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1 Introduction

Despite the many successes of the Standard Model (SM) in interpreting experimental data
and predicting new phenomena, three independent observations signal the need to consider
New Physics (NP) scenarios: neutrino oscillations, the baryon asymmetry of the Universe
(BAU), and the lack of a viable dark matter (DM) candidate. Although no direct evi-
dence for NP states has been unveiled at the LHC, certain experimental measurements
have revealed non-negligible tensions with respect to the SM predictions. In addition to
the anomalous magnetic moment of the muon, recent data hints to several discrepancies



with respect to the SM in some B-meson decay modes, potentially suggesting the violation
of lepton flavour universality (LFUV). In the SM’s original formulation, gauge interactions
(both charged and neutral currents) are strictly lepton flavour universal; precise measure-
ments of related electroweak observables — for instance Z — ¢¢ decays [1] — have so far
been in agreement with the SM’s predictions.

The so-called R (.) observables are built from the comparison of the branching ratios
(BR) of B into di-muon and di-electron plus K (*) final states, and are parametrised as

BR(B — K™ put )
BR(B - K®ete) '

(1.1)

Ry =

In the above ratio of BRs, the hadronic uncertainties cancel out to a very good approx-
imation, and consequently these observables are sensitive probes of NP contributions [2].
First results on the measurement of Rx by LHCb were reported in 2014 [3],

RETE = 0.745 +703 £0.036, (1.2)

having been obtained (as denoted in subscript) for the dilepton invariant mass squared
bin ¢> € [1,6] GeV2. This corresponds to a 2.6 deviation from the SM prediction of
RM =1.00 £ 0.01 [4, 5]. The corresponding measurements for the decays into K*¢¢ were
reported in 2017 [6],

Riceo.0as1.1] = 0.6670:01 £0.03,  Ryepig = 0697041 +0.05, (1.3)
respectively corresponding to 2.3c and 2.60 deviations from the expected SM values,
SM SM
RK*[0.045,1.1] ~0.92 £ 0.02 and RK*[1.1,6] ~ 1.00 4 0.01 [4, 5].

Interestingly, deviations from SM expectations have also been observed in B — D)
decays, in particular in the ratio of tau to muon final states,

I'(B - D® 7 1)
I'(B— D& pu=n)’

Rpe = (1.4)
The measured value for Rp = 0.40740.039+0.024 [7], reported by several experiments [8—
14], already deviates from the SM prediction R3M = 0.299 4-0.003 [15] by about 2.30. The
experimental value of Rp+« = 0.304+0.01340.007 [7, 13, 14, 16] is also larger than the SM
expectation (R3M = 0.260 & 0.008 [17]), exhibiting a 2.60 deviation. When combined, the
latter experimental results point towards a deviation of 4.1¢ from the SM prediction [7,
16, 18, 19]. Other anomalies in B meson decays have emerged concerning the angular
observable P, in B — K*{*{~ processes. While LHCb’s results for P} in B — K*utu~
decays manifest a slight discrepancy with respect to the SM (either due to NP contributions,
or possibly a result of SM QCD effects [20]), the Belle Collaboration [21] reported that when
compared to the muon case, P! results for electrons show a better agreement with respect
to the SM prediction. The P! results could thus be interpreted as suggestive of the fact
that NP effects may be dominant for the second generation of leptons.

In view of the above tensions, numerous well-motivated beyond the SM (BSM) sce-
narios have been proposed in order to address one (or more) of these anomalies. Many NP



models in which LFUV effects arise at the loop level do not succeed in explaining the B
meson anomalies; this has fuelled the interest to consider BSM constructions capable of
inducing LFUV both at tree and loop level, as in the case of models with additional gauge
bosons (Z'), SM extensions via leptoquarks and other NP models (see, for example [5, 22—
31] for model independent studies, [32-40] for Z’ extensions, [41-62] for leptoquark models
and [63-68] for further examples).

The leptoquark hypothesis — both in its scalar and vector field realisations — has
been extensively explored in recent years, as have its implications for both quark and lepton
flavour dynamics. In particular, having leptoquark couplings which are necessarily flavour
non-universal in the lepton sector has multiple implications concerning lepton observables,
ranging from the anomalous moment of the muon, to charged lepton flavour violating
(cLFV) decays and transitions. Likewise, efforts have been made to connect the neutrino
mass generation problem (itself calling upon a modified lepton sector) with an explanation
of the flavour tensions via leptoquarks; many such models lead to a radiative generation of
the light neutrino masses,' for instance through mixings with the Standard Model Higgs
boson (in SM extensions via vector leptoquarks [70]), using scalar leptoquarks and color-
octet Majorana fermion [55], or calling upon a “coloured Zee-Babu model” [71, 72] (with the
addition of scalar leptoquarks and diquarks), which leads to two-loop radiative neutrino
mass generation [73]. Extensions of SM via both leptoquarks and additional Majorana
fermions aimed at connecting B-decay anomalies to neutrino masses (radiatively generated
at the three-loop level), and to a solution of the dark matter problem [74, 75], relying on
the so-called “coloured KNT models” [76]. These studies also evaluated the impact of
the BSM construction to cLFV decays, focusing on the role of radiative charged lepton
decays, £ — ('v.

Building upon the previous analysis, in this work we consider a scalar leptoquark
model, which aims at simultaneously explaining the B meson decay anomalies, accounting
for neutrino oscillation data and putting forward a viable dark matter candidate. The
SM is extended via two scalar leptoquarks hi o and three generations of triplet neutrinos
E%. The SM symmetry group is enlarged by a discrete Zo symmetry under which only
ho and Z% are odd. While effectively forbidding the realisation of a tree-level type III
seesaw [77], the Z5 symmetry is instrumental to ensure the stability of the lightest Zs-odd
particle (the neutral component of the lightest triplet), which is found to be a viable dark
matter candidate. Neutrino masses can be radiatively generated and, as we argue here,
complying with oscillation data turns out to severely constrain the leptoquark Yukawa
couplings. Focusing on saturating the Ry () anomalies, we carry a thorough analysis of
this phenomenological model. Our study relies in assuming generic perturbative textures
for the leptoquark Yukawa couplings: in particular, and contrary to previous analyses, we
do not forbid couplings of the leptoquarks to the first generation of quark and leptons.
Moreover we take into account a comprehensive set of flavour observables (meson and
lepton rare decays and transitions); this allows to identify several classes of textures for the
leptoquark Yukawa couplings in agreement with observation. Our findings suggest that the

IFor a recent review of radiative neutrino mass models see, for example, [69].



most severe constraints arise from K — wvv decays and neutrinoless u — e conversion in
nuclei — and not from radiative muon decays, as suggested by other studies; furthermore,
the joint interplay of these high-intensity observables also disfavours several anséitze for the
leptoquark textures previously considered (see [74, 75]).

The paper is organised as follows: after presenting the building blocks of the model
in section 2, and discussing neutrino mass generation in section 3, section 4 is devoted to
establishing first constraints on the model from the requirement of having a viable DM
candidate. The B meson anomalies are presented in section 5, and the discrepancy be-
tween SM prediction and observation is parametrised in terms of the leptoquark couplings.
Sections 6 and 7 are dedicated to the constraints potentially arising from rare meson pro-
cesses and from cLFV decays. Finally, our results (both in what concerns identifying viable
textures for the leptoquark Yukawa couplings, as well as numerical studies of the model’s
parameter space) are collected in section 8. We summarise the most important points, as
well as our final remarks, in the Conclusions.

2 SM extensions via scalar leptoquarks and Majorana triplets

In this analysis we consider a SM extension in which two scalar leptoquarks hj 2
and three generations of Majorana triplets E% are introduced, respectively with
SU(3)cxSU(2),xU(1)y charge assignments of (3,3, —1/3) and (1,3,0).2

As highlighted in the Introduction, the primary goals of this model are to simultane-
ously address the problem of neutrino mass generation, and provide a viable DM candidate,
while explaining the observed anomalies in B meson decays. If sufficiently long-lived or
stable, the neutral component of the lightest triplet E}% gives a potential cold dark matter
(CDM) candidate: the quantum corrections generate a mass splitting such that the neutral
component is indeed the lightest one; its stability can be ensured by reinforcing the SM
gauge group by a discrete Zs symmetry under which both hs and E% are odd, while all
the SM fields and hy are even. Since — and as mentioned before — XL is the lightest
state, the final DM relic abundance is solely governed by the relevant electroweak (EW)
gauge interactions and mst independent of its Yukawa interactions. This is in contrast
with scenarios in which a SU(2), singlet fermion is considered as a dark matter candidate,
subject only to Yukawa interactions.

It is important to notice that a consequence of the Zs symmetry is that it forbids a
conventional type III seesaw mechanism; however, neutrino masses can still be radiatively
generated at higher orders (as discussed in the following section), from diagrams involving
the new exotic states and down-type quarks. The complete particle spectrum is presented
in table 1.

The Lagrangian of the present SM extension can be cast as

L=CN 4 o4 yiLh (2.1)

int mass ~ 'scalar’

2Note that a more minimal version of the model can be realised calling only upon two fermion triplets
(thus leading to a spectrum with one massless active neutrino).



Field SUB)exSU2)LxU(1)y | Za

Fermions | Qr = (u,d)¥ (3,2,1/6) 1

ug (3 1,2/3) 1

dr (3,1,-1/3) 1

(L= (v, e)f (1 2 -1/2) 1

R (1,1,-1) 1

YR (1,3,0) -1

Scalars H (1,2,1/2) 1
hy (3,3,1/3)

ho (3,3,1/3) -1

Table 1. Particle content and associated charges under the SM gauge group and an additional
discrete symmetry.

in which Eh > and V1

scalar

and the scalar potential, while £ ..

respectively denote the interactions of hyi, hy and Elé with matter,
encodes the Majorana mass term for the fermion
triplets. The new interaction and Majorana mass terms are given by

LhE — g QY e (7)) L) + 25 QF e (i) Q7

5 o= ——Ci,ab e Trba 1
+ 3i (FX)g  [e(Fh) e’ ] dp + Hee., (2.2)
1l <
L£E = -3 »c MZ ¥ (2.3)

In the above i,j = 1...3 denote generation indices, while a,b = 1,2 are SU(2) indices; 7¢
are the Pauli matrices (¢ = 1,2,3), and we have further defined ¢ = (i72)%. Finally, C
denotes charge conjugation. The scalar potential (including SM terms) can be written as

1
V(H,hy,hg) = g HUH + S\ |HUHP + iy Telhiha) + pi, Te[hiho]
1 1 1
A [Tr( A+ 2y [Te(hgha)]* + X, Tr((hih)]?

1 1
b Trl(Rsh2))? + S Agan, (HTH) Te[hj ]
1 5 1
+ 5/\/th Z(I{Jf T; H) Tr[hJ{ T; hl] + 5/\Hh2 (HTH) Tr[h;hg]
=1
1 5 1
+ 5 i Z;(HT 7 H) Tr[hd 7 ho] + o Tr[h] ho)?

1 1
+ A [T (bl ho))? + o Tr[h! k] Te[hd hy) + Hec.. (2.4)

As can be inferred from inspection of eq. (2.2), the simultaneous presence of the first
two terms violates baryon number, and can thus lead to B — L conserving dimension-
6 contributions to proton decay. In the following analysis, we will assume that these
interactions are absent (i.e., z;; = 0), an hypothesis that can naturally arise from the
embedding of the model into an ultraviolet (UV) complete framework, as discussed in [78,



79]. The absence of the diquark couplings then allows to unambiguously assign baryon and
lepton number to the scalar leptoquarks hq .

To cast the interaction Lagrangian in a more explicit way, it is convenient to work in
the U(1)em basis: the physical states, respectively with electric charges 4/3,—2/3,1/3 can
be written in terms of the SU(2) components as follows

a3 _ L a0 -3 _ 1 G, @ /38 _ 1 (3)

0! _ﬁ@j —an®), —ﬁ<hj i) n =
(J=1,2);
(2“) + z’E(Q)) . 0 =30

Nt — (2“) - z'z(?)) , 5 —

Sl
Sl

(for the 3 generations) .

(2.5)
Using the above redefinitions, the interaction Lagrangian of eq. (2.2) can be rewritten as

£ﬁ;§ _ dC’z 1/3 j fylijz 4/3 ] +fyl] Czh 2/3 j ylquzhl/?’ L
—2@1-]-20,% h§/3d§—2gij2+R hy /P dl — 25,5 p h4/3d] +He . (26)

For convenience, and without loss of generality, we chose to work in a basis in which the
down-quark Yukawa couplings are taken to be diagonal (Y '0;; = mp, /v), while parametris-
ing the up-quark Yukawa couplings as Y= Vi;-mUj /v, where V' is the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix and v = 246 GeV is the SM Higgs vacuum expectation
value. In the mass basis eq. (2.6) can be rewritten as

‘Cﬁitz = _( U) dCzh1/3 ; \/»yw dCzh4/3 J +\/>(V yU)” Czh12/3 L
- y)’J ag’ e e}, —2§i; %0p h1/3 &y — 2§ Z+R h;Z/S %,
~ 235 g h4/3d] + H.c., (2.7)
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) unitary mixing matrix.

Following the decomposition of eq. (2.5), the most relevant interaction term for neu-

trino mass diagrams can now be written as

A A — _ 13, —2/3 -
(Al ha ko) S Ty VSpMSp 7 B nh — N B R R RYE L (2.8)

In what follows (and for simplicity), we will further assume the couplings )\}{hl , to be
negligible; this leads to having degenerate physical masses for the components of the scalar
triplets hy o (m,%m) = u%m) + )\th(z)v2/2, and thus allows to comply with EW precision
constraints on oblique parameters.

3 Radiative neutrino mass generation and leptonic mixings

As mentioned in the previous section, the Zs symmetry precludes any coupling between the
fermion triplets and neutral leptons, which effectively dismisses a type III seesaw explana-
tion of neutrino mass generation (at the tree level). The absence of right-handed neutrinos



A
I\ I\
I \
I —1/3 -1/3
L s h h
Wp R
I \ 23 1 \ s
hy' \hy 2 h'® \h;
—> X 9 X —— lcx 10[_+\ X ——
VL dg dg 0 dr dy l/jgY vr ar, ap > dr dp, vy

(a) (b)

Figure 1. Three-loop diagrams contributing to neutrino masses, mediated via neutral (charged)

fermion triplets. A third diagram (not displayed here) can be obtained by replacing % by its

charge conjugate state ¥ ~, while also exchanging the internal hg/ 3-4/3 propagators of panel (b).

further excludes the possibility of Dirac-type masses for the neutral leptons. Interestingly,
the particle content of the model does allow a natural explanation for the smallness of
neutrino masses: these are radiatively generated, from higher order contributions.

The first non-vanishing contributions to m, arise at the three-loop level, and are in-
duced by the diagrams displayed in figure 1, from the exchange of leptoquarks hi o and
neutral (charged) fermion triplets, calling upon chirality flips in the internal down-type
quark lines (proportional to the down quark masses). Despite the different particle con-
tent, the diagrams are akin to those originally proposed in [76], which were mediated via
colourless scalars and a Zs-odd singlet Majorana fermion. (In the latter case, the compu-
tation of the contributions to m, has been carried in [80].)

The computation of the different diagrams of figure 1 leads to the following contribu-
tions to neutrino masses (which are for simplicity cast in the weak interaction basis):

_i(mu)aﬁ :2/ d4Q1 /d4Q2 i (_2iygi) PL !

@2m* ) (2m)* Q1 — mj, @ — mp,
P i(Eams) ;
X / (27[_)4 (—Zyij) Pr, 12 _m%j Pr ( Zy]k) (k+Q1)2 _ m%2

A
X [—i(sa X Ke) 7h — 2i(sp X Ke) A

Y Py (<2ips) = (3.1)
(k — @)% — m3_ @y — mp, Q3 — mj,

in which @12 denotes the momenta of the internal down-type quarks, mp =
diag(mg, mg, mp) is the diagonal down-quark mass matrix, and P r = (1 F 75)/2. For
clarity, we have explicitly highlighted the contributions of the four-scalar leptoquark ver-
tices of diagrams (a) and (b) (as well as the X~ counterpart of (b)), writing them as
products of symmetry and colour factors, respectively s and k.. Diagram (a) is associated
with s, = 4, while (b)-like diagrams lead to s, = 2; for the colour factor one has k. = 15,
due to the possible distinct contractions of the four-scalar leptoquark vertex (in agreement
with [75]).



Using the appropriate loop integrals,? and after a Wick rotation we obtain

2 2
A T T ms. my -
Mg = =30 —— 2 yLomp, 55 G | 2, —2 | G mpy yass 3.4
( l/)oz,B (47‘(2)3 th yaz yz] m%m m%m y] k Y B ( )

where mp is again the diagonal down type mass matrix (in the computation of the loop
integrals, the down-quark masses are neglected when compared to the heavier hy2 and X
masses in the loop), and we recall that y (7) denotes the Yukawa couplings of the Zs-even
leptoquark hi to matter (Zz-odd leptoquark hs and triplet fermion ¥ g to down quarks);
finally G(a,b) is defined as

Glab) = Y2 [T g Uoldxln<$<1_x>r+(l_x)b”)r, (3.5)

862 J, r+a z(l—z)r+x

and in the case in which (for simplicity and without loss of generality) my is assumed to
be diagonal, G (m%j / m%Q, m%l / m%m) will also be diagonal.
The neutrino mass eigenstates can be obtained using the transformation

m;ﬁag = diag(muy,, My,, My,) = U,L-YC; (mw)as Usi s (3.6)

where U is the PMNS matrix, which we parametrise as follows
c12€13 C13512 s1ge” 0P
U = | —cass12 — cros13523€P  c1acos — s12513523¢°P  cizsoy | - diag(1, /2, €'/2) .
512823 — C12C23513€00  —C12823 — C23512513€P  c13023
(3.7)
In the above, s;; = sin(#;;) and ¢;; = cos(6;;); 0p is the CP violating Dirac phase while o
and S are Majorana phases.

It is important to notice that as can be seen from egs. (3.4) and (3.6), neutrino masses
(and leptonic mixings) do indeed depend on both of the Yukawa couplings involving the
leptoquarks, y and g. In particular, the former will be at the source of a number of
flavour transitions, including rare meson decays, neutral meson-antimeson oscillations as
well as charged lepton flavour violating processes. This implies that a strong connection
between neutrino phenomena and flavour nonuniversal processes is established via the
flavour structure of the Yukawa matrix y.

In the absence of a complete framework proving a full theory of flavour (which would
suggest a structure for y and ), one can nevertheless parametrise one of the Yukawa

3In particular, one makes use of the identity

/ d4Q 1 _ ’LBO (k27m?7m§) — Bo (k27mg7m§) (3 2)
(271')4 (Q? —md) (Q* —m3) ((k + Q)2 — m%) N 16m2 m? ’ )

where By is the Passarino-Veltman function defined (in terms of the renormalisation scale p) as [81]

1 -~ _ 2 _ 2 2
Bo (K2, m?,m3) = %—/ d;rln( z(lza)k +/$ z) mi J”“”?) . (3.3)
0




couplings — for example, § — using a modified Casas-Ibarra parametrisation [82], which
further allows to accommodate neutrino oscillation data.

In order to construct the modified Casas-Ibarra parametrisation, we first notice that
from egs. (3.4) and (3.6) one can write the diagonal neutrino mass matrix as

in which we have omitted flavour (generation) indices for simplicity, and where

2 2
30\ my, m
F(Ah;mEvmhLz) - h Gj < 2]7 ;1> . (39)

(471'2)3 mp,

As noted before, for a diagonal my, G and thus F' are also diagonal matrices in generation
space, which allows to write the identity

(\/m‘iiaglUT Y \/F) (x/F GmpyU \/m;“agl) —1=RTR, (3.10)

with R an arbitrary complex orthogonal matrix (R”R = 1) which can be parametrised
in terms of three complex angles, 6; (i = 1, 2, 3). Finally, from eq. (3.10) one obtains the
modified Casas-Ibarra parametrisation, which allows to write the Yukawa couplings of the
ha leptoquark in terms of observable quantities (light neutrino masses, leptonic mixings,
down quark masses, triplet and leptoquark masses), and of two unknown quantities — the
hi leptoquark Yukawa couplings and a complex orthogonal matrix (R) — as

§ = F V2R \/mye Uty~tm !, (3.11)

The above parametrisation (which is in agreement to a similar approach carried in [75]),
allows to write the couplings ¢ in terms of y up to a complex orthogonal matrix. As will be
discussed in detail in section 8.3, once the approximate flavour texture of y is inferred from
various experimental constraints, that of § can be derived (up to the mixings due to R).

4 A viable dark matter candidate

Reinforcing the SM gauge group via a discrete Z symmetry ensures the stability of the
lightest state which is odd under Zs. If the lightest Zs-odd particle (LZoP) is neutral,
and the strength of its interactions is such that its relic abundance is in agreement with
observational data, then it can be indeed a viable dark matter candidate.

In our analysis we assume that the spectrum of the new states is such that one has
Myt < M. At the tree level, all the components of a generation Zjé have the same
mass Msyi,ee = My, £ = Myu0. Lhe degeneracy between the components is broken by
EW radiative corrections, which render the charged states heavier than the neutral one.
Dropping for simplicity the generation indices (in this section our discussion is focused on
the components of the lighest triplet, E}%), the splitting between the neutral and charged
components is given by [83]

a mtree
Amg = Myt — Myo = 24771_2 [fEW (.%'Wz) - COS2 awaW (ng)] y (4.1)



with z;; = =+ and
J

few(z) = —2% + 2 Inz

2 2
2 4\1/2 x~ 1T o 12 T\ T
+z (x* —4) (1+ 2> ln< 1 2(:U 4)H= + 2) 1 (4.2)

and in which ag = a/ sin? 0,,, with . the fine structure constant and 6,, the weak mixing
angle. In the limit my, > My, 7 (justified by negative searches at LHC and EW precision
measurements), the EW radiative corrections are found to be of order my+ — mso ~
166 MeV. While the latter mass difference is enough to ensure that the neutral component
of the lightest triplet, X°, is indeed the LZoP, it is sufficiently small to be neglected in the
subsequent (numerical) analysis.

The relic abundance of the LZoP X° is determined by its interactions and by the
annihilation and coannihilation channels open in view of the particle mass spectrum.
In addition to the Yukawa interactions with hg, the X triplets are subject to SU(2)r
gauge interactions. Since, as previously highlighted, we assume that Myt < Mpy, the
relic density of X0 is, to first order approximation,? solely determined by its gauge in-
teractions, which govern the distinct annihilation and coannihilation channels (involving
also the charged components ¥%). In particular, the annihilation and coannihilation pro-
cesses involve the following channels: %0 — W*WT through t-channel % exchange;
Y0¥+ — W* 20 via t-channel £+ exchange; X0%* — W*Z9 W*H, ff’ (via s-channel W+
exchange). Other processes involving the charged components of the triplet fermion must
be also taken into account in the Boltzmann equations leading to the computation of the
relic density. These include XFXF — Z0ZO(WEWF) through ¥+ ¢-channel exchange,
YESFT — WHEWT, ZOH, ff (s-channel via Z° mediation), and finally ¥*¥* — WHw+
through X° exchange (t-channel).

The relevant cross sections for the above mentioned processes are given by [84]

2 29 2
o (2050 5| ~ 27 22 o (205%) 5] ~ 27 292
2 2
m% 16 ms,
37 2 2
o(EE)|o| ~ 2m 92 o(SESE) 5] ~ 21 22 (4.3)
2 2
16 ms, 2ms,

where only the coefficients a;; are kept in the relative velocity (v) expansion of the cross
section, i.e. 0y;|0| = ai; + bij’l_JZ.

The computation of the relic abundance follows closely the method of [85], in which
the freeze-out temperature of the LZoP X° (zy = my/TYy) is obtained in terms of the
thermally averaged effective cross section (oeg|?|). The relevant channels above referred to

4A full evaluation of the relic density would further call upon higher order effects, which would in turn
depend on the Yukawa couplings of the LZoP, and other additional interactions. In particular, for ms, ~
mp,, the leading corrections would arise from the coannihilations of ¥; and h2 via Yukawa interactions.
However, such a study lies beyond the scope of the present analysis; here our primary goal is to identify a
viable dark matter candidate, and obtain indicative constraints on its mass.
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contribute to the thermally averaged effective cross section (o.g|0]) as

9 90 9+ A 3/2 A
(oualtl) = S o(S)fa] + 4 87 o(2m) <1+ W’;) exp (— ms xf>

eff eff my
2 3
A A
+9Ti [20(ZFS7) (0] + 20(ZFXF)|0] <1 + mz) exp (2 2 xf> ,
e my my
(4.4)
and the freeze-out temperature is then recursively given by
_ my 0.038 gefr Mp1 my (0est|V])

f

in which g, ~ 106.75 is the total number of effective relativistic degrees of freedom the
freeze-out, and Mp; = 1.22 x 10" GeV is the Planck scale. The quantity geg is related to
the degrees of freedom of the triplet components, gy = 2 and g4+ = 2, respectively for 2°
and ©* and to Ay (the mass splitting between the charged and neutral components of
Y r), and can be written as

Ay \ 2/ A
geff = go + 29+ <1 + m2> exp (— - :Bf) : (4.6)

my

Finally, the relic abundance is given by

1.07 x 10°
Qn? = — i (4.7)
gx' = Mp1(GeV) I,
with I, the annihilation integral, which is defined as
I, = xy / 272 e dx . (4.8)

f

In the above, one has used the approximation aeg ~ oeg|0] (we recall that we have not
taken into account the second and higher order terms in the relative velocity expansion of
the effective cross section).

For our purpose of constraining the parameter space of the model, we will rely on a
simple iterative solution of eq. (4.7), which allows to infer first limits on the values of my:
leading to a relic density in agreement with the most recent observational data [86],

Qh? = 0.1186 + 0.0020. (4.9)

The results of this (approximative) numerical analysis are displayed in figure 2, which
reveals that having an LZoP mass in the range 2.425 TeV < my < 2.465 TeV leads to a
dark matter relic abundance in agreement with the latest data.

Although already mentioned, we nevertheless stress again that several approximations
were done in our computation of the relic abundance; moreover, one should also explicitly
solve the coupled Boltzmann equations to numerically obtain the allowed mass range of
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Figure 2. Estimated relic abundance (see text for details) of the dark matter candidate, X0,
as a function of its mass. The rose-coloured band corresponds to the latest observational data
Qh? = 0.1198 + 0.0015 [86].

the LZoP (the lightest %°). Finally, it is important to stress that in [87] a computation of
the relic abundance taking into account non-perturbative Sommerfeld corrections yields a
slightly higher value of msy to comply with the correct relic abundance. Following [87], and
in what follows, we will accordingly correct the values suggested by the simple approach
leading to figure 2, and use my ~ 2.7 TeV as an illustrative benchmark value for the
lightest fermion triplet mass. Other than complying with the dark matter relic abundance,
the potential candidate is also subject to the increasingly strong constraints from direct
and indirect searches (see, e.g. [83, 88]); a detailed discussion of the latter (and of the
dedicated facilities) lies beyond the scope of this work.

5 Addressing the B meson decay anomalies

As can be seen from the interaction Lagrangian of eq. (2.6), the scalar leptoquark h; couples
to both down-type quarks and charged leptons, the couplings having a priori a non-trivial
structure in flavour space. This will open the door to new contributions to numerous rare
flavour changing transitions and decays, and — most importantly — can potentially lead
to lepton flavour non-universal effects, such as those currently suggested by the reported
LHCb anomalies.

In this section we will explore to which extent the current model succeeds in addressing
the B meson decay anomalies, Ry (- and R ), respectively associated with neutral and
charged current transitions. The abundant constraints arising from negative searches for
NP effects in meson oscillation and decays, as well as in charged lepton flavour violating
observables will be discussed in sections 6 and 7.

5.1 Neutral current anomalies: R and Ry~

As mentioned in the Introduction, recent measurements [3, 6] of the ratios of branching
ratios of B — K (K*)¢¢ decays into pairs of muons over those into di-electrons exhibit
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non-negligible deviations when compared to the SM predictions [4, 5]; as already stated

one has
Ryqie) = 0.745 +0.074 +0.036, RSM — 1.00,+0.01
Ric+o.0151.1) = 0.66%5;57 & 0.03, RM o gus.10) ~ 0.92£0.02
Ric-pi1g = 0.69708 £0.05, R3My1g ~ 1.004£0.01, (5.1)

where the dilepton invariant mass squared bin (in GeV?) is identified by the subscript.
The comparison of SM predictions with observation respectively reveals deviations of 2.60,
2.40 and 2.50.

For the leptoquark mass regime considered here (multi-TeV), the neutral current effects
induced by the heavy degrees of freedom (SM and NP contributions) in the quark level
transitions d; — d;¢T¢~ can be described by the following effective Hamiltonian [89, 90]

_4Gr

Heff(dj — dz-é*é_) = \/i

Vij Vi [C;'j oY 1 ci O

1 Z (C}?’” O;?,M n Cé?;” Oz)j(,/%)

X=9,10,5,P
3308 igi el 308" igi el
+ CET 07 + CF O ] + Hec., (5.2)

in which G is the Fermi constant and V' is the CKM mixing matrix. The effective operators
present in the above equation can be defined as (for simplicity, hereafter we drop the ij
superscripts, which are set to i, j = s,b for the process b — s¢™¢7):

= (30,0 Prd;) P
7T = (47T)2( iOuv IR j) >
o _ ¢’ (diy" Prd;) (Py,0) o — e’ (diy* Prd;)(Ly,ysl)
9 (471—)2 iV LLAg Y ’ 10 (471')2 iYL Y5 )
’ 62 = = / 62 7 /.
Of = s (APrd)(E0) OF = (g (@Prdi) (30,
’ 62 - 7 uv 4 62 7 %
oF = W(dmuudj)(ﬁa“ ), Offs = W(di%udj)(fa“ vsl') - (5.3)

In the above, e is the electric charge and ¢, = i[y,,7,]/2. The set of primed operators
(X' =7,9,10', 5", P") comprises those of opposite chirality, and can be obtained by re-
placing P;, <+ Pg in the quark currents. The contribution of the right-handed current
operators is negligible in the SM. Flavour universality of lepton-gauge interactions in the
SM implies that the Wilson coefficients of operators Ofﬁ are universal for all lepton flavours
(¢ = e, u, 7), and the strict conservation of individual lepton flavour further precludes cLFV
Wilson coefficients O (£ # £').

In the present scalar leptoquark model, once the heavy degrees of freedom have been
integrated out (under the assumption that MtQ,W, 5 < mil), the NP effective Hamiltonian
is given by [91]

HNP (b — st 0) = —PLIst (51 Py b) (D, PLO) + Hec.; (5.4)
h1
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comparing the above with the operator basis of eq. (5.2), it is possible to infer the following
contributions to the Wilson coefficients
7 v? Yver y:e

cyf = —cff = : 5.5

The deviations from the SM lepton flavour universality imply that the modifications
to the Wilson coefficients are necessarily non-universal for the muon and electron entries;
the model-independent fit of [91] suggests the following corrections at the 1o range:

Re[Cy'xp — Clonp — (B €)] ~ =1.1£0.3, (5.6)
Re[CH' = Cly — (n e e)] ~ 0.1£04, (5.7)

(notice that the second constraint is compatible with zero, and can be fulfilled by setting
C’g/f o = 0). In the present NP construction, leptoquark couplings to both muons and
electrons are present, and are of left-handed nature. Given that C£ = —C% (cf. eq. (5.5)),
the best fit to the Cgi"\p Wilson coefficients of eq. (5.5) can be recast as
—-14 < 2Re[C§‘”§P — Cgxpl < —0.8. (5.8)

Global fits to a large number of observables probing lepton flavour universality in relation
to b — suTuT, b — seteT and b — sy processes also suggest NP scenarios consistent
with the above fit to the LFUV Ry (., observables. A common conclusion that can be
generically drawn is that the NP responsible for the observed discrepancies in b — s data
appears to predominantly couple to muons, and is strongly manifest in vector operators (as
Og'1p)- Recent studies and fits by a number of authors (see, e.g. [5, 92-95]) advocate NP
contribution to C§* (~ —1) only, or then SU(2), invariant scenarios (C§* = —C}{' ~ —0.6)
as preferred NP solutions to alleviate the tensions with the SM.

In terms of the hy leptoquark mass and couplings, the expression of eq. (5.8) translates
into the following condition [91]

RelYbu Y5 — Ybe Ysel
(mp, /1TeV)2

0.64 x 1072 < < 112 x 1073, (5.9)

In figure 3, for an illustrative value of my, = 1.5 TeV, we display the (ype Yse — Ybu Ysu)
parameter space consistent with the observed values of Rg and Rg+ at the lo level, in
agreement with eq. (5.9). The inset plot shows the regimes of y,, and y,, compatible

with Ry« (also for mp, = 1.5 TeV, and for fixed values of the couplings to the electron,
YoeYse = 2 X 1079).

5.2 Anomalies in b = cl™v;: Rpv)

Several experimental collaborations have also reported deviations from lepton flavour uni-
versality in association with B — D*{v decays (charged current b — ¢fp; transitions). A
scalar charged leptoquark with non-trivial couplings to quarks and leptons can mediate
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Figure 3. On the main plot, 1o region in the (Ype Yse — Ybyu Ysp) Parameter space consistent with
Ry and Ry~ data, cf. eq. (5.9), for an example with mj, = 1.5 TeV. On the inset plot we display
the Ry (- allowed region in the (yp, —ys,) plane, for fixed values of the leptoquark electron Yukawa
couplings ypeyse = 2 x 1075 (again for my, = 1.5 TeV).

di — u;fy; transitions at the tree level, via the exchange of a charged hi/g. The SM
effective Hamiltonian governing these transitions is thus modified as follows:

Hemr(dy, — ujlv;) = HY + HAF

4GF (y U)ki (Vy*)je] _ -
=—|—= Vix Us — (@ " Ppdy) (€, Prvi) + Hee
[ V2 Qm%1 J #
4GF U2
= 2y — - (yU)s (Vi);
V2 J [ £ 4‘/(:bm%1 WUk (Vy )]€:|
x (ajv" Prdy) (€, Prv) +He. . (5.10)

The experimentally measured decay probability is an incoherent sum over the (untagged)
neutrino flavour 4; one thus finds

2
2
2 2 ‘ v , Y
|A(dy = uslv)|” = XZ: | Asm|” [Uei — W WUk (Vy™)je
— Asul [1 el S gl — 2Re (2, ym] , (5.11)

where zj, = (Vy*) s (v2/4ijm}2H), and in which one has used the unitarity of the PMNS
matrix. The SM width for the decay B — D*/v (i.e., for d = b, u; = c) will thus be
corrected by an overall factor

I'(B — D*tv) = I'sm(B — D" {v) [1 + |.Z‘cg|2 Z \ybiIQ — 2Re (l‘cgybg)] . (5.12)

i:evu7T
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Pure leptoquark contributions, corresponding to the second term of eq. (5.12), are sup-
pressed by an additional v?/ m,%l factor with respect to the SM-NP interference term, and
can be hence neglected as a first approximation.

Defining R ) as the ratio of the decay widths of tau and muon modes — that is,
Ry = BR(B — D®7)/BR(B — D™ up), one can further construct the double ratio

Rp _ Rp- _ 1 —2Re (zer Yr)
Rp, sm Rp+ sm 1 —2Re(zepyop)

(5.13)

(equal to one in the absence of NP). After combining current experimental world averages

with the SM predictions, the current anomalous data can be parametrised as
RD RD*

=136+£0.15, ———— = 1.21+£0.06, 5.14
Rp sm Rp+ sm (5.14)

in which the statistical and systematical errors have been added in quadrature. Sim-
ilar ratios comparing distinct final state lepton flavours can be built to test possible
LFUV in the corresponding sectors. For example, the Belle Collaboration has reported
measurements of the ratios R’g& = BR(B — D®Wuw)/BR(B — DWep), which probe
lepton flavour universality between electron and muon modes. The experimental val-
nes RY“™P = 0.995 + 0.022 + 0.039 [96] and RY"™P = 1.04 + 0.05 + 0.01 [97] are
consistent with the SM expectation, ~ 1. The averaged value of both measurements is

RIS = 0.977 £ 0.043,

In the present leptoquark model, the ratio Rg/(i) is given by the appropriately modified

version of eq. (5.13),

w/e
RD(*) _ 1 —2Re (xcu ybu) ' (5'15)
RZ@) . 1 — 2Re (Tce Ybe)

After having detailed the leptoquark contributions to the meson observables currently
exhibiting a significant deviation from the SM expectation, we now address other pro-
cesses which — being in agreement with SM predictions (negative searches or compatible
measurements) can constrain the masses of the new states and their couplings.

6 Constraints from rare meson decays and oscillations

Various observables involving mesons lead to important bounds on leptoquark couplings;
here we discuss the (leptoquark) NP contributions to leptonic and semi-leptonic meson
decays (occurring at the tree level), and to meson oscillations and rare radiative decays,
both at the loop level. The SM predictions and current experimental bounds for the pro-
cesses here discussed are summarised in table 2. The stringent bounds on NP contributions
arising from the now observed decay Bs — p*p~ are not discussed here, as they have been
implicitly taken into account in defining the allowed ranges for C’ﬁf np and the 22 23 Yukawa
couplings in the previous section. Likewise, we do not include the constraints arising from
semileptonic K-decays into charged dileptons (K — m¢/), as theoretical (SM) predictions
are plagued by important uncertainties, and are not yet up to par with the precision of the
experimental results (see for example [105, 106]).
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Observables SM prediction Experimental data
17.37132 x 1071 99
BR(Kt — ntuvi) | (8.4+1.0) x 10711 [98] 105 199)
<11 x 10710 [100]
BR(K[ — 7vi) (3.44+0.6) x 1071 [98] <2.6x107% [101]
RYY, RY. R -1 RY <39 [102]
(B — K®up) o RYY. < 2.7 [102]
Bg - Bg As = |As’€i¢S =1 |A | =1L 01+8 %g [103]7
(mixing parameters) ¢s =0 ¢s[°] = 1.3733 [103]
K% - K9
Amp/(10715GeV) 3.1(1.2) [104] 3.484(6) [1]
BR(K [ — pe) — <4.7x10712 [1]
BR(B; — pe) — <1.1x107% [1]

Table 2. Relevant observables and current experimental bounds for leptonic and semi-leptonic
meson decays and neutral meson anti-meson oscillations discussed in this section.

6.1 Rare K and B meson decays: K — 7wy and B — K® vy,

The s — dvv and b — svv transitions provide some of the most important constraints on
NP scenarios aiming at addressing the anomalies in Ry ) and R data.

Following the convention of [107], at the quark level the |AS| = 1 rare decays
Kt (K1) — 77 (x°) vy and B — K® 0y can be described by the following short-
distance effective Hamiltonian for d; — d;v0p transitions [108, 109]

4GF

Heﬁ(dj — dil/gﬂg/) = — \[

V;Z th P [CL ij (JZ Vi Py, dj) (ng“ Py, Vg/) (6.1)
+ CRZ] (CZZ Vi PR d]) (ﬂg’yu PLZ/EI)] + H.C.,
in which i,j denote the down-type flavour content of the final and initial state meson,

respectively. In the SM, only the lepton flavour conserving left-handed operator is present;
the associated Wilson coefficient C’“ corresponding to a d; — d; transition is given by

1 Vi Ve
s = XPM 4 Jad xt 6.2
Lyij Sin2 Hw t ‘/{: ‘/}/j ( )

In the above, XM and X’ (¢ = e, u,7) are the loop functions associated with the (lep-
ton flavour conserving) contributions from the top and charm quarks, respectively. In
the SM, computations of the top loop function (including Next-to-Leading Order QCD
corrections [110-112] and the full two-loop electroweak corrections [113]) have led to
the result Xp™M = 1.481(9) [98]; the charm loop functions X! have been computed at
NLO [112, 114] and at Next-to-NLO [115, 116], and their numerical value is given by
23 X/ Vst = 0.365 £ 0.012.
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Once the heavy leptoquark degrees of freedom have been integrated out, the general
effective Hamiltonian describing the NP contribution to d; — d;v,vy processes induced by
hy is given by

(y U)jf’ (y U);‘kg

Hi‘f?(dj — diljgﬂg/) = —T (Jz o P, dj) (ﬂé ’7“ Py, Vé’) ; (6'3)
1

and comparison with eq. (6.1) leads to the following NP Wilson coefficient,

ol _ mv?  (yU)i, (U)o

g — 6.4
S TR TT (o4

in which we notice the presence of the PMNS matrix U, and the possibility that the tree
level NP contribution, via the exchange of h}/ 3, may lead to different lepton flavours in the
final state, i.e. £ # £'.

K — wuip decays. The branching fraction for K+ — 7ty (corresponding to set-
ting ¢ = d, j = s in the previous discussion) is given by [108, 109]

1+ A
BR(K+ — 7T+ Vyp Ijg/) :—ﬁ+( —;)_ em)
2
VisVid o | Vs Vea ( X! >
Xy + 5w 4+ A ,
é,é’ge?un' |VU“>’|5 ' |VUS| “ ’VUSH Pl
(6.5)

in which xy = 5.173(25) x 1071 (|V,s]/0.225)%, Aemn = —0.003 is the electromagnetic
correction from photon exchanges and Ap,, = 0.04(2) denotes the long-distance contri-
bution from light quark loops, computed in [117]. The loop function associated with NP
exchanges, Xfel, is given by

X = XM by — sin®6,, CF 19 (6.6)

Notice from both egs. (6.5), (6.6) that the SM top and charm contributions are lepton
flavour conserving. Experimentally, the measurement of the charged kaon decay mode [99],

BR(KT = 7t vD)exp = 17.37 752 x 1071 (6.7)

is expected to be improved in the near future by the results of the NA62 collaboration.
The NA62 recent measurement [100] (one event) BR(K™ — mHvir)eyp = 28755 x 10711 still
suffers from large statistical uncertainties, but these are expected to improve by an order
of magnitude in coming months. The experimental bounds will allow to better constrain
th, and hence the leptoquark contributions, encoded in C’i{;ijQ.

K1 — 7%y decays. The branching fraction for the neutral mode Kj — 7%y can
be written as [108, 109]

ViVig o\ 17
BR(K;, — i) = ’%L > [Im(nt/f fg Xffﬂ , (6.8)
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with k7 = 2.231(13) x 10719 (|V,,|/0.225)% in the framework of the SM. Concerning the
experimental status, only a 90% C.L. bound has been reported for the decay [101]

BR(K — 70 D)exp < 2.6 x 1078, (6.9)

which — as occuring for the charged decay modes — can also be used to constrain Xfﬁl
and CﬁeibLQ (albeit leading to weaker constraints than those inferred from the K+ —
7t v mode).

B — K™y, The branching ratio for the rare B decay can be obtained by consid-
ering the general expressions for the effective Hamiltonian and NP Wilson coefficients,
respectively given in egs. (6.1), (6.4), with i« = s,j = b. It proves convenient to consider
the following ratios R}., = I'sm + np(B — K®u)/Tsm(B — K®vv), which are then
given by

vy vy £0,SM oL 2
RK = RK = 3|C |2 Z ‘CL bs Sppr + CijSQ s (610)
L,bs o
in which C*¥ ‘sm = —6.38(6) (for each neutrino flavour) [113]. The above expression can be

explicitly cast in terms of the leptoquark masses and couplings as follows:

2
2 *

o 3 |t sMm |2 ( TV > Yot Ysp 6.11

K (%) 3 ’ ingSM ‘ L,bs E#Z/ Qe ‘/:‘,b ‘/Z; 2 mil ( )
* 2 *
Yover ysg £0,SM* TV Yot Ygp

+ + 2Re C ( " > .

S|

The SM predictions for each of the modes are BR(BT — Kvi) = (4.0 +£0.5) x 1076 [107]
and BR(B® — K*%vp) = (9.2 4 1.0) x 1075 [107].

The latest experimental data from Belle [102] allows to infer the following bound,
R, < 3. 9(2.7) at 90% C.L., which can be used to constrain combinations of leptoquark
couplings (lepton flavour conserving and violating) as given in eq. (6.11).

6.2 Neutral meson mixings and oscillations

Contributions to neutral meson mixings, P — P with P = B? B9 K, arise both from

SM box diagrams involving top and W’s, and from NP box diagrams involving charged

(neutral) leptons and h4/ 3(hi/ 3) leptoquarks. These contributions can be described in

terms of the following effective Hamiltonian for |AF| = 2 transitions
Hp = (C}SDM + CgP) (CZZ ")/u Py, dj) (CZZ Vi Py, dj) + H.c., (6.12)
where [57]

cxP 6.13
» 1287r s (ZW:UM) : (6.13)

with {4,} respectively denoting {b, s}, {b,d} or {d,s} for P = BY, BY or K° mesons.
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Let us begin by discussing B? mixing, which is potentially the process most sensitive
to the couplings ype and ys¢ which are at the origin of the Ry(+) anomalies. Following [103,
118, 119], one can define the ratio of the total contribution (NP and SM) to the SM one

(BslMp,|Bs) _ . Cb.

Ay = |Ag] e = =L =
(Bs|H3)B) R

=1+ ps. (6.14)

In the leptoquark model we consider, the relative NP contribution ps can be cast as

_ 3 (o yeeyi)®
32mj, GF Mg, So(ze) (Vi Vis)?

Ds (6.15)
where Sp(x¢) = 2.35 is the Inami-Lim function for the SM top quark box, with x; =
M2 /M2, [120, 121]. Current global fits are compatible with the SM value (ASM = 1):
CKMfitter reports |As| = 1.017010 ¢[°] = 1.3%23 [103], while for UTfit one has |A4| =
1.070 £0.088, ¢s[°] = 0.054 £0.951 [119]. Both analyses obtain their tightest 1o constraints
for imaginary NP contributions (i.e., arg ps = —m/2): [ps| < 0.016. In our study, and for
simplicity, we will assume real Yukawa couplings y4 and a real ps. In this case one has
ps > 0, and both analyses lead to ps < pi'®* ~ 0.17, which translates into the following 1o
upper bound for the (real) hy leptoquark couplings:

Z Yoe Yst
¢

Following the same global analyses, a similar bound can be inferred from data on Bg mixing

mhl ngaX
TeV V 017

<0.079 (6.16)

(still in the case of real couplings), which leads to pg < pi*** ~ 0.13. One thus has

mh pmax
< 0.069 4/ L 6.17
For the case of KO — K9 mixing, the SM effective coupling can be expressed as
G% M3
CRt = L5 P (e ), (6.18)
472

where F(z.,x;) denotes the contribution of the distinct Inami-Lim functions, and is de-
fined as

F(xe,x) = (VEVea)? ee So(we) + (ViEVia)? mie So(x) + 2ViEVia Vi Vea et So(ze, 1)
(6.19)
with Sp(ze) &~ z. + O(x2) = m2/M3, [120, 121]; the coefficients n.. = 1.87(76), nu =
0.5765(65) and 7. = 0.496(47) encode NNLO QCD corrections [104, 122-124]. The last
two terms in eq. (6.19) can be safely neglected (as they are CKM-suppressed); the first
(and dominant) term is associated to important theoretical uncertainties, O(40%). From
eq. (6.13), the leptoquark contribution can be written as

_ O[I\}P _ 3Ny T (Ze Yse 924)2
CM  32mi G M, So(we)nee (VesV)?

PK (6.20)

in which 7 ~ 0.95 allows to take into account the difference between the relevant scales
(M; and my, ) [125].
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Real couplings y, only affect Amg = Re(K°|Hk|K®)/m. Taking into account only
the (dominant) first term of eq. (6.19), the SM short distance contribution (cf. eq. (6.18))
gives [104, 126]

(Amg)sy = (3.1 £ 1.2) x 10719GeV = (0.89 + 0.34) (Amg )exp (6.21)

Comparing (Amg )exp With the theoretical prediction ((Amg)sm~+(Amg)np+(Amg)ip),
thus allows to obtain a conservative upper bound, px < pp** ~ 0.45/0.55 = 0.81. Leading
to the latter limit, one has taken the lowest values of both (Amg)sm (~ 55%) and the long
distance (LD) contributions (Amg)rp, which are hard to evaluate but are expected to be
positive like pg [126]. This translates into an upper bound on the leptoquark couplings:

Z Yst Yde

14

ax

My, PR
TeV 0.81 °

<0.014 (6.22)

6.3 Leptonic decays of pseudoscalar mesons P — £—¢'+

The leptonic decays of pseudoscalar mesons are known to provide stringent constraints
on models of NP with modified lepton (and/or quark) sectors; leptoquark models are no
exception, and in what follows we discuss some relevant modes of K and B mesons.

Leptonic Bs meson decays B?S) — (0T are well predicted in the SM (the only hadronic
uncertainty coming from the decay constant fp_). At present, only the Bs — u®u~ decay
mode has been observed, and it is in agreement with the SM. The LHC collaborations have
reported values for its branching fraction of (2.8704)x 1076 [127, 128]. As mentioned before,
these bounds have been taken into account upon saturation of the B decay anomalies.

For both K and B mesons, the cLFV leptonic decays have been shown to lead to
important constraints on NP models: the cLFV B decay modes are particularly relevant
for leptoquark SM extensions [129]; although the hard to quantify long-distance QCD
corrections render non-trivial an estimation of the leptonic K decays [130], the upper
bounds on the cLFV mode K7, — p*eT prove to be one of the most stringent constraints on
the couplings of leptoquarks to the first two generations of leptons and down-type quarks.

Following the effective Hamiltonian conventions adopted in eq. (5.2), the decay width
of P — (¥ is governed by the (’)gj " and O%M operators. In terms of the corresponding
Wilson coefficients Céﬁ%el, the decay width can be written [129]

2 3 G%Oég x |2
Lpose-oe = Fpmp o5 Vs Vi|” B(mp,mg,my)
o | (1 (met my )? MP (it _ it
m%, (m; +my) s s’
2
my — Myr s pp! s ppl
n ( sz ) (Céj,ze B O;g,,ze> ‘
m%, (m; +my) P p
2
m +m/ By Y
4 zmp ) (C%,ze _C%,/ee> ‘ ] . (6.23)
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cLFV process Current experimental bound Future sensitivity
BR(u — e7) 4.2 x 10713 (MEG [131]) 6 x 1074 (MEG TI [132])*)
BR(7T — e7) 3.3 x 1078 (BaBar [134]) 10~° (Super B [135])
BR(T — uv) 4.4 x 1078 (BaBar [134]) 1072 (Super B [135])
BR(u — 3e) 1.0 x 10712 (SINDRUM [136]) 10~ 15(=16) (Mu3e [137])
BR(T — 3e) 2.7 x 1078 (Belle [138]) 10~? (Super B [135])
BR(T — 3u) 3.3 x 1078 (Belle [138]) 107? (Super B [135])
CR(p —e,N) | 7x 107! (Au, SINDRUM [139]) 10714 (SiC, DeeMe [140])
10~15(=17) (Al, COMET [141])
3 x 10717 (Al, Mu2e [142])
10718 (Ti, PRISM/PRIME [143])

(). For a relevant discussion concerning the future perspectives of the searches for y — ey
process see [133].

Table 3. Current experimental bounds and future sensitivities of cLFV processes included in the
analysis.

in which m; ; denotes the mass of the meson valence quarks, the index ¢ refers to up-type
quarks (the sum being dominated by the top quark contribution), and one defines

B(mp,me,my) = \/[1 — (mg —mp)?/m] [L — (mg + myp)? /m3)]. (6.24)

7 Charged lepton flavour violating processes

Due to the presence of new states with non-negligible couplings to neutral and charged
leptons, which are a source of LFUV, one expects that the model under consideration will
give rise to important contributions to cLF'V observables.

While most cLFV decays correspond to higher order (loop) processes, it is important
to notice that transitions occurring in the presence of matter, such as neutrinoless muon-
electron conversion in nuclei can now occur at the tree level. In the following, we address
the contributions of the model to several cLFV observables,” whose experimental status
(current bounds and future sensitivities) is summarised in table 3. The bounds on leptonic
observables will give rise to stringent constraints on the parameter space of the model:
other than neutrino oscillation data, bounds on several lepton flavour violating observables
will play a significant role in identifying the regimes which can successfully lead to an
explanation of the B meson anomalies.

7.1 Radiative decays £ — £'~

In the present model, radiative charged lepton decays are induced at the loop level (h;
leptoquarks and quarks running in the loop). The effective Lagrangian for ¢ — ¢’ decays

5In what concerns three-body decays we focus our discussion on the case of same-flavour final lepton
state, i.e., £ — 3/,
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can be written as [144]

y 4G ! /

with F},, the electromagnetic field strength. The flavour violating coefficients can be cast as

CKZI —_ LO‘KK/ ; 7.2
LER) = 4 oG, L@ (72
the new states and interactions give rise to the following effective coeflicients 0”(, R)’
y 3
o *
@ = 167r2m2h1§q:Xq€' Xgemy [Qs fs(zq) — fr(zg)]
/ 3 %
ot = TZXW Xgemy [Qs fs(xzq) — fr(zg)] - (7.3)
16 = my, 7

In the above, Xy, = —v2y, and Qg = 4/3 for down-type quarks (¢ = d), while X, =
—Vyyge and Qg =1 /3 for up-type quarks (¢ = u). The loop functions, cast in terms of
Ty = m?/m%l, are given by

rz+1 x logx 22 —5x —2 z logx
Is@ = o= Tra—ap FW T Baois tapo o (7.4)
Finally, the cLFV radiative decay width is given by
aemy (1 —m?2 /m? s / /
T(t—ly) = —F ( . d (|a§f > + |afé.f\2). (7.5)

7.2 Three body decays £ — £'0'¢’

The photonic interactions at the source of the radiative decays (parametrised by the cou-
plings Cﬁ‘i/R, see eq. (7.1)) will also induce the three-body cLFV decays; moreover, direct
four-fermion interactions are responsible for additional contributions.
Following [145, 146], the low-energy effective Lagrangian including the four-fermion
(contact) operators responsible for £ — ¢'¢'¢" decays can be written as
_ _4Gr o o ' o o /
Loppy = 5 (91 (0 PLO)(0" PL ") 4 go (0 PRU)(0' PrY')
+g3 (E/")/u PRK)(E/")/M PREI) + ga (Z/,-YH PL 6)(@’7” PLEI)
+95 (A" PRO 5, PLl) + g6 (0" PLe) (0, PrE)] + He.. (7.6)

In the model under study, there are several types of diagrams contributing to the 3-body
cLFV decays: photon penguins (dipole and off-shell “anapole”), Z penguins and box di-
agrams, all due to flavour violating interactions involving the scalar leptoquark h; and
quarks. Neglecting Higgs-mediated exchanges, the distinct diagrams will give rise to non-
vanishing contributions to the dipole operators (Cff'R), as well as to g3, g4, g5 and gg. The
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box and the Z penguin diagrams contribute to g4 and gg as follows [57]

N V2 3yt y)e V2 :
EO "z = 4GF (4(7;y)2y/r)r52€ (yT y)elg/ + ? GF MI%V (2 - 3C082 Hw — 310gx - 37T'L) y
h1
2 P 24/2
gox? = 4\({ (?;(y) Qy)fj ;)[ Gp M2 sin?6,, (2 — 3cos? 6, — 3logx — 3mi), (7.7)
F4m)“my,

in which x = M % / m,%l. The off-shell y-penguin diagrams induce non-vanishing contribu-
tions to g3 5 and g46, which are given by [145]

2 ~ ~
3 = 51 = oz [Feo(0) + Fuo0)]
2 e2 ~ ~
91 = 94 = 42277%% [on(O) - fMO(O)} 7 (7.8)

in which the form factors can be cast as

2 2

fro(q?) = %on(QZL Faro(?) = %fMo(QZL (7.9)

and are defined in such a way that fEO(qQ) and fMO(qQ) are finite at ¢> — 0 (¢ being the
four-momentum transfer). The cLFV loops involving hy leptoquarks and up (or down)
quarks contribute to the off-shell penguin form factors as follows

= - > Xip Xie (=) (, (=¢%) 1
=u _ _ fi=u _ 1774 1 i) — ,
1 1
i=d i=d > Xip Xie (=) [, (=¢%) 1
= _fizd = _ 1 )— <. 1
B faro 6(4r)?  mi. n m + fy(ri) 3 (7.10)

We recall that in the above X,y = —\/§ng for i =d, and X = —Viiyie for ¢ = u; the loop
function f,(r;) is given by

(7.11)

1 V1+4r; +1
fy(ri) = —3 +4r; +Inr; + (1 — 2r) V14 4r; In <Z> :

VI+dr—1

with r; = m?/(—q?), where i denotes the quark in the loop.
As an example, for the case of u — 3e decays, one is led to the following branching
ratio [145, 146]

BR(pu — eee) = 2 (|93|2 + |g4|2) + lgs|* + |g6|?
+8eRe [C1° (205 + g8) + CU° (295 + ¢2)]

2 2
£ {m o f} (ot + o). (7.12)
m e

Analogous expressions can be easily inferred for the other cLFV 3-body decay channels.
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7.3 Neutrinoless pu—e conversion in nuclei

One of the most important constraints on SM extensions with scalar leptoquarks® arises
from the nuclear assisted p — e conversion. Phenomenologically — and contrary to other
cLFV transitions which remain loop-mediated processes — neutrinoless p — e conversion
can occur at the tree-level in the presence of lepton-quark-leptoquark interactions. More-
over, as summarised in table 3, the experimental prospects for this cLFV observable are
particularly promising: not only current bounds (obtained for Gold nuclei) are already
O(10713), but in the near future several dedicated experiments should bring the sensitivity
down to O(1071%~18) [142, 143]. The conversion ratio is defined as

F(M ) N)
1—‘capture(Z)

in which Tcapture(Z) denotes the capture rate for a nucleus with atomic number Z, and
I'(u — e,N) is the cLFV width, which can be generically cast as follows [144, 148]:

CR(p—e,N) = (7.13)

CHe* 2
DM¢ = 2GE |- D + (29(5& + g(Ld&) vy (g(L“v) + 29(59) v
I
CHe* 2
+2G%| =L D| , (7.14)
my
where the (tree-level) flavour violation is encoded in the following quantities [144]
o0 = 1y, o) = A (VT (VT ). (7.15)
LV 2,’,),1}}2711 ) LV 277’17211 U

Other than the (dominant) tree-level exchanges, we have also included the photon-penguin
contributions in the expression of the conversion width;” these are associated with the
C’ﬁe(lR) coefficients, which have been previously defined in eq. (7.2). The relevant nuclear
information (nuclear form factors and averages over the atomic electric field) are encoded
in the D, V® and V(™ form factors. The latter overlap integrals have been numerically
estimated for various nuclei [148]; table 4 summarises some of the above quantities for Gold
and Aluminium nuclei (in units of m,i/ 2), as well as the corresponding capture widths.
Current bounds (from Gold nuclei) already allow to infer the following stringent con-

straints [144]: g(Lu‘} <8x 1078 and g(Ld‘)/ <12 x 1078,

7.4 Further leptonic observables

Other tensions between SM predictions and observation have also fuelled the need for NP.
One such case is the anomalous magnetic moment of the muon; we notice here that the
present leptoquark construction does provide a non-vanishing contribution to (g — 2),,
albeit with the “wrong” sign [57], so that it cannot ease the current discrepancy.

5Recently, neutrinoless jt—e conversion in nuclei, in particular the comparative study of spin-independent
versus spin-dependent contributions, has been explored as a powerful means of disentangling distinct lep-
toquark realisations [147].

"These are typically responsible for contributions to the conversion rate which are a factor of 10~ smaller
than the tree-level contribution; box diagrams have also been found to provide negligible contributions.
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Nucleus | Dimy/*] V®[m/* VO mi/?] | Teapture[106571]

197Au 0.189 0.0974 0.146 13.07

2TAl 0.0362  0.0161 0.0173 0.7054
5/2

Table 4. Overlap integrals (normalised to units of m,’“) and total capture rates for Gold and
Aluminium [148].

Being a priori complex, the leptoquark couplings can also induce contributions to the
electric dipole moments of quarks and leptons, at the two loop level. Although these could
possibly allow to further constrain the couplings (in particular, the CP violating phases),
such a detailed analysis lies beyond the scope of the current work.

8 Accommodating B-anomalies, dark matter and neutrino data

In the previous sections we have discussed in detail the distinct observations and experi-
mental tensions that the present leptoquark model is called upon to explain; moreover, we
have also addressed a comprehensive set of observables (encompassing numerous quark and
lepton flavour transitions) that are expected to lead to important constraints on specific
realisations of the model.

In this section, we finally identify the different regimes thus allowing to:

(i) accommodate the latest data on neutrino oscillation parameters;
(ii) account for a correct relic abundance for the dark matter candidate;
(iii) explain the Ry () and Rp) anomalies;

(iv) be compatible with all available bounds on leptoquark couplings and masses arising
from direct searches, as well as from the relevant leptonic and semi-leptonic meson
decays and transitions (including neutral meson oscillations and rare meson decays)
— both tree level and higher order processes -, and cLFV processes (radiative and
three-body decays, and p — e conversion in nuclei).

The results of the approximative numerical study of section 4, and the of the inclusion
of possible non-perturbative corrections (cf. [87]), has led to the choice of the following
benchmark value for the mass of a viable dark matter candidate (the LZoP): my, ~ 2.7 TeV.

As working benchmark values, we will thus set the masses of the three generations®
of ms: as 2.7, 3.5 and 4.5 TeV. By construction, the other Zs-odd particle, hs, must be
necessarily heavier than 3'; in order to comply with the hierarchy of the Zs-odd spectrum,

we choose my, ~ 3.5 TeV. Notice that h; is not subject to any DM-related arguments;

8Note that a priori there is no reason to assume a hierarchical structure for ms; however, in the case of
a degenerate spectrum, the Boltzmann equations relevant for calculating the dark matter relic abundance
must take into account all three generations. Still, all other (qualitative) conclusions would remain valid in
such a case.

— 96 —



its mass is not related to that of the LZoP, nor to my,, and can in principle vary in the
TeV range.

The chosen (illustrative) benchmark values of the scalar leptoquarks and fermion
triplets are in agreement with the current limits established by negative collider searches;
we refer to [57, 75] for a detailed discussion. We nevertheless highlight here a few impor-
tant points, and current experimental bounds. Both leptoquarks can be pair produced via
strong interactions pp — hy(2)hy(2); each of the Zz-even hy can subsequently decay into
quark-lepton pairs (either neutrino or charged lepton). Searches for dilepton+dijet signals
have been carried by the ATLAS and CMS collaborations: for the 13 TeV run data, and
considering decays into ue and cu, ATLAS has set lower bounds on leptoquark masses of
2 1100 GeV (900 GeV), respectively assuming 100% (50%) branching fractions [149]; mass
limits on leptoquarks decaying to br have been established by CMS, which has reported
bounds 2 850 GeV (550 GeV) assuming 100% (50%) branching fractions [150]. The Zz-odd
ho can decay into ¥ and a down type quark; the decay mode associated with the neutral
component of the triplet leads to a dijet +F7 signal (common to several supersymmetry
search channels). Preliminary bounds on the mass of hy can thus be inferred from cur-
rent squark mass limits: about 1.3 TeV for first generation scalar down quarks [151] and
800 GeV for third generation sbottoms [152].

A survey of the previous sections dedicated to neutrino masses and flavour observables
reveals that the Yukawa couplings of the leptoquark h; to matter are at the core of the
distinct observables so far discussed: on the one hand, y is responsible for saturating the B-
meson anomalies and accounting for v-oscillation data (recall that ¢ can be inferred from
y using a modified Casas-Ibarra parametrisation, see eq. (3.11)); on the other hand, its
different entries are severely constrained by the strong bounds arising either from negative
searches or apparent SM-compatibility of a vast array of flavour observables. Our first goal
will thus be to identify the most minimal flavour textures that can comply with the points
listed above.

8.1 Towards a parametrisation of the scalar leptoquark Yukawa couplings

Similarly to what occurs with the quark and lepton Yukawa couplings in the SM, the new
couplings are associated with numerous degrees of freedom (being complex, y contains 18
free parameters) which, in the absence of a full theory of flavour, can only be moderately
constrained by data.

A possible approach to circumvent the latter problem relies in extending the symme-
try group to include flavour symmetries, which can effectively reduce the number of free
parameters. To this end, there have been attempts to obtain hierarchical leptoquark pat-
terns by embedding the extended particle content in a Froggatt-Nielsen framework, which
can also explain the fermion mass hierarchies as well as the CKM mixing pattern [153].
The Froggatt-Nielsen (FN) mechanism is usually implemented via a U(1) symmetry” and
a singlet scalar, non-trivially charged under the U(1)pn. The singlet scalar then acquires

9 Alternatively, a discrete Zy symmetry which becomes nearly continuous in the limit of large N, has
also been considered, see for example [154-157].
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a vacuum expectation value v, at some high scale Apy, resulting in a suppression of the
non-renormalisable Yukawa interactions by a factor (v, /Arn)", where n is the sum of the
fermion U(1)pn charges [70]. Alternatively, a weakly broken U(2)® flavour symmetry has
also been proposed in the context of possible interpretations of the B-decay anomalies [158].

A systematic and comprehensive study of the allowed textures for the leptoquark
couplings, relying on symmetry-inspired flavour constructions, clearly lies beyond the scope
of the analysis; here, we will adopt a phenomenological approach, and identify possible
textures for the new Yukawa couplings from the requirements of explaining the B-meson
anomalies while complying with all available experimental bounds. As a starting point
(inspired by generic FN-like flavour patterns), we consider generic parametrisations of y in
terms of powers of a small parameter ¢ (taken to be positive and real), with each entry'’
weighed by an O(1) real coefficient a;;:

Yij = Gij o €, (8.1)

with ©® denoting that there is no summation implied over 1, j.

As a first step, we set the individual coefficients a;; = 1, and use the requirement of
saturating the Ry (.) tensions to infer the size of the parameter e: in section 5 we have seen
that at the leading order, the explanation of the Ry () anomalies constrains combinations
of the quark-muon couplings y20 and yse (further depending on inverse powers of the h;
leptoquark mass). For a benchmark value of my, ~ 1.5TeV, one is led to the following

relation
Yoo ys2 = 2.1555 x 1072 ~ 272 5 L 21555 x 107% & € ~ 0.215,  (8.2)

in which we have elected naga + n3a = 4 as a natural choice (so that e ~ O(1)).

Following the above, and having fixed € ~ 0.215 (notice that this value reflects the
choice of myp, ), we express the most general texture written in terms of the parameter e
and positive integers n;; > 1 with 4,57 = 1,2, 3:

€M1 (n12 (N3
~ n21 MN22 N23
Y €M1 €22 ¢

, (8.3)

€31 N32 (N33

subject to the constraint ngs + n32 = 4 to explain the Ry () anomalies. The experimental
bounds on rare meson and charged lepton decays can now be used to identify generic
textures!! for y which are compatible with observation.

As can be inferred from the analytical expressions presented in sections 6 and 7, the
Yukawa couplings of hi to the first two generations of quarks are stringently constrained
from rare meson decays; likewise, its couplings to the first generations of leptons are ex-
pected to be limited by cLFV transitions in the u — e sector. A numerical scan of all

ONotice that the Yukawa matrix y is a priori a complex matrix in flavour space; however, for simplicity,
we will only consider real values both for € and for a;;.

1 Another approach to constrain y would be to consider minimal textures exhibiting vanishing entries
(“texture zeroes”) in a given weak basis; however, in the absence of an underlying symmetry, we prefer to
consider the most general pattern for y;;.
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Type I Type II Type III
X X X X X X X X X
y X € X x €2 X X € X
X € X X €2 x X € %
(A 25 >2 6 24 23 e 25 2t
Generic allowed >3 3 > (35 2 >3 A e 22
textures Y 23 2 >l =4 B3 21

Table 5. Classes of textures for the y couplings complying with the constraint nqs + nge = 4:
type I, I and III. For a small parameter (e ~ 0.215), the second row displays the generic allowed
textures in terms of powers of €, consistent with the current experimental bounds on the leptonic
processes £ — {'~, £ — 3{', u — e conversion in nuclei, K*(K) — 7+ (7%)vw, B — K*vv, BY — B?
oscillation and B, — pe, Ki — pe.

possible textures (i.e., thorough tests on the viability of each y(n;;) — cf. eq. (8.3), for
fixed values of € and my, and with ngs + n32 = 4) has shown that the most constraining
observables turn out to be the rare decay K+ — 7w and, on the lepton sector, u — e
conversion in nuclei and the radiative y — ey decay.

The numerical study has further allowed to identify generic classes of representative
textures which are in agreement with the B-meson anomalies as well as all leptonic and
mesonic processes taken into account (for the above mentioned (e, my,) benchmark): p© —
ey, T —> ey, T — jury, i — 3e, T — 3u, p — e conversion, and K (Kp) — v, B — K*vb,
BY — BY oscillations,'? as well as the cLFV decays Bs — ue and Ky — pe.

The three classes of textures are identified by the specific realisation of (na2,n32): (3,1)
— type I; (2,2) — type II; (1,3) — type III. For each class, the allowed structures are
presented in table 5.

For each of the classes identified, we have chosen an illustrative case (setting n;; in
agreement with table 5), and we have evaluated the associated contributions to the different
leptonic and mesonic observables mentioned above. The information is summarised in
table 6. We do not include here bounds from the neutral meson-antimeson oscillations
since they are considerably less constraining than the meson decay processes involving the
same set of leptoquark couplings.

Figure 4 graphically summarises the information given in table 6: for each type of
texture, we display the associated predictions for y — ey, 7 — py, 7 — ey, p — 3e,
T — 3u, i — e conversion, KT (Kp) — 7+ (7%)vo, RY.y as well as Bs — pe and K — pe.
For each process we include the current experimental bounds and future sensitivities, and
when applicable, the SM predictions.

Before proceeding, we briefly comment on the other LFUV observables discussed in
section 5.2. The present leptoquark construction leads to SM-like predictions to the distinct

12T the subsequent discussion we do not include constraints from K° — K° mixing, as the latter was
found to provide weaker constraints than those arising from K — wvv decays.
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Type I Type 11 Type III

64 65 62 66 64 63 65 65 64

y example e 3 ¢t € €2 €3 et e €2

6466 63626 64636
BR(i — ey) 1.21 x 10713 | 8.99 x 10714 | 8.31 x 10714
BR(T — uy) 1.47 x 10719 | 7.45 x 10712 | 9.46 x 10~'2
BR(T — ev) 231 x 1071 | 3.17 x 10713 | 2.14 x 10~
BR(p — 3e) 2.73 x 10713 | 2.02x 10713 | 2.02 x 1013
BR(7 — 3p) 1.92 x 1072 | 9.49 x 107! | 1.30 x 10719
BR(T — 3e) 2.93 x 10713 | 4.01 x 10712 | 2.73 x 10713
CR(p—e, N) | 181 x10713 | 2.75x 1071 | 1.61 x 10713
BR(KT — 7twp) | 1.32 x 10710 | 1.21 x 10710 | 1.22 x 10719
BR(K — 7v) | 3.25 x 1071 | 3.10 x 1071% | 3.10 x 10~

R 1.04 1.08 1.53

BR(Kp — pue) | 1.96 x 10713 | 9.06 x 10717 | 9.06 x 10~15
BR(Bs — pe) | 313 x1071% | 1.47 x 10712 | 1.47 x 10712

Table 6. Contributions to distinct observables associated with illustrative examples of each of the
texture classes given in table 5 (viable for the benchmark choice (e, my,) = (0.215,1.5 TeV)).

R+ ratios (independently of the texture type and/or mass regime for the exchanged
scalar). If on the one hand this means that, once the distinct experimental constraints have
been taken into account, the muon to electron ratios R%/(i) are consistent with experimental
measurements, on the other hand it also implies that the current experimental measurement
of Rp+) (tau to muon ratio, exhibiting a significant deviation from SM predictions) cannot
be accounted for. Should the latter Rp.) discrepancy be confirmed in the future, then the
present leptoquark construction will be ruled out as an explanation of the latter, at least

in this minimal version.

8.2 Constraining the leptoquark parameter space

The previously chosen textures, as well as the numerical results (both for the e parameter
and for the contributions to the distinct observables) were obtained for a benchmark value
of the h; leptoquark mass, mp, = 1.5TeV. The natural question to address is how the
viability of the model is impacted by different choices of its parameters, in particular the
entries of the y couplings and mp, .

To explain the Ry () anomalies, the BSM construction must comply with the conditions
given in section 5.1, in particular with the interval for the C’Sﬁ({f)”

From eq. (5.9) it follows that this can also be written as a condition on the ratio of the

couplings given in eq. (5.8).
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Figure 4. Contributions to several leptonic and mesonic observables associated with the three
textures I, II, and III for the benchmark choice (e,mpy,) = (0.215,1.5 TeV): p — ey, 7 — vy,
T = ey, p — 3e, T — 3, p— e conversion, Kt (Kp) — «t(x%)wvw, RV /10", By — pe, and
K, — pe. The relevant experimental bounds (and future sensitivities), as well as SM predictions
(when appropriate), are also displayed.
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relevant Yukawa couplings to the h; leptoquark mass, 0.64 x 1073 < (mn, /1 ToV)2

1.12 x 1073.

Varying the mass of the hy leptoquark over a wide interval — in agreement with LHC
direct search bounds — leads to new ranges for the relevant entries of the Yukawa couplings
yi; (and thus new values for €). Since for increasing values of my, saturating the Ry(.)
anomalies calls for larger y22 30 — and hence for larger € —, bounds on other observables
are expected to become more severe, leading to the exclusion of a given realisation. This is
displayed on the distinct panels of figure 5: the coloured regions denote the contributions
for a given observable arising from varying € (i.e., y;;) in the Ry(.) favoured interval given
above. Light (dark) regions correspond to allowed (excluded) regimes in view of current
experimental bounds.

Leading to figure 5 we have elected to plot only the most constraining observables:
BR(x — ev), BR(u — 3e), CR(p — e, Au) and BR(Kt — 7tvi). Concerning textures
of type I and II, one can verify that explaining Rg) while being in agreement with the
bounds from CR(u — e, Au) precludes values of the leptoquark mass respectively larger
than my, 2 1.8TeV and 3.4TeV (for €max) and myp, = 3TeV and 5.3TeV (for epin).

(Notice that for texture IT u — 3e is almost as constraining as p — e conversion in nuclei.)
For type III textures, one finds two intervals'® for my,: [1.75TeV, 2.75 TeV] and [8 TeV,

13 A third interval for mp, , complying with flavour constraints, is present for very low hi masses, mn, <
70 GeV, excluded by direct searches.
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Figure 5. Contributions to BR(x — ev), BR(u — 3e), CR(1 — e, Au) and BR(Kt — 7ntvp) as a
function of the hq leptoquark mass my,,, for type I, I and III textures of y (respectively from left to
right, top to bottom), complying with the current interval for Ry (.). Light (dark) surfaces denote
currently allowed (excluded) regimes due to the violation of the associated experimental bound.

11.4 TeV] (the lower and upper bounds obtained in association with the maximal and
minimal values of ¢).

Despite being manifest in all panels, the “kinks” associated with the contributions
to CR(u — e, Au) are particularly apparent for type III textures.!? The behaviour has
been well identified in the literature (see, e.g. [159]), and stems from having a localised
cancellation of opposite sign up- and down-type quark contributions to the conversion rate
(due to different charge and weak isospin).

At this point, it is important to recall that the proposed parametrisation for y, as
given in eq. (8.1), allows each element to be weighed by a real coefficient a;;, O(1). In
order to understand how generic perturbations of the unconstrained entries of y affect
the phenomenological viability of the model, we have thus taken a type I texture for y,
and varied one a;; at a time!'® in the range [0.4, 1.6] (with a step size of 0.1). Although
not explicitly displayed here, the numerical studies revealed that p — ey and u — 3e
are predominantly sensitive to y31 (as1), with a mild secondary dependence on ys1 (a21);
likewise, 7 — py and 7 — 3p are controlled by y33 (as3); 7 — ey and 7 — 3e are sensitive to
variations from both y3; and y33. Finally, KT — 7+ v exhibits a significant dependence on

For this reason we have preferred to display several lines associated with values of €, which is varied

with a 5 x 107° step.
We fix y22,32 to ensure that R, (.) remains accounted for, hence az2,32 = 1.
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Y13 (a13), y21 (a21) and yo3 (a23). As a general qualitative statement, for all the radiative
and 3-body decays mentioned above, the variation of the a;; coefficients in the interval
[0.4, 1.6] leads to a variation of about one order of magnitude in the prediction for the
observable. Occurring at the tree level, the neutrinoless 1 — e conversion strongly depends
on y11 (a11), y12 (a12), and y21 (ag1) — the dominant element depending to a certain extent
on the leptoquark mass regime.

The same study can be carried for type II and III textures, with the results reflecting
the relative €™ dependence.

8.3 Final constraints from neutrino oscillation data

The requirements of having a viable DM candidate, and of accounting for the Rg) anomalies

while complying with all available data on meson and lepton rare decays and transitions
have allowed to identify viable flavour textures for the y leptoquark Yukawa couplings, as
well as mass regimes for the new states.

As mentioned in section 3, once the flavour structure of y has been fixed (be it from
theoretical arguments or, as in the present case, from a comprehensive phenomenological
analysis), the modified Casas-Ibarra parametrisation of eq. (3.11) readily allows to deter-
mine g, while complying with current neutrino oscillation data. As a final step in our study,
we thus consider the three textures already discussed in the previous section, and for each
one we vary the n;; powers of € in agreement with the ranges given in table 5, as well as the
associated a;; prefactors (in the range [0.4,1.6]). The h; leptoquark mass is, for simplicity,
set to the benchmark value of 1.5TeV (although the results here discussed qualitatively
hold for other choices — in agreement with the discussion of the previous subsection).

Concerning neutrino data, we use the best-fit values from the global oscillation analysis
of [160], taking a normal ordering for the neutrino spectrum, with the lightest neutrino
mass taken in the range [107® eV,0.001 eV]. As already mentioned, we take the right-
handed triplet masses to be my=2.7, 3.5 and 4.5 TeV. The remaining degrees of freedom
in the modified Casas-Ibarra parametrisation, i.e. the three complex angles in R introduced
in eq. (3.10), are randomly sampled from the following intervals: [0, 27| for the phases, and
[—4m, 4x] for the angles; one further has A, < 47 (see eq. (2.4)).

Each of the thus obtained couplings (y and g) are again subject to the various flavour
constraints previously discussed; moreover, each entry of the couplings must comply with
perturbativity requirements, |y(7)| < 4.

In order to illustrate our findings, we display in figure 6 the results of the scan, for
the three types of textures. Since neutrinoless conversion in nuclei and the KT — 7t
decay are the most constraining observables, we display the corresponding predictions of
the randomly sampled textures in the plane spanned by the latter two observables; the
colour code distinguishes between perturbative and non-perturbative entries of the y and
y couplings.

As is manifest from inspection of figure 6, accommodating vr-oscillation data from
type I textures for the leptoquark y couplings, in agreement with experimental data, and
for perturbative 7, does not excessively constrain the remaining degrees of freedom. Even
though perturbative regimes for g are more likely to be associated with large values of
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Figure 6. Predictions for CR(u—e, N) and BR(K™ — mTvv) associated with randomly sampled y
and g (see text), for type I, IT and IIT textures (top to bottom, left to right). The horizontal/vertical
lines denote the current experimental bounds, and the colour code identifies perturbative (blue) or
non-perturbative (red) regimes of .

BR(Kt — wtvi), one can easily find regimes which are phenomenologically allowed.
Notice however that a near-future improvement in the associated experimental sensitivities
(for instance CR(p—e, Al) ~ 1071° and BR(K T — 7Tvv)~ 10719) should allow to probe
the present leptoquark construction (and possibly falsify it).

For type II textures, the associated panel of figure 6 reveals that perturbative § cou-
plings are far harder to accommodate, especially due to the excessive contributions to
CR(p—e, Au). Finally, notice that only a tiny subset of the sampled type III textures is in
agreement with flavour observables, and no sub-region of the latter leads to perturbative
g. One thus concludes that type III textures (despite being marginally compatible with all
the quark and lepton observables here discussed) do not lead to a satisfactory leptoquark
construction.

We have also explored the possibility of having a distinct ordering (inverted) for the
light neutrino spectrum: in what concerns type I textures, we found no significant changes,
so that in fact both orderings can be easily accommodated; in the case of type II textures
for y (which do allow to accommodate oscillation data for a normal ordering) we failed to
find viable solutions for an inverted ordering; finally, type III textures remain unable to
account for oscillation data with perturbative values of the couplings even in the case of a
inverted ordering of the neutrino spectrum.

Before moving to our final remarks, it is worth mentioning that it would have been
theoretically appealing to have FN-inspired textures for both y and § couplings; as can be
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indirectly inferred from the above discussion, we did not succeed in finding phenomenolog-
ically viable ¢ couplings with textures mirroring those of y.

9 Concluding remarks

In this work we have carried a comprehensive phenomenological study of a SM extension via
two scalar leptoquarks h1 2 and three generations of triplet neutrinos Eﬁé, further reinforcing
the SM gauge group via a discrete Zs symmetry under which hy and E’R are odd (all other
fields being even).

The present New Physics construction aims at simultaneously addressing two long-
standing SM observational problems — neutrino mass generation, and a viable dark matter
candidate — while further offering a solution to the currently reported anomalies in B
meson decays, Ry ().

The Z5 symmetry ensures the stability of the LZoP, rendering the neutral compo-
nent of the lightest X a viable cold dark matter candidate for well defined intervals of
its mass. In the absence of a full theory of flavour, we have identified several classes of
flavour textures for the h; leptoquark Yukawa couplings which succeed in saturating the
R+ anomalies. These textures (loosely based on Froggatt-Nielsen inspired ansétze) were
subjected to a vast array of flavour conserving and flavour violating observables (including
meson decays, neutral meson oscillations and cLFV decays), which allowed to infer strin-
gent constraints on the h; leptoquark mass and couplings. Contrary to previous claims
in the literature, our findings suggest that the strongest constraints on these leptoquark
extensions do arise from cLFV u — e conversion in nuclei, and from the rare K™ — ntvi
decays. Furthermore, we also verified that numerous ansétze (identified as promising ones
for leptoquarks couplings, see e.g. [74, 75]) were in fact phenomenologically disfavoured by
several of the here considered observables.

It is important to emphasise that the constraints on leptoquark couplings arising from
flavour observables are not intrinsic (nor peculiar) to the leptoquark realisation here con-
sidered; in fact these are valid for any SM extension via scalar triplet leptoquarks.

The present BSM realisation leads to a scenario in which neutrino masses are radia-
tively generated (at the three-loop level, from the exchange of leptoquarks, down-type
quarks and lepton triplets, see figure 1). Neutrino oscillation data can be accounted for by
means of a modified Casas-Ibarra parametrisation: avoiding non-perturbative regimes for
the Yukawa couplings, y and ¢, establishes the final constraints on the parameter space of
the model.

The inclusion of Majorana states opens the door to lepton number violating processes;
the radiatively induced masses for the light (left-handed) neutrinos are one such example.
The new interactions and couplings further allow for additional sources of CP violation.
It is thus only natural to envisage the possibility of accounting for the baryon asymmetry
of the universe. In the present realisation, one can have tree-level processes which are
lepton number violating: one such example can be obtained from the neutrino mass (loop)
diagrams — see figure 1 -, by “cutting” the inner fermion propagators. This would lead to
tree-level LNV decays of the heavier neutral E%’O into, for instance, E}Q’D +d+4d+dvy, +dur,
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(which could have CP violating interferences with higher order diagrams). However, these
appear to be heavily suppressed processes and, in the absence of a detailed evaluation,
it remains unclear whether one could indeed generate a significant lepton asymmetry. In
addition, ¥ i decoupling would be required to occur above the EW phase transition to have
an efficient conversion into a baryon asymmetry.

In summary, and following a thorough study of an extensive array of observables, we
have proposed realisations of a SM scalar leptoquark extension capable of accommodating
neutrino oscillation data, a viable DM candidate, and saturating the observed discrepancies
for Ry (). We notice that the present construction cannot account for the tensions in Ry,
nor for the discrepancy between observation and SM prediction in what concerns the muon
anomalous magnetic moment. Should the latter persist, then the candidate model here
studied will have to be extended, or then embedded in a larger framework [62].

In the near future, a number of high-intensity experiments will put the present lep-
toquark construction to the test, in particular several cLFV-dedicated facilities (searches
for radiative and three-body muon decays, in addition to neutrinoless conversion in nuclei)

Tvi. Hopefully, positive signals or

and a possible measurement of the rare decay K+ — 7
new stringent bounds emerging from negative searches, will allow to further constrain the

model’s parameter space, or possibly disfavour it as a candidate New Physics model.
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