoretical” mixing parameters

★ Assume that direct CP-violation is absent (                                                )  
- can relate x, y, ϕ, |q/p| to x12, y12 and ϕ12

★ Four “experimental” parameters related to three “theoretical” 
- a “constraint” equation is possible 

“superweak limit”

x

y
=

1� |q/p|
tan�

= �1
2

Am

tan�
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Generic	restric,ons	on	NP	from	DD-mixing

+
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⇤
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NP
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★ Comparing to experimental value of x, obtain constraints on NP models 
- assume x is dominated by the New Physics model 
- assume no accidental strong cancellations b/w SM and NP 

★ ... which are

�NP ⇤ (4� 10)⇥ 103 TeV

�NP ⇤ (1� 3)⇥ 102 TeV

Gedalia, Grossman, Nir, Perez 
Phys.Rev.D80, 055024, 2009

New Physics is either at a very high scales 

           tree level: 

           loop level:   

or have highly suppressed couplings to charm!

★ Constraints on particular NP models available E.Golowich, J. Hewett, S. Pakvasa and A.A.P. 
Phys. Rev. D76:095009, 2007
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�NP ⇤ (4� 10)⇥ 103 TeV

�NP ⇤ (1� 3)⇥ 102 TeV

★ Assume that direct CP-violation is absent (                                                ) 
- experimental constraints on x, y, ϕ, |q/p| exist 

- can obtain generic constraints on Im parts of Wilson coefficients 

Gedalia, Grossman, Nir, Perez 
Phys.Rev.D80, 055024, 2009

★ In particular, from 

New Physics is either at a very high scales 

           tree level: 

           loop level:   

or have highly suppressed couplings to charm!

★ Constraints on particular NP models possible as well

H�C=2
NP =

1
�2

NP

8�

i=1

zi(µ)Q�
i

Bigi, Blanke, Buras, Recksiegel, 
JHEP 0907:097, 2009
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CP-viola,on	I:	beyond	“superweak”

★ Look at parameterization of CPV phases; separate absorptive and dispersive 

- consider f= CP eigenstate, can generalize later: 

- CP-violating phase for the final state f is then

See A. Kagan’s talk
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★ Can we put a Standard Model theoretical bound on           or          ?�M
12f ��

12f
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CP-viola,on	I:	beyond	“superweak”

See A. Kagan’s talk!

M12 = M0
12 + �M12

★ Let us define convention-independent universal CPV phases. First note that 
- for the absorptive part: 

- … and similarly for the dispersive part:  

�12 = �0
12 + ��12

�0
12 = ��s(�ss + �dd � 2�sd)

��12 = 2�b�s(�sd � �ss) +O(�2
b)

★ CP-violating mixing phase can then be written as 

�12 = arg
M12

�12
= Im

✓
�M12
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12

◆
� Im

✓
��12

�0
12

◆
⌘ �M

12 � ��
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★ These phases can then be constrained; e.g. the absorptive phase

|��
12| = 0.009⇥ |�sd|

�
⇥
����
�sd � �dd

�sd

���� < 0.01

�12 = 0.2± 1.7★ Currently,                                       Need improvement!
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2.	Time-independent	(direct)	CP-viola,on
★	Direct	CP-viola,ng	asymmetries	probe	CP-viola,on	in	∆C=1	amplitudes

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

• 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 D’s)

• Now	we	can	form	the	CP-asymmetry

aCP (f) = 2rf sin(✓1 � ✓2) sin(�1 � �2)
<latexit sha1_base64="wMzSAXkb4YwXfY05k0XeptJtQlc="></latexit>

with rf =

����
Af2

Af1

����
<latexit sha1_base64="tap1bs410JYeJmZc32hYIYHB6mI=">AAACEXicbVC7SgNBFJ31GeMramkzGIRUYTcRH4UQtbGMYB6QDcvsZDYZMvtg5q4QNvsLNv6KjYUitnZ2/o2TTRA1Hrjcwzn3MnOPGwmuwDQ/jYXFpeWV1dxafn1jc2u7sLPbVGEsKWvQUISy7RLFBA9YAzgI1o4kI74rWMsdXk381h2TiofBLYwi1vVJP+AepwS05BRK0vHwObYF82Bse5LQ5MJJvEqaZt1KU1vy/gDGTqFols0MeJ5YM1JEM9SdwofdC2nsswCoIEp1LDOCbkIkcCpYmrdjxSJCh6TPOpoGxGeqm2QXpfhQKz3shVJXADhTf24kxFdq5Lt60icwUH+9ifif14nBO+0mPIhiYAGdPuTFAkOIJ/HgHpeMghhpQqjk+q+YDoiOBXSI+SyEswmOv0+eJ81K2aqWqzdHxdrlLI4c2kcHqIQsdIJq6BrVUQNRdI8e0TN6MR6MJ+PVeJuOLhiznT30C8b7F/YQneY=</latexit>

weak strong

A(D ! f) ⌘ Af = |Af1|ei�1ei✓1 + |Af2|ei�2ei✓2
<latexit sha1_base64="PTHxlya0s0nRDFsA5vzHWMaIqCU="></latexit>

aCP (f) =
�(D ! f)� �(D ! f)

�(D ! f) + �(D ! f)
<latexit sha1_base64="jsAoTlTrUm9MCBWNAcaMVVVzdu4="></latexit>
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Direct	CP-viola,on	in	charm:	reali,es	of	life

AKK =
GFp

2
�

⇥
(T + E + Psd) + a�4e�i�Pbd

⇤

A⇡⇡ =
GFp

2
�

⇥
(�(T + E) + Psd) + a�4e�i�Pbd

⇤

�aCP = ad
KK � ad

⇡⇡ ⇡ 2ad
KK

SU(3) is badly broken in D-decays

★ IDEA:	consider	the	DIFFERENCE	of	decay	rate	asymmetries: D →ππ vs D → KK!     
    For	each	final	state	the	asymmetry

★ A reason:  amKK=amππ and aiKK=aiππ (for CP-eigenstate final states), so, ideally, 
mixing asymmetries cancel (rf=Pf/Af)!

direct     mixing    interference

★ ... and the resulting DCPV asymmetry is                                                  (double!)

★	...	so	it	is	doubled	in	the	limit	of	SU(3)F	symmetry	

D0: no neutrals in 
the final state!
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Experimental	analysis	from	LHCb

araw
f = aCP

f + adetect, D
f + adetect, ⇡s

D + aprod
D⇤

D⇤+ ! D0⇡+
s

★ The difference ∆aCP is also preferable experimentally, as

“D*-trick” -- tag the charge of the slow pion 
(or muon for D’s produced in B-decays)

★ D* production asymmetry and soft pion asymmetries are the same for 
KK and ππ final states-- they cancel in ∆aCP!

physics detection 
asymmetry 
of D0

detection 
asymmetry of 
soft pion

production 
asymmetry 
of D*+

★ Since we are comparing rates for D0 and anti-D0: need to tag the flavor at 
production

aCP, f =
Z 1

0
aCP (f ; t)D(t)dt = ad

f +
hti
⌧

aind
f

★ Integrate over time,

distribution of proper decay time
★ Viola! Report observation!



Alexey A Petrov (WSU) KEK Physics Week, Oct. 201915

Moriond	2019	announcement
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Afrtermath

• Experimental	results	
– note	that	while	the	new	result	does	cons,tute	an	observa,on	of	
CP-viola,on	in	the	difference…	

– …	it	is	not	yet	so	for	the	individual	decay	asymmetries

LHCb 2017

• Need	confirma,on	from	other	experiments	(Belle	II)

�adirCP = aCP (K
�K+)� aCP (⇡

�⇡+) = (�0.156± 0.029)%
<latexit sha1_base64="1h0o4y66gw0CITK0CzNHCWeyLfY="></latexit>

LHCb 2019

• What	does	this	result	mean?	New	Physics?	Standard	Model?
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Theore,cal	troubles
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Theore,cal	troubles
★	These	asymmetries	are	notoriously	difficult	to	compute

★ In the Standard Model 
- need to estimate size of penguin/penguin contractions vs. tree 

- unknown penguin contributions 
- SU(3) analysis: some ME are enhanced? 

-  could expect large 1/mc corrections (E/PE/PA/…) 

- flavor-flow diagrams  

Golden & Grinstein PLB 222 (1989) 501; Pirtshalava & Uttayarat 1112.5451

Isidori et al PLB 711 (2012) 46; Brod et al 1111.5000

Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012) 054014; 
Cheng & Chiang 1205.0580; 1909.03063; Gronau, Rosner

★ Need direct calculations of amplitudes/CPV-asymmetries
Khodjamirian, AAP- QCD sum rule calculations of �aCP

- SU(3) breaking analyses of D → PV, VV

- constant (but slow) lattice QCD progress in D → 𝜋𝜋, 𝜋𝜋𝜋 Hansen, Sharpe

★ General comments on SU(3)/flavor flow — type analyses 
- fit both SM and (possible) NP parts of the amplitudes: can one claim SM-only?  
- many parameters: can one claim O(10-4) precision if rates are known to O(10-2)?
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Calcula,ng	CP-asymmetries	in	QCD

• Effec,ve	Hamiltonian	for	singly	Cabibbo-suppressed	(SCS)	decays	
– drop	all	“penguin”	operators	(Qi	for	i	≥	3)	as	Ci	are	small,	

– recall	that																																																			and	

11

without	QCD with	QCD
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Amplitude	decomposi,on
• Recipe	for	calcula,on	of	CPV	asymmetry		

– prepare	decay	amplitudes	(and	using																									)	

– add	and	subtract																																	,	put	in	a	new	form		

– define	things	we	cannot	compute	(extract	from	branching	ra,os)	

– …	and	things	we	can
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Direct	CP-viola,ng	asymmetries

• QCD-based	calcula,on	of	direct	CPV	asymmetry	
– each	amplitude	has	two	parts	with	own	weak	and	strong	phases	

– this	implies	for	the	direct	CP-viola,ng	asymmetries	(																							)		

– …	and	for	their	difference		

• We	need	to	compute													and				

adirCP (K
�K+) = �2rbrK sin �K sin �

adirCP (⇡
�⇡+) = 2rbr⇡ sin �⇡ sin �

r⇡(K) �⇡(K)

�adirCP = �2rb sin �(rK sin �K + r⇡ sin �⇡)

9

rbe
�i� =

�b

�s
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dCPV:	amplitude	decomposi,on

• Some	things	to	keep	in	mind	
– “penguin-type	amplitudes”										and										denote	matrix	elements	

of	operators	that	contain	quark-an,quark	pair	that	does	not	match	
the	valence	content	of	the	final	state	mesons;	otherwise	no	rela,on	
to	penguin	topological	amplitudes	

– calculate									and											using	a	modified	light-cone	QCD	sum	rules	

– extract											and											amplitudes	from	measured	branch.	frac,ons

Ps
⇡⇡ Pd

KK

Ps
⇡⇡ Pd

KK

�⇡(K) = arg
h
Ps(d)
⇡⇡(KK)

i
� arg

⇥
A⇡⇡(KK)

⇤

8

A⇡⇡ AKK

&
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dCPV:	calcula,ng	matrix	elements

• Use	modified	light-cone	QCD	Sum	Rule	(LCSR)	method	
– start	with	the	correla,on	func,on	(																									and																						)	

– use	dispersion	rela,on	in	(p-k)	and	(p-q),	perform	Borel	transform,	
extract	matrix	element:	

– perform	LC	expansion	of	F(s,	s’	mD2)	to	get		
– 	note	that																																																																				with

Khodjamirian, NPB 605 (2001) 558

Ps
⇡⇡

thus

7

Khodjamirian, Mannel, Melic, PLB571 (2003) 75



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

dCPV:	calcula,ng	matrix	elements

• Evaluate	(leading)	diagrams	contribu,ng	to	the	correla,on	func,on	
– calculate	OPE	in	terms	of	known	LC	DAs	

– analy,cally	con,nue	from	the	space-like	region	of	P2=(p-k-q)2	(with	
auxiliary	4-momentum	k≠0)	to	P2	=	mD2,	relying	on	the	local	quark-
hadron	duality	

– extract	absolute	value	and	the	phase	of	matrix	element	
– vary	parameters	of	the	calcula,on	to	es,mate	uncertain,es

Ps
⇡⇡

6

Khodjamirian, AAP: PLB774 (2017) 235
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dCPV	predic,ons

• As	a	result…

• Thus,

5

r⇡⇡(KK) Ps(d)
⇡⇡(KK)

Khodjamirian, AAP: PLB774 (2017) 235

• Phases	of																		are	given	by	the	phases	of																			?

• Again,	experiment: �adirCP = (�0.156± 0.029)%
<latexit sha1_base64="ixEIIHv/gAQWaE0qP1+LI7iQlvU=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyFiliSel8IxbpwWcFeoIlhMp20QycXZiZCCXkIN76KGxeKuHXhzrdx2mahrT8MfPznHM6c340YFdIwvrW5+YXFpeXcSn51bX1jU9/aboow5pg0cMhC3naRIIwGpCGpZKQdcYJ8l5GWO6iN6q0HwgUNgzs5jIjto15APYqRVJajH1jXhEkEkZPU6ul90qU8hZewdGiUzZNTaEU+NMpG5WLfKkJHLygeC86CmUEBZKo7+pfVDXHsk0BihoTomEYk7QRxSTEjad6KBYkQHqAe6SgMkE+EnYyPSmFROV3ohVy9QMKx+3siQb4QQ99VnT6SfTFdG5n/1Tqx9M7thAZRLEmAJ4u8mEEZwlFCUEVAsGRDBQhzqv4KcR9xhKXKMa9CMKdPnoVmpWwelSu3x4XqVRZHDuyCPVACJjgDVXAD6qABMHgEz+AVvGlP2ov2rn1MWue0bGYH/JH2+QONLZqr</latexit>

�adirCP = �2rb sin �(rK sin �K + r⇡ sin �⇡)and	with

No: Yes:
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Error	budget:	parameter	uncertain,es

4
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Error	budget:	parameter	uncertain,es
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• For	example,	probability	distribu,on	for	KK	final	state:

• Analysis	of	possible	higher-order	effects	(Chala	et	al):	

• …resul,ng	in
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Charming	“triangle	analyses”?

★	“Triangle	analyses”	require	a	lot	of	data,	but	only	rely	on	isospin	rela,ons

Gronau, London 
Bevan, Meadows

- several final states possible, for D → 𝜋i 𝜋k

- others include D → 𝜋𝜋,  𝜚𝜋, 𝜚𝜚
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Ø Other observables can be constructed for baryons, e.g.

Af =
��c + ��c

��c � ��c

FOCUS[2006]: AΛπ=-0.07±0.19±0.24

These amplitudes can be related to “asymmetry parameter”

If CP is conserved                    , thus CP-violating observable is 

Same is true for Λc-decay

… which can be extracted from

4.	CP-viola,on	in	charmed	baryons
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Things	to	take	home

0

Ø Computation of charm amplitudes is a difficult task 
– no dominant heavy dof, as in beauty decays 
– light dofs give no contribution in the flavor SU(3) limit 
– D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM) 

Ø For indirect CP-violation studies 
– constraints on Wilson coefficients of generic operators are possible, point to the 

scales much higher than those directly probed by LHC 
– consider new parameterizations that go beyond the “superweak” limit 

Ø For direct CP-violation studies 
- unfortunately, large DCPV signal is no more; need more results in individual 

channels, especially including baryons 
- hit the “brown muck”: future observation of DCPV does not give easy 

interpretation in terms of fundamental parameters  

- need better calculations: lattice? 

Ø Lattice calculations can, in the future, provide a result for aCP!   
Ø Need to give more thought on how large SM CPV can be…



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

Things	to	take	home

Ø Observation of CP-violation in the current round of experiments could have provided 
a “smoking gun” signals for New Physics 
- But latest LHCb observation seem to be broadly consistent (?) with SM 

- Maybe if we only have a reliable calculation of the SM effects…

�adirCP = (�0.156± 0.029)%
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Ø Theory/Experiment relation:

Theory          ❌
Experiment  ❌

Not a very interesting case…

Theory           ❌
Experiment    ✔

SM wins again?

Theory           ✔
Experiment    ❌

SM wins again!

Theory           ✔
Experiment    ✔

New Physics!

Chala, Lenz, Rusov, Scholtz: JHEP 1907 (2019) 161  
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Parameters	of	the	dCPV	calcula,on

• Light	cone	distribu,on	amplitudes
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