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ABSTRACT: Leptoquarks with masses between 2 TeV and 50 TeV are commonly invoked to
explain deviations between data and Standard-Model (SM) predictions of several observ-
ables in the decays b — ¢t and b — s¢T¢~ with £ = e, u. While Leptoquarks appear in
theories unifying quarks and leptons, the corresponding unification scale Mgy is typically
many orders of magnitude above this mass range. We study the case that the mass gap
between the electroweak scale and Mgy is only populated by scalar Leptoquarks and SM
particles, restricting ourselves to scenarios addressing the mentioned flavour anomalies,
and determine the renormalisation-group evolution of Leptoquark couplings to fermions
below Mgry. In the most general case, we consider three SU(2) triplet Leptoquarks S%,
¢ = e,p, 7, which couple quark doublets to the lepton doublet (v, ¢~) to address the
b — s/~ anomalies. In this case, we find a scenario in which the Leptoquark couplings
to electrons and muons are driven to the same infrared fixed point, so that lepton flavour
universality emerges dynamically. However, the corresponding fixed point for the couplings
to taus is necessarily opposite in sign, leading to a unique signature in b — stt7~. For
b — cTv we complement these with either an SU(2) singlet ST or doublet R} and study
further the cases that also these Leptoquarks come in three replicas. The fixed point so-
lutions for the S% couplings explain the b — s¢*¢~ data for Sg* masses around 10 TeV.
b — ctv data can only be fully explained by couplings exceeding their fixed-point values
and evolving into Landau poles at high energies, so that one can place an upper bound on
Mgru between 10% and 10" GeV.
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1 Introduction

Several measured branching ratios driven by the quark decay b — su™p~ show a deficit
of events in the kinematic region with ¢ < 8 GeV, where ¢? is the invariant mass of the
lepton pair [1-3], if confronted with the Standard-Model (SM) prediction of Refs. [4, 5].
Also the observable P! parametrising an angular distribution in B — K*u*u~ follows
this pattern [6-9]. In a 2022 reanalysis of LHCb data for the lepton flavour universality
violating (LFUV) ratios

B(B = KWputpu~)

1.1
B(B — K®ete™) (L1)

RK(*) =

has resulted in values compatible with the SM predictions Ry(») ~ 1 [10, 11]. Thus earlier
hints for the violation of lepton flavour universality violation inferred from Ry () < 1 have
disappeared. Therefore, if beyond-SM (BSM) physics is invoked to explain the b — su™pu™,
it will couple with similar strengths to muons and electrons.
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Figure 1. Contributions of scalar Leptoquarks to anomalous quark decays.

Another long-standing flavour anomaly is related to b — c¢7v decays and observed in
the ratios
B(B — DW7v)
B(B — D&M{v)’

Rp+- = C=e,pu. (1.2)
While BaBar and Belle have measured both ratios jointly, early LHCb measurements could
only determine Rp+. While all measurements have always been very consistent concern-
ing Rp-, there is some tension between the large 2012 BaBar value for Rp [12] and the
corresponding 2019 Belle measurement with a smaller, SM-like result to the level expected
by statistical fluctuation [13]. In 2022 LHCb has presented a combined Rp — Rp+ mea-
surement which has increased the overall consistency among all experimental results [14].
HFLAV combines six measurements [12-17] to [18]

R7P = 0.358 +0.025 + 0.012, R7P = 0.285 +0.010 £ 0.008, (1.3)
which have to be compared with the SM predictions of [19-24]
Rp = 0.298 £0.004, Rp+ = 0.254 £0.005, (1.4)

entailing a discrepancy with Eq. (1.3) of 3.20. Better measurements of D* and 7 polari-
sations can discriminate between different BSM explanations of R [25, 26]. The ratio
Rp. = B(Ap = Actv)/B(Ay — Aclv) contains redundant information to Rp~ in any model
of New Physics (NP) [25, 26] and must move upward in future measurements from its 2022
value REHCP = 0.242 4 0.026 + 0.040 + 0.059 [27] to Ra, = 0.39 £ 0.05 [28] if RD) in
Eq. (1.3) are correct.

Leptoquarks (LQs) are the most popular particle species postulated to remedy the
flavour anomalies [29—40]. In this paper we focus on scalar LQs, which can be consistently
added to the SM particle content. That is, their mass Mr,q is much below the scale Mqr,u
determining the masses of the remaining particles of some complete theory of quark-lepton
unification (QLU) and the effects of the latter particles decouple for Mqry — oco. By
contrast, a vector LQ with mass Mg < Mqru corresponds to a non-decoupling scenario
unless the Higgs sector responsible for its mass is taken into account as well. Flavour
anomalies are addressed with the scalar LQs S1, Ry and Ss3, denoting SU(2) singlet, doublet
and triplet respectively, see Fig. 1 for sample diagrams. The combinations (S7,S3) or
(R, S3) can simultaneously cure b — cr7 and b — s¢T¢~, with the caveat that one needs
more than one copy of some SU(2) representations as explained below in Sec. 3. The former



scenario also affects the decay b — svv which is currently probed at the Belle II experiment.
In both scenarios one can find large effects on the anomalous magnetic moment of the muon
[41].

The presence of a sizable mass gap between Mg and Mqru opens the possibility to
study the renormalisation group (RG) to find generic predictions for the low-energy param-
eters without specifying details of the complete theory valid at Mqruy. The prototypical
example for such a study is gauge coupling unification, which can be assessed from the SM
beta functions alone, without knowing the parameters of the grand unified theory valid at
the high scale. Indeed, the “near miss” of these running couplings nurtures the hope to find
new particles in the reach of current particle colliders, because they change the slope of the
beta functions. Another opportunity of RG analyses is the possibility to find infrared (IR)
(quasi-) fixed points (FP) of parameters. Such studies have been pioneered in Ref. [42] for
the top Yukawa coupling, aiming at a prediction of the top mass. In this paper we derive
and study the RG equations for LQ Yukawa couplings and SM gauge couplings.

The paper is organised as follows: In Sec. 2 we report the effective Hamiltonians
employed to describe B Meson decays in and beyond the SM, and summarize the current
status of bounds on the NP couplings from the latest global fits. Sec. 3 reviews some
basics and assesses the implications of low-energy data on the flavour pattern of the LQ
Lagrangian. In Sec. 4 we present the RG equations (RGE) of the LQ couplings first in a
fully general theory and then specifically for the scenarios which can explain the flavour
anomalies. Sec. 5 discusses the RGE FPs and their implications. Finally we conclude in
Sec. 6.

2 Effective Hamiltonians for B Meson Decays

It is customary to describe the decays of B mesons in the SM by means of effective field
theories (EFTSs), obtained after integrating out the top quark, the heavy gauge bosons
Z and W, and the Higgs field. This approach is particularly helpful in the presence of
BSM physics as well. Indeed, the low-scale footprints of any heavy degree of freedom can
be parametrized at the B meson decay scale as shifts to the Wilson coefficients (WCs),
describing the short-distance effects associated to all the fields integrated out of the theory.
Therefore, after performing fits to all the available experimental data, it is possible to
obtain bounds on the NP effects in a model independent way. These bounds can be then
translated into constraints to any given model once the matching between the EFT and
the desired BSM theory is performed. We will give the results of such matching for the
relevant LQs in Sec. 3.
The effective Hamiltonian employed to describe b — s/~ transitions reads
4G

Hif > = Vi (c805 + C1o0h) + e, (2.1)

where we focus on the phenomenologically relevant operators

Qem , _ - Qlem ,_ -
O = — 2 (57 PLb) (1), Oty = (59 PLb) ((y"15) (2.2)



Here G is the Fermi constant, Vi, and V;s are elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, aem is the fine structure constant and Pr, g = (1 F v5)/2. In the SM, the
WCs are LFU and at the renormalization scale p = , = 4.8 GeV equal to C§(up) =~ 4.1
and C{,(up) ~ —4.3, respectively.

As anticipated in the Introduction, the latest experimental results concerning Ry [10,
11] require NP effects to be LFU, if one wants to address the discrepancies in b — su™ ™~
transitions by means of BSM physics. Defining therefore these additional contributions
as CY = C§ = Cl and Cf, = C¢, = C};;, the most likely results found by the latest global
fits [43-45] are

D) Cy(m)~-1,

M V) = ~Clhm) ~ 04, 23

As we will see in the next Section, the WCs configuration found in scenario IT) arises in
the presence of S3 LQs coupling equally to electron and muons.
It is interesting to notice that b — svv transitions can be described by an effective
Hamiltonian closely related to the one given at Eq. (2.1), namely
4G

Iejflf7 2 —WthV}ZCprfp +h.c., (2.4)

where we have introduced the neutrino operator

Qem ,_ _
O = o (FWPLb) (7" (1 = 75)m) (2.5)

Since experiment cannot distinguish neutrino flavours, the sum over all flavours appears in
the ratio of the branching fraction and its SM prediction [46]:
B (B — KWvw) _ (CR'+C5p)* + (CR)' + CF)° + (O + Cy)°

I/17* — - N 2.6
KO BSM(B — K(yp) 3(CS)2 (26)

where C5M (1) ~ —6.35. The current experimental limits are set by the Belle collabora-
tion [47], and read at 90% C.L. RYY < 3.9 and RYY. < 2.7. In the case where NP couples
to only one lepton flavour, these bounds imply

-95 0y S22, (2.7)

where CNF represents any of C5£"7. An upcoming measurement by the Belle II collabo-
rations is expected to significantly improve these constraints thanks to the expected first
direct observation of these channels, with an estimated accuracy of 10% [48].
The b — cfv transitions are described by the following effective Hamiltonian:
4G
Hif >

V2

where we have introduced the operators

Vi [(1+CP,)0), +C5 05 +Cs 04, + CHOL] +hee., (2.8)

OEL = (EVMPLb) (E’Y;LPLVZ) ) OgL = (EPLb) (ZPLVZ) ,

d S (2.9)
OgR = (EPRb) (EPLVZ) , Osv = (EO’“ PLb) (EO'MVPLVg) ,



with 04, = [y,,7]. Given the normalization employed in Eq. (2.8), all the WCs there
appearing are describing genuine NP effects. It is worth to mention that in our study we
will not consider effects coming from the operator Oy,,, which is obtained by replacing Pp,
with Pr in the quark bilinear of Oy, , as it is LFU at dimension-six in the SMEFT [49-52].
Moreover, we do not allow for effects coming from right-handed neutrinos.

The latest bounds on the NP WCs involved in b — ¢fv transitions, both in a model-
independent way and for specific UV models, can be found, e.g., in Ref. [53]. As detailed
in the following Section, out of the several possible scenarios identified by the fit we focus
here on the following scenarios, given at the renormalization scale pp:

A) Oy () ~0.08,
B) €5, () =—8.9CT(up) ~ 0.19, (2.10)
C)  CT, () = SACH () ~ +i0.58.

Scenarios A) and/or B) can arise in the presence of a S; LQ coupled to taus, while C)
is instead a combination of WCs induced at the low scale by the presence of a Ry LQ,
coupling to taus.

3 Theory of Leptoquarks

The updated LHCD values for Ry [10, 11] imply that the NP interpretation of b — s¢*¢~
data requires that both b — su™u~ and b — seTe™ receive NP contributions with similar
size [43-45]. As an immediate consequence, the S3 LQ potentially mediating these decays
must come in two copies, S§ and S%, each coupling only to the indicated lepton species.
The reason why a single LQ cannot couple to both electrons and muons is the strong
experimental bound on p — e conversion, which such a LQ would otherwise mediate. In
the SM we observe an approximate SU(2)? flavour symmetry, corresponding to rotations of
the charged right-handed fields (I1g,l2r) and the left-handed doublets (Lj, Lg) of the first
two fermion generation. A priori the S3 fields will couple to the weak eigenstates and the
rotations of the latter into the flavour eigenstates ey, g, pr,r (upon diagonalisation of the
SM lepton Yukawa matrix) will lead to Leptoquarks coupling to both e and p, which we
must avoid. This rotation, however, is unphysical, if the LQ mass matrix is proportional
to the unit matrix, in which case one finds S§ and S% as desired. Mass-degenerate S§ and
S& mean that the LQ mass term in the Lagrangian also obeys an SU(2) flavour symmetry
related to rotations of leptons in flavour space. Thus we conclude from the experimental
evidence for Ry(+) ~ 1 that Leptoquarks are part of the flavour puzzle and part (or even
actors) of its explanation in term of approximate SU(2) symmetries.

For the b — c¢7v anomalies one may employ S7 or Ry exchange, see Fig. 1. For the
former solution the S; coupling to ¢, 7§ comes with a coupling to 5;v¢; by SU(2) symmetry.
This gives a large contribution to b — svv, which could be mitigated by an S3 contribution
of opposite sign in an appropriate model [35]. Therefore the (S, S3) scenario could permit
a significant enhancement of the branching ratio of B — K® v currently studied at Belle
IT [48]. The Rj scenario can only successfully explain both R(D) and R(D*) if the real



part of the product of the 7oy, and ¢rr Yukawa couplings of Ry is much smaller than the
imaginary part (in the usual quark basis in which V is real) [25, 26, 40, 54].

3.1 Lagrangians

Let us here review the formalism employed to describe scalar LQs. In order to do so,
we adopt for fermion fields 1) the following formalism: ; r = Pr, g, ¥ = T~0 and
p© = CYT, where we have introduced C' = iy2~°.

In the following we report the Lagrangians describing the interaction of scalar LQs
with SM fields. We do not permit here diquark coupling of LQ, which would lead to
dangerous and undesired proton decays [30], and do not consider LQs coupling to right-
handed neutrinos. Hence, we will focus only on five families of scalar LQs, each denoted
by different quantum numbers relatively to the SM gauge group (SU(3),SU(2),U (1)) [55].
In particular, we employ a fully general formalism, allowing in principle multiple copies for
each LQ.

Before going in the details relative to each LQ we report here the generalization of the
SM Yukawa Lagrangian to the case of ny scalar Higgs doublets ®*, where a = 1,...,npy,
with generic flavour structure. These theories are usually defined as generic ny Higgs
doublet models (GNHDM), and can be described by the following Lagrangian:

Lo = —Yuct ileLJelmq)a, muRyj — chfijQL,iq)adR,j — ife?ijf/[/,iq)a(imj + h.c., (31)

where €™ = (ir2)™, with 72 being the second Pauli matrix. Moreover, I,m = 1,2 are
SU(2) indices and i, j = 1,2, 3 are flavour indices. As stated above, we do not assume any
particular flavour structure in the couplings among the several scalar Higgs doublets and
the SM fields, namely each Higgs doublet &% can couple with all SM fermions through the
fully general coupling matrices Yiae

Finally, we adopt the convention g; = \/%g’ , g2 = g and g3 = gs, with ¢/, g and g,
being the U(1), SU(2) and SU(3) gauge couplings, respectively.

3.1.1 Singlet Leptoquarks
A scalar LQ S1 = (3,1,1/3) interacts with the SM fields via the following Lagrangian:

~C, 1 _
Eysl = Yiij L,iSfelmI/ﬁj + x‘fiju%iS‘feRJ +h.c.. (3.2)

This Lagrangian describes all the coupling that are allowed for a weak singlet S, which
can couple either to two left-handed SM fermions, or to two right-handed ones. Similarly
to the convention adopted for the Higgs doublets, here and below the index a is a family
index employed to denote an arbitrary number of copies of a scalar LQ. This index can also
be interpreted as a flavour index, analogously to the flavour indices 4, j of the SM fermion
fields. The interaction between an S{ LQ and the SM fields is mediated by arbitrary
complex 3 x 3 Yukawa coupling matrices y{ and z{, connected to left-handed and right-
handed fermions respectively.
On the other hand, the interaction among a scalar LQ S; = (3,1, 4/3) and SM fields
is described by
Ly.



Contrarily to S7 in Eq. (3.2), a weak singlet Sy can only couple to two right-handed fields
due to hypercharge conservation. This interaction is mediated by the arbitrary complex
3 x 3 Yukawa coupling matrix z{.

The only scalar LQ which is going to be relevant for the phenomenological studies
carried out in Sec. 5 is ST, once non-vanishing values for the couplings y7 53, ¥7 33 and 7 93
are allowed. Indeed, it can contribute to b — c7v decays via [56]

v’ Y3377 35 v* yla3(Vesy 35 + VeryT 33)

CE*L (MLQ) = —40%(/%@) = _MTSZW’ C\T/L (MLQ) = AV, M§T
1 1

(3.4)
at the matching scale urq = Mgy ~ 2 TeV, with v = 246 GeV. Notice that the relations
among C§ and C7 is modified due to RGE effects once the coefficients are run down
to the low scale, becoming CF, (uy) = —8.9CF(up) [57, 58]. It is worth mentioning that,
due to SU(2) invariance, the presence of y] 45 and yj o5 implies a contribution to b — svv
transitions as well, equal to [46]

2
CT o v yi—33y{;3 ) (35)
ViV mi;

|27

Employing the results for scenarios B) or A) given in Eq. (2.10) at the decay scale (which
therefore take into account the running effects from prq = Msy to u = ) implies the
following expected size for the NP parameters ratios, respectively:

2
Mg~
T T * T * (3'6)
A) y133(Vesyi 232+ Veryi33) ~02TeV 2.
Mg,
1
A few considerations are now in order. Starting from the Cg = —4C7 scenario in Eq. (3.4)

one can infer that, for couplings of order unity, the LQ mass is of order Mgy ~ 1.5TeV.

Even if y 93 is now assumed to be vanishing, we nevertheless obtain a vectorial contribution
v, < Veoyi 3391 33, which is, however, negligible due to the CKM suppression: we are

therefore consistent with scenario B) of Eq. (2.10), where CY, is assumed to be 0.

If, on the other hand, one would like to pursue the vectorial solution identified by sce-
nario A) in Eq. (2.10), a non-vanishing value for y] 44 is required together with a vanishing
] 93, in order to remove the scalar/tensor WCs while evading CKM suppression in the vec-
torial one. In this scenario, coupling of order unity would imply for the LQ a mass of order
mg7 ~ 3TeV. However, with this new choice of non-vanishing parameters a contribution
for C7; is implied as well, equal to ~ —130 and well above the current experimental bounds

given at Eq. (2.7). Such a scenario would therefore require some additional mechanism in
order to avoid the B — K v bounds, like e.g. the one proposed in Ref. [35].

3.1.2 Doublet Leptoquarks
Moving on to weak doublets, the Ry = (3,2,7/6) scalar LQ Lagrangian is given by

_ 1 _
Ly, =—v3,;ur,Ry "L+ 25,er RS QL j + he., (3.7)



Due to Ry being a doublet, it can either couple to a left-handed lepton doublet and a
right-handed quark singlet, or vice-versa. These interactions are mediated by the arbitrary
complex 3 x 3 matrices y§ and x9, respectively.

Similarly, the Lagrangian for Ry = (3,2,1/6) reads

Ly, =—03idr R3¢ LT j +he.. (3.8)

Analogously to Eq. (3.3), due to the different hypercharges of Ry and Ry only an interaction
with a left-handed lepton doublet and a right-handed quark singlet is allowed for the latter,
parameterized by the arbitrary complex 3 x 3 matrix y5.

The doublet scalar B3 LQ becomes phenomenologically relevant for us once the cou-
plings 395 and 345 are allowed to be non-vanishing. Indeed, it contributes to b — crv
transitions via [56]

v’ Y3937 5s
4V, Még ’

C3, (mQ) = 40T (uLq) = (3.9)
at the matching scale uLq = Mpgg ~ 2 TeV. Once again, due to RGE effects the relation
among the coefficients reads CF () = 8.4CT(up) at the low scale [57, 58]. The bound
reported for scenario C) in Eq. (2.10) can therefore be recast into a constraint on the
parameter ratio

YEsThis ) 5oy (3.10)
ME : . ) .

where we assumed one of the two coupling to be purely real and the other purely imaginary.
Assuming for each coupling a size ~ 1 would imply a mass for the LQ below 1 TeV, already
excluded by current constraints; it is however enough to require their size to be ~ v/2, which
is still below the current bounds obtained from searches for pair-produced LQs at the LHC,
to obtain a mass of the order Mgz ~ 1.7TeV, heavy enough to evade present limits. See
Ref. [59] and references therein for a detailed discussion on the matter.

3.1.3 Triplet Leptoquarks

We conclude this Section describing the interactions among the weak triplet S3 = (3, 3,1/3)
and the SM fields, ruled by the following Lagrangian:

~C,1 k
Lys, = yé‘fijQL,ielm(TkSg‘f )™ LY ;+he., (3.11)

where 7%

are the Pauli matrices, with k = 1,2,3. The contraction (Tksg"’“) can also be
written as (7 - S%), as originally done in Ref. [55]. Due to its triplet nature, S3 LQs can
couple only with two left-handed SM fermions through the arbitrary complex 3 x 3 matrix
y%, analogously to the first term of Eq. (3.2).

The triplet LQ has relevant phenomenological implications on b — s/~ transitions.
Indeed, allowing non-vanishing values for the couplings yé a0 and yg gy With £ =e,n=1,2,
it is possible to obtain contributions of the form [56]

2 4 0 %
v Y330Y32¢
M
Vi Vtzaem M;g

Co(pLq) = —Ciplpg) = (3.12)



at the matching scale ur,q = M st Remembering that Cg and Cg do not run in QCD,
the result for scenario II) in Eq. (2.3) can be directly applied, and implies for the NP
parameter ratio the value

Y3 3005 30 -2
=225 ~ 0.001 TeV™-. (3.13)
M
Assuming the couplings to be of order unity, we can therefore infer the scale of the LQ
mass to be Msg ~ 30 TeV.
It is worth mentioning that, due to SU(2) invariance, allowing additional couplings to

7 would induce contributions to b — c7v transitions as well, similar to the ones obtained
for S1 LQs. However, the sign of such contributions would be strictly negative due to
additional constraints coming, e.g., from Ay, [56] and hence not phenomenologically
interesting, unless additional symmetries are imposed to the Lagrangian [35]. On the other
hand, and again in a similar fashion to what is observed for the singlet L.Q, contributions
to b — svv transitions are unavoidable in this channel as well, and take the form

2 0 0
057 — v y33fy3§f ) (314)
v ‘/tb‘/t:aem Méé

In this scenario, however, the induced size on C%, from b — s¢*¢~ data would correspond
to C%, ~ —0.6. This value is well within the current bounds, even when allowing for NP
coupled to two lepton families which imply a more stringent bound than the one given in
Eq. (2.7).

4 Renormalisation Group Equations

In this Section we report the RGE of theories in which the SM sector is amended by an
arbitrary number of Higgs doublets and scalar LQs. We start by giving in Sec. 4.1 the RGEs
for a fully generic theory with multiple copies of all the five scalar LQs. We then move to
phenomenologically relevant cases, reporting the results obtained when the SM extended
either with (S1,S3) LQs or with (Rg, S3) LQs, in Sec. 4.2 and Sec. 4.3 respectively. All our
results listed below correspond to the convention of our Lagrangians in Eqgs. (3.1)-(3.11).
We give our results at the one-loop level of precision working in the MS-scheme, which we
obtained adopting the findings of Refs. [60, 61] to our specific scenarios. For two-loop level
results including one-loop threshold corrections, see Ref. [62].

4.1 General Results

Let us report here the RGE for the most general case, where arbitrary copies of the Higgs
doublet and the five scalar LQs are allowed.

We start by giving the RGE for the gauge couplings g1, g2 and g3, which we remember
are connected to the U(1), SU(2) and SU(3) gauge couplings by the convention g =



v

Figure 2. Diagrammatic representations of the contributions to the beta functions of the Yukawa
couplings. ® represents any scalar field, namely a Higgs doublet or a LQ, while ¥ represents any
SM fermion field.

\/3/5¢', go = g and g3 = gs. The RGE read

1677-2 i — 3(%,” +in +in +En~ +@n _|_in~ —|—1TL ) (4 1)
Fapt = 93" T " T g T s T 3R T g T 51 )0
d 22 4 1 1 1
16#2/1@92 = g5 (—3 + gnf + 6”1{ + 5Rs + 5" R, + 2ng3) , (4.2)
d 4 1 1 1 1 1
167(2”@93 = gg’ (—11 + gnf + 67151 + 677,5,1 + gn}b + §HR2 + 57153) , (43)

where n; represents the number of SM flavours, ng is the number of scalar Higgs doublets,
and ng,, ng , MRy, Np,, N, are the numbers of S1, Si, Ra, Ra, Sy scalar LQs, respectively.

Before moving on to the RGE for the Yukawa couplings it is useful to define several
quantities which will later allow us to state these RGE in a more compact and intuitive
way. In particular, we give below the field renormalisation constants for all the relevant
fields, namely the scalar Higgs doublets, the scalar LQs and the SM fermions.

Starting from the six kind of scalars allowed in our theory, the contributions of the
field renormalisation constants to the beta functions of the Yukawa couplings involve the
following combinations of Yukawa matrices:

T = Ty [NcYu“TYf +NYSYD 4 Y;“T){f} ,

5 = Te[2yi0t +afall |, T = Tr[ygub’ + agat], (4.4)
T -mlaa|. TP =melga | T = Te[2],

where N, = 3 is the colour number, and a,b =1,...,n, with a € {H, 51, S1, Ry, Ry, Sz} is
an index denoting possible multiple copies of each scalar. All terms in Eq. (4.4) stem from
diagrams involving fermion loops, like the left one in Fig. 2.

Concerning the field renormalisation constants of the SM fermion fields, we start with
the contributions from loops with Higgs fields, which are

Voli; = % {Y;‘Y;* + Yd“YdaT]ij NS % [K“Yeaqij ) (4.5)

iy = [vetve| o Wl = YElYE] L Dy = [retye]

1) ) v

~10 -



where we denote the (i, j) element of the matrix M by [M];;. Here and below, we adopt
the convention that repeated indices are implicitly summed over.

The contribution for the fermion field renormalisations due to the insertion of LQ in
a loop read

1 ~ N,
V1lij = 3 {y?y’lﬁ]ij ;o iy = ?c
1., . = Ne (gt~ =
il =5 |2 L R = 50 [a0a] L Ay = 5 [etfat]
2 1) 2 1] 2 )
~ N,
oy = [wgus] L Ol = ] el = Ne[agas®] L @)
o~ S Ne [ .ot~ = 1
Wil = [3835T] . Dsls =52 [58758] . (Bl = [a81ag]
] 2 1] 2 (¥

[Va]ij = % [yé'fyé”]ij . sl = AL [?Jé‘ffyg} i

Combining Eq. (4.5) and Eq. (4.6), both stemming from diagrams involving a fermion
and a scalar in a loop as depicted in the center of Fig. 2, allows us to finally define the
total contribution to the field renormalisations of the SM fermions, which read

Voglij = Vo + Vi + Xy + Y3lij s Verlij = [V + Y+ Yo+ 372 + 373]1'3' ;
Vuulij = [Vu + X+ Dalij, WVadlij = Va + X5 + Vslij (4.7)
Veelij = [Ve + X1 + X + Xalij

where the labels refer to the external fields.

Employing Eq. (4.4) and Eq. (4.7), complemented by additional contributions from
vertex corrections as the one shown in the right side of Fig. 2, we are now ready to give
the RGE for the Yukawa couplings introduced in Sec. 3.1. The RGE of the SM Yukawa

couplings defined in Eq. (3.1) read

d . . 9 17
g4l = 4k (b~ o -

T1x
=2 (VY2 — hyeat Ty + hveadl,) | (4.8)

) + T (V255 + Vool Ylks + Yk Vuulkj

d a a 9 1 a a a
1679#@% lij = [Yq'lij (—89§ - 195 - 19%) + T Y7155 + Vool Yilkj + [Yilik[Vaalr;
—2[YPY YD) (4.9)
d a a 9 9 a a a
16%2#@% lij = [Y'ij (—193 - ZQ%) + T [V + WVerlinYkj + Y iw[Veelws

+ 2N, ([h've ad)y — labvendl) - (4.10)
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The RGE of the singlet LQs Yukawa couplings defined in Egs. (3.2)-(3.3) read

d a a 9 1 a, * a a
167r2u@[y1]u = [yilyy (—49§ — 50— 59?) + TPl + Voolinlyiles + ilin[VeLlk

2
ay bl T aT b
+2 [Y Y i — 23 29 yalij ) (4.11)
162ia”_ 4 _EZ Tab by .. * al. . al. )
™ 'ud,u [21]ij = [1]ij 9 5 + T1[21]ij + [Vualix[1]kj + [27]ik [Vee ks
T 4 * a T
+ 4 (2 vy - v 2 ) (4.12)

d ~a ~a Tab( 4 * [~a 5.G
16W2M@[$1]ij = [#1]i (-49§ - 29%) + T2 + Vaal i [29)es + )i Veelrs - (413)
The RGE of the doublet LQs Yukawa couplings defined in Eqgs. (3.7)-(3.8) read

d a a 9 5 a. a a
16772#@[3/2]@' = [y3]i; (—49§ ——g5 - 19%) + T + Vuulie[v8]r; + Wl VeLlks

4
— 2 ((Vasv)l + o a8 sl ) (4.14)
1672 i[a‘._ ay.. _42_92 37 2 Ty + Veoelinl2hs APRRY; .
#du w5lij = [25)ij 93 = 492 7 2091 + [xQ]’LJ Yeelik [23]k; + [25)ir[ V0@l

— 2 (Vlys Y2l + sl ) (4.15)

13 4

509 )+T“b[ 8o + Waalinli81kj + [55)i[VrLles -

(4.16)

d .. . 9
167T2M@[Z/2]2‘j = [P5)i (—4Q§ - ZQ%

Finally, the RGE of the triplet LQ Yukawa coupling defined in Eq. (3.11) reads

d a a 9 1 a * a a
167 3Tl = [0y (498 — 508 — 597 + T Rles + Vaalilysles + Vsl
(4.17)

4.2 The SM Extended by S; and S3 LQs

Let us now move our focus to the first of the two phenomenologically relevant models, whose
RGE implications will be studied in Sec. 5, namely the one consisting in the extension of
the SM with S; and S3 scalar LQs, and no additional Higgs doublets. This kind of models
has been originally proposed in Ref. [35] and subsequently embedded in a composite Higgs
model in Ref. [63]. They originally proposed a singlet LQ S; to account for the anomalies
in b — crv transitions, and a triplet LQ Ss for addressing data in b — suu decays, as
shown in Fig. 1. As detailed in Sec. 3, the requirement of lepton flavour universality in
b — s{T¢~ transitions implies now the presence of multiple copies of S35 LQs. While a
similar behaviour is not required for the S; LQ, we will however maintain a degree of
generality here and allow for multiple copies of this scalar LQ as well.
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For this kind of theory Egs. (4.1)-(4.3) condense to

d 4 1
1602 p—g, = (= ) 418
™ .“dugl g 3nf + 157151 + 5”53 ) ( )
d 1
1677%@92 = 4 (—— +on g +2n53), (4.19)
d 4 1 1
167T2/L@gg = gg’ (—11 + gnf + énsl + inss) . (4.20)

The contribution from scalar field renormalisations are found from Eq. (4.4), by spec-
ifying to only one Higgs doublet and SM Yukawas Y/'; . =Y, 4., and hence T = T. The
fermion field renormalisations of Eq. (4.7) are altered by the reduced scalar sector of the
theory, and now read

D}éQ]ij = Vo + V7 + V3lij, VLl = Do + Y+ 373]13' ;

/

Vuuli = [Vu + X5, Yaaliz = Valij (4.21)
Yeelis = Ve + X135
We have now all the ingredients necessary to give the RGE for the Yukawa couplings of

an extension of the SM by multiple copies of S; and S3 LQs. The RGE of the SM Yukawa
couplings defined in Eq. (3.1) read

d 9 17 4
167T2M@[Yu]ij = [Yuis (—8932, - %

/

193 = 3590) + T IVl + Doglnl¥ales + YallDlis

=2 (ay vy - hveat ') (4.22)

d 9 1 , ,
167T2/~6@[Yd]z‘j = [Yali (-89§ - 193 - 19%) + T [Yalij + Vool Yalkj + [Yali[Vaalr;
— 2V Yalis s (4.23)

d 9 9 ’ '
16%2#@%]1’3’ = [Yeli <—19§ - Zg%) + T [Yelij + [VrplinlYelrs + [Yelir [Veelk;
+ 2N YY) (4.24)

The RGE of the singlet LQs Yukawa couplings defined in Eq. (3.2) read

d a a 9 1 a "1k ra a !
167T2M@[y1]ij = [yl]ij <—4Q§ - *g% - 59%) + le[ylf]ij + [yQQ]ik[yl]kj + [yl]ik‘[yLL]kj

2
+ 2[4V )i, (4.25)
162ia”_ aj. . _42_&2 Tab by "1k r.a. ay. o
™ 'ud,u [21]ij = [*1]i 93— 591 + T1[21]i5 + Vuulir[T1]kj + [27]ik [ Vee ks
SN STRANE (4.26)

Finally, the RGE of the triplet LQ Yukawa coupling defined in Eq. (3.11) reads

2

d a a 9 1 a L P ) a !
167T2M@[Z/3]ij = [ys3lij <—4Q§ — 5%~ 59%) + T [y8];; + Yooliklyslks + [ysliYVeLlks

(4.27)
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4.3 The SM Extended by Rz and Sz LQs

The second phenomenologically relevant model consists of the extension of the SM with
Ry and S5 scalar LQs, and again no additional Higgs doublets. This model was originally
proposed in Ref. [54] where the two LQs were embedded in an SU(5) Grand Unification
Theory (GUT) and, as shown in Fig. 1, employs the Ry LQ to address data in b — cTv
decays, again in combination with the S5 LQ to explain anomalies in b — s¢/*¢~ transitions.
Similarly to the previous case, we will permit multiple copies for both scalar LQs.

For this kind of model the gauge coupling RGE from Eqs. (4.1)-(4.3) condense to

d 41 49 1

16720 g, = 3<7 - ) 4.8
d 2 4 1 1

167T2M@92 = g5 <—§ tangt gt gne T 2”53) ; (4.29)
d 4 1 1

1670 95 = g§<—11 gny o+ gnm o+ 57153) , (4.30)

In a similar fashion to the previous scenario, the scalar field renormalisations are
analogous to the ones given at Eq. (4.4) specified to a single Higgs doublet, while for the
fermion ones we now have

D)C/Q/Q]ij = Vo + X+ Vilij Virlii = Vo + Yo + Vslij
[yuu]lj [Vu + Valij D)d/:j]w = [Valij » (4.31)
[yee]w (Ve + XQ]ZJ
We can now move on to the RGE equations for the Yukawa couplings in this kind of
theory. The RGE of the SM Yukawa couplings defined in Eq. (3.1) read

d 9 17 5
16%2#@%]1‘3’ = [Yalij (*89?% - 195

"

) + T* [Ya)ij + D}(/Q/Q]ik Yalks + [Yalik[Vuulks

20
=2 (Va¥ ]Vl + Whveatl) (4.32)
1 dy Y, 2 99 1o TV, NVl [Vl [V T
67 Md [ d]l] = | d]zj —89g3 492 491 + T d]@] + D)QQ]zk[ d]kj + d]zkz[ydd]kj
— 2[Y, Y, Yqli; . (4.33)
d 9 9 " "
IGWQN@[Ye]ij = [Ye]y (—193 - 19%) + T [Yelij + [Vprlin[Yelrs + [Yelik[Veelrs

— 2Ne[a VBl (4.34)
The RGE of the doublet LQ Yukawa couplings defined in Eq. (3.7) read

d ., . 9, 5 . v o
16W2u@[yz]ij = [y3lij (—4g§ - 195 - 19%) + T3 W8i5 + Vi3l + W3]V Llks

— 2[Y,.a28Y,|! (4.35)

77
37 2 Tab b B " ) a ) a ) 1" )
2091 + 15 [x2]lj + [yee]zk[$2]kj + [J:Q]Zk[yQQ]k]

— 2[YaysYell . (4.36)

d 9
16772#@[905]@ = [25]i (*495’zj - Zgg B
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Finally, the RGE of the triplet LQ Yukawa coupling defined in Eq. (3.11) reads

d a a 9 1 a 14 * a a 1
167r2,u@[y3]¢j = [93]ij <—4Q§ - 59% - 59%) + T3b[yl§]ij + [yQQ]ik[yS]kj + [yS]ik[yLL]kj :
(4.37)

5 Phenomenology of Fixed Point Solutions

We have now collected all the necessary ingredients to perform the study of the RGE IR
FPs, and to discuss their potential phenomenological implications for the BSM scenarios
selected in Sec. 4.2 and 4.3. Our aim is the investigation of solutions to the anomalies in
b — s and b — c transitions with the IR FP values for such couplings.

As anticipated above, we will perform our studies in two distinct scenarios, differenti-
ated by whether the SM sector is extended by (potentially multiple copies of) S; and S3
LQs, or Ry and S3 LQs, respectively. In both scenarios we will first study the minimal
case, where only one new field involved in b — ¢ transitions is considered, namely either ST
or 3, while two new fields are allowed in the b — s sector due to the requirement of a LF'U
phenomenology, namely S§ and S%. Subsequently, we will also consider the case where 6
NP fields are included in the theory, i.e. three new fields connected to b — ¢ transitions,
namely either S¢, S} and ST, or RS, Ry and RI, and three new fields connected to the
b — s sector, namely S, S and S7.

To obtain the FP values for the couplings investigated below, we will be looking for the
values of such couplings that are simultaneous zeros of their relative beta functions with
the SM couplings entering these beta functions set to their experimental values evolved to
the scale of 10 TeV, which we chose as the low-energy scale of the RG evolution. Given
the non linearity of the system and its high dimensionality, listing all the found solutions
goes beyond the scope of our analysis. We will therefore restrict ourselves to reporting
phenomenologically interesting FP solutions, namely those that comply with at least one
of the following requirements:

i) all FP values for the couplings have to be non-vanishing;

i) the S§ and S% couplings have to obey the relation 54,9531 = Y5995 39, required by
the LFU scenario IT) in Eq. (2.3);

iii) if present, the product of the R} couplings yj 452345 has to be purely imaginary, in
accordance with scenario C) in Eq. (2.10).

Once the couplings are determined by their FP values, the experimental constraints
from the anomalies fix the values of the (squared) LQ masses. We will face two possible
outcomes: a) the FP values for the couplings are large enough to reproduce the desired phe-
nomenology with sufficiently heavy LQ masses, not currently excluded by direct searches
at collider. This will also allow us to give a prediction for Mrq, in the case where the
low-energy physics is described by the FP values of the LQ couplings; or b) the FP values
are not large enough to explain the desired phenomenology, because the LQ are too light to
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comply with direct searches results." Nevertheless, also in this scenario useful conclusions
can be drawn: indeed, it will imply that in order to explain b — s and b — ¢ data, the
values for (some of) the LQ couplings is required to be above the FP value. It is therefore
interesting to estimate the scale where the Landau pole is induced by such a choice, since
this scale can be interpreted as the upper bound for Mqru.

5.1 The (S1,S3) Extension

We start our analysis from the scenario where the SM is extended by one copy of the singlet
LQ, ST, and two copies of the triplet one, S§ and S§. Indeed, as detailed in Sec. 3.1.1
and 3.1.3 respectively, ST is capable to reproduce the desired low-scale phenomenology for
b — et decays once the couplings y] 55 and 745 are non-vanishing, while S§ and S can
produce the correct low-energy effect in b — s¢*¢~ transitions when the couplings 54,
YS 01, Y39 and yho, are allowed. For simplicity, we will assume all couplings to be real.

Aiming at a minimal working example, we set all the other couplings to zero and
consider the following structure for the coupling matrices in our analysis:

00 O 00 O
yy=100 0 , ] =100 2793 | »
00 y]s3 00 O (5.1)
0 00 0 0 O
ys=| ¥521 00 |, Yy = 0 Y599 0
Y331 00 0 Y35 0

The IR FP wvalues for these six non-vanishing couplings are therefore obtained by
searching for the simultaneous zeros of their relative beta functions, as given in Sec. 4.2.
Only one family of solutions is found to be complying with requirement ¢) listed above,

namely:

Yiss  Tlag ‘ YSo1 Y531 Yoo Y30
0.986 0.871‘0.672 0.433 0.672 —0.433

The solution is characterized by sign ambiguities, meaning that we can simultaneously
flip signs of several couplings to find new solutions: for each of the two ST couplings both
signs are allowed, while for the four S§ and S couplings an odd number of them, namely
either one or three, has to be negative, with the remaining ones being positive. This means
that this family of solution is composed by 32 different scenarios, distinguished by sign
permutations.

Unfortunately, this family of solutions is phenomenologically non-viable. On the one
hand, the ST sector looks promising, with both couplings being ~ 1 and hence complying

LA third possibility would consist to ascribe to LQs only a part of the NP contributions required to
address the current experimental picture. This scenario would however require to further extend the NP
sector to fully explain data, with a consequent modification of the RGE due to the presence of additional
degrees of freedom. Such a scenario goes beyond the scope of this paper.
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with the size implied by b — ¢ anomalies and given at Eq. (3.6). On the other hand,
the Sé sector has an unacceptable, albeit intriguing, behaviour: indeed, the couplings are
connected by the relation y$.,953; = —y599Y5 39, which is in maximal disagreement with
requirement 4i). For this reason, it is not possible to connect the low-energy behaviour of
this kind of LQ extension of the SM to the IR FP values of the NP couplings, if trying to
address coherently the pattern of deviations in B meson decays.

We therefore move to inspect a more generalized scenario, where six NP fields are
allowed in the extension of the SM. In analogy of the three particle scenario, we allow only
the following couplings to be non-vanishing;:

0 00 0 0 O 00 O
yi = 0 00|, yi=10 0 0|, yy=100 0 ,
Yi31 00 0 yllt32 0 00 yis3
0 00 0 0 0 00 O
2= 255,00 |, i =102{501, T=100az74 |, (5.2)
0 00 0 0 0 00 O
0 00 0 0 O 00 O
ys=| y521 00 [, ys = [ 0450 |, yz3 = | 00 y3qg
Y531 00 0 y532 0 00 y333

In this new scenario, it is possible to find the following two families of solutions, both
complying with requirements i) and #):

e e M M T T e e M M T T
Y131 L1211 Yisz  Tio2 Y13z Lio23 ‘ Y321 Y331 Ysoa  Ysza  Y3o3 Y333

0.291 1.006 0.291 1.006 0.291 1.006 | 0.749 0.172 0.172 0.749 0.664 —0.388
0.291 1.006 0.291 1.006 0.291 1.006 | 0.172 0.749 0.749 0.171 0.663 —0.388

Similarly to the previous case, also these solutions are characterized by sign ambigui-
ties: concerning the six couplings in the 5] sector, both signs are allowed for each of them,
yielding 64 different configurations; on the other hand, concerning the six couplings in the
Ss sector, the product of the electron couplings and the one of the muon coupling have
to share the same sign, while the product of the tau ones have to be opposite, yielding
16 different configurations. Hence, in total, each family of solutions is composed by 1024
distinct solutions due to sign permutations.

It is interesting to highlight that requirement i) is not accidentally fulfilled, but it
is met due to the pairs of couplings (Y591, Y4 30) and (Y51, Ysy) sharing the same IR FP,
respectively. Hence, the low-energy LFU observed in b — s¢¢ transitions can be elegantly
explained due to a dynamical behaviour, with the couplings not having to share the same
pattern at the high-scale. An example of this behaviour can be seen in the two panels
of Fig. 3, where the four couplings are taken to be different at the high-scale but are
attracted to the same two low-scale values, which corresponds to the FP solution of their
beta functions. Note that the beta functions also depend on SM couplings which depend
on the renormalization scale . Therefore the FP solution of the LQ couplings is not a
constant line.
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Figure 3. Scenario of Eq. (5.2): Left panel: running of the couplings (y§,; and y4s,) from the
high-scale to the low-scale; the FP solution is given in dashed red. Right panel: running of the
couplings (y54; and y55,) from the high-scale to the low-scale; the FP solution is given in dashed
red.

Imposing now the expected size for the NP parameters ratio given at Eq. (3.13), one
obtains that the FP solutions imply a scale for the LQ masses to be Mge ~ M s~ 10 TeV.
Moreover, with these values for the LQ couplings and mass, the expected impact to the
b — svi transitions ratio R?(*) defined at Eq. (2.6) reads R?(*) ~ 1.1, namely a 10%
increase with respect to the SM case and therefore potentially detectable at Belle II [48].

It is interesting to notice that the emergence of an electron-muon universality implies
a strong and precise prediction for the tau couplings, whose product is characterized by
an opposite sign w.r.t. the light leptons. In particular, both FP solutions predict an
enhancement in the tau sector (opposite to the suppression implied by present b — s data
in light leptons) corresponding to Cg () = —Cy () ~ 0.8, if one assumes Mge ~ Mgy ~
Msg.

The situation is different in the b — ¢ sector: indeed, the FP solution for the ST
coupling yield y] 3527 93 =~ —0.3, where the freedom on the coupling signs allows us to choose
x] 93 = —1; however, when confronting this value with Eq. (3.6), in order to address the
anomalies in b — ¢ transitions ST would be required to have a mass equal to Mgy ~ 0.8 TeV,
value which has already been excluded by direct searches at LHC.? This implies that, if one
would like to address the current experimental situation in this sector as well, the low-scale
value for z7,5 has to be taken well above the FP solution, namely equal to 2793 ~ 1. In
turn, this implies the emergence of a Landau pole at a scale around p ~ 10 GeV, as can
be observed in Fig. 4.

To conclude we have obtained that, when extending the SM sector with the 6 scalar
LQs S¢, S, ST, 8§, S4 and S, thanks to the IR FP behaviours of their couplings it is
possible to explain the observed pattern of anomalies in b — sf¢ transitions by introducing
S$ and S5 LQs with masses at the ~ 10 TeV scale and arbitrary high-scale couplings; on
the other hand, in order to address the experimental picture in b — c7v transitions as

2The NP contribution to C‘E/L‘* coming from non-vanishing couplings of S{ and S! are strongly con-
strained, see e.g. Ref. [28] and references therein. In order to suppress such undesirable effects, the masses
of these two LQs are considered to be sensitively heavier than the scale of Msg7.

~ 18 —



10° 107 10° 10" 10 10"
1[GeV]

Figure 4. Emergence of a Landau pole in the running of the coupling z7 55, when a value compatible
with b — c¢77 data is assumed at the low-scale. The FP solution is given in dashed red.

well, a value above the FP solution is required for one of the couplings, inducing an upper
limit to the LQU scale equal to Miqu S 10™ GeV, which is far below the GUT scale and
corroborates ideas of multi-step unification [64].

5.2 The (Rg,S3) Extension

We move on to the study of the SM extended by one doublet LQ, R3, and two copies
of the triplet one, S§ and S§. Once again, the triplet LQs are employed to obtain the
desired low-energy effect in b — s¢T/¢~ transitions by means of non-vanishing values for
the couplings v5s;, Y521, Yhse and y§sy. On the other hand, following now Sec. 3.1.2,
we adopt the doublet LQ in order to explain the b — c¢7v decays phenomenology, which
require the presence of the yJ,5 and 345, with their product being imaginary as detailed
in requirement iii). We therefore allow the two R} couplings to be complex.
The minimal set of non-vanishing couplings required by our analysis is therefore:

00 O 00 0
Y3 = | 00 9305 | » zg=100 0 ,
T
00 0 00 254, 65
0 00 0 0 O
ys=| ¥521 00 |, Yy = | 0459 O
Y531 00 0 Y532 0

In a similar fashion to the previous scenario, we look now for the simultaneous zeros
of the couplings beta functions, as given in Sec. 4.3. In this case, two families of solutions
are found to be complying with requirements i) and iii) listed above, identified by which
of the two Rj couplings is purely imaginary, namely:

Y323 T)33 ‘ Y501 Y531 9522 9532
1.0947 0.783 | 0.654 0.472 0.654 —0.472
1.094 0.7834 | 0.654 0.472 0.654 —0.472
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These solutions are both characterized by the same sign ambiguities: for each of the
two R% couplings both signs are allowed, while for the four S§ and S couplings an odd
number of them, namely either one or three, has to be negative, with the remaining ones
being positive. This means that both families of solution are composed by 32 different
scenarios each, distinguished by sign permutations.

The minimal scenario is not found to be phenomenologically viable in this configuration
as well. A maximal disagreement with requirement ) is again present, with y§4,y53; =
—yh9oUh 5o, invalidating an explanation to b — s¢T¢~ data. Moreover, even if requirement
iii) is fulfilled, the FP values for the R} couplings are not acceptable if one wants to address
anomalies in b — ¢77 transitions: indeed, the product of the two couplings is well below
~ 2 (in modulus), which is the value required to have a mass for the LQ not excluded by
direct searches, see Sec. 3.1.2.

We therefore move to inspect a more generalized scenario, where six NP fields are
allowed in the extension of the SM. In analogy of the three particle scenario, we allow only
the following couplings to be non-vanishing;:

0 00 0 0 0 00 O
Y5=1 952100 [, ygz 0y5220 ) Y3 = 00 y3q3 |
0 00 0 0 0 00 O
00 255 00 O 00 O
z5=100 0 : zh=100ahy |, zh=100 0 . (5.4)
00 O 00 O 00 2345
0 00 0 0 0 00 O
y5=1 932100 [, yf{: 0y§220 ) Y3 =1 00 yja3
Y531 00 0 9532 0 00 y333

We find also in this generalized scenario two families of solution complying with re-
quirements ¢) and 4i¢), according to which is the R} coupling to assume imaginary values:

Y501 513 9522 95523 Y323 T3 33 ‘ Y501 Y53 9/522 9532 Y303 Y333
0.584 0.837 0.584 0.837 0.584: 0.837 | 0.679 0.181 0.679 0.181 0.521 —0.472
0.584 0.837 0.584 0.837 0.584 0.8374 | 0.679 0.181 0.679 0.181 0.521 —0.472

In a similar fashion to what observed in the previous Section, these solutions are
characterized by the same sign ambiguities: both signs are allowed for each of the Rs
couplings, yielding 64 different configurations, while the sign has to be the same for the
product of both S§ and S4 couplings, respectively, and opposite for the product of S ones,
yielding 16 different configurations. Summarizing, each family of solutions is composed by
1024 distinct solutions due to sign permutations.

These found solutions share a similar phenomenology to the ones found in the general
case studied in Sec. 5.1. Indeed, requirement i) is fulfilled since the pairs of couplings
(Y591, Y5 30) and (Y541, Y4 59) share the same IR FP, respectively: we therefore obtain that,
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also in this scenario, the low-energy LFU behaviour required to address b — s¢*¢~ data
can be ascribed to a FP origin. Moreover, the found values for the couplings imply again
a value for the LQs masses equal to Mge ~ M, sp o~ 10TeV and a prediction for R?(”—(*)
defined at Eq. (2.6), equal to R}, ~ 1.1, potentially appreciable at Belle II [48]. Finally,
in this scenario as well we observe an opposite behaviour in the tau sector compared to the
one observed for the light leptons, with the product of the tau couplings showing again an
opposite sign and a prediction for the NP effect in this sector equal to C§ (1) = —CTy (1) ~
0.8, again in the case of degenerate masses.

On the other hand, the situation in the b — ¢ sector is again different: the tau couplings
product reads here in both cases |y] 3327 93| = 0.5, again too small to reproduce the desired
phenomenology. It is nevertheless interesting to investigate, in this scenario as well, the
implications of taking values for the couplings above the FP solution. Indeed, taking for
both couplings a value in modulus of the order ~ v/2, we can observe again the emergence
of a Landau pole, found this time at the scale p ~ 108 GeV.

In conclusion, we observed that the study of IR FPs yield interesting phenomenological
implications when the SM is extended with the 6 scalar LQs RS, R, Rj, S5, S5 and S7.
In particular, the LFU required at the low scale for b — s¢™¢~ transitions can be obtained
by the FP behaviours of the S§ and S§ couplings, whose masses are require to be at the
~ 10TeV scale while no additional conditions are requested for the coupling values at the
high-scale. On the other hand, a value for the R couplings is required to be above the FP
solution when confronting with b — c7r, implying the emergence of an upper limit to the

LQU scale equal to Mqu < 108 GeV.

5.3 The S3 Extension

We conclude this Section by studying the FP solution of SM extensions of S35 LQs only, even
if in this scenario b — c¢7v data cannot be explained. Indeed, motivated by the findings of
Secs. 5.1 and 5.2, it is interesting to investigate whether the dynamical emergence of LFU
in the S3 contributions to b — s/~ transitions arises only in the presence of additional
LQs in the theory as well, or it is an exclusive feature of the triplet LQs.

Following the approach of the previous analyses, we start our study from the scenario
where only S§ and S% are added to the theory, with non-vanishing values for the couplings
YS31s Y5915 Yhse and y4'oe. The only found family of solutions complying with requirement
i) is listed below:

Y501 Y331 y§22 y§32
0.622 0.533 0.622 —-0.533

These solutions share the same features of the scenarios studied in Secs. 5.1 and 5.2,
when only two copies of the triplet LQ were allowed. In particular, once again an odd
number of minus signs is allowed for the four couplings, yielding to 8 different solutions
distinguished by sign permutations. Moreover, requirement i) is again not fulfilled, due
to the emerging feature 55,9551 = — U595 30-
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Moving on to the generalized case where the S LQ is included as well, the solutions
following requirements ¢) and i) are:

Y501 Ysa yg‘ 22 y/:’f 32 Y3o3 Y333
0.760 0.189 0.191 0.759 0.639 —0.452
0.189 0.760 0.759 0.191 0.639 —0.452

Also these solutions are qualitatively similar to the ones studied in the previous sec-
tions, when all three copies of S3 were allowed. Indeed, each family of solutions is charac-
terized by the same sign ambiguity, with the sign for both S5 and S% couplings products
having to be the same, respectively, and opposite for S5 one. Moreover, requirement i) is
again dynamically fulfilled and masses of the order Mge ~ M sh ™~ 10 TeV are predicted.
We therefore find that, in order to obtain this feature, the additional presence of singlet
or doublet LQs in the theory is not required. It is worth to mention that, if one would
employ a different version of requirement i) requesting, e.g., universality among electrons
and taus, those two sectors would be the ones having couplings with the same product,
with the product of muon ones being different and opposite in sign.

6 Conclusions

In this paper, we studied the implications of RGE effects to LQ couplings to fermions in
selected BSM scenarios. A popular way to address the recent discrepancies observed in
several observables in the decays b — ¢t and b — s¢T¢~ with £ = e, u consists of extending
the SM sectors by means of scalar LQs. In particular, the minimal subset of required
new fields includes the presence of triplet LQs S§ and S%, coupled with equal strength
to electrons and muons, respectively, and of either the singlet LQ ST or the doublet LQ
R3 coupled to taus. Indeed, the former pair of LQs are required to explain anomalies in
b — sptu~ without violating the reanalysed results of the LEUV ratios Ry() ~ 1, while
the latter LQ is necessary to address anomalies in the b — ¢7v sector.

While these new fields are expected to live at scales between a few and a few tens of
TeV, nothing forbids a priori the presence of a large mass gap between Mg and Mqru,
the scale where the LQs are generated within a theory of quark-lepton unification. The
presence of this large scale separation therefore implies the possibility that the pattern of
values of the LQ Yukawa couplings observed at the B meson decay scale (when employing
this kind of SM extensions to address the anomalous data) has a dynamical origin. In
particular, the possibility of such an explanation of the LF'U pattern inferred for the S5
and S couplings from Ry (. ~ 1 is tantalizing. To this end, we studied the IR FP solutions
for the LQs couplings beta functions and inspected their phenomenology using low-energy
flavour data.

We found interesting phenomenological solutions in several scenarios. In particular,
every time that the SM is extended by three triplet LQs coupled each to a specific lepton,
namely S5, S5 and ST, we find IR fixed point solutions for which the product of S§ couplings
is equal to the one relative to S% couplings, so that electron-muon universality can arise
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dynamically. Such universality is therefore independent from the values assumed by the
couplings at the high scale, as shown in an illustrative example in Fig. 3, and occours
both when the triplet LQs are the only fields added to the SM, or come in pair with
either three singlet LQs or three doublet ones, namely S¢, S1" and ST, or RS, Ry and R3,
respectively. Moreover, a prediction for the mass of the triplets LQs is obtained, equal
to Mge ~ Msg ~ 10TeV, together with a 10% enhancement in ;(’7(*). While LQs with

12%
K®)
is within the reach of the Belle II experiment. Furthermore, electron-muon universality

these masses are beyond the reach of current collider searches, such an increase in R

implies a IR FP for the product of S3 couplings with opposite sign, enhancing C§ = —C7,
over Cg'* = —CT".

On the other hand, a dynamical origin has not been found for the couplings required
to address anomalies in b — c7v decays. Indeed, both in the singlet and in the doublet
scenario the IR FP for the relevant couplings have been always found to be below the
implied values from low-energy data. Nevertheless, such findings are of phenomenological
interest as well, since couplings values above the IR FP imply the emergence of a Landau
pole at the scale j ~ 10 GeV or 1 ~ 108 GeV, depending on whether the SM is extended
by scalar or doublet LQs, respectively. This scale can therefore be interpreted as an upper
limit on Mqru, giving an upper bound on the energy scale where quark-lepton unification
should occour.
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