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The RD and RK - before Moriond 2019
•RD

Several ∼2σ deviations by BaBar, Belle, LHCb combine to a 4.1σ anomaly

•RK  

The LHCb measurements combine to almost ∼5σ anomaly

27.05.2019 RISE workshop, Helsinki 2

Towards a viable scalar interpretation of R
D(⇤)

Sean Fraser ⇤, Carlo Marzo †, Luca Marzola ‡, Martti Raidal § and Christian Spethmann ¶

Laboratory of High Energy and Computational Physics, National Institute of Chemical Physics and

Biophysics, Rävala pst. 10, 10143 Tallinn, Estonia.

Dated: July 13, 2018

Abstract

Recent measurements of semileptonic B-meson decays seemingly imply violations of lepton flavor universality

beyond the Standard Model predictions. With three-level explanations based on extended Higgs sectors being

strongly challenged by the measurements of the B�c lifetime, new theories invoking leptoquark or vector fields

appear as the only feasible answer. However, in this work we show that simple scalar extensions of the Standard

Model still offer a possible solution to the B physics puzzle, owing to sizeable loop-level corrections which mimic

the effects of new vector contributions. Considering a simplified model characterised by a charged and a neutral

scalar particle, we verify the compatibility of the observed R
D
(⇤) signal with the relevant collider bounds. We

also study an embedding of the simplified model into a three-Higgs-doublet framework, and investigate its main

phenomenological constraints.

1 Introduction

Recent results of the LHCb experiment [1, 2] highlight a significant amount of tension between the measured
properties of the B-meson and their Standard Model (SM) predictions, confirming previous investigations by the
BaBar [3, 4] and Belle [5–7] collaborations. In more detail, anomalies of lepton flavour universality have been
measured for the underlying b ! c⌧⌫̄⌧ transition in the ratio of branching fractions

R
D
(⇤) =

B(B̄ ! D(⇤)⌧⌫̄)

B(B̄ ! D(⇤)`⌫̄)
, (1)

for ` = e, µ. Including the most recent LHCb measurement, the Heavy Flavour Average Group (HFLAV) reports
the world averages [8]

Rexp
D

= 0.407± 0.039± 0.024 ,

Rexp
D
⇤ = 0.306± 0.013± 0.007 , (2)

which exceed the SM predictions

RSMD = 0.300± 0.008 ,

RSM
D
⇤ = 0.252± 0.003 , (3)
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BK

B
SM

K
< 4.3 ,

BK⇤

B
SM

K⇤
< 4.4 , . (26)

We show the impact of these constraints in the discussion of our result presented in Sec. 4.

3. The R
K(⇤)
anomaly

We now turn our attention to the R
K
(⇤) anomaly, introducing its experimental status and showing how it can be

addressed in the present framework.

3.1. Experimental status and e↵ective Lagrangian

Another longstanding anomaly highlighted by B physics experiments concerns the neutral current transition b !
s`+`�. More in detail, the LHCb experiment has found anomalous values of

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)
, (27)

and

R
K
⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
, (28)

reporting, respectively [32,33],

Rexp
K
= 0.745+0.090�0.074 ± 0.036 for 1GeV2  q2  6GeV2 , (29)

and

Rexp
K
⇤ =

(
0.66+0.11�0.07 ± 0.03 for 0.045GeV2  q2  1.1GeV2 ,

0.69+0.11�0.07 ± 0.05 for 1.1GeV2  q2  6GeV2 ,
(30)

where q2 is the invariant mass of the final state di-lepton system.

The corresponding SM predictions1, suppressed by the GIM mechanism, amount to

RSMK = 1.0004± 0.0002 , (31)

and

RSM
K
⇤ =

(
0.926± 0.003 ,

0.9965± 0.0005 ,
(32)

giving consequently rise to a discrepancy with a significance of almost 5� reference needed depending on the
details of the fit.

The low-energy e↵ective Lagrangian describing the b ! s`` transition is

�Lbs = �
4GF
p
2
VtbV

⇤
ts

e2

16⇡2

X

i

�
CiOi + C

0
iO
0
i

�
, (33)

where the dimension-6 operators Oi are defined as

O7 = (s̄ PL b)(l̄ l) , O
0
7 = (s̄ PR b)(l̄ l) ,

O8 = (s̄ PL b)(l̄�5l) , O
0
8 = (s̄ PR b)(l̄�5l) ,

O9 = (s̄ �µPL b)(l̄�
µl) , O

0
9 = (s̄ �µPR b)(l̄�

µl) ,

O10 = (s̄ �µPL b)(l̄�
µ�5l) , O

0
10 = (s̄ �µPR b)(l̄�

µ�5l) . (34)

Global fits of the anomalies presently converge on a preferred sets of Wilson coe�cients [13, 34–36], with the

highest pull given by C9�C
SM

9 ' �1.21 or C9�C
SM

9 = �
⇣
C10 � C

SM

10

⌘
' �0.67 that sets a discrepancy of about

5� with respect to the SM predictions.

1As computed with the flavio-0.21.2 package [34].
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RK Results

]4c/2 [GeV2q
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Babar [PRD 86 (2012) 032012]
Belle [PRL 103 (2009) 171801]

LHCb [PRL 113 (2014) 151601]

⌅ LHCb determines RK = B(B+!K+µ+µ�)
B(B+!K+e+e�) in central q

2 region [1, 6] GeV2:

RK = 0.745+0.090
�0.074(stat.) ± 0.036(syst.),

⌅ Compatible with SM at 2.6 �

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests



The RD and RK - after Moriond 2019
• RD by Belle

• RK by LHCb and  RK* by Belle

• The overall picture has not changed much. The significance has been 
mildly reduced, the same NP explanations are valid.

27.05.2019 RISE workshop, Helsinki 3

1.2σ  dev.

2.5σ  dev.



The peculiar properties of the anomalies 
require an explanation

• Lepton flavor universality violation! 

• In the SM this refers to the scalar sector interactions. 

• Very different scales of new physics
• RD  - NP competes with tree level SM amplitude – requires 1 TeV scale NP + large couplings 

• RK – NP competes with loop level SM amplitude – requires 10 TeV scale NP

Is a common NP explanation needed and possible?

27.05.2019 RISE workshop, Helsinki 4

2 / 20

Lepton Flavour Universality in the SM

⌅ Lepton Flavour Universality: In the Standard Model (SM), the couplings of
the charged leptons to the gauge bosons are equal (ge = gµ = g⌧ )

⌅ Di↵erences in branching fractions only due to lepton mass di↵erences

⌅ Well established in Z ! ``, ⌧ ! `⌫⌫, J/ ! ``, ⇡ ! `⌫, K ! ⇡`⌫

W
�

ge

e
�

⌫̄e

W
�

gµ

µ
�

⌫̄µ

W
�

g⌧

⌧
�

⌫̄⌧

 

W Leptonic Branching Ratios

ALEPH 10.78 ±  0.29
DELPHI 10.55 ±  0.34
L3 10.78 ±  0.32
OPAL 10.71 ±  0.27

LEP W→eν 10.71 ±  0.16

ALEPH 10.87 ±  0.26
DELPHI 10.65 ±  0.27
L3 10.03 ±  0.31
OPAL 10.78 ±  0.26

LEP W→µν 10.63 ±  0.15

ALEPH 11.25 ±  0.38
DELPHI 11.46 ±  0.43
L3 11.89 ±  0.45
OPAL 11.14 ±  0.31

LEP W→τν 11.38 ±  0.21

LEP W→lν 10.86 ±  0.09

χ
2/ndf = 6.3 / 9

χ
2/ndf = 15.4 / 11

10 11 12

Br(W→lν) [%]

 

[P
R

53
2

(2
01

3)
11

9]

⌅ Tension in W ! `⌫: 2B(W!⌧⌫̄⌧ )
B(W!e⌫̄e)+B(W!µ⌫̄µ) = 1.066 ± 0.025 (2.6�)

(Nb. strong constraints from �(⌧ ! µ⌫⌫)/�(µ ! e⌫⌫))

⌅ Large number of BSM models with non-universal couplings to third
generation quarks and leptons (Charged Higgs, Leptoquarks, . . . ).

C. Langenbruch (RWTH), Moriond EW 2018 Lepton flavour universality tests



Should we work on anomalies?
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Should we work on anomalies?

We do not have a choice!

Every discovery is preceded by a deviation but the opposite is not true

Remain reasonable with interpretations, use your common sense 

27.05.2019 RISE workshop, Helsinki 6



Is a common NP explanation possible?

• Need NP with many freely adjustable parameters

• Majority of flavor physics community has adopted leptoquark 

explanation to the anomalies

Extraordinary claim requires extraordinary evidence

27.05.2019 RISE workshop, Helsinki 7



What is my interest to the anomalies?

• To show that non-exotic, ``SM-like NP” can simultaneously fit data

• To show that models with many scalars can fit the data

• To determine the minimal scalar model that can explain both 

observables

Notice: we do allow for GeV scale right-handed neutrinos – new 

interactions available

27.05.2019 RISE workshop, Helsinki 8



Model independent explanations to the 
anomalies
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2 Flavour anomalies and Wilson coefficients

The low-energy behaviour investigated at LHCb and in B-factories can be described by matching the framework at
hand with an effective theory at the W mass-scale and successively evolving the relevant quantities to the b-quark
mass-scale via the renormalization group equations. The procedure results in a class of dimension six operators that
preserve color and electric charge, with coefficients to be determined from the dynamics of the considered model 1.
Including right handed neutrinos, the effective Lagrangian for the process b ! c`⌫̄ takes the form [24–28]
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for X 2 {L,R} and with PX being the corresponding chirality projector.

As mentioned before, the observables R
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(⇤) are defined as the ratios of the total branching fractions BD
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(⇤) =

B
D
(⇤)

⌧ (m⌧ ,C
⌧ )

B
D
(⇤)

µ/e (mµ/e ,C
µ/e)
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where the B meson branching ratios are functions of the coefficients of the adopted operator basis: C` =
C`V X , C

`

AX , C
`

SX , C
`

PX .

In order to illustrate the reach of the approach, we schematise in Table 1 the dependence of selected flavour
observables on the Wilson coefficient of the effective Lagrangian. The reader is referred to Refs [24, 29, 30] for
the relative hadronic form factors and for our analysis we will use the exact expressions given in [24].

The case of R
D
(⇤) is shown in more detail in Fig. 1. Clearly, non-vanishing values of the combination CV L-CAL

(indicated by a purple solid line) allow to ameliorate the agreement with observations. Notice that fitting the
anomaly involves only modest deviations of the relevant Wilson coefficient from the corresponding SM values
CV L=�CAL = 1.

1We simplify our work by neglecting Tensor operators, which play no role in our analyses and by disregarding the running of the
coefficients of vector operators, which receives a first non-vanishing QCD contribution only at the two-loop level [23,24].
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and electric charge. For our purposes the full theory can be therefore represented at the b scale by the e↵ective
Lagrangian [22–25]

L
b!c`⌫̄
ef f = �

2GF Vcb
p
2

⇣
C`V LO

`

V L + C
`

ALO
`

AL + C
`

SLO
`

SL + C
`

PLO
`

PL

⌘
, (4)

where ` = e, µ, ⌧. The four e↵ective operators that appear above are given by

O
`

V L = [c̄�µb]
⇥
¯̀�µPL⌫`

⇤
, (5)

O
`

AL = [c̄�µ�5b]
⇥
¯̀�µPL⌫`

⇤
, (6)

O
`

SL = [c̄b]
⇥
¯̀PL⌫`

⇤
, (7)

O
`

PL = [c̄�5b]
⇥
¯̀PL⌫`

⇤
. (8)

In this formalism, the dynamics of the b ! c`⌫̄ process are fully encoded in a corresponding set of Wilson
coe�cients C` = C`V L, C

`

AL, C
`

SL, C
`

PL, which parametrise the relevant observables through the involved branching
fractions

R
D
(⇤) =

B
D
(⇤)

⌧ (m⌧ ,C
⌧ )

B
D
(⇤)

µ/e (mµ/e ,C
µ/e)
. (9)

The contributions of heavy states to the e↵ective Lagrangian in eq. (4) is computed by matching the full theory to
the e↵ective one at the scale where the heavy degrees of freedom are integrated out. The final expression of the
Lagrangian is then obtained upon the computation of the RGE evolution down to the scale at which the process is
probed. While the matching has been performed diagrammatically, we relied on the flavio and Wilson software
packages to account for the QCD and QED corrections induced by the RGE evolution (cit needed).

A general analysis of Wilson coe�cients provides a first portray of the framework we seek. For instance, the simplest
scalar extensions of the SM yield tree-level contributions to the scalar and pseudoscalar Wilson coe�cients C⌧SL and
C⌧PL which, in principle, allow to explain the anomalous B-physics signal. As shown in the left panel of Fig. 1, new
contributions to these quantities allow the theoretical predictions to enter the 68% confidence interval associated
to the signal, denoted by the red areas in the plot. Such a solution, however, is invalidated by measurements
of the Bc lifetime, which severely constrain the pseudoscalar Wilson coe�cient due to the mass hierarchy of the
SM:

B⌧⌫ =
mBcm

2
⌧ f
2
Bc
G2F |Vcb|

2

8⇡ �
B
�
c

 

1�
m2⌧
m2Bc

!2 �����
m2Bc

m⌧ (mb +mc)
C⌧PL � C

⌧

AL

�����

2

. (10)

The impact of this constraint is represented in both the panels of Fig. 1 by the areas shaded in light and dark
gray, which indicate the values of the Wilson coe�cients that result in deviations larger than 10% or 30% from
the measured Bc lifetime, respectively. As we can see, solutions characterised by large values of C

⌧

PL are obviously
disfavoured.

As originally proposed in Ref. [1], a possible way for scalar extensions to cope with the Bc lifetime constraint is
to rely on scalar loop contributions to the vector and pseudovector Wilson coe�cients. The case is shown in the
right panel of Fig. 1, which makes clear that modest values of C⌧V L and C

⌧

AL allow to explain the observed anomaly
even when the strongest constraint on the Bc lifetime is considered. A potential issue with this solution is that
the required contributions to C⌧V L and C

⌧

AL are generated in scalar theories only at the loop-level. The required
magnitude, about O(10�1), may then impose couplings on the verge of non-perturbativity [1].

We address here this problem by explaining the observed violation of lepton universality through vector and pseu-
dovector contributions on top of a subdominant pseudoscalar component, used to relax the values of the coupling
involved in the loop diagrams that generate C⌧V L and C

⌧

AL. The interplay between the involved Wilson coe�cients
is shown in the right panel of Fig. 1, where we can see that crescent values of C⌧PL allow an excellent fit of the
anomaly for lower values of the vector and pseudovector contributions.
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Figure 3: Additional one-loop diagrams for the Bc meson decay induced by the simplified scalar model in Eq. (11).
The corresponding contributions are respectively quantified in Eq. (12) and Eq. (13).

3 A simplified scalar model for flavour anomalies

As mentioned in the previous section, scalar extensions of the SM with sizeable tree-level contributions cannot
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in Eq. (11) have a non-zero projection on the vector and axial vector operators OV L and OAL, providing new
contributions to the relative Wilson coefficients via the diagrams shown in Fig. 3:
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In Eq. (12) and in the rest of this work we follow the conventions of Ref. [33] for the Passarino-Veltman integrals,
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The model includes also a sterile right-handed neutrino ⌫R that plays an active role in the decay of the Bc meson.
We assume for our calculation that the masses of these particles are negligible but still large enough to evade
the cosmological bounds on additional relativistic species. We remark that the results we present are independent
of the details of the neutrino mass generation mechanism as long as the interactions of ⌫R are not significantly
diminished by mixing effects.

Given the structure of the amplitudes for the diagrams in Fig. 3 and the overall normalization of the SM contribution
proportional to Vcb ⇠ 0.04, we can produce percent-level variations in CV L = �CAL for new scalar fields with
masses in the range 100� 500 GeV and perturbative values of the couplings. Larger values would require the loss
of perturbativity when fitting the R
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2.3. Main experimental bounds

The main experimental bounds that oppose to the proposed solution for the R
D
(⇤) anomaly are due to measurements

of B ! Xs�, B
+
! K+⌫⌫̄, and B0 ! K⇤0⌫⌫̄.

The introduction of extra SU(2) doublets their Yukawa interactions a↵ects the dimension-5 photon and gluon
dipole operators

P7 =
e

16⇡2
mb (s̄�

µ⌫PRb)Fµ⌫ ,

P8 =
g3
16⇡2

mb (s̄�
µ⌫ T aPRb)G

a

µ⌫ , (19)

and modifies via the e↵ective Lagrangian [26]

Lef f =
4GF
p
2
Vts
⇤ Vtb (C7P7 + C8P8) , (20)

the Standard Model prediction for B ! Xs� [26–28].

s

b

H
�
i

t �

s

b

t

H
�
i

�

Figure 3: 3HDM contributions to b ! s�. Notice that the diagrams involve one Higgs doublet at the time.

It is then clear that measurements of this quantity limit the possible new physics contributions resulting from
eq. (13). Employing comparable couplings for both the extra doublets to induce an enhancement of the box
contribution to R

D
(⇤) of about a factor of 4, in particular, generates unacceptable large contributions to B ! Xs�

from the diagrams in Fig. 3. This is manifest even in the limit where one of the two scalar fields decouples (2HDM
limit), resulting in the bound on new contribution to CV L from B ! Xs� plotted in Fig. 4.

Figure 4: The contribution of the model to C⌧V L in the 2HDM limit, where either of the new scalar doublets is
decoupled. The green and orange points are respectively allowed and excluded b they present measurements of
B ! Xs�. The range of masses and couplings adopted in the scan for the active extra Higgs doublet is the same
as in the full 3HDM framework.

The bound therefore provides a clear indication in favour of our mechanism, which relies on separate gauge multiplets
with complementary roles, to generate the required amount of lepton flavour universality violation without inducing
large corrections to the photon and Z vertices. We remark that within the full model it is in principle possible to
adjust the value of Yd1 3,3 to cancel the new large corrections to b ! s�, without suppressing at the same time the
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3HDM+νR

Figure 1: Model-independent fit of the anomalous signal as a function of the indicated Wilson coe�cients from
eq. (4). The 68%, 95% and 99% confidence intervals selected by the joint fit of RD and RD⇤ are marked by the
red, orange and yellow areas, respectively. The shaded light (dark) gray areas show instead the current bound
from the measured Bc lifetime assuming a 10% (30%) maximal allowed deviation. Instead of delta write the
di↵erence explicitly and add ⌧ superscripts.

2.2. The 3HDM contribution to R
D(⇤)

In order to respect the tight bounds on B ! Xs�, as well as further constraints imposed by penguin diagrams, we
follow the setup of Ref. [1] and consider three di↵erent scalar SU(2) doublets

H0 =

✓
H+0
H00

◆
, H1 =

✓
H+1
H01

◆
, H2 =

✓
H+2
H02

◆
, (11)

with H0 being the SM Higgs doublet. We arrange the scalar potential so that the new doublets do not develop
a vacuum expectation value, and restrict their masses to the ⇠ 300 � 350 GeV range to remain within the reach
of current collider searches. As mentioned before, we also consider three RH neutrinos ⌫R with corresponding
Majorana mass terms. In regard of this, we require that mb � mc � m⌧ . m

⌫
⌧

R
to prevent the related b decay

channel, maintaining however m
⌫
i

R

<< mt to retain sizeable loop contributions. From the neutrino physics point
of view, these additional states are therefore su�ciently heavy to decouple from the low-energy dynamics of active
SM neutrinos.

The interactions of the new scalar states are detailed in the following Lagrangian
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where, for sake of minimality, we set Yd2 = 0.

The Yukawa texture that we investigate is of the form
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In the above equations, as well as throughout the rest of the paper, the symbol f denotes the coupling of the H1
doublet with the fields indicated by the subscript. Analogously, we indicate with g the couplings of H2. The elements
of the new Yukawa matrices rendered in violet regulate the contribution to the pseudoscalar Wilson coe�cient
sourced by the first diagram in Fig. 2. The elements in teal enter, instead, the vector and psudovector Wilson
coe�cient through the remaining loop diagrams. Notice that f⌧̄L⌧R is involved in both contributions, depending on
the considered component of H1. Lastly, terms in orange a↵ect exclusively the computation of the RK(⇤) anomaly
presented in Sec. 3. For sake of simplicity we assume that all the above couplings are real and set to zero the
remaining elements of the Yukawa matrices, with the understanding that their values are negligible within our
e↵ective description.

⌧c

b

H
�
1

⌫

⌧

⌫
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b

H
0
1

H
�
2

t ⌫R

⌧

⌫

c

b

H
0
1

H
�
2

t ⌧

Figure 2: Additional diagrams for the process b ! c⌧⌫̄ supported by the considered 3HDM. The symbol ⌫ indicates
active SM neutrinos.

By integrating out the degrees of freedom above the b-quark mass scale and matching the Lagrangian in eq. (12)
to the e↵ective one in eq. (4), we identify the following tree level contributions to the scalar and pseudoscalar
Wilson coe�cient:

C0SL = �
2m2W

Vcbg
2
wm

2
H
�
1

f⌫̄L⌧R
�
f
b̄LcR
� fc̄LbR

�
, (14)

C0PL = �
2m2W

Vcbg
2
wm

2
H
�
1

f⌫̄L⌧R
�
f
b̄LcR
+ fc̄LbR

�
, (15)

where gw is the coupling constant of SM weak interactions. Notice that gauge invariance imposes f⌫̄L⌧R ⌘ f⌧̄L⌧R .
Eqs. (14) and (15) make clear the choice of the consider Yukawa pattern, which allows f

b̄LcR
and fc̄LbR to separately

source the tree-level contribution. In this way, two independent degrees of freedom regulate CSL and CPL, making
it possible to exploit a CKM enhancement to maintain perturbative values of the involved couplings.

The contributions to the vector and pseudovector Wilson coe�cient due to the loop diagram in Fig. 2 amount
instead to

C1V L = �C
1
AL =

 
m2W

8⇡2Vcbg
2
w

!
�
fc̄LtRgb̄LtR f

0
⌫̄L⌫R
g0⌫̄L⌫R

�
Ddd00[m

2
⌫R
, m2t , m

2
H
0
1
, m2
H
�
2
] , (16)

C2V L = �C
2
AL =

 
m2W

8⇡2Vcbg
2
w

!
�
fc̄LtRgb̄LtR f⌧̄L⌧Rg⌫̄L⌧R

�
Ddd00[m

2
t , m

2
H
0
1
, m2
H
�
2
, m2⌧ ] , (17)

where we used g⌧̄L⌫R = g
0
⌫̄L⌫R
and indicated with Ddd00 the 4-point loop integral:

Ddd00[m
2
1, m

2
2, m

2
3, m

2
4] =

(2⇡µ)4�D

4i⇡2

Z
dDq

q2�
q2 �m21

� �
q2 �m22

� �
q2 �m23

� �
q2 �m24

� . (18)

Before moving to the discussion of the R
K
(⇤) anomaly, we address below the main experimental bounds that the

proposed solution for R
D
(⇤) faces.

5

Must be maximized Must be minimized

We require that all existing exp. constraints are satisfied
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Yukawa couplings of order 1 are needed 

350 GeV < M < 400 GeV
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The related Yukawa couplings must be small
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Is needed to explain the RK anomaly

µ

µ

s

b

H
�
1

H
�
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Can RK be explained simultaneously? Yes!
• Couplings inducing RK enter to denominator of

Any correlation is numerically small
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Figure 9: Values of the quark Yukawa couplings that result in the scalar and pseudoscalar Wilson coe�cients
indicated in Fig. 7. The plot is obtained by letting the scalar masses vary in the 300� 350 GeV range and setting
f⌫̄L⌧R as indicated by the vector WCs.

The result concerning the R
D
(⇤) anomaly is illustrated in isolation in Fig 7. Here we show four benchmark points

in the space of WCs obtained through the contributions detailed in Sec. 2. The points in red comply with the
10% lifetime bounds on Bc decay, while the blue ones refer to the corresponding 30% limit. The areas shaded in
red, orange and yellow indicate the 68%, 95% and 99% confidence interval indicated by current measurements,
respectively. The two panels di↵ers by the considered value of the vector WC O⌧V L = �O

⌧

AL, induced by the 3HDM
at the one loop level. As shown in the right panel, larger values of this quantity allow to fit the anomaly with a
contribution from C⌧PL small enough to comply with the Bc lifetime bounds.

The benchmark points have been obtained by maximizing the one-loop contributions encoded in the vector and
pseudovector operators, which depend on the set of couplings rendered in teal in eq. (13). Considering the collider
phenomenology analysis presented in Ref. [1], we set the values of the new quark Yukawa couplings to fc̄LtR = 0.8
and g

b̄LtR
= 0.8 or g

b̄LtR
= 1. The magnitude of the RHN and lepton couplings f 0⌫̄L⌫R = g

0
⌫̄L⌫R

and f⌧̄L⌧R = g⌫̄L⌧R ,
show in Fig 8, is then obtained by setting the WCs to the indicated values.

The subdominant tree-level contribution of C⌧SL and C
⌧

PL is subsequently obtained through Eq. 14, in compliance
with the Bc lifetime bounds. The required magnitude of the involved couplings fb̄LcR and fc̄LbR , which do not enter
the vector contribution, is presented in Fig 9. Here we let the mass of the new scalar particles vary in the selected
range and set f⌫̄L⌧R ⌘ f⌧̄L⌧R according to the vector operator.

Finally, the remaining R
K
(⇤) anomaly can be accommodated by setting the remaining independent parameters of the

model f⌫̄L⌫R = g⌫̄L⌫R , resulting in O9 = �O10 = �0.67, as required by global fits of the anomalous signal.

4.2. Compatibility of the two anomalies

A possible problem for the simultaneous explanations of the charged and neutral current flavour anomalies arises
from the definition of R

D
(⇤)

R
D
(⇤) =

B(B̄ ! D(⇤)⌧⌫̄)

B(B̄ ! D(⇤)`⌫̄)
, (37)

where the denominator contains an average over muons and electrons. It could be consequently thought that the
couplings introduced in eq. (12) to explain the R

K
(⇤) anomaly (in orange), if sizeable, may dilute the yield of the

model to R
D
(⇤) . However, we find that the contribution of the diagram in the left panel of Fig. 10 is negligible,

therefore, the analyses of R
D
(⇤) and R

K
(⇤) are essentially uncorrelated within the present framework. This is due to

the fact that the magnitude of the couplings employed in the muon sector to explain the R
K
(⇤) anomaly are much

smaller than the ones that enter our expression for R
D
(⇤) , as shown in the right panel of Fig. 10.

4.3. Impact of new ✏0/✏ determinations

To conclude our analysis we briefly investigate the robustness of our results with respect to another flavour ob-
servable that recently received increasing attention [37,38]: ✏0/✏.
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Figure 10: Left panel: the diagram that hinders a simultaneous explanations for R
D
(⇤) and R

K
(⇤) in the present

framework. Right panel: values of Cµ
V L
resulting from the Yukawa couplings used to explain the R

K
(⇤) anomaly.

This quantity, which provides a measurement of direct CP violation in K ! ⇡⇡ decays, has been debated in
the literature as a further anomaly indicating the presence of new physics in flavour observables. The discussion
has been revived after the RBC-UKQCD group published their first determination of the involved hadronic matrix
elements [39, 40], resulting in a 2.1� discrepancy between the SM prediction and the experimental value [41–43].
Presently the origin of the deviation is still not clear, as a misdetermination of the SM contribution could explain
the issue [38]. Without advocating for any of the possible origins of this discrepancy, in the following we briefly
discuss how a new determination of the SM contribution to ✏0/✏ would impact our conclusions on the R

D
(⇤) and

R
K
(⇤) flavour anomalies.

Within the 3HDM framework at hand, new physics contributions to this flavour observable

5. Conclusions

We attempted to demystify the implications of R
D
(⇤) and R

K
(⇤) anomalies in the context of physics beyond the

Standard Model. Although these anomalies seem to indicate new lepton flavour violating processes at very di↵erent
scales, we demonstrated that the fact does not necessarily imply the existence of exotic new physics models. In fact,
the full dynamics responsible for the analyzed signals can still be described within a more conventional framework
able to fully address it.

Specifically, we have shown that the present R
D
(⇤) and R

K
(⇤) anomalies can be explained within a 3 Higgs doublets

model extended with right-handed neutrinos. The results plotted in Fig. 7 demonstrate that this framework results
in values of R

D
(⇤) within 1� region indicated by the measurement in accordance with the remaining phenomenological

constraints. Importantly, the signal is reproduced for values of the involved Yukawa couplings that never exceed
unity. The result is achieved owing to the interplay between the loop induced vector operators and tree level scalar
operators in eq. (4), which depend on di↵erent sets of couplings. We have furthermore shown that in the considered
scheme the R

D
(⇤) and R

K
(⇤) anomalies arise from independent dynamics, and consequently found a simultaneous

explanation for the two measurements.

We have also investigated the robustness of our results with respect to the possible presence of new physics in
the measured value of ✏0/✏, finding once again that the dynamics behind this potential anomaly can be modelled
independently from the remaining flavour physics signals.

A crucial aspect of our work is the inclusion of right-handed neutrinos, which allowed for the sizeable loop-level
contributions needed to explain the mentioned anomalies. It is remarkable that the presence of these particles
in Nature, advocated also in connection to other open problems of contemporary physics [44–46], will be tested
in the next generation beam-dump experiments SHIP, which therefore has the potential to extensively probe the
scenario.

do not forget to revise your grant numbers!
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!’/! anomaly? 

If there is an anomaly, no problem to explain it simultaneously with 
others. There is enough free parameters.
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!’/! anomaly in our model
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Can easily be explained in our model



Distinctive prediction of the scenario

• RH neutrino masses must be below 10 GeV

mνR < 10 GeV

• Flavour anomalies are related to the leptogenesis and neutrino masses

• νR can be produced and discovered at SHIP

This scenario is predictive and testable
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Conclusions

• All the considered flavor anomalies can be simultaneously explained 
in 3HDM+νR

• RH neutrinos must be light, induce baryogenesis and neutrino 
masses, and may show up at SHIP experiment
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