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1 Introduction

Many theories beyond the Standard Model (SM) which treat quarks and leptons in a
similar footing include a particular type of bosons called ‘leptoquarks’. These particles
are present in Gran Unified Theories, such as SU(5) [1], SU(4)¢ x SU(2) 1, x SU(2)g [2], or
SO(10) [3, 4], where quarks and leptons usually appear in the same multiplets, but can also
show up in some models with dynamical symmetry breaking like technicolor or extended
technicolor [5, 6]. Leptoquarks can turn a quark into a lepton and vice versa and, due to
this unique nature, the discovery of leptoquarks would be an unambiguous signal of new
physics (NP).

Extensive searches for leptoquarks have been conducted in past experiments and the
hunt is still very much on in recent colliders as well. So far, the LHC has not found any
signal of new particles beyond the SM (BSM), pushing their mass scale further up to the



TeV range. Under this circumstance, relatively low-energy phenomena can be important to
indirectly identify the possible evidence of leptoquarks. At low energies, leptoquarks induce
interactions between two leptons and two quarks, and/or four leptons (quarks), which are in
some cases either stringently suppressed or forbidden in the SM. We use such measurements
or upper bounds for decay modes from various experiments to constrain the leptoquark
couplings. In most of the cases the analysis is done within the model-independent effective
theory approach and thus can be used for other types of NP scenarios as well.

There exist several thorough studies dealing with diverse aspects of leptoquark phe-
nomenology [7—11]. Moreover, the experimental flavour anomalies recently observed in
some B decay modes have triggered a renewed interest in leptoquark interactions as a
possible explanation of the data [12-50]. In this paper we reconsider various decay modes
which could be potential candidates to hint for possible evidence of leptoquark interac-
tions. Since most of the recent analyses have focused on the leptoquark couplings to heavy
quarks, we restrict ourselves to leptons and mesons with light quarks, namely kaons for this
work. Many of the modes that we consider have been already studied in the past. However,
we carefully re-examine them by including almost all possible effects within the SM that
were previously neglected. The experimental precision has been improved significantly in
some cases and, therefore, the interference terms between the SM contribution and the NP
interaction can be very important and need to be properly taken into account.

Leptoquarks can be scalar or vector particles. In this article we discuss only the scalar
leptoquarks because they can be more easily analyzed in a model-independent way. The
phenomenology of vector leptoquarks is much more sensitive to the ultra-violet (UV) com-
pleteness of a particular model. The particle content of the full UV theory can in principle
affect the low-energy phenomena abruptly, hence the obtained limits on vector leptoquark
couplings may not be that robust. Our bounds on the scalar leptoquark couplings are
extracted from data at a low-energy scale of about few GeV. When constructing a full
leptoquark theory, a proper scale evolution through renormalization group (RG) equations
must be then incorporated.

The rest of the paper is organized in the following way. In section 2 we briefly discuss
a generic interaction Lagrangian, containing all five scalar leptoquarks, which will be the
starting point of our analysis. The most general effective Lagrangian at low energies, arising
from these scalar leptoquark interactions, is then derived in section 3, where we also set
up the notation. We discuss the bounds originating from several rare decays of leptons,
and from their electric and magnetic moments, in section 4. The limits from kaon decays
are derived in section 5. Finally, in section 6 we summarize our results.

2 Scalar leptoquarks

In this section we discuss the interaction of scalar leptoquarks with the SM fields. From
the representations of quark and lepton fields under the SM gauge group SU(3)¢c ®
SU(2), ®U(1)y, the leptoquarks can be classified in five different categories. We follow the
nomenclature widely used in the literature [8, 10] for these leptoquarks as S; (3, 1, 1/3),
S1(3,1,4/3), Ry (3,2,7/6), Ry (3, 2,1/6) and S3(3, 3, 1/3). It can be seen that while



S; and S| are singlets under the SU(2);, gauge group, Ry and Ry are doublets and S3
transforms as a triplet. The hypercharge normalization is chosen in such a way that the
electromagnetic (EM) charge Qem = T3 + Y, where T3 is the eigenvalue of the diagonal
generator of SU(2). We denote the left-handed SM quark (lepton) doublets as @ (L),
while ugr (dg) and ¢g are the right-handed up (down)-type quark and lepton singlets, re-
spectively. The so-called genuine leptoquarks [10], Re and R», can be assigned a definite
baryon (B = %) and lepton (L = —1) number, but S, S; and Sz could violate in principle
the conservation of these quantum numbers through diquark interactions. The leptoquark
couplings to diquarks induce proton decays and thus have to be very suppressed. In this
paper we neglect such couplings, as we are only interested in low-energy phenomena, and
will assume that there is some symmetry in the UV theory that forbids these terms.

Using the freedom to rotate the different equal-charge fermion fields in flavour space,
we adopt a ‘down’ basis where the down-type-quark and charged-lepton Yukawas are di-
agonal. In this basis, the transformation from the fermion interaction eigenstates to mass
eigenstates is simply given by u;, — Viuy, and vy, — Uvy, where V is the quark Cabibbo-
Kobayashi-Maskawa (CKM) matrix [51, 52] and U the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) unitary matrix in the neutrino sector [53-55].

Following the notation used in ref. [10], we write the fermionic interaction Lagrangian
for the five mentioned scalar leptoquarks as

L1,q =QCimy Ys, L Sy +@Z§1£R S1
+ @Ygl lr 51
+0r Y, RN Q — g Zp, R iy L
—dr Yy, Ry imyL
+Q°Yg,iToT-S3 L + h.c., (2.1)
where ¢ = Cf7T indicates the charge-conjugated field of the fermion f. Here Yiq and
Z1q are completely arbitrary Yukawa matrices in flavour space and 7, k € {1,2,3} are
the Pauli matrices. We have suppressed the SU(2), indices for simplicity. Expanding the
interaction terms in the mass-eigenstate basis we get
Liq = [u§ (V*Ys,) 7, — 85" (Yo, U) v + ' 28 6| S1
LB VY 5
+ IR dy, By i Zr,U)7 v Ry + Cp (Ve VYT RY —uhzi 6 RS
—dp Y 6 R 4 dp (Y, U)Y v By
— &5 (Ya,U)iv), S5 V2 d5 Y 0 53 + V2w (V*Ys,U)iv) 557
— U (V*Ye,) 60 S3"% +hec. (2.2)
We have explicitly shown the generation indices in eq. (2.2), where 7,5 € {1,2,3}. The

superscripts for Re, Ry and Ss denote the EM charge of the corresponding leptoquark.
Being doublets, Ry and Ry each have two components, while for the triplet Ss3 we get



three components differing by their EM charges. As we neglect the diquark couplings, a
baryon and lepton number can be assigned to all leptoquarks in a consistent way. In the
subsequent sections we explore the constraints that arise on the arbitrary Yukawa matrices
Y1q and Z1,q from various lepton and kaon decay modes.

3 Effective Lagrangian

The tree-level exchange of scalar leptoquarks (¢ = Si, S1, Ry, R, S3) generates a low-
energy effective Lagrangian,

LMY = o+ L0 L (3.1)

where (i, k,m,n are flavour indices)
= > {On ) @A dy) (FE i) + (™™™ (i di) (P 07)
i,k,m,n . . _ . . _
+ [Cs, 5™ (apd] ) (CRVE) + [Csp)™™" (aydfy) (CRVE)
+ [Crom (@ d) (Couri) | + e, (3.2)

nc( i mn n ik;mn (=i am n
= 30 I @ g Ft) + B (@ k) T

L, g=,d RLyik RRyik,
+ [gvgI"™™" (qr" QR)(KL%W) [gvq )™ (a5

+ 198" (@Ral) (CREL) + 98" (qLai) (7 0F)

+ (o7 )™ (@ro™ a7 (R o lE) + [ )™ (@ 0" VQ%)(@[/”UMVK%)}7
(3.3)

QR7 QR) (ER wﬁ" )

and

e = 303 IV (@ ab) PR E) + NP (g al) (7 h) |
i,k,m,n g=u,d

(3.4)

We detail next the contributions from the different scalar leptoquarks. Only those Wil-

son coefficients that are non-vanishing (up to Hermitian conjugation) are listed. Notice that
the following coefficients do not receive any contribution from scalar leptoquark exchange:

Ovip = Csp = 954 = 974 = 954 = 974 = 0. (3.5)
S1 exchange: all Wilson coefficients are proportional to w; = 1/ (2M§1). Defining

{0597 N} =w {éag7 N}a one gets:

~

= —(Yg, ) (VYG)™, [Co M = —4[Cr) = (Y5, U)™" (Z5,)™

[Cv, ]

G = (VY )" (VYE)™, [0 = —4 (08,0 = —(V*Ys)* (Z5)™,
[GREm = (Zs)F (Z5,)™ 68,7 = —4[of JPT = —(Zs)"" (VYE)™,

[N, JRmm = (Y, U)F™ (g, U™y (3.6)



S, exchange: only one operator gets a non-zero contribution in this case:

. 1 o
gl = 3 i Y (vg ). (3.7)
1

R2 exchange: similar to the previous cases all Wilson coeflicients are proportional to
wy = 1/(2M]%2). Thus, we define {C,g, N} = wy{C,§, N}. However, we separate the
contributions from leptoquarks with different electric charges, so that leptoquark mass
/

splittings can be easily taken into account. The exchange of Rg 3 gives

[C«SL]ik,mn —4 [C«T]ik,mn — —(ZRQU)m (YRQ)mk:,
[ﬁ‘l}g]zk,mn _ _(Yl%)zn (}/RQ)mk7 [N%%]zk,mn — —(ZRQU)in (ZEQU*)km,
(3.8)

while Rg/ 5 exchange leads to

gL = (VYL ) (VR VY™, (g IR = algh JRmn = (Zg,)m (Ve VI,

(3.9)

Rs exchange: the two different components of Ry give rise to one operator each, given as

. 1 . , 1 A
k * \k d 1ik * *\ k
g™ = Tz, Vi, W)™ NG = =53 3 Vi, U (VU7
Ry Ry

(3.10)

S3 exchange: all Wilson coefficients are proportional to ws = 1/ (2M§3). Again, we
define {C,g, N} = ws {C‘,g,N }, and separate the contributions from leptoquarks with
different electric charges. The exchange of Sé/ 5 gives

[Cy, J 7 = (VY™ (Y, U)™™, [Gu) ™ = (VYE,)™ (VFYsy)™™

while Sg/ 3 only contributes to
(G = 2(Yg,)™ (Ysy)™, (3.12)
and 5’52/3 leads to
[Ny JRmn = 2(VY g U*)™ (V*Ys,U)r" . (3.13)

We denote the elements of the matrices Y1, and Z1,q with lowercase, namely, yiJQ and

zi]Q. As we see from the above expressions, particular combinations of these Yukawa matrix
elements arise several times, and hence for convenience we introduce the following notation:

Y= (YiqVh¥, i = (V" Y)Y, ilo = (YViQU)¥.  (3.14)



3.1 QCD running

The previous derivation of the Wilson coefficients (matching calculation) applies at the high
scale u = Mr,q, where QCD interactions amount to very small corrections because os(Mr,q)
is small. However, we need to evolve these predictions, using the renormalization group, to
the much lower scales where hadronic decays take place. Neglecting electroweak corrections,
we only need to care about the quark currents. One obtains then the simplified result:

W(p) = Qw(p, MrLg) W(MLq), (3.15)

where W refers to any of the Wilson coefficients in egs. (3.2) to (3.4). At lowest order
(leading logarithm), the evolution operator is given by

. —~d i) o J 305 . J/3(6)
0w N ()T (el T
) )

(o) (g 1 ) @ (Mg

Qg Qg my

(3.16)
with ny the relevant number of quark flavours at the hadronic scale considered and mgﬂ
the lightest (integrated out) heavy quark. The powers are governed by the first coefficients

of the QCD S function, Bgnf ) = (2ny — 33)/6, and the current anomalous dimensions:

Notice that the vector currents do not get renormalized, while the scalar and tensor currents
renormalize multiplicatively. Electroweak corrections generate sizable mixings between the

scalar and tensor operators [56, 57].

4 Bounds from leptons

In this section we consider processes involving charged leptons in the initial and/or final
states. This includes p and 7 decays, the electric and magnetic dipole moments of the
electron and the muon, and g conversion inside nuclei. These processes are either very
precisely measured at experiments or very suppressed, and even in some cases they are
disallowed in the SM. As a result, strong constraints can be imposed on the leptoquark
couplings which induce such phenomena.

4.1 T decays to mesons

The heaviest charged lepton in the SM, 7, is the only lepton which can decay to mesons [58].
Lepton-flavour-violating 7 decays into mesons and a lighter lepton ¢ = e, u are forbidden
in the SM (up to tiny contributions proportional to neutrino masses that are completely
negligible). However the leptoquark scenarios considered in this paper contribute to such
decays at tree level. The experimental upper bounds on several 7~ — P/~ and 7~ — V{~
decay modes, where P (V) is a pseudo-scalar (vector) meson, put then strong constraints
on the Yukawa couplings given in eq. (2.2). After integrating out the leptoquarks, these
decay modes get tree-level contributions from the neutral-current operators with charged
leptons in eq. (3.3) [59-61].



For a pseudoscalar final state with flavour quantum numbers PZ% = ¢'¢, we find

i L L
M(T — EPZ%) = ifp {7 (pTr) + BY (trTL)} , (4.1)
where
2 15,63
ij LL RL LR RR P R
oy = [mT (9viq — 9vg) —me(gvq — 9vq) — m gs,q] ’
.. m2 k3
B = |melobl— ol e b — ol + Pk )

The QCD renormalization-scale dependence of the scalar Wilson coefficients gg , and gé q
is exactly canceled by the running quark masses.

The numerical values of the meson decay constants fp are given in appendix A, where
we compile the relevant hadronic matrix elements. We remind that for the physical mesons
one must take into account their quark structure. Thus,

1 1 _ _
00 = ﬁ (ail — aclll) , UKgp & \ﬁ [a}iz(l +éx)F a?ll(l —€x)], (4.3)
and similar expressions for Sp. The decay width is given by
1/2
0y _ f# /\P/ 2 2 2 2 2 %
(r—(P”) = SpT— {(mT +my —mp) (]ap| + |8p] ) + 4m,;my Re (apﬁp)} ,

(4.4)
with )\}3/‘2/ = )\1/2(m§,m%,m%v) where A(z,y, 2) = 22 + y* + 2% — 22y — 222 — 2yz is the
Kallen function.

The decay amplitude into a vector final state takes the form

1 v (7 15,63
M(r = 0V5) = Smu e (k) (P (o8 + o) Pe + (o + oF) Pr] 7 7)

—i fit ) ke () (Eowlok Pr + gft PRl . (4.5)

Denoting by a‘L/, a‘@, a%CL and oz%CR the corresponding combinations of leptoquark couplings

(g‘L/f] + g\]}% )iat3, (Q‘L/ﬁ + g{}zﬁ)ij 43 (g%g)ij 3 and (g% q)ij’g3 , respectively, for a given vector
meson V', we find,

\1/2

D(r = 0V0) =5 [ {((m2 = md)? + mi (m2 + m3) — 2mb] (Job? + aff])

—12m,;mgm? Re (a‘L/a‘R;*)}
+4fi (W {[2 (m7 —m§)? —mi (m2 +mf) —my] [lay"[* + o]

—12m.memi Re (alrad™)}

+12 fvf&(u) my {mg (mz — m? + m%/) Re (a‘L/a‘T/L* + a‘@a‘T/R*)

—m, (m2 —mi —m3,) Re (e o™ + afial™)}] .

(4.6)



BRexp Scalar leptoquark couplings Bound

Mode (x1078) Ry Sy Ry, 8 Ss x (Miq/TeV)*
|U11J:;Ui1 - y§1?/11‘2 |?j13lﬁ1‘2 ‘?/131/T1|2 |Zj13l}h—2,1/13,7/f1\2 6.0 x 1074
end 3.0 13241 2 71325 | 6.0 x 1074
lyih=i |21, 2 11x 1073
[v;1213/7 215951 2 11x1073
Iyt fvhs — e |? (71357512 ly1391al? [T1308 —2 yi3yial? 8.3 x 10
L0 11.0 \21§2f2\2 213275 8.3x 1074
ly13212 ) |g1325 /> 15 x 1073
[y31 215/ 2135721 1.5 % 1073
eKg 2.6 51912 — Y3y [* ly13y31 — Yozt [® 4yt — y1sya | 7.2x107°
uKs 2.3 [y31 922 — !/;22/21\2 [y1355 — 9231/?2|2 4 |y23yty — :y13y§z\2 6.4x107°
lyikoiy + v —L7yhual  |Gsih® syl —17yesys 2 10s0i +201sy5 —3-4yasys 2 1.3 x 1073
e 0.9 \Zlngl\z 213272 1.3x 1073
[yt | |31, 8.0 x 106
[yi1 213 213577 2 8.0 x 1076
lyibohs + viiver — L7 yyeel®  |50s0il®  lyisyla—L7yssusal® 131300 +2 13955 — 3.4 y23ys 9.4 x107*
un 6.5 213275 213255 9.4 x 1074
lyi§etsl? 513275/ 5.7 x 1076
[y 213 213572 5.7 x 1076
lkols + vy +2uhyel  (Gsih? lysyh+2yesus 18 +2yisyi HAyesyd 32x1073
e 160 \Z}?Zﬁ\f Jo1s2ii” 321079
lyisztil? |F13251 > 3.0x 1076
[y, 213 213777 12 3.0 x 1076
lyihthe + Uy +2u5uml® (01305 [visyia 2u23u5a>  |G130a +2 Y13yfa +4 yasyhel? 2.6x1073
i 13.0 \21?21‘2\2 213255 2.6 x 1073
ly12tal? T3/ 2.4 %1076
(31 213/ 213575/ 2.4 % 107

Table 1. 90% C.L. bounds on scalar leptoquark couplings from 7 — £ P decays.

The vector-meson couplings to the tensor quark currents, fﬁ; (1), are defined in appendix A,
where their currently estimated values are also given.

There are strong experimental (90% C.L.) upper bounds on the 7 — ¢ P and 7 — ¢V
decay modes, with P = 7% Kg,n,n and V = po,w,K*O,?*O, ¢ (62, 63]. In tables 1 and 2
we highlight the corresponding upper limits on the product of leptoquark Yukawa cou-
plings that arise from such measurements, for the five different types of scalar leptoquarks.
Columns 3 to 6 indicate the combinations of couplings that get bounded in each case. For
simplicity we have dropped the subscript with the leptoquark name in the Yukawa matrix
elements. The upper bounds on these couplings are given in the last column of the tables.
Notice that the limits scale with MfQ (the numbers correspond to Mg = 1 TeV) and
deteriorate very fast with increasing leptoquark masses.

For the Ry and S; leptoquarks, the decay amplitudes 7 — 7%, n¢,n'¢ and T — p°f,wl
can receive contributions from several combinations of couplings that we have separated in
four rows. The first two correspond to contributions from vector and axial-vector operators,
which can arise when either Y1,q or Z1,q is non-zero. The first row assumes Z1,q = 0 in order
to bound Yi,q, while the opposite is done in the second row. The pseudoscalar and tensor



BRexp Scalar leptoquark couplings Bound

Mode (x107%) Ry Sy Ro, (S1) S x (Myq/TeV)*
[kt — vl [Gisdh)? ly13yh |2 [Th38% — 2y13y5, |2 3.0x 1077
ep” 1.8 21920, | 213277 3.0 x 1075
lyih=t |g1324 |2 1.2x 1074
71213 213377 2 1.2x1074
ks — vyl G175 |y13952|? 1385 — 2y13Y7s|? 2.0 x 1075
10 19 |z13255 ) |21325 2.0 x 1075
lyihahal? |713275 /% 7.8 x 1075
[y 213/ 213572 7.8 x 1075
lyihyln + yionl® 1505 2 ly1syf 2 [T1sT51 + 2v13y5)? 9.9 x107°
ew 4.8 |z132 21821 |2 9.9 x 107°
il [F13211 17 3.1 %1074
yi1213] 21397 2 3.1x 1074
lyihyby + vivel® 19155512 ly13ytsl® |T135%s + 2 y13Y5o )% 9.8 x 1075
juw 47 1321, 21325 9.8 x 1077
e 13215 3.1x 1074
|y 213/ 21391 3.1x 1074
ek*0 3.2 \y§1y12\2 ly13y51 1% ([y2391:*) 4 |yasyti ? 58 x107°
pEK*0 5.9 ‘y§11122‘2 ‘ylfﬁy;ﬂzx (‘9239f2|2) 4 ‘yZSZ/Tz‘Z L1x107*
K" 34 Yo | wosyta % (svs ) Alysss 6.2x 1075
pEC 70 Yoy | Wasvial? (Isvil®)  Alyisul® 13x 107
e 3.1 ly3az]? ly2sys | 41y2ay3 | 51x107°
22 8.4 321222 ly2350|* 4 |y23y5o|? 1.4 %1074

Table 2. 90% C.L. bounds on scalar leptoquark couplings from 7 — £V decays.

operators can only generate contributions when both Y1,q and Z1,q are non-vanishing; the
corresponding combinations of couplings are given in the third and fourth rows, and their
limits assume all other contributions to be absent. Obviously, these bounds are weaker
since they neglect possible interference effects that could generate fine-tuned cancellations.

We have neglected the tiny C P-violating component of the Kg state. We remind that
the ‘prime’ and ‘tilde’ notations imply the inclusion of the CKM matrix V as defined in
eq. (3.14). In several decays similar combinations of couplings with the same lepton flavour
appear, e.g., 7, n, 1/, p’, w. For these cases the strongest bound on vector operators
comes from the p° mode, while the 7’ channel provides a stronger limit on the scalar and
tensor contributions.

4.2 Leptonic dipole moments and rare decays of leptons

The leptoquark coupling to a charged lepton and a quark can give rise to an anomalous
magnetic or electric dipole moment of the corresponding charged lepton (when ¢ = /), or
to the radiative lepton-flavour-violating decay ¢ — £, via the one-loop diagrams shown
in figure 1.



Figure 1. Scalar leptoquark (¢) contributions to lepton dipole moments (¢ = ¢) and £ — ¢'~.

4.2.1 Anomalous magnetic moments
The interaction term
6;(NY Pr+ M3 PL)gj ¢* +hec., (4.7)

with ¢ being the scalar leptoquark and A% the corresponding Yukawa coupling, induces
NP contributions to the anomalous magnetic moment a; = 5 (g — 2), given by [64, 65]

-3 m2 i i

Aay, = ———L 3 (AP + INEP) [QqFi()) + QuoFa(x;)]

167 MLQ r
Mg

T R [QqF3<xj>+QLQF4<xj>1}, (4.8)

where the loop functions are defined as

Fi(x;) = M(2+3xj—6x§+x§+6xj Inz;),

Fy(zj) = M (1—-6x; +3x? +2x§? —635? Inz;),

F3(xj) = m(—3+4xj —z? —2Inxzj),

Fy(z;) = “_zj):,)(l—m§+2mj Inz;) . (4.9)

In the above expression, (); and Qrq are the EM charges of the quark and leptoquark
flowing in the loop, respectively, z; = mgj / MEQ, and we have neglected terms proportional
to m% /MEQ Note that when working in the charge-conjugate quark basis one has to flip
the sign of the mass and charge of the corresponding quark in the above expressions.

It is interesting to note that the current discrepancies between data and theoretical
estimates for the muon and electron g — 2 have opposite signs. The difference Aa, =
a, —aEM is non-zero and positive with a significance of 3.70 [66-70], whereas the deviation
is at the 2.40 level for Aa, = ag™ — a5M and with the opposite sign [71-75]. The explicit
values are quoted in the first column of table 3.

It can be easily seen from eq. (4.8) that leptoquarks having both left- and right-handed
couplings to charged leptons can generate much larger contributions than those with only
one type (either left or right) of interaction, due to the enhancement from the quark mass in
the loop, especially the top quark. In that case, the second term in eq. (4.8) dominates over

the first term. Such scenario occurs for the Ry and S7 leptoquarks. After summing over the

~10 -



Aap = a)P — afM Ry leptoquark S leptoquark
Re(yi5231) € [7,17] x107° Re(J3125,) €[12, 28] x 1077
Re(y)y201) €24, 58] x 1074 Re(f2125,) €]27,66] x 1074

Re(yhgz32) €[—23,—13]x107%  Re(fseziy) €[—37, —22]x 1074

Re(yhyz02) €[—T78, —45]x 1073 Re(fazzs,) € [—88, —51] x 1073

Aa, = (—87 4+ 36) x 10714

Aa,, = (2.7440.73) x 107

Table 3. 1o ranges of Ry and S; leptoquark couplings able to explain the electron and muon
anomalous magnetic moments, for Mpq = 1TeV. For larger leptoquark masses, the numbers
increase approximately as MEQ.

contributions from the second and third quark generations in the loop (the contribution
from the first generation is negligible), the respective constraint equations for Rs and S
can be written as

TeV
Re(yl323i) + 0.029 Re(yigz2;) = (4.10)

(-1.840.5)x1073 (MLQ>2 (i =2),

(1.240.5)x107* (MLQ>2 (i=1),

TeV

2
(2.0+£0.8)x107* Mg (i=1)
TeV ’

Re(ggzzgl) + 0.042 Re(gjgzzsz) = (4.11)

2
(3.0 08)x10-3 (MLQ)" (;_ 9
TeV ’

where ¢ = 1,2 represent the electron and muon cases, respectively. As the loop functions
depend on the leptoquark mass, it is not possible to completely factor out the dependence
on Mi,q. The numerical coefficients written above have been obtained with Mg = 1TeV.

These two equations depict the allowed 410 regions that could explain the measured
anomalous magnetic moments. In the first and second rows of table 3 we separately high-
light the needed ranges of leptoquark couplings for the discrepancy to be fully ascribed
to either the top or charm quark flowing in the loop, respectively. It can be noted from
egs. (4.10) and (4.11) that the difference in limits is not simply linear in quark masses, as
the loop functions depend significantly on mg,. The explanation of the muon g—2 anomaly
in explicit leptoquark models is subject to several other constraints; some detailed studies
can be found in refs. [76, 77].

In the absence of either the left- or right-handed coupling to charged leptons, the
expression in eq. (4.8) simplifies significantly and can be written, in the limit z; — 0, as

-3 m?
A J— E )\Z] F F
R TECVER Z’ i/l” [QaF1(x)) + QuaFa(a;)]
-3 m%
~ 96m2 M7, ZML/R (2Qq + Qra)- (4.12)

Due to the my suppression, the resultlng ranges of couplings are irrelevant for a TeV-
mass leptoquark, as they exceed the perturbativity limit. Therefore, we do not show them

- 11 -



|de|  |d;*"| (ecm) Ry leptoquark S1 leptoquark
[Tm(y}5231)] < 6.2 x 10710 |Im(g312%,)] < 1.0 x 1077
Tm(y)9201)| < 2.2 x 1078 [Im(fo123,)| < 2.4 x 1078

|de| < 8.7x1072%

|d| < 1.9x1071 Im(yhs232)| < 1.4 Im(gs223,)| < 2.1

Table 4. Bounds on R, and S; leptoquark couplings from the electric dipole moments of leptons,
at 90% C.L. (95% C.L.) for the electron (muon), for Myq = 1TeV. For larger leptoquark masses,
the numbers increase approximately as MEQ.

in table 3 and simply conclude that the Ry, Si and S5 leptoquarks cannot provide an
explanation of the magnetic moment anomalies.!

4.2.2 Electric dipole moments

Leptoquarks can also induce a lepton electric dipole moment (EDM) through the imaginary
part of the Yukawa couplings in eq. (4.7). The effect is significant only when the leptoquark
couples directly to both the left- and right-handed charged lepton, so that at one loop the
top quark mass can induce the chirality flip. The relevant expression is given by [65]

3= I\ NE) [QqFs () + QuoFa(x))] |- (4.13)

ldei|l = 553
32m? ~ Mg,

The most stringent limit on the electron EDM, extracted from polar ThO
molecules [79], is given in the second column of table 4. This 90% C.L. bound excludes
several BSM models with time-reversal symmetry violating interactions and, as expected,
the ensuing limits on the imaginary part of the product of leptoquark couplings (for Re and
S1) are also very restrictive. However the current bound on the muon EDM [80] gives a
much weaker constraint on these NP couplings, with O(1) values still allowed. The exper-
imental EDM limits constrain combinations of couplings similar to the Lh.s. of egs. (4.10)
and (4.11), replacing the real parts by their imaginary parts. Instead of summing over
contributions from all quarks, we separately show each contribution in table 4, where the
bounds on the top quark couplings are written in the first rows, for both electron and muon
EDMs; however, for the charm quark only the electron EDM provides a relevant bound,
shown in the second row. A discussion on the constraints from EDMs of nucleons, atoms,
and molecules on scalar leptoquark couplings can be found in ref. [81].

4.2.3 Radiative £ — ¢’ decays

The interaction term in eq. (4.7) can also generate the rare lepton-flavour-violating decays
¢ — {'y. Apart from the two Feynman topologies shown in figure 1, there exist two more
diagrams where the photon is emitted from any of the external lepton lines. Including all
four contributions, the decay width can be written as [82, 83]

a (m? —m2)3 i ij
D(l = fey) = 5=t DO (AR + 1471 ), (4.14)
¢

J

IRef. [78] avoids the chiral suppression through scenarios which combine two different leptoquarks with
fermionic couplings of opposite chirality.
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LQ Bounds from p — ey Bounds from 7 — ey Bounds from 7 — py

Ry [Yhsz31|?, [Yr5232]2 < 1.2 x 1071 |yhaza1|?, [yi52332 < 1.4 x 1077 |yh3232|%, [yh32332 < 1.9 x 1077
[Yhozo1|?, Y9202 < 1.3 x 10712 |yho2on |2, [Y)02232 < 1.6 X 1074 |yho200|?, [yho223]? < 2.2 x 1074

s [T32251 12, |31 252]2 < 3.0 x 1071|3325, |2, [F312552 < 3.8 x 1077 |F3323 |2, [F32255]2 < 5.0 x 1077
(G222, 1%, |02 259 | < 1.7 X 10712 |Gag25, 2, |G21255|% <2.1 X 1074 |Gz 25|, [G20255]° <2.8 x 1074

S lysays; |2 <5.4 x 1077 lyasys; |2 <2.3 x 107! lys3y5a]2 < 3.1 x 107!

S lysoydy|> < 1.3 x 1077 lyssysy|* < 5.8 x 1072 lyssyia|? < 7.7 x 1072

|G320715|2 <3.4 x 1076 |G33152 < 1.5 |G333705]2 < 1.9

Table 5. Bounds on leptoquark couplings from £ — ¢'v, at 90% C.L.. The limits are obtained for
Mg = 1TeV, and scale (approximately for Ry and S7) as MEQ for heavier leptoquark masses.

where
ij 3 1 i s i i
A}%k ~ 3272 MEQ {(m& AL]A]EJ + m%)\é)\]g ) [QqF1(x5) + Qo Fa(z;)]
+mg; NINT) [QoFs(5) + QuoFa(z;)] } , (4.15)
AR — ATF(R 5 L), (4.16)

The terms proportional to m,. arise from the topologies where the photon is emitted
from the ¢¢) line. These contributions are suppressed compared to the enhancement due
to heavy quarks flowing in the loop, as shown by the last term in eq. (4.15). Similarly
to the previous discussion of dipole moments, only the leptoquarks having both left- and
right-handed couplings to charged leptons can generate such enhancement.

The MEG experiment provides the most stringent upper limit on u — ey [84], while
for 7 — ¢~ the strongest bounds have been put by BaBar [85]. The current 90% C.L.
limits are:

BR(p — ey) <42 x 107", BR(T = ey) <3.3x 107, BR(1 — py) < 4.4 x 1075
(4.17)
These experimental bounds imply the constraints on the appropriate combinations of lep-
toquark Yukawa parameters given in table 5. As discussed above, due to the large top-loop
contribution, we find severe limits for the Re and S; leptoquark couplings, as shown in
their first row in the table. Whereas the second row for these two leptoquarks displays

much weaker limits on the charm couplings (assuming that only the charm quark con-
5/3
2/ )
couples only to right-handed leptons as can be

tributes in the loop). For Ry, the relevant contributions come from its component R
because the other charge component Rg/ 3
seen from eq. (2.2). It is interesting to note in table 5 that, contrary to the case of lepton
dipole moments where reasonable bounds are absent for the leptoquarks with only left-
or right-handed interactions, here, in these rare decays we find significant upper bounds
(especially in p — ey) for the S and Ss leptoquarkskSFor S3, the first and second rows in

There are no useful bounds for Ry because the corresponding combination of EM charges

the table correspond to the limits arising from its Sg and Sé/ 3 components, respectively.

and loop functions, QaFi(x;) + @, F2(z;), is almost vanishing for down-type quarks and
a TeV-mass R~2.
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Figure 2. Penguin and box scalar leptoquark (¢) contributions to the decays £ — ¢/¢/¢". Diagrams
with the leptoquark and quark lines interchanged are not shown.

4.2.4 Rare £ — ££'¢" decays

The rare lepton-flavour-violating decays ¢ — £'¢'¢" are also induced by the leptoquarks, at
the one-loop level. These decays proceed via penguin diagrams with Z and ~ exchanges,
and via box diagrams with quarks and leptoquarks within the loop, as shown in the left
and right panels of figure 2, respectively. The interaction term in eq. (4.7) generates the
following decay rate into final leptons with identical flavour [86-89]:

e 16, my 22
BR(E; = (34,)7) = gt { [T+ (Tunl? + (Tacl + ) (10 25— 2)
—4Re[Th 1 Top + TorTi 5]

1 1
ts (|1Bic]* + |Bir|?) + 3 (|Bar|* + |B2r|?)

1
+ 3 (2(1Zrguil* + 1 Zrarl?) + | ZLgrl* + | Zrg?) (4.18)

2 * * * k
T3 Re[T1. By, + TirBir + T1. By, + TirBag|

4 * * * *
3 Re[TorBir + TorBig + Tor.Bog + TorB5; |

2 * * * *
+3 Re[Bir 21911 + BirZpgr + Bar.Z1gri + BorZ g1

2 *
+3 Re2(ThpZigu + ThrZp9r1) + Thin.Z19r + TARZR91L1)

2 * * * *
+3 Re[~4(TorZ1 911 + Tor ZRgr1) — 2(Tor ZRgr1 + TQRZLQRZ)]} :
This expression gets slightly modified when there are two different lepton flavours in the
final state [88]:

2.5

e’

- . my, 2 16 . my,
BR(; = £,0,07) = 39nT, {3(|T1L!2 +|Tirl*) + (|Torl? + [T2r]?) (3 In mél - 8)

n

8 * *
- g Re[TlLTQR + TQLTlR]
1 1
t13 (IB1Ll* + |Birl?) + 3 (|1Bor|” + |B2r|?)

1
+t3 (1ZLgul® + 1 Zrgril* + | ZLgrl? + | Zrgul?)
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1 * * * *
t3 Re[T1. By, + TirBig + 2 (T1. By, + TirBsg)]

2 * *
- g Re[TgRBlL + TQLBlR + 2 (TQLB;R + TQRBSL)]

1 * * * *
t3 Re[Bir.Z7.911 + BirZggr + 2 (Bar.Z7.9r1 + BarZR911)]

2 * * * *
+ 3 Re[Th'.Z1901 + TR ZR9r + Tin Z19r + T\RZ 911
4 * * * *
—3 Re[TorZ1 911 + Tor Zpgr + Tor Zpgri + TzRZLgRl]} , (4.19)

The contributions from photon penguin diagrams are encoded in the 1171z and Tor 2R
terms, whereas the Z-penguin effects are included in Z;, g. The box-diagram decay ampli-
tudes are denoted by Biy, 1r, Bar2r. It can be seen from the detailed expressions given in
eqs. (4.20)—(4.24), that the penguin contributions are enhanced by a factor ln(MEQ/mgj)
and dominate over the box contributions, for leptoquark masses in the TeV range:

301 iy oumpe [[(4 1 1
3 1 1 . N Mg i (3
Toin = ~fora { {6 MRS + (2 +1nxj>} 0,
+ (T ML - 5 o NN ) Qua ) 21)
3001 i mi 1
7 2 & yij o ymyx
LR 1672 MEQ LR L’RmZZsin20wcos29w
3 3
X [4 mz 9Lq.Rq — mgj (1+1Inz)) grg,rqg — Zmi g] , (4.22)
3 -1 . ok |2
Birin = TR TN NI A )\’L‘R‘ , (4.23)
B = S oL e e | (4.24)
2R T G2 M, CLROLR[PRL] '

with

I : , . :
grir = Ty"'™ £ 8in® 0y, grerg = Ty — Qqsin6,,, g=Ty? — Quosin®6,.
(4.25)

Here, T:} Q TQEIL 18) and TéqL’qR) denote the third components of the weak isospin of the
leptoquark, the SM charged leptons and the quarks, respectively.

These rare decays have not been yet observed at experiments. The current 90% C.L.
upper bounds are [62, 63]:

BR(u~ — e e et) <1.0x 10712,

BR(1™ — e eel) <2.7x 1078, BR(r™ = p p pt) <21 x107°%,
BR(r™ — e upt) <27x107,  BR(r~ —p e et) <18x107%,
BR(r— = etp p7) <1.7x 1078, BR(t™ = pTe e™) < 1.5 x 1078, (4.26)
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For the first five modes both the penguin and box diagrams contribute, whereas the last
two decays proceed only via box diagrams. We note that for the leptoquarks having both
left- and right-handed couplings to quarks and leptons, i.e., Ro and 57, the resulting limits
on the product of Yukawa couplings are two to three orders of magnitude weaker in the
¢ — 000" mode compared to the corresponding rare decay ¢ — ¢~ (shown in table 5).
Hence we do not quote such limits here. Instead we obtain constrained equations among
various couplings of the form

5 2
/\Z’fR’ ) < as. (4.27)

3 3

IN? AT o] +ad > Az’fRf + (Z

k=1 k=1
Writing the constraints in this manner, we find that the coefficients a{z, where j is the
generation index of the quark going in the loop, depend on the corresponding quark mass
whereas ag is independent of it. Here & is the index of the other quark in the box diagram.
The values of these coefficients are shown in table 6. It can be seen that ag are process
independent and depend on the mass and quantum numbers of the leptoquark. For Rs
and S3 we show the bounds separately for each component Rg/ 3,R§/ % and Sg/ 3,S§/ % in
two consecutive rows. The numerical coefficients a% are one order of magnitude smaller
than a{, which indeed reflects that the box contributions are suppressed compared to the
penguin terms. Also note that the logarithms of x; are large for light quarks and therefore
the bounds are stronger for them, opposite to what was obtained in the £ — ¢’ channel,
as the loop functions are quite different. The constraints extracted from p — 3 e are quite
acceptable, e.g., |)\’If R)\Zg |2 ~ 1075 in absence of XLL{“R, whereas the 7 modes fail to impose
reasonable limits as almost O(1) values are permitted. This also holds true for the last
two decay modes in eq. (4.26), which proceed only via box diagrams, where we find that

. . 2
the combination )\Z]i R)\Ztg ’)\’é’fL’ is allowed up to ~ 2% for leptoquark masses of O(1TeV).
Future improvements in data can be important to obtain limits on these coupling constants.

4.3 p — e conversion

Similarly to the lepton-flavour-violating decays discussed in the preceding section, muon
conversion in nuclei is also another interesting process providing complementary sensitivity
to NP. Currently the strongest bound is found in the case of gold nuclei where the 90%
C.L. limit is set by the SINDRUM experiment as [90]

I'(u~Au — e Au)

Fcapture

BR}", = < 7Tx1071, (4.28)
Here the muon capture rate for gold is I'capture = 8.6 X 10718 GeV [91].

The operators contributing to y — e conversion within nuclei, arising from leptoquark
interactions, are given in eq. (3.3) with m = 1 and n = 2. There are additional contributions
from dipole operators, namely ey, g 0., pr, RF*, where F'* is the EM field strength tensor.
However, the constraints on these dipole operators from p — e conversion are one order of
magnitude weaker than the bounds from g — ey given in table 5, and hence we do not
quote them here.
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Rz Sl Rz Sl S3
5/3 2/3 4/3 1/3
(R, R3®) (55%,85")
Las —47.2,-24.6,8.0 45.4,22.8,-9.8 20.9,15.6,8.6 ~ —22.7,—17.4,—-10.4 —22.7,—17.4,—10.4
Ay "
? 20.9,15.6,8.6 45.4,22.8,—9.8
i e | a0 e P w5271 w3271 Ayown
L.R"L,R JO
|y2551 1 120112
= Aok Yigs 2kl Uk1s Zk1 {75 Ykl V2yi
L.R N
\T Yik Yk1
Los 861.5,252.4,95.2 776.8,197.9,71.4 164.1,91.0,27.7 204.7,124.4,51.8 204.7,124.4,51.8
JREE
! 164.1,91.0,27.7 776.8,197.9, 71.4
as 2.9 %1073 2.9 %1073 2.9 x 1073 2.9x 1073 2.9 %1073
I\ e \yéjym2-, zja25 17 |17;‘337L>\27 32517 lyja5: lyjaii 4lyjzy5I?
L,R"L,R . P
lysjyj|? |31 1?
J
T gk Yigs 2h1 Uk1, Zk1 Ykl Yk1 V2411
™ L,R N
‘3 Y1k Uk
2 884.1,275.0,117.8 779.3,200.4, 74.0 164.1,91.0,27.7 214.7,134.4,61.8 214.7,134.4,61.8
T s (1213.0,401.0,221.4)  (1042.9,271.1,124.0) (218.8,121.3,37.0)  (301.5,194.5,97.8)  (301.5,194.5,97.8)
. a”
164.1,91.0,27.7 779.3,200.4, 74.0
(218.8,121.3,37.0) (1042.9,271.1,124.0)
4.4 x 102 4.4 x 102 4.4 x 102 4.4 x 102 4.4 x 102
as
(5.8x102) (5.8x10%) (5.8x10?) (5.8x10?) (5.8x10%)
N ymp Iy w312 12is 20 1538512, 1273 2 Y5395 Y5395 Ayjay5l
L.RL,R PO
|y3552|* 1535512
= Ak Ybjer Zk2 k25 2k2 Yk2 Yk2 V2ke
[3\} L.R ~
's Yok Yk2
= 841.3,232.3,75.0 774.5,195.7,69.2 164.1,91.0,27.7 195.7,115.4,42.8 195.7,115.4,42.8
[>rl
T as (1127.5,315.5,135.8)  (1033.4,271.1,114.5) (218.8,121.3,37.0)  (263.5,156.5,59.7)  (263.5,156.5,59.7)
oar
! 164.1,91.0,27.7 774.5,195.7,69.2
(218.8,121.3,37.0) (1033.4,271.1,114.5)
3.4x10? 3.4x10? 3.4x10? 3.4x10% 3.4x10%
as -
(8.7x10?) (8.7x10%) (8.7x10?) (8.7x10?) (8.7x10%)

Table 6. Coefficients of the constrained equation (4.27), arising from ¢ — £'¢'¢", for all five scalar
leptoquarks and Mr,q = 1TeV.

We use the results derived in ref. [92], where the conversion rate is given by

Fconv =

am’ |gP) 5@ 4 g 5 4 gm) v ) 4 gy "L R), (4.29)
with the coupling constant ¢’s defined as

g(Lpg,RS = ZGS””%[QQ’(]L]“’“, (4.30)

q
Ldrs = ZGg’”)%[Qﬁf}”’w7 (4.31)

q
Q(Lp‘)/ _ ([gﬁﬁ]“’w + [g‘zzﬁ]11,12> + % ([gL’L]ll,H + R;L]ll,12)7 (4.32)
I8, = (B2 4 [GBEI2) 4 2 (g2 4 [ghH) (4.33)
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Bound
Ry S Ry, S S x (Mypq/TeV)*
10.14 959/}, +0.15 y11 s, 2 0.14 G101, +0.30yioyy |2 4.7 x 1071
21223 2 |2dy %, 21225, 24 x 1071
ly1257: 2 2.1x 1071
lyibenn® ihzel Jgesh P 9] e 6.7 x 1072

Table 7. Bounds on leptoquark couplings from muon conversion to electron in gold nuclei.

1
3y =5 (gbal™ + 1) + (gh ™" + o). (4.34)
s 1
g = 5 (oBE™2 4 (bR + (52 + [oB12). (4.35)

The overlap-integral values are S® = 0.0523, S = 0.0610, V) = 0.0859 and V(™ =
0.108, and the coefficients for scalar operators are evaluated as Gg’p = Gg’n =5.1, Gg’p =
G¢" =43 and G§¥ = G§" =25 [93].

Using all these inputs we depict in table 7 the extracted bounds on the product of
leptoquark Yukawa elements. It can be seen from eq. (3.6)—(3.13), that only the R, S
and Ss leptoquarks couple to the w quark and charged leptons. These couplings, for the
vector and axial-vector operators, are shown in the first two rows of table 7, where quite
strong bounds are visible. The third row displays those combinations of couplings for
vector and axial-vector operators dealing with d quarks and charged leptons where bounds
are stronger. The last row shows the contributions from scalar operators, which arise only
for the Rs and 57 leptoquark couplings to the u quark and charged leptons, and provide
the strongest limit.

5 Bounds from kaons

Some of the rare (semi)leptonic decays of K mesons are mediated by FCNCs and thus are
suppressed in the SM. Although most of these processes are dominated by long-distance
contributions and significant efforts are devoted to sharpen the SM predictions [94], these

2 This is achievable due to

modes are also important in constraining BSM interactions.
the strong suppression of the SM decay amplitude Agy, as well as the improvements in
experimental sensitivity. In the next three subsections we discuss the effect of NP operators,
arising from scalar leptoquarks, in K — ¢, Ej, WK[E;’ and wvv. The total amplitude for

these decays can be written as

A= Asm + ALQ . (5.1)

Owing to the conservation of lepton flavour, Agy = 0 when ¢; # ¢; up to tiny contributions

proportional to neutrino masses.

2Correlations between leptoquark contributions to &’ /€ and rare kaon decays have been investigated in
ref. [32].
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5.1 Rare leptonic decays of kaons

The rare decays K](-l g — {707 are forbidden at tree level in the SM. However, leptoquarks
can contribute to these modes at lowest order, which imposes strong constraints on their
coupling constants. The neutral-current operators with down-type quarks given in eq. (3.3)
lead to such decays. The SM amplitude Agy is dominated by the long-distance contribution
arising from a two-photon intermediate state: K& L =YY — €747 [95]. The estimated
K branching ratios are [94]:

BR'(K? - efe™)=21x10"" and BRM(KY = utp)=51x10712. (5.2)

In the SM, there exists a small C' P-violating short-distance contribution to Kg — T
that is one order of magnitude smaller: BRSD(Kg — ptpT) = 1.7 x 10713 [96, 97]. Owing
to its helicity suppression (ASM x my), the analogous short-distance contribution to the
electron mode is completely negligible. The current experimental upper bounds on the
electron [98] and muon [99, 100] modes, shown in table 8, are larger than their predicted
SM values by five and two orders of magnitude, respectively. Hence, to constrain the
leptoquark couplings, we can neglect the SM contributions and assume that the leptoquark
amplitudes saturate the experimental limits.

It can be seen from egs. (3.6)—(3.13) that S; cannot contribute at tree level to these
transitions, while for each of the other four scalar leptoquark types the contribution to
Arq is generated by a single (axial)vector operator with Wilson coefficient gV 4> Where
X,Y € {L, R}. The corresponding decay rate of the P,?Z- = qr@; meson is given by

0 + fl%‘[g‘)/(zl/]ik’mnf 1/2/, 2 2 2
LLo(Pr = 6 0,) = ’ A (mp, my,, ,my,)
' nem 64mm?,
x [mp(mi, +mi ) — (mj —mi )?]. (5.3)

The relevant coupling combinations are obviously {[ g‘)/(z{ 2mn (1 4 €x) F [g{f}{]l2 mn(] —
€K }/ V2 for the K 07 g 1, decays, although we will neglect the small C' P-violating admixture
€x. We can see from table 8 that for the Kg — ete™ mode, O(1) couplings are allowed,
due to the explicit lepton-mass suppression in (5.3), while for Kg — putu~ we get strong
limits on the respective couplings.

The situation is a bit different for the observed decay modes Kg — {T¢~. The absorp-
tive long-distance contribution [101] nearly saturates the precisely measured BR(K? —
ptp™) [102], leaving little room for the dispersive component which would include both
the leptoquark and short-distance SM contributions. The long-distance prediction for
the electron mode [94] is also in agreement with the experimental value [103], the tiniest
branching ratio ever measured, although the uncertainties are much larger in this case. In
order to impose bounds on the leptoquark couplings, we allow them to saturate the lo
experimental uncertainties, which gives the limits quoted in table 8.

Since only a single g‘)/f}; coupling can generate the K° — /¢~ transition, the tree-level
leptoquark exchange gives rise to an helicity-suppressed pseudoscalar leptonic amplitude
yysve. Therefore, the final lepton pair is produced in a s-wave configuration (1Sp) that
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Bound
Modes BRexp Ry Ry, Si, 4xS3  x (Myq/TeV)?
K} —ete” <9.0x107? [Im(y1197s)] [Im (y51y21)] 2.0
K — ptp <2.1x 10710 [Tm[(yo1y3,)| [T (y59y22)] 1.6 x 1073
K9 — etem 916 x 10712 [Re(y11y72)| [Re(y,y21)| 2.0 x 1073
K9 =ty (6.844£0.11) x 107 |Re(y2195)] |Re(ytqyan)] 4.7 x107°
K9 — etp¥ < 4.7 x 10712 [y21912 + yi1ye2l Y2197 + Y1195,] 1.9x 107

Table 8. Limits on leptoquark couplings from leptonic kaon decays. The experimental upper
bounds are at 90% C.L..

is odd under CP, implying that the Kg leptoquark amplitude violates C'P, while the
Kg transition preserves this symmetry. Both decays are then complementary since they
constrain the imaginary and real parts, respectively, of the relevant combination of lepto-
quark couplings.

For the lepton-flavour-violating decay Kg — pteT, an stringent upper bound is
obtained for the corresponding leptoquark couplings, as no SM contribution exists for
this mode.

5.2 Rare semileptonic decays of kaons

In the SM, the FCNC semileptonic decay KT — 7+t¢T¢~ is completely dominated by the
C P-conserving amplitude arising from virtual photon exchange, K™ — 7 t~*, which is a
vector contribution [104]. There exist short-distance Z-penguin and W-box contributions,
involving also axial-vector lepton couplings, but they are negligible in the total decay rate
(three orders of magnitude smaller for the muon mode). Adopting the usual parameteri-
zation for the K (k) — m(p) hadronic matrix element,

(m7|dy"s|K™) = —(n sy d|KT) = (k+p)* f27(q%) + (k — p)* F57 (),
2

m2 —m
£ (¢?) = % (67 (a®) = £ (@) (5:4)

where ¢> = (k — p)?, and including the leptoquark contribution proportional to gV 4 the
differential decay distribution for K+ (k) — 7t (p)f*(q1)¢~ (g2) is given by

%(Ki B
FO‘ mK
127r 47)t \[
_ 2 2 * m m
«{a(1427) [|v+<z>|2 b Re (VI P £7()

272

7,2 7,2
+ el [3 (1= ) e+ - 2 er] Lo
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where we have used the dimensionless variable z = ¢?/m?% and A = (1, z,72) with r; =
The SM vector contribution is usually defined as [94]

AT = Oy ) g (K + plurdan). (56)

where the vector form factor V. (z) vanishes at O(p?) in chiral perturbation theory (xyPT)
and can be parametrized as [104, 105]

Vi(z) = a4 +biz+ VI(2), (5.7)

which is valid to O(p%). The unitary loop correction VI™(z) that contains the 77 re-
scattering contributions can be obtained from refs. [94, 106]. The parameters a4 and by
encode local contributions from yPT low-energy constants, which at present can only be
estimated in a model-dependent way [94].

Integrating over the allowed phase space, 477 < z < (1 —r,)?, and using PDG [62, 63]
inputs for all parameters, we obtain the following numerical expressions for the branch-
ing fractions:

BR(K' — nfete™) =107%x [0.1 + 58.9a% + 1.7b% + 15.9a4 by — 3.2a; — 0.8by
+ 5.8 x 101§, |?
4 (=584 +2.2 x 10%a; +2.9 x 10?b, ) Re §1
+4.5Im g1] (5.8)

BR(K' — ntptp™) =107% [1.1 +117.6 a% + 10.3b3 + 67.7ayby — 19.1ay — 6.3by
+ 2.7 % 10° | go|?
+ (=3.5x10%4+ 4.3x10% a, +1.2x10% b ) Re g2
+41.1Im go] . (5.9)
Here g, = 2 [gé}{]ﬂmm x (1 TeV)? for the electron (m = 1) and muon (m = 2) modes,

respectively. The explicit form of g,, in terms of Yukawa elements can easily be read from
egs. (3.8)—(3.13), for the four leptoquark types giving tree-level contributions:

S1t YimYsm » Ry YmiYma » Ry : Y} Yom » S3 1 2Y1mYam » (5.10)

times a factor (1 TeV/MLq)>.

The experimental branching fractions for these two modes [62, 63] are given in table 9.
In absence of any NP contributions to egs. (5.8) and (5.9), the parameters a4 and by have
been extracted from a fit to the measured z distribution by NA48/2 [107, 108]:

as® = — 0.578 £ 0.016, b5 = — 0.779 £ 0.066,
" = — 0.575 + 0.039, U = — 0.813 + 0.145 . (5.11)

Leptoquarks would introduce two more real parameters in the fit. However, due to the
limited statistics available in these modes, the full fit (including the NP couplings) may
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Bound (or range)
Modes BRexp R Ro, S, 4% S5 x (Mypq/TeV)?
Kt = atefe™  (3.00£0.09) x 1077 [y1195| |yt ya1l 2.3 x 1072
Kt —atptp  (94406) x 1078 Y2155 | |yi2y22] 1.9 %1072
K* —atpte” <13x107" ly21y5als lyinwsel — ly21visls [yiiyee 1.9 x 107
K% — m0%te (5.8729) x 1077 Re(y11979)] IRe(y}1y21)] 3.1 x 1072
K§ = nutp=  (29715) x 107 Re(y2193)| Re(ytay22)| 3.3 x 1072
Im(y11y* Im(yk 1 for S —4.1, 2.6]x10~*
K9 — m%te <2.8x10°10 m(y11y7s) (Yi1y21) (for S1) [ ]
Im(y};921) [-3.6, 2.9]x 1074
I x Im(y* for S —6.5, 5.1]x 104
K% N 770/14+N_ < 3.8 % 10-10 m(y21922) m(y12y22) (for S1) [ ]
Im(yioy22) [-5.8,5.7]x10~*
Kp — nle*p™ <7.6x1071 [(Y21975 — yi1y22) | [(Y21912 — Y1150 2.9 %1074

Table 9. 90% C.L. bounds on leptoquark couplings from rare semileptonic kaon decays.

not be worth to impose bounds on these couplings. While O(1) values are expected, in
the SM, for a4 and b, it can be seen from egs. (5.8) and (5.9) that for g, ~ O(1) the
tree-level leptoquark contribution would be three orders of magnitude larger than the con-
tributions arising from these two parameters. Hence we take a conservative approach and
determine the bounds on the NP couplings quoted in table 9, by neglecting the SM effects,
i.e., assuming that the leptoquark contribution alone saturates the measured branching
fractions.

The lepton-flavour-violating modes K+ — 7 pu%eT do not receive any SM contribu-
tion. The differential decay widths induced by the corresponding leptoquark-mediated
amplitudes are given by

CLF(JF(+ — 7wt pteT) M [l P VA (1- i)
dz 48(4m)3 WV z

«{a(2+ 2) P+ e (12 P} (512

with m,n € {1,2} and m # n. We use the stringent upper bound on BR(K+ — 7 puTe™),
from the BNL E865 experiment [109], to constrain the leptoquark couplings. After inte-
grating over the allowed phase space, ri < z < (1 — ry)?, this gives the 90% C.L. limit
quoted in table 9.

The decays K2 — w%¢T¢~ are very similar to K+ — n™¢"¢~. Their differential
decay distribution can be directly obtained from eq. (5.5), replacing the vector form factor
Vi(z) by Vs(z) = ag + bsz + VI™(z), and [g‘)/le/]m’mm by the appropriate combination of
leptoquark couplings g, = ([g‘)/f};]ﬂ’mm + [g‘)/%/]u’mm) /v/2. The branching fractions take
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then the numerical form:

BR(Kg — mete™) = 107" [0.02 + 46.90 a% + 1.45b% + 13.03 agbs — 0.79ag — 0.25 bg
+8.50 x 10%|g; |2
+ (—20.59 + 2.45 x 103 ag + 3.39x10% bg) Re §1
+3.90Im g, ], (5.13)
BR(Ks — n'utp™) =107 % [0.15 4 101.85 a% + 9.13 b + 59.18 agbs — 5.98 ag — 2.04 bg
+3.91 x 10° | g4 |2
+ (=156 x 10*+ 5.32x 10% a5 +1.54 x 10> bg) Re G2
+35.55Tm g |. (5.14)

As the K¢ — 27 modes saturate more than 99% of the total Kg decay width and
only branching fraction measurements are available for Kg — 79¢+¢~, it is not possible to
extract the two form factor parameters from data. Assuming the vector-meson-dominance
relation bg/ag = 1/r? ~ 0.4 [105], the NA48 data [110, 111] imply

la%| = 1.067039 || = 1.5470:39 . (5.15)

Similarly to the KT — 7t¢"¢~ mode, we neglect the SM contributions and obtain the
90% C.L. limits shown in table 9.

Next we move to the decay Kg — 79¢+¢~, which is an interesting mode as it re-
ceives contributions from three different mechanisms within the SM [112]: an indirect C P-
violating amplitude due to the K°— K9 oscillation, a direct C' P-violating transition induced
by short-distance physics and a C'P-conserving contribution from K} O 5 70y = 700te.
The relevant g leptoquark coupling generates a K — 7% ¢~ amplitude with vector
(177), ax1al—vector (171) and pseudoscalar (0~") leptonic structures, giving rise to a C'P-
even 79/t ¢~ final state. Therefore, the Kg — 7004~ leptoquark amplitude violates C'P.
Combining the two C P-violating SM amplitudes with the leptoquark contribution, the
differential distribution can be written as

dr

0 0+
dz(K —>7T€£ C

PV
~Sre ka1 -
() [rvo<z>|2 + 22 RelVi (2) 5 £57(2) + Ao (o)

+ 67“% (2 + 27“72r — z) ]Ao(z)]2 + %r%z | Py(z )\ — 67“5 (1 —r )Re[A (z )*Po(z)]

+ il [ (1 3) PR + 2L (122 O

7"2 2
sy 22 Rel3(2) 3,0 [3 (1= 28) 172 + L (12
— oy 2T el () ) 3030 — ) c{“f(z)}, (5.16)
FQ

~ 93 -



where we have defined g,, = ([gpg)2"™" — [gvg)'>™")/V2. The factor sy accounts

for the different sign of the axial leptonic coupling in right-handed (sg = +1) and left-
handed (s;, = —1) currents. The SM vector, axial-vector and pseudoscalar amplitudes for

K9 (k) — 7%(p)et(q1)¢ (g2) are defined as

00+ - Gra _
ARt _% Vo(z) ae(q2) (K + ploe(ar)
e Gra _
ARt _% Ao(2) ae(q2)(k + p)ysve(ar) ,
200+ p— Gra _
A{)(L_’ R —i—% Po(2) my ig(g2)v5ve(qr) - (5.17)

The indirect C'P-violating contribution is related to the Kg — 7% ¢~ amplitude,
which is fully dominated by its vector component:

‘/gndireCt(Z) = €K [CLS + bSZ + VSTI-W(Z)] ~ cEKg as <1 + TZQ) ) (518)
\%

where ex ~ e™/*|e| parametrizes KO-K° mixing with |ex| = (2.228 4 0.011) x 1073, In
the SM, the direct C P-violating contributions are given by

2m/2

Vit (z) = i == v [ET(2) Tm,

2m/2 Kn
a YyrA J+

47/2

(0%

Agirect(z) =4

(z) ImA

Pgire“(z) =—i Y7 A ff(”(z) Im\;, (5.19)

where \; = V2V;q. We use the estimates of the K3, form factors fE™(z) from ref. [113]
and the Wilson coefficients y7y.74 from ref. [114].

For the electron mode the C'P-conserving contribution is estimated to be one order of
magnitude smaller than the C'P-violating one, while for the muon channel both of them
are similar in magnitude with a slightly larger C P-violating amplitude [94]. However the
experimental 90% C.L. upper bounds for these modes are still O(1071?) [115, 116], which
is one order of magnitude above their SM estimates. Hence, in order to constrain the
leptoquark couplings, we ignore the C' P-conserving SM contributions; this is a conservative
attitude, since they do not interfere with the C P-violating amplitudes in the decay rate.
The SM CP-violating contributions and their interference with the leptoquark couplings
are fully taken into account in our numerical analysis, which gives the allowed range for
couplings depicted in table 9.

It can be seen from tables 8 and 9 that similar couplings are involved in these leptonic
and rare semileptonic decay modes of kaons. The Kg and Kg decays are complementary,
providing separate access to both the real and imaginary parts of the NP couplings, while
the decays of the charged kaon restrict their absolute value. We highlight the situation in
figure 3, for both electron (left panel) and muon (right panel) modes, separately, where

1 TeV\? ¥ 1 TeV\? 5
v, — ( Me ) " y11y12 7 5 = < Me > " yzlyiQ ' (5.20)
LQ Y11Y21 LQ Y12Y29
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Figure 3. Allowed regions in the plane (Re[x¢], Im[z,]), arising from leptonic and rare semileptonic
kaon decays, for the electron (left panel) and muon (right panel) channels.

The first line in the brackets corresponds to the leptoquark Ry, while the second line
refers to R, S1, 4 X Ss, as indicated in tables 8 and 9. The decay modes of the long-lived
neutral kaon, Kg — (T4~ , 7% ¢~ put obviously more stringent constraints that their
Kg — 7000, 0T ¢~ counterparts. Other kaon decay modes, such as K — (v, wly, mrlv,
with much larger SM contributions, cannot provide limits on the leptoquark couplings
competitive with the ones extracted from rare decays.

Similarly to the K case, the lepton-flavour-violating decays K 2 — 704t eT have much
simpler expressions, being mediated only by the leptoquark contribution. Their differential
branching fractions are given by eq. (5.12), replacing [gXY]zl’mm by the appropriate com-
bination of leptoquark couplings ([91)/(21/]21 AR [91)/(5]12 m") /v/2. We notice in the last row
of table 9 that a very stringent constraint arises from the current experimental upper limit
on these modes [117]. The lepton-flavour-violating decays are absent in the SM and have
not yet been seen in experiments. Hence the corresponding combinations of NP couplings

have to be strictly suppressed to obey the experimental upper bounds.

5.3 K — wvip

Let us now consider the short-distance dominated decays K — wvv, which are thus ex-
pected to serve as very clean modes to look for BSM effects. These decay modes re-
ceive contributions from similar leptoquark couplings, but they involve three generations
of neutrinos and the PMNS rotation has to be included suitably. In the presence of the
leptoquark-induced operators with left-handed neutrinos and down-type quarks in eq. (3.4),
the branching fractions for K™ and K? can be written as

3

+
BR (KT — ntuvp) = ?)Hl;ﬁ (14 Agwm) {Z
us Z:l

. 2
7T Sln2 GW [ d ]217€€

v \/EGFCV Vx

1o
7r sin” Oy Z ‘NVX 21 mn : (5.21)

2G2 a?
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KL

BR (K} — nvp) = 3|V7:|1° (1—6)
3 . 2
% Z Im <y _ s Sln2 0W {N“i ]217££>
=1 V2Gra *

72 sin? Oy

2
d 121,mn d 112,mn
g O [V - v ,
m#n
(5.22)

where X € {L, R} and we have summed over all possible undetected neutrinos in the final
state. In the last expression we have made use of the hermiticity of the Lagrangian £z
in eq. (3.4), which implies ([N&X}ikvm")* = [Ngx]kimm. The overall factors

G% a?mb i i 2
+,L F Kt 3 trt +,0
K, Y =T % V X 0 "~ 5.23
v +,L 256 5 SiIl4 9 | us| us f+ ( ) v ( )

are extracted from K3 data. They encode the hadronic matrix element information, with
7,7 the phase-space integral over the normalized vector form factor:

R it ()|
Tl = / dz \*/? f;i(z) : i€ {+,0}. (5.24)
0 + T (0)
The Wilson coefficient y, is given by
v = (ReX; + i ImAy) Xy + [Vis|* ReAe P (5.25)

with Ae = Vi Veq, Xy = 1.464£0.041 and P, . = 0.41£0.04 [118, 119]. The electromagnetic
correction takes the value Agy = —0.003 [120] and e ~ 0.03 accounts for the small KO- KO
mixing contribution [94, 121].
Using PDG values [62, 63] for all other inputs, we quote the constraint on the lepto-
quark couplings arising from the decay K™ — 7w tvi as
3
>

(=1

2
+ ) [Npn? £1.5x 1078 <36 x 1077, (5.26)

m#n

(=23.0+1i6.6) x 107° — N,

where the last term in the left-hand side accounts for the uncertainty on the SM pre-
diction, while the right-hand side reflects the (90% C.L.) upper bound BR(K* —
ntur) < 1.85 x 10710, recently reported by the NA62 collaboration [122]. The parameters
Ny =2 [N‘C}X]lea x (1TeV)? and Ny, = 2 [N‘C}X]m’m" x (1TeV)? contain the leptoquark
couplings for identical and different neutrino flavours in the final state, respectively. The
explicit expressions of these couplings for the three relevant types of leptoquarks are quoted
in table 10, where we separately show, in the first and second rows, the allowed ranges for
their real and imaginary parts for each neutrino generation ¢, and, in the third row, the
bounds on the moduli of products of couplings with different neutrino flavours. Due to the
interference with the SM contribution, we find allowed ranges for the leptoquark couplings
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Range (or bound)
Modes BRexp Sy, S, Ro x (Mpq/TeV)?
sLq Re(f1095,) [—3.7,83] x 1074
Kt > 7atvp < 1.85x 10710 Tm (3§10 33,) [~5.3, 6.7] x 10~
1/2
{ > [Gim Z)EnP] 6.0 x 107*
m#n
Im (g1, 95 -1.1,1.2] x 1073
K} — nvi <3.0x107° (91 950) e [ |
5 Vi 5~ im0 | 11 1079
m#n

Table 10. 90% C.L. bounds on leptoquark couplings from K — wvv decays. The sign factor
sLq = +1 for the leptoquarks S 3, while s, = —1 for Rs.
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Figure 4. Allowed regions in the plane (s 1, Re[z,],Im[z,]), arising from K — 7vv decays.

when the two final neutrinos have the same flavour, whereas an upper bound is obtained
for different flavours. Since the SM predictions are very accurately known, the resulting
bounds on the NP couplings are quite stringent, as can be seen from table 10.

A constraint equation analogous to (5.26) is obtained for K% — 7vw, but only the
imaginary part of the relevant product of leptoquark couplings contributes to the decay into
identical neutrino flavours. The extracted bounds, also shown in table 10, are weaker than
in the K™ case because the current experimental sensitivity is not so good. The neutral
and charged bounds, for identical neutrino flavours, are displayed in figure 4, where

1 TeV?2
= T 5.27
Ty ( Mg > X Y10Y2¢ ( )

is the appropriate combination of leptoquark couplings. Notice that the Sy and Rs lep-
toquarks do not generate contributions to these decay modes at tree level. A study on
loop-induced effects in K™ — ntvi and KY — 7% can be found in ref. [123], for the R,
and S3 leptoquarks.

The KOTO collaboration has recently reported the observation of four events in the
neutral decay mode [124], with an expected background of only 0.05 £+ 0.02 events. Re-
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moving one of the events that is suspected to originate in underestimated upstream ac-
tivity background, the quoted single event sensitivity of 6.9 x 10~'° would correspond to
BR(KY — 7)) ~ 2 x 1079, well above the new Grossman-Nir limit [125] implied by
the NA62 upper bound on BR(K™ — w"vw). This limit is valid under quite generic as-
sumptions, provided the lepton flavour is conserved, and in the leptoquark case it can be
directly inferred from egs. (5.21) and (5.22). If there are only identical neutrino flavours
in the final state, these two equations imply

BR(K? — 7vp) kL (1 —6c)
BR(K+ — 7T+I/D) /ﬁ;,—/’— (1 =+ AEM)

=42, (5.28)

and, therefore, BR(K? — n%vi) < 7.8 x 1070, The only way to increase this result and
reach the KOTO signal would be through the decays into neutrinos with different flavours,
n # m in egs. (5.21) and (5.22). Thus, a confirmation of the KOTO events would clearly
indicate a violation of lepton flavour. Given their very preliminary status, we refrain from
dwelling more on the physical meaning of these events. Some possible NP interpretations
have been already considered in ref. [126].

54 K9 — KO mixing

The leptoquarks contribute to kaon mixing via a box diagram mediated by leptons and
leptoquarks similar to figure 2 (right panel) with the quark and lepton lines interchanged.
The SM contribution to the off-diagonal element Mjs in the neutral kaon mass matrix is
given by [127]

(KO HAG,|KO)
MEM = AS=2

2mK
GEm3 A 2 2
= T g2 B [A: NeeSo0(ze) + N 2meSo(2e) + 2NN S0 (zes 20)| » (5.29)

1272

where fg is the kaon decay constant, B is the reduced bag parameter, the short-distance
QCD effects are described through the correction factors n; and Sp(z) are the Inami-Lim

functions:
So(ze) = ze, (5.30)
4oy — 1122 + 23 323 Inzy
S = — 5.31
O(Zt) 4(1 — Zt)2 2(1 — zt)g ) ( )
B 2t 3z 322Inz

So(zes 2t) = ze [lmzc — IO - TEEPAE (5.32)

Here z.; are defined as z.; = Ct/mW

A scalar leptoquark, with the interaction term ()\ZJ d v Rﬁﬁ .+ X d. VL)@Z), gives rise to
the following extra contribution to the AS = 2 Hamiltonian

3 2
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LQ Bound from Amg: Range from |ex|:

< 71x107* x (Myq/TeV)? [—2.4, 7.2]x 1070 x (M1q/TeV)?
r 3 1207 3 12
Ry Re( 21 yiQy;'kl) - Im( Z yizyfl) ( > yz2y11) Im( > %2%1)

. r 3 12 7 12 3 3
Ra, 51,4 x 53 Re( ; yliy;i) - Im( > yuym) ( 21 ylzy21> Im( 21 1/11312:)
(for £-loop) ST T

- r 3 12 7 3 12 3 3
S1, Ra, S3 Re( > y1zy§‘7> - Im( ;23112!51) Re( )y ?u@i) ( 2 D13

(for v-loop) =

Table 11. Bounds on leptoquark couplings from neutral kaon mixing.

Here we have neglected the contributions proportional to lepton masses which generate
(pseudo)scalar operators (dr 5. r)(dr.LsL r). Including the NP effect, the total dispersive
matrix element can be written as

3 2
FEBrmic | (A5 + MuA5) | - (5.34)
j=1

— SM
M12 — M12 + 3847T2MEQ

The two observables Ampg and ex are related to Mis as
e’iﬂ'/4

V2Am

where the phenomenological factor k. = 0.9440.02 accounts for the estimated long-distance

AmK [ 2R6M12, EK N Ke Ilig, (535)

corrections to ex [128]. The experimental measurements of these observables are [62, 63]
Amp = (3.484 4 0.006) x 1071° GeV, lex| = (2.228 £0.011) x 107, (5.36)

In the numerical analysis, we use estimates of various parameters in eq. (5.29) from [94,
129] as

Br=0.717+0.024, 7ne=1434+0.23, ny=0.5765+0.0065, ne= 0.496 + 0.047.
(5.37)
In the SM the charm box diagram dominates the C'P-conserving contribution to Mia
over the top loop effect, in spite of its large mass enhancement in the loop function, as
the later is CKM suppressed. In addition, there are sizable long-distance contributions
to Ampy, which are difficult to quantify. Hence we adopt a very conservative approach
and allow the NP contributions alone (without the SM effect) to saturate the measured
kaon mass difference. The resulting bounds are shown in table 11. However, Im M, is
well predicted in the SM and while using the expression for ex in eq. (5.35), we take the
measured value for Amg and combine all theoretical and experimental uncertainties. To
be explicit, we find the range for NP couplings for which [ImMis| ~ (1.1740.03) x 10717 is
satisfied. The results are depicted in table 11, where we separately show the contribution
arising from charged leptons and neutrinos flowing in the loop.
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6 Summary and discussion

In this work we have presented a detailed catalog of upper limits on scalar leptoquark
interactions with SM fermions, arising from various decay modes of charged leptons and
kaons. Compared to previous analyses, we attempted to be as much rigorous as possible
to carefully include all contributions within the SM. We have first derived the most gen-
eral low-energy four-fermion effective Lagrangian induced by tree-level scalar leptoquark
exchange, and have worked out the particular values of its Wilson coefficients for the five
possible types of leptoquarks.

We started with the decays of the tau lepton to pseudoscalar or vector meson states
accompanied with a charged lepton. A few of these modes were examined in ref. [8] (with
the data available at that time), where the limits were obtained by comparing with the
corresponding mode with neutrinos. The much stronger experimental upper bounds on
these decays currently available imply substantially improved constraints on the leptoquark
parameters from all channels, which are presented in tables 1 and 2. The most stringent
limits on scalar operators are obtained from 7 — 7/¢, while the 7 — p¢ decay mode puts
the strongest constraint on vector operators.

Transitions in purely leptonic systems can only be induced at the loop level. Interest-
ingly, the rare lepton-flavour-violating decay p — e is found to be immensely constraining
for all scalar leptoquarks except Ro. The analogous limits from 7 — ey and 7 — py are
also quite strong for the Ry and S; leptoquarks, but much weaker for S; and S5. We have
also shown that from the electric and magnetic dipole moment measurements of leptons,
only the leptoquarks having interactions with both left- and right-handed quarks and lep-
tons, i.e., Ry and S, can be constrained. Essentially the top and/or charm quark going in
the loop can enhance the rate for these two leptoquarks. The rare lepton decay ¢ — ¢'¢'¢"
can not compete with the corresponding radiative modes; however, taking into account all
contributions from penguin and box diagrams, we have still derived constrained equations
among different leptoquark couplings that must be satisfied. The expression for different
lepton flavours in the final state has also been pointed out in this context.

Next we have investigated the rare decays of kaons, focusing on the very suppressed
FCNC leptonic and semileptonic modes. We have derived the differential distributions of
the K — m¢*{~ decays, taking into account all known effects within the SM. Owing to
the strong suppression of the SM decay amplitudes, we have been able to derive useful
limits on the leptoquarks couplings, even neglecting the SM contributions in some cases,
eg, KT — at¢T¢~ and K} — 7%*¢~. The decays K — 700"~ (K9 — ¢t¢~) and
Kg — 70t (Kg — (T47) constrain the real and imaginary parts, respectively, of the
same combination of leptoquark couplings, while K+ — 77¢T¢~ restricts its absolute
value. The stronger constraints are extracted from the Kg decays, owing to its long-lived
nature that increases the sensitivity to the leptoquark contributions. In addition to higher
statistics and more accurate data, future improvements on these limits would require taking
properly into account the interference between the SM and NP amplitudes, which in same
cases it is currently hampered by poorly determined non-perturbative parameters.

We have also analyzed the strong constraints from K — wvv, taking into account the
most recent limits from NA62 and KOTO. The recent four events observed by KOTO,

— 30 —



which violate the Grossman-Nir limit, most probably originate in underestimated back-
ground /systematics. Nevertheless, we have pointed out that decay modes into neutrinos
with different flavours could provide a possible explanation of the data in the leptoquark
context. For completeness, we have also compiled the constraints from K° — K9 mixing
emerging from the one-loop leptoquark contributions.
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A Decay parameters
We adopt the usual definition of the decay constants as

) ) . . —i m?2 fp
0 qZ’y#r}/ qj P’L k)) = ZfP k#’ 0 qz’quj Pl k)) = 7})’ Al
(0143547 | Pk Ol b)) = L (A1)

Olg "¢ |Vii(k)) = my fv k),  (0g'0" ¢ |Vji(k)) = ifir (n) [k*e” (k) — ke (k)]
(A.2)

The values (in MeV) used in the numerical analysis are [62, 63, 130-134]:
Fr=132,  fro =161, f,=216, fy =195, frwo=fgo =214, fy =233,
£ (1GeV) = f1(1GeV) = 160. (A.3)

For the pseudoscalar mesons 7 and 7’ we consider four different decay constants in the
quark-flavour basis as

fngqCOS%’ f;;:_fsSin(ﬁsa
fg/ = fysingg, foy = fscos s (A4)

Adopting the Leutwyler and Kaiser [135] parametrization, the following values [136] have
been used in the analysis:

Folfn = 1,08,  fo/fr~1.43, ¢, ~44.8°, ¢, ~40.5°. (A.5)
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