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We investigate all potentially viable scenarios that can produce the chiral enhancement required to
simultaneously explain the (g —2), and (g —2) ., data with either a single scalar leptoquark or a pair of
scalar leptoquarks. We provide a classification of these scenarios in terms of their ability to satisfy the
existing limits on the branching ratio for the 4 — ey process. The simultaneous explanation of the
(9—2),, discrepancies, coupled with the current experimental data, implies that the (g —2), loops are
exclusively due to the charm-quark propagation, whereas the (g —2) . loops are due to the top-quark
propagation. The scenarios where the (g — 2), loops are due to the top (bottom) quark propagation are, at
best, approximately 9 (3) orders of magnitude away from the experimental limit on the 4 — ey branching
ratio. All in all, there are only three particular scenarios that can pass the 4 — ey test and simultaneously
create a large enough impact on the (g — Z)W discrepancies when the new physics is based on the Standard
Model fermion content. These are the Sy, R,, and S; & S5 scenarios, where the first two are already known
to be phenomenologically viable candidates with respect to all other flavor and collider data constraints. We
show that the third scenario—where the right-chiral couplings to charged leptons are due to S;, the left-
chiral couplings to charged leptons are due to S3, and the two leptoquarks mix through the Standard Model
Higgs field—cannot address the (g —2), and (g —2), discrepancies at the 1o level due to an interplay
between KY — e*uT, Z — ete™, and Z — utp~ data despite the ability of that scenario to avoid the

1 — ey limit.

DOI: 10.1103/PhysRevD.102.075007

I. INTRODUCTION

The observed anomalous magnetic moments of electrons
and muons are in tension with the corresponding Standard
Model (SM) predictions. In particular, the experimental
results (a?f},) ) for the electron [1] and muon [2] anomalous
magnetic moments deviate from the SM predictions (ag})f
roughly at the 3¢ [3] and 40 [4-8] levels, respectively.
More precisely, the observed discrepancies that are of
opposite signs currently read

Aa, = a® —aSM = —(8.74+3.6) x 10713, (1)
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Aa, = ;" —aM = (279 £0.76) x 107°.  (2)

Various sources of new physics are known to be capable
of substantially altering the SM values for a, = (g —2),/2
and a, = (g —2),/2. (For a sample of studies that analyzed
effects of the new physics sources on anomalous magnetic
moments see, for example, Refs. [9-38].) In this study, we
classify all potentially viable scenarios to explain both
discrepancies with either one or two scalar leptoquarks
using the level of disagreement with the existing limits on
the branching ratio for the u — ey process as our main tool.
Our analysis dovetails with the approach of Ref. [39] and
builds upon the results presented in Refs. [15,40].

There are only four scalar leptoquark multiplets one
needs to consider (as we demonstrate later on) if the
new physics scenarios for a, and a, are based on the
SM fermionic content and include up to two scalar lepto-
quarks. These leptoquarks are S5(3,3,1/3), R,(3.2,7/6),
R,(3,2,1/6), and S,(3,1,1/3), where we specify the
transformation properties of leptoquarks under the SM
gauge group SU(3) x SU(2) x U(1). (For reviews of
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leptoquark physics see, for example, Refs. [41,42].) In fact,
it was recently shown in Ref. [40] that it is possible to
simultaneously explain both discrepancies with the new
physics that is generated by a single leptoquark extension
of the SM, where the leptoquark in question is either S; or
R,. In view of these promising results, our study aims to
clarify whether there are any additional scenarios that might
accomplish the same objective.

To address discrepancies between theory predictions and
measured values of (g—2), and (g —2), utilizing scalar
leptoquarks, it is necessary that the associated one-loop
corrections must receive sufficient contributions, which can
only be guaranteed by quark mass insertion (chirality
enhanced effects) in the loops. The only leptoquarks that
can couple to leptons of both chiralities (which is a
prerequisite for such an enhancement) are §; and R,,
and the SM gauge symmetry dictates the presence of up-
type quarks in the loop [43]. The only significant difference
between the S| and R, mediations is that the former is due
to the Q = 1/3 leptoquark, while the latter is due to the
Q = 5/3 one, where Q denotes electric charge in units of
absolute value of the electron charge. It has been estab-
lished that one needs top quarks in the (g — 2) ,, loops if one
is to address the observed discrepancy at the 1o level and
still be in agreement with the ever more stringent combi-
nation of constraints from the flavor physics experiments
and LHC [44]. The possibility to address the (g9-—2),
discrepancy with the top-quark chirality-enhanced loop
contribution is phenomenologically viable even if one
resorts to a scenario where two leptoquarks of the same
electric charge couple to the muon-top-quark pairs of
opposite chiralities while mixing with each other through
the Higgs field in order to close the loop [45]. This
corresponds to the scenario where S| mixes with the Q =
1/3 component of S3, where S; provides the right-chiral
couplings to leptons while S5 provides the left-chiral ones.
On the other hand, the chirality-enhanced loops for (g — 2),
that are generated by S;, R,, or the S; & S;3 combination
can be closed not only with the top quarks but also with the
charm quarks without any conflict with the existing
experimental limits, such as those due to the D — D
oscillation and/or atomic parity violation measurements
for the leptoquark masses that are allowed by the LHC data
analyses. Moreover, in the two-leptoquark scenario based
on the R, & R, combination it is possible to close the (9—
2), loops in a phenomenologically viable way with the
bottom quarks as well [45].

We systematically study the ability of new physics
scenarios with up to two scalar leptoquarks to simulta-
neously accommodate the (g—2),, discrepancies using
the experimental limit originating from the 4 — ey process
as our primary classification tool. We find that there is only
one additional scenario (besides the S; and R, scenarios
that have already been discussed in Ref. [40]) that is not
constrained by this limit. The scenario in question

TABLE I. The leptoquark scenarios that have the potential to
simultaneously address the (g—2), discrepancies and the
associated minimal value of the :4 — ey branching ratio
(Br(u — ey))™". For each scenario we specify the quark g that
is behind the chirality-enhanced contribution and the electric
charge Q of the leptoquark in the loops. See the text for details on
the notation.

SCENARIO  (9-2), (9-2), (Br(u — ey))™n
$1:(0.0) (t1/3)  (1.1/3) s a0 o,
$1:(4. 0) (c.1/3)  (1.1/3) 0o
R,:(q,0) (t,5/3) (£,5/3) Tuf;mz'\Alzial
Ry:(q.0) (c.5/3)  (1.5/3) 0
$&5:(q.0)  (1.1/3) (1.1/3) s .o,
S &S::(¢.0)  (e.1/3)  (1.1/3) 0
Ry&Ryi(q.0) (5.2/3) (15/3) namie WuP [Aadal )

m2 msz Vo2 (1+41nx,)?

corresponds to the S| & S3 combination, where the left-
chiral couplings are provided solely by S; and the two
leptoquarks mix through the SM Higgs field. We further-
more show that the S; & S5 scenario cannot address the
(9 —2),, discrepancies at the 1o level due to an interplay
between the K9 — e*u¥, Z — ete™, and Z — pu*u~ data
even though it clears the y — ey hurdle. In all instances we
always turn on four Yukawa couplings between the
leptoquark(s) and the relevant quark-lepton pairs to be
able to generate chirality-enhanced contributions of suffi-
cient strength. In Table I we summarize the scenarios we
consider to simultaneously address the (g — 2)e,,, discrep-

ancies as well as the associated predictions for the lowest
possible values of Br(u — ey).

The paper is organized as follows. In Sec. II we elaborate
on the scalar leptoquark contributions towards anomalous
magnetic moments of electrons and muons and discuss
the associated effect on the u — ey process that we find
to be the origin of the most relevant flavor constraint. We
then proceed to discuss the abilities of the four different
scenarios to simultaneously explain the (¢—2), and
(9—2), discrepancies with scalar leptoquarks. The first
two scenarios that rely on the single leptoquark contribu-
tions towards both anomalous magnetic moments in ques-
tion are discussed in Sec. Il A, while the remaining two
possibilities are addressed in Sec. I B. We summarize our
findings in Sec. IIL.

IL. ADDRESSING (g-2),, WITH SCALAR
LEPTOQUARKS

We first present an overview of the scalar leptoquark
effects on (g —2),, and the u — ey process using the S,

scenario for concreteness. The Yukawa couplings of S
are [41]
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LD yj;0%iosS L+ yiugSitg; + He.,  (3)

where Q; = (up;dy;)" and L; = (vy;¢p;)" are the left-
chiral quark and lepton SU(2) doublets, ug; and £ are the
right-chiral up-type quarks and charged leptons, respec-
tively, o, is the Pauli matrix, and i, j = 1, 2, 3 are flavor
indices. The Yukawa coupling matrices y~ and y® are
a priori arbitrary 3 x 3 matrices in the flavor space. The §;
diquark couplings have been omitted to ensure proton
stability.

To calculate the flavor observables, it is convenient to
rewrite the Lagrangian of Eq. (3) in the SM fermion mass
eigenbasis, to which end we implement the following
unitary transformations of the SM fermion fields: u; —
Upup, up = Ugug, d; — D;d;, dr — Dgdg, ¢; —
E ¢, € - Egty, and vy, — N;v;. These transforma-
tions represent the most general redefinitions of both the
left-chiral and right-chiral fields as long as one defines U =

E;N,and V = U, D,, where U and V are the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) and Cabibbo-Kobayashi-
Maskawa (CKM) matrices, respectively. Note that the
unitary transformations of the right-chiral fermions are
not physical in the SM, whereas this might not be the case if
one considers its extensions. With these redefinitions, the
part of the Lagrangian presented in Eq. (3) takes the
following form:

Ls, = =(Dpy"Ny)ydi Svr + (LY EL) jui $i£ 1
+ (UiTeyRER)iju—%islij + H.c. (4)

There are two particular bases that are commonly used in
the literature to study flavor physics signatures. One would
correspond to the case when the CKM rotations are entirely
in the down-type quark sector. We will refer to this as the
up-type quark mass-diagonal basis. The other basis corre-
sponds to the case when the CKM rotations are purely in

|

the up-type quark sector, and we accordingly refer to this as
the down-type quark mass-diagonal basis. In what follows,
we will always specify both the Yukawa ansatz and the
unitary transformations that we are going to use to study a
given new physics scenario. The former will be given in the
flavor basis, while the latter will be specified in the mass
eigenstate basis. In practical terms, this amounts to speci-
fying Yukawa couplings using Eq. (3) and the unitary
transformations using Eq. (4). Note that in our approach the
predictions will change if we keep the same Yukawa ansatz
but work with different unitary transformations.

Since the right-chiral rotations will not be relevant for
our analysis, it will be understood that Up = Dp = Exp =1
throughout the rest of this manuscript, where I is the
identity matrix. Moreover, we will always take the PMNS
rotations to be in the neutrino sector. The up-type quark
mass-diagonal basis is thus implemented via U; =
Ur = Dy = E; = Eg = I, whereas the down-type quark
mass-diagonal basis is specified through Up = D; =
Dr = E; = Ep = 1. Consequently, the up-type quark
mass-diagonal basis corresponds to the D; =V case,
while the down-type quark mass-diagonal basis is given
through U; = VT, Of course, there is a continuous set of
unitary transformations that would take one from the first
basis into the second basis and vice versa. And, in our
approach, each of these transformations would yield, for
the same Yukawa coupling ansatz, its own phenomeno-
logical signatures.

Using The Lagrangian of Eq. (4), it is now possible to
write down the S; contributions towards (g - 2), ,. We will
accomplish this by switching on the Yukawa couplings y,,
vi, ¥%, and y¥ in Eq. (3) and working in the down-type
quark mass-diagonal basis. This scenario corresponds to
the situation when S; couples simultaneously to the
electron—top-quark and muon—top-quark pairs. We accord-
ingly obtain

3m2 [m . N 1

Aa, = T2 [m—:Re(V;by§1 ) )<6 +§lnx1> L (5> + |y§1|2)], (5)
3m2 [m . (7,2 1

Aay = =g [%iRe(V,by,%z(yfz) )(6 +3lnx,> — o5 (V5P + |y§2|2)]. (6)

Clearly, it is necessary to switch on at least four Yukawa couplings to simultaneously affect (g —2), and (g — 2), with the
chirality-enhanced contributions. One pair of couplings enters (g — 2), and the other (g — 2),,. Note that for convenience we

define x, = m?/M?, where m, is the top-quark mass and M is the mass of the S, leptoquark.
The current limit on the branching ratio for the u — ey process is Br(u — ey) < 4.2 x 10713 [46]. We find it to be the

most severe obstacle to a simultaneous explanation of the (g — 2)

o discrepancies with the scalar leptoquark physics. For

example, if the leading parts of the (g — 2)8# loops are proportional to the top-quark mass, as given in Egs. (5) and (6), the

new physics contribution towards u — ey is [47]

Br(u — 7)

B 9arﬂmf,
102474 M*

(1412 + By ), (7)
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where
1 [ * m *
A= D _)’%2()’51) +m*;y§2(y§1)
1 [ * m *
B, = 1 _y§2(y§1) +m_:y§2(y13‘1>

There are also new physics contributions to other
processes—such as u —e conversion, u — eee, and
Z = ¢¢', to name a few—that are generated once one
tries to simultaneously address (g —2), and (g —2), with
scalar leptoquarks. We take these constraints into account
only if they are not subdominant with respect to the 4 — ey
limit in what follows.

A. Single-leptoquark scenarios: S; and R,

1. S, with the top-quark loops

Let us start with the S; case, when the (g —2), and
(9—2), loops are both top-quark induced, and with real
Yukawa couplings y%,, vk, y%, and y%, [as defined in
Eq. (3)] switched on. We will work in the down-type quark
mass-diagonal basis in which the CKM matrix resides in
the up-type quark sector. Again, the PMNS rotations are
taken to reside in the neutrino sector, while the unitary
rotations of the right-chiral fermions are assumed to be
identity matrices throughout this manuscript.

The leading chirality-enhanced contributions towards
Aa, and Aa, are

3 mm, 7 2
Aa, = ) At/lz Yivsi (8+§1nxt)v (10)
3 m;m, 7 2
Aa, = e MZ} y3L2y§2 <6+§lnxt)’ (11)
while the 4 — ey contribution is
ramy | 3m, (7T 2 2
Brip = 1) = | feam (5*5“)
< [y§iy5l® + sl (12)

If we define x = y%, /y%, and rearrange Egs. (10), (11), and
(12), we obtain the following expression for Br(u — ey) in
terms of Aa, and Aa,:

r,amy (Aa2 1 Ad?
Br(u — ey) = 2~ (—e—+—”x2>. (13)
16\ mZ x> m;

m, (1T 2 .

+ mf; (6 + gln xt> VY5 (65", (8)
m, (T 2 . .

+ m_; <8 + gln x,> thyéz(ygl) . )

|
An especially nice feature of the prediction for Br(u — ey),
as given in Eq. (13), is that it does not exhibit dependence
on the scale of new physics whatsoever. If we determine the
minimal value of the right-hand side of Eq. (13) with res-
pect to x? that we denote with (Br(u — ey))™", we obtain

r,amy |Aa,Aa,|

(Br(u — ey))min = -~ =1.6x107, (14

8 mem,

where the central values for Aa, and Aa, [as given in
Egs. (1) and (2), respectively] are inserted for convenience.
We also use 7, =3.33941 x 10" GeV™!, a=1/137,
m, = 105.65 MeV, and m, = 0.5109 MeV [43].

The prediction for the minimal attainable value (Br(y —
ey))™™ in Eq. (14) was obtained in Ref. [15] via the
effective field theory approach, under the assumption that
the single source of new physics couples simultaneously to
the muon—top-quark and electron—top-quark pairs. The
(Br(u — ey))™n value, obtained for (x*)™" = (|Aa,|m,)/
(|Aa,|m,), makes it transparent that it is impossible to
reconcile the experimental limit on Br(y — ey) with
required shifts in Aa, and Aa, for any value of x since
the predicted minimal value and the experimentally
observed limit are already, at best, 8 to 9 orders of
magnitude apart. The same conclusion holds if one eval-
uates these observables for the same Yukawa ansatz, i.e.,
V5. ¥5e ¥5. ¥% #0, but in the up-type quark mass-
diagonal basis. We accordingly quote this result for
(Br(u — ey))™n in Table L

2. S| with the top- and charm-quark loops

One might entertain the possibility of addressing
(9—2), with the charm-quark loops and (g—2), with
the top-quark loops. If we work in the down-type quark
mass-diagonal basis and switch on real Yukawa couplings
v5. v, ¥X,, and y%, [as defined in Eq. (3)], we obtain the
following expressions for Aa,, Aa,, and Br(u — ey):

3m,m, (T 2

Aa, = — S2M? <8+§lnxc> Vcsyglygl’ (15)
3m,m, (7T 2

Aa, = - 8712HM2Z (8 + gln x,) Vo vk, (16)
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5
Yar,m;,

102474 M*

m* (7 2 2
x [V, >P—=~ =+ =1 R yL )2
{| o5 s <6+3 nxt) (Y3y31)

m2 (7 2 2
+ \Vcb|2m—2 (6 +§lnxc> (Y§2y§1)2}7
u

Br(u — ey) =

(17)

where we introduce x, = m2/M? with m, being the charm-
quark mass and neglect the subleading contributions in Aa,
and Aa,. Note that it is the CKM matrix that induces the
1 — ey process within this basis and with this particular
Yukawa ansatz.

If we rearrange Eqgs. (15), (16), and (17), and define
x = y& /¥%,, we obtain

r,om’ (Aa2 A |V, > Ad2x2|V,,|?
Br(y — ey) = 22" 2_2| ,.\2 _zuT| h\z ’
16 mg, X |Vcs| mﬂ A |th|
(18)
where
i mi (+3Inx,)? (19)

m? (+3nx,)?

This time around the expression for Br(u — ey) [as
given in Eq. (18)] exhibits logarithmic dependence on the
new physics scale, but the minimal attainable value does
not. Namely, we obtain that

Tﬂam/?: |AaeAa/A| |Vts||Vcb|
(7 |Vcs||vtb|
=28x 107, (20)

(Br(u — ey))™" =

8 m,m

where we use |V.|=0.9735, |V,|=0.9991, |V.|=
0.0416, and |V, =0.0409 [48]. We derive Eq. (20)
from Eq. (18) for (x2)™" = A(|Aa,|m,|V||Vy|)/
(lAaﬂ‘me|Vcs||Vcb|)'

It is clear from Eq. (20) that this particular S; scenario
fails to reconcile required shifts in Aa, and Aa, with the
current bound on Br(s — ey). The minimal predicted value
for the branching ratio for y — ey is the CKM matrix
suppressed with respect to the case when both anomalous
magnetic moment discrepancies are addressed with the
|

top-quark loops. Nevertheless, the minimal predicted value
is still 6 orders of magnitude away from the associated
Br(y — ey) experimental limit.

It was recently noted in Ref. [40] that if one takes the
same Yukawa ansatz, i.e., y5,, y5,, y§,, y&, # 0, but works
instead in the up-type quark mass-diagonal basis, one
completely suppresses the pu — ey signature since S
couples separately to the muon—top-quark and electron—
charm-quark pairs. One can recreate the up-type quark
mass-diagonal basis results for Aa,, Aa,, and Br(u — ey)
by setting |Vi|=|Vep| =0 and [V[=[V,[=1 in
Egs. (15), (16), and (17), respectively. The authors of
Ref. [40] subsequently demonstrated that the S; scenario
that addresses (g —2), with the charm-quark loops and
(9 —2), with the top-quark loops is phenomenologically
viable with respect to all current experimental data. We
accordingly quote that (Br(u — ey))™" = 0 for this par-
ticular scenario in Table I.

3. R, with the top-quark loops

The analysis of the R, scenario, where the (g-2),,
loops are both generated with the top quark, will mirror the
S, case, as we show next. The relevant part of the
Lagrangian is

LD —yleﬁRiRzidzLLj + yijLiRZZRj + H.C., (21)

where y© and y® are the Yukawa coupling matrices
associated with R,. If we go to the mass and electric
charge eigenstate basis we have that

_ 5/3 _ 5/3
Lr, = _(U}L?yLEL)ijuRiijRz/ + (UzyRER)ij“LiijRz/

+ (U;e)’LNL)ijl_h'eil/LjRg/3 + (DzyRER)ijaLiijR§/3
+ H.c., (22)

where R§/3 and R%B are Q =5/3 and Q = 2/3 compo-
nents of the R, multiplet, respectively. We will assume that
both components of R, are mass degenerate and denote the
corresponding mass as M in what follows.

To generate Aa, contributions with the chirality-
enhanced top-quark loops we need to switch on y%, and
ygf [as defined in Eq. (21)], where £ = 1,2 = e, p. In the
down-type quark mass-diagonal basis this Yukawa ansatz
yields

3m% [m N I 2 1
Aa, = _Wl\flz m—;Re[(thygf) il <5 + glnxz> +7 (V& 12+ [¥51H) | (23)
9ar,m>
Bris = er) = 1oy s (A2l + B2), (24)

where
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1 N m, N m 1 2 ¥
A=7 {y§2(y§1) +m—ﬂy§2()’§1) } +m—; <8+§lnxz>(vtby§1) Y- (25)
B, :1 Yo (5t + %sz(le)* ‘|‘ﬁ l—f— glnxt (51 Vi (26)
7 [720s m, 23 m, \6 ' 3 3 3

The expression for Br(u — ey) in Eq. (23) translates into the
exact same functional form (including the numerical pre-
factors) as that of Eq. (13) where, again, we define x =
y& /¥%, but this time for the R, Yukawa couplings. This
accordingly yields the same minimal value for Br(y — ey)
as given in Eq. (14) and thus shows that the R, scenario with
the chirality-enhanced top-quark loops when the CKM
matrix resides in the up-type quark sector also fails to
simultaneously address the (g—2),, discrepancies in a
phenomenologically viable way due to the conflict with the
1 — ey constraint. The same conclusion holds if one works
in the up-type quark mass-diagonal basis and agrees with the
effective field theory approach results of Ref. [15]. The value
we quote in Table I for (Br(u — ey))™ reflects this fact.

4. R, with the top- and charm-quark loops

If we try to accommodate (g — 2), with the charm-quark
loops and (g —2), with the top-quark loops by switching
on yX, v5, ¥&,, and y%, in Eq. (21) while working in the
down-type quark mass-diagonal basis, we find that

3m,m, (1
872M> \ 6

Ag — 3m,m, (1

Aa, =

2
+ 511’1 xc) Vcsyglyél’ (27)

2
+Z1n x,) Vo y5yk, (28)

LT 8eM?\6 3
while
az,m’
B — 2
= er) = Tonamiar
m2 /1 2 2
X |:|Vts|2m_/% <6+§1nxt) (yglyéz)z

m? (1 2 2
VP (G + i) o5t @)
If we introduce x = y%,/y%, and combine Egs. (27), (28),
and (29), we obtain the following expression for

Br(u — ey) in terms of Aa, and Aa,:
Tuam; (Aaz L Vel | Aay , |vm|2>
16 m% x? |VL'S|2 m;% |th|2 .

(30)

Br(y — ey) =

It is now trivial to see that Eq. (30) yields the same minimal
value for the branching ratio for g — ey as given in

[
Eq. (20). The fact that we work in the down-type quark
mass-diagonal basis within our Yukawa coupling ansatz
leads to the CKM-matrix-induced y — ey process. This thus
renders the associated R, scenario with the chirality-
enhanced top quarks loops for (g —2), and charm-quark
loops for (g — 2), not phenomenologically viable. If, on the
other hand, one keeps the same Yukawa coupling ansatz but
adopts the up-type quark mass-diagonal basis, the y — ey
process gets completely suppressed, as demonstrated in
Ref. [40]. We accordingly quote (Br(u — ey))™" = 0 as the
minimal value for the u — ey branching ratio for this par-
ticular resolution of the (g —2),, discrepancies in Table L.
The subsequent analysis has shown that it is possible to
simultaneously address (g — 2), with the charm-quark loops
and (g — 2),, with the top-quark loops within the R, scenario
without any conflict with the existing experimental data [40].

B. Two-leptoquark scenarios: S; & S; and R, & R,

The two-leptoquark scenarios S; & S5 and R, & R, open
up additional possibilities to simultaneously address the
(9 —2),, discrepancies. For example, the R, & R, scenario
can produce chirality-enhanced contributions towards
(g9 —2), that are proportional to the bottom-quark mass.
In what follows we systematically go through the various
potentially viable possibilities, mirroring the analyses of
the single-leptoquark scenarios.

1. S; & S3 with the top-quark loops

We start with the analysis of the two-leptoquark scenario
based on the S| & S3 combination. The idea is to address
both discrepancies with the chirality-enhanced top-quark
loops, where the leptoquarks in the loop will be a mixture
of §; with the Q = 1/3 state in S;. Our objective is to
ascertain the phenomenological viability of this scenario
under the assumption that the two leptoquarks couple to
charged leptons of opposite chiralities.

The relevant parts of the new physics Lagrangian that
have not been introduced in preceding sections are

L: D y?}@LiiO—Z(Gasg)LLJ’ + AHT<GaSg)HST + H.C., (31)

where 4 is a dimensionless coupling and 6, a = 1, 2, 3, are
Pauli matrices. It is the second term in Eq. (31) that, after
electroweak symmetry breaking, induces a mixing between
S;/ ? and S, via the vacuum expectation value v of the SM
Higgs field H(1,2,1/2). Note that the S5 diquark cou-
plings have been omitted to ensure proton stability.
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The Yukawa couplings of S5, in the mass eigenstate basis
for the SM fermions, are

E (DLySNL) szSx VL,
- f(D SEL)--dCLiS ij
+ \/E(ULySNL)UM_LlS 213 I/LJ

—<U SEL) /) LtS LﬂLJ‘i—HC (32)

We perform the analysis in the leptoquark mass eigen-
 and S, is [45]

< cos 6 sin9> <S§/3)
—sin@ cos@ S,

state basis. The mixing matrix for S;

(5)

with
/12
tan2¢9:72v 5 (34)
My — M3
M3 + M3
My = \/M2 M2)? + 220*, (35)

where 6 is the mixing angle, M. are masses of states S
with Q = 1/3, and M, and M5 are masses of S; and S;
multiplets, respectively, for A = 0. Note that Sg/ 3 and A 213
have a common mass M5 regardless of the mixing.

We switch on y3, and y3, [as given in Eq. (31)] as well as
yX and y%, [as defined in Eq. (3)] and work in the down-

co S K type quark mass-diagonal basis to find that the general
= ( > ( 3 ), (33) formula for Aay,, £ =1, 2=e¢, p in this mixed sce-
—So Co S nario reads
J
3mz 1 1
Aap = =23 {BM% ¥3,* = M2 [1y5, 1255 + |y3,[Peq) = M2 [Iy%ePPcd + 13 1%s3]
m; £ S\¢ R $20 7 2 + S$20 7 2 _
—Re[(V — =Inx/ ) - —+=1 . 36
If we take all of the Yukawa couplings to be real and keep only the chirality-enhanced terms, we get that
3m,mbp 8520 7 2 S0 7 2
Aag = =g Vv {M 63 ) oz (6 T3 G7)
and
T,am;,  9m?
Br(u — ey) = n . (1672 f) (53 P+ 5%l
s s 7 2 2
20 <— x,*) —2;19% <6+3lnx,)] . (38)

If we furthermore define x=y& /y% and rewrite
Br(u — ey) in Eq. (38) using Eq. (37), we find that

3 2 A
Br(y — ey) — 7,0, <Aa 1 a

e 2% 2

16 \ m2 2t mﬁ > (39)
This expression is identical to the one for the S| scenario
with the top-quark loops and accordingly yields the
same minimal value for Br(u — ey) as given in
Eq. (14). Since we obtain the same end result if we work
in the up-type quark mass-diagonal basis we conclude that
the S; & §3 scenario with the top-quark loops is not
adequate for the simultaneous explanation of the Agq,
and Aa, shifts. What we effectively have in both bases

is that a single source of new physics simultaneously

|
couples to the muon-top-quark and electron—top-quark
pairs. It is thus not surprising that we obtain the effective
field theory approach results of Ref. [15]. The value for
(Br(u — ey))™n that we quote in Table I for this particular
S; & S5 scenario reflects this fact.

2. S; & S5 with the top- and charm-quark loops

In order to investigate the viability of the §; & S3
scenario when the chirality-enhanced shift in (g —2), is
generated with the top-quark loops and the shiftin (¢ — 2),
is due to the charm-quark loops, we switch on y5, and y5,
[as given in Eq. (31)] as well as y&, and y%, [as defined in
Eq. (3)] and work in the down-type quark mass-diagonal
basis to find that
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3my 2

Aa, = —W{ M2| yolr =
1

12M2

12M2

mq *,5\* |,R $20
+m—fRe[(V Y )atVar) [M

[Iy& s 4 1 (VY5 gelPed]

[y Peg + [(VFy®) o s3)

2 s 7 2
_+§lnx;> —2;[9% <6+§lnx;>} }, (40)

where for index £ = ¢ = 1 one needs to set ¢ = ¢ = 2, while for £ = y = 2 one needs to set ¢ = t = 3 when and where
appropriate. If Yukawa couplings are real and if we omit subleading terms, Eq. (40) translates into

SmEmL. 529 2 S0 7 2 _
o 2 , 41
a, o Y313 [ZMZ <6 + 3 ) M2 \6 "3 3 w
3m,m S 7.2 ’ 7.2
Aa, = — 87/:2 Vi yhyh [2];192 (6 +§lnx,+> - 2;192 <6 +3Inxy )] (42)

The branching ratio for y — ey is

T am3

B
e~ (167

_ tpanty 95%9 217 S R |2
ey)— 16 2)2 mt| tsy21y32|

{+21nx, I+ glnx,]2

M?

+mZ |V, y5 v |2{

Finally, the combination of Egs. (41), (42), and (43)
yields

B ( - r,amy (Aa? B |V,[>  Adl Adi x* [V |
e —
VT \m R VP e B V,P
(44)
where x = y%,/y%, and
) (Z-‘r%lnxfr _ %-‘r%lnx;)z
= m; M2 M2
B= m2 <7+§lf21xc* _%+§1r21x;)2' (45)
M2 M2

Even though the expression for Br(u — ey) exhibits
dependence on the scale of new physics, the minimal
attainable value (Br(u — ey))™" does not and is equal to
the value already quoted in Eq. (20). Clearly, this particular
S; & Sy scenario, when y3,, ¥3,, ¥5., ¥% #0, fails to
pass the u — ey test since the fact that we work in
the down-type quark mass-diagonal basis generates the
|

21 + 1 21
nx; 6 nx; ] } (43)
+

|
CKM-matrix-induced coupling between the Q = 1/3 lep-
toquark, a top quark, and an electron.

The situation changes drastically if we work in the up-
type quark mass-diagonal basis with the same Yukawa
ansatz. This time around the y — ey signature is com-
pletely absent since the switch to that basis would corre-
spond to setting |V,|=1|V,| =0 in Eq. (43). We
accordingly quote (Br(u — ey))™" = 0 in Table I for this
particular S & S3 scenario when the shifts in (g —2), and
(g —2), are generated via the top-quark and charm-quark

loops, respectively. Note that the S;‘/ ? state couples simul-
taneously to the muon—bottom-quark and electron—-bottom-
quark pairs and could thus generate bottom-quark-mediated
1 — ey loops. It turns out that these contributions to y —
ey are completely negligible within this particular Yukawa
ansatz. What thus remains to be analyzed is whether this
scenario is also consistent with all other flavor and collider
physics constraints. We address this question in what
follows.
The relevant expressions for Aa, and Aa, are

3memc 20 7 2 $20 7 2 _

Aae = —Wyglygl {M <6+31n ) _2M% 6+§1nxc s (46)
3m,m, Sy (7 Sag (T 2

Aa, = — o2 55, LMZ e += 3 ln “ e \e 4= 3 Inx; (47)
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while the flavor constraints that we take into consideration
are K} - n’w, K™ - ntw, B— K*'w, By, > 7",
Bt 5 at¢t =, Bt - K¢ ¢, Kt - o0, K(S) —
a7 K(Z N 7 K(Z - ¢t¢~, BY - BY, Bg — Bg,
K% — K° and Z — ¢ ¢~. What we find is that this scenario
is ruled out, at the 1o level, by the interplay between the
limits that originate from K — e*uT,Z - £+¢~, £ = e, i,
and the LHC data, as we show next.

Let us start with the K9 — e¢*uT constraint. The
associated decay width is [49]

1 azG

x {[mg -

+ [m%(_ (me -

(me + mM)Z](me - m/d)2|C9|2
m,)*)(m, +m, )*|Ciol*}, (48)

where

771/2(va mey,m )

=\ = (m = m P = 4+ m, )2, (49)
2.4

Col? = |Coft = 22 2, 50

CoF = C1 = e o (50)

_(VIyL(VTy S)dﬂ+(VT 2)ae (V%)

The branching ratio for the K9 — e*uT process, for
m, = 0, is thus predicted to be

. (51)

/% m,z,(m%( - mﬁ)z
1287m}, M3
X [(VIy* )5 (VIY%) 4y

+ (VIy)ae(VIY5) gl (52)

Br(K} — e*u¥) =

The current experimental limit Br(K? — epu¥)™P < 4.7x

and 7x = 7.77632 x 10'6 GeV~!, then yields the following
limit on the Yukawa couplings of the S leptoquark to the
left-chiral leptons:

M 2
y3,y5,| < 5.144 x 1074 <1TSV> . (53)

Simply put, the K9 — e*uT and the current LHC data
on the leptoquark searches imply that the product of the
left-chiral couplings should be rather small. The need
to generate substantial shifts of (g —2), and (g9 —-2),, as
given in Egs. (46) and (47), consequently requires the
S| couplings to the right-chiral leptons to be large. But,
the largeness of these couplings is in tension with the
Z — ¢£T¢~ data, as we show next.

Namely, following Ref. [50], we parametrize the relevant
interactions of the Z boson with

OLG = cos6’ ]Zf,yﬂ (97P1 +QRPR)fJ w (54)
ij

where gij and gg measure the strength of interaction
between the Z boson and the left- and right-chiral fermions,
respectively. Since in our case the S| leptoquark couples
purely to the right-chiral leptons, the current experi-
mental limits on Z — eTe™ and Z — u*p~ [51] provide
the following constraints, at the 1o level, on the shift of g%
with respect to the SM value:

Re[5ge] <2.9x 107, Re[d¢¥] <13 x 1073, (55)

The exact expressions for 8¢5°, £ = e, u, are

.1 9er
171—6) + 6}

16 ) xZchch |:guR (lnxz T — 6) + ?R:| ,

1
6.9%6 - 16 x-Z"_Wjewz"_e* |:guR (ln xZ

10-12, combined with fx — 161 MeV, mx —497.116 MeV, (56)
|
—— + +
. x (xf =1=Inx) x,
59”” = W;; Wi, |:<guR guL) (ler _ 1)2 +-= 12 FR( )
3 xp(xy = 1—-Inxy) x; B
wzmmk%—%J I )| (57)

where w gt — (ng )qf’ f (SgyR)qf’ and x% = m%/Mz ’
while the function FR( g is given in Ref. [50].

For example, if take M| = M3 =1 TeV and A = 3, the
inferred 1o limits are y§ <2.67 and y%, <1.33. Once
again, these limits would turn out to be a rather constraining

|

factor for the S; & S5 scenario. We accordingly present in
Fig. 1 the interplay between the KV — ¢*uT and Z —
£T¢~ constraints. The left panel of Fig. 1 shows the
available parameter space for the left-chiral couplings of
the S; leptoquark if we demand that the (g-2),,
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The available parameter space for the left-chiral couplings of S5 (left) and the right-chiral couplings of S; (right) with respect to

the KY — e*uT and Z — £*#~ constraints for two different inputs for the leptoquark masses. The (g— 2),, discrepancies are

addressed at the 1o or 26 level, as indicated.

discrepancies are addressed at the lo or 2¢ level, as
indicated, for two different leptoquark mass inputs. The
choice M| = M3 = 1.2 TeV is not realistic in view of the
latest LHC data on the leptoquark searches but we choose
to show it in order to illustrate the mass dependence of our
results. Note that in the S; & S5 scenario that we consider
there are four physical leptoquarks, three of which can
decay into charged leptons. The two Q = 1/3 states decay
into tu and ce pairs, whereas the Q = 4/3 state can
primarily decay into bu, be, and se pairs. We find that
the most relevant bounds on the leptoquark masses come
from the direct searches for scalar leptoquark pair produc-
tion at the LHC via the final states that feature fu or bu
pairs. For example, the current limits on the mass Mg of
the scalar leptoquark S are Mg = 1470 GeV and Mg =
1400 GeV for B(S — tu) =1 [52] and B(S — bu) =1
[53], respectively. Since we have multiple leptoquarks that
decay into the same final state we use the approach
advocated in Ref. [53] to deduce that the conservative
mass limit on scalar leptoquarks in the S; & S5 scenario is
Mg = 1.6 TeV. Note that the actual branching ratios for
the leptoquark decay channels vary as one moves within the
(9—2),, preferred Yukawa parameter space, hence the
need for the conservative limit on the leptoquark masses.
The M| = M5 = 1.6 TeV input that we use is thus realistic
with respect to the LHC data but it is viable only at the 2¢
level when it comes to the flavor physics constraints. For
both mass inputs, we take the maximal value for the mixing
parameter 4, as allowed by the perturbativity arguments,
to maximize the impact of the S; & S5 scenario on the
(g— 2)6‘” discrepancies. The right panel of Fig. 1 shows the
corresponding parameter space for the right-chiral cou-
plings of the S; leptoquark. Clearly, there is only a small
part of parameter space that passes the Z — upu~ con-
straint at the 20 level for the M| = M5 = 1.6 TeV input.

Note that the perturbativity limit on y¥,, i.e., [y5 | < V/4x, is

stronger than the Z — e™e™ constraint in that particular
leptoquark mass scenario.

To conclude, the interplay between K9 — e*uT and
Z — ¢T¢" practically precludes a combined explanation of
the (g —2),,, discrepancies at the 1o level for the realistic
input for the leptoquark mass spectrum. We have performed
our analysis assuming that all of the Yukawa couplings as
well as the CKM matrix elements are real, for simplicity.
Also, the S| & S5 scenario might leave an imprint on the
h — pu~ process, as discussed recently in Ref. [54], but
this type of analysis also depends on additional terms in the
Lagrangian that are not featured in our manuscript and we
accordingly opt not to perform it.

3. R, & R, with the top- and bottom-quark loops

We consider the R, & R, scenario when (9-2), is
addressed via the top-quark loops and with Yukawa

couplings of the Rg/ ? state, while the (g — 2), discrepancy
is addressed with the bottom-quark loops and with Yukawa
couplings that are associated with the mixture of the Rg/ 3
and R?/? states. The relevant parts of the Lagrangian that
did not appear in the preceding sections are
LD —§hdgiRyio, Ly, — A(RYH) (R ioyH) + Hee.,  (58)
where dp; are the right-handed down-type quarks and 1 is a
dimensionless coupling.

The Yukawa couplings of the R, charge eigenstate com-
ponents, in the mass eigenstate basis for the SM fermions,
are

Eiez - _<DI€5]LEL)ijaRiijR§/3

+ (DEyLNL)ijaRiijREIB +H.c. (59)
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We judiciously switch on 74, in Eq. (58) and y%,, y%,, and
y%, in Eq. (21) to generate the loops of interest in the down-
type quark mass-diagonal basis. Note that Rg/ 3 needs to
couple to the right-chiral electron and a bottom quark for
the R, & R, scenario to work. Consequentially, three
Yukawa couplings are associated with R, and only one
Yukawa is associated with R,. The mixed states of electric

charge Q = 2/3 are
R = cyR_ — s4R.,. (60)

R = s,R_ + cyR,. (61)

with the mixing angle 6 defined via

yi 2
tan 20 = m y (62)
J
T am3m2
B _ _H ut
= el =006

|

where xi = m3/M?% and m,, is the bottom-quark mass.
If we introduce x = y¥, /y%, and rewrite Br(u — ey) in
Eq. (66) using Eqgs. (64) and (65), we find that

2). (67)

2 Ad’
Br( — e7) = Tﬂam (Aae 1 a,

16 m2 x2 mﬁ

This expression yields the same minimal value for
Br(u — ey) as given in Eq. (14) that is 8 to 9 orders of
magnitude above the current experimental limit, which
demonstrates that the limit on ¢ — ey is an insurmountable
obstacle for this particular scenario.

Note, however, that it is possible to significantly sup-
press the u — ey signature within the R, & R, scenario
with a somewhat special Yukawa ansatz. Namely, if we
work in the up-type quark mass-diagonal basis and we
switch on ¥4, in Eq. (58) and y%,, y%,, and y%, in Eq. (21),
we can generate the (g — 2), , loops of interest but with the
u — ey signature being generated only via the bottom-
quark mediation. The relevant expressions for Aa,, Aa,,
and Br(u — ey) are

_memy, 542InxS 5+2Inx;
02 SZGVcby21y§1< M b- M2 b)’
(68)

m,m 1+4Inx
Aa, = - 1gﬂzl VY5 (Tt)’ (69)

Aa, =

S20MM

1 +4Inx,)\|?
y§1)’§2 (Tt) ’ + <

and

M>+M? 1

M3 == ii\/(MZ—MZ)%LM“, (63)

where the new physics mass eigenstates, after the mixing
5/3 s—1/3 .
takes place, are R2/ , Ry, and R, 5 with M =M R
M:E - MRi’ and M - MR—I/L
2

For real Yukawa couplings we obtain that

mom, ., (5+2Inx; 542lnx;
Aa, = — 205195 < - ,
322 I M2 M?
(64)
o omm, 1 +4Inx,
S G G
2|, g (5+2Inxy  5+2Inx [ (66)
m ) PR M ’

r,om’ [syomp\2|. . 54+2Inx
Br(u — ey) = 4896;4 ( 3 ) ‘thy%1y32 <Tb
+
54+2Inx;\|?
M2 b) (70)

To obtain (Br(u — ey))™" we first combine Eqgs. (68)
and (70). This yields
Tyami |th|2 |Y§2|2
16m; |Vl 5,7

|Aa,[?

(71)

Br(y — er) =

where the minimum for Br(u — ey) is obtained if we
maximize y§ and minimize y%,. If we accordingly set
y& =5 = vz and insert Eq. (69) into Eq. (72), we
finally get that

ramin? |V,* |Aa,Aa,l?
m mzm,z|Vcb|2(1 +41Inx,)?

4

9’

(Br(u — ey))™" =
(72)

where again M is the mass of Rg/ 3 For example, if we take
M = 1.6 TeV we obtain a (Br(u — ey))™" that exceeds
the current experimental limit by 3 orders of magnitude.
Note that Eq. (72) is valid up to roughly M < 160 TeV
since we demand that y%, remains perturbative at all times.
Itis (Br(u — ey))™n, as given in Eq. (72), that we quote in
Table I.
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III. CONCLUSIONS

We investigated all possible ways to simultaneously
address discrepancies between the observed values of the
electron and muon anomalous magnetic moments and the
SM theoretical predictions with the new physics scenarios
that introduce one or, at most, two scalar leptoquarks. We
provided a classification of these scenarios in terms of their
ability to satisfy the existing limits on the branching ratio
for the u — ey process. In order to be of the correct strength
the chirality-enhanced (g — 2), loops could be due to the
top-quark, charm-quark, or bottom-quark propagation,
while the (g — 2),, loops should be generated solely through
the top-quark propagation. The simultaneous explanation
of the discrepancies, on the other hand, coupled with the
current experimental data, requires that the (g —2), loops
are exclusively due to the charm-quark propagation. If the
(g—2), loops are due to the top (bottom) quark propaga-
tion the predicted minimal value for the 4 — ey branching
ratio exceeds the associated experimental limit by approx-
imately 9 (3) orders of magnitude. The scenarios we
considered require at least four Yukawa couplings to be
switched on in order to generate the aforementioned loops,

where one pair feeds into the electron anomalous magnetic
moment and the other pair into the muon one.

There are only three particular scenarios that can pass the
u — ey test and create a large enough impact on the
(9—2),, discrepancies when the new physics is based
on the SM fermion content. These are the S, R,, and S; &
S3 scenarios, where the first two are already known to be
phenomenologically viable candidates with respect to all
other flavor and collider data constraints. We have shown
that the third scenario—where the right-chiral couplings to
leptons are due to Sy, the left-chiral couplings to leptons are
due to S3, and the two leptoquarks mix through the SM
Higgs field—cannot simultaneously address the (g —2),,
discrepancies at the 1o level due to an interplay between
K9 - e*uF, Z - ete, and Z — puu~ data despite the
ability of that scenario to avoid the y — ey limit.
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