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ABSTRACT: Scalar leptoquarks (LQ) with masses between 2TeV and 50 TeV are prime
candidates to explain deviations between measurements and Standard-Model predictions in
decay observables of b-flavored hadrons (“flavor anomalies”). Explanations of low-energy
data often involve O(1) LQ-quark-lepton Yukawa couplings, especially when collider bounds
enforce a large LQ mass. This calls for the calculation of radiative corrections involving these
couplings. Studying such corrections to LQ-mediated b — crv and b — s¢T¢~ amplitudes,
we find that they can be absorbed into finite renormalizations of the LQ Yukawa couplings.
If one wants to use Yukawa couplings extracted from low-energy data for the prediction of
on-shell LQ decay rates, one must convert the low-energy couplings to their high-energy
counterparts, which subsume the corrections to the on-shell LQ-quark-lepton vertex. We
present compact formulae for these correction factors and find that in scenarios with Sq,
Ry, or S3 LQ the high-energy coupling is always smaller than the low-energy one, which
weakens the impact of collider data on the determination of the allowed parameter spaces.
For the Ry scenario addressing b — c¢rv, in which one of the two involved Yukawa coupling
must be significantly larger than 1, we find this coupling reduced by 15% at high energy.
If both S; and Ry are present, the high-energy coupling can also be larger and the size
of the correction is unbounded, because tree contribution and vertex corrections involve
different couplings. We further present the conversion formula to the MS scheme for the
Yukawa couplings of the S3 scenario.
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1 Introduction

Leptoquarks (LQs) are hypothetical particles that directly couple to Standard Model (SM)
leptons and quarks. They feature in many models for Beyond the Standard Model (BSM)
physics and, in particular, TeV-scale leptoquarks remain phenomenologically well-motivated
candidates (see e.g. refs. [1-9]) for searches at the Large Hadron Collider driven by the quark
transitions b — st 4=, where £ = e, i, [10-26] and b — erv [27],! because several observables
in these decay channels deviate from their Standard-Model (SM) predictions. To date, scalar
leptoquarks (LQs) are the most popular particle species postulated to remedy these flavor
anomalies (see e.g. refs. [42-58]). The presence of these anomalies have been consolidated
over the last decade and the scientific discussion in the theory community addresses the
question whether their origin is BSM physics or incorrectly calculated SM predictions.

In the case of the ratios of branching fractions, R(D™*)) = BR(B — D™ 7v)/BR(B —
Dy (€ = e, ), the theory prediction is very robust, the only non-perturbative quantity
entering the prediction is a ratio of form factors multiplying a term suppressed by the mass
ratio m2/m%. Changing this form factor ratio to the level that the SM prediction for R(D*)
complies with data leads to severe tensions in the predictions of measured polarisation data

"HFLAV [27] combines experimental results of refs. [28-34] with the theory predictions of refs. [35-41].



Figure 1. Contributions of scalar leptoquarks to the decay modes b — ¢t~ and b — su™u™.

in B — D*fv decays with light leptons ¢ = e, u and rule this explanation out [59]. A recent
analysis employing maximal experimental information on form factor shapes found a deviation
of the combined b — c7v data with the SM predictions at a level of 4.40 [60].

For b — s¢T¢~ data, the significance of the anomaly is even higher. Since deviations
with the same sign are observed in different hadronic decays, a SM explanation must invoke
mistakes in several form factors or a correlated effect in all of these modes. So far only one
explanation along the latter idea has been proposed, a radical enhancement of a charm loop
contribution by a yet unknown non-perturbative effect. Such an effect would come with a
different dependence of the decay amplitude on the invariant mass ¢ of the pair of leptons,
but two studies of this dependence have found no evidence for a deviation compared to the
theory prediction [61, 62]. (Heavy BSM physics changes the overall size of the effect, but not
the shape of the ¢>-dependence.) Moreover, a theoretical calculation employing heavy-hadron
chiral perturbation theory found a contribution from the charm loop which is far too small
to explain the data [63], supporting similar findings from dispersive analyses [64]. In light
of these developments, an explanation of the b — s¢™¢~ data in terms of non-perturbative
hadronic effects is disfavored, which in turn motivates a BSM explanation.

Figure 1 illustrates the contributions of the scalar leptoquarks S ~ (3,1,1/3), Ry ~
(3,2,7/6), and S3 ~ (3,3,1/3) to the quark decay amplitudes of interest.? Additionally, for
example, both 57 and Ry are capable of generating large chirally-enhanced contributions
to the muon and electron anomalous magnetic moments (see e.g. ref. [65]), and all three
leptoquarks may play a role in models for radiative neutrino mass generation (see e.g. ref. [66]).

Typically, low-energy physics observables enable the determination of the ratio between
the product of the couplings involved and the square of the LQ mass. This, in conjunction
with current constraints on LQ searches, defines a target parameter space to be explored at
high-energy colliders. To avoid present collider search bounds, LQ masses should exceed
approximately 2 TeV (see e.g. refs. [67, 68]). Consequently, a model incorporating LQs such
as S1 or Ry to explain the b — ¢7v data must possess O(1) LQ-quark-lepton couplings to
generate a sufficiently large effect. For Ss, there is more flexibility — (1) couplings are
only necessary for a LQ mass around 30 TeV [69], a value far from being reached at the
LHC. Therefore, at least for S; and R significant radiative corrections are expected from

2Here the numbers in brackets indicate the quantum numbers with respect to the SM gauge group
SU3). ® SU(2)r, @ U(1)y.



loops involving these couplings, implying that the couplings affecting low-energy data may
significantly differ numerically from those influencing high-energy phenomenology.?

Moreover, any particular model built for a given phenomenological purpose may contain
multiple leptoquarks. For example they may come in several copies, e.g. at least two copies
are needed for S3 to address b — s/ data: S3. couples to e but not to p while for Sz,
the situation is opposite.? Therefore, the interplay between the presence of multiple LQs
for such aforementioned radiative corrections could provide new ways to indirectly search
for evidence of multi-particlular models.

Direct searches for new heavy particles at the LHC have thus far yielded no success,
indicating a significant gap between the electroweak (EW) scale and the scale of BSM physics.
Previous investigations into LQs in low-energy observables have incorporated QCD radiative
corrections in the conventional manner, by matching the LQ-mediated amplitudes to the
weak effective theory (WET) and employing renormalization group equations (RGEs) to
evolve the resulting Wilson coefficients (WCs) from the renormalization scale finigh ~ Mr.q
(denoting the mass of the relevant LQ) to pow ~ mp, relevant to the b-flavored hadron
decays of interest.” This procedure effectively sums large logarithms multiplied by the strong
coupling a,.% The focus of this paper, however, are genuine additional correction factors
involving LQ couplings rather than s, and solely enter the WCs at pipign. In this way, these
corrections modify the initial conditions for the WCs and the corrected coefficients can simply
be evolved to uioy with the standard leading-log RGEs.

When solely performing calculations of high-scale quantities, such as LQ production
cross sections and LQ decay rates, all couplings come into play at the renormalization scale
Hhigh, and no RGE running or matching procedure is required. Radiative one-loop corrections
involving LQ-fermion couplings do not involve large logarithms, and in both high-energy
and low-energy observables, these couplings are typically probed at the renormalization scale
Hhigh- An important distinction between collider and flavor physics observables is the relevant
momenta pi entering the loop diagrams: in collider observables, |p!'| ~ My,q, whereas in b

)

decays, [pl'| ~ my ~ 0. When we refer to “energy” in this paper, we are referring to the
magnitude of these momenta p!', i.e., the energy scale at which the LQ interaction is probed,
and not the renormalization scale pu.

If one determines the low-energy LQ-fermion couplings from flavor observables, they can
use the results of this paper to calculate the corresponding couplings at high energies. The
tree amplitude then expressed in terms of these high-energy couplings contains the one-loop
corrections to the L(Q) decay rate exactly. If one next wants to predict the corrections to the LQ
production cross section at the LHC (or another high-energy collider), there will be additional

loop diagrams to consider, which are, however, specific to the considered production process.

3Corrections of this kind for vector LQs in a model with SU(4) gauge symmetry have been calculated
in [70, 71].

4A single LQ Ss coupling to both lepton species would lead to intolerably large p — e transitions [69].

5Fits referenced later in this work are done at wy = 4.8 GeV which is of the same scale as my.

SElectroweak running from the Mhr.q scale to the weak scale, necessitating an intermediate matching to
operators of the Standard Model Effective Theory (SMEFT), is relatively minor compared to QCD running
and is therefore neglected for the purposes of this study. Leptoquark production at hadron colliders at NLO
in QCD has been extensively studied (see e.g. refs. [72-80]).
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Figure 2. Radiative corrections to the S;-br-v,1 vertex (yF%;). The final diagram depicts the
contribution from the coupling counterterm, dy’.

For instance, a quark-gluon initiated process involves diagrams with off-shell LQ or fermion
lines at the production vertex, each coming with different kinematics and, furthermore, a
gluon-LQ-LQ vertex. The process-dependent corrections can be consistently calculated in the
renormalization scheme in which the LQ-quark-lepton coupling is defined at the high-energy
scale, which breaks the radiative corrections up into a piece contained in our calculation
and the process-specific remainder. Thus our corrections do not fully subsume all radiative
corrections to L@ production.

The corrections calculated in this work are universal, renormalization-scheme independent,
and capture all effects related to the LQ decay vertex. These may therefore be easily included
in simulations with tree-level event generators.

Note that irrespective of whether the flavour anomalies persists or not, any future study
of collider searches for LQs must necessarily take the constraints from low-energy data into
account. Therefore the relevance of the corrections presented in this paper does not depend
on the fate of the anomalies. On the contrary, if future data on b — s¢T¢~ and b — cTv
exactly comply with the SM, the constraints on the LQ couplings and masses derived from
these data will be strongest as there will be no leeway for BSM contributions.

In section 2 we explain our approach by providing a definition of couplings at low and
high energies, then proceed with the calculation of corrections. Section 3 is devoted to
a discussion of the phenomenological consequences of these results. We summarise our
introduced formalism and conclude in section 4.



2 Calculation

The relevant Yukawa couplings of the L(Q Lagrangian are given by

3 2
Lirq = Z Z[yljk Q57 abLkaI‘i‘Z/ukuR e S1
7,k=1a,b=1

k)b
—y2]ku JabL 2+y23kQLjak 5
i cabpkd ( 1gl)bd
+y3]kQ Ly (J 5’3) —|—h.c.}, (2.1)

where we remark that our yZ Jk coincides with yQL,f]* of ref. [43]. Here Q¢ = (uf,dS), the €
is the Levi-Civita tensor with €'? = 1, and we do not consider a model with right-handed
neutrinos. As the LQ masses exceed 1TeV, we can neglect all fermion masses in calculations
of corrections at ppign and work in an SU(2) invariant basis. For completeness, we note
that the quark and lepton doublets are defined in a basis in which the down-type fermions
coincide with the mass eigenstates, e.g.

Q= (me Ve ZCL e buL) , (2.2)
L

with Vj; referring to entries of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Eq. (2.1)
is for one copy of Sy, Rs, and S3 each. As mentioned in the introduction, we will later
consider several copies of S3 carrying lepton flavor number, corresponding to the replacement
S3 — Ss in eq. (2.1). An extension of the results in this section to other scalar LQ models
may be found in appendix C.

To begin, we aim to calculate radiative corrections to LQ-fermion couplings responsible
for the transitions b — s¢™¢~ and b — crv. Figure 2 shows these corrections schematically
for the case of S coupling to left-handed b quark and 7 neutrino, yi4;. Here the left
diagram illustrates self-energy diagrams of the LQ involving quark-lepton loops. In processes
that correspond to on-shell production of the LQ, this self-energy is probed at p? = M?2 50
in the low-energy observables one is effectively probing the self-energy at p? = 0. The
fermion self-energies (e.g. second-to-left diagram) have no p? dependence. The proper vertex
diagrams (third from the left) will also depend explicitly on p?. We will now address how
this energy-dependence may be utilized to define corrections to the LQ-fermion vertices.

First consider the loop corrected vertex for an on-shell LQ (i.e. with p?> = M 52”1> and
define an effective high-energy coupling by cancelling the correction by a finite counterterm
(rightmost diagram in figure 2). This coupling is the one probed in collider searches and used
in the corresponding event simulations. It can further be directly combined with QCD (or
other gauge) corrections, which are calculated in the usual way by adopting the MS scheme
for the gauge coupling, matching to effective field theories of four-fermion interactions and
utilising RGE techniques, as detailed earlier. In an analogous way we define the low-energy
coupling such that the radiative corrections to processes in figure 1 vanish — see figure 3
for the S; contribution to b — crv. For the illustrated case of yf4;, the conversion factor
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Yrag ", and yf’g’ °% are defined by choosing the coupling counterterm in the last two diagram to

cancel the loop corrections.

kil = ylLSL?;high Jyk 3L?;1°W will depend on the Sy self-energies evaluated at p? = M2 and p? = 0,

as well as the difference of the proper vertex functions at p? = M§1 and p? = 0. The fermion
self-energies do not contribute to x4, as they are not p? dependent.

Likewise yf?j}glow is found from the diagrams in figure 3. Note that one can associate all
corrections with either of the two vertices (with the LQ self-energy in the first diagram shared
between them) and therefore their cancellation by the finite piece of the counterterms is
well-defined. Since there are no box diagrams with two leptoquarks contributing to b — crv,
the renormalized one-loop correction is zero when expressed in terms of yf:félow. For this
feature it is essential that there are no box diagrams with two leptoquarks contributing to
b — crv. The situation is different for b — s¢/*¢~ for which there can be box diagrams
— for instance one can exchange two S; LQs if one permits couplings to s quarks. Thus
the one-loop result for b — s¢T¢~ expressed in terms of yngLélow should explicitly include
these diagrams. In the standard scenarios in which the dominant effect arises from tree-level
LQ exchange the smallness of the box loop makes these corrections numerically irrelevant

for the scope of this work.

2.1 General pattern

We now proceed with the discussion of the radiative corrections to the decay of a LQ
produced on-shell at a collider and decaying into quark and lepton. We illustrate the
calculation for ylL]Lk @j’“e“bLE’b S1, which drives the decays S; — Jil?f and S7; — QZJLZ’E
(and CKM suppressed channels). For on-shell fermions the tree-level Q<%-LF*-S; vertex
amplitude reads

t LL _ab —
Avree = yljkea U p Prug q, (2.3)

where vy, o (1) denotes the spinor of Lt (Q]C’a) and there is no sum over j, k. To demonstrate,

we first consider (j,k) = (3,3) (i.e the left vertex in figure 3), the ratio of one-loop to tree



amplitude for these decays is

Aonefloop 1 1 1 5 LL
e = L 50Zs, + 5020 + 5021+ Viaa(M3) + 1, (2.4)
Y133

with the individual terms corresponding to the diagrams in figure 2. The proper vertex
correction Vz33(p?) depends on the squared S; momentum p?, which is equal to M gl here.
The S; wave function remormalization constant (Lehmann-Symanzik-Zimmermann factor)
87, is related to the bare self-energy g, (p?) as

o)
§Zs, = —=—5ReZg, (p*) . (2.5)
ap ]32:]\431

The variables 0Z¢g and §Zy, are the wave function constants of quark and lepton doublets,
respectively. The individual contributions in eq. (2.4) are ultraviolet (UV) divergent and the

UV pole of 5y1L§3 is chosen to render A°me—loop /Atree finite. For the renormalization scheme
with yfd = ylL?jL?;hlgh the counterterm dylfy receives a finite piece such that the real part

of the r.h.s. of eq. (2.4) is equal to one,

LLhigh
0y 33 _

LLhhigh —
Y

1 1
—Re Viss(M3,) — 50%q = 5071 (2.6)
133

N |

0

— _ReX 2

op? Re Xg, (p )p2:M2
S1

The imaginary part of the vertex corrections does not contribute to the decay rate

oc |Atree 4 pome—loop|2 gt the considered one-loop order, if the product of couplings in
LL
1k

Repeating this procedure for ylLég’low we first observe that Mg, (p?) and Vy33(p?) enter

A°ne=100p hag the same phase as yll entering Atree.”

the problem for p? = 0. The S; self-energy in figure 3 is on an internal line and we will
absorb half of it into counterterms for each of the adjacent couplings. The blob in the first
diagram further includes the S7 mass counterterm with Feynman rule —Z'(5M52~1. For the
usual “pole mass” definition d M gl is chosen as

SMZ, =ReXg, (MZ),

to ensure that the real part of the renormalized self-energy vanishes on-shell. Thus the ratio
of one-loop to tree amplitude for by, — v,pcp7r is

ameloor 5, (0) ~ ReX (M3) it | st
— e = 1+ L4 VL33(O) + Vng(O)* + 33 + f
Atree Mg, UIs o Ui
+fermion wave function constants. (2.7)

The factor of M §1 in the denominator of the second term stems from the LQ propagator
evaluated at p? = 0. The r.h.s. of eq. (2.7) vanishes for the choice

5y1L§3,10w 1 Xg,(0) — Re Esl(Mg‘l) 1 1
Orss  _ -  Vias(0) — 2670 — =67 2,
yf?{/élow 2 Mg'l L33 (0) 2 Q 2 L, ( 8)

"If these phases are different one finds a non-zero CP asymmetry in the LQ decay, which is proportional to
the imaginary part of the vertex function.



and the analogous definition of 5y1LzL§10W. On dimensional grounds one has Xg, (p?) o p? (for

our case of zero masses on internal lines), so that ¥g, (0) = 0 and the mass counterterm
ReXg, (M §1) dominates the self-energy diagram in figure 3. This is an important observation,
because X, (M) involves potentially sizable on-shell loops, while Vz33(0) involves small
loop integrals evaluated at zero external momenta. Low-energy physics probes heavy particles
far below their mass shell, therefore Re Xg, (M3, ) must enter yriieh p LEIOW 51 some way.®
Combining egs. (2.4) and (2.8), inserting eq. (2.5), and generalising to an arbitrary fermion

pair (j,k) we arrive at

LLhigh syLLhish _ s LLlow
WLL = Yk 14+ Y1k Y1 jk
1jk = ~LL]Jlow LL )
Y15k Y15k
1 9 1 ReXg, (M2)
=1+ = —=ReXg, (p? — - 20 4V (0) — Re Vi (M2 2.9
+ 2 apg € 51(p )pQ:Mg 9 Mgl + L]k( ) € ij( 51)7 ( )
1

which is a UV-finite quantity. The fermion wave function renormalization constants cancel
from IQILJLk, because they do not depend on the energy at which the leptoquark coupling is
probed. This feature is important, because in models with several LQ copies, the diagrams with
flavor-changing self-energies attached to the LQ-fermion coupling may come with couplings
which are different from the tree-level coupling, permitting large corrections involving new
parameters. The absence of these corrections therefore facilitates the phenomenological
analyses.

2.2 Self-energies

We find the fermion loop contribution to the bare Sy self-energy as

3 D
d”q trig (¢ +p)P] . 1—75
Yo () = — oy Ll 2+yRR2/ . with Py = ,
() mzzl[ 0l + 5] | Gt — et o 5
3
= " [2WF5 P + R 2] 2 (4m) P2 Bo(p*:0,0), (2.10)
I,n=1
in dimensional regularization with D = 4 — 2¢ and
dPq 1
32,22526/ 2.11
0(p 7m17m2) 2 Z7TD/2 (q2—m%+7/0+)[(q+p)2—m%+’l/0+]7 ( )
where 1 is the renormalization scale. One then finds that
2 1 . P
Bo(p%;0,0) = = +2 —yg +ir —In— + O(e), (2.12)
€ p
and, therefore
p Shac 2R HERE] T2 , P
Y, (p°) = 6.2 D ;+2—7E+ln(47r)+z7r—lnﬁ , (2.13)

80ne might ask whether it is allowed to set the top mass to zero in £, (0), but keeping m; # 0 leads to
¥(0) o< m; which is still negligible compared to Re X, (MZ,) o M3, .
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Figure 4. Diagrams for the loop correction to the S; LQ propagator (left) and S; vertex corrections
to the couplings y¥¥ (middle) and yf*¥ (right).

where vg is the Euler-Mascheroni constant. The self-energy contribution to /<;1 j k is therefore

given by
LLself _ 1 0 2 1 Re s, (M5,)
— = 9 Rex — g
1
S 2P+ P (2.14)
- 3272 ’ .

contributing universally to all S; couplings.

2.3 Vertex corrections

In models which include additional LQs along with .57, vertex corrections can involve an Ry
exchange. There are no such corrections with S3 exchanged between the external fermion lines.
The one-loop vertex diagram reads

Dy jr(p® Z ys By ftliy Bl e (4m) =P/ (2.15)

I,n=1
W / ujlg (4 +p )| Pro
w72 (¢ +i0%)[(q + p)? + i07][(g+pQ)? — MF, +i0+]’

and we note that

Dv ik (p*)= Vi (p?) Atree, (2.16)

with Agree from eq. (2.3). We use ¢ (§ +p ) = ¢°> + ¢ p and define the vector three-point
function as

dP q?
C,D p27p3;m27m27m2 MQE/ s )
( 1, M3, M) D72 [ —mlllq + p2)® — m2l(q & pa)? —ml]

= p5C1(p3, P8, (p2 — ps)*;mi, m3, m3)
+p§02(p%7pgv (p2 _p3)2;m%7m%7m§)' (217>



Using p2 = p, p3 = pQ, p2 — p3 = pr, and mz = Mpg, we find

3
Dyr(p®) = Y yslryftliyfil et (4m) =P/, (2.18)
I,n=1

x [Bo(0;0, M3,) + p*C1(p*,0,0;0,0, M3,) | [, Prvg).

Cy does not contribute, because in eq. (2.15) it comes with ﬂa’ij = 0 from the Dirac

equation, where we neglect the mass of Q. For p? > 0 one finds

07,0.0:0.0.03) = [Cay [ y |
2 0 0 —p%y%—m%b(l —x—y)—1i0t

_ M, [Lig(_pQ>+<lan_z’7r> <ln<1+ v ) - v >+ v ] (2.19)
p 4 M 1%2 M]%z M12%2 MIQ%Q MfQ{Q

Since p2C1(p?,0,0;0,0, MIZ%Q) — 0 for p> = 0, only BO(O;O,M]%Q) contributes to Dy j1(0),
which, however, drops out of V;,(0) — VLln(Mgl). The other vertex corrections involve the

same loop integrals and can be found with trivial changes of the couplings.

2.4 Final results

Combining egs. (2.9), (2.14), (2.15), (2.16), (2.18) and (2.19) we get our final result for the
S1 coupling to left-handed fermions:

3 LL |2 RR |2 x
IL 1 2lin=1 {2|y1 nl” T 191 } _Zin:l s h yﬁﬁyifkf (Mg*l (2.20)
Lk 3272 yLL 1672 "\M3 ) '
with
L.
fe(z) = - [Lig(—z) + Inz [In(1 + z) — z] + z]. (2.21)

The function f,(z) vanishes for = 0 and is positive for 0 < z < 1.86 with a maximum at
x =0.49 and f,(0.49) = 0.23. f.(x) decreases monotonically for = > 0.49 with f.(3) = —0.24
and f(10) = —1.17.

By changing the couplings one immediately finds the other scaling factors:

3 (o1, LL |2 RR |2 3 L, LL%, LR
RR _ | > in=1 _2|3/1 inl” =+ 1911 } _2Zl,n=1 yszymz*yznl: fn(Mgl)
9

H . =

Lk 3272 yfﬁ* 1672 M,
3 (1, LR |2 RL |2

PP 1t 3 2 D A1 1 ; (M;Q)

Ko . = — - —

27k 322 yb I 1672 "\MZ )
3 (1, LR |2 RL |2

RL _ > in=1 _‘yz Il 4 92t } B Zinzl yﬁﬁ*yzLﬁylLrLka (MIQ;:Q)

27k = 3272 yfﬁf 1672 "\Mg
3 LL |2

LL Zl, =1 |y3 l

,10,
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Figure 5. Diagram for the flavor-changing wave function renormalization factors induced by
leptoquarks.

2.4.1 Conversion to MS scheme

LQs in the phenomenologically interesting mass range considered in this paper are best
motivated as low-energy remnants of a theory with quark-lepton unification, which is typically
realized at scales between O(103) TeV and the scale of grand unification (GUT scale). The
construction of any viable model usually invokes the MS scheme for the lagrangian parameters,
which are then evolved to lower scales with the RGE (see e.g. ref. [81] for the 2-loop RGE
in scalar LQ models). Also the IR fixed-points of the RGE for the LQ couplings found
in ref. [69] correspond to the MS scheme. In this section we present the conversion of the
LQ couplings between MS and our “low” scheme. We exemplify this for the couplings of
S3¢ for two reasons: first, in ref. [69] non-trivial RG IR fixed-points were only found for
this case and second, the popular S3, interpretation of b — s/T¢~ data implies that the
considered LQ couples to both b and s and therefore permits flavor-changing b-to-s self-energy
diagrams. The proper treatment of the latter diagrams in the scheme conversion deserves
some explanation. As a simplification, S3, only couples to doublet fermion fields, leading
to a more compact expression compared to the cases with other LQs.

The desired scheme conversion amounts to calculating the loop-corrected LQ-quark-

lepton vertex and then determine the counterterm 5y3LJLk in both schemes, the difference fixes
LL,low LLMS LL,bare LL,scheme LL,scheme

Y3k Yz - In any scheme one has Y3k = Y3k + 5y3jk , so that
LLMS LL)Jow __ ¢ LL,Jow LLMS
Ysin Y3k = O0YsGE —Oyshn - (2.23)
LLJow

In the “low” scheme the counterterm dys jk s given in terms of the vertex and self-energy

loop functions in eq. (2.8).
LL,MS

The counterterm dys ih can be obtained from eq. (2.4) by retaining only the pieces
proportional to 1/e€ — yg + In(4x) of this equation. Thus (5y§]-L,;low - 5y§ij’MS is simply found

from the finite parts of the various loop contributions to 6y§ij’1°W in eq. (2.8). To this end we

must calculate the wave function renormalization constants 0Zg and 677, in both schemes,
which we did not need so far because they cancel from K?I)’]l’k

We start with the discussion of §Z¢, which is a matrix in flavor space. For the renormal-
ization of the b°0Ss3, vertex we need [§Zg],, and [6Z¢)s,, calculated from the b — b and b — s
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self-energies Xpp P, and YgppPr, respectively. g, is shown in figure 5. It is calculated as

SepPrL =3 Z ys Sk (4m)~Pl2ppL By (97,0, M2, ), (2.24)

where

v

dPq q
v 2 2 2e
p”"Bi(p”, 0, Mg, = / - . ; 5 2.25
( Sae) inD/2 (q2 +z0+)[(q+p)2 _Mgu +Z0+] ( )
1 1 1 1
2

B1(0,0,M§,,) = 1M§” o
1(0,0, 532)——*6—*4‘*%2‘*‘*1174‘ (€)-

4 2 2

Generalising the result to an arbitrary pair of quark fields, i.e. (s,b) — (a,7), we find the
hermitian quark-field renormalization matrix

s -3 (1
SZe; = 323 (E — e + In(47 ) Z Y5 TS e (2.26)

For the lepton self-energy, we only consider the case where each leptoquark copy Ss¢ only
couples to one lepton generation, which we label n,

-3 /1 2
6ZL nn = 553 <e ~vE + In(47) ) kz:l ‘y%n‘ : (2.27)
Using eq. (2.4) with S; — S3¢ and eqs. (2.26)—-(2.27) we find
1 1 1o
5y3jn - _y:%]Ln |:25ZS;3 + 25ZLnn:| - 5 Z 6ZQaj y‘gl,/én, (228)
k=1

and therefore,

Loys 1 1
5 3jn 647T2 (6 —VE +ln(47r ) [ 3]n Z ‘ySkn’ +3 Z y?[;]LZ ygéf* y?%cl;n . (229)
la=1

The “low” scheme is defined such that at zero momentum transfer all loop corrections
to the LQ vertex are canceled by the counterterm, rendering the tree-level result exact. To
calculate (5y3LjL7;1°W using eq. (2.8) we therefore also need the finite pieces of ¥,;, distinguishing
the cases a = j and a # j. The flavor-conserving self-energy ¥,, enters 6yLL 1oW i1 the same
way as in MS, but with the full result for B1(0,0, MSsz) given in eq. (2.25). For a # j one
must instead calculate the diagram in which the tree-level Sz, vertex is amended by X,; on the
external quark leg (upper right diagram in figure 2 with S; replaced by Ss; and v, replaced
by Lg). This calculation must be done keeping m, and m; non-zero, the result will contain a
non-trivial dependence on the quark mass ratio m;/m,. This feature is familiar from e.g. the
renormalization of the CKM matrix in the Standard Model [82-87]. The diagram evaluates to

ujPru, Z ij yganZa] (p? = m?) (2.30)

a#J
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In this expression we can replace X,;(p? = m? ) by ¥4;(0), because we discard sub-leading
terms in m? /M2 §,,- For the diagram with the lepton self-energy we do not encounter flavor-
changing self-energies.

The final result for the desired counterterm reads

Some 2
sulliow _ 5, LLMS _ 1 6> 73 (m MS3£ Y rr o pps
Ys n = 0Y3 jn 6472 m ’/TL2 92 Y3 V14 Y3ar yS an

a=1 "7 a ¢=1
a#j
3 M2 M
S S3n
+3y3]n <ln ,u23e ) ’y3]2’ + yg]Ln (711’1 3 - > Z‘ Y3an ‘| :
(=1

(2.31)

We can define a scheme transformation factor as

LL,Jow SylLblow _ 5y LLMS
RLL _ J3jn _ yBjn 3jn
3jn = LLMS yhL ’
3jn 3in
3 2 3 2 LL , LLx
_ 1 Z j <1 Mg, B 1) y3gzy3ae Y5an
2 _ 2 2
647 M MG w 2 y3]n
a#j

2 MZ, 1 M2 19
+33° <ln TS;Z - 2) ]yéﬁ\ (71 —San ) Z} Yan
/=1

A comment is in order here: the flavor-changing self-energies renormalising the coupling
LL,low

Ys jn

term m? / (m? —m?2) in eq. (2.32). This is unavoidable, because in the unbroken phase, with

] . (2.32)

are calculated in the phase with broken electroweak SU(2) symmetry leading to the

zero quark masses, one can arbitrarily rotate quark fields in flavor space and flavor quantum
numbers are only well-defined in the broken phase. Therefore #5% in should carry an index
distinguishing down-type and up-type quarks. In practice, however, the hierarchy among
quark masses allows us to set either m, or m; to zero, so that m? 7/ (m —m?2) becomes 1 or
0, and /<c3 in 18 the same for down-type and up-type quarks in thls limit. In case one wants
to keep the full dependence on quark masses in eq. (2.32), m, and m; must be evaluated at
the same value of the renormalization scale p. (Keep in mind that the ratio m;(u)/mq ()

is p-independent.)

Thus in the construction of a UV model of quark-lepton unification one will use yngL,;MS,
subsequently run these couplings down to the scale defined by the Ss, mass with the RG
equations of ref [69], and finally convert the couplings to the “low” scheme by multiplying
them with I€3 in for applications in flavor physics. For use in collider physics one multiplies

LLMS ~LL ,.LL
Ys,n  instead with k37, K37,

3 Phenomenological implications

In order to demonstrate the impact of our results, we will outline phenomenological implica-
tions of the one-loop corrections calculated above in the context of flavor anomalies. To this
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end we will give numerical examples for the x’s for values of the LQ couplings satisfying the
constraints from the anomalous low-energy data. From figure 3 one realizes that the flavor
observables constrain products of couplings while the x’s in eqgs. (2.20) and (2.22) instead
depend on the individual couplings. Therefore the deviation of the k’s from 1 is largest if one
satisfies the low-energy constraints by choosing one coupling large and the other one small.
This case is most relevant for collider searches of LQ, because at first, with little statistics,
one probes the parameter region with small LQ masses and large couplings. The complete
one-loop corrections to L.Q decay rates involving y] Y where XY = LL/LR/RL/RR, are
encoded in the k’s, so that they can be considered pseudo-observables. We may study the
size of the corrections, i.e. the deviation of the x’s from 1, to assess how large the couplings
ijl}; can be without spoiling perturbation theory.

3.1 Leptoquark decays

Here we consider the impact of these corrections for either explicit on-shell detection of a
single LQ, or how signs of multi-LQ models may be extracted indirectly from single LQ
decays. From the computation of the self energy above, we can derive the total decay width
of each LQ as a function of their masses and couplings

Mg 9

FSl = - Z |y1 ln| + |y1 ln| ) (31)
167 i { }
Mg, 2

T, = g 2 (Wl + i o). (3:2)
MS3

= Z| sl (3.3)

where the indices [,n run over the different decay channels. By definition, the decay of

LQs is determined by the high-energy couplings yXY high.

The implication of the x factors
that we computed appear as a re-scaling of a LQ decay width, which in turn, modifies
the predictions for the branching ratios. For example, a third-generation S; LQ will have

modified branching ratios, for example

1 M :
BR(S; — bv,) = To 51| LL high,2 (3.4)
LL1
_ 111133 OW|2 |’€133’2
LL1 RR,1 ’
St (2l IR + [y R R 2
1 Ms, ,, LLhigh RR,high
BR(S1 — 1) = Ts, 16 L(lyrss B i), (3.5)
s, 167
LL low RR,low
(lyrss " Pletdsl? + lyiss o PefE%)

- LL,] RR)] ’
Zlv” [2‘:[/1 lnow 2 Hfll;z 2+ |y1 In OW|2"€1ln‘2:|
where we have neglected phase space effects, as m?/m?2 ¢, can barely exceed 2%. In order to

calculate the impact of a model built for low scale observables on the direct production rates
at colliders then one should incorporate these radiative corrections.
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To determine the hierarchy between the couplings, one can measure the ratio of branching
ratios, for example

BR(S1 — 7t) |55 8" + [y

BR(S] — v:b) yngghlghP

(3.6)

From this observable we note the following relation between low- and high-energy couplings

LL,high RR,high LL,1 RR,1
yizs 2+ yiss o |2 yizs o Pletgs)? + yiss O 1P|efig 2 (3.7)
LI high|o LL Tow o 2 : :
Y133 | Y133 ‘ K 133’

In the absence of an additional LQ Ry, it follows from eqs. (2.20) and (2.22) that x4 = ks,
i.e. the radiative corrections to the right- and left-handed couplings are equal and

LLlow RR,low
BR(S1 — 1) ~ lyiss " 12+ lyiss 1
BR(Sl _> I/q—b) ‘yLL 10W|2 Y

(3.8)

which suggests that the ratio of couplings is insensitive to radiative corrections. However, the
presence of Ro may break this relation, which implies that this ratio can act as an indirect
probe of the presence of a second LQ with sizeable couplings.

3.2 Flavour anomalies

Several measured branching ratios and decay distributions have hinted at the presence of
BSM physics influencing the branching ratios of b — s¢¢ and b — cfv. Notably in the neutral
current process these are driven by the decay b — suu, where there is a deficit in events in
the kinematic region ¢ < 8 GeV [11, 24, 88] (¢? is the invariant mass of the lepton pair),
in contrast with the SM predictions of refs. [89, 90]. The angular observable PZ, which
parameterizes the angular distribution of final states in B — K*u™pu~, also follows this
trend [19, 91-93]. Measurements of the lepton flavor universality (LFU) ratios [94]

BR(B — K®putpu~)
BR(B — K®ete )’

Ry = (3.9)
presently show a compatibility with the SM predictions Ry .) ~ 1 [25, 26], indicating that
the BSM physics invoked to explain the anomalous data in b — su™p~ should couple with
similar strengths to electrons and muons. For the charged-current process, a long-standing
anomaly is observed in the LFU ratios

BR(B — D®1v)
BR(B — D)’

Ry = l=e,p. (3.10)

The HFLAV collaboration combines six separate measurements from BaBar [28], Belle [30,
32, 95], and LHCD [31, 96] to give the following average values, as per Summer 2023 [27]

RUFLAV — 0357 +0.029,  REELAY = 0.284 +0.012, (3.11)
with a correlation coefficient of p = —0.37. To be compared with the theoretical values
Rp = 0.298 £ 0.004, Rp+ = 0.254 £ 0.005, (3.12)

resulting in a theory/experiment discrepancy of 3.20.
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Improved sensitivity to the D* and 7 polarizations can discriminate between different
BSM explanations of these anomalies, and complementary information can be garnered
from the ratio Ry, = BR(Ay — Ac7v)/BR(Ay — Aclv) [97, 98]. For a BSM explanation
for Ry to be consistent with the latter, future measurement of R, 6 must move upwards
from the 2022 value RFHCP = 0.242 £ 0.026 & 0.040 £ 0.059 [99] to Rp, = 0.39 £ 0.05 [100],
to be consistent with eq. (3.11).

These flavor anomalies may be addressed by a combination of the scalar LQs S7, Re and
S3 (a SU(2) singlet, doublet and triplet, respectively). The LQs S; and Rs are capable of
explaining the flavor anomalies with tree-level contributions to b — c7v, and S5 to b — suu.
In order to be consistent with LFU, i.e. eq. (3.9), one requires multiple copies of S3 in order to
consistently explain b — s#¢ data and to avoid constraints from lepton flavor violating decays,
e.g. u — e7y. Therefore this motivates extensions to the SM involving the combinations
(S1,S3¢) or (Ra,S3¢), each with at least two copies of S3 of the triplet LQ (denoted Ss3y)
with S3. and S3,, exclusively coupling to e and pu, respectively. We do not perform any
phenomenological analysis of constraints on these models here, but simply use the best-fit
values of the Wilson coefficients from the literature to employ realistic scenarios for the LQ
couplings and masses in our numerical examples. We draw the readers’ attention to ref. [69]
and references therein for further discussion of constraints.

3.2.1 Scalar singlet

As discussed above, the singlet S7 is capable of generating tree-level contributions to b — c7v.
We adopt a minimal coupling scenario for the Sj scalar LQ choosing nonzero values only for
the couplings y74s and yfff. The contributions to b — cfuy are given by the following effective
interactions, expressed in the flavio basis [101] for the Weak Effective Theory (WET), where
4G
L= Lsy — —FVcb Z C;O; +h.c.|, (3.13)
\/i b—ctv
with the sum indicating a sum over the operator basis for the process b — crv. The operators
of interest are

Os, = (EPL)(TPLvr),  Or = (@0 PLb)(Tow Puvy), (3.14)
Oy, = (E’}/#PLb)(?”yﬂPLVT).

Here, G is the Fermi constant, and V;; is the SM CKM matrix elements. Note that here
we have restricted ourselves to lepton-flavor conserving effective interactions. This minimal
scenario will generate the following nonzero WCs, where we have assumed the LQ couplings
to be real-valued

1 RR, LL
Cs, (Ms,) = —4Cr(Ms,) = —m% 23Y1335 (3.15)
1
Cv, (Ms,) = m(yﬂ%ﬁ (3.16)
1

We recall we have adopted the down-aligned mass basis for the quarks, see eq. (2.2). These
LQ couplings can be chosen to be fixed in the low-scale renormalization scheme.
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A recent fit to these WCs in a model-dependent study of the anomalies R, and other
b — ctv observables can be found in ref. [102]. Their results yield the following best fits
to single scalar/tensor WCs, evaluated at iy,

Cs, = —8.9Cr =0.19 (3.17)

which, when evolved according to appendix A, corresponds to Cgs, = —4C7r ~ 0.095 at
Mg, = 2TeV. Although this fit was performed prior to the most recent updates to the Rp-
measurements, it remains compatible with the central values of the present HFLAV fit [27]
to these anomalies within roughly 1.30. Matching onto eq. (3.15), this corresponds to

yRR Ll ~ —1.06 (3.18)

for a LQ mass of 2TeV.

A fit to the anomalous Rp+ measurements arising solely from the Cy, in the S; model is
ruled-out primarily due to large contributions to b — svv (see appendix B) which are ruled-
out by present measurements. In the framework prescribed above, it is impossible to avoid
nonzero contributions to the Cy, coefficient, although it is CKM suppressed. For this reason,
we elect for a larger value for y{% to minimize the effect from the vector WC. Dominant
constraints on this coupling come from high-pr probes of the effective coupling in cc — 77
interactions, resulting in a constraint |yf%%| < 2.6 for a 2 TeV leptoquark mass [103, 104].
Saturating this upper bound corresponds to a candidate point (yf% yf£) = (2.6, —-0.41).
For this point, Cy, has negligible impact on the values for Rp.), meaning that this point is
still able to fit the anomalies while being safe from constraints. Matching onto eq. (3.15),
this point is found to yield a value of

2|yLL ’2 4 ’yRR 2
LL RR 133 1231

and in the scalar singlet LQ model to explain the anomalies in b — c7v this correction
corresponds to a 2% effect. Therefore, the high energy Yukawa coupling relevant for on-shell
production of the S; LQ is 98% of the value of that at low-energy.

3.2.2 Scalar doublet

Following similarly from egs. (3.14) and (3.13), the doublet Ry generates the following nonzero
WCs for contributing to the b — crv process, this time not assuming real-valued LQ couplings®

1
Cs (Mg, = 4Cp(Mp,) = ————— LB >y RL 3.20
SL( R2) T( Rz) 4\/§GFVch}232y233 Yz 23 ( )

Following again from the fit in ref. [102], the following best fit to single scalar/tensor WCs,
evaluated at pp,

Cs, =8.4CT ~ —0.07 + 0.581, (3.21)

9In a model with two distinct Ry doublets, one may also generate a contribution to a right-handed vector
coefficient, Cyv,, (see e.g. ref. [105]).
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which, when evolved according to appendix A, corresponds to Cs, ~ 8.4Cr = —0.0394+0.319+¢
at Mp, = 2TeV. Matching onto eq. (3.20), this corresponds to

Y3 ysss ~ —0.41 £3.431 (3.22)

again for a LQ mass of 2 TeV. Dominant constraints on these couplings arise from a loop-
order corrections to Z — 77 couplings and the high-pr dilepton and monolepton tails of
proton collisions.

The light-quark couplings to taus are limited by constraints on the flavor-conserving,
non-universal, contact interactions in pp — 777~ and pp — Tv (+ soft jets)[103, 106, 107].
Utilising the program HighPT [108, 109] to extract these constraints and mapping the result
onto the above model, we find that requiring agreement at 3(2)o constrains |Cg, | < 0.68(0.57)
for a 2 TeV LQ mass. This is consistent with ref. [110] where they examine the Ry model and
conclude that these constraints are incompatible with an R(D(*)) if the high-pr constraints are
taken at 20, although they note that these constraints should be treated with caution due to
uncertainties from 7 reconstruction [111]. We conservatively take the 30 constraint and retain
the above point as valid, as assessing the definite validity is beyond the scope of this work.

For Z — 77, the coupling of the LQ to the tau and top quarks ~ yszg generates a enhanced
correction [112]. A representative coupling assignment which satisfies this constraint (see
appendix B) is (y4%%, y54s) ~ (0.5, —0.82 4+ 6.86 i), corresponds to

2 2
AR = kBh =1 y233|3;;|2y223| ~ 0.85. (3.23)
So, for the scalar doublet LQ model to explain the anomalies in b — c7v this correction
corresponds to a 15% effect and the high energy Yukawa coupling relevant for on-shell
production of the Ry LQ is 85% of the value of that at low-energy. Of course the large deviation
from 1 in eq. (3.23) stems from our choice with |yds| > |yb5|. If chose |yt | ~ |ybfh| ~ 1.86
instead, we’d find k% = K J L =0.98 instead. Yet, as stated at the beginning of this section,
collider searches first probe the large-couplings region and eq. (3.23) shows that the corrections
encodes in our x’s matter here. We also verify that L(Q couplings as large as seven do not
lead to excessive corrections which would put the validity of perturbation theory into doubt.

3.2.3 Scalar triplet

The scalar triplet is relevant for addressing anomalies in b — séf. The effective Lagrangian
parameterizing these transitions is given by
4G

L= Loy — N3

ViV (G506 + C{0f ) + hue, (3.24)
and the operators are given by

aem — ) -
Of = y (5y,PrLb) (ewe) . Of = 4 = (57, Prb) (67“756) . (3.25)

Here, aem is the fine structure constant.

Matching the scalar triplet LQ model onto this Lagrangian gives the following contribution

LL , LL *

CUMio) = —Ch (M) = — T Yssthsar 3.26
9( LQ) 10( LQ) 2\/§GFthVt§Oéem M53 ( )
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For the triplet LQ it is useful to define the quantity C{ = C§ = —CY{,, and recent global
fits show a preference for a universal assignments of these WCs such that CY = C¢ =
Cl = C] ~ —0.4 [57, 113, 114].19

We begin by considering a single triplet, S3, with lepton-universal couplings. Recalling
that C’LU as a vector coefficient does not run in QCD, this corresponds to

yb bbb ~ —0.0055(—0.14], (3.27)

for a LQ mass of 2 TeV [10 TeV]. Note that for the corrections to the Yukawa couplings né% | are
generated uniformly in flavor space (7, k) because they are each sourced by the LQ self-energy.
For Iié’é’-k to correspond to a 30% effect relies on a coupling assignment for a LQ mass of 2 TeV
of (y2f, ykl) ~ (6.1,—1073) and for a LQ mass of 10 TeV of (yil, ylL) ~ (6.1,-0.023).
Therefore in each of these instances the high-energy, lepton-universal, Yukawa coupling
relevant for on-shell production of the S3 LQ is 70% of the value of that at low-energy.

3.2.4 A comment on models with multiple LQ

The models considered in section 3.2 all involve the addition of one LQ at a time and so
their corrections are dominated by the LQ self-energies. However, the results from section 2.4
illustrate that the largest and most interesting effects will occur when two LQs are present
in a model: namely, in models with both S7 and Ry present. In this model, the Lagrangian
in eq. (2.1) reduces to

LL Acja abykb RR —cj k
Lig =y Q" €Ly S1+yrjrup’er Si

—yih upl e LY Ry + yi R Qriel RS + hee. (3.28)

The LQs S1 and Rs are particularly phenomenologically interesting because they are the sole
two mixed-chiral scalar LQs: they have couplings to both right- and left-handed quarks and
leptons. These leptoquarks have been exploited in the literature, for example, to generate large
contributions to chirality-flipping dipole operator corrections, responsible for radiative mass
generation and large dipole moments for charged leptons (see e.g. refs. [65, 116]). Nevertheless,
these models do not necessarily require both LQs at once. However, future measurements of
lepton CLFV and associated processes may necessitate such model building in the near future.

A particularly interesting feature of the results in section 3.2 is an inverse dependence of
the vertex correction on the low-scale LQ coupling being corrected. This means that even a
small low-scale coupling can have a large correction, simply because the tree-level coupling is
suppressed or even absent in the loop vertex diagram, which involves three different couplings
instead. Take for example a LQ model with both S; and Ry and consider the correction to
the coupling yf%ﬁc*, taking L(Q) masses such that f(ML%I/MIQ%2 = 10) = —1.17. Fixing each
of the LQ couplings to third-generation quarks to 0.1 aside from the LQ coupling we are

10Note that there is a preference for Chy = 0, i.e. the SM case, in the data on the branching ratio B(Bs — uu)
if the SM prediction is calculated with V., determined from inclusive b — clv decays, since then the SM
prediction is close to the central value of the measurement. FEzclusive b — cfv decays prefer a smaller |Vg|, so
that C{, # 0 improves the agreement with B(Bs — pu) (see e.g. [115]).In any case a combined fit of all data
prefers a scenario with C§ = —C%, # 0 over the SM case.
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correcting for the purpose of demonstration,'!

N 5 44 x107°
ki =1=3 [yl * x 1072 + i (3.29)
J

Therefore, for a LQ coupling y{%ﬁ* ~ 10~ the correction is /@fﬁ ~ 1.44, corresponding to

a correction of 44% to this coupling.

3.3 Unification and IR fixed-points

Leptoquarks particularly appear in theories that unify quarks and leptons, although the
unification scale Mqpu is often many orders of magnitude above the LQ mass scale. If we
assume that the mass-gap between the electroweak scale and Mqr,u is populated only by LQs
and SM particles, one may use renormalization-group evolution of LQ couplings to fermions
up to this scale. This analysis was performed in ref. [69]. The scale Mqru determines the
masses of any remaining particles in the unification framework, and the effects of these
particles decouple for a scalar LQ model as Mqry — 00.12

In ref. [69] it has been found that the Yukawa couplings of a model with three scalar
triplet LQ carrying lepton flavor number features IR fixed-points withemergent lepton flavor
universality in their RG evolution from some high scale down to Mpq. This feature persists if
additional LQs (such as S7) are present. Since beta functions are derived in mass independent
renormalization schemes, typically MS, the couplings must be converted to the ‘low’ or ‘high’
scheme for use in phenomenological applications.

Taking Mg,=Mg,, = Mg,, = Mg, ,=14.2TeV and the IR fixed-point couplings in
table 1.'3 reproduces the b — s¢T¢~ data. In each case the conversion between low-energy
and high-energy couplings is given by

LL |2 LL |2
LL _ lyg5el” + lysoel™ )
LLMS
3jn

to convert to the ‘low’ scheme, and these conversion factors and the corresponding

where we recall each LQ only couples to one lepton flavor, ¢, at a time. We multiply y
LL

3in: U
low-energy couplings are given in table 1. We evaluate the MS conversion factor at ;1 = Mg,.

with &

Although Rgfk deviates from 1 more than K§’][~’k, the effects in table 1 are still small,
because the fixed-point values of the couplings are moderate in size. In general, however, the
first term in the square bracket in eq. (2.32) can give a large contribution, if the tree-level
coupling is small.

4 Conclusions

Leptoquark (LQ) phenomenology involves the combination of constraints from low and high
energy. The former are inferred from solutions to the flavor anomalies, while the latter are

HPixing the ratio of masses but allowing flexibility for the absolute masses may allow one to suppress
phenomenological impact of this choice.

12For a vector LQ model where My,q < Mqru this corresponds to a non-decoupling scenario unless a Higgs
sector responsible for the LQ mass is also considered [69].

3These points are from table 6 of ref. [69], where our notation corresponds to ygf‘f} = Y5ij-
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LLMS LLMS — — LL,] LL,]
Benchmark | S3¢ | (435 Y330 ) ("05 5@”5%@ "G%ﬁ%é) (Ys9r Y335 )
A S3e (0.760,0.189) (1.007,1.008) (0.765,0.191)

S3, | (0.191,0.759) (1.005, 1.006) (0.192,0.764)
S5, | (0.639,—0.452) (1.006,1.011) (0.643, —0.457)
B Sze | (0.189,0.760) (1.007,1.007) (0.190,0.765)
( )
( )

S3, | (0.759,0.191) 1.007,1.008 (0.764,0.193)
Sy, | (0.639,—0.452) 1.006,1.011 (0.643, —0.457)

Table 1. Benchmark points from ref. [69], converted to the low-scheme utilising our formalism.

found from LHC bounds on production cross sections. Stronger collider bounds, pushing
the LQ masses to higher values, imply larger couplings in the LQ lagrangian in eq. (2.1) to
explain anomalous low-energy data. Sizable couplings, however, lead to potentially large
loop corrections with LQs. We have studied such corrections for the popular S7, Rs, and
Ss LQ scenarios with the following results:

1. The radiative corrections have a particularly simple structure, as they can be completely
absorbed into a renormalization of the LQ coupling. This allows us to define two
renormalization schemes designed for low-energy and high-energy observables. With

the choice of our ‘low’ scheme all considered corrections are absorbed into the coupling
XY low

Yn Jk

cesses coincide. The same feature holds for the LQ decay amplitudes in the ‘high’ scheme.

, so that the tree and one-loop amplitudes for the studied flavor-changing pro-

The combination of low-energy and high-energy data only involves the conversion factors
XY _  XYhigh, XYlow

Knjk = ynjk / njk

the low-energy process and the LQ decay amplitude, a full one-loop calculation of

. While this method captures all radiative corrections to both

the production cross sections involves additional diagrams with process-dependent

. XYhigh . .
corrections and the use of y, ik 8% in the tree result only captures a universal subset,

but permit simulations with tree-level event generators.

2. In scenarios with only one LQ species the /{fﬁ have a particularly simple structure,

originating solely from self-energies, and are always proportional to the tree-level

XY
n,jk

are weakened. Only scenarios with both S; and Ry involve vertex corrections, which

coupling. In these scenarios one always finds x < 1, implying that collider constraints

moreover involve different couplings compared to tree level and can therefore be enhanced
if the tree coupling is small.

XY

3. Our calculations resulted in unexpectedly small loop functions, so that the .} jk are

close to 1 for yX} = O(1). The LQ scenarios explaining the b — c¢7v and b — s¢T4~

nj
anomalies involve two couplings. In the S; and S3 scenarios O(1) couplings are
XY >
n,jk
However, for hierarchical choices of these couplings, with one coupling much larger than

compatible with LQ masses satisfying collider bounds and the s s can be neglected.

the other, IinX}/k can be substantially smaller than 1.
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4. The smallness of the loop functions implies that perturbation theory works for couplings
larger than 5. This feature opens up the parameter spaces because low-energy data
can be explained with large LQ masses and furthermore /ﬁ;n gk k < 1 weakens the collider
bounds.

5. Like the vertex corrections mentioned in item (2) also flavor-changing fermion self-

energies need not involve the tree-level coupling. While these self-energies drop out

XY >

ik S they contribute to the scheme conversion from MS to either ‘low’ or

~ XY
n,jk

the /@fffk’s but can still be omitted for the choices of the infrared fixed-point solutions

for ySLJLkMS found in ref. [69].

from the &

‘high’ scheme. The corresponding scheme transformation factors s are larger than

6. Irrespective of any low-energy data, collider searches first probe the parameter region
XY, high d
njk an

if these bounds are used in other schemes the couplings must be converted properly,

XY high =XY XY
n ik with R ikFn, ik

with smallest masses and largest couplings. These searches will constrain y

e.g. the MS values are found by dividing y
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A Wilson coefficient evolution

In ref. [102], the fit of the WCs to b — c7v is done at the scale pp = 4.8 GeV, which must then
be evolved to the scale mpq to be matched onto the full theory. The QCD renormalization-
group equations (RGEs) [117-119] (first matrix) and the LQ-charge independent QCD
one-loop matching [120] (second matrix) give the following relation for Mg = 2TeV

Cv, (1) 10 0 0 0 1120 0 0 0 Cy, (MLq)
Cy (110) 01 0 0 0 0 107 0 0 0 Cy (MLQ)
Cs,(w) | =00 182 0 —0.35 0 0 1.05 0 0 Cs, (Myq) | »
Cs,, (1) 00 0 182 0 0 0 0 110 0 Cs, (Mq)
Crlmw) 00 -0.004 0 0.83 0 0 0 0 107) \Cr(My)

112 0 0 0 0 Cv, (Mrq)

0 107 0 0 0 Cy,, (MLQ)

~[ 0o 0 191 0 —038]||Cs, (M) |- (A.1)
0 0 0 200 O Csp(Myq)

0 0 0 0 089/ \Cr(M)
from which we obtain Cg, (up) =~ —8.9C7(1p) for Sy and Cs, () ~ 8.4Cr(up) for Ra.
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B A note on constraints for flavour anomaly models

We briefly comment on constraints relevant for selecting the benchmark points in the main text.

B.1 Constraints from b — svv

The contribution of BSM to b — svv transitions may be parameterized by the following, in
the absence of significant right-handed vector currents [121]

v 4Gp * Qem ,_ —
L > W‘/vatscfa o S Pb) (e (1 = 75)ve) | + hec.. (B.1)

As collider experiments do not distinguish between neutrino flavors, the sum over all flavors
appears in the ratio of branching fractions and its SM prediction
Bro®(B — KMvp) _ (CR'+ Cpp)? + (CO) + C1p)° + (CR) + Oy )?

VY = = ., (B2
KO BySM(B - K(yi) 3(Ch)? B2

where CSM ~ —6.35. The experimental limits from the Belle collaboration read RYY < 3.9
and RYY. < 2.7 at 90% C.L. [122]. The recent Belle-IT measurement of Br(BT — Kt +inv.) =
(2.440.7) x 1077 [123], assuming three-body decay with massless neutrinos, may be contrasted
with the SM prediction for this branching ratio, BrSM (Bt — K+vp) = (2.81+0.15) x 1073 x
VipVie [124]. This results in RYY ~ 5, which exceeds the previous constraint, and corresponds
to a = 2.80 deviation from the SM expectation. In the absence of considerable right-handed
vector currents, RYY. = RYY, and the Belle II measurement of ref. [123] is in conflict with the
experimental bound on RYY. [125] and therefore only the latter will be used as a constraint.

For the considered scenarios in the main text we consider tree-level contributions from
the S singlet

C7. — ™ yng?)y%%B* (B3>

Y RGEVViaem M3

and C¢, = C*. = 0, and for the lepton-flavor universal triplet LQ S%

LL ,LL
Y 7T Y3'30Y3'90 _ (B.4)

V2GRV Vitem MG,
We find the benchmark points considered in the main text satisfy the constraint from RYY
for both LQ models. Reconciling the experimental results for RYY. and RY’ requires new

physics couplings to right-handed b and s quarks (see e.g. ref. [125] for discussion), which

S3¢ and S7 cannot provide at tree-level.

B.2 Constraints from Z — 77

For calculating the corrections to Z coupling to leptons, we follow the procedure of ref. [126].
To parametrize these effects, we consider the matrix element of the decay of a Z boson into
a SM fermion-antifermion pair (f;, f]),

— 9 g ij Z
= Muz'y {gfLPL + ngPR} Vi€ (B.5)

— 23 —



where g is the SU(2) gauge coupling, v and v are spinors, 65 is the Z polarization vector,and
ij SM
gfL(R) 9F1(r) 0 + 5gfL(R)' (B.6)

At tree level, the SM effective couplings are given by g?cL =T :{ — Q' sin? 6y and g?R =
—Q7 sin? Oy, where Q7 is the electric charge of the fermion f, and T; is its third component

of weak isospin. At higher loop order in the SM, these couplings are modified by factors
pr = 1.00937 and sin®fog = 0.231533 [127],

g??ﬂ = \/W(T?f — Q' sin? Og), g]ScII;/I = —/py Q7 sin? O.g. (B.7)
Focusing on the effective coupling to charged leptons, f = ¢, and noting that gz?v( 4) = gZ + gg2 ,
we constrain the combination géfv( A)/ gEM for the lepton-flavor-diagonal couplings.

For the doublet LQ Ry as a solution to anomalies in b — c¢rv, dominant constraints
arise from loop-order corrections to Z — 77 couplings [112]. The leading-order contributions
to perturbing the effective couplings are given by dg,, = g?g and dg,, = gg’g. The loop
corrections have been calculated as in [112],

Tt

39,2 (14 logzy) (B.8)

0grp = N, !y233!2[

_ _2\a .=
+ a4 (sm Ow 2) (logx, +im) + ( 1 + 3 sin” Oy ,
2 -l"z . 9 . 1 1
6gr, = Nelybt 23] 3 |sin Ow (logz, +im + =) "5l (B.9)

taking Vi, ~ 1, N. = 3 is the number of colours, sin?fy is taken to be sin?feg, z; =
m?/ m%b and 7 = m?%/ m%{Q. These effective couplings given above are constrained by LEP
measurements of the Z decay widths and other electroweak observables [128]. Specifically,
for the effective coupling to the tau, the strongest constraints come from the axial-vector
coupling, Re(g-,)/g5M = 1.00154 & 0.00128 which we require to be within two-sigma of the
central value [129]. The benchmark point examined in section 3.2.2 satisfies this constraint.

C Extending to other scalar leptoquark models

In this work, we highlight the three scalar leptoquarks Si, Ro and Ss relevant for flavour-
anomaly model building. Here we extend the calculations in section 2 to models featuring
the two other scalar LQs: S1 ~ (3,1,4/3) and Ry ~ (3,2,1/6). These extend the Lagrangian
in eq. (2.1) to include [43]

2
Lig> > Y [ Sieh, - pEhdinRge L + bee. | (C.1)
7,k=1a,b=1
With the addition of these scalars, the only one-loop corrections to LQ vertices are from their
respective self-energy corrections. This extends the list of results in eq. (2.22) to include
2
RRL _ 1 _ Zzn 1|y2 ln‘

23k - T’ (C2)
3 -

~RR -1 El,n:l ‘y{%ﬁnp C.3

1]k: - T? ( . )
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which may be integrated into the correction formula akin to those for the LQs discussed

in the main text.
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