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Overview	

Understanding	QCD	in	charmed	hadrons;	
	
CP	viola?on	in	charm;	

SM	in	rare	charm	decays;	
	
Dark	MaVer	search	in	rare	charm	decays;	
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From	B	anomalies	to	NP	in	charm;	
		
Signatures	of	NP	in		chargned	current		
		and	FCNC	charm	decays;	
	

Summary	and	Outlook	
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	Deepening	our	knowledge	of	SM																			QCD				

Theory	goals	

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

QCD	(la\ce)	in	ac?on!	



QCD	in	ac?on:	
Charmonium	and	Exo?c	Spectroscopy	with	Charm	Quarks	in	La\ce	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	calcula?ons	using	la\ce		
QCD	to	understand	these	states.		
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B	meson	puzzles		

How	about	charm?	

•  CP	viola?on	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	predic?on		
and	experimental	result	

Solu?on	by	New	Physics	

Tests	of	Lepton	flavour	universality	

Search	for	New	Physics	



RD(⇤) =
BR(B ! D(⇤)⌧⌫⌧ )

BR(B ! D(⇤)µ⌫µ)
3.8σ	

charged		current	(SM	tree	level)	

B	physics	anomalies:	experimental	results	≠	SM	predic?ons!	
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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.	



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)

Perturba?vity	of	NP		
	

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

V-A		form	of	NP		

⇤NP ' 3TeV

⇤NP > 3TeV CD	becomes	non-perturba?ve!	
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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

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c 

× 
-8

 [1
0

2 q
/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

]4c/2 [GeV2q
0 5 10 15 20

KR

0

0.5

1

1.5

2

SM

LHCbLHCb

LHCb BaBar Belle

`+

`�

c, t

W

b s

B M

`+

`�

c, t

W

b s

1

R
K

=

Br

!
B+ æ K+µ+µ≠"

Br (B+ æ K+e+e≠
)

= 0.745

+0.090

≠0.074

± 0.036

∆ It deviates 2.6‡ from SM.

∆ equals to 1 in SM (universality of lepton coupling).

∆ NP coupling ”= to µ and e.

Conceptually R
K

very relevant:

1 Tensions in R
K

cannot be explained in the SM by
neither factorizable power correctionsú nor
long-distance charmú.

All experimental bins of BR(B0 æ K0µ+µ≠
) and BR(B

s

æ „µ+µ≠
) exhibit a systematic deficit with

respect to SM (1-3‡).
Several low-recoil bins of B æ P and B æ V exhibit tensions from 1.4 to 2.5‡.

Joaquim Matias Universitat Autònoma de Barcelona Global fit of b æ s¸¸ processes

FCNC	-	SM	loop	process		
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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
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9
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models, including those with an extra Z
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peculiarity of the model is that the coupling of leptoquark to s and µ is absent and therefore
the shift in C
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can be only achieved through loops. The model verifies Cµµ
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, so
that both RK and RK⇤ can be smaller than in the Standard Model.

The idea of explaining RK < R
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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
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1

LNP =
1

⇤2
NP

s̄L�
↵bLµ̄L�↵µL ⇤NP ' 30TeV

What	is	the	scale	of	New	Physics?	



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	 9	

NP	in	FCNC																																																	
has	to	be	suppressed				

Rexp

D

(⇤) > RSM

D

(⇤) Rexp

K

(⇤) < RSM

K

(⇤)

⇤D ' ⇤K ⌘ ⇤
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Charged	current	charm		meson	decays	and	New	Physics			

LSM =
4GFp

2
Vcss̄L�

µcL ⌫̄l�µl LNP =
2

⇤2
c

s̄L�
µcL ⌫̄l�µl

PDG	2018	

|Vcs| = 0.997± 0.017

Electro-magne?c	correc?on	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



New	Physics	in		charm	processes	

NP	in	charm		

Constraints	from	K,	B	physics	

Constraints	from	EW	physics,	
oblique	correc?ons,	

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	
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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	-	sboVom	

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	maVer?	

•  Is	charm	physics	sensi?ve	on		NP	explaining	B	puzzles	?	
	
•  Can	some	NP	be	present	in	charm	and	not	in	beauty	mesons?	

12	

Summary.	

q	

l	

leptoquark	

(SU(3)c	,	SU(2)L	,	U(1)Y	)	



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	and	charm	charged	current	

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

13	

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)]

S3=(3,3,-1/3)	



14	

CHARM	quark	electric	(chromo-electric)	dipole	moment	

quark	EDM		 quark		CEDM		 Weingerg	operator	

Mixing	under	RGE	

CEDM	threshold	correc?on	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		(la\ce	computa?on	of	c	–bar	c	content	of	neutron)	or		Hg			EDM!	

More	studies	of	charm	quark	EDM(CEDM)	–	new	source	of	CP	viola?on!	



Tree-level	4-quark	operators		
	

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

15	

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)
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the operators O7,9,10,S,P we introduce the corresponding counterpart O0
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cbVubC
SM
7 = V ⇤
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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].
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BR(D ! Xu�) ⇠ 10�8
C.	Greub	et	al.,	PLB	382	(1996)	415;		



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
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×
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× ×

c uQ8
×

Figure: Weak annihilation and hard spectator interaction diagrams. Crosses indicate photon emission.
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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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CP	asymmetry	in	charm	radia?ve	decays		

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	

contribu?ons	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.
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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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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	ra?os	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(*)	!	 18	

⌧� ! ⇡�⌫⌧

⌧� ! K�⌫⌧

�mD

D+ ! ⌧+⌫⌧

D+
s ! ⌧+⌫⌧

K+ ! ⇡+⌫⌫̄

Constraints	from		
Leptoquarks		in		c	→	uγ		

Even	for	τ		in	the	loop	too	small	contribu?on!		

S3	=	(3,3,-1/3	



SM	predic?on:	Long	distance	contribu?ons	
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�
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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	
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Best	bounds		
from		

D0 ! µ+µ�

0.56

0.56

0.043	

0.043
0.043

BR(D0 ! µ+µ�) < 6.2⇥ 10�9



	
					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	
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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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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

BR(D0 ! e+µ� + e�µ+) < 2.6⇥ 10�7

BR(D+ ! ⇡+e+µ�) < 2.9⇥ 10�6

BR(D+ ! ⇡+e�µ+) < 3.6⇥ 10�6

11

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)
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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

11

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)
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LHC	constraints	on							:		high-mass	ττ	produc?on		

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:

�(1)(y2s⌧ , ỹ
2

s⌧ ) = y4s⌧ A
(1)

1

+ ỹ4s⌧ A
(1)

2

+ y2s⌧ ỹ
2

s⌧ A
(1)

3

(2)

�(2)(↵, ↵̃) = ↵2A(2)

1

+ ↵̃2A(2)

2

+ ↵↵̃A(2)

3

(3)

�(3)

⇣ ↵2

y2s⌧
,
↵̃2

ỹ2s⌧

⌘

=
↵4

y4s⌧
A(3)

1

+
↵̃4

ỹ4s⌧
A(3)

2

+
↵2↵̃2

y2s⌧ ỹ
2

s⌧
A(3)

3

. (4)

1

Flavour	anomalies	generate	s	τ	,	bτ	and	cτ		
	rela?vely	large	couplings.	
s	quark	pdf	func?on	for	protons	are	~	3	?mes	
	lagrer	contribu?on	then	for	b	quark.		

S3

s, b

s̄, b̄

τ

S
4/3
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2/3
2 S

1/3
3

c
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u
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u

ū
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1/3
3S

1/3
3

S
4/3
3 , R̃

2/3
2

τ

τ

τ

τ

τ

τ

τ

τ

τ

s

b̄

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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Dark	MaVer	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	collabora?on	1611.09455	
BR(D0	→	invisible)	<9.4	×	10−5		
	

SM:	BR(D0	→	νν)	=	1.1	×	10−30		

BhaVacharya,	Grant	and	Petrov	1809.04606		
	

c	instead	of	b	

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

24	

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

Radia?ve	-	not	γ	but			X	

M+ ! µ+E

Difficult	to	differen?ate			
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•  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>		
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Summary	and	outlook	

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

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

•  New	physics	explaining	B	anomalies,	leads	to		rather	small	effects	in		
						charge	current	transi?ons	;	
	
•  FCNC		transi?on	small	contribu?on	of	Leptoquarks	in	charm	decays	observables;	

•  To	perform	all	possible	test	of	LFU;	

•  Few	proposals	to	test	DM	in	charm	physics;	

•  Charm	physics	complement	any	search	for	NP	at	low	energies!	
	



Thanks!	
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Short	distance	
La\ce	QCD	helps	!	

Long	distance	
difficult	to	determine	

-  intermediate	down-type	quarks;	
-  due	to	CKM	contribu?on	of			b	–	quark	negligible;	
-  in	the	SU(3)	limit	0;		

La\ce	determined	

Possible	NP	effect		difficult	to	isolate!		

Mixing	and	indirect	CP	viola?on	
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•  |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).	

|D1,2⟩	=	p|D0⟩	±	q|D0⟩	-	
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SM	features	of	CPV	in	D	

•  		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

Belle,	1203.6409,	mainly	aVributed	to	the	K	mixing	

	1707.09297,	Wang,		F.S.	Yu,	and	H.N.Li,		
the	?me-dependent	and		?me-integrated	CP		asymmetries	in		
	
	the	interference		CF	and	the	DCS	amplitudes	with	the	K	
mixing,	effect	of	the	order	10-3.		
Proposal:	search	for	the	difference	of	the	?me-integrated	CP	
asymmetries	in	the	mode	with	π	and	K.	
NP	might	be	present!	

D ! fKS(! ⇡+⇡�)

Nierste	&Schacht,	1708.03572		

Adir
CP (D ! KSK

0⇤)  0.3%

-	



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	comple?on;	

Popular	scenario:	Leptoquarks	as	a	resolu?on	of	B	anomalies:	

LQ l 

q 

Only	R2	and	S1	might	explain		(g-2)μ	(both	chirali?es	are	required	with	the	enhancement	factor	
mt/mμ)	Muller	1801.0338.	
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or	LQ=(SU(3)c,	SU(2)L,	Y)	
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Angular	distribu?ons	in	D					P1P2	l+l-	

De	Beor	and	Hiller,	1805.08516	

!

•  study	of	angular	distribu?ons	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	
•  sensi?ve	on	C10(‘)	

Modes	sensi?ve	to	NP	

LHCb,	1707.08377	

Tests	of	LFU	

LHCb	,	1806.10793	
consistent	with	SM	


