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Hystory:	
	
Predicted	by	Glashow,	Iliopoulos,	Miani	(1070)	
	
Discovered	by		Richter	(SLAC1974)		and	Thing	(1974)	
(Nobel	prize	in	1976)	
	
ProperAes:	
	
Mass	1.29	GeV	
Decays	into	s	quark	(~95%)	
and	d	quark	(~5%)	
	
Electric	charge	2/3	e	
Spin	½	
color:	3	
weak	isospin:	leb-handed	½.	Right-handed	0	
weak	hypercharge:	leb-handed	+1/3,	Right-handed	+4/3	
(Q=I3+Y/2)	



Charm	
		
In	1964,	Sheldon	L.	Glashow	had	wrigen	an	arAcle	with	James	Bjorken	suggesAng	a	
possible	fourth	quark.	"We	called	our	construct	the	'charmed	quark,'"	recalled	Glashow,	
"for	we	were	fascinated	and	pleased	by	the	symmetry	it	brought	to	the	subnuclear	
world."	Later	in	1974	Glashow	was	pushing	scienAsts	to	find	the	charm.	In	doing	so,	he	
stated	at	a	conference	that	there	were	three	possibiliAes:	"One,	charm	is	not	found,	and	I	
eat	my	hat.	Two,	charm	is	found	by	spectroscopists,	and	we	celebrate.	Three,	charm	is	
found	by	'outlanders'	(other	kinds	of	physicists	who	did	neutrino	scagering	or	measured	
electron-positron	collisions	in	storage	rings),	and	you	eat	your	hats."		
In	1976,	charm	was	found	by	"outlanders",	and	a	year	later	Glashow	gave	a	rabble-rousing	
talk	Atled	"Charm	Is	Not	Enough."	Then	they	all	had	a	big	laugh	as	the	spectroscopists	
present	finally	ate	their	hats	–	Mexican	candy	hats	were	supplied	by	the	organizers.		



On	Sunday,	November	10,	1974,	aber	searching	for	the	charm	
quark	around	3	GeV,	Richter's	group	found	a	peak	at	3.105	GeV.	
Richter	called	one	of	his	friends,	James	Bjorken,	just	as	he	had	sat	
down	to	dinner	and	gave	him	the	startling	news.	"I	couldn't	
believe	such	a	crazy	thing	was	so	low	in	mass,	was	so	narrow,	and	
had	such	a	high	peak	cross-secAon,"	Bjorken	recalled.	"It	was	
sensaAonal."	He	returned	to	the	table	a	few	minutes	later,	
seemingly	in	a	daze.	His	wife	and	children	then	watched	open-
mouthed	as	he	unthinkingly	heaped	a	large	tablespoon	of	
horseradish	onto	his	baked	potato	and	quietly	began	munching	
away,	staring	absentmindedly	off	into	space.	"BJ,"	his	wife	finally	
counseled,	"I	think	you'd	beger	go	down	to	the	lab	now."	

J/Ψ	par+cle	
The	J/Ψ	parAcle	is	a	combinaAon	of	two	names.	J	was	the	name	given	to	the	
parAcle	by	Samuel	Ting's	group	from	MIT	and	Brookhaven.	Ψ	was	the	name	given	
to	the	parAcle	by	Burton	Richter's	group	at	SLAC.	Each	group	had	found	the	
parAcle	independently	and	almost	simultaneously.	As	the	story	goes.	.	.	

Nobel	Prize	in	Physics	1976	



Do	not	forget	Nicola	Cabibbo	(1963)!	
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Mass	of	c	quark	predicted	from	ΔmK!	



Charm	in	QCD	

Charm	in	electroweak	interacAons	
-  Leptonic/semileptonic	decays	
-  CP	violaAon	
-																									oscillaAons	
-  FCNC	processes	
-  Rare	decays	

Charm	in		
SM	

Charm	and			
New	Physics	

D0 � D̄0

Outline	

Charm	at	LHC	



	Deepening	our	knowledge	of	SM																			QCD				

Theory	goals	

Charm	spectroscopy-	tetraquark	states		
decay	constants,	form-factors,		mixing	
parameters…	

QCD	(lavce)	in	acAon!	



QCD	in	acAon:	
Charmonium	and	ExoAc	Spectroscopy	with	Charm	Quarks	in	Lavce	QCD		Introduction

S. Olsen, arxiv:1511.01589

I Plethora of unexpected
charmonium-like (X ,Y ,Z )
states discovered
experimentally.

I Masses and widths of some
Ds states significantly lower
than those expected from
quark model.

I Tetraquarks? Molecules?
Cusps? Hybrids?

I First principles calculations
using lattice QCD to
understand these states.
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•  Plethora	of	unexpected	charmonium-like		
(X	,	Y	,	Z	)	states	discovered	experimentally	
	
•  Masses	and	widths	of	some	Ds	states		
significantly	lower	than	those	expected	from		
quark	model.		
	
•  Tetraquarks?	Molecules?	Cusps?	Hybrids?	

•  First	principles	calculaAons	using	lavce		
QCD	to	understand	these	states.		
	



B	meson	puzzles		

How	about	charm?	

•  Unique	tests	of	CP	violaAon	in	the	up	sector;	
•  Charm	offers	tests	of		possible	NP	in	up	sector	at	low-energies;		
•  If	NP	couples	to	weak	doublets	of	quarks,	CKM	connects	it	with	charm	sector.	
•  Can	one	see	NP	in	charm	decays	not	being	present	in	B	meson	?		

(g-2)μ	discrepancy	SM	predicAon		
and	experimental	result	

SoluAon	by	New	Physics	

Tests	of	Lepton	flavour	universality	

Search	for	New	Physics	



New	Physics	in		charm	processes	

NP	in	charm		

Constraints	from	K,	B	physics	

Constraints	from	EW	physics,	
oblique	correcAons,	

Constraints	from	LHC	

Z ! bb̄

Up	quark	in		weak	doublet	“talks”	to	down	quark	via	CKM!	
	
Effects	of	NP		in	charm		suppressed	by	Vcb

*	Vub.	

QiL	=	

V*il	uJ	

di	
L	

•  EffecAve	Lagrangian	approach	

•  Model	of	NP	(hopefully	UV	complete)	
Two	possibiliAes	



RD(⇤) =
BR(B ! D(⇤)⌧⌫⌧ )

BR(B ! D(⇤)µ⌫µ)
3.8σ	

charged		current	(SM	tree	level)	

B	physics	anomalies:	experimental	results	≠	SM	predicAons!	

Leff = �4GFp
2
Vcb[(1 + gVL)(c̄L�µbL)(l̄L�

µ⌫L) + gVR(c̄R�µbR)(l̄L�
µ⌫L)

+gSR(c̄LbR)(l̄R⌫L) + gTR(c̄L�µ⌫bR)(l̄R�
µ⌫⌫L)]

Freytsis,	et	al.,	1506.08896,	S.F.	et	al.,
1206.1872;	
Di	Luzio	&	Nardecchia,	1706.01868,	
Bernlochner	et	al.,	1703.05330,	
F.	Feruglio	et	al.,	1806.10155,	
1606.00524.	



�(⌧� ! µ�⌫̄µ⌫⌧ ) = �(⌧� ! e�⌫̄e⌫⌧ )

the	same	coupling	of		lepton		
and	its	neutrino	with			
W	for	all	three	lepton	generaAons!	

Lepton	Flavour	Universality		(LFU)	

Nuclear and Particle Physics Franz Muheim 8

Lepton Universality in Lepton Universality in 
Weak InteractionWeak Interaction

Tau Decays
mτ = 1.777 GeV > mµ, mπ, mρ, …
Several weak decay modes possible

Branching 
Fractions

Tau Decay Rates
Investigate decay

compare with muon decay
Expect lifetime
Measure
ÎWeak coupling of τ and µ identical 

Lepton Universality in Standard Model
W± boson couples identically to all leptons

Charged weak current 
Couples within lepton doublets
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valid	for	quarks	too!	

Basic	property	of	the	SM:	universal	g	

for	each	of	three	generaAons	in		
weak	interacAons	

Dµ = @µ + ig
1

2
~⌧ · ~Wµ + ig0

1

2
YWBµ

the	same		for	all	SM		fermions		

Lf = f̄ iDµ�
µf f = liL, q

i
L, i = 1, 2, 3



Leff = �GFp
2
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Fermi,	1933	

	
	
	
	
	
	
	

At	low	energies		



Muon	anomalous	magneAc	moment	

Dirac	equaAon	predicts	g=2	

Basics of the anomalous magnetic moment
Electrostatic properties of charged particles:
Charge Q, Magnetic moment ~µ, Electric dipole moment ~d

For a spin 1/2 particle:

~µ = g
e

2m
~s, g = 2| {z }

Dirac

(1 + a), a =
1
2
(g � 2) : anomalous magnetic moment

Long interplay between experiment and theory: structure of fundamental forces

In Quantum Field Theory (with C,P invariance):

γ(k)

p p’

= (�ie)ū(p 0)

2

64�µ F1(k
2)| {z }

Dirac

+
i�µ⌫k⌫
2m

F2(k
2)| {z }

Pauli

3

75 u(p)

F1(0) = 1 and F2(0) = a

ae : Test of QED. Most precise determination of ↵ = e2/4⇡.
aµ: Less precisely measured than ae , but all sectors of Standard Model (SM),
i.e. QED, Weak and QCD (hadronic), contribute significantly.
Sensitive to possible contributions from New Physics. Often (but not always !):

a` ⇠
✓

m`

mNP

◆2

)
✓
mµ

me

◆2

⇠ 43000 more sensitive than ae [exp. precision ! factor 19]

(Schwinger		α/π,		
Kinoshita	higher	orders	in	α)	

Theory:	uncertainty	in	hadronic	contribuAons	to	the	muon	g	−	2,	(Jägerlehner,	1809.07413	).		
Lavce	QCD	great	progress	vacuum	polarizaAon	and	light-by-light		study	(RBC	&	UKQCD,	
1801.07224,	Wivg		1807.09370).	

Fermilab	and	J-Park	experiments	are	expected	to	clarify	exisAng	discrepancy!	

ath
µ

� aexp
µ
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of the argument xq = m2
q/m

2
LQ are:

fS(x) =
x+ 1
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+

x log x
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4

,

fF (x) =
x2 � 5x� 2

12(x� 1)

3
+

x log x

2(x� 1)

4
⇠ 1

6

,

gS(x) =
1

x� 1

� log x

(x� 1)

2
⇠ � log x,

gF (x) =
x� 3

2(x� 1)

2
+

log x

(x� 1)

3
⇠ � log x.

(73)

The above expressions agree with the formulas presented in Ref. [207]. In
Eqs. (73) the limiting behavior of the functions is indicated when x becomes
small. Note that in such a limit the contribution of a chiral LQ with charge
QS = 2/3 becomes negligible due to cancellation between the terms with fS
and fF . Eqs. (73) have been derived for the F = 0 case and are easily adapted
to the |F | = 2 case by flipping the scalar charge, QS ! �QS (but with QS still
defined as charge of the field S), and applying lq` ! r⇤q`, rq` ! l⇤q`.

Rare radiative processes with LFV have been studied for vector and scalar
LQs with unitary coupling matrices in Ref. [208]. Constraints on the scalar
leptoquarks from LFV radiative decays were also tackled in the literature in
Refs. [135, 209].

3.4.2. Anomalous magnetic moments
Virtual corrections due to LQ states can modify the tree-level electromag-

netic interactions of charged leptons `. At the level of the `(p) ! `(p0)�⇤
(q, ✏)

amplitude one has [210]:

ieū`(p
0
)



�µ � a`
2m`

i�µ⌫q⌫

�

u`(p)✏
⇤
µ, qµ = (p� p0)µ. (74)

The gyromagnetic ratio g` is then obtained from the relation a`(q2 ! 0) =

(g` � 2)/2. At the effective Lagrangian level a` corresponds to the following
interacting Lagrangian:

La
`

= e¯`

✓

�µA
µ
+

a`
4m`

�µ⌫F
µ⌫

◆

`, (75)

where Fµ⌫ = @µA⌫�@⌫Aµ. The terms in the brackets are independent of electric
charge convention, while the overall sign reflects the choice of the covariant
derivative for lepton: Dµ = @µ � ieAµ. From the amplitude (70) adapted to
the ` = `0 case one can extract a` = im`(�L + �R). Scalar LQ contributions to
lepton anomalous magnetic moments have been known for some time [13]. All
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a = (g � 2)/2



Assuming	NP	at	scale																(Di	Luzio,	Nardecchia,	1706.0!868)	
	
	

⇤NP

What	is	the	scale	of	New	Physics?	

4GFp
2
Vcb gV ! 2

⇤2
NP

Hiller	et	al.,	1609.08895	RD(*)		

LNP � CD

⇤2
NP

(c̄L�µbL)(⌧L�
µ⌫L)

PerturbaAvity	of	NP		
	

(current)(current)	operators	
	are	invariant	under	QCD	running	

V-A		form	of	NP		

⇤NP ' 3TeV

⇤NP > 3TeV CD	becomes	non-perturbaAve!	



1 Introduction

One of the most intriguing results obtained so far at the Large Hadron Collider (LHC) is
the indication of the lepton flavor universality violation (LFUV). First, from the measured
partial branching fractions of B ! K`

+

`

�, in the window of q2 2 [1, 6] GeV2, the LHCb
Collaboration in Ref. [1] reported

RK =
B(B ! Kµµ)q22[1,6]GeV

2

B(B ! Kee)q22[1,6]GeV

2
= 0.745±0.090

0.074 ±0.036 , (1)

which appears to be 2.4� below the Standard Model (SM) prediction, RSM

K = 1.00(1) [2].
Not many New Physics (NP) models can explain R

exp

K < R

SM

K , yet many attempts have
been reported in the literature [3]. In terms of a generic low energy e↵ective field theory it
was soon realized that the models in which the NP contributions modify the couplings to
muons, rather than to electrons, are more plausible. Furthermore it was understood that
a modification of the couplings (Wilson coe�cients) of muons to the scalar and/or pseu-
doscalar operator cannot generate the observed suppression, whereas a shift in couplings to
the vector and/or axial operator can. Among those latter scenarios the popular are those
that give rise to C

9

= �C

10

, or C 0
9

= �C

0
10

, patterns that are explicitly verified in several
models, including those with an extra Z

0 boson as well as the models which postulate the
existence of low energy leptoquark states.

The hint that the loop induced decays b ! s`` can break lepton flavor universality (1)
was corroborated by the most recent LHCb results [4],

R

low

K⇤ =
B(B ! Kµµ)q22[0.045,1.1]GeV

2

B(B ! Kee)q22[0.045,1.1]GeV

2
= 0.660±0.110

0.070 ±0.024 ,

R

central

K⇤ =
B(B ! Kµµ)q22[1.1,6]GeV

2

B(B ! Kee)q22[1.1,6]GeV

2
= 0.685±0.113

0.069 ±0.047 , (2)

thus again ⇠ 2.2 � 2.4� below the Standard Model (SM) prediction [2]. If confirmed,
that result would exclude the model of Ref. [5], for example, in which the explanation
of Rexp

K < R

SM

K was made by means of a scalar leptoquark with hypercharge Y = 1/6.
That latter model verifies the pattern (Cµµ

9

)0 = � (Cµµ
10

)0, which entails RK < R

SM

K entails
RK⇤

> R

SM

K⇤ .
In this paper we will argue that another model with a low energy scalar leptoquark state

can be explain both R

exp

K < R

SM

K and R

exp

K⇤ < R

SM

K⇤ . In that (R
2

) model the leptoquark state
transforms as (3, 2, 7/6) under the Standard Model gauge group SU(3)⇥SU(2)⇥U(1)Y . A
peculiarity of the model is that the coupling of leptoquark to s and µ is absent and therefore
the shift in C

µµ
9

can be only achieved through loops. The model verifies Cµµ
9

= �C

µµ
10

, so
that both RK and RK⇤ can be smaller than in the Standard Model.

The idea of explaining RK < R

SM

K as a loop e↵ect in a model with a scalar leptoquark
is not new. In Ref. [6] the authors organized the Yukawa couplings in a similar way but
in a model in which the scalar leptoquark is a weak singlet with hypercharge Y = 1/3. It
appeared that the dominant contribution, arising from the top-quark propagating in the

1

2.4σ	

In the meanwhile (2014) new deviations appear...LFUV anomalies
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neither factorizable power correctionsú nor
long-distance charmú.
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FCNC	-	SM	loop	process		

1 Introduction

One of the most intriguing results obtained so far at the Large Hadron Collider (LHC) is
the indication of the lepton flavor universality violation (LFUV). First, from the measured
partial branching fractions of B ! K`

+

`

�, in the window of q2 2 [1, 6] GeV2, the LHCb
Collaboration in Ref. [1] reported

RK =
B(B ! Kµµ)q22[1,6]GeV

2

B(B ! Kee)q22[1,6]GeV

2
= 0.745±0.090

0.074 ±0.036 , (1)

which appears to be 2.4� below the Standard Model (SM) prediction, RSM

K = 1.00(1) [2].
Not many New Physics (NP) models can explain R

exp

K < R

SM

K , yet many attempts have
been reported in the literature [3]. In terms of a generic low energy e↵ective field theory it
was soon realized that the models in which the NP contributions modify the couplings to
muons, rather than to electrons, are more plausible. Furthermore it was understood that
a modification of the couplings (Wilson coe�cients) of muons to the scalar and/or pseu-
doscalar operator cannot generate the observed suppression, whereas a shift in couplings to
the vector and/or axial operator can. Among those latter scenarios the popular are those
that give rise to C

9

= �C

10

, or C 0
9

= �C

0
10

, patterns that are explicitly verified in several
models, including those with an extra Z

0 boson as well as the models which postulate the
existence of low energy leptoquark states.

The hint that the loop induced decays b ! s`` can break lepton flavor universality (1)
was corroborated by the most recent LHCb results [4],

R

low

K⇤ =
B(B ! Kµµ)q22[0.045,1.1]GeV

2

B(B ! Kee)q22[0.045,1.1]GeV

2
= 0.660±0.110

0.070 ±0.024 ,

R

central

K⇤ =
B(B ! Kµµ)q22[1.1,6]GeV

2

B(B ! Kee)q22[1.1,6]GeV

2
= 0.685±0.113

0.069 ±0.047 , (2)

thus again ⇠ 2.2 � 2.4� below the Standard Model (SM) prediction [2]. If confirmed,
that result would exclude the model of Ref. [5], for example, in which the explanation
of Rexp

K < R

SM

K was made by means of a scalar leptoquark with hypercharge Y = 1/6.
That latter model verifies the pattern (Cµµ

9

)0 = � (Cµµ
10

)0, which entails RK < R

SM

K entails
RK⇤

> R

SM

K⇤ .
In this paper we will argue that another model with a low energy scalar leptoquark state

can be explain both R

exp

K < R

SM

K and R

exp

K⇤ < R

SM

K⇤ . In that (R
2

) model the leptoquark state
transforms as (3, 2, 7/6) under the Standard Model gauge group SU(3)⇥SU(2)⇥U(1)Y . A
peculiarity of the model is that the coupling of leptoquark to s and µ is absent and therefore
the shift in C

µµ
9

can be only achieved through loops. The model verifies Cµµ
9

= �C

µµ
10

, so
that both RK and RK⇤ can be smaller than in the Standard Model.

The idea of explaining RK < R

SM

K as a loop e↵ect in a model with a scalar leptoquark
is not new. In Ref. [6] the authors organized the Yukawa couplings in a similar way but
in a model in which the scalar leptoquark is a weak singlet with hypercharge Y = 1/3. It
appeared that the dominant contribution, arising from the top-quark propagating in the

1

LNP =
1

⇤2
NP

s̄L�
↵bLµ̄L�↵µL ⇤NP ' 30TeV

What	is	the	scale	of	New	Physics?	

Capdevila		et	al.,1704.05340,	
Altmannshofer	et	al.,		
1704.05435,		D'Amico	et	al.,	
1704.05438.	



NP	explaining	both	B	anomalies		

B ! K(⇤)µ+µ�

LNP =
1

(⇤D)2
2 c̄L�µbL⌧̄ �

µ⌫L LNP =
1

(⇤K)2
s̄L�µbLµ̄L�

µµL

⇤D ' 3TeV ⇤K ' 30TeV

	
	

1

(⇤K)2
=

CK

⇤2
CK ' 0.01

suppression	factor	

NP	in	FCNC																																																	
has	to	be	suppressed				

Rexp

D

(⇤) > RSM

D

(⇤) Rexp

K

(⇤) < RSM

K

(⇤)

⇤D ' ⇤K ⌘ ⇤



Charged	current	charm		meson	decays	and	New	Physics			

LSM =
4GFp

2
Vcss̄L�

µcL ⌫̄l�µl

LNP =
2

⇤2
c

s̄L�
µcL ⌫̄l�µl

electro-magneAc	correcAon	1-3%	

1	%	error	in		

�(D+
s ! l+⌫l)

Message:	
Even	if	there	is	NP	at	3	TeV	scale		
the	effect	on		charm	leptonic	decay		
can	be	~	1%!	

	
	

⇤c ⇠ 2.5 TeV



Charm	weak	decays	and	CKM		
(Semi)leptonic	charm	inputs	to	the	CKM	fit		
	

Direct	extracAon	using	lavce	(HFAG+FLAG)		CKMFiger	(using	unitarity)	

Leptonic		

Semileptonic		
	



Lavce	QCD	

electromagneAc	correcAon	



•  Assuming	unitarity	of	VCKM,	the		
values		of	Vcs	and	Vcd	are	dominated		
by	Vcb	measurement	and		
nuclear	&	kaon	data;		
	

•  Vcs	and	Vcd	values	are	largely		
driven	by		indirect	constraints;		
	

•  Great	advance	in	lavce	determinaAon	of	decay	constants	
and	form	factors	enables	progress	in	tesAng	consistency	of	the	SM		
	



		
Ø 	EffecAve	Lagrangian	approach	describing	NP	in																						transiAon;	

					-	Pseudoscalar	operator				

					-	Scalar	operator		

	
Ø 	NP	in	branching	raAos,	forward-backward	asymmetry		transversal	muon	
polarizaAon;	

	

c ! sl⌫l

Wilson	coefficients	

1502.07488,	S.F.,	I.	Nišandžić,	U.	Rojec	
1404.0454,	J.	Barranco	et	al.,	

	Search	for	NP	in	charged	current	transiAons	
	(charm	mesons)	



Approach:	

c ! sl⌫l

QuesAons		for	theory:	

•  Can	current	precision	on	charm	meson	decay	constants/form	factors		
enables	to	search	for	New	Physics	in	charm?	
	
•  What	are	the	most	appropriate	observables?	
	

EffecAve	Lagrangian	to	describe			NP	in																									transiAon	



NP	proposals	in																													c ! sl⌫l

J.	Barranco	et	al.	1303.3896;	
Akeyrod	and	Chen,	hep-ph/0701078	

charged	scalar	

new	gauge	bosons	

leptoquarks	

e.g.I.Dorsner,	S.F.J.F.	Kamenik,		
N.	Kosnik,	0906.5585	
		

R		SUSY	A.G.	Akeroyd,	S.	Recksiegel,	
hep-ph/0210376.		



Simplest	proposal	for	NP		-	scalar/pseudoscalar		operators:		

New	physics	might	modify	branching	raAos		

Examples:		
	
Two	Higgs	Doublet	Models	
	



For																																																										(lavce,	Fermilab	&	MILC)	

and																																															obtained	from	global	CKM	unitarity	fit,	

allowed	parameter	space	of	new	physics	coupling:	

			



c(l)P can	contribute	to		

Using	helicity	formalism:		

D ! K⇤l⌫l

D ! K⇤l⌫l (	four	form-factors	necessary!)	

c(l)P modifies	Ht	

D ! K⇤”W”

polarizaAon	of	W	



Rather	weak	knowledge	of	form-factors.	
FOCUS	performed	non-parametric			
measurements	of	helicity	amplitudes		
(errors	too	big),	hep-ph	/0509027;	
BaBar	(1012.1810)	single	pole	parameterizaAon		
used	in	our	fit:	 RL/T =

�L

�T

PDG:	
RL/T	=1.13±0.08	

Not	compeAAve	with		the			
constraints	coming	from	pure		
leptonic	decay!	



The	Wilson	coefficient	of	the	scalar	operator				

NP	in		

Helicity	amplitudes	

D ! Kl⌫l

c(l)S



Form-factors	calculated	by	lavce		
collaboraAon	HPQCD		(1305.1462)	
crosses		
circles		

D ! K
Ds ! ⌘

Allowed	region	for	cs		from		
BR(D ! Kl⌫l)



NP	in	differenAal		width	distribuAon	

NP,	allowed	by	constraint	from		the	fit			of	cS		from	the	branching	raAo	

SM	

NP	



Check	of	lepton	universality	

SM	

NP,	allowed	by	constraint	
from	the	fit	to	the		branching	
raAo		which	gives	constraint	
on	cS,	assuming	
	

Charm 2016, BolognaN. Kosnik

Charged currents - semileptonic lepton universality

10

[Fajfer,Nisandzic,Rojec,1502.07488]

BESSIII	(PRL	118	(2017)	111801	



Forward-backward	asymmetry	in																																																												

~q = 0

✓

K	

	l	

SensiAve	on	the	real	part	of		cs!		

D ! Kl⌫l

Forward-backward	asymmetry		
would	not	show	deviaAon	from	SM!	
THDM	with	more	general	flavor	structure		
might	lead	to	different	cS	and	cP	and	AFB	
can	differ		from	SM.	

SM	value:			



CV	modifies	CKM				

9

second bracket. The SM prediction is then �m

SM

s = (19.6 ± 1.6) ps

�1. For the LQ contributions in Eq. (32) we use
the values of B(i)

Bs
(µ) from Ref. [60]. For the multiplicative renormalization of coefficients C

S3
1

and ˜

C

˜R2
1

we neglect
the running from ⇤ to mt, such that running effect to low scale is the same as in the SM, whereas for C

˜R2S3
4,5 we use

the leading order mixing [62] to find C

˜R2S3
4

(µ) = 0.61C

˜R2S3
5

(⇤), C

˜R2S3
5

(µ) = 0.88C

˜R2S3
5

(⇤). For the ratios of bag
parameters we use central values to find B

(5)

Bs
(µ)/B

(1)

Bs
(µ) = 0.99, B(4)

Bs
(µ)/B

(1)

Bs
(µ) = 1.07 [60]. Note that in this case

the experimental value �m

exp

s = (17.757± 0.021) ps

�1 has negligible uncertainty [48].

6. B ! K(⇤)⌫⌫̄

The B ! K

(⇤)

⌫⌫̄ decay offers an excellent probe of the lepton flavor conserving as well as lepton flavor violating
combination of the LQ couplings. Following [39] and with the help of notation in Refs. [43, 63, 64], we write the
effective Lagrangian:

Lb!s⌫̄⌫
e↵

=

GF↵

⇡

p
2

VtbV
⇤

ts

⇣

s̄�µ[C
ij
L PL + C

ij
RPR]b

⌘

(⌫̄i�
µ
(1� �

5

)⌫j). (34)

In the SM we have a contribution for each pair of neutrinos and therefore C

SM,ij
L = C

SM

L �ij where C

SM

L = �6.38 ±
0.06 [63]. The respective contributions of S

3

and ˜

R

2

to the left- and right-handed operators are [41]:

C

S3,ij
L =

⇡v

2

2↵VtbV
⇤

tsm
2

S3

ybjy
⇤

si, C

˜R2,ij
R = � ⇡v

2

2↵VtbV
⇤

tsm
2

˜R2

ỹsj ỹ
⇤

bi. (35)

As discussed in [39] the SM branching ratio for both processes B ! K

(⇤)

⌫⌫̄ is modified by the same factor R⌫⌫ [64, 65],

R⌫⌫ � 1 =

⇡v

2

3↵VtbV
⇤

tsC
SM

L

Re

"

(yy

†

)bs

m

2

S3

� (ỹỹ

†

)sb

m

2

˜R2

#

+

(⇡v

2

)

2

12(↵VtbV
⇤

ts|CSM

L |)2

"

(yy

†

)bb(yy
†

)ss

m

4

S3

+

(ỹỹ

†

)bb(ỹỹ
†

)ss

m

4

˜R2

� 2Re[(yỹ

†

)bs(ỹy
†

)bs]

m

2

S3
m

2

˜R2

#

.

(36)

Among the possible final states, the strongest bound on R⌫⌫ is due to determination of Belle experiment of the upper
bound B(B ! K

⇤

⌫⌫̄) < 2.7⇥ 10

�5 which translates to R⌫⌫ < 2.7, both at 90% C.L. [66].

7. Rare D decays

Due to the weak triplet nature S
3

couples only to the weak doublets of quarks and leptons, the corrections to charged
current processes only rescale the SM charged current contributions. The relevant modification of the charged current
Lagrangian, following Ref. [41] is given by:

Lūidj
¯`⌫k

= �4GFp
2

"

(VijU`k + g

L
ij;`k)(ū

i
L�

µ
d

j
L)(

¯

`L�µ⌫
k
L)

#

, (37)

with the coefficient determined by the S

3

contribution as

g

L
ij,lk = �1

4

(y

†

3

V

T
)li(y3)jk

v

2

m

2

LQ

. (38)

Following [41] one can determine easily the leptoquark correction to the FCNC transition c ! uµ

+

µ

� by using the
effective Lagrangian:

Lc̄u¯`` = �4GFp
2

"

c

LL
cu (c̄L�

µ
uL)(

¯

`L�µ`L)

#

+ h.c., (39)

with

c

LL
cu = � v

2

2m

2

S3

(V

⇤

csgsµ + V

⇤

cbgbµ)(V
⇤

us + Vubgbµ) (40)

Test	of	lepton	flavour	universality	(LFU)	
Rc

⌧,µ =
�(Ds ! ⌧⌫)

�(Ds ! µ⌫)

Doršner,	SF,	Greljo,	Kamenik		Košnik,	
1603.04993;		

LQ	in	charm	charged	current:	Test	of	Lepton	Flvour	Universality	

Triplet	LQ	S3	in	charm	leptonic	decays	decay	

gLcs,⌧⌧ = � v2

4m2
S3

((y3)
†V T )⌧s(y3)c⌧

mS3	[TeV]	

1.0																																	3.2%																																				
1.2																																	2.4%																																				
1.5																																	1.5%																																				

1�Rc
⌧,µ,LQ/R

c
⌧,µ,SM

Comes	from	the	fit	of	RK(*)	with	S3	

Rc
⌧,µ,LQ

Rc
⌧,µ,SM

= [1� v2

2M2
S3

Re((V y⇤)c⌧ys⌧ � (V y⇤)cµysµ)]



NP	in	transversal		muon	polarizaAon		

The	relaAve	complex	phase	between	nonstandard	scalar	Wilson	
coefficient	and		Vcs	is	a	possible	new	source	of	the	CP	violaAon.		
	
The	measurement	of	the	T-odd	transverse	polarizaAon	of	charge	
lepton	might	give		informaAon	on	that	effect.	In	SM	it	is	vanishing	
effect.	

																	amplitude	for	
spin	projecAon	along		~s
A(±~s)

For	allowed	value	of			

8

implying c
(`)
S ' �c

(`)
P = c

(`)
L . The values of the scalar and pseudoscalar couplings are thus approximately related,

so that the tight constraints from the leptonic decays imply that the forward-backward asymmetry in D ! Kµ⌫
would not show the deviations from the SM. In more general THDMs the scalar and pseudoscalar coe�cients are
independent. Examples of such models are the Aligned THDM [24, 25] or the THDM with general flavour structure.

0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.00
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q2@GeV2D

A F
BHmL Hq

2 L

FIG. 5: Comparison of the shape of forward-backward asymmetry A(µ)
FB(q

2) in the SM (red) with the deviations (grey) induced

by currently allowed values of c(µ)
S couplings. Coloured bands represent the form factor uncertainties.

C. NP in transversal muon polarization

The relative complex phase between the non-standard scalar Wilson coe�cient and the Vcs element of the CKM
matrix is a possible new source of the CP violation. The total decay rate does not o↵er an independent information
about such e↵ects. One could measure the T-odd transverse polarization of the final charged lepton in the semileptonic
D meson decays [18, 19]. It follows from the CPT invariance that this observable is also CP-odd. Since its value is
expected to be vanishingly small in the SM, the measured non-vanishing value would be clear sign of the NP. This
observable was first theoretically introduced and experimentally studied in semileptonic K meson decays, see [36–38].
The transversal polarization of the ⌧ lepton in the semitauonic B decays has also been theoretically considered as a
possible test of the beyond SM CP violating e↵ects, see [39, 40]. In the case of process with the electron in the final
state, this observable remains insensitive to the corresponding scalar Wilson coe�cient. We define the transversal
polarization of the muon in the process D+ ! K0µ+⌫ as the ratio:

P
(µ)
? =

|A(~s)|2 � |A(�~s)|2
|A(~s)|2 + |A(�~s)|2 , (21)

where ~s ⌘ (~pK⇥~p`)/|~pK⇥~p`| denotes the unit vector perpendicular to the K` decay plane and A(±~s) is the amplitude
for spin projections along ~s. The small value of P?

(`) is in the SM generated by the final state interactions. For example,

the electromagnetic e↵ects produce the value of the order 10�6 in the process K+ ! ⇡0µ+⌫ [41]. The theoretical
computations of the contributions of the final state interactions on this observable in the semileptonic D decays is
currently lacking, but we expect that it is small enough that it can be neglected. The contribution to the numerator
of (21) arises from the interference between the SM and the scalar amplitudes [37–40], namely

P
(µ)
? (q2, Eµ) =

✓
d�

dq2dEµ

◆�1

(q2, Eµ) Im
�
h
0

(q2)h⇤
t (q

2)
�
. (22)

The NP contribution is encoded in the modification of the helicity amplitude ht(q2) (see Eq. (14)). The function
(q2, Eµ) is given by

(q2, Eµ) = �2

r
rµ
�

✓
4Eµ

m2

D

�4rµ

◆✓
(1�rK�rq)

2�4rK

◆
�4

✓
� 2Eµ

mD
+2rK+rµ+

Eµ(1� rK � rq)

mD
+rq

◆
2

�
1/2

, (23)



CP	violaAon	in	charm	

i)	CP	violaAon	in	the	∆C	=	1	decay	amplitudes,			
	

Af	=|A1|eiδ1eiφ1	+|A2|eiδ2eiφ2		
	

		δi			strong	phases	
		φi			weak	phases	
	
 
 	
	

ii)	CP	violaAon	in	D0	–	D0,	∆C =2 
	

-	

iii)	CP	violaAon	in	the	interference	of	decays	with	and	without	mixing.		
The	same		final	states	to	which	both	D0	and	D0	can	decay		
	

-	

•  		CPV	in	D	-	D		mixing	suppressed	due	to			

•  direct	CPV	suppressed	due	to			O([VcbV
⇥
ub/VcsV

⇥
us]�s/⇥) � 10�4

O(VcbV
⇥
ub/VcsV

⇥
us) � 10�3-	

Af	=|A1|eiδ1e-iφ1	+|A2|eiδ2e-iφ2		
	

_	



Mixing	and	indirect	CP	violaAon	

If																												then				CP	eigenstates		

-  intermediate	down-type	quarks;	
-  due	to	CKM	contribuAon	of			b	–	quark	negligible;	
-  in	the	SU(3)	limit	0;		
-  Dominated	by	non-perturbaAve	dynamics!	
-  md,	m≤	≤	ΛQCD	

	
	
	
	

mc		not	large	enough	for	1/mc	expansion	as	in	B	physics			



Short	distance	
Lavce	QCD	helps	!	

Long	distance	
difficult	to	determine	

	
	



	(D	meson	is		not	heavy	enough)	use	of	duality	

How	to	approach	to	long	distance	contribuAons?	
	
-	operator	product	expansion	

Lavce	determined	



One	assumes	that	D	transiAons	are	dominated	by	a	small	number	of	exclusive	processes,	
which	are	examined	explicitly.		

Strong	phase	

Number	of	s	and	bar	s	in	the	final	state	

CP |f >= ⌘CP |f̄ >

Falk	et	al,	hep-ph/0110317	



•  |q/p≠|1	would	indicate	CPV	in	mixing.	
•  Arg(q/p)	≠	0	would	indicate	CPV	from	interference	mixing/decay.	
•  Mixing	parameters	x	=Δm/Γ	and	y	=	ΔΓ/(2Γ).	

if	CP-violaAon	is	neglected…	 if	CP-violaAon	is	allowed	



u	

c-	

c	

u	

-	 -	 c	

u	

-	 u	

c-	

-	

D0 � D̄0

NP	
NP	

NP	at	tree	level	 NP	at	loop		level	
(box)	

New	physics	in	charm	FCNC	processes	

SM	box	contribuAon	



D0	
f	

D0	
_	

CP	violaAon																			the	interference		
between	mixing	and	decay	amplitude					

indirect	CP	violaAon	

Result	of	CP	violaAon	in	D	mixing		
	

direct	CP	violaAon		

Nierste,	Schaht	1508.00074		

CP	eigenstate	

LHCb,	1602.03160		



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

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

	Doubly	Cabibbo-suppressed	(DCS)	decay	
-  c	→	d	us	
-  Example		D0	→K+π-	

A	measurement	of	D0-D0	mixing	and	CP	violaAon	can	be	obtained	by	comparing	
the		raAo	of	D0	→K-π+		and		D0	→K+π-	decay	rates,	as	a	funcAon	of	the	D0	decay	
Ame,	



the	interference		CF	and	the	DCS	amplitudes	with	the	K	
mixing,	effect	of	the	order	10-3.		



NP		and	CP	violaAon	in	charm	decays	

SM	

NP	effecAve	operators		

sensiAve	to	both	indirect	and	direct	



NP	

by	integraAng	out	heavy	degrees	of	freedom		
These	operators	contribute	to	D-	mixing	

~	

16

B. Leptoquark models

We consider contributions from scalar S1,2,3 and vector V2,3, ˜V1,2 leptoquark representations to

c ! u� processes, see [11, 43–46] for Lagrangians and details 2. In this section we denote by M

the mass of the leptoquark and by �
L/R

leptoquark couplings to left-/right-handed leptons. For

vector-like couplings we omit the chirality index.

Due to the light leptons in the loop �
LQ

C(0)
1�8(µ = M) = 0, however, the following vector (V )

and scalar (S) operators are induced at tree-level

O(l)
V

= (ū
L

�
µ

l
L

)(l
L

�µc
L

) , O(l)
S

= (ū
L

l
R

)(l
L

c
R

) (37)

plus chirality-flipped contributions. Here, schematically, C(l)
V

(µ = M) = ��⇤/M2 and

C(l)
S

(µ = M) = �
R

�⇤
L

/M2. At one-loop QCD C(l)
V

(µ
c

) = C(l)
V

(M) and C(l)
S

(µ) =

(↵
s

(M)/↵
s

(µ))8/(2�0)C(l)
S

(M), where �0 = 11 � 2/3n
f

and n
f

is the number of active flavors,

hence thresholds need to be taken into account.

At the scale µ = m
⌧

the ⌧ lepton is to be integrated out. Since numerically m
⌧

⇠ p
2m

c

we

include the tau-loop contributions in the matrix element of O(l)
V,S

, see figure 5. The contribution of

c u

l l

O(l)

1

FIG. 5: Diagram inducing c ! u� within leptoquark models.

O(l)(0)
V

vanishes to all orders in ↵
s

. From the matrix element of O(l)(0)
S

we obtain

�
LQ

A(0)
7 (µ

c

) =

�Q
l

4

p
2G

F

m
l

m
c

✓
1 + ln

µ2
c

m2
l

◆✓
↵
s

(M)

↵
s

(µ
t

)

◆12/21✓↵
s

(µ
t

)

↵
s

(µ
b

)

◆12/23✓↵
s

(µ
b

)

↵
s

(µ
c

)

◆12/25 ⌫(0)

M2
. (38)

Here, Q
l

denotes the electric charge of the leptons. The couplings ⌫(0) within leptoquark models are

given in table III. Note that �
LQ

A(0)
8 (µ

c

) is additionally ↵
e

/(4⇡) suppressed and will be neglected

throughout.

Constraints on ⌧ couplings are worked out and given in table IV, where we followed [11] and used

[36]. The representations V2,3 turn about to be not relevant for c ! u� decays and no constraints

2 In [11] the notation differs from the one used here by means of charge conjugated fields. Here we write q ! q̄C for
the leptoquarks S1, S3, V2 and Ṽ2 in [11] and adjust their couplings correspondingly. Moreover, here an additional
sign for all vector leptoquarks is accounted for. Conclusions in [11] are unaffected.

CorrelaAon	to	NP	in	kaon	sector	

RGE	running	for	Ci	



CHARM	quark	electric	(chromo-electric)	dipole	moment	

quark	EDM		 quark		CEDM		 Weingerg	operator	

mixing	under	RGE	

CEDM	threshold	correcAon	to	w	

from	neutron	EDM	

from		

Sala,	1312.2589	
Considered	charm	quark	EDM	and	CEDM	

In	1809.09114,	Dekens	et	al,		NP	from	B	anomalies	creates	c-quark	EDM,	which	can	be	
related	to	neutron		(lavce	computaAon	of	c	–bar	c	content	of	neutron~	2%)	or		Hg			EDM!	

More	studies	of	charm	quark	EDM(CEDM)	–	new	source	of	CP	violaAon!	
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• 	conspiracy:			d,s,	b	quarks		are	in	the	loops;	
	
• 	very	strong		GIM	suppression;		

• 																																																										

	

long	distance	contribuAon	
dominant!	

ProperAes	of	FCNC	in	charm	physics	

c	

u	

-	

a	weak	singlet,	doublet	or	triplet		

up	quark	weak	doublet	“talks”	to	down	quark	via	CKM!	
		

QiL	=	

V*il	uJ	

di	
L	



Tree-level	4-quark	operators		
	

(Short-distance)	penguin	operators		
	

(recent	results:	de	Boer,	Hiller,	
1510.00311,	1701.06392,		
De	Boer	et	al,	1606.05521)	
1707.00988	)	

2

while separate branching fractions in the low- and high- q2 bins were bounded as [14]1:

BR(⇡+µ+µ�)I ⌘ BR(D+ ! ⇡+µ+µ�)q22[0.0625,0.276] GeV2 < 2.5⇥ 10�8

BR(⇡+µ+µ�)II ⌘ BR(D+ ! ⇡+µ+µ�)q22[1.56,4.00] GeV2 < 2.9⇥ 10�8 .
(3)

Motivated by these improved bounds we consider several NP models and either derive constraints on their flavor
parameters and masses, or for the models that are severely bounded from alternative flavor observables (e.g. D0� D̄0

mixing, K, or B physics), we comment on the prospects of observing their signals in rare charm decays. To this end,
we use the e↵ective Lagrangian encoding the short-distance NP contributions in a most general way. Namely, the
experimental results (1) and (3) give us a possibility to constrain NP in c ! u`+`� also in a model independent way.

In the case of b ! s`+`� transitions, LHCb has recently observed large departure of the experimentally determined
lepton flavor universality (LFU) ratio RK = BR(B ! Kµ+µ�)q22[1,6]GeV2/BR(B ! Ke+e�)q22[1,6]GeV2 from the

expected SM value [15]. This value was found to be RLHCb
K = 0.745+0.090

�0.074 ± 0.036, lower than the SM prediction
RSM

K = 1.0003 ± 0.0001 [16]. This surprising result of LHCb indicates possible violation of LFU in the µ-e sector.
Due to the importance of this result, we investigate whether analogous tests in the µ-e LFU can be carried out in
c ! u`+`� processes.

The outline of this article is as follows. In Section 2 we describe e↵ective Lagrangian of |�C| = 1 transition
and determine bounds on the Wilson coe�cients coming from the experimental limits on BR(D+ ! ⇡+µ+µ�) and
BR(D0 ! µ+µ�). Sec. 3 contains analysis in the context of specific theoretical models of new physics, contributing
to the c ! u`+`� and related processes. Sec. 4 discusses lepton flavor universality violation. Finally, we summarize
the results and present conclusions in Sec. 5.

II. OBSERVABLES AND MODEL INDEPENDENT CONSTRAINTS

A. E↵ective Hamiltonian for c ! u`+`�

The relevant e↵ective Hamiltonian at scale µc ⇠ mc is split into three contributions corresponding to diagrams with
intermediate quarks q = d, s, b [9, 17]

He↵ = �dHd + �sHs + �bHpeng , (4)

where each of them is weighted by an appropriate combination �q = VuqV
⇤
cq of Cabibbo-Kobayashi-Maskawa (CKM)

matrix elements. Virtual contributions of states heavier than charm quark is by convention contained within

Hpeng = �4GFp
2

X

i=3,...,10

CiOi . (5)

The operators appearing in the above Hamiltonian have thus enhanced sensitivity to new physics contributions:

O7 =
emc

(4⇡)2
(ū�µ⌫PRc)F

µ⌫ , OS =
e2

(4⇡)2
(ūPRc)(¯̀̀ ) ,

O9 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ`) , OP =

e2

(4⇡)2
(ūPRc)(¯̀�5`) ,

O10 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ�5`) , OT =

e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫`) ,

OT5 =
e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫�5`) .

(6)

The chiral projectors are defined as PL,R = (1 ⌥ �5)/2, Fµ⌫ is the electromagnetic field strength tensor. For each of
the operators O7,9,10,S,P we introduce the corresponding counterpart O0

7,9,10,S,P with opposite chiralities of quarks.
Within the SM the Wilson coe�cients Ci result from the perturbative dynamics of the electroweak interactions and
QCD renormalization. The latter e↵ect determines the value of C7(mc) by two-loop mixing with current-current
operators and was found to be V ⇤

cbVubC
SM
7 = V ⇤

csVus(0.007 + 0.020i)(1 ± 0.2) [4, 8]. On the other hand the value of
C9 Wilson coe�cient was found to be small after including renormalization group running e↵ects as shown in [7] and
confirmed in [6], while C10 is negligible in the SM [18].

1

Note that the high-q2 bin quoted by the experiment extends beyond the maximal allowed q2
max

= (mD �m⇡)
2

= 2.99 GeV

2

.

1)	At	scale	mW	all	penguin	contribuAons	vanish	due	to	GIM;	

2)			SM	contribuAons	to	C7...10	at	scale	mc	enArely	due	to	mixing	of	tree-		
level	operators	into	penguin	ones	under	QCD		
	
3)			SM	values	at		
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1) At scale mW all penguin contributions vanish due to GIM 
2) SM contributions to C7…10 at scale mc entirely due to mixing of tree-

level  operators into penguin ones under QCD 

3)  SM values at mc 

4)  All operators’ contributions to D→πℓℓ can be absorbed into q2  
     dependent effective Wilsons C7,9eff(q2) 

(Short-distance) penguin  
operators
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[de Boer, Hiller, 1510.00311]

He↵ = �dHd + �sHs � 4GF�bp
2

X

i=3,...,10,S,P,...

CiOi

Charm 2016, BolognaN. Kosnik

Neutral currents - effective description

Tree-level 4-quark operators

O7 =
emc

(4⇡)2
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(ū�µPLc)(¯̀�µ`) OP =

e2

(4⇡)2
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(ū�µPLc)(¯̀�µ�5`) OT =

e2

(4⇡)2
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SM	effecAve	Hamiltonian	for	rare	charm	decays	-FCNC	

ū�µ1/2(1� �5)q q̄�µ1/2(1� �5)c



	SM	in																									and			

BR(D ! Xu�) ⇠ 10�8
C.	Greub	et	al.,	PLB	382	(1996)	415;		

c ! u�
c ! ul+l�
Q7		contributes	to																							and			

c ! ul+l�
all	three	operators	contribute	to		

c ! u� c ! ul+l�

Rare	charm	decays	much	rarer		than	rare	B	decays.	
For	same	staAsAcs	much	less	events.	

GIM	suppression	



Introduction D → V γ Λc → pγ Summary

Two approaches

(1) Compute leading power corrections (∼ ΛQCD/mc) as in
b-physics. [Bosch et al. 2001, 2004]

Power corrections depend on uncertain λD, the first negative
moment of D-meson light-cone distribution amplitude.

c u
Q1,2

×

c uQ1,2

× ×

c uQ8
×

Figure: Weak annihilation and hard spectator interaction diagrams. Crosses indicate photon emission.

Stefan de Boer EPS-HEP2017

photon	emission	

Hiller	&	De	Boer	1701.06392	

previuos	works:	
SF&	Singer,	hep-ph/9705327,	SF,	Prelovsek	&hep-ph/9801279	
S.	F.	P.	Singer		and	J.	Zupan,	EPJC	27(2003)	201		Burdman	et	al.	hep-ph/9502329,	
Khodjamirian	et	al,	hep-ph/9506242	

Note:	all	SM	th.	predicAons	for		
BR(D0	→	ρ0γ	)	smaller	than	exp.	rate!	
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branching ratio D0 ! ⇢0� D0 ! !� D0 ! �� D0 ! ¯K⇤0�

Belle [24]† (1.77± 0.31)⇥ 10

�5 – (2.76± 0.21)⇥ 10

�5
(4.66± 0.30)⇥ 10

�4

BaBar [33]†a – – (2.81± 0.41)⇥ 10

�5
(3.31± 0.34)⇥ 10

�4

CLEO [34] – < 2.4⇥ 10

�4 – –

BBelle
0.030± 0.005 – 0.039± 0.003 0.49± 0.03

BBaBar – – 0.039± 0.006 0.35± 0.04

a
We update the normalization [35].

TABLE I: Experimental data on D0 ! V � branching ratios. The corresponding numerical values for the

reduced branching ratios B, see eqs. (26,29) and analogously for ��, are given in the last row. †Statistical

and systematic uncertainties are added in quadrature.

FIG. 2: The polarization fraction r, eq. (32) and 2r/(1 + r2), which drives A�, eq. (11), as a function of

|TC 0
7| (blue shaded band) for the current data on B assuming r0 ' 0. The range accessible by leptoquark

models is indicated by the green box. Model-independently, and in generic SUSY models, there is no upper

limit on r.

The polarization fraction r is a null test of the SM for negligible r0. We can already now make

a data-based prediction for r given C 0
7 irrespective of C7. Possible values of r from eq. (32)

are illustrated in figure 2, where the blue band displays the one sigma range of B. Within

leptoquark models holds |C 0
7| . 0.02, which, using T = 0.7 [6], implies r . 0.09, indicated

by the green box. On the other hand, SUSY models can provide significantly higher values

|C 0
7| . 0.3, while model-independently holds |C 0

7| . 0.5. As r diverges towards C 0
7 ' 0.15,

in both latter cases there is no upper limit on r. Upper limits on the Wilson coefficients are

taken from [6].
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2

implications of the recent measurements by Belle [15]

B(D0 ! ⇢0�) = (1.77± 0.30± 0.07) · 10�5 ,

A
CP

(D0 ! ⇢0�) = 0.056± 0.152± 0.006 , (1)

where the CP asymmetry A
CP

is defined as1

A
CP

(D ! V �) =
�(D ! V �)� �(

¯D ! ¯V �)

�(D ! V �) + �(

¯D ! ¯V �)
. (2)

We compare data (1) to the SM predictions and derive model-independent constraints on BSM

couplings. We further discuss two specific BSM scenarios, leptoquark models and the minimal

supersymmetric standard model with flavor mixing (SUSY). For the former we point out that large

logarithms from the leading 1-loop diagrams with leptons and leptoquarks require resummation.

The outcome is numerically of relevance for the interpretation of radiative charm decays.

We further obtain analytical expressions for the contributions from the QCD-penguin operators

to the effective dipole coefficient at 2-loop QCD. This extends the description of radiative and

semileptonic |�C| = |�U | = 1 processes at this order [3, 11, 17].

While one expects the heavy quark and ↵
s

-expansion to perform worse than in b-physics an

actual quantitative evaluation of the individual contributions in radiative charm decays has not

been done to date. Our motivation is to fill this gap and detail the expansion’s performance when

compared to the hybrid model, and to data. In view of the importance of charm for probing flavor

in and beyond the SM seeking after opportunities for any, possibly data-driven improvement of the

theory-description is worthwhile.

The organization of this paper is as follows: In section II we calculate weak annihilation and hard

scattering contributions to D ! V � decay amplitudes. In section III we present SM predictions for

branching ratios and CP asymmetries in this approach and in the hybrid model. We present model-

independent constraints on BSM physics and look into leptoquark models and SUSY within the

mass insertion approximation in section IV. Section V is on ⇤

c

! p� decays and the testability of

a polarized ⇤

c

-induced angular asymmetry at future colliders [18, 19]. In section VI we summarize.

In appendix A and B we give the numerical input and D ! V form factors used in our analysis.

Amplitudes in the hybrid model are provided in appendix C. Details on the 2-loop contribution

from QCD-penguin operators are given in appendix D.

1 The CP asymmetry of D0 ! ⇢0� is mostly direct, analogous to the time-integrated CP asymmetry in D0 ! K+K�

[16]. We thank Alan Schwartz for providing us with this information. In this work, we refer to ACP as the direct
CP asymmetry, neglecting the small indirect contribution.

Hiller&	de	Boer	1701.	06392	

LQs	give	as	large	

contribuAons	as	SM	

Introduction D → V γ Λc → pγ Summary

SM CP-asymmetry

Figure: For approach (1). Measured CP-asymmetry at one σ covers shown range, whereas measured
branching ratio at one σ is above it.

|ASM
CP | < 2 · 10−3 if branching ratio as measured assuming SM.

Stefan de Boer EPS-HEP2017
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Belle,	1603.03257		
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branching ratio D0 ! �� D0 ! ¯K⇤0� D0 ! K⇤0� D+ ! K⇤+� Ds ! ⇢+�

WA (0.0074� 1.2) · 10�5
(0.011� 1.6) · 10�4

(0.032� 4.4) · 10�7
(0.73� 1.1) · 10�5

(1.8� 2.9) · 10�3

hybrid (0.24� 2.8) · 10�5
(0.26� 4.6) · 10�4

(0.076� 1.3) · 10�6
(0.48� 7.6) · 10�6

(0.11� 1.3) · 10�3

[5, 6] (0.4� 1.9) · 10�5
(6� 36) · 10�5

(0.03� 0.2) · 10�5
(0.03� 0.44) · 10�5

(20� 80) · 10�5

[8] (0.1� 3.4) · 10�5
(7� 12) · 10�5

0.1 · 10�6
(0.1� 0.3) · 10�5

(6� 38) · 10�5

[9]a – 1.8 · 10�4 – – 4.7 · 10�5

Belle [15]† (2.76± 0.21) · 10�5
(4.66± 0.30) · 10�4 – – –

BaBar [39]†b (2.81± 0.41) · 10�5
(3.31± 0.34) · 10�4 – – –

aUncertainties not available. We use a1 = 1.3 and a2 = �0.55 [34].
bWe update the normalization [36].

TABLE II: Branching ratios of D0 ! (�, ¯K⇤0,K⇤0
)�, D+ ! K⇤+� and Ds ! ⇢+� within the SM from weak

annihilation and within the hybrid framework [5, 6] (appendix C). We vary the decay constants, lifetimes

and µc 2 [mc/
p
2,
p
2mc]. The branching ratios induced by weak annihilation scale as (0.1GeV)/�D)

2. Also

given are available data by the Belle [15] and BaBar [39] collaborations, as well as SM predictions obtained

in [5, 6], via pole diagrams and VMD [8] and QCD sum rules [9]. †Statistical and systematic uncertainties

are added in quadrature.

finite CP asymmetry, estimated in equation (28). Taking into account a percent level uū + d ¯d

content in the � [36] values of A
CP

up to O(10

�4
) in the SM and up to O(10

�3
) in BSM models

can arise in D0 ! �� decays. Effects from rescattering at the �-mass are roughly y . 0.1, hence

corresponding CP asymmetries can reach O(10

�3
) in the SM and O(10

�2
) in BSM scenarios. The

following asymmetries have been measured [15],

A
CP

(D0 ! ��) = �0.094± 0.066± 0.001 , A
CP

(D0 ! ¯K⇤0�) = �0.003± 0.020± 0.000 . (29)

A
CP

(D0 ! ��) exhibits presently a mild tension with zero.

We stress that in our numerical evaluations we vary all relative strong (unknown) phases, includ-

ing those between the WA+HS contributions and the perturbative ones. In view of the appreciable

uncertainties we refrain from putting an exact upper limit on the SM-induced CP asymmetries, but

consider, to be specific, CP asymmetries at percent-level and higher as an indicator of BSM physics,

consistent with [4]. This is supported by the large measured branching fractions, which indicate

unsuppressed WA topologies. For the FCNC decays this suggests no large cancellations between the

contributions in eq. (18), allowing for possible additional suppressions of CP asymmetries beyond

CKM factors.
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Models	of	NP	explaining	B	anomalies	

Color	singlet								Color	tripet	
	

Spin	

0											2HDM																							Scalar	LQ		

1											W’	,Z’																								Vector		LQ		

R	parity	-	sbogom	

2HDMII		cannot	explain	RD(*)	

New	gauge	bosons,	W’,	Z’-	
difficult	to	construct	UV	
complete	theory		
		

Leptoquarks?	

Nature	of	anomaly	requires	NP	in	quark	and	lepton		sector!		
It	seems	that	LQs	are	ideal	candidates	to	explain	all		
B	anomalies	at	tree	level!	

Dark	mager?	

A new model for RK and RD
D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08051

We can also explain RD if a new ingredient is added to the model
�1/6 = (3, 2)1/6: three light RH neutrinos ⌫R.

LY = YL
ij L̄i

e�(1/6)dRj +YR
ij Q̄i�

(1/6)⌫Rj + h.c.

For b ! c⌧ ⌫̄ ) |M(B ! D (⇤)`⌫)|2 = |M
SM

|2 + |M
NP

|2.

Naturally generates RNP
D(⇤) > RSM

D(⇤) if |Y L
b⌧ | & |Y L

bµ|.

Olcyr Sumensari (LPT - Orsay) NP and LF(U)V in B Decays 15 / 17

Ø  Is	charm	physics	sensiAve	on		NP	explaining	B	puzzles	?	
	
Ø  Can	some	NP	be	present	in	charm	and	not	in	beauty	mesons?	



Doršner,	SF,	Greljo,		
Kamenik	,	Košnik,		1603.04993	

LQ=(SU(3)c,	SU(2)L)Y	
Q=I3+Y	

no	proton	decay	
at	tree	level		

Spin	0	

Spin	1	

No	single	scalar	LQ	to	solve	simultaneously		both	anomalies!	

Scalar	LQ																												simpler	UV	compleAon;	

Popular	scenario:	Leptoquarks	as	a	resoluAon	of	B	anomalies:	

LQ l 

q 

Only	R2	and	S1	might	explain		(g-2)μ	(both	chiraliAes	are	required	with	the	enhancement	factor	
mt/mμ)	Muller	1801.0338.	

or	LQ=(SU(3)c,	SU(2)L,	Y)	
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B. Leptoquark models

We consider contributions from scalar S1,2,3 and vector V2,3, ˜V1,2 leptoquark representations to

c ! u� processes, see [11, 43–46] for Lagrangians and details 2. In this section we denote by M

the mass of the leptoquark and by �
L/R

leptoquark couplings to left-/right-handed leptons. For

vector-like couplings we omit the chirality index.

Due to the light leptons in the loop �
LQ

C(0)
1�8(µ = M) = 0, however, the following vector (V )

and scalar (S) operators are induced at tree-level

O(l)
V

= (ū
L

�
µ

l
L

)(l
L

�µc
L

) , O(l)
S

= (ū
L

l
R

)(l
L

c
R

) (37)

plus chirality-flipped contributions. Here, schematically, C(l)
V

(µ = M) = ��⇤/M2 and

C(l)
S

(µ = M) = �
R

�⇤
L

/M2. At one-loop QCD C(l)
V

(µ
c

) = C(l)
V

(M) and C(l)
S

(µ) =

(↵
s

(M)/↵
s

(µ))8/(2�0)C(l)
S

(M), where �0 = 11 � 2/3n
f

and n
f

is the number of active flavors,

hence thresholds need to be taken into account.

At the scale µ = m
⌧

the ⌧ lepton is to be integrated out. Since numerically m
⌧

⇠ p
2m

c

we

include the tau-loop contributions in the matrix element of O(l)
V,S

, see figure 5. The contribution of

c u

l l

O(l)

1

FIG. 5: Diagram inducing c ! u� within leptoquark models.

O(l)(0)
V

vanishes to all orders in ↵
s

. From the matrix element of O(l)(0)
S

we obtain

�
LQ

A(0)
7 (µ

c

) =

�Q
l

4

p
2G

F

m
l

m
c

✓
1 + ln

µ2
c

m2
l

◆✓
↵
s

(M)

↵
s

(µ
t

)

◆12/21✓↵
s

(µ
t

)

↵
s

(µ
b

)

◆12/23✓↵
s

(µ
b

)

↵
s

(µ
c

)

◆12/25 ⌫(0)

M2
. (38)

Here, Q
l

denotes the electric charge of the leptons. The couplings ⌫(0) within leptoquark models are

given in table III. Note that �
LQ

A(0)
8 (µ

c

) is additionally ↵
e

/(4⇡) suppressed and will be neglected

throughout.

Constraints on ⌧ couplings are worked out and given in table IV, where we followed [11] and used

[36]. The representations V2,3 turn about to be not relevant for c ! u� decays and no constraints

2 In [11] the notation differs from the one used here by means of charge conjugated fields. Here we write q ! q̄C for
the leptoquarks S1, S3, V2 and Ṽ2 in [11] and adjust their couplings correspondingly. Moreover, here an additional
sign for all vector leptoquarks is accounted for. Conclusions in [11] are unaffected.

Within	LQ	models	the	c	→	uγ	branching	raAos	are	SM-like	with	CP	asymmetries	
at	O(0.01)	for	S1,2	and	V	̃2	and	SM-like	for	S3.		
Vector	LQ		V	̃1	ACP	~	O(10%).	The	largest	effects	arise	from	τ-loops.		

Hiller&	de	Boer	1701.	06392	
SF	and	Košnik,	1510.00965	
	
	
	

Masses	of	mLQ	≈	1	TeV.	

S3	can	explain		
RK(*)	!	

⌧� ! ⇡�⌫⌧

⌧� ! K�⌫⌧

�mD

D+ ! ⌧+⌫⌧

D+
s ! ⌧+⌫⌧

K+ ! ⇡+⌫⌫̄

Constraints	from		
Leptoquarks		in		c	→	uγ		

Even	for	τ		in	the	loop	too	small	contribuAon!		
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where

Q
(l)
9 = (ū�µPLc)

�
l�µl

�
, Q

(l)0
9 = (ū�µPRc)

�
l�µl

�
,

Q
(l)
10 = (ū�µPLc)

�
l�µ�5l

�
, Q

(l)0
10 = (ū�µPRc)

�
l�µ�5l

�
,

Q
(l)
S = (ūPRc)

�
¯ll
�
, Q

(l)0
S = (ūPLc)

�
¯ll
�
, (28)

Q
(l)
P = (ūPRc)

�
¯l�5l

�
, Q

(l)0
P = (ūPLc)

�
¯l�5l

�
,

Q
(l)
T =

1

2

(ū�µ⌫c)
�
¯l�µ⌫ l

�
, Q

(l)
T5 =

1

2

(ū�µ⌫c)
�
¯l�µ⌫�5l

�
.

As we use muonic modes frequently, in the following Wilson coefficients and operators without a

lepton flavor index are understood as muonic ones, that is C
(µ)
i = Ci etc.

Neglecting the SM Wilson coefficients, we find the following constraints on the BSM Wilson

coefficients from the limits on the branching fraction of D+ ! ⇡+µ+µ� given in Table II in the

high q2-region (
p

q2 � 1.25GeV) at CL=90%

0.9|C9 + C 0
9|2 + 0.9|C10 + C 0

10|2 + 4.1|CS + C 0
S |2 + 4.2|CP + C 0

P |2 + 1.1|CT |2 + 1.0|CT5|2

+ 0.6Re[(C9 + C 0
9)C

⇤
T ] + 1.2Re[(C10 + C 0

10)(CP + C 0
P )

⇤
]

+ 2.3|C7|2 + 2.8Re[C7(C9 + C 0
9)

⇤
] + 0.8Re[C7C

⇤
T ] . 1 . (29)

Analogous constraints in the full q2-region are somewhat stronger. They read

1.3|C9 + C 0
9|2 + 1.4|C10 + C 0

10|2 + 2.2|CS + C 0
S |2 + 2.3|CP + C 0

P |2 + 0.9|CT |2 + 0.8|CT5|2

+ 0.9Re[(C9 + C 0
9)C

⇤
T ] + 1.0Re[(C10 + C 0

10)(CP + C 0
P )

⇤
]

+ 3.7|C7|2 + 4.4Re[C7(C9 + C 0
9)

⇤
] + 1.3Re[C7C

⇤
T ] . 1 . (30)

The branching fraction B(D0 ! µ+µ�
) < 6.2 · 10�9 at CL=90% [31] provides complementary

constraints as

|CS � C 0
S |2 + |CP � C 0

P + 0.1(C10 � C 0
10)|2 . 0.007 . (31)

Thus, D ! ⇡µµ is sensitive to the complete set of operators, however, the purely leptonic decays

put stronger constraints on scalar and pseudoscalar operators.

Barring cancellations, we find, consistent with [36], |C(0)
9,10| . 1, which can exceed the resonance

contribution at high q2. Assuming no further flavor suppression for the BSM contribution g2/⇤2

(weakly-induced tree level) or g4/(16⇡2
⇤

2
) (weak loop), the limits on C

(0)
9,10 imply quite mild con-

straints for the scale of new physics: ⇤ & O(5) TeV or ⇤ around the electroweak scale, respectively.

With SU(2)L-relations C9 = �C10 the bounds on new physics ease by a factor of 1/
p
2. Analogous

D0 ! µ+µ�
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�
.

As we use muonic modes frequently, in the following Wilson coefficients and operators without a

lepton flavor index are understood as muonic ones, that is C
(µ)
i = Ci etc.

Neglecting the SM Wilson coefficients, we find the following constraints on the BSM Wilson

coefficients from the limits on the branching fraction of D+ ! ⇡+µ+µ� given in Table II in the

high q2-region (
p
q2 � 1.25GeV) at CL=90%

0.9|C9 + C 0
9|2 + 0.9|C10 + C 0

10|2 + 4.1|CS + C 0
S |2 + 4.2|CP + C 0

P |2 + 1.1|CT |2 + 1.0|CT5|2

+ 0.6Re[(C9 + C 0
9)C

⇤
T ] + 1.2Re[(C10 + C 0

10)(CP + C 0
P )

⇤
]

+ 2.3|C7|2 + 2.8Re[C7(C9 + C 0
9)

⇤
] + 0.8Re[C7C

⇤
T ] . 1 . (29)

Analogous constraints in the full q2-region are somewhat stronger. They read

1.3|C9 + C 0
9|2 + 1.4|C10 + C 0

10|2 + 2.2|CS + C 0
S |2 + 2.3|CP + C 0

P |2 + 0.9|CT |2 + 0.8|CT5|2

+ 0.9Re[(C9 + C 0
9)C

⇤
T ] + 1.0Re[(C10 + C 0

10)(CP + C 0
P )

⇤
]

+ 3.7|C7|2 + 4.4Re[C7(C9 + C 0
9)

⇤
] + 1.3Re[C7C

⇤
T ] . 1 . (30)

The branching fraction B(D0 ! µ+µ�
) < 6.2 · 10�9 at CL=90% [31] provides complementary

constraints as

|CS � C 0
S |2 + |CP � C 0

P + 0.1(C10 � C 0
10)|2 . 0.007 . (31)

Thus, D ! ⇡µµ is sensitive to the complete set of operators, however, the purely leptonic decays

put stronger constraints on scalar and pseudoscalar operators.

Barring cancellations, we find, consistent with [36], |C(0)
9,10| . 1, which can exceed the resonance

contribution at high q2. Assuming no further flavor suppression for the BSM contribution g2/⇤2

(weakly-induced tree level) or g4/(16⇡2
⇤

2
) (weak loop), the limits on C

(0)
9,10 imply quite mild con-

straints for the scale of new physics: ⇤ & O(5) TeV or ⇤ around the electroweak scale, respectively.

With SU(2)L-relations C9 = �C10 the bounds on new physics ease by a factor of 1/
p
2. Analogous

LHCb	bound,	1305.5059		
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2

while separate branching fractions in the low- and high- q2 bins were bounded as [14]1:

BR(⇡+µ+µ�)I ⌘ BR(D+ ! ⇡+µ+µ�)q22[0.0625,0.276] GeV2 < 2.5⇥ 10�8

BR(⇡+µ+µ�)II ⌘ BR(D+ ! ⇡+µ+µ�)q22[1.56,4.00] GeV2 < 2.9⇥ 10�8 .
(3)

Motivated by these improved bounds we consider several NP models and either derive constraints on their flavor
parameters and masses, or for the models that are severely bounded from alternative flavor observables (e.g. D0� D̄0

mixing, K, or B physics), we comment on the prospects of observing their signals in rare charm decays. To this end,
we use the e↵ective Lagrangian encoding the short-distance NP contributions in a most general way. Namely, the
experimental results (1) and (3) give us a possibility to constrain NP in c ! u`+`� also in a model independent way.

In the case of b ! s`+`� transitions, LHCb has recently observed large departure of the experimentally determined
lepton flavor universality (LFU) ratio RK = BR(B ! Kµ+µ�)q22[1,6]GeV2/BR(B ! Ke+e�)q22[1,6]GeV2 from the

expected SM value [15]. This value was found to be RLHCb
K = 0.745+0.090

�0.074 ± 0.036, lower than the SM prediction
RSM

K = 1.0003 ± 0.0001 [16]. This surprising result of LHCb indicates possible violation of LFU in the µ-e sector.
Due to the importance of this result, we investigate whether analogous tests in the µ-e LFU can be carried out in
c ! u`+`� processes.

The outline of this article is as follows. In Section 2 we describe e↵ective Lagrangian of |�C| = 1 transition
and determine bounds on the Wilson coe�cients coming from the experimental limits on BR(D+ ! ⇡+µ+µ�) and
BR(D0 ! µ+µ�). Sec. 3 contains analysis in the context of specific theoretical models of new physics, contributing
to the c ! u`+`� and related processes. Sec. 4 discusses lepton flavor universality violation. Finally, we summarize
the results and present conclusions in Sec. 5.

II. OBSERVABLES AND MODEL INDEPENDENT CONSTRAINTS

A. E↵ective Hamiltonian for c ! u`+`�

The relevant e↵ective Hamiltonian at scale µc ⇠ mc is split into three contributions corresponding to diagrams with
intermediate quarks q = d, s, b [9, 17]

He↵ = �dHd + �sHs + �bHpeng , (4)

where each of them is weighted by an appropriate combination �q = VuqV
⇤
cq of Cabibbo-Kobayashi-Maskawa (CKM)

matrix elements. Virtual contributions of states heavier than charm quark is by convention contained within

Hpeng = �4GFp
2

X

i=3,...,10

CiOi . (5)

The operators appearing in the above Hamiltonian have thus enhanced sensitivity to new physics contributions:

O7 =
emc

(4⇡)2
(ū�µ⌫PRc)F

µ⌫ , OS =
e2

(4⇡)2
(ūPRc)(¯̀̀ ) ,

O9 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ`) , OP =

e2

(4⇡)2
(ūPRc)(¯̀�5`) ,

O10 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ�5`) , OT =

e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫`) ,

OT5 =
e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫�5`) .

(6)

The chiral projectors are defined as PL,R = (1 ⌥ �5)/2, Fµ⌫ is the electromagnetic field strength tensor. For each of
the operators O7,9,10,S,P we introduce the corresponding counterpart O0

7,9,10,S,P with opposite chiralities of quarks.
Within the SM the Wilson coe�cients Ci result from the perturbative dynamics of the electroweak interactions and
QCD renormalization. The latter e↵ect determines the value of C7(mc) by two-loop mixing with current-current
operators and was found to be V ⇤

cbVubC
SM
7 = V ⇤

csVus(0.007 + 0.020i)(1 ± 0.2) [4, 8]. On the other hand the value of
C9 Wilson coe�cient was found to be small after including renormalization group running e↵ects as shown in [7] and
confirmed in [6], while C10 is negligible in the SM [18].

1

Note that the high-q2 bin quoted by the experiment extends beyond the maximal allowed q2
max

= (mD �m⇡)
2

= 2.99 GeV

2

.

SF,	N.	Kosnik,	1510.00965	

Helicity	suppressed	decay!	

NP	in		 c ! ul+l�



SM	predicAon:	Long	distance	contribuAons	
most	important!	
	
peaks	at	ρ,ω,ϕ	and	η		resonances	
	
	
de	Boer,	Hiller,	1510.00311,		
SF	and	Kosnik,	1510.00965		
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FIG. 2: The differential branching fraction dB(D+ ! ⇡+µ+µ�
)/dq2 in the SM. The solid blue curve is the

non-resonant prediction at µc = mc and the lighter blue band its µc-uncertainty. The orange band is the

pure resonant contribution taking into account the uncertainties specified in Eq. (22) at 1 � and varying the

relative strong phases. The dashed black line denotes the 90% CL experimental upper limit [27].

large BSM contributions to the Wilson coefficients to be above the resonant background. We will

quantify this in Sec. III.

The dominance of resonances in the decay rate for SM-like Wilson coefficients is common to all

c ! ul+l� induced processes, such as inclusive D ! Xul
+l�, or other exclusive decays, e.g., D !

⇡⇡l+l� [33] and ⇤c ! pl+l�. Choosing c ! ul+l� induced decay modes other than D+ ! ⇡+l+l�

does not help gaining BSM sensitivity in the dilepton spectrum, however, other modes may allow to

construct more advantageous observables. Here we discuss opportunities in semileptonic exclusive

decays with observables where the resonance contribution is not obstructing SM tests.

Clean SM tests are provided by the angular distribution in D ! ⇡l+l� decays, notably, the

lepton forward-backward asymmetry AFB and the "flat" term [34], FH , see App. D. Both observables

are null tests of the SM and require scalar/pseudoscalar operators and tensors to be non-negligible.

A promising avenue to probe operators with Lorentz structures closer to the ones present in the

SM is to study CP-asymmetries in the rate

ACP (q
2
) =

d�/dq2 � d

¯

�/dq2
R q2

max

q2
min

dq2(d�/dq2 + d

¯

�/dq2)
, (23)

where d

¯

�/dq2 denotes the differential decay rate of the CP-conjugated mode, D� ! ⇡�l+l�. The

D ! ⇡V ! ⇡l+l�

Maximally	allowed	values	of	the	
Wilson	coefficients	in	the	low	and	
high	energy	bins,	according	to	LHCb	
1304.6365	:	

0.0 0.5 1.0 1.5 2.0 2.5 3.0

1

2

3

q2[GeV2]

∼d
Γ/
dq

2
[a
rb
itr
ar
y
un
its
]

C7
(')

C9,10
(')

CS,P
(')

CT,T5 LHCb	1304.6365		

D ! ⇡l+l�



NP	in		c ! ul+l�

Tree	level	FCNC	

l+	

l-	
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The	same	couplings		immediately	create	contribuAons		
to				D0 � D̄0

u	

c-	

c	

u	

-	 -	

Loop	level	

(e.g.)	
l+	

l-	

c	

u	

-	 u	

c-	

-	

c ! ul+l�

c	

u	

-	

D0 � D̄0

NP	

NP	 NP	

NP	
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Figure 2. Comparison of short-distance spectrum sensitivities to di↵erent Wilson coe�cients. Grey regions indicate the LHCb
experimental low- and high-q2bins.

|C̃i|max

BR(⇡µµ)
I

BR(⇡µµ)
II

BR(D0 ! µµ)

C̃
7

2.4 1.6 -

C̃
9

2.1 1.3 -

C̃
10

1.4 0.92 0.63

C̃S 4.5 0.38 0.049

C̃P 3.6 0.37 0.049

C̃T 4.1 0.76 -

C̃T5

4.4 0.74 -

C̃
9

= ±C̃
10

1.3 0.81 0.63

Table II. Maximal allowed values of the Wilson coe�cient moduli, |C̃i| = |VubV
⇤
cbCi|, calculated in the nonresonant regions of

D+ ! ⇡+µ+µ� in the low lepton invariant mass region (q2 2 [0.0625, 0.276] GeV2), denoted by I, in the high invariant mass
region (q2 2 [1.56, 4.00] GeV2), denoted by II, and from the upper bound BR(D0 ! µ+µ�) < 7.6 ⇥ 10�9 [13]. The last row
gives the maximal value for the case where C̃

9

= ±C̃
10

. All the quoted bounds have been derived for real Ci. The bounds for
C̃i apply also to the chirally flipped coe�cients C̃0

j .

shown in Fig. 3.

Figure 3. Forward-backward asymmetry for the resonant background itself (orange) and in the scenario with CS = 0.049/�b,
CT = 0.2/�b (cyan).

We turn to the discussion of specific models the in next section.

|C̃i| = |VubV
⇤
cbCi|

q2 2 [1.56, 4.00]GeV 2q2 2 [0.0625, 0.276]GeV 2

region	I		 	region		II	

Best	bounds		
from		

D0 ! µ+µ�

0.56

0.56

0.043	

0.043
0.043

BR(D0 ! µ+µ�) < 6.2⇥ 10�9
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|C̃i|max

RII

⇡

SM - 0.999± 0.001

C̃
7

1.6 ⇠ 6–100

C̃
9

1.3 ⇠ 6–120

C̃
10

0.63 ⇠ 3–30

C̃S 0.05 ⇠ 1–2

C̃P 0.05 ⇠ 1–2

C̃T 0.76 ⇠ 6–70

C̃T5

0.74 ⇠ 6–60

C̃
9

= ±C̃
10

0.63 ⇠ 3–60

C̃0
9

= �C̃0
10

��
LQ(3,2,7/6)

0.34 ⇠ 1–20

Table III. The LFU ratio RII

⇡ at high dilepton invariant mass bin and maximal value of each Wilson coe�cient (applies also for
the primed coe�cients, C̃0

i). It is assumed that NP contributes only to the muonic mode. The SM value of RII

⇡ is given in the
first row.

In the SM the departure of the above ratios from 1 comes entirely from lepton mass di↵erences. We find RI,SM
⇡ =

0.87 ± 0.09 in the low-q2 and RII,SM
⇡ = 0.999 ± 0.001 in the high-q2 region, where in the latter region both leptons

are e↵ectively massless. In Tab. III we quote ranges for the ratio RII
⇡ for the maximal allowed values of Wilson

coe�cients by rare charm decays considered in the previous Sections. Generally we find that with currently allowed
Wilson coe�cients and assuming no NP contribution in electronic modes these ratios could become much larger. The
spread in these predictions is large because of unknown relative phases in the resonant part of the spectrum, i.e.,
BR(D+ ! ⇡+e+e�) ⇡ BR(D+ ! ⇡+µ+µ�) ⇡ (0.5–5.3) ⇥ 10�9. Note that large enhancements are allowed in the
scenarios which are currently constrained by D+ ! ⇡+µ+µ�. In the low-q2 region the interference terms in RI

⇡ are
even more pronounced since the e↵ect of nearby ⇢ resonance is interfering either in positive or in negative direction,
and thus we cannot conclude the sign of deviation from the SM value of RI

⇡.

VI. SUMMARY AND OUTLOOK

Motivated by the great improvement of bounds on rare charm decays by the LHCb experiment we determine
bounds on the e↵ective Wilson coe�cients. Existing data implies upper bounds on the e↵ective Wilson coe�cients as
presented in Tab.II. The strongest constraints on C10, CP , CS and C 0

10, C
0
P , C

0
S are obtained from the bound on the

branching fraction of D0 ! µ+µ� decay. The nonresonant di↵erential decay width distribution gives bounds on Ci,
i = 7, 9, 10, S, P, T, T5 as well as on the coe�cients of the operators of opposite chirality. The constraints are stricter
in the high dilepton invariant mass bin than in the low dilepton invariant mass bin, and this statement applies in
particular to the contributions of the scalar and pseudoscalar operators. Forward-backward asymmetry is sensitive to
the combination of scalar and tensor coe�cients at high-q2.

Then, we have investigated new physics models in which the e↵ective operators may be generated. We have found
that the presence of a leptoquark which is either scalar and weak doublet, (3, 2, 7/6), or has spin-1 and is a weak
singlet, (3, 1, 5/3), can lead to sizeable contributions to the Wilson coe�cients C 0

9 and C 0
10. Sensitivity to the LQ

scenarios is similar in high-q2 bin of D+ ! ⇡+µ+µ� and D0 ! µ+µ�, while D0 � D̄0 mixing results in somewhat
stronger constraint. For the Two Higgs doublet model of type III the presence of scalar and pseudoscalar operators
enhances sensitivity in D0 ! µ+µ� and therefore results in small e↵ects in D+ ! ⇡+µ+µ�. We have also discussed a
SM extension by a Z 0 gauge boson where tree-level amplitude in D0 � D̄0 mixing is a dominant constraint and leaves
no possibility of signals in rare charm decays.

Our study indicates a possibility to check whether lepton flavor universality between muonic and electronic channels
is valid by means of studying ratios of widths of D+ ! ⇡+`+`� at low or high dilepton invariant mass bins, RI,II

⇡ . In
the SM the two ratios are close to 1, especially in the high-q2 bin. Assuming the electronic decay is purely SM-like
we find that in the high-q2 bin the ratio RII

⇡ is in most cases significantly increased with respect to the SM prediction,
while there is no clear preference between higher and lower values at low-q2 bin ratio RI

⇡. In the leptoquark models
studied in this paper the ratio may be greatly increased, but slight decrease cannot be excluded, presently due to
unknown interplay of weak phases with the phases of resonant spectrum. Chances to observe new physics in rare charm
decays are possible in models where the connection to the stringent constraints stemming from B and K flavor physics
are hindered. New physics models which fulfill this condition are main candidates to be exposed experimentally by

RI,SM
⇡ = 0.87± 0.09

AssumpAons:	
-  e+e-	modes	are	SM-like;	
-  NP	enters	in	μ+μ-	mode	only;	
-  listed	Wilson	coefficients	are	maximally	allowed	by	current	LHCb	data.	
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For the transitions c ! u`+`� the driving flavor changing parameter is ✏u12 that induces scalar and pseudoscalar
Wilson coe�cients, while we assume that ✏`22 is negligible [41]:

�CP = CS =
⇡

4
p
2GF↵�b

mµ

v

✏u⇤12 tan�

m2
H

, (37)

C 0
P = C 0

S =
⇡

4
p
2GF↵�b

mµ

v

✏u21 tan�

m2
H

. (38)

The best upper bounds on CP , CS , or C 0
P , C

0
S pairs are obtained from BR(D0 ! µ+µ�) and read |C̃S � C̃ 0

S |  0.05
and |C̃P � C̃ 0

P |  0.05 which makes them very di�cult to probe in D ! ⇡µ+µ� decay, unless the cancellation between
CS (CP ) and C 0

S (C 0
P ) in D0 ! µ+µ� is arranged by fine-tuning.

D. Flavor specific Z0 extension

An additional neutral gauge boson appears in many extensions of the SM. Current searches for Z 0 at the LHC are
well motivated by many extensions of the SM, see e.g. [42, 43]. Even more, a Z 0 boson can explain B ! K⇤µ+µ�

angular asymmetries puzzle, as presented in e.g. [44, 45]. Assuming as in [43] flavor nonuniversal couplings of Z 0 to
fermions, we allow Z 0 to couple only to the pair c̄u and cū. Such model in the most general way has been considered by
the authors of [3]. In order to avoid constraints coming from the down-type quark sector which will a↵ect left-handed
quark couplings, we allow only right-handed couplings of Lq

Z0 = Cu(ū�µPRc)Z 0
µ. This assumption leads to the same

e↵ective operator He↵ = C6(ū�µPRc)(ū�µPRc) as already discussed in the case of leptoquarks. The e↵ective Wilson
coe�cient describing D0 � D̄0 transition is now:

C6(mZ0) =
|Cu|2
2m2

Z0
. (39)

The bound on C6 (27) leads to |Cu| < 7.1 ⇥ 10�4(mZ0/1 TeV). Allowing Z 0 to couple to muons as in the SM with
g`L = (g/ cos ✓W )(�1/2 + sin2 ✓W ) and g`R = g sin2 ✓W / cos ✓W , we obtain

C 0
9 =

4⇡p
2GF�b↵

(g`L + g`R)C
u

2m2
Z0

(40)

and

C 0
10 =

4⇡p
2GF�b↵

(�g`L + g`R)C
u

2m2
Z0

. (41)

For mZ0 ⇠ 1 TeV this amounts to |C9| . 8 and |C10| . 100, (|C̃9| < 10�3 and |C̃10| < 0.014), and induces negligible
e↵ects in D ! ⇡µ+µ� and D ! µ+µ� decays.

V. LEPTON FLAVOR UNIVERSALITY VIOLATION

Lepton flavor universality was checked in the case of B ! K`+`� with ` = e, µ by the LHCb experiment [15] in
the low dilepton invariant mass region, q2 2 [1, 6] GeV2. The disagreement between the measurement and the value
predicted within the SM is 2.6 � [46]. This disagreement might be result of NP as first pointed out in Ref. [46]. Many
subsequent studies found a number of models which can account for the observed discrepancy. In the following we
assume that the amplitude for D+ ! ⇡+e+e� receives SM contributions only, while in the case of ⇡+µ+µ� mode,
there can be NP contributions, similarly to what was assumed for RK in Ref. [47]. We define LFU ratios in the low-
and high-q2 regions as

RI
⇡ =

BR(D+ ! ⇡+µ+µ�)q22[0.252,0.5252]GeV2

BR(D+ ! ⇡+e+e�)q22[0.252,0.5252]GeV2

, (42)

and

RII
⇡ =

BR(D+ ! ⇡+µ+µ�)q22[1.252,1.732]GeV2

BR(D+ ! ⇡+e+e�)q22[1.252,1.732]GeV2
. (43)
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Test	of	lepton	flavour	universality	violaAon	in	charm	FCNC	decays			



Angular	distribuAons	in	D					P1P2	l+l-	

De	Beor	and	Hiller,	1805.08516	

!

•  study	of	angular	distribuAons	SM	– null	tests	
•  simpler	then	in	B	decays	due	to	dominance	of	long	distance	physics	
						(resonances)	
•  NP	induced	integrated	CP	asymmetries	can	reach	few	percent	
•  sensiAve	on	C10(‘)	

Modes	sensiAve	to	NP	

LHCb,	1707.08377	

Tests	of	LFU	

LHCb	,	1806.10793	
consistent	with	SM	
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second bracket. The SM prediction is then �m

SM

s = (19.6 ± 1.6) ps

�1. For the LQ contributions in Eq. (32) we use
the values of B(i)

Bs
(µ) from Ref. [60]. For the multiplicative renormalization of coefficients C

S3
1

and ˜

C

˜R2
1

we neglect
the running from ⇤ to mt, such that running effect to low scale is the same as in the SM, whereas for C

˜R2S3
4,5 we use

the leading order mixing [62] to find C

˜R2S3
4

(µ) = 0.61C

˜R2S3
5

(⇤), C

˜R2S3
5

(µ) = 0.88C

˜R2S3
5

(⇤). For the ratios of bag
parameters we use central values to find B

(5)

Bs
(µ)/B

(1)

Bs
(µ) = 0.99, B(4)

Bs
(µ)/B

(1)

Bs
(µ) = 1.07 [60]. Note that in this case

the experimental value �m

exp

s = (17.757± 0.021) ps

�1 has negligible uncertainty [48].

6. B ! K(⇤)⌫⌫̄

The B ! K

(⇤)

⌫⌫̄ decay offers an excellent probe of the lepton flavor conserving as well as lepton flavor violating
combination of the LQ couplings. Following [39] and with the help of notation in Refs. [43, 63, 64], we write the
effective Lagrangian:

Lb!s⌫̄⌫
e↵

=

GF↵

⇡

p
2

VtbV
⇤

ts

⇣

s̄�µ[C
ij
L PL + C

ij
RPR]b

⌘

(⌫̄i�
µ
(1� �

5

)⌫j). (34)

In the SM we have a contribution for each pair of neutrinos and therefore C

SM,ij
L = C

SM

L �ij where C

SM

L = �6.38 ±
0.06 [63]. The respective contributions of S

3

and ˜

R

2

to the left- and right-handed operators are [41]:

C

S3,ij
L =

⇡v

2

2↵VtbV
⇤

tsm
2

S3

ybjy
⇤

si, C

˜R2,ij
R = � ⇡v

2

2↵VtbV
⇤

tsm
2

˜R2

ỹsj ỹ
⇤

bi. (35)

As discussed in [39] the SM branching ratio for both processes B ! K

(⇤)

⌫⌫̄ is modified by the same factor R⌫⌫ [64, 65],

R⌫⌫ � 1 =

⇡v

2

3↵VtbV
⇤

tsC
SM

L

Re

"

(yy

†

)bs

m

2

S3

� (ỹỹ

†

)sb

m

2

˜R2

#

+

(⇡v

2

)

2

12(↵VtbV
⇤

ts|CSM

L |)2

"

(yy

†

)bb(yy
†

)ss

m

4

S3

+

(ỹỹ

†

)bb(ỹỹ
†

)ss

m

4

˜R2

� 2Re[(yỹ

†

)bs(ỹy
†

)bs]

m

2

S3
m

2

˜R2

#

.

(36)

Among the possible final states, the strongest bound on R⌫⌫ is due to determination of Belle experiment of the upper
bound B(B ! K

⇤

⌫⌫̄) < 2.7⇥ 10

�5 which translates to R⌫⌫ < 2.7, both at 90% C.L. [66].

7. Rare D decays

Due to the weak triplet nature S
3

couples only to the weak doublets of quarks and leptons, the corrections to charged
current processes only rescale the SM charged current contributions. The relevant modification of the charged current
Lagrangian, following Ref. [41] is given by:

Lūidj
¯`⌫k

= �4GFp
2

"

(VijU`k + g

L
ij;`k)(ū

i
L�

µ
d

j
L)(

¯

`L�µ⌫
k
L)

#

, (37)

with the coefficient determined by the S

3

contribution as

g

L
ij,lk = �1

4

(y

†

3

V

T
)li(y3)jk

v

2

m

2

LQ

. (38)

Following [41] one can determine easily the leptoquark correction to the FCNC transition c ! uµ

+

µ

� by using the
effective Lagrangian:

Lc̄u¯`` = �4GFp
2

"

c

LL
cu (c̄L�

µ
uL)(

¯

`L�µ`L)

#

+ h.c., (39)

with

c

LL
cu = � v

2

2m

2

S3

(V

⇤

csgsµ + V

⇤

cbgbµ)(V
⇤

us + Vubgbµ) (40)

CLL
cu = � v2

2m2
S3

(V ⇤
csgsµ + V ⇤

cbbbµ)(Vusgsµ + Vubbbµ)

100	Ames	smaller	than	current	LHCb	bound!	CLL
cu

(3,1,-1/3)	introduced	by	Bauer	and	Neubert	in	1511.01900		
to	explain	both	B	anomalies.	In	1608.07583,	Becirevic	et	al.,		showed	that	model		
cannot	survive	flavor	constraints:	
	

K ! µ⌫, B ! ⌧⌫, ⌧ ! µ� Ds ! ⌧⌫, D ! µ+µ�

(3,1,-1/3)	

	
	

(3,3,-1/3)		



Scalar	LQ		(3,2,7/6)	

In	the	case	of	Δ	C=	2		in																							
oscillaAon	there	is	also	a	LQ		contribuAon			
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The LQ Yukawa matrices YL and YR are written in the mass basis of up-type quarks and charged leptons with the
CKM and PMNS rotations present in the down-type quarks and neutrinos. Thus, the couplings of LQ component
with charge 5/3 are

L(5/3) = (¯̀RYLuL)�
(5/3)⇤ � (ūRYR`L)�

(5/3) + h.c. . (23)

The tree level amplitude induced by a nonchiral LQ state �(5/3) involves both chiralities of fermions and is matched
onto the set of (axial)vector, (pseudo)scalar, and (pseudo)tensor operators:

CP = CS = � ⇡

2
p
2GF↵�b

Y L⇤
µu Y R⇤

cµ

m2
�

,

�C 0
P = C 0

S = � ⇡

2
p
2GF↵�b

Y L
µcY

R
uµ

m2
�

,

CT = � ⇡

8
p
2GF↵�b

Y R
uµY

L
µc + Y R⇤

cµ Y L⇤
µu

m2
�

,

CT5 = � ⇡

8
p
2GF↵�b

�Y R
uµY

L
µc + Y R⇤

cµ Y L⇤
µu

m2
�

,

C10 = C9 =
⇡p

2GF↵�b

Y L
µcY

L⇤
µu

m2
�

�C 0
10 = C 0

9 =
⇡p

2GF↵�b

Y R⇤
cµ Y R

uµ

m2
�

.

(24)

In the minimal numerical scenario, strict bounds in the down-type quark sector can be evaded completely by putting
to zero the couplings to the left-handed quarks. In this case we are allowed to have significant contributions to
rare charm decays via the C 0

9 = �C 0
10 contributions for which the bound from the last line of Tab. II applies. The

contribution to D0� D̄0 mixing amplitude is matched onto the e↵ective Hamiltonian H = C6(ūR�
µcR)(ūR�µcR) with

the e↵ective coe�cient at scale m�

C6(m�) = �
�
Y R⇤
cµ Y R

uµ

�2

64⇡2m2
�

= � (GF↵)2

32⇡4
m2

�(C̃
0
10)

2 . (25)

We have assumed that leptoquark does not couple to electrons or tau leptons. Hadronic matrix element of the above
operator in mixing is customarily expressed as

⌦
D̄0

�� (ūR�µcR)(ūR�
µcR)

��D0
↵
= 2

3m
2
Df2

DB, where the bag parameter

in the MS scheme BD(3 GeV) = 0.757(27)(4) has been computed on the lattice by the ETM Collaboration with
2 + 1 + 1 dynamical fermions [39]. The SM part of the mixing amplitude is poorly known due to its nonperturbative
nature and the only robust bound on the LQ couplings is obtained by requirement that the mixing frequency (in the
absence of CP violation) has to be smaller than the world average x = 2|M12|/� = (0.49+0.14

�0.15)% as quoted by the
HFAG [24],

|rC6(m�)|
2mDf2

DBD

3�D
< x , (26)

where r = 0.76 is a renormalization factor due to running of C6 from scale m� = 1 TeV down to 3 GeV [3]. Finally
we find a bound on C 0

9 slightly stronger but comparable to the one obtained from D0 ! µ+µ�:

|C6(m�)| < 2.5⇥ 10�13 GeV�2 =) |C̃ 0
9, C̃

0
10| < 0.34 . (27)

One can imagine an extension of this scenario which would include also scalar and tensor operators. Namely, we
consider a numerically tuned example with m� = 1 TeV and large Y R

cµ = 3. The bound on C 0
10 from D0 ! µ+µ�

would then impose the smallness of coupling Y R
uµ, Y

R
uµ < 0.007. Bounds of similar strength are expected from D0�D̄0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L
µu that would, together with large

Y R
cµ contribute to the Wilson coe�cients CS,P and CT,T5. However, a very strong bound on CS now emerges from

D0 ! µ+µ� and limits the left-handed coupling, Y L
µu < 1.2⇥ 10�3. Thus we can realize

� C̃ 0
10 = C̃ 0

9 = 0.63 , 4C̃T = 4C̃T5 = C̃P = C̃S = �0.049 , (28)

together with small enough Y L
µu = 1.2 ⇥ 10�3 to comply with the constraints from B, K physics and four fermion

operator constraints [40].
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absence of CP violation) has to be smaller than the world average x = 2|M12|/� = (0.49+0.14

�0.15)% as quoted by the
HFAG [24],

|rC6(m�)|
2mDf2

DBD

3�D
< x , (26)

where r = 0.76 is a renormalization factor due to running of C6 from scale m� = 1 TeV down to 3 GeV [3]. Finally
we find a bound on C 0

9 slightly stronger but comparable to the one obtained from D0 ! µ+µ�:

|C6(m�)| < 2.5⇥ 10�13 GeV�2 =) |C̃ 0
9, C̃

0
10| < 0.34 . (27)

One can imagine an extension of this scenario which would include also scalar and tensor operators. Namely, we
consider a numerically tuned example with m� = 1 TeV and large Y R

cµ = 3. The bound on C 0
10 from D0 ! µ+µ�

would then impose the smallness of coupling Y R
uµ, Y

R
uµ < 0.007. Bounds of similar strength are expected from D0�D̄0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L
µu that would, together with large

Y R
cµ contribute to the Wilson coe�cients CS,P and CT,T5. However, a very strong bound on CS now emerges from

D0 ! µ+µ� and limits the left-handed coupling, Y L
µu < 1.2⇥ 10�3. Thus we can realize

� C̃ 0
10 = C̃ 0

9 = 0.63 , 4C̃T = 4C̃T5 = C̃P = C̃S = �0.049 , (28)

together with small enough Y L
µu = 1.2 ⇥ 10�3 to comply with the constraints from B, K physics and four fermion

operator constraints [40].

Bound	from	ΔC	=2	slightly	stronger,		
but	comparable		to	the	bound	coming	from		

D0 ! µ+µ�

R2		(3,2,7/6)	can	explain	RD(*)	
(Becirevic,	Dorsner,	SF,Faroughy,	
Kosnik,	Sumensari,	1806.05689		
and	can	generate		c	quark	EDM)	

	

Vector	LQ(3,1,5/3)													

(for	loop	effects	in	B		
Camargo-Molina,	Celis,	Faroughy		
1805.04917	)	
	not	present	in	B	physics	at	tree	level!	
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The LQ Yukawa matrices YL and YR are written in the mass basis of up-type quarks and charged leptons with the
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The tree level amplitude induced by a nonchiral LQ state �(5/3) involves both chiralities of fermions and is matched
onto the set of (axial)vector, (pseudo)scalar, and (pseudo)tensor operators:

CP = CS = � ⇡

2
p
2GF↵�b

Y L⇤
µu Y R⇤

cµ

m2
�

,

�C 0
P = C 0

S = � ⇡

2
p
2GF↵�b

Y L
µcY

R
uµ

m2
�

,

CT = � ⇡

8
p
2GF↵�b

Y R
uµY
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µc + Y R⇤

cµ Y L⇤
µu

m2
�

,

CT5 = � ⇡

8
p
2GF↵�b

�Y R
uµY

L
µc + Y R⇤

cµ Y L⇤
µu

m2
�

,

C10 = C9 =
⇡p

2GF↵�b

Y L
µcY

L⇤
µu

m2
�

�C 0
10 = C 0

9 =
⇡p

2GF↵�b

Y R⇤
cµ Y R

uµ

m2
�

.

(24)

In the minimal numerical scenario, strict bounds in the down-type quark sector can be evaded completely by putting
to zero the couplings to the left-handed quarks. In this case we are allowed to have significant contributions to
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10 contributions for which the bound from the last line of Tab. II applies. The
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Y R⇤
cµ Y R
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�

= � (GF↵)2
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m2

�(C̃
0
10)

2 . (25)

We have assumed that leptoquark does not couple to electrons or tau leptons. Hadronic matrix element of the above
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would then impose the smallness of coupling Y R
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uµ < 0.007. Bounds of similar strength are expected from D0�D̄0

mixing. Now one can introduce a nonzero coupling to left-handed quark doublet Y L
µu that would, together with large
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2. Vector leptoquark (3, 1, 5/3)

The interactions of the vector LQ state V (5/3)(3, 1, 5/3) with the SM fermions are contained in a single term at the
renormalizable level:

L = Yij (¯̀i�µPRuj)V
(5/3)µ + h.c. . (29)

Generation indices are denoted by i, j. Integrating out V (5/3) results in the right-handed current operators:

C 0
9 = C 0

10 =
⇡p

2GF�b↵

YµcY
⇤
µu

m2
V

. (30)

On the other hand, the same combination of couplings enters the D0 � D̄0 mixing. We employ the same type of
Hamiltonian as in the preceding Section this time the Wilson coe�cient:

C6(mV ) =
(YµuY

⇤
µc)

2

32⇡2m2
V

=
(GF↵)2

16⇡4
m2

V (C̃
0
10)

2 . (31)

Consequence of the bound (27) is that the rare decay Wilson coe�cients are limited:

|C̃ 0
9, C̃

0
10| < 0.24 . (32)

The above knowledge of C 0
9,10 implies that the branching ratio of D ! ⇡µ+µ� in the high-q2 bin is at most 1.4⇥10�8,

where the long-distance uncertainties have been taken into account. The e↵ect is twice smaller than the existing
experimental bound.

C. Two Higgs doublet model type III

In the Two Higgs Doublet Model of type III (THDM III) the neutral Higgses have flavor changing couplings to the
fermions. The spectrum includes two neutral scalars, h and H, one pseudoscalar, A, and two charged scalars, H±. In
the scenario with MSSM-like scalar potential their masses and mixing angles are related [41],

tan� =
vu
vd

, tan 2↵ = tan 2�
m2

A +m2
Z

m2
A �m2

Z

,

m2
H± = m2

A +m2
W m2

H = m2
A +m2

Z �m2
h ,

(33)

where �, tan� = vu/vd, is the angle that diagonalizes the mass matrix of the charged states, ↵ is the mixing angle
of neutral scalars. The vacuum expectation values are normalized to the electroweak vacuum expectation value,
v/

p
2 =

p
v2u + v2d = 174 GeV. The part of the interaction Lagrangian responsible for FCNCs in the up-type quarks

and charged leptons is [41]

L =
y
(`)Hk

ijp
2

Hk
¯̀
L,i`R,j +

y
(u)Hk

ijp
2

HkūL,iuR,j + h.c. , Hk = (H,h,A) , (34)

and the neutral Yukawa couplings for the charged leptons and up-type quarks are

y
(`)Hk

ij = xk
d

m`i

vd
�ij � ✏`ij

�
xk
d tan� � xk⇤

u

�
,

y
(u)Hk

ij = xk
u

mui

vu
�ij � ✏uij

�
xk
u cot� � xk⇤

d

�
,

(35)

respectively. The flavor o↵-diagonal terms ✏`fi, ✏
u
fi are free parameters of the model. The coe�cients xk

q for Hk =
(H,h,A) are determined by the mixing angles of the neutral scalars and the VEVs [41]

xk
u = (� sin↵,� cos↵, i cos�) ,

xk
d = (� cos↵, sin↵, i sin�) .

(36)



	
					Model																																							Effect																																					Size	of	the	effect	
		

Scalar	leptoquark			
(3,2,7/6)		

CS,CP,	CS’,CP‘,CT,CT5,		
C9,C!0,C9’,C10’	

VcbVub|C9,	C10|<	0.34		

Vector	leptoquark			
(3,1,5/3)		

C9’	=	C10’	 VcbVub|C9’,	C10’|<	0.24		

Two	Higgs	doublet		
Model	type	III		 CS,CP,	CS’,CP‘	

VcbVub|CS	–	CS’|<	0.005		

VcbVub|CP	–	CP’|<	0.005		

Z’	model		 C9’,C10’	
	

VcbVub|C9’,|<	0.001	
VcbVub|C10’|	<	0.014	



1510.00311	(de	Beor	and	Hiller)	
1705.02251	(Sahoo	and	Mohanta)	
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FIG. 3: The differential branching fraction dB(D+ ! ⇡+µ+µ�
)/dq2 at high q2. The solid blue curve is the

non-resonant SM prediction at µc = mc and the lighter blue band its µc-uncertainty, the dashed black line

denotes the 90% CL experimental upper limit [28] and the orange band shows the resonant contributions.

The additional curves illustrate two viable, sample BSM scenarios, |C9| = |C10| = 0.6 (dot-dashed cyan

curve) and C
(0)
i = 0.05 (dotted purple curve).

To discuss LFV we introduce the following effective Lagrangian

Lweak

eff

(µ ⇠ mc) =
4GFp

2

↵e

4⇡

X

i

⇣
K

(e)
i O

(e)
i +K

(µ)
i O

(µ)
i

⌘
, (c ! ue±µ⌥

) , (33)

where the K
(l)
i denote Wilson coefficients and the operators O

(l)
i read

O
(e)
9 = (ū�µPLc) (e�

µµ) , O
(µ)
9 = (ū�µPLc) (µ�

µe) , (34)

and all others in analogous notation to Eq. (28). The LFV Wilson coefficients are constrained by

B(D0 ! e+µ�
+ e�µ+

) < 2.6 · 10�7, B(D+ ! ⇡+e+µ�
) < 2.9 · 10�6 and B(D+ ! ⇡+e�µ+

) <

3.6 · 10�6 at CL=90% [29] as
���K(l)

S,P �K
(l)0
S,P

��� . 0.4 ,
���K(l)

9,10 �K
(l)0
9,10

��� . 6 ,
���K(l)

T,T5

��� . 7 , l = e, µ . (35)

The observables in the D ! Pl+l� angular distribution, AFB and FH , Eqs. (D2), (D3) can

be sizable while respecting the model-independent bounds. We find that, upon q2-integration,

|AFB(D
+ ! ⇡+µ+µ�

)| . 0.6, |AFB(D
+ ! ⇡+e+e�)| . 0.8, FH(D+ ! ⇡+µ+µ�

) . 1.5 and

c ! uµ±e⌥
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Lepton	flavor	violaAon	

LHCb	bound,	1512.00322		



Dark	Mager	in	charm	decays	

Badin	&	Petrov	1005.1277	suggested		to	search	for	processes	with	missing	energy	̸E	in			
	
D0 ! �E could	be	SM	neutrinos	or	DM!	

Belle	collaboraAon	1611.09455	
BR(D0	→	invisible)	<9.4	×	10−5		
	

SM:	BR(D0	→	νν)	=	1.1	×	10−30		

Bhagacharya,	Grant	and	Petrov	1809.04606		
	

c	instead	of	b	

The	SM	contribuAons	to	invisible	widths	of	
heavy	mesons	Γ(D0	→	missing	energy	)	are	
completely	dominated	by	the	four-neutrino	
transiAons	D0	→	νν	ν̄ν	̄.	

B(D ! invisibles) = B(D ! ⌫⌫̄) + B(D ! ⌫⌫̄ + ⌫⌫̄) + ...



U(1)X		dark	sector	

F.	C.	Correia,	SF,	1609.0860,	
Batell	et	al.1103.0721	
F.	C.	Correia,	SF,		in	preparaAon		
			Ø  Request	anomalies	cancelled:	

Gauge	group	SU(3)	x	SU(2)	X	U(1)Y	X	U(1)X	

Ø  Higgs	sector:	2	doublets,	one	singlet	

Ø  invisble	fermions	necessary	
for	anomaly	cancellaAon	



Aμ	and	Xμ	mix	via	κ		

-	 -	-	

Is	it	possible	to	search	for	decay		
D	→	μ	X	
X	is	SM	νμ			+	DM	gauge	boson	→	
invisible	fermions	
Exp:	D→τντ	→μνμντντ	
		

RadiaAve	-	not	γ	but			X	

M+ ! µ+E

Difficult	to	differenAate			



•  There	is	a	possibility	that	X	→	e+e-	

•  Can	one	see		it	in	the	decays	P→μ	νX	→	μυ	e+e	

•  First	one	should	calculate	SM	values		

-				

D	D	D	

Thanks	D.	Melikhov	for	providing		
us	with	<γ*|	Jμ|	Ds>		



LHC	constraints	in			high-mass	ττ	producAon		

Processes	in	t-channel		

s(b)

s̄(b̄)

S4/3
3 , R̃2/3

2 S4/3
3 , R̃2/3

2

⌧ ⌧

⌧

s

b̄

(a) (b)

⌧

Figure 1: Leading order Feynman diagrams for t-channel pp ! ⌧+⌧� production at the LHC mediated
by both third-generation LQs.

1 Collider constrains

As shown in ??, direct LHC searches for ⌧⌧ resonances can produce stringent bounds on NP
models for the RD(⇤) anomaly. These models will generate neutral currents with large couplings to
third generation fermions that enhance bb̄ ! ⌧+⌧� production at the LHC. With enough integrated
luminosity, the limits from ⌧⌧ searches are sensitive to couplings of order O(1) in the 1 TeV region. In
the leptoquark model proposed here, the fact that both S

3

and R̃
2

contribute to low-energy processes
implies smaller b� ⌧ Yukawa couplings to each leptoquark. These smaller Yukawas could potentially
evade direct search limits from ?? (the same mechanism has been employed in ??). Nevertheless,
fitting the low-energy anomalies and flavor constrains leeds to non-negligeable s� ⌧ couplings to both
leptoquarks. This will generate a large enhancement of ss̄ ! ⌧+⌧� production at the LHC. Given
that the PDF of the strange quark is enhanced in comparison to the bottom quark by a factor of ⇠ 3,
it is important to reinterpret the limits derived in ?? when both leptoquarks with sizeable s� ⌧ and
b� ⌧ couplings are included. In the following we confront the leptoquark model to existing 13 TeV Z 0

resonance searches in the high-mass tails of inclusive ⌧⌧ production. Besides ⌧⌧ resonance searches,
we have also analyzed direct searches exclusive for third generation leptoquarks, namely leptoquark
pair production from QCD interactions.

Discuss about other constrains such as di-muons and pair production of leptoquarks of second-gen...

1.1 High-mass ⌧⌧ production

Each leptoquark component contributes to pp ! ⌧+⌧� via qq̄ annihilation (q = s, c, b) in a t-channel

exchange of S4/3
3

, S1/3
3

and R̃2/3
2

as depicted in Fig.1. First we calculate the leading-order (LO)
fiducial cross-section of pp ! ⌧+⌧� in the leptoquark model defined by the following high-mass cuts:
pT (⌧) > 150 GeV (50 GeV) for the leading (sub-leading) ⌧ -lepton and an invariant mass cut for the
⌧⌧ pair of m⌧⌧ > 300 GeV. The fiducial cross-section is decomposed in the following way:

�fid

pp!⌧⌧ (ys⌧ , ỹs⌧ ,↵, ↵̃) = �(1)(y2s⌧ , ỹ
2

s⌧ ) + �(2)(↵, ↵̃) + �(3)

⇣ ↵2

y2s⌧
,
↵̃2

ỹ2s⌧

⌘

(1)

where ↵ ⌘ ys⌧yb⌧ and ↵̃ ⌘ ỹs⌧ ỹb⌧ . In order to keep the analysis simple we assume all Yukawa couplings
to be real and the CKM matrix to be V ⇡ 1. Here �(1), �(2) and �(3) correspond to the fiducial cross-
sections of the processes ss̄ (cc̄) ! ⌧+⌧� (Fig.1 a,c), sb̄ (s̄b) ! ⌧+⌧� (Fig.1 b) and bb̄ ! ⌧+⌧� (Fig.1
a), respectively. These can be expressed as the following quartic polynomials in the couplings:
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Flavour	anomalies	generate	s	τ	,	bτ	and	cτ		
	relaAvely	large	couplings.	
s	quark	pdf	funcAon	for	protons	are	~	3	Ames	
	lagrer	contribuAon	then	for	b	quark.		
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calculations we use the approximate expression from Ref. [96] for the cross-section at NLO

�pair(m) ⇡ exp

n

2

X

n=�2

Cn

⇣ m

[TeV]

⌘no

[fb] , (A.2)

where (C�2

, C�1

, C
0

, C
1

, C
2

) = (�0.300, 3.318, 2.762,�3.780,�0.299) at NLO in QCD for
LHC collision energies of

p
s = 13TeV. Equating the right hand side of Eq. (A.1) to the

total cross-section derived in the two LQ scenario �pp!⌧⌧bb = (�2

1

+ �2

2

)�pair(mLQ

) and
demanding 0  �eff  1 we find

�eff =

r

�2

1

+ �2

2

2

, meff = ��1

( 2�pair(mLQ) ) , (A.3)

where ��1 is the inverse function of Eq. (A.2). Here we assume negligible interference effects
between the decay products of the LQ

1,2 and simply add two cross-sections together. After
calculating ��1 numerically we can use Eq. (A.3) to map the CMS Collaboration 12.9 fb�1

exclusion limits in the �–m
LQ

plane as reported in Fig. 9 of Ref. [81] into the exclusion
limits for two generic non-interfering third-generation LQs with degenerate mass. These
limits are shown in Fig. 4.

B High-mass ⌧⌧ production cross-sections

We obtain the following fiducial cross-sections in fb for the process pp ! ⌧⌧ for m
LQ

=

1TeV:

�ss̄(ys⌧ ) = 12.042 y4st + 5.126 y2st , (B.1)
�s¯b(ys⌧ , yb⌧ ) = 12.568 y2s⌧y

2

b⌧ , (B.2)
�b¯b(yb⌧ ) = 3.199 y4b⌧ + 1.385 y2b⌧ , (B.3)

�cc̄,uū,uc̄(ys⌧ ) = 3.987 y4s⌧ � 5.189 y2s⌧ . (B.4)

Notice that in each individual production channel the interferences can be large. In particu-
lar, these dominate in cc̄ (uū)(uc̄) ! ⌧⌧ production over the squared LQ terms for Yukawa
couplings of order one, as shown in Eq. (B.4). Only after summing across all channels
the total interference is found to be sub-leading when compared to the total LQ squared
amplitudes in most portions of parameter space. This happens because of an accidental
cancellation between the constructive S

3

–Z interference in ss̄ ! ⌧⌧ given by the second
term in Eq. (B.1) and the destructive S

3

–Z interference in cc̄ (uū)(uc̄) ! ⌧⌧ given by the
second term in Eq. (B.4). The remaining small (constructive) interference after cancella-
tions is mostly given by ⌧⌧ production from bottom fusion and is negligible in high-mass
⌧⌧ searches for the current level of experimental uncertainties.
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Summary	and	outlook	

•  	QCD	(lavce)	a	lot	of	open	issues	in	Charm	spectroscopy!		
					Improvement	on	decay	constants	and	form-factors!	

•  CP-violaAon	in	up	sector	(NP	search)	more	studies	on	direct	CP	violaAon	and	(C)EDM		
						of	c-quark	;	

•  New	physics	explaining	B	anomalies,	leads	to		rather	small	effects	in	charge	current		
						transiAons	;	
	
•  FCNC		transiAon	small	contribuAon	of	Leptoquarks	in	charm	decays	observables;	

•  To	perform	all	possible	test	of	LFU;	

•  Few	proposals	to	test	DM	in	charm	physics;	

•  Search	for	NP	in	charm	physics	requires	high	precision	theoreAcal	and	experimental	
						studies!!	
	


