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We propose that both anomalies in B meson decays, RD(⇤) and RK might be explained by only
one vector leptoquark weak triplet state. The constraints on the parameter space are obtained by
considering t ! b⌧⌫⌧ data, lepton flavor universality tests in the kaon sector, bounds on the lepton
flavor violating decay B ! Kµ⌧ , and b ! cµ⌫µ decays. The presence of such vector leptoquark
could be exposed in precise measurements of top semitauonic decays to b quark. The model predicts
that LFU ratio RK⇤ in B ! K⇤`+`� decays is larger than RK .

I. INTRODUCTION

Although LHC has not found yet any particles not present in the Standard Model (SM), low-energy precision
experiments in B physics pointed out a few puzzling results. Namely, we are witnessing persistent indications of
disagreement with the SM prediction of lepton flavor universality (LFU) ratio in the ⌧/µ and ⌧/e sector. In the case

of ratio RD(⇤) = �(B!D(⇤)⌧⌫)
�(B!D(⇤)`⌫)

[1–6], the deviation from the SM is at 3.5� level [7] and has attracted a lot of attention

recently [8, 9]. Since the denominator of these ratios are the well measured decay rates with light leptons in the final
states, ` = e, µ, the most obvious interpretation of RD(⇤) results are in terms of new physics a↵ecting semileptonic
b ! c⌧⌫ processes [10].

The second group of observables, testing rare neutral current processes with flavor structure (s̄b)(µ+µ�) also indicate
anomalous behaviour [11–21]. Decay B ! K⇤µ+µ� deviates from the SM in the by-now-famous P 0

5

angular observable
at the confidence level of above 3� [22]. If interpreted in terms of new physics, all analyses point to modifications of
the leptonic vector current, which is also subject to large uncertainties due to nonlocal QCD e↵ects. However, several
studies have shown that even with generous errors assigned to QCD systematic e↵ects, the anomaly is not washed
away [23]. Furthermore, the sizable violation of LFU in the ratio RK = �(B!Kµµ)

�(B!Kee) in the dilepton invariant mass

bin 1 GeV2  q2  6 GeV2, has been established at 2.6�. This ratio is largely free of theoretical uncertainties and
experimental systematics, deviates in the muon channel consistently with the deviation in B ! Kµ+µ�. Strikingly
enough all these disagreements were observed in the B meson decays to the leptons of the second and third generation.
As pointed out in [10] lepton flavour universality has been tested at percent level and are in the case of pion and kaon
in excellent agreement with the SM predictions. It has been already suggested that scalar leptoquark might account
for this anomalous behaviour in many works [7, 12, 14, 24–27].

Many models of New Physics (NP) [1–6, 8, 9, 11–21, 27] have been employed to explain either RK and P 0
5

anomalies
or RD(⇤) . Reference [15] suggested that RK and P 0

5

can be explained if NP couples only to the third generations of
quarks and leptons. Similarly, the authors of [9] suggested that both RD(⇤) and RK anomalies can be correlated if the
e↵ective four-fermion semileptonic operators consist of left-handed doublets. The model of [28] proposed existence
of an additional weak bosonic triplet and falls in the category of weak doublet fermions coupling to the weak triplet
bosons, which then can explain all three B meson anomalies. Among the NP proposals a number of them suggest

that one scalar leptoquark accounts for either R(⇤)
D or RK anomalies. Howerer, in the recent paper [7] both deviations

were addressed by a single scalar leptoquark with quantum numbers (3, 1,�1/3) in such a way that RD(⇤) anomalies
is explained at the tree level, while RK only at loop level. This leptoquark scalar, unfortunately can couple to diquark
state too and therefore it potentially leads to proton decay. One may impose that this dangerous coupling vanishes,
but such a scenario is not easily realised within any GUT approach.

In this paper, we extend the SM by a vector SU(2) triplet leptoquark, which accomplishes both of the above
requirements by generating purely left handed currents with quarks and leptons. Furthermore, the triplet nature
of the state connects the above mentioned anomalies with the rare decay modes of B mesons to a final states with

⇤
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3.9σ	

(angular	distribu>on	func>ons)	3σ	

2.4σ	

charged		current	SM	tree	level	

FCNC	-	SM	loop	process		

B	physics	anomalies:	experimental	results	≠	SM	predic>ons!	

RK(⇤) =
�(B ! K(⇤)µ+µ�)

�(B ! K(⇤)e+e�)

RJ/ =
BR(Bc ! J/ ⌧⌫)

BR(Bc ! J/ µ⌫)
2σ	



NP		couples		preferen>ally		to	third	genera>on.	
For	NP	scale	above	ew	scale,	SU(3)	x	SU(2)L	x	U(1)Y	at	low	energies	should	be	respected!	

Effec>ve	Lagrangian	approach:	NP	in	third	genera>on	

Models	of	NP	explaining		RD(*)		and	RK(*)		

Color	singlet								Color	tripet	
	

Spin	

0											2HDM																							Scalar	LQ		

1											W’	,Z’																								Vector		LQ		

R	parity	-	sbojom	
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Lepton flavour universality (LFU) in B-decays is revisited by considering a class of semileptonic
operators defined at a scale ⇤ above the electroweak scale v. The importance of quantum e↵ects,
so far neglected in the literature, is emphasised. We construct the low-energy e↵ective Lagrangian
taking into account the running e↵ects from ⇤ down to v through the one-loop renormalization
group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs from v down to
the 1GeV scale. The most important quantum e↵ects turn out to be the modification of the leptonic
couplings of the vector boson Z and the generation of a purely leptonic e↵ective Lagrangian. Large
LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating (LFV) e↵ects in the
processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡ and ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects.
In recent years, experimental data in B physics hinted at
deviations from the SM expectations, both in charged-
current as well as neutral-current transitions. The sta-
tistically most significant data are:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)`⌫̄)

exp

/B(B̄ ! D(⇤)`⌫̄)SM
, (1)

R⌧/`
D = 1.37± 0.17, R⌧/`

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 , (3)

while (Rµ/e
K )SM = 1 up to few % corrections [6].

As argued in [7–10] by means of global-fit analyses,

the explanation of the Rµ/e
K anomaly favours an e↵ec-

tive 4-fermion operator involving left-handed currents,
(s̄L�µbL)(µ̄L�µµL). This naturally suggests to account
also for the charged-current anomaly through a left-
handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related to
(s̄L�µbL)(µ̄L�µµL) by the SU(2)L gauge symmetry [13].
Clearly, this picture might work only provided NP cou-
ples much more strongly to the third generation than to
the first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons – couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction bases through small flavour mixing
angles [14] – and ii) if NP couples to di↵erent fermion
generations proportionally to their mass squared [15]. In

the scenario i) LFU violation necessarily implies lepton
flavour violating (LFV) phenomena. The same is not true
in scenario ii) if the lepton family numbers are preserved.

In this work, we revisit the LFU in B-decays focusing
on a class of semileptonic operators defined above the
electroweak scale v and invariant under the full SM
gauge group, along the lines of Refs. [11–17]. The main
new development of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry [18]. From the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements in the relevant physical
amplitudes. Such a program has not been carried out in
the literature so far and it has significant implications
on the conclusions of Refs. [11–17]. The most important
quantum e↵ects turn out to be the modification of
the leptonic couplings of the vector boson Z and the
generation of a purely leptonic e↵ective Lagrangian. As
a result, large LFV and LFU breaking e↵ects in Z and
⌧ decays are induced.

E↵ective Lagrangians If the NP contributions origi-
nate at a scale ⇤ � v, in the energy window above v and
below ⇤ the NP e↵ects can be described by an e↵ective
Lagrangian L=L

SM

+L
NP

invariant under the SM gauge
group. Here we assume that NP is dominated by

L
NP

=
C

1

⇤2

(q̄
3L�

µq
3L)

�
¯̀
3L�µ`3L

�
+

C
3

⇤2

(q̄
3L�

µ⌧aq
3L)

�
¯̀
3L�µ⌧

a`
3L

�
. (4)

We move from the interaction to the mass basis through
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•  strong	constraints	from	atomic	parity	viola>on,	LFU	at	1%	level	suggest	to	avoid		
coupling	of	NP	to	the	first	genera>on;	
	
•  in	K	and	D	FCNC	decays	usually	long	distance	physics	overshadow	short	distance		
dynamics;	
	
	
•  In	construc>on	of	NP	needed	to	explain	B	meson	puzzles	constraints	from		
K	and	D	physics	are	very	oren	included	in	the	analysis.	

Why	search	for	NP	in	D	and	K	physics	

The	main	issue:	

How	large	can	be		effects	of	NP	explaining	B	anomalies	in		K	and	D	charged	
current	and	FCNC	rare	decays	having	in	mind	exis>ng	and	planned	experimental	
precision?	

MLD > MSM



SU(3)⇥ SU(2)⇥ U(1) Spin Symbol Type 3B + L
(3,3, 1/3) 0 S3 LL (SL

1 ) �2

(3,2, 7/6) 0 R2 RL (SL
1/2), LR (SR

1/2) 0

(3,2, 1/6) 0 ˜R2 RL (

˜SL
1/2), LR 0

(3,1, 4/3) 0 ˜S1 RR (

˜SR
0 ) �2

(3,1, 1/3) 0 S1 LL (SL
0 ), RR (SR

0 ), RR �2

(3,1,�2/3) 0 ¯S1 RR �2

(3,3, 2/3) 1 U3 LL (V L
1 ) 0

(3,2, 5/6) 1 V2 RL (V L
1/2), LR (V R

1/2) �2

(3,2,�1/6) 1 ˜V2 RL (

˜V L
1/2), LR �2

(3,1, 5/3) 1 ˜U1 RR (

˜V R
0 ) 0

(3,1, 2/3) 1 U1 LL (V L
0 ), RR (V R

0 ), RR 0

(3,1,�1/3) 1 ¯U1 RR 0

Table 1: List of scalar and vector leptoquarks. See text for details.

leptoquark states. The SM fermions are Li
L ⌘ (1,2,�1/2)i = (⌫iL eiL)

T ,
eiR ⌘ (1,1,�1)

i, Qi
L ⌘ (3,2, 1/6)i = (ui

L diL)
T , ui

R ⌘ (3,1, 2/3)i, and
diR ⌘ (3,1,�1/3)i, where the numbers within brackets represent the SM gauge
group SU(3) ⇥ SU(2) ⇥ U(1) transformation properties. For example, a state
denoted as (3,2, 1/6) transforms as triplet (doublet) of SU(3) (SU(2)) with the
U(1) hypercharge of 1/6. Superscript i(= 1, 2, 3) is a flavor index and subscripts
L and R denote left- and right-chiral fermion fields, respectively. Superscript T
will always stand for transposition. It is in the SU(2) group space of the SM
in this particular instance. We take quarks (leptons) to have baryon (lepton)
number B = 1/3 (L = 1) in accordance with the usual convention.

The (hyper)charge normalization is defined through ˆQ = I3 +Y , where ˆQ is
the electric charge operator that yields eigenvalues Q in units of absolute value
of the electron charge, I3 stands for the diagonal generator of SU(2), and Y
represents U(1) hypercharge operator. The electric charge of dR ⌘ (3,1,�1/3)
is, for example, Q = 0 + (�1/3) = �1/3, where dR is right-chiral down-type
quark.

At least two neutrinos are conclusively massive. However, their Dirac and/or
Majorana nature is not yet experimentally ascertained. One might accordingly
add to the SM fermion content one or more electrically neutral fields that could
take on a role of right-chiral neutrinos. We denote these hypothetical fermions
with ⌫R(⌘ (1,1, 0)). If these states are added one could have more LQ states
than there would be in the SM model with purely left-chiral neutrinos. We
include this possibility to insure generality of our considerations.

The list of all possible LQs is given in Table 1. There are, all in all, six
scalar and six vector leptoquark multiplets if one uses transformations under
the SM gauge group as the classification criterion. In the first column we ex-
plicitly specify the SM transformation properties that can be easily understood
on purely group theoretical grounds as follows.

5

F=3B	+L		fermion	number;	F=0		no	proton		decay	at	tree	level	(see	Assad	et	al,	1708.06350)			

Leptoquarks	in	RK(*)		and			RD(*)		

Q=I3	+Y	color	SU(3),	weak	isospin	SU(2)	,	weak	hypercharge	U(1)	

Suggested	by	many	authors:	naturally	accommodate	LUV	and	LFV	

Doršner,	SF,	Greljo,	Kamenik		Košnik,	(1603.04993)	

Good		
candidates!	
	



	
	

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

1.	Explaining	both	B	anomalies	by	one	LQ	at	tree	level	

2.	Explaining	RD(*)	by	the	tree	level		
and		RK(*)		by	the	loop				

Bauer	&	Neubert	1511.01900,	
Crivellin,	Faela	and		Greub		
1512.02830,		
Doršner,	SF,	Košnik,	Nišandžić.	
1306.6493,	Crivellin	et	al,	
1703.09226,	Bečirević,		Sumensari	
1704.05835,	...	
		

	
	

Figure 1: The only diagram contributing b ! s`
1

`
2

decay in the LQ scenario considered here. In
a non-unitary gauge there is an extra diagram similar to the one depicted above, with W replaced
by a Goldstone boson.

where xi = m

2

i /m
2

W , and the loop function reads,

F(xu, xu0) =

p
xuxu0

32⇡↵
em


xu0(xu0 � 4) log xu0

(xu0 � 1)(xu � xu0)(xu0 � x

�

)
+

xu(xu � 4) log xu

(xu � 1)(xu0 � xu)(xu � x

�

)

� x

�

(x
�

� 4) log x
�

(x
�

� 1)(x
�

� xu)(x�

� xu0)

�
. (8)

We checked that the above result is finite and gauge invariant by doing the computation
in both the Feynman and the unitary gauge. The loop function vanishes when sending
the quark mass to zero, and therefore the dominant contributions are those coming from
u = u

0 = t, and the one in which u = t, u0 = c, latter being CKM enhanced. This closes
our discussion of the R

2

model with our particular setup specified by the structure of the
gL,R matrices, as given in Eq. (6).

2.3 Constraints on g

q`
L,R

The model described above can induce important contributions to some observables which
have already been accurately measured. In other words, we check which quantity can
be particularly sensitive to our model and then use its measured values to constrain the
non-zero entries in the matrices gL,R (6).

First of all, by switching on the couplings to the leptoquark of the top quark and to µ

and to ⌧ leptons, one necessarily generates an extra term to the ⌧ ! µ� decay amplitude. In
order to comply with the experimentally established upper bound, B(⌧ ! µ�) < 4.4⇥10�8

4

RD(*)	 RK(*)		

	one	LQ	explain	it	all?		

3.	Vector	LQ	(3,1,2/3)	
		
•  V-A	currents	entering	in	the	effec>ve	Lagrangian;	
•  Weak	singlet	does	not	“spoil”				
Bujazzo,	Greljo,	Isidori,	Marzocca,	1706.07808		

B ! K(⇤)⌫⌫̄

Light	vector	LQ		difficult	to	make	full	UV	complete	theory	
recent	ajempts:	Di	Luzio,	Greljo,	Nardecchia.	1708.08450,	
Calibbi,	Crivellin,	Li,	1709.00692.	



Two	LQs	solu>on	of	RD(*)	and		RK(*)	

•  One	scalar	LQ	cannot	explain	both	B	anomalies;	

(3,3,1/3)	+	(3,1,-1/3)	
Crivellin	et	al,	1703.09226	
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FIG. 1: Feynman diagrams contributing to b ! c⌧⌫, b ! s⌫⌫ and b ! s`` processes. Both LQs contribute to b ! c⌧⌫ and
b ! s⌫⌫ but only �3 to b ! s``. Note that with our assumption on the couplings to fermions, the LQs interfere constructively
(destructively) in b ! c⌧⌫ (b ! s⌫⌫).

deviation. Therefore, new particles added to the SM for
explaining R(D) and R(D⇤) cannot be very heavy and
must have sizable couplings. In the past, mainly three
kinds of models with the following new particles have
been proposed:

1. Charged Higgses [21, 48–52]

2. W 0 gauge bosons [11, 14, 53, 54]

3. Leptoquarks [9, 10, 12, 13, 15, 16, 19, 20, 42, 55–60]

Models with charged Higgses lead to (too) large e↵ects
in the total Bc lifetime [61] and, depending on the cou-
pling structure, can also be disfavored by the q2 distribu-
tion [62–64]. Interestingly, if the couplings of the charged
Higgs are chosen in such a way that they are compati-
ble with the measured q2 distribution, these models are
ruled out by direct searches [65].
Models with W 0 gauge bosons are also delicate because

they necessarily involve Z 0 bosons due to SU(2)L gauge
invariance. If the Z 0 width is not unnaturally large, these
models are again ruled out by direct searches [11, 65].
In models with leptoquarks generating left-handed vec-

tor operators the coupling structure should be aligned to
the bottom quark in order to avoid b ! s⌫⌫ bounds.
However, in this case the e↵ect in R(D) and R(D⇤) is
proportional to the small CKM element Vcb and large
third generation couplings are required to account for the
anomalies. These large third generation couplings lead
again to stringent bounds from direct LHC searches [65]
and electroweak precision observables [66]. In princi-
ple, these constraints can be avoided with right-handed
couplings [59] (including possibly right-handed neutri-
nos [16]). However, in such solutions no interference with
the SM appears and very large couplings, close to non-
perturbativity, are required.
As stated above, LHC bounds from ⌧⌧ searches can be

avoided in case of non-CKM suppressed leptoquark con-
tributions to R(D) and R(D⇤). However, for single scalar
leptoquark representations, this leads to unacceptably
large e↵ects in b ! s transitions [59]. Therefore, we pro-
pose a novel solution to the R(D(⇤)) problem in this ar-
ticle: we introduce two scalar leptoquarks with the same
mass M and the same coupling strength to quarks and
leptons; an SU(2)L singlet (�

1

) and an SU(2)L triplet
(�

3

) both with hypercharge Y = �2/3. Here, the crucial

observation is that �
1

and �
3

contribute with opposite
relative sign to R(D(⇤)) than to b ! s⌫⌫ processes such
that the e↵ect in R(D(⇤)) is doubled while the contribu-
tions in B ! K(⇤)⌫⌫ cancel at tree-level (see Fig. 1).
Therefore, the couplings to the second quark genera-
tion can be larger, non-CKM suppressed e↵ects R(D(⇤))
are possible and the required overall coupling strength
is much smaller such that the direct LHC bounds from
⌧⌧ searches are significantly weakened and the remaining
bounds from pair production of third generation LQs are
still below the TeV scale [67, 68]. Furthermore, this solu-
tion results in a simple rescaling of the SM contributions,
predicts naturally R(D)/R(D)

SM

= R(D⇤)/R(D⇤)
SM

and leaves the q2 distribution unchanged. Adding cou-
plings to muons, we can also address the b ! sµµ anoma-
lies with a C

9

= �C
10

like contribution. Finally, adding
a (small) right-handed coupling of �

1

one can in principle
explain aµ.
This article is structured as follows: in the next sec-

tion we will present the contributions of our model to
all relevant observables. Afterwards, we perform a phe-
nomenological analysis in Sec. III before we conclude.

II. MODEL AND OBSERVABLES

The scalar leptoquark singlet �
1

and the triplet �
3

couple to fermions in the following way:

L = �1L
fi Q

c
f i⌧2Li�

†
1

+ �3L
fi Q

c
f i⌧2(⌧ · �

3

)†Li + h.c. . (1)

As motivated in the introduction, we assume that both
leptoquarks have the same mass M . In addition, to can-
cel their e↵ect in b ! s⌫⌫ processes, we impose the dis-
crete symmetry

�L
jk ⌘ �1L

jk , �3L
jk = ei⇡j�L

jk , (2)

on the couplings to fermions. Note that for �
1

there
is in principle an additional coupling �R

fiu
c
f `i�

†
1

allowed.
We will assume that this coupling is zero and neglect
its e↵ect till the discussion of aµ where small values of
�R
fi can be phenomenologically important due to mt/mµ

enhanced e↵ects. For our analysis we assume that the
couplings �L

fi are given in the down-quark basis. I.e. after

•  (3,3,1/3)	alone	has	a	proper	structure	according	to		
effec>ve	Lagrangian	– it	couples	to	only	ler-handed		quarks	and	leptons.		
	
•  it	leads	to	too	large	contribu>on	in																																				;		

•  Doršner,	SF,		Faroughy,	Košnik,	1706.07779	sugge>on:	light		S3	(3,3,-1/3)	and	R2(3,2,1/6)	
LQs	within	SU(5);	

•  Neutrino	masses	might	be	explained	with	2	light	LQs	within	a	loop	
(Doršner,	SF,	Košnik,	1701.08322).	
	

B ! K(⇤)⌫⌫̄

		
•  radia>ve	correc>ons	to			Z	→	ττ,	υυ	observables	

are	enhanced,		implying	a	∼	1.5σ	tension	in	RD(∗);	
Bujazzo,	Greljo,		Isidori,		Marzocca	,	1706.07808	:	

	
		

~	

�� ��������� � �����������

������ ��

��� ��� ��� ��� ���
-���

-���

-���

-���

-���

-���

���

RD(*)

Δ
C 9

=
-
Δ
C 1
0

Figure 6: Fit to the semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for
the scalar leptoquarks S1 and S3, imposing |�sµ,s⌧ | < 5|Vcb| and C1,3 > 0. In green, yellow, and gray, we
show the ��2  2.3 (1�), 6.2 (2�), and 11.8 (3�) regions, respectively. In the lower-right panel we show
the preferred values of the fit in the RD(⇤), �Cµ

9 plane, compared with the 1� experimental measurements
(red box). Removing Z ! ⌧ ⌧̄ , ⌫⌫̄ radiative constraints from the fit, the 1- and 2� preferred regions in
this case are shown with solid and dashed blue lines.

16



Figure 3. Fit for the mS3 = 1TeV scenario with four free couplings. RD(⇤) is resolved within
hatched (2�) and doubly hatched (1�) regions. Region to the left of the dashed line (hatched) is
in 1� agreement with R⌫⌫ and R⇤

⌫⌫ . �ms prefers (at 2�) a region on the hatched side of full line.
Red and orange regions are 1� and 2� results of the fit.

the other (cf. (4.24)). We thus conclude that light ˜R
2

with relatively large couplings to
the SM fermions cannot improve substantially the agreement with data. We accordingly
assume that the couplings of ˜R

2

, i.e., ỹij of Eq. (2.3), are small enough as not to affect
flavor observables. With light ˜R

2

and its Yukawa couplings sufficiently small to avoid flavor
constraints we can still aid gauge coupling unification and generate viable neutrino masses
in the underlying GUT model as we show in Sec. 7.

6 Collider constrains

In what follows we confront our model, comprising two light LQs, with collider constraints
while taking into account the particularities of the flavor structure derived in the previous
section. We demonstrate the viability of the proposed model and present bounds from third
generation LQ pair production as well as high-mass ⌧⌧ production searches at the 13TeV
LHC for current and projected luminosities. We show that a large portion of the relevant
parameter space can be covered by the HL-LHC.

6.1 LQ pair production

The current best mass limit for LQs that decay to the third-generation leptons has been
recently reported by the CMS Collaboration while searching for a pair of QCD produced
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Fit	for	the	mS3	=	1TeV	scenario	

Proposal		S3	(3,3,-1/3)	and	R2(3,2,1/6)			
~	

Doršner,	SF,		Faroughy,	Košnik,	1706.07779		

SM mS3 = 1TeV mS3 = 1.0/1.5TeV Eq.
(ysµ, ybµ) (ysµ, ybµ, ys⌧ , yb⌧ )

w.o./w. Eq. (4.25)
�2

71.6 34.7/42.4 36.8/38.0
b ! s`+`� 5.4 0.0/0.0 0.0/0.0 (3.8)

RD(⇤) 4.5 2.8/4.4 4.0/4.2 (3.4)
(g � 2)µ 3.1 3.5/3.1 3.1/3.1 (4.15)
RK

⌧/µ 2.0 2.0/2.0 0.3/0.3 (4.7)
R

⌧/e
⌧ 2.0 1.6/2.0 2.1/2.1 (4.10)

B(B ! ⌧⌫) 1.2 1.2/1.2 1.1/1.2 (4.2)
�ms 1.1 1.1/1.1 1.6/1.6 (4.19)
RK

e/µ 1.1 1.1/1.1 1.1/1.1 (4.5)
R

⌧/µ
⌧ 0.7 0.7/0.7 0.8/0.8 (4.10)

R
µ/e
D(⇤) 0.5 1.8/0.4 0.5/0.5 (4.1)
R⌫⌫ 0.5 0.6/0.6 0.8/0.6 (4.24)

bb ! µµ 0.0 � /0.7 0.0/0.0 (4.25)
B(⌧ ! µ�) 0.0 0.0/0.0 0.4/0.3 (4.11)

B(B ! K⌧µ) 0.0 0.0/0.0 0.3/0.3 (4.16)

Table 1. Observables that enter the global fit with their pulls in � in the SM and S
3

scenarios.
Third column represents the case when mS3 = 1TeV and only ysµ, ybµ are allowed, without/with
taking into account b¯b ! µµ constraint. Fourth column represents the fit of the ysµ, ybµ, ys⌧ , yb⌧
scenario for mS3 = 1.0/1.5TeV. The constraints with negligible pulls are not shown in this table.

(ysµ, ybµ, ys⌧ , yb⌧ ) = (0.047, 0.020, 0.87,�0.048)5 which makes the SM point excluded at
5.0� (pull). In Fig. 3 the fit in the tauonic couplings’ plane shows how the optimal region
is still far from the central value of RD(⇤) , mostly due to R⌫⌫ and �ms, which do not allow
for large products of yb⌧ys⌧ . Pulls of individual observables for mS3 = 1.0/1.5TeV are
presented in the fourth column of Table 1.

5.3 S
3

and ˜R
2

, 6 parameters

In order to relax the tension in the ys⌧–yb⌧ plane between large effect in RD(⇤) and well
constrained R

(⇤)
⌫⌫ and �ms, we could invoke a light ˜R

2

with couplings to ⌧ . We consider a
case mS3 = m

˜R2
= 1TeV with six free Yukawa couplings (yij from the previous subsection

and (ỹs⌧ , ỹb⌧ ) pair) to find �2

= 33.4 at (ysµ, ybµ, ys⌧ , yb⌧ ) = (0.051, 0.019, 0.86,�0.069),
(ỹs⌧ , ỹb⌧ ) = (3, 0.0026)6 that represents a 4.9� pull of the SM. Most importantly, the
tension in RD(⇤) is only marginally improved and stands at 3.7�. The presence of ˜R

2

allows for partial cancellation in �ms between large tauonic couplings of S
3

and ˜R
2

, which
is not the case in both R⌫⌫ and R⇤

⌫⌫ , where cancellation in one observable necessary spoils
5The fit is approximately invariant with respect to the overall sign of the muonic or tauonic couplings

which implies a fourfold degeneracy.
6Degenerate best-fit points are obtained by flipping sign of individual Yukawas in a manner that does

not change signs of ysµybµ, ys⌧yb⌧ , ỹs⌧ ỹb⌧ , and ys⌧ ỹs⌧ .
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Figure 1: Contraints on the plan {gcµL , gtµL }: in purple we show the allowed region for
Br(Z → µµ); in green, from lighter to darker, we have “Fit A”, “Fit B” and the bound
from Eq. (14). m∆ = 1 TeV, for which the nomalous magnetic moment of the muon has no
impact (when its 2 σ interval is taken). (Colors online.)

much suppressed and here we set it to zero. Therefore, the only LQ couplings are described
by gL. Moreover, we set gcτL = gtτL = 0, which are in any case strongly constrained by the
same τ → µγ when gcµL , gtµL are simultaneously large, i.e., of order O(1).

Of particular importance for constraining the model are the following bounds (a) from
CNP

9µ at 2 σ, (b) −∆aµ > 0 constrained to be inferior than 2×0.9×10−9, (c) the bound from
the EWPO Br(Z → µµ).2 Note that EWPO have an important impact on large values of
gtµL , and that the SM limit case gcµL = gtµL = 0 is excluded by the b → s anomalies (and
therefore not included in the scatter plots that will follow).

The analysis of [18] set model-independent constraints on four-lepton operators con-
tributing to pp → µ+µ− at the tail spectrum of the di-lepton invariant mass. Therefore,
the results apply directly for a NP spectra beyond few TeV, but they may be still indicative
at the region 1 TeV, in which case they imply |gcµL | ! 0.8. In the absence of a dedicated
analysis for the time being, we give here the results without taking into account such a
prohibitive bound.

2.2 A model with (3̄, 3, 1/3) and (3, 2, 1/6) scalar LQs

In [7], a model with two LQs is considered, namely (3̄,3, 1/3) and (3,2, 1/6). We have the
following couplings of the weak-isospin triplet S3 to the SM fermions

LY
S3

≡ −yij d̄
C
L
iνjLS

1/3
3 − (V ∗y)ij ū

C
L
iejLS

1/3
3 (3)

−
√
2yij d̄

C
L
iejLS

4/3
3 +

√
2(V ∗y)ij ū

C
L
iνjLS

−2/3
3 + h.c.

It is assumed that the coupling matrix y has the following texture

y =

⎛

⎝

0 0 0
0 ysµ ysτ
0 ybµ ybτ

⎞

⎠ (4)

2We point out a typo in Eq. (13) in the second version of [8]: log(m2
t /m

2
∆) should read instead

log(m2
∆/M2

Z
).

3

The weak-isospin doublet R̃2 has the following couplings to the SM fermions

LY
R̃2

≡ −ỹij d̄
i
Re

j
LR̃

2/3
3 + ỹij d̄

i
Rν

j
LR̃

−1/3
2 + h.c. (5)

and it is assumed that ỹ has the following texture

ỹ =

⎛

⎝

0 0 0
0 0 ỹsτ
0 0 ỹbτ

⎞

⎠ (6)

As it will be discussed below, only S3 is relevant in our discussion of K → πνν̄ and K →
πµ+µ−. However, R̃2 is relevant in the phenomenological study of [7], and it contributes in
particular to the rate of B → K(∗)νν̄.

Three scenarios for the LQ couplings can be considered:

scenario I : {ysµ, ybµ} free , no {ysτ , ybτ , ỹsτ , ỹbτ} (7)

scenario II : {ysµ, ybµ, ysτ , ybτ} free , no {ỹsτ , ỹbτ} (8)

scenario III : {ysµ, ybµ, ysτ , ybτ , ỹsτ , ỹbτ} free (9)

Under the constraints discussed in [7], the best fit points are for masses set to 1 TeV

scenario I : ysµ = −0.0025 , ybµ = −0.473

scenario II : ysµ = −0.045 , ybµ = −0.018 , ysτ = 0.88 , ybτ = −0.047

scenario III : ysµ = 0.048 , ybµ = 0.017 , ysτ = 0.87 , ybτ = −0.069,

ỹsτ = −1.41 , ỹbτ = −0.005

Solutions with overall sign flips lead to the same results. In the three scenarios shown above,
the SM has a similar pull with respect to the hypothesis described above.

3 Phenomenology of rare Kaon decays

The SM predictions have achieved a great level of accuracy and robustness [1, 2, 3, 4, 5],
and are [6]

BSM (K− → π−νν̄) = 0.882+0.092
−0.098 × 10−10 (10)

BSM (KL → π0νν̄) = 0.314+0.017
−0.018 × 10−10

On the other hand, the experimental values are comparatively very loose

Bexp(K
− → π−νν̄) = (1.73+1.15

−1.05)× 10−10 (11)

Bexp(KL → π0νν̄) < 2.6× 10−8 @ 90 % CL

As mentioned above, anticipated accuracies of 10 % for both channels are expected for NA62
and KOTO.

To show the correlations of K → πνν̄ rates with RK , we consider the linearized expres-
sions [11]
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Figure 1: Contraints on the plan {gcµL , gtµL }: in purple we show the allowed region for
Br(Z → µµ); in green, from lighter to darker, we have “Fit A”, “Fit B” and the bound
from Eq. (14). m∆ = 1 TeV, for which the nomalous magnetic moment of the muon has no
impact (when its 2 σ interval is taken). (Colors online.)

much suppressed and here we set it to zero. Therefore, the only LQ couplings are described
by gL. Moreover, we set gcτL = gtτL = 0, which are in any case strongly constrained by the
same τ → µγ when gcµL , gtµL are simultaneously large, i.e., of order O(1).

Of particular importance for constraining the model are the following bounds (a) from
CNP

9µ at 2 σ, (b) −∆aµ > 0 constrained to be inferior than 2×0.9×10−9, (c) the bound from
the EWPO Br(Z → µµ).2 Note that EWPO have an important impact on large values of
gtµL , and that the SM limit case gcµL = gtµL = 0 is excluded by the b → s anomalies (and
therefore not included in the scatter plots that will follow).

The analysis of [18] set model-independent constraints on four-lepton operators con-
tributing to pp → µ+µ− at the tail spectrum of the di-lepton invariant mass. Therefore,
the results apply directly for a NP spectra beyond few TeV, but they may be still indicative
at the region 1 TeV, in which case they imply |gcµL | ! 0.8. In the absence of a dedicated
analysis for the time being, we give here the results without taking into account such a
prohibitive bound.

2.2 A model with (3̄, 3, 1/3) and (3, 2, 1/6) scalar LQs

In [7], a model with two LQs is considered, namely (3̄,3, 1/3) and (3,2, 1/6). We have the
following couplings of the weak-isospin triplet S3 to the SM fermions

LY
S3

≡ −yij d̄
C
L
iνjLS

1/3
3 − (V ∗y)ij ū

C
L
iejLS

1/3
3 (3)

−
√
2yij d̄

C
L
iejLS

4/3
3 +

√
2(V ∗y)ij ū

C
L
iνjLS

−2/3
3 + h.c.

It is assumed that the coupling matrix y has the following texture

y =

⎛

⎝

0 0 0
0 ysµ ysτ
0 ybµ ybτ

⎞

⎠ (4)

2We point out a typo in Eq. (13) in the second version of [8]: log(m2
t /m

2
∆) should read instead

log(m2
∆/M2

Z
).

3

unlike in the effective theory2, with other observables. Our intention is to quantify this
correlation within this particular model.

The LQ state S
3

can affect all the target LFU observables with a minimal set of
parameters, e.g., ysµ, ybµ, and yb⌧ . In this work, however, we also study the effect of
the coupling ys⌧ which enables a handle on the semitauonic modes entering RD(⇤) . The
couplings of S

3

to dL and eL have to be rather small in order to avoid pressing bounds from
LFV and kaon physics. We opt to set those couplings to zero to obtain the following flavor
structure:

y =

0

B

@

0 0 0

0 ysµ ys⌧
0 ybµ yb⌧

1

C

A

, V ⇤y =

0

B

@

0 V ⇤
usysµ + V ⇤

ubybµ V ⇤
usys⌧ + V ⇤

ubyb⌧
0 V ⇤

csysµ + V ⇤
cbybµ V ⇤

csys⌧ + V ⇤
cbyb⌧

0 V ⇤
tsysµ + V ⇤

tbybµ V ⇤
tsys⌧ + V ⇤

tbyb⌧

1

C

A

. (2.2)

Note that the Yukawa couplings of S
3

to up-type quarks are spread over generations due to
CKM rotation. In what follows all Yukawa couplings are assumed to be real. The ansatz
of Eq. (2.2) summarizes the most general S

3

scenario studied within our work, although we
will also comment on more restricted scenarios, where some additional elements of y will
be set to zero.

Having only one LQ with mass around the 1TeV scale would invalidate unification of
gauge couplings, thus a second LQ state — ˜R

2

in our case — is needed. The two electric
charge eigenstates of ˜R

2

couple only to down-type quarks:

L
˜R2

=� ỹij ¯d
i
Re

j
L
˜R
2/3
2

+ ỹij ¯d
i
R⌫

j
L
˜R
�1/3
2

+ h.c.. (2.3)

The doublet ˜R
2

can accomodate the measured value of RK , but its right-handed current
contributions cause tensions with the reported value for RK⇤ . In the current setting with
strictly left-handed neutrinos ˜R

2

does not interact with up-type quarks and thus cannot
affect RD(⇤) . In our approach it is S

3

that could, in principle, address both LFU anomalies,
whereas its side-effects in other well-constrained observables (e.g. Bs– ¯Bs mixing and B !
K(⇤)⌫̄⌫) might be, hopefully, cancelled by ˜R

2

. Since S
3

will have largest effects in the ⌧

sector we have to introduce couplings of ˜R
2

to ⌧ in order to compensate for potentially
unwanted effects. In the following analysis we assume possible presence of ˜R

2

Yukawas to
second and third generations in the down-type quark and charged lepton space. Namely,
we take

ỹ =

0

B

@

0 0 0

0 0 ỹs⌧
0 0 ỹb⌧

1

C

A

. (2.4)

The mass of ˜R
2

should be at around 1TeV in order to affect low-energy phenomenology, if
required at all. We consistently take this to be the case when we discuss the role of ˜R

2

in
gauge coupling unification and the neutrino mass generation.

For both LQ states the rotations with the CKM matrix V , left over from the transition
to the mass basis of fermions, have been assigned to the uL fields. For the study of flavor

2Even in the effective theory the quantum corrections have strong effect on low-energy precision mea-
surements [54, 55].
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required!	
La�ce	QCD	achieved	high	precision	
of	the			
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Test	of	lepton	flavour	universality	(LFU)	

Rc
⌧,µ =

�(Ds ! ⌧⌫)

�(Ds ! µ⌫)

Doršner,	SF,	Greljo,	Kamenik		Košnik,	1603.04993	

Charged	current	in	D	and	K	decays	

PDG	values	
fD+ = 211.9(1.1) MeVfK+ = 155.6(0.4) MeV

fD+
s
= 249.0(1.2) MeV



gLcs,⌧⌧ = � v2

4m2
S3

((y3)
†V T )⌧s(y3)c⌧

Rc
⌧,µ,LQ

Rc
⌧,µ,SM

= [1� v2

2m2
S3

((V y⇤3)s⌧ (y
⇤
3)s⌧ � V y⇤3)sµ(y

⇤
3)sµ)]

mS3	[TeV]	

1.0																																	3.2%																																				
1.2																																	2.4%																																				
1.5																																	1.5%																																				

1�Rc
⌧,µ,LQ/R

c
⌧,µ,SM

Test	of	LFU	in	charm	leptonic	decays	

the	experimental	uncertainty		in																																								of	is	~		4%	BR(Ds ! ⌧⌫)

4.1.4 Semileptonic decays of D and t

We have checked the effect of S
3

on the leptonic charm meson decays Ds ! `⌫. Using
the bounds from kaon LFU observables presented above we find that the S

3

correction to
the D ! µ⌫ width is below 1%, while the experimental uncertainty of Ds ! ⌧⌫ is 4%

and can easily accommodate |ys⌧ | . 1.2(mS3/TeV) without even taking into account the
uncertainty in the decay constant fDs . For the semileptonic top decay process among the
third generation fermions, t ! b⌧+⌫, the correction is also below the current sensitivity [64].

4.2 LFV and neutral currents

4.2.1 ⌧ ! µ�

Current bound B(⌧ ! µ�)  4.4 ⇥ 10

�8 has been determined by the BABAR collabora-
tion [65]. The S

3

LQ contributes to the ⌧ ! µ� amplitude via b and s quarks and S
4/3
3

in
the loop and also via up quarks u, c, and t mediated by the S

�1/3
3

component. Using the
loop functions in the small quark mass limit as in Ref. [51] we determine

L⌧!µ�
e↵

=

e

2

�⌧µ
L µ̄(i�µ⌫PL)⌧ Fµ⌫ , (4.11)

where the effective coupling reads

�⌧µ
L =

3m⌧

64⇡2m2

S3

[5ysµy
⇤
s⌧ + ybµy

⇤
b⌧ ] . (4.12)

4.2.2 Z ! µ⌧ and ⌧ ! 3µ

At loop level, S
3

and ˜R
2

modify the Z ! f
1

¯f
2

decay widths which were precisely measured
at LEP-2. The largest effects in presented LQ model are expected for third generation final
states both in flavor conserving decays, as in Z ! ⌧+⌧�, which has been shown to have
only weak constraining power in Ref. [66], as well as in LFV modes Z ! ⌧±µ⌥. The latter
decay happens due to penguin diagrams with S

3

as well as 1-particle reducible diagrams
and is suppressed by a loop factor and small ratio x = m2

Z/m
2

S3
, in which we expand to

leading order:

�Z!⌧⌥µ± =

p
2GFm

3

Z

3⇡

�

�

�

�

Nc

288⇡2

x(2� 3 cos

2 ✓W � 3 log x+ 3⇡i)

�

�

�

�

2

�

|ysµys⌧ |2 + ybµyb⌧ |2
�

.

(4.13)
We have checked that B(Z ! µ⌧) is well below the current experimental bound at 10

�5.
Compared to the closely related ⌧ ! µ� decay, this channel is less stringently constrained
and thus we do not include it in the fit. On the other hand, the B(⌧ ! 3µ) < 2.1 ⇥ 10

�8

at 90% C.L. [60], and can be mediated by the above mentioned LFV Z vertex or via box
diagram containing S

3

and quarks. They are both encompassed in the low-energy effective
Lagrangian:

L⌧!3µ =

�Nc(y
†y)µ⌧

(4⇡)2m2

S3

"

(y†y)µµ +

p
2

9

GFm
2

W (2� 3 cos

2 ✓W � 3 log x� 3⇡i)

#

(µ̄�µPL⌧)(µ̄�µPLµ)

�Nc(y
†y)µ⌧

(4⇡)2m2

S3

2

p
2

9

GFm
2

Z sin

2 ✓W (2� 3 cos

2 ✓W � 3 log x� 3⇡i) (µ̄�µPL⌧)(µ̄�µPRµ),

(4.14)
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sets	bound	
S3	correc>on	to	
	
	
is		bellow	1%			

BR(D ! µ⌫)



Leptonic	K	and		τ	decays	(triplet	LQ	S3)	

RK(exp)

e/µ = (2.488± 0.010)⇥ 10�5

RK(SM)

e/µ = (2.477± 0.001)⇥ 10�5

RK(exp)

e/µ

RK(SM)

e/µ

� 1 =
v2

2m2

S3

Re
⇥
|ysµ|2 + (Vub/Vus)y

⇤
bµysµ

⇤

= (4.4± 4.0)⇥ 10�3

|ysµ| . 0.5(mS3/TeV)

RK(exp)

⌧/µ = 467.0± 6.7
~2σ	tension	

4.1 LFU ratios and decay rates in charged currents

4.1.1 Semileptonic B decays

Besides measuring RD(⇤) that does not distinguish between e and µ in the final state, Belle
Collaboration also reported on the lepton universality ratio in e and µ. Here we will use
R

e/µ
D⇤ = 1.04(5)(1) [58] and R

µ/e
D = 0.995(22)(39) [59], both of which are consistent with 1.

In our framework the S
3

state can potentially contribute to those ratios by rescaling the
overall normalization of B ! D(⇤)µ⌫. It follows from Eq. (3.3) that the S

3

contributions
in these decays are constrained:

� v2

2m2

S3

Re

✓

Vcs

Vcb
y⇤sµ + y⇤bµ

◆

ybµ

�

= R
µ/e
D(⇤) � 1 = �0.023± 0.043, (4.1)

where we have averaged over the two Belle results. Due to its smallness the term ysµy
⇤
bµ

is irrelevant in the above equation (see Eq. (3.8)), albeit the factor ⇠ 20 enhancement
due to CKM. After this simplification Eq. (4.1) becomes a rather weak limit, i.e., |ybµ| .
1.5(mS3/TeV). It is, however, clear that ybµ, in spite of its large value, is not sufficient
to explain the RD(⇤) constraint of Eq. (3.4). Since the largest effects are concentrated in
the ⌧ flavor, we expect large effect in leptonic decay of B� ! ⌧ ⌫̄ which is sensitive to
|V (⌧)

ub |2 ⇡ |Vub|2[1 � v2/(2m2

S3
)Re((Vus/Vub)y

⇤
s⌧yb⌧ )], as given in Eq. (3.3). The B� ! ⌧ ⌫̄

rate is thus enhanced by the same combination of Yukawas (and same order of Cabibbo
angle) that also drives the B ! D(⇤)⌧ ⌫̄ rate. The current experimental average B(B� !
⌧ ⌫̄) = (1.09 ± 0.24) ⇥ 10

�4 is indeed slightly higher than the SM prediction B(B� !
⌧ ⌫̄)SM = (0.78 ± 0.07) ⇥ 10

�4. If we assume that LQ Yukawas are real numbers then the
leading contribution y⇤s⌧yb⌧ in both observables leads to correlation

B(B� ! ⌧ ⌫̄)

B(B� ! ⌧ ⌫̄)SM
� 1 ⇡

 

RD(⇤)

RSM

D(⇤)

� 1

!

⇢

⇢2 + ⌘2
, (4.2)

where the CKM factor relating the two observables is close to unity.

4.1.2 Semileptonic K and ⌧ decays

On the other hand, LFU in kaon decays has been tested and confirmed with better precision
through the following ratios:

RK
e/µ =

�(K� ! e�⌫̄)

�(K� ! µ�⌫̄)
, RK

⌧/µ =

�(⌧� ! K�⌫)

�(K� ! µ�⌫̄)
. (4.3)

As pointed out in Ref. [42] these observables enable us to put strong constraints on the
corrections arising within models of NP. In the e/µ sector the experimental result [60]
agrees well with the SM prediction [61]:

R
K(exp)

e/µ = (2.488± 0.010)⇥ 10

�5, R
K(SM)

e/µ = (2.477± 0.001)⇥ 10

�5. (4.4)

Using Eq. (3.3) we recast Eq. (4.4):

R
K(exp)

e/µ

R
K(SM)

e/µ

� 1 =

v2

2m2

S3

Re

⇥

|ysµ|2 + (Vub/Vus)y
⇤
bµysµ

⇤

= (4.4± 4.0)⇥ 10

�3

) |ysµ| . 0.5(mS3/TeV).

(4.5)
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excellent	agreement	

good	to	set	strict	bound	

Important	constraint:	

RK
e/µ is most sensitive to |ysµ| since the product y⇤bµysµ must be small as dictated by b ! sµµ

sector and comes with an additional CKM suppression. The agreement of experiment [60]
with the SM prediction [62] in the ⌧/µ exhibits a ⇠ 2� tension:

R
K(exp)

⌧/µ = 467.0±6.7, R
K(SM)

⌧/µ =

m3

K(m2

⌧ �m2

K)

2

2m⌧m2

µ(m
2

K �m2

µ)
2

(1+�R⌧/K) = 480.3±1.0, (4.6)

where the dominant error of the experimental ratio is due to the ⌧ lifetime uncertainty,
whereas on the theory side it is the radiative correction �R⌧/K = (0.90± 0.22)% [63] which
is the source of uncertainty. The constraint is expressed as:

R
K(exp)

⌧/µ

R
K(SM)

⌧/µ

�1 =

v2

2m2

S3

Re

⇥

|ysµ|2 � |ys⌧ |2 + (Vub/Vus)(y
⇤
bµysµ � y⇤b⌧ys⌧ )

⇤

= (�2.8±1.4)⇥10

�2.

(4.7)

4.1.3 Leptonic decays: W ! ⌧ ⌫̄, ⌧ ! `⌫̄⌫

The SM tree-level vertex ⌧̄ ⌫W is rescaled due to penguin-like contribution of both S
3

and
˜R
2

. As we integrate out S
3

and ˜R
2

at the weak scale the W vertex with ⌧ leptons reads
�gp
2

⌫̄⌧ /WPL⌧(1 + �
(⌧)
W ), where

�
(⌧)
W =

Nc

288⇡2

⇥

(2x+ 6x log x� 6x⇡i) (|yb⌧ |2 + |ys⌧ |2) + x̃ (|ỹs⌧ |2 + |ỹb⌧ |2)
⇤

,

x =

m2

W

m2

S3

, x̃ =

m2

W

m2

˜R2

.
(4.8)

Free color index in the loops graphs results in the Nc = 3 factor in front. We have neglected
the quark masses in the above calculation and presented only the leading terms in x and
x̃. The contribution of S

3

with mass of 1TeV shifts the W ! ⌧⌫ decay width relatively by
4⇥ 10

�4

(|yb⌧ |2 + |ys⌧ |2) which is well below the current ⇠ 2% experimental precision. The
W ! µ⌫̄ is also rescaled by an analogous �

(µ)
W factor.

At low energies the effective W ! ⌧⌫ vertex would, together with direct box contribu-
tions with LQs, manifest itself in the ⌧ ! `⌫̄`⌫̄⌧ decays. Only S

3

may participate in the box
diagrams since ˜R

2

has no direct couplings to `. The effective interaction term of ⌧ ! `⌫⌧ ⌫̄`
then reads �g2

2m2
W
(⌫̄⌧�µPL⌧)(¯`�

µPL`)[1 + �
(⌧)
W + �

(`)
W + �box⌧`⌫⌫ ], with

�box⌧`⌫⌫ =

Nc

128⇡2

v2

m2

S3

h

(y†y)2`⌧ + 4(y†y)⌧⌧ (y
†y)``

i

. (4.9)

As it has been pointed out recently in the literature [54, 55, 62] the LFU observable R
⌧/`
⌧ ,

defined as a ratio B(⌧ ! `⌫⌫)/B(µ ! e⌫⌫), and normalized to the SM prediction of this
ratio, is very sensitive to models modifying couplings of the ⌧ lepton. Experimentally,
R

⌧/µ
⌧ = 1.0022 ± 0.0030, R⌧/e

⌧ = 1.0060 ± 0.0030, while in the present model the leading
interference terms shift the ratios as

R⌧/e
⌧ = 1 + 2Re

⇣

�
(⌧)
W � �

(µ)
W

⌘

, R⌧/µ
⌧ = 1 + 2Re

⇣

�
(⌧)
W + �box⌧µ⌫⌫

⌘

. (4.10)
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RK(SM
⌧/µ = 480.3± 1.0
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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)
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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.

cLL
cu = 0.014

In	order	to	test	it	experiment	should	reach	

c	

u	
_	

μ	

in	comparison	with	result		from		
The	current	LHCb	bound	

BR(D0 ! µ+µ�) ⇠ 10�12 LD	contribu>on	could	overshadow	it!	

μ	

Scalar	Leptoquaks	(3,3,-1/3)	in					c ! uµ+µ�

cLL
cu,LHCb  0.63



The 𝐊 → 𝛑𝛎 𝛎 decays: a theoretical  clean environment

• FCNC loop processes: sod coupling and highest CKM suppression

• Very clean theoretically: Short distance contribution. No hadronic uncertainties.

• SM predictions [Buras et al. JHEP 1511 (2015) 33]

BR 𝐾+ → 𝜋+𝜈  𝜈 = 8.39 ± 0.30 ∙ 10−11 𝑉𝑐𝑏
0.0407

2.8 𝛾
73.2°

0.74
= 8.4 ± 1.0 ∙ 10−11

BR 𝐾𝐿 → 𝜋0𝜈  𝜈 = 3.36 ± 0.05 ∙ 10−11 𝑉𝑢𝑏

0.00388

2 𝑉𝑐𝑏
0.0407

2 sin 𝛾
sin 73.2

2
= 3.4 ± 0.6 ∙ 10−11

308/07/2017 Giuseppe Ruggiero - EPS 2017

K ! ⇡⌫⌫̄

SM	

The	“cleanest”	rare	K	meson	decay-	SM	SD	contribu>on	dominates	over	LD,	but	the	only	K	
decay	with	third	genera>on	leptons	-	ντ	

Buchalla	and		Buras,			
hep-ph/9308272,	Buras	et	al,	
1503.02693.		
	

2 The K ! ⇡⌫⌫̄ decays

Here we briefly summarise the main steps to predict B(K+ ! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) within
and beyond the SM, taking into account possible violations of LFU. The e↵ective Lagrangian
describing short-distance FCNC interactions of the type diL ! djL⌫⌫̄ is

L
e↵

=
4GFp

2

↵

2⇡
V ⇤
tiVtjCij,`

⇣
d̄iL�µd

j
L

⌘
(⌫̄`�

µ⌫`) , (2.1)

where ↵ is the fine-structure constant, and Vij are the elements of the CKM matrix. For
sL ! dL⌫`⌫̄`, the Wilson coe�cient in the SM reads

CSM

sd,` = � 1

s2w

✓
Xt +

V ⇤
csVcd

V ⇤
tsVtd

X`
c

◆
, (2.2)

where Xt and X`
c are the loop functions for the top and charm contributions, respectively, and

sw is the sine of the weak mixing angle.
The branching ratio for K+ ! ⇡+⌫⌫̄ in the SM, summing over the three neutrino species,

can be written as [31]

B(K+ ! ⇡+⌫⌫̄)
SM

=

+

(1 +�
em

)

3

X

`=e,µ,⌧

����
V ⇤
tsVtd

�5

Xt +
V ⇤
csVcd

�

✓
X`

c

�4

+ �P `
c

◆����
2

, (2.3)

where � is the Cabibbo angle, 
+

= (5.173 ± 0.025) ⇥ 10�11(�/0.225)8, �
em

= �0.003 is
a QED correction [32], and �P `

c,u ⇡ 0.04 ± 0.02 is the long-distance contribution from light
quark loops [33]. The numerical value of the loop functions are Xt = 1.481 ± 0.009 and Pc =
1

3

P
`X

`
c/�

4 = 0.365± 0.012 [34].2

Within the SM the CP-violating decay KL ! ⇡0⌫⌫̄ is lepton-flavour universal. However, in
order to take into account possible violation of LFU beyond the SM, we can conveniently write
its branching ratio as

B(KL ! ⇡0⌫⌫̄)
SM

=
L
3

X

`=e,µ,⌧

Im

✓
V ⇤
tsVtd

�5

Xt

◆
2

, (2.4)

where L = (2.231± 0.013)⇥ 10�10(�/0.225)8.
In the class of NP models we will consider, the short-distance contributions to K ! ⇡⌫⌫̄

amplitudes are still left-handed but lepton flavour non-universal. The general expressions for
the branching ratios in presence of such non-standard contributions can simply be obtained
replacing the function Xt in (2.3) and (2.4) by

X(CNP

sd,`) = Xt + CNP

sd,` s
2

w, (2.5)

where CNP

sd,` is the new physics contribution to the Wilson coe�cient in (2.1).
Using the most recent determinations of the input parameters, the SM predictions for the

two branching ratios are [36]

B(K+ ! ⇡+⌫⌫̄)
SM

= (8.4± 1.0)⇥ 10�11, (2.6)

B(KL ! ⇡0⌫⌫̄)
SM

= (3.4± 0.6)⇥ 10�11. (2.7)

The dominant source of error in (2.6) and (2.7) comes from the uncertainty in the CKM matrix
elements, and from the charm contribution.

2The NLO values of the individual X`
c can be found e.g. in [35].

2

The current experimental bounds are [37]

B(K+ ! ⇡+⌫⌫̄)
exp

= 17.3+11.5
�10.5 ⇥ 10�11, (2.8)

B(KL ! ⇡0⌫⌫̄)
exp

 2.6⇥ 10�8 (90%CL). (2.9)

The branching ratio of the charged mode is expected to be measured with a precision of 10%,
relative to the SM prediction, by the on-going NA62 experiment at CERN [38]. A search for
the challenging neutral mode at the SM level is the ultimate goal of the KOTO experiment at
JPARC [39].

3 The EFT approach to LFU violations based on U(2)q⇥U(2)`

As already anticipated, the B-physics anomalies observed so far point toward NP coupled
mainly to the third generation of SM fermions with some small (but non-negligible) mixing
with the light generations. In addition, all e↵ects observed so far are well compatible with
NP only involving left-handed currents. Left-handed four-fermion operators are also the most
natural candidates to build a connection between anomalies in charged and neutral current
semileptonic processes. These observations have led to identify the EFT approach based on the
U(2)q ⇥ U(2)` flavour symmetry as a a convenient framework (both successful and su�ciently
general) to analyse B-physics anomalies and discuss possible correlations with other low-energy
observables [14, 25,26].

The EFT is based on the assumption that the first two generations of left-handed quarks and
leptons transform as doublets of U(2)q ⇥U(2)` while the third generation and the right-handed
fermions are singlets

Q ⌘ (q1L, q
2

L) ⇠ (2,1), q3L ⇠ (1,1), (3.1)

L ⌘ (`1L, `
2

L) ⇠ (1,2), `3L ⇠ (1,1). (3.2)

Motivated by the observed pattern of the quark mass matrices, it is further assumed that the
leading breaking terms of this flavour symmetry are two spurion doublets, Vq ⇠ (2,1) and
V` ⇠ (1,2), that give rise to the mixing between the third generation and the other two [29]
(additional sub-leading breaking terms are needed to generate the masses of the light generations
and the corresponding mixing structures [29]).

This symmetry and symmetry-breaking pattern implies |V
3i| ⇡ |Vi3| ⇡ V

(i)
q , up to model-

dependent parameters of order one. As a starting point, it is convenient to work in the down-
quark mass basis, where the left-handed singlet and doublet fields read

qbL =

✓
V ⇤
j3u

j
L

bL

◆
, Qi

L =

✓
V ⇤
jiu

j
L

diL

◆
, (i = 1, 2). (3.3)

In this basis, one can set
Vq / (V ⇤

td, V
⇤
ts) ⌘ V̂q, (3.4)

with the proportionality constant real and of order one. In the lepton sector, the size of the
spurion V` is a free parameter, since it has no direct connection to the lepton Yukawa couplings.3

Given that processes involving electrons are SM-like to a very high accuracy, we will assume
V` = (0, ✏`) with |✏`| ⌧ 1.

The choice of the down-quark mass basis to identify singlets and doublets of the (quark)
flavour symmetry is somehow arbitrary. In particular, the singlets do not need to be aligned
with bottom quarks. On general grounds we expect

q
3L ⌘ qbL + ✓qe

i�q V̂ †
q ·QL , (3.5)

3It is worth stressing that in the lepton sector a di↵erent breaking pattern, i.e. a leading breaking controlled
by a triplet of U(2)`, rather than a doublet, is also a viable option.

3

present		experiments:	
K+	→	π+νν:	NA62	experiment	at	CERN	
KL	→	π0νν:	KOTO	experiment	at	JPARC	



The	interference	of	NP	(weak	interac>on		
triplets)	with	the	SM	amplitude	is	always	
destruc>ve.		
The	suppression	could	be	as	large	as	30%,	
rela>ve	the	SM	value.		

were ✓qe
i�q is the complex O(1) parameter that controls this possible mis-alignment: ✓q ! 0 in

case of alignment to the down-quark mass basis, while ✓qei�q ! 1 in the case of alignment to the
up-quark mass basis. Given the absence of deviations from the SM in CP-violating observables,
it is natural to expect �q to be close to 0 or ⇡ (✓q is defined to be real and positive). Similarly,
in the lepton sector we define

`
3L ⌘ `3L + V †

` · L . (3.6)

We shall describe NP e↵ects through an EFT based on the following hypotheses:

1. the field content below the NP scale ⇤ > (GF )�1/2 is the SM one;

2. the Lagrangian is invariant under the flavour symmetry U(2)q ⇥ U(2)`, apart from the
breaking induced by the spurions Vq and V`;

3. NP is directly coupled only to left-handed quark and lepton singlets in flavour space
(i.e. only operators containing only q

3L or `
3L fields are a↵ected by tree-level matching

conditions at the NP scale ⇤).

Given these assumptions, we can identify only two independent operators of dimension six
a↵ected by NP and contributing to semileptonic decays at the tree level, namely the electroweak
singlet and triplet current-current interactions,

L
e↵

= � 1

⇤2

(q̄
3L�µ�

aq
3L)(¯̀3L�

µ�a`
3L)�

c
13

⇤2

(q̄
3L�µq3L)(¯̀3L�

µ`
3L) . (3.7)

The normalisation of the triplet operator in (3.7) has been chosen in order to generate a con-
structive interference with the SM in charged-current amplitudes, as suggested by b ! c⌧ ⌫̄⌧
data. The overall-scale of this operator defines the NP scale ⇤, while c

13

denotes the ratio
between the singlet and triplet Wilson coe�cients.

4 Physical observables

4.1 The RD(⇤) anomaly

The averages of the ⌧/` universality ratios (` = µ, e) in b ! c transitions measured by BaBar [2],
Belle [3] and LHCb [4], are

RD⇤ ⌘ B(B ! D⇤⌧ ⌫̄⌧ )exp/B(B ! D⇤⌧ ⌫̄⌧ )SM
B(B ! D⇤`⌫̄`)exp/B(B ! D⇤`⌫̄`)SM

= 1.23± 0.07 , (4.1)

RD ⌘ B(B ! D⌧ ⌫̄⌧ )exp/B(B ! D⌧ ⌫̄⌧ )SM
B(B ! D`⌫̄`)exp/B(B ! D`⌫̄`)SM

= 1.35± 0.16 . (4.2)

These two results can be combined into a single observable that parametrises the violation of
LFU in charged currents (assuming a purely left-handed structure):

RD(⇤) = 1.24± 0.07. (4.3)

Only the triplet operator in (3.7) contributes to b ! c⌧ ⌫̄⌧ decays via the following e↵ective
interaction

LNP

b!c⌧ ⌫̄⌧ = � 2
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�i�q(VcsV
⇤
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The branching ratio for the processes B ! D(⇤)⌧ ⌫̄ is then modified as follows by the triplet
operator (using CKM unitarity and setting Vtb = 1)

B(B ! D(⇤)⌧ ⌫̄) = B(B ! D(⇤)⌧ ⌫̄)
SM

���1 +R
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⇣
1� ✓qe
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(4.5)
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NP	is	coupled	only	to	the	ler-handed	third	genera>on	flavour-singlets	(q3L	and	l3L)		
	

Figure 1. Left: allowed range for the real and imaginary parts of the NP Wilson coe�cient CNP
sd,⌧ .

Right: correlation between B(K+ ! ⇡+⌫⌫̄) and RD(⇤) for di↵erent values of the parameter ✓q (with
�q = c13 = 0); the coloured regions are the experimental measurements at 1�, the dark green band is
the SM prediction.

where we have defined

R
0

=
1

⇤2

1p
2GF

. (4.6)

In the limit where we neglect sub-leading terms suppressed by the small leptonic spurion, NP
does not a↵ect B(B ! D(⇤)`⌫̄) for the light leptons. This allows us to fix the overall scale of
NP via the relation

h
R

⌧/µ
D(⇤) � 1

i
⇡ 2R

0

(1� ✓q cos�q) = 0.24± 0.07 . (4.7)

The reference e↵ective scale of NP, obtained for ✓q ! 0, is ⇤
0

⇡ 700GeV. Notice that higher
scales of NP can be obtained if ✓q = O(1) and cos�q < 0, obtaining in this way a better
compatibility with constraints from direct searches [40] and electroweak precision tests [41,42].
On the other hand, the NP contribution to RD(⇤) vanishes in the case of alignment of the flavour
symmetry to up-type quarks (✓q ! 1,�q ! 0).

4.2 LFU violating contributions to K ! ⇡⌫⌫̄

The operators (3.7) contribute to s ! d⌫⌫̄ transitions through the term proportional to the Vq

spurion in (3.5),

LNP
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1� c

13
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✓2q V
⇤
tsVtd(s̄L�µdL)(⌫̄⌧�µ⌫⌧ ). (4.8)

Neglecting, in first approximation, the NP contribution to s ! d⌫`⌫̄` (` = e, µ) amplitudes, we
can write

B(K+ ! ⇡+⌫⌫̄) = 2B(K+ ! ⇡+⌫e⌫̄e)SM + B(K+ ! ⇡+⌫⌧ ⌫̄⌧ )SM
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,

B(KL ! ⇡0⌫⌫̄) = 2B(KL ! ⇡0⌫e⌫̄e)SM + B(KL ! ⇡0⌫⌧ ⌫̄⌧ )SM
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(4.9)

where CSM,e↵
sd,⌧ ⇡ �8.5⇥ e0.11i includes also the long-distance contributions of (2.3).
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The current experimental bounds are [37]

B(K+ ! ⇡+⌫⌫̄)
exp

= 17.3+11.5
�10.5 ⇥ 10�11, (2.8)

B(KL ! ⇡0⌫⌫̄)
exp

 2.6⇥ 10�8 (90%CL). (2.9)

The branching ratio of the charged mode is expected to be measured with a precision of 10%,
relative to the SM prediction, by the on-going NA62 experiment at CERN [38]. A search for
the challenging neutral mode at the SM level is the ultimate goal of the KOTO experiment at
JPARC [39].

3 The EFT approach to LFU violations based on U(2)q⇥U(2)`

As already anticipated, the B-physics anomalies observed so far point toward NP coupled
mainly to the third generation of SM fermions with some small (but non-negligible) mixing
with the light generations. In addition, all e↵ects observed so far are well compatible with
NP only involving left-handed currents. Left-handed four-fermion operators are also the most
natural candidates to build a connection between anomalies in charged and neutral current
semileptonic processes. These observations have led to identify the EFT approach based on the
U(2)q ⇥ U(2)` flavour symmetry as a a convenient framework (both successful and su�ciently
general) to analyse B-physics anomalies and discuss possible correlations with other low-energy
observables [14, 25,26].

The EFT is based on the assumption that the first two generations of left-handed quarks and
leptons transform as doublets of U(2)q ⇥U(2)` while the third generation and the right-handed
fermions are singlets

Q ⌘ (q1L, q
2

L) ⇠ (2,1), q3L ⇠ (1,1), (3.1)

L ⌘ (`1L, `
2

L) ⇠ (1,2), `3L ⇠ (1,1). (3.2)

Motivated by the observed pattern of the quark mass matrices, it is further assumed that the
leading breaking terms of this flavour symmetry are two spurion doublets, Vq ⇠ (2,1) and
V` ⇠ (1,2), that give rise to the mixing between the third generation and the other two [29]
(additional sub-leading breaking terms are needed to generate the masses of the light generations
and the corresponding mixing structures [29]).

This symmetry and symmetry-breaking pattern implies |V
3i| ⇡ |Vi3| ⇡ V

(i)
q , up to model-

dependent parameters of order one. As a starting point, it is convenient to work in the down-
quark mass basis, where the left-handed singlet and doublet fields read

qbL =

✓
V ⇤
j3u

j
L

bL

◆
, Qi

L =

✓
V ⇤
jiu

j
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diL

◆
, (i = 1, 2). (3.3)

In this basis, one can set
Vq / (V ⇤

td, V
⇤
ts) ⌘ V̂q, (3.4)

with the proportionality constant real and of order one. In the lepton sector, the size of the
spurion V` is a free parameter, since it has no direct connection to the lepton Yukawa couplings.3

Given that processes involving electrons are SM-like to a very high accuracy, we will assume
V` = (0, ✏`) with |✏`| ⌧ 1.

The choice of the down-quark mass basis to identify singlets and doublets of the (quark)
flavour symmetry is somehow arbitrary. In particular, the singlets do not need to be aligned
with bottom quarks. On general grounds we expect

q
3L ⌘ qbL + ✓qe

i�q V̂ †
q ·QL , (3.5)

3It is worth stressing that in the lepton sector a di↵erent breaking pattern, i.e. a leading breaking controlled
by a triplet of U(2)`, rather than a doublet, is also a viable option.
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by a triplet of U(2)`, rather than a doublet, is also a viable option.
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Figure 1. Left: allowed range for the real and imaginary parts of the NP Wilson coe�cient CNP
sd,⌧ .

Right: correlation between B(K+ ! ⇡+⌫⌫̄) and RD(⇤) for di↵erent values of the parameter ✓q (with
�q = c13 = 0); the coloured regions are the experimental measurements at 1�, the dark green band is
the SM prediction.

where we have defined

R
0

=
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⇤2

1p
2GF

. (4.6)

In the limit where we neglect sub-leading terms suppressed by the small leptonic spurion, NP
does not a↵ect B(B ! D(⇤)`⌫̄) for the light leptons. This allows us to fix the overall scale of
NP via the relation

h
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⌧/µ
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i
⇡ 2R

0

(1� ✓q cos�q) = 0.24± 0.07 . (4.7)

The reference e↵ective scale of NP, obtained for ✓q ! 0, is ⇤
0

⇡ 700GeV. Notice that higher
scales of NP can be obtained if ✓q = O(1) and cos�q < 0, obtaining in this way a better
compatibility with constraints from direct searches [40] and electroweak precision tests [41,42].
On the other hand, the NP contribution to RD(⇤) vanishes in the case of alignment of the flavour
symmetry to up-type quarks (✓q ! 1,�q ! 0).

4.2 LFU violating contributions to K ! ⇡⌫⌫̄

The operators (3.7) contribute to s ! d⌫⌫̄ transitions through the term proportional to the Vq

spurion in (3.5),
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tsVtd(s̄L�µdL)(⌫̄⌧�µ⌫⌧ ). (4.8)

Neglecting, in first approximation, the NP contribution to s ! d⌫`⌫̄` (` = e, µ) amplitudes, we
can write
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�����1 +
R

0

✓2q(1� c
13

)

(↵/⇡)CSM,e↵
sd,⌧

�����

2

,

B(KL ! ⇡0⌫⌫̄) = 2B(KL ! ⇡0⌫e⌫̄e)SM + B(KL ! ⇡0⌫⌧ ⌫̄⌧ )SM

�����1�
R

0

✓2q(1� c
13

)

(↵/⇡)(Xt/s2w)

�����

2

,

(4.9)

where CSM,e↵
sd,⌧ ⇡ �8.5⇥ e0.11i includes also the long-distance contributions of (2.3).
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Figure 2. Left: correlation of B(K+ ! ⇡+⌫⌫̄) with B(B+ ! K⇤+⌫⌫̄), having imposed RD(⇤) = 1.25.
The red (blue) colored region is for c13 = 0 (c13 = 2). We also show isolines of ✓q, and the red star is the
SM point. Right: branching ratios for K+ ! ⇡+⌫⌫̄ and B+ ! K⇤+⌫⌫̄, normalised to the SM values, as
functions of ✓q. The solid (dashed) lines correspond to c13 = 0, �q = 0 (c13 = 2, �q = ⇡).

The current allowed range from the experimental result (2.8) for the real and imaginary
parts of the Wilson coe�cient CNP

sd,⌧ in a generic NP model is shown in Figure 1 (left). In our
case this translates into the constraint

|R
0

✓2q(1� c
13

)| . 0.1 . (4.10)

As expected, the constraint vanishes in the limit c
13

! 1, where triplet and singlet NP contri-
butions to s ! d⌫⌫̄ amplitudes cancel each other. However, it must be stressed that there is
no symmetry reason to expect c
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= 1. Even if c
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= 1 holds as tree-level matching condition
in the EFT (such as e.g. in the lepto-quark models of Ref. [18,27]), one expects c

13

6= 1 beyond
the tree level [18]. For c
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6= 1 the result in (4.10) implies a severe constraint on the maximal
value of ✓q, assuming (4.7) is satisfied. For |c

13

� 1| ⌧ 1 one finds |✓q| . 1/|c
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� 1|.
Expressing R

0

in terms of the measured value of RD(⇤) (and the unknown parameters ✓q
and �q) we can rewrite the previous expression as a relation between RD(⇤) and B(K ! ⇡⌫⌫̄)
as follows
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h
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2

q

i
, (4.11)

where fq ⌘ (1 � c
13

)/(1 � ✓q cos�q), and where we neglected higher orders in R
0

from (4.7).
This correlation is shown in Figure 1 (right), for di↵erent values of the free parameters. As
can be seen, for ✓q = O(1) the solution of the RD(⇤) anomaly can imply sizeable deviations in
B(K+ ! ⇡+⌫⌫̄) compared to the SM. The dependence of B(K+ ! ⇡+⌫⌫̄) on the parameter ✓q,
with RD(⇤) fixed as in (4.7), is shown by the blue lines in Figure 2 (right) for the two values of
the phase �u = 0 and ⇡, and for di↵erent values of the singlet contribution c

13

. Notice that for
c
13

> 1 the branching ratio is always enhanced with respect to the SM prediction.
The neutral mode KL ! ⇡0⌫⌫̄ is purely CP-violating and constrains only the imaginary

part of the amplitude. The present bound on the NP Wilson coe�cient from (2.9) is roughly
10 times weaker than the one from the K+ mode.

4.3 Correlations between B ! K(⇤)⌫⌫̄ and K ! ⇡⌫⌫̄

Also b ! s⌫⌫̄ transitions are described by the Lagrangian (2.1), with CSM

bs = �Xt/s
2

w ⇡ �6.4.
Notice that the charm contribution is not relevant in this case. Both charged and neutral
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where e is the EM gauge coupling and the sum runs over
the dimension five and dimension six operators. Denot-
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indicate a non-vanishing Cµ,NP
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, with some preference for
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The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
but with a V + A structure from the NP operators
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10
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are

still allowed by the current data.
In the class of models we are considering only the O`

9

and O`
10

are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
will assume from now on that NP predominantly a↵ects
the b ! sµ+µ� transition and not the b ! se+e�. This
leads to LFU violation when comparing b ! sµ+µ� with
b ! se+e�. It also modifies the total rates in various
b ! sµ+µ� decays, in accordance with indications of
global fits [12–15]. On the other hand Bs, Bd and K0

mixing via Z 0 exchange arises only at the two-loop level
and is well within present experimental and theoretical
precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1

B(K+ ! ⇡+⌫⌫̄(�)) = (8.4± 1.0)⇥ 10�11
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where X
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= Xt + (Xc + �Xc,u)V 4
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2.10 + 0.24i with Xi defined, e.g., in [53], and have writ-
ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically

1
This is for leptons in an isospin singlet state, while for an isospin

triplet combination, the NP contribution flips its sign.
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Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of Z0 that couples to the top quark and a
heavy top partner T .

very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unob-
servable. The same is true for KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. As a concrete

example we next discuss the simplest realization of the
above framework. We restrict ourselves to the case where
on the leptonic side only the muons are a↵ected by NP.
The minimal model has a new U(1)0 gauge symmetry
that is spontaneously broken through the (vacuum ex-
pectation value) VEV of a scalar field, �, transforming as
� ⇠ (1, 1, 0, q0) under SU(3)C⇥SU(2)L⇥U(1)Y ⇥U(1)0.
The model contains, in addition, a colored Dirac fermion
T 0 ⇠ (3, 1, 2/3, q0). The SM is thus supplemented by the
Lagrangian

LU(1)

0 =|(Dµ�)|2 �
m2

�

2ṽ2

⇣
�2 � ṽ2

2

⌘
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+ T̄ 0(i/D �MT )T
0 � 1

4
F 02
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(5)

where Dµ � ig̃q0Z 0
µ, the U(1)0 part of the covariant

derivative, F 0
µ⌫ = @µZ 0

⌫ � @⌫Z 0
µ the field strength for the

gauge boson Z 0, and � = (�+ ṽ)/
p
2. Here g̃ is the U(1)0

gauge coupling, ṽ is the VEV that breaks the U(1)0, while
� is the physical scalar boson that obtains mass m� after
spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

thus only three renormalizable interactions between the
SM and the sector charged under U(1)0. These are the
Higgs portal coupling � to the SM Higgs, H; the U(1)0

kinetic mixing with the SM hypercharge, Bµ⌫ ; and a
Yukawa-type coupling of T and � to the SM right-handed
up-quarks ui

R,

L
mix

= ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+h.c.) . (6)
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•  NP	couplings	are	flavor	diagonal	–	but	not	flavor	universal;	
•  Zʹ	with		dominant	couplings	in	the	right-handed	top	quarks	μ;	
•  respects	the	MFV	ansatz;		
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where e is the EM gauge coupling and the sum runs over
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The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
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still allowed by the current data.
In the class of models we are considering only the O`
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and O`
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are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
will assume from now on that NP predominantly a↵ects
the b ! sµ+µ� transition and not the b ! se+e�. This
leads to LFU violation when comparing b ! sµ+µ� with
b ! se+e�. It also modifies the total rates in various
b ! sµ+µ� decays, in accordance with indications of
global fits [12–15]. On the other hand Bs, Bd and K0

mixing via Z 0 exchange arises only at the two-loop level
and is well within present experimental and theoretical
precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1
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ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically
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This is for leptons in an isospin singlet state, while for an isospin

triplet combination, the NP contribution flips its sign.
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Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of Z0 that couples to the top quark and a
heavy top partner T .

very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unob-
servable. The same is true for KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. As a concrete

example we next discuss the simplest realization of the
above framework. We restrict ourselves to the case where
on the leptonic side only the muons are a↵ected by NP.
The minimal model has a new U(1)0 gauge symmetry
that is spontaneously broken through the (vacuum ex-
pectation value) VEV of a scalar field, �, transforming as
� ⇠ (1, 1, 0, q0) under SU(3)C⇥SU(2)L⇥U(1)Y ⇥U(1)0.
The model contains, in addition, a colored Dirac fermion
T 0 ⇠ (3, 1, 2/3, q0). The SM is thus supplemented by the
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In the class of models we are considering only the O`
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are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
will assume from now on that NP predominantly a↵ects
the b ! sµ+µ� transition and not the b ! se+e�. This
leads to LFU violation when comparing b ! sµ+µ� with
b ! se+e�. It also modifies the total rates in various
b ! sµ+µ� decays, in accordance with indications of
global fits [12–15]. On the other hand Bs, Bd and K0

mixing via Z 0 exchange arises only at the two-loop level
and is well within present experimental and theoretical
precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
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from the exchange of Z0 that couples to the top quark and a
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very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unob-
servable. The same is true for KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. As a concrete

example we next discuss the simplest realization of the
above framework. We restrict ourselves to the case where
on the leptonic side only the muons are a↵ected by NP.
The minimal model has a new U(1)0 gauge symmetry
that is spontaneously broken through the (vacuum ex-
pectation value) VEV of a scalar field, �, transforming as
� ⇠ (1, 1, 0, q0) under SU(3)C⇥SU(2)L⇥U(1)Y ⇥U(1)0.
The model contains, in addition, a colored Dirac fermion
T 0 ⇠ (3, 1, 2/3, q0). The SM is thus supplemented by the
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spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

thus only three renormalizable interactions between the
SM and the sector charged under U(1)0. These are the
Higgs portal coupling � to the SM Higgs, H; the U(1)0

kinetic mixing with the SM hypercharge, Bµ⌫ ; and a
Yukawa-type coupling of T and � to the SM right-handed
up-quarks ui

R,

L
mix

= ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+h.c.) . (6)

2

Z’	effect	in																											could	be	~10%,		within	reach	of	the	ongoing	NA62		
experiment!	

K ! ⇡⌫⌫̄
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c t
(SM) g4L × λCKM g4L × λ5

CKM

(SE), (V), (VT) g2L × λCKM × y2sτ g2L × λ3
CKM × ysτ × ybτ

cc ct, tc tt
(Box) g2L × λCKM × y2sτ g2L × λ3

CKM × ysτ × ybτ g2L × λ5
CKM × y2bτ

Table 1: Flavor factors appearing in the calculation of the LQ contributions to K → πνν̄
compared to the SM, with internal quark-flavors given by the columns and loop-topologies by
the lines. The external flavors of the neutrinos are ντ . The unitarity of the CKM matrix
has been used to include the contributions of the up-quark into those of the charm- and
top-quarks. We assume ysτ ≫ λ2

CKM × ybτ and ybτ ≫ λ2
CKM × ysτ .

with gL and yij powers, i = s, b and j = µ, τ . It is interesting to note that (SE), (V),
(VT) have a relative factor compared to the SM top contribution of ysτ×ybτ

g2
L×λ2

CKM
.4 Together

with the loop function integrals, possibly containing logarithmic enhancements, this sets up
the hierarchy of contributions. We leave the discussion of the calculation of the different
diagrams to Appendix B, and now move directly to their results.

For all practical purposes, it is sufficient to keep only the top contributions from the
vertex and self-energy topologies, and neglect the charm contributions and the box topology.

The coupling ydj in LY
S3

⊃ −ydj d̄CLν
j
LS

1/3
3 gets the following numerical value after radiative

corrections

ydj = [(1.9 + 0.7i)ybj − (0.08 + 0.03i)ysj]× 10−4 , @ MS3 = 1 TeV (18)

where we neglect the charm-flavor contributions. For the process K− → π−νν̄, we have
then

B(K− → π−νν̄)

BSM (K− → π−νν̄)
≃ 1 + 1.03× ybµysµ + 0.94× ybτysτ

+0.75× (y2bµy
2
sµ + y2bτy

2
sτ + y2bµy

2
sτ + y2bτy

2
sµ) , @ MS3 = 1 TeV ,

(19)

and for the process KL → π0νν̄, we have (paying the due attention to the fact that complex
phases in the CKM matrix are CP-odd while those from the loop-functions are CP-even):

B(KL → π0νν̄)

BSM (KL → π0νν̄)
≃ 1 + 1.37× (ybµysµ + ybτysτ )

+1.4× (y2bµy
2
sµ + y2bτy

2
sτ + y2bµy

2
sτ + y2bτy

2
sµ) , @ MS3 = 1 TeV ,

(20)

where we have neglected sub-leading contributions.
The above numerical values are also enhanced by a constructive interference among the

two vertex topologies (in the unitary gauge). Despite the many enhancements, the net
effect is a variation of ! 10 % for both modes, due to the strong constraints the different
LQ couplings are subjected to, cf. Eq. (10). This is illustrated in Figures 5, 6 and 7, where
we show the correlations with RK [1, 6] and Rνν .

4We note that the 1/λCKM enhancements with respect to the SM are not possible for the processes
B → K(∗)ℓ+ℓ−, for all S3, R̃2 and ∆: in all these cases, they also follow the VtbV

∗

ts structure of the SM.
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Note,	effect	induced	by	gcμ	and	gtμ		
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Figure 2: Left: Correlation between RK [1, 6] and Br(K+ → π+νν̄); Right: Correlation
between RK [1, 6] and Br(KL → π0νν̄). Present experimental values are shown in black, solid
lines, and upper limits are indicated by arrows. The expected future experimental accuracies
for the rates of K+ → π+νν̄ and KL → π0νν̄ are shown in red, dashed lines, with central
values given by the theoretical predictions under the SM. In blue the solutions satisfying the
contraints (a)-(c) described in the main text when varying {gcµL , gtµL }. We stress that the
scatter plots do not include the uncertainties of the theoretical predictions under the SM.
m∆ = 1 TeV. (Colors online.)

that will be shown, we generally do not include the SM uncertainties in Eq. (10), which are
∼ 10 % for the charged channel and ∼ 5 % for the neutral mode.

Figure 2 shows the correlation between RK and B(K+ → π+ν̄ν) scatter plot is not CL
region.... In conclusion, with respect to the SM values, the highest variations are of 8 % and
4 % for K+ → π+νν̄ and KL → π0νν̄, respectively.

3.2 Model with (3̄, 3, 1/3) and (3, 2, 1/6) scalar LQs preliminary scat-
ter plots

There are a few different topologies with the exchange of one LQ that can contribute: (Box)

a box diagram where a W and a S2/3
3 LQ are exchanged; (SE) a reducible diagram where a

W boson exchanges the down-type flavor of one of the external legs; (V) a vertex correction

to the coupling of S1/3
3 where a W is exchanged; (VT) a second vertex correction to S1/3

3
where a coupling to the W gauge boson,

Lgauge
S3

⊃ +ig
(

− ∂µS2/3
3 W−

µ S1/3
3 + ∂µS1/3

3 W−
µ S2/3

3 (17)

−∂µS4/3
3 W−

µ S−1/3
3 + ∂µS−1/3

3 W−
µ S4/3

3

)

+ h.c.

is present. Due to our requirement of a vanishing (bare) coupling of the LQs to the down-
quark, these are the only possibilities. Conversely, note that R̃2 cannot generate the box and
vertex topologies, but only the self-energy diagram. However, it turns out that the latter
also vanishes.

It is instructive at this point to have a look at the flavor structure of the different contri-
butions. While the standard model (SM), (SE), (V) and (VT) contributions are proportional
to the product of two CKM matrix elements, the NP box diagram is proportional to four
CKM matrix elements. We indicate in Table 1 the pattern of λCKM suppressions, together

6
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Figure 1: Contraints on the plan {gcµL , gtµL }: in purple we show the allowed region for
Br(Z → µµ); in green, from lighter to darker, we have “Fit A”, “Fit B” and the bound
from Eq. (14). m∆ = 1 TeV, for which the nomalous magnetic moment of the muon has no
impact (when its 2 σ interval is taken). (Colors online.)

much suppressed and here we set it to zero. Therefore, the only LQ couplings are described
by gL. Moreover, we set gcτL = gtτL = 0, which are in any case strongly constrained by the
same τ → µγ when gcµL , gtµL are simultaneously large, i.e., of order O(1).

Of particular importance for constraining the model are the following bounds (a) from
CNP

9µ at 2 σ, (b) −∆aµ > 0 constrained to be inferior than 2×0.9×10−9, (c) the bound from
the EWPO Br(Z → µµ).2 Note that EWPO have an important impact on large values of
gtµL , and that the SM limit case gcµL = gtµL = 0 is excluded by the b → s anomalies (and
therefore not included in the scatter plots that will follow).

The analysis of [18] set model-independent constraints on four-lepton operators con-
tributing to pp → µ+µ− at the tail spectrum of the di-lepton invariant mass. Therefore,
the results apply directly for a NP spectra beyond few TeV, but they may be still indicative
at the region 1 TeV, in which case they imply |gcµL | ! 0.8. In the absence of a dedicated
analysis for the time being, we give here the results without taking into account such a
prohibitive bound.

2.2 A model with (3̄, 3, 1/3) and (3, 2, 1/6) scalar LQs

In [7], a model with two LQs is considered, namely (3̄,3, 1/3) and (3,2, 1/6). We have the
following couplings of the weak-isospin triplet S3 to the SM fermions

LY
S3

≡ −yij d̄
C
L
iνjLS

1/3
3 − (V ∗y)ij ū

C
L
iejLS

1/3
3 (3)

−
√
2yij d̄

C
L
iejLS

4/3
3 +

√
2(V ∗y)ij ū

C
L
iνjLS

−2/3
3 + h.c.

It is assumed that the coupling matrix y has the following texture

y =

⎛

⎝

0 0 0
0 ysµ ysτ
0 ybµ ybτ

⎞

⎠ (4)

2We point out a typo in Eq. (13) in the second version of [8]: log(m2
t /m

2
∆) should read instead

log(m2
∆/M2

Z
).
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Figure 1: Contraints on the plan {gcµL , gtµL }: in purple we show the allowed region for
Br(Z → µµ); in green, from lighter to darker, we have “Fit A”, “Fit B” and the bound
from Eq. (14). m∆ = 1 TeV, for which the nomalous magnetic moment of the muon has no
impact (when its 2 σ interval is taken). (Colors online.)

much suppressed and here we set it to zero. Therefore, the only LQ couplings are described
by gL. Moreover, we set gcτL = gtτL = 0, which are in any case strongly constrained by the
same τ → µγ when gcµL , gtµL are simultaneously large, i.e., of order O(1).

Of particular importance for constraining the model are the following bounds (a) from
CNP

9µ at 2 σ, (b) −∆aµ > 0 constrained to be inferior than 2×0.9×10−9, (c) the bound from
the EWPO Br(Z → µµ).2 Note that EWPO have an important impact on large values of
gtµL , and that the SM limit case gcµL = gtµL = 0 is excluded by the b → s anomalies (and
therefore not included in the scatter plots that will follow).

The analysis of [18] set model-independent constraints on four-lepton operators con-
tributing to pp → µ+µ− at the tail spectrum of the di-lepton invariant mass. Therefore,
the results apply directly for a NP spectra beyond few TeV, but they may be still indicative
at the region 1 TeV, in which case they imply |gcµL | ! 0.8. In the absence of a dedicated
analysis for the time being, we give here the results without taking into account such a
prohibitive bound.

2.2 A model with (3̄, 3, 1/3) and (3, 2, 1/6) scalar LQs

In [7], a model with two LQs is considered, namely (3̄,3, 1/3) and (3,2, 1/6). We have the
following couplings of the weak-isospin triplet S3 to the SM fermions

LY
S3

≡ −yij d̄
C
L
iνjLS

1/3
3 − (V ∗y)ij ū

C
L
iejLS

1/3
3 (3)

−
√
2yij d̄

C
L
iejLS

4/3
3 +

√
2(V ∗y)ij ū

C
L
iνjLS

−2/3
3 + h.c.

It is assumed that the coupling matrix y has the following texture

y =

⎛

⎝

0 0 0
0 ysµ ysτ
0 ybµ ybτ

⎞

⎠ (4)

2We point out a typo in Eq. (13) in the second version of [8]: log(m2
t /m

2
∆) should read instead

log(m2
∆/M2

Z
).

3

The weak-isospin doublet R̃2 has the following couplings to the SM fermions

LY
R̃2

≡ −ỹij d̄
i
Re

j
LR̃

2/3
3 + ỹij d̄

i
Rν

j
LR̃

−1/3
2 + h.c. (5)

and it is assumed that ỹ has the following texture

ỹ =

⎛

⎝

0 0 0
0 0 ỹsτ
0 0 ỹbτ

⎞

⎠ (6)

As it will be discussed below, only S3 is relevant in our discussion of K → πνν̄ and K →
πµ+µ−. However, R̃2 is relevant in the phenomenological study of [7], and it contributes in
particular to the rate of B → K(∗)νν̄.

Three scenarios for the LQ couplings can be considered:

scenario I : {ysµ, ybµ} free , no {ysτ , ybτ , ỹsτ , ỹbτ} (7)

scenario II : {ysµ, ybµ, ysτ , ybτ} free , no {ỹsτ , ỹbτ} (8)

scenario III : {ysµ, ybµ, ysτ , ybτ , ỹsτ , ỹbτ} free (9)

Under the constraints discussed in [7], the best fit points are for masses set to 1 TeV

scenario I : ysµ = −0.0025 , ybµ = −0.473

scenario II : ysµ = −0.045 , ybµ = −0.018 , ysτ = 0.88 , ybτ = −0.047

scenario III : ysµ = 0.048 , ybµ = 0.017 , ysτ = 0.87 , ybτ = −0.069,

ỹsτ = −1.41 , ỹbτ = −0.005

Solutions with overall sign flips lead to the same results. In the three scenarios shown above,
the SM has a similar pull with respect to the hypothesis described above.

3 Phenomenology of rare Kaon decays

The SM predictions have achieved a great level of accuracy and robustness [1, 2, 3, 4, 5],
and are [6]

BSM (K− → π−νν̄) = 0.882+0.092
−0.098 × 10−10 (10)

BSM (KL → π0νν̄) = 0.314+0.017
−0.018 × 10−10

On the other hand, the experimental values are comparatively very loose

Bexp(K
− → π−νν̄) = (1.73+1.15

−1.05)× 10−10 (11)

Bexp(KL → π0νν̄) < 2.6× 10−8 @ 90 % CL

As mentioned above, anticipated accuracies of 10 % for both channels are expected for NA62
and KOTO.

To show the correlations of K → πνν̄ rates with RK , we consider the linearized expres-
sions [11]

4

Doršner,	SF,		Faroughy,	Košnik,	1706.07779		

0	mean	negligible	couplings	in	
comparison	with	four	explicitly	
couplings	



ydμ=0

0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10

0.28

0.30

0.32

0.34

Br(K+→π+νν)×10
10

B
r(
K
L
→
π

0
ν
ν
)×

1
0

1
0

R2 and S3 models @ 1 TeV

LQ	tree	level	contribu>ons	in		K ! ⇡⌫⌫̄

Assuming	ydμ	≠	0	,	allowed	range	
and	rest	of	in	the	range		

Figure 2. Left panel: RD(⇤) is resolved in hatched (2�) and doubly hatched (1�) regions, whereas
the b ! sµµ puzzle is resolved in dashed-hatched region at 1�. Region below the black line with
a hatching is in 1� agreement with R

µ/e
D(⇤) . No LHC constraint on ybµ is considered. Right panel:

Same as left panel apart from inclusion of constraint on ybµ from LHC. Red and orange regions in
both graphs denote 1� and 2� results of the fit.

We set mS3 = 1TeV and for the moment ignore the direct LHC constraint on ybµ spelled
out in Eq. (4.25). In this case the best fit point has �2

= 34.7 reached at ysµ = 5⇥10

�4 and
ybµ = 1.8. The RD(⇤) puzzle can be addressed by lowering B(B ! D(⇤)µ⌫) which requires
large ybµ coupling as seen in Eq. (3.4). The 1� and 2� regions of the fit are shown in Fig. 2.
Left panel in Fig. 2 exposes tension between RD(⇤) (2.8� pull) and R

µ/e
D(⇤) (1.8� pull) which

is even more exacerbated when we include the direct constraints on ybµ from LHC (right
panel of Fig. 2). The latter scenario with all constraints included has �2

= 42.4 at point
(ysµ, ybµ) = ±(2 ⇥ 10

�3, 0.46) which corresponds to the 5.0� pull of the SM hypothesis.
One can observe in the right panel in Fig. 2 that in this case the preferred region is drawn
further away from RD(⇤) . The results indicate that RD(⇤) cannot be explained by omitting
couplings to ⌧ . Detailed results on the pulls are given in the third column of Tab. 1.

5.2 S
3

coupled to muons and taus

Since the purely muonic couplings are in conflict with RD(⇤) we allow in addition for tauonic
couplings of S

3

:

y =

0

B

@

0 0 0

0 ysµ ys⌧
0 ybµ yb⌧

1

C

A

. (5.2)

In this case both couplings with the muons tend to be small, below 0.1, and are relevant only
in b ! sµµ, whereas the couplings to ⌧ are ⇠ 1 in order to enhance RD(⇤) . For mS3 = 1TeV

we find that the minimal �2 of this scenario with 4 degrees of freedom is 36.8 reached at

– 14 –

SM mS3 = 1TeV mS3 = 1.0/1.5TeV Eq.
(ysµ, ybµ) (ysµ, ybµ, ys⌧ , yb⌧ )

w.o./w. Eq. (4.25)
�2

71.6 34.7/42.4 36.8/38.0
b ! s`+`� 5.4 0.0/0.0 0.0/0.0 (3.8)

RD(⇤) 4.5 2.8/4.4 4.0/4.2 (3.4)
(g � 2)µ 3.1 3.5/3.1 3.1/3.1 (4.15)
RK

⌧/µ 2.0 2.0/2.0 0.3/0.3 (4.7)
R

⌧/e
⌧ 2.0 1.6/2.0 2.1/2.1 (4.10)

B(B ! ⌧⌫) 1.2 1.2/1.2 1.1/1.2 (4.2)
�ms 1.1 1.1/1.1 1.6/1.6 (4.19)
RK

e/µ 1.1 1.1/1.1 1.1/1.1 (4.5)
R

⌧/µ
⌧ 0.7 0.7/0.7 0.8/0.8 (4.10)

R
µ/e
D(⇤) 0.5 1.8/0.4 0.5/0.5 (4.1)
R⌫⌫ 0.5 0.6/0.6 0.8/0.6 (4.24)

bb ! µµ 0.0 � /0.7 0.0/0.0 (4.25)
B(⌧ ! µ�) 0.0 0.0/0.0 0.4/0.3 (4.11)

B(B ! K⌧µ) 0.0 0.0/0.0 0.3/0.3 (4.16)

Table 1. Observables that enter the global fit with their pulls in � in the SM and S
3

scenarios.
Third column represents the case when mS3 = 1TeV and only ysµ, ybµ are allowed, without/with
taking into account b¯b ! µµ constraint. Fourth column represents the fit of the ysµ, ybµ, ys⌧ , yb⌧
scenario for mS3 = 1.0/1.5TeV. The constraints with negligible pulls are not shown in this table.

(ysµ, ybµ, ys⌧ , yb⌧ ) = (0.047, 0.020, 0.87,�0.048)5 which makes the SM point excluded at
5.0� (pull). In Fig. 3 the fit in the tauonic couplings’ plane shows how the optimal region
is still far from the central value of RD(⇤) , mostly due to R⌫⌫ and �ms, which do not allow
for large products of yb⌧ys⌧ . Pulls of individual observables for mS3 = 1.0/1.5TeV are
presented in the fourth column of Table 1.

5.3 S
3

and ˜R
2

, 6 parameters

In order to relax the tension in the ys⌧–yb⌧ plane between large effect in RD(⇤) and well
constrained R

(⇤)
⌫⌫ and �ms, we could invoke a light ˜R

2

with couplings to ⌧ . We consider a
case mS3 = m

˜R2
= 1TeV with six free Yukawa couplings (yij from the previous subsection

and (ỹs⌧ , ỹb⌧ ) pair) to find �2

= 33.4 at (ysµ, ybµ, ys⌧ , yb⌧ ) = (0.051, 0.019, 0.86,�0.069),
(ỹs⌧ , ỹb⌧ ) = (3, 0.0026)6 that represents a 4.9� pull of the SM. Most importantly, the
tension in RD(⇤) is only marginally improved and stands at 3.7�. The presence of ˜R

2

allows for partial cancellation in �ms between large tauonic couplings of S
3

and ˜R
2

, which
is not the case in both R⌫⌫ and R⇤

⌫⌫ , where cancellation in one observable necessary spoils
5The fit is approximately invariant with respect to the overall sign of the muonic or tauonic couplings

which implies a fourfold degeneracy.
6Degenerate best-fit points are obtained by flipping sign of individual Yukawas in a manner that does

not change signs of ysµybµ, ys⌧yb⌧ , ỹs⌧ ỹb⌧ , and ys⌧ ỹs⌧ .

– 15 –

Even	such	small	couplings	lead	to	
contribu>ons	possibly	observable		
in	NA62	and	KOTO		
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Figure 3: Correlation between Rνν and Br(K+ → π+νν̄). See the caption of Fig. 2 for more
comments.

(a) Box diagram (Box). (b) Box diagram, suppressed by the mass of the neutrino.

(c) Vertex–like diagram (VT). (d) Vertex–like diagram (V). (e) Self-energy–like diagram (SE).

Figure 4: Possible diagrams contributing to K → πνν̄ for the two LQ models discussed here.
In Fig. 4b, there is no coupling of the W gauge boson with the LQ. A similar set of diagrams
is found when exchanging the W± gauge boson by its respective Goldstone boson.

7

VT	 V		 SE	

c t
(SM) g4L × λCKM g4L × λ5

CKM

(SE), (V), (VT) g2L × λCKM × y2sτ g2L × λ3
CKM × ysτ × ybτ

cc ct, tc tt
(Box) g2L × λCKM × y2sτ g2L × λ3

CKM × ysτ × ybτ g2L × λ5
CKM × y2bτ

Table 1: Flavor factors appearing in the calculation of the LQ contributions to K → πνν̄
compared to the SM, with internal quark-flavors given by the columns and loop-topologies by
the lines. The external flavors of the neutrinos are ντ . The unitarity of the CKM matrix
has been used to include the contributions of the up-quark into those of the charm- and
top-quarks. We assume ysτ ≫ λ2

CKM × ybτ and ybτ ≫ λ2
CKM × ysτ .

with gL and yij powers, i = s, b and j = µ, τ . It is interesting to note that (SE), (V),
(VT) have a relative factor compared to the SM top contribution of ysτ×ybτ

g2
L×λ2

CKM
.4 Together

with the loop function integrals, possibly containing logarithmic enhancements, this sets up
the hierarchy of contributions. We leave the discussion of the calculation of the different
diagrams to Appendix B, and now move directly to their results.

For all practical purposes, it is sufficient to keep only the top contributions from the
vertex and self-energy topologies, and neglect the charm contributions and the box topology.

The coupling ydj in LY
S3

⊃ −ydj d̄CLν
j
LS

1/3
3 gets the following numerical value after radiative

corrections

ydj = [(1.9 + 0.7i)ybj − (0.08 + 0.03i)ysj]× 10−4 , @ MS3 = 1 TeV (18)

where we neglect the charm-flavor contributions. For the process K− → π−νν̄, we have
then

B(K− → π−νν̄)

BSM (K− → π−νν̄)
≃ 1 + 1.03× ybµysµ + 0.94× ybτysτ

+0.75× (y2bµy
2
sµ + y2bτy

2
sτ + y2bµy

2
sτ + y2bτy

2
sµ) , @ MS3 = 1 TeV ,

(19)

and for the process KL → π0νν̄, we have (paying the due attention to the fact that complex
phases in the CKM matrix are CP-odd while those from the loop-functions are CP-even):

B(KL → π0νν̄)

BSM (KL → π0νν̄)
≃ 1 + 1.37× (ybµysµ + ybτysτ )

+1.4× (y2bµy
2
sµ + y2bτy

2
sτ + y2bµy

2
sτ + y2bτy

2
sµ) , @ MS3 = 1 TeV ,

(20)

where we have neglected sub-leading contributions.
The above numerical values are also enhanced by a constructive interference among the

two vertex topologies (in the unitary gauge). Despite the many enhancements, the net
effect is a variation of ! 10 % for both modes, due to the strong constraints the different
LQ couplings are subjected to, cf. Eq. (10). This is illustrated in Figures 5, 6 and 7, where
we show the correlations with RK [1, 6] and Rνν .

4We note that the 1/λCKM enhancements with respect to the SM are not possible for the processes
B → K(∗)ℓ+ℓ−, for all S3, R̃2 and ∆: in all these cases, they also follow the VtbV

∗

ts structure of the SM.
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Summary	

•  	NP	explaining	B	anomalies		constrained	by	charged	and	FCNC		processes	of		K	and	D;	

•  The	effects	of	LQ	explaining	B	puzzles		in	charm	leptonic		decays	are	of	the	order	few	%;	

•  Experimental	bounds	on																																													can	accommodate		LQ	effects-	bejer		
					bounds	desirable	–LHCb,	Belle2;	

•  Among	K	decays	best	process	to	test	NP	entering	in	B	anomalies	is																																;	

•  Future	precision	K	experiments	can	enable	to	see	these	~10%		effects	of	LQ		explaining		
							B	puzzles!	

BR(D ! µ�µ+)

K ! ⇡⌫⌫̄
Introduction

Correlation with other flavor sectors

Move to specific models to relate B- and K -decays [Crivellin+’16, Bordone+’17]

Rare s ! d⌫⌫ transitions

NA62/CERN: K± ! ⇡±⌫⌫̄

KOTO/J-PARC: K
L

! ⇡0⌫⌫̄ (CP Violation)

Collecting data, announcements expected before 202X (X = 0, 1, 2)

HERE: discuss what can be learned from these transitions
in some specific NP contexts: leptoquarks (LQs)

Luiz Vale Silva (University of Sussex) B to K rare decays in LQ models Nov 1st, 2017 5 / 22



LHC	constraints	on							and							:		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 R̃2

s, b

s̄, b̄

τ

S
4/3
3 , R̃

2/3
2 S

1/3
3

c

c̄

u

c̄

u

ū
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