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Introduction:	charming	results

– Charm	quark	continue	to	churn	out	surprises!


• spectroscopy:	from	X(3872)	to	X(6900)	to	pentaquark	to	Tcc+?


• CP-violation:	“anti-superweak”	system


• D-mixing:	y	>	x?

cc̄cc̄
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– Maybe	the	first	signs	of	New	Physics	
will	come	from	charm…

x = 0.37± 0.12%
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Charming	CP-violation
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Charming	CP	violation

• How	can	CP-violation	be	observed	in	charm	system?

– can	be	observed	by	comparing	CP-conjugated	decay	rates	in	

various	ways,	both	with	and	w/out	time	dependence


– can	manifest	itself	in	charm	∆C=1	transitions	(direct	CP-violation)


– or	in	∆C=2	transitions	(indirect	CP-violation):	mixing


– or	in	the	interference	b/w	decays	(∆C=1)	and	mixing	(∆C=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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Introduction:	nonleptonic	charm	decays?

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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Direct	CP-violation	in	charm:	realities	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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Afrtermath

• Experimental	results

– note	that	while	the	new	result	does	constitute	an	observation	of	

CP-violation	in	the	difference…


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

LHCb 2017

• Need	confirmation	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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Theoretical	troubles
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Calculating	CP-asymmetries?

• Effective	Hamiltonian	for	singly	Cabibbo-suppressed	(SCS)	decays

– drop	all	“penguin”	operators	(Qi	for	i	≥	3)	as	Ci	are	small,


– recall	that																																																			and	

14

without	QCD with	QCD
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CP-asymmetry:	topological	flavor	flow

• Topological	flavor-flow	diagrams	could	be	used	to	deal	
with	hadronic	uncertainties

• Fit	many	decay	modes,	assume	SM	weak	phase!

T and C

A and E

SE

13

Recent:  B. Bhattacharya, A. 
Datta, AAP, J. Waite, 2107.13564
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CP-asymmetry:	topological	flavor	flow

• All	SCS	decays	can	be	written	in	terms	of	the	set	of	flavor	
flow	diagrams

H.-Y. Cheng, C.W. Chiang

Phys.Rev.D 100 (2019) 9, 093002
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CP-asymmetry:	topological	flavor	flow

• Fits	to	experimental	data	in	SCS	and	CF	results	in	

• Individual	asymmetries:

• Asymmetry	differences

Consistent	with	Standard	Model?

H.-Y. Cheng, C.W. Chiang

Phys.Rev.D 100 (2019) 9, 093002

but see also: 

B. Bhattacharya, A. Datta, AAP, 
J. Waite, 2107.13564

11
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Theoretical	troubles
★	But	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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CP-asymmetry:	LCSR	evaluation	
• Recipe	for	calculation	of	CPV	asymmetry	


– prepare	decay	amplitudes	(and	using																									)


– add	and	subtract																																	,	put	in	a	new	form	


– define	things	we	cannot	compute	(extract	from	branching	ratios)


– …	and	things	we	can
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dCPV:	calculating	matrix	elements

• Evaluate	(leading)	diagrams	contributing	to	the	correlation	function

– calculate	OPE	in	terms	of	known	LC	DAs

8

Khodjamirian, AAP: PLB774 (2017) 235

– extract											and											amplitudes	from	measured	branch.	fractionsA⇡⇡ AKK
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LCSR:	predictions

• As	a	result…

• Thus,

7

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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Charming	mixing

6
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Charming	mixing

xD =
1

2MD�D
Re


2hD0|H

|�C|=2
|D

0
i + hD0| i

Z
d4

x T

n
H

|�C|=1
w (x)H|�C|=1

w (0)
o
|D

0
i

�

yD =
1

2MD�D
Im hD0| i

Z
d4xT

n
H

|�C|=1
w (x)H|�C|=1

w (0)
o
|D0

i

★ ...can be calculated as real and imaginary parts of a correlation function

★ To start thing off, mass and lifetime differences of mass eigenstates...

★ How can one tell that a process is dominated by long-distance or short-distance?

★ … or can be written in terms of hadronic degrees of freedom…

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

y =
1
2�

�

n

�n

⇥
�D0|H�C=1

W |n⇥�n|H�C=1
W |D0⇥ + �D0|H�C=1

W |n⇥�n|H�C=1
W |D0⇥

⇤
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Mixing:	short-distance	computation

�12 = ��2
s

�
�ss

12 � 2�sd
12 + �dd

12

�
+ 2�s�b

�
�sd

12 � �dd
12

�
� �2

b �dd
12

H. Georgi, …

I. Bigi, N. Uraltsev


M. Bobrowski et al

JHEP 1003 (2010) 009

★ SD calculation: expand the operator product in 1/mc, e.g.

★ Note that 1/mc is not small, while factors of ms make the result small

- keep Vub ≠ 0, so the leading SU(3)-breaking contribution is  suppressed by 𝛌b2 ~ 𝛌10


- ... but it is tiny, so look for SU(3)-breaking effects that come from mass insertions 
and quark condensates  


                     LO:                                O(ms4)                                   O(ms2)               O(1)


                     NLO:                             O(ms3)                                   O(ms1)               O(1)


- ... main contribution comes from dim-12 operators!!!

E. Golowich and A.A.P.

Phys. Lett. B625 (2005) 53 

Guestimate:     x ~ y ~ 10-3 ?

4
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Scale-setting	in	charm	mixing?

★ SD calculation: non-universal perturbative scales?

★ Recall: 

★ Why should the contributions to dd-, sd-, and ss- be evaluated at 
the same scale?

Lenz, Piscopo, Vlahos

arXiv:2007.03022 

3
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Scale-setting	in	charm	mixing?

• Scale	uncertainty:	variation	of	scale	from	M/2	to	2M
– Try	varying	scales	in	dd-,	sd-,	and	ss-	independently

– Try	phase-space	modulated:	 µss

1 = µ� 2✏
<latexit sha1_base64="UF5VsXfYAxsVTX+qBXuNPxvoa9U=">AAACCXicbVDLSsNAFJ34rPEVdelmsAhuLEktPhZC0Y3LCvYBTQyT6aQdOpkJMxOhhG7d+CtuXCji1j9w59+YtEHUeuDCmXPuZe49Qcyo0rb9aczNLywuLZdWzNW19Y1Na2u7pUQiMWliwYTsBEgRRjlpaqoZ6cSSoChgpB0ML3O/fUekooLf6FFMvAj1OQ0pRjqTfAu6UeI7t6lSY3ieP+AhrEKXxIoywaFp+lbZrtgTwFniFKQMCjR868PtCZxEhGvMkFJdx461lyKpKWZkbLqJIjHCQ9Qn3YxyFBHlpZNLxnA/U3owFDIrruFE/TmRokipURRknRHSA/XXy8X/vG6iw1MvpTxONOF4+lGYMKgFzGOBPSoJ1myUEYQlzXaFeIAkwjoLbxrCWY7j75NnSatacY4qtetauX5RxFECu2APHAAHnIA6uAIN0AQY3INH8AxejAfjyXg13qatc0YxswN+wXj/AiUvmDE=</latexit>

µsd
1 = µ� ✏

<latexit sha1_base64="/xvVm6WGuEOgH0wMpBytP78jXVE=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBItPhZC0Y3LCvYBTQyTyaQdOpmEmYlQQndu/BU3LhRx6y+482+ctEHUeuDCmXPuZe49fsKoVJb1aczMzs0vLJaWyssrq2vr5sZmS8apwKSJYxaLjo8kYZSTpqKKkU4iCIp8Rtr+4DL323dESBrzGzVMiBuhHqchxUhpyTN3nCj17NtMBiN4DvUDHkCHJJKymMNy2TMrVtUaA04TuyAVUKDhmR9OEOM0IlxhhqTs2lai3AwJRTEjo7KTSpIgPEA90tWUo4hINxvfMYJ7WglgGAtdXMGx+nMiQ5GUw8jXnRFSffnXy8X/vG6qwlM3ozxJFeF48lGYMqhimIcCAyoIVmyoCcKC6l0h7iOBsNLRTUI4y3H8ffI0aR1W7aNq7bpWqV8UcZTANtgF+8AGJ6AOrkADNAEG9+ARPIMX48F4Ml6Nt0nrjFHMbIFfMN6/ADZJl7w=</latexit>

µsd
1 = µ

<latexit sha1_base64="bzDP1yV9hohAxy5g3bxE1Wy+ldo=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCq5Jo8bEQim5cVrAPaGOYTCbt0JkkzEyEGoq/4saFIm79D3f+jZM2iFoPXDhzzr3MvcdPGJXKtj+N0tz8wuJSedlcWV1b37A2t1oyTgUmTRyzWHR8JAmjEWkqqhjpJIIg7jPS9oeXud++I0LSOLpRo4S4HPUjGlKMlJY8a6fHU8+5zWQwhudQPyA0Tc+q2FV7AjhLnIJUQIGGZ330ghinnEQKMyRl17ET5WZIKIoZGZu9VJIE4SHqk66mEeJEutlk+zHc10oAw1joihScqD8nMsSlHHFfd3KkBvKvl4v/ed1UhaduRqMkVSTC04/ClEEVwzwKGFBBsGIjTRAWVO8K8QAJhJUObBrCWY7j75NnSeuw6hxVa9e1Sv2iiKMMdsEeOAAOOAF1cAUaoAkwuAeP4Bm8GA/Gk/FqvE1bS0Yxsw1+wXj/AuuXk7U=</latexit>

– Consistent	with	the	Standard	Model	result!	NLO?

2
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Things	to	take	home

Ø Philosophy: does exclusive approach to mixing constitute a prediction?

Ø Computation of charm mixing amplitudes is a difficult task


– no dominant heavy dof, as in beauty decays

– light dofs give no contribution in the flavor SU(3) limit


Ø Charm quark is neither heavy nor light enough for a clean application of 
well-established techniques

– “heavy-quark-expansion” techniques miss threshold effects 

– “heavy-quark” techniques  give numerically leading contribution that is 

parametrically suppressed by 1/m6 

– “hadronic” techniques need to sum over large number of intermediate states, 

AND cannot use current experimental data on D-decays

– “hadronic” techniques currently neglect some sources of SU(3) breaking 

– “quark-level” computation needs to be revisited!

1
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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)%
<latexit sha1_base64="ixEIIHv/gAQWaE0qP1+LI7iQlvU=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyFiliSel8IxbpwWcFeoIlhMp20QycXZiZCCXkIN76KGxeKuHXhzrdx2mahrT8MfPznHM6c340YFdIwvrW5+YXFpeXcSn51bX1jU9/aboow5pg0cMhC3naRIIwGpCGpZKQdcYJ8l5GWO6iN6q0HwgUNgzs5jIjto15APYqRVJajH1jXhEkEkZPU6ul90qU8hZewdGiUzZNTaEU+NMpG5WLfKkJHLygeC86CmUEBZKo7+pfVDXHsk0BihoTomEYk7QRxSTEjad6KBYkQHqAe6SgMkE+EnYyPSmFROV3ohVy9QMKx+3siQb4QQ99VnT6SfTFdG5n/1Tqx9M7thAZRLEmAJ4u8mEEZwlFCUEVAsGRDBQhzqv4KcR9xhKXKMa9CMKdPnoVmpWwelSu3x4XqVRZHDuyCPVACJjgDVXAD6qABMHgEz+AVvGlP2ov2rn1MWue0bGYH/JH2+QONLZqr</latexit>

Khodjamirian, AAP: PLB774 (2017) 235

LHCB-PAPER-2019-006

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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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!
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dCPV:	calculating	matrix	elements

• Use	modified	light-cone	QCD	Sum	Rule	(LCSR)	method

– start	with	the	correlation	function	(																									and																						)


– use	dispersion	relation	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

5

Khodjamirian, Mannel, Melic, PLB571 (2003) 75
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Error	budget:	parameter	uncertainties

2


