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ABSTRACT: Leptoquarks are hypothetical new particles, which couple quarks directly to
leptons. They experienced a renaissance in recent years as they are prime candidates to
explain the so-called flavor anomalies, i.e. the deviations between the Standard Model
predictions and measurements in b — s/T¢~ and b — c7v processes and in the anomalous
magnetic moment of the muon. At the one-loop level these particles unavoidably generate
effects in the purely leptonic processes like Z — ¢Y¢~, Z — v, W — fv and h — £T(~
and can even generate non-zero rates for lepton flavor violating processes such as £ — £/,
Z — 40", h — {70~ and ¢ — 3¢'. In this article we calculate these processes for all
five representations of scalar Leptoquarks. We include their most general interaction terms
with the Standard Model Higgs boson, which leads to Leptoquark mixing after the former
acquires a vacuum expectation value. In our phenomenological analysis we investigate the
effects in modified lepton couplings to electroweak gauge bosons, we study the correlations
of the anomalous magnetic moment of the muon with h — p*pu~ and Z — ptp~ as well
as the interplay between different lepton flavor violating decays.
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1 Introduction

Leptoquarks (LQs) are particles with an interaction vertex connecting leptons with quarks.
These particles are predicted by Grand Unified Theories [1-4] and were systematically
classified for the first time in ref. [5] into ten possible representations under the Standard
Model (SM) gauge group (five representations of scalar particles and five representations
of vector particles). Their tree-level effects in low energy precision and flavor observables
were studied comprehensively in ref. [6]. After the disappearance of the HERA excess [7, §],
which could have been interpreted as a LQ, the interest in LQs decreased until in recent
years they experienced a renaissance due to the emergence of the flavor anomalies.

These flavor anomalies are hints for lepton flavor universality (LFU) violating NP in
R(D™) [9-14], b — s¢T¢~ [15-20] and in the anomalous magnetic moment (AMM) of
the muon (a,) [21], with a significance of > 3¢ [22-26], > 50 [27-34] and > 30 [35],
respectively.! In this context, it has been shown that LQs can explain b — s¢™¢~ data [40—
66], R(D™) [40, 41, 43-47, 49-51, 53, 54, 58-60, 6265, 67-99] and/or a, [6, 62, 63, 65,
66, 71, 80, 83, 86, 95, 100-117], which makes them prime candidates for extending the SM
with new particles.

Therefore, the search for LQ effects in observables other than the flavor anomalies
is very well motivated. Complementary to direct LHC searches [118-131], oblique elec-
troweak (EW) parameters and Higgs couplings to gauge bosons can be used to test LQs
indirectly [132-136], as studied recently in detail in ref. [137]. In this article we focus on
the purely leptonic processes £ — £y, ay, Z — 40~ Z — vio, W — fv, h — £+~
¢ — 3¢ and ¢ — ¢'vv. The correlations between h — 7u and 7 — py were studied in
refs. [138, 139], between Z — pp~ and ay, in ref. [107] and between Z and W decays
in ref. [140]. While in the references above no LQ mixing, induced via couplings to the
SM Higgs, was considered, this has been done for a, in ref. [113] and for the case of the
singlet-triplet model in refs. [65, 136]. However, a complete calculation of leptonic pro-
cesses with scalar LQs, including all possible interaction terms with the SM Higgs, is still
missing. This is the purpose of this article.

In the next section we define our conventions before we discuss the self-energies, masses
and the renormalization in section 3. We then present the analytic results of LQ-induced
effects in leptonic amplitudes in section 4. In section 5 we perform our phenomenological
analysis, followed by the conclusions. The appendix contains further helpful results, in
particular the generic expressions with exact diagonalization of the L(Q mixing matrices.

2 Setup and conventions

As outlined in the introduction, LQs are prime candidates to explain the accumulated
anomalies in semi-leptonic B meson decays. Since vector LQs, as any massive vector
particle, are not renormalizable without a Higgs mechanism, and since we are interested in
loop processes, we will study only scalar LQs in the following.

!Also the (apparent) deficit in first row CKM unitarity can be interpreted as a sign of LFU viola-
tion [36-39].



The five different representations of scalar LQs transform under the SM gauge group
Gsm = SU(3)e x SU((2)r, x U(1)y (2.1)

as given in table 1. Note that we have two singlets under SU(2)7, (®; and ®;), two doublets
(®y and ®3) and one triplet ®3. The fermion fields Q(©) and L are (charge-conjugated)
quark and lepton SU(2);, doublets, while u(®), d(©) and ¢ are the corresponding SU(2)y,
singlets of up-quarks, down-quarks and charged leptons, respectively. The indices f and j
refer to flavor and 7 are the Pauli matrices, for which we use the convention

= (? é) , - (? BZ) | ry = ((1) _01> . (2.2)

We defined the hypercharge Y such that the electromagnetic charge is given by
1
Q=3Y+T, (2.3)
with T3 representing the third component of the weak isospin (£1/2 for SU(2);, doublets
and 1,0, —1 for the SU(2)y, triplet). According to this relation, LQs can be decomposed
into the electromagnetic charge eigenstates as

o, =o', (2.4a)

b, =Y, (2.4b)
3>/

dy = <®§/3> , (2.4c)

_ (‘132/3

oy = (é;zl /3> , (2.4d)

~1/3 2/3
T P93 = s —4/3 \/iqj?/g, , (2.4e)

where the superscripts refer to the electric charge.

The LQs couple according to their representation under the SM gauge group to gauge
bosons, introduced for the first time in ref. [141], where we use the following definition for
the covariant derivative

. Y . . >\a a
D,® = (fh — g1 By — ig2 T W) — ZQSQGM) o . (2.5)

Here, B, is the U(1)y gauge boson, W, the one of SU(2);, and G, of SU(3). with the
couplings g1, go and g, respectively. The index k runs from 1 to 3, a from 1 to 8. T}
are the generators of SU(2) and A, are the well-known Gell-Mann matrices. For SU(2)p,
singlets we have T}, = 0, for doublets we have T = 74/2 with the Pauli matrices from
eq. (2.2) while the SU(2), triplet ®3 is in the adjoint representation of SU(2). We use

00 0 00i 0—i0
Ti=100—i], Twn=|000], Ts5=1i 00|, (26
0i 0 —i00 000

where @3 is defined according to eq. (2.4e).
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Table 1. The five different possible scalar representations of LQs under the SM gauge group and
their couplings to quarks and leptons. Note that in our conventions all LQs are SU(3). triplets.
The superscript T refers to transposition in SU(2);, space, ¢ to charge conjugation and 7 to the
Pauli matrices. We did not include LQ couplings to two quarks, which are possible for some
representations and which would lead to proton decays. Note that such couplings can always be
avoided by assigning quark or lepton number to the SM fermions and to the LQs.

2.1 Leptoquark-Higgs interactions and electroweak symmetry breaking

In addition to their couplings to fermions and the gauge interactions, LQs can couple to
the SM-like Higgs doublet H (with hypercharge +1) via the Lagrangian [142]

Lig = (—Ag (BLH) By + Agy (B (v - ®3) H) + Yo (OLH) (Hirs b)
+Yai (Hiry (r - ®3)T H)®y + Yig(H (7 - @) H) D] + hic.)
— }/22 (HiTQ(I)Q) (HiTQ(I)Q)T — ¥55 (HiTQCi)Q) (HiTg(i)Q)T

(2.7)
- iﬁgstKHTTIH@;K@s,J
3 2
N (mi+viHTH) @0, — Y (M} + Y HTH)®] &y .
k=1 k=1

Here m% and Th% represent the SU(2)y invariant mass terms of the LQs before EW sym-
metry breaking and e;5x is the three-dimensional Levi-Civita tensor with 193 = 1. For
simplicity, we omitted the color indices, which are always contracted among the LQs. Note
that A5, and As; have mass dimension one, while the Y couplings are dimensionless.” The
LQ-Higgs interactions depicted in figure 1 lead to mixing among the LQ representations
after EW symmetry breaking.
Once the Higgs acquires its vacuum expectation value (vev) v &~ 174 GeV, this generates
the mass matrices
Ly =->" o M%, (2.8)
Q

2We did not include terms with three or four LQ fields since they do not contribute at the one-loop level
to the observables computed in this article.
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Figure 1. Feynman diagrams depicting the LQ-Higgs interactions induced by the terms in the
first two lines of eq. (2.7). If the physical Higgs h is replaced by its vev, mixing among the LQ
representations is generated.

in the weak basis, with Q = {—1/3,2/3,—-4/3,5/3} and

m? 4+ v%Y] vA%l v2Y13
MB = vAs; M3 +0%Y;  vAs, , (2.9a)
v2Y) vAZ, m3 +v2Y3
m% + U2Y2 U2Y2§ 0
M= oYy w4+ (Y+Yy) —VIudy | (2.9b)
0 —\/51}/153 m3 + v%(Y3 + Ya3)
M = (mﬂiyy , Vo ) , (2:9¢)
v*Y3p mi + 0 (Ys — Ys3)
MO = m2 4+ 0% (Yay 4+ Ya), (2.9d)

where the eigenstates of the electric charge

Oy y= o3 (2.10a)

I
i

By = | 53 (2.10D)

(if4/3
D_ys3= <<I>1_4/3> ) (2.10c)

@5/3 = 2 y (210d)

Il
A
[\o}

are assembled from the LQ field components of eq. (2.4).
To work in the physical basis with mass eigenstates, in which the amplitudes are
calculated, we need to diagonalize the mass matrices in eq. (2.9). This can be achieved by



a unitary transformation
MO = WOMOWET (2.11)

such that M@ is diagonal. This means that the interaction eigenstates in (2.10) are writ-

ten as
W9, = o9, (2.12)

where @ are the mass eigenstates. The analytic expressions for the diagonalization ma-
trices W~1/3 and W2/3 are very lengthy or must be computed numerically. Therefore, we
diagonalize the mass matrices perturbatively up to O(v?/ m%Q), where m are the SU(2),
invariant mass terms of the LQs. The analytic expressions for the perturbative W& read

1— ”2‘14@1'2 UA%I ”2(Yl3(m%*m2)+A§1A§3)
2(m?Z—m3)? mi—m3 (m—m3)(m]—mj)
wW1/3 ~ —vAz 1_ﬁ( Anl® | A5l ) —vAsg
oo, TR 7 =gy * iy i ’
v (Y13(m3*m2)+{1§1A§3) UA§§ 1— v2|A§§\2
(m?—m3)(m3—m3 m3—m3 2(m2—m3)?
(2.13a)
v2Y;
1 I 0
a2k 2 2
2/3 VY5 1 _vlAg) —V2vA5;
W=t I #oms : (2.13b)
0 V2vAL, 1 lAg)
agomd L G
PAVES
/ QL
—4/3 m2—m
w ~ G T 2.13c
V2RV ( )
fnffmg

Then the physical LQ masses are

2 As 2 As 2 As 2
(Ma—l/?)) ~ <m%—|—v2<Y1— ~‘2 511 2>7 m§+02<§/§+ ~|2 51 S+ ~\2 53] 2,

/1~ 2
m% + ’U2 <Y3— ~’223’2>> s (214&)
my—=mzj) .
2 N 2| Azs|?
(Mg/?’) ~ <mg—|—v2Y2, 3 +v? (YQQ—FYQ—Fm%_%m% 5
2| As.|?
m3+u? <Y3+ Y33—~‘223‘2>> , (2.14b)
my=mzj/ .
2
(Ma_4/3) ~ (m? + v2Yi, m3 + v (Y3 — Y33))a, (2.14c)
2
(M5/3) ~m2 402 (Yay + Y2) (2.14d)

keeping terms up to order v2. The index a runs from 1 to 3 for @ = —1/3 and Q = 2/3
and from 1 to 2 for Q = —4/3, respectively.



2.2 Leptoquark-fermion couplings

EW symmetry breaking also leads to non-diagonal quark mass matrices in the weak basis,
originating from the SM Yukawa couplings. Note that we can work in the basis with a
diagonal lepton Yukawa coupling in the approximation of massless neutrinos. We therefore
apply the following unitary rotation matrices on the left-handed quark fields

uL—>UuL ur , dL—>UdL dL, (2.15)

while the right-handed rotations can be absorbed by a redefinition of the LQ-quark-lepton
couplings and are therefore unphysical. We now choose to work in the so-called down basis
such that

U™ =Vij, U{if = dij , (2.16)

with V;; being the CKM matrix. This means that CKM elements only appear in couplings
involving up-type quarks.
We now decompose the LQ-fermion interactions in table 1 into their SU(2); compo-

nents and write them in terms of mass eigenstates

['qlq) = [ (FRa PR—l-F PL)K +cha dCPLI/] +T ’V*D]PRd] -1/31

+ (05 Pr + rgg P )t + Dl o, Pt + Tl a1, Py | 92/°

(2.17)
+ [de (Tl Pr+ Ty PL) 0| 7431 4 i, (ruingR + DL, PL )] 97
+ h.c.,
with
R, —1/3 L, —1/3 —1/3
Fufz = )\il]RWal / ) Fuf(;j = lz (A W / - )\ W / ) )
T = =XEwL L r = (W e wg )
R, 2 3* L7 2/3%
clp - rlg i o
o = V2Vl -W2/ | phe _ b
uivy T tk a3 uv; 1] al >
he = AW, iy = —vVaNi W',
R, = VihEER, L, = NRL.

Note that the index a runs from 1 to 3 for Q@ = —1/3 and Q = 2/3, while for Q = —4/3 only
from 1 to 2. Due to our choice of basis, the CKM matrix appears in all couplings involving
left-handed up-type quarks. Similarly, also the PMNS matrix would enter in all couplings
involving neutrinos in case they were taken to be massive. However, all processes that we
are interested in can be calculated for massless neutrinos such that the PMNS matrix drops
out. Nonetheless, we will return to the PMNS matrix in the next section when we discuss
possible contributions to Majorana mass terms and the renormalization of the W /v vertex.



2.3 Leptoquark-Higgs couplings

Let us finally consider the couplings of the SM Higgs to LQs. The interaction terms are
also affected by the LQ rotations induced by EW symmetry breaking. Again, we express
eq. (2.7) in terms of mass eigenstates as

Lirw = DR300, Y2 — F2Pha2 62 - [ hd /3,4
5/3185/31§5/3 _ AV/3p24-1/31§—1/3 _ 12/31242/31§2/3
— DO3p@S/315/3 — A1 h2o 1310, 17 — A2 PR 0231y (2.19)
_ Azclé3h2(i,c—4/3@g4/3 — AB/3p2$5/31$5/3

with h as the physical Higgs field, a,b = {1,2,3} and ¢,d = {1,2}. The couplings are
defined as

P1U/3 = W-1Bp1/3y—1/31 A3 — =1/ p /By -1/31

['2/3 — W2/3r2/3 203t A2/3 — B N2/ Y2/3t

[4/3 — w4343y —4/31 A3 — WA/ ALBy—4/3T (2.20)
1

F5/3 = \/§U(Y22 + YQ) , A5/3 = §(Y22 + YQ) ,

where the T'? and A9 matrices read

2’UY1 A* 2’UY13 Y1 0 Y13

1/3 1 21 13 _ 1
20Y7y A5, 20Y3 Y5 0 Y3
1 2’UY2 QUYZQ 0 1 Y2 Y2§ 0
r2/3 = 5| 20 200 + Vi) —V/2454 NP = | Y3 Yyt Yy 0
0 —v245,  20(Yz+ Ya) 0 0  Ys+VYs
(2.21D)
1 [ 2vY; 20Y % 1{Y; Y&
G ! Ulsq A3 = = t 31 . (2.21¢)
\/§ 21}1/31 2?)(Y3 — YE),3) 2 }/31 YE% - }/33

The expanded expressions for I'© and A¥ are given in the appendix A.5.

3 Self-energies, masses and renormalization

Self-energies of SM fermions after SU(2), breaking are directly related to their masses and
enter the calculations of effective fermion-fermion-gauge-boson and fermion-fermion-Higgs
couplings. In this section, we will first calculate the self-energies, then discuss the issue
of renormalization and how the self-energies are included in the calculation of modified
gauge-boson and Higgs couplings.

First, let us define the mass and kinetic terms of the charged lepton and neutrino

Lagrangian in momentum space

v 0 Y4 — ) m? —c.
LY =6y <€f (p — mf) b + vppri — 21/sz> . (3.1)



We allowed for the possibility of Majorana mass terms for the neutrinos, which can be
generated via LQs. We then moved to the physical basis in which all mass matrices are

diagonal, such that the CKM matrix V (the PMNS matrix V) appears in the Wud (W)
vertex. Considering only the leptonic part, we have explicitly

v 92 v 7 —

We define the self-energies of charged leptons as follows

0 (s

= —i%t .
» » = —i%3(p?), (3.3)

and decompose %4, (p?) as
S50%) = p(SHEE0H P+ SR Pr) + S0 P+ SER Y PR, (3.4)

and similarly for neutrinos, where only the LL self-energy exists, but a possible contribution
to the neutrino mass term arises.

We now expand EEAB (p?) with A, B = {L, R} in terms of p?/ m%Q, where m represents
the LQ mass. Only the leading terms in this expansion (i.e. the ones independent of p?)
are UV divergent and non-decoupling. Furthermore, they are the only relevant ones in the
calculation of Z4¢, Zvv, Wlv and héf vertices to be discussed later. The terms linear in
p?/m? are only necessary to calculate ¢ — (7. However, as they are finite and do not
affect the renormalization of any parameter, they can be included in the calculation of
¢ — ('~ in a straightforward way and we do not give the explicit results here. The ones for

Eé vAB = it ”AB(O) are given in the appendix A.1.

3.1 Neutrino masses

The contribution to the Majorana mass term of the neutrinos can be calculated by consid-
ering the v§v; two-point function. We have generically

L Lx Lx
vLQ :_kaNC(FquZFqu + PQkV]FQsz)I ( #2 m3k> (3.5)

i 1672 M2 M2
where we neglected the external momenta. An implicit sum over all internal quarks u, d, u¢
and d° as well as over their flavors and the corresponding LQs is understood. The loop
function Zy is given in the appendix A.1.
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Figure 2. One-loop self-energy diagrams generating Majorana-like neutrino masses. On the left-
hand side, we have a down-type quark in the loop. In the case of up-type quarks, the leading
contribution only occurs at O(v?).

After summation one can expand this expression in terms of v/mpq. In this way, one
recovers the two diagrams shown in figure 2 and finds

vLQ _ Md Ncv 1 1L % x m%
my] M((Ak A Ag + AL A A5 ) Ha <m%>
- - 2
+ (AR Agg + AT A35) Ha ( ) )+(9(mdv3 Jm)
2

mulN v AZRL‘/I;;A A 3Y22+)\2RL*W]€)\]€]A;3 2*2 7_[ ﬁl% H m%
+ 872 m2(m2 7m2) 2 |74
2 2 3 2

+(’)(mulv4/m5),

where the first two lines agree with ref. [143], originating from down-type quark contribu-
tions. The third line, generated by couplings to up-type quarks, was not given previously
in the literature. Note that for the latter, the leading contribution only appears at O(v?),
see figure 2, while for down-type quarks already a v! term exists and higher orders in v do
not generate new, independent coupling structures. The loop function #Hi is given in the
appendix A.2.

3.2 Renormalization

With these expressions at hand, we can include the loop effects into the Lagrangian of
eq. (3.1) to obtain

£ — Ef (?(5)% _ E?LLPL _ EZRRPR> ( )5 . EZLRP EZRLPL> 0

v(0) LQ
+mf

+ Vﬂb(éf, ”LL> v — ffufui . (3.7)

The superscript (0) indicates the bare (unrenormalized) quantities. Now we have to make
the kinetic terms canonical again and render the mass matrices diagonal in order to arrive
at the physical basis. We start with the kinetic terms, which are made diagonal and



correctly normalized once the shifts

brr — <5fz KLL) b, (3.8a)
KfR — ((5101 ; ERR> &R, (3.8b)
vy — (5# + EVLL) v, (38C)

have been applied. These shifts enter in all observables with external lepton fields, i.e. they
also lead to effects in gauge-boson couplings to leptons. Therefore, we include them in this
way in our calculations later on.

In addition, these field redefinitions affect the mass terms for charged leptons, which
then read [144]

- —@( z(o)(; n EZLL z(o)Jr 2 f( )ZERR+E£LRP +2§§LPL> 0 (3.9)

and for neutrinos we have
1
Ly = _517; ( v(0 )5fz + 2mV(0)ElILL + EVLL* ( Li—m?%Q) v; . (3.10)
These matrices can now be diagonalized as

1
Uty ((5f, z“L> m (%/ - 22§§R> - E%R) USE = mlsp,

(3.11)
1
Ufry <m;,(0)6f/i/ + Qm;,(o)E;ﬁlL + 52?/LIL*m w0 4 m?}‘ﬁ) Uily = my 64,
with mf and m; being the physical masses. The unitary matrix U tL is given by
1 Efz LyEr D + 1InteL
CL Rx* m T[:;
Ut — Z;Z’»’ LyfLis 1 Em (3.12)
_ T Ll _w Lylis 1
mg m

We used the lepton mass hierarchy to simplify U‘F and the fact that the self-energies are
just corrections to a diagonal matrix to get an explicit expression. U® is simply obtained
by exchanging L and R.

These unitary rotations (or at leading order the unit matrix plus anti-hermitian correc-
tions) do not have a physical effect in the sense that they cannot be measured in observables.
In fact, they correspond to unphysical rotations, in case of UZ, or they can be absorbed
by a renormalization of the PMNS matrix, in case of U*> and U”. This can also be seen by
applying these rotations to gauge bosons vertices, where they drop out for the Z interaction
terms and only enter the Wy vertex in the combination

S Ly r(0) v
Uy = U vus,, (3.13)

~10 -



where V on the left-hand side of the equation is identified with the PMNS matrix, see
eq. (3.2).
Finally, let us consider the hff vertex. Here we have

— 1 1
— U sH (<5f,j + 22%}) y/© <5ﬁ, + 22§’.§R) + A%R) USR Prl; (3.14)

L

where Y] © _ mf(o) /v and AYLE represents the genuine vertex correction. Therefore, the

J
effective Yukawa coupling measured in h — £7¢'~ decays can be expressed in terms of the

physical lepton mass and E%R as follows

]fﬁ eff
i
v

+ MR, (3.15)

4 Calculation of the one-loop effects

In this section, we compute the amplitudes governing the various purely leptonic observ-
ables. For this we take into account the Higgs-induced mixing among the different LQ
representations. We will consider amplitudes involving the following fields:

ey

Z0 and Zvv
Wiy

hed

4/

202v

SN e B

For our purpose, the gauge bosons and the Higgs can be both on- and off-shell while the
leptons are all on-shell. We set all lepton masses to zero, except for ¢; — £, where we
expand up to the first non-vanishing order. In addition, we expanded the loop integrals in
mew/mLQ, where mgw ~ v can denote my, mz, mg or m;. Furthermore, we expanded
the mass eigenvalues of the LQs and the mixing matrices in v/mrq, while the results
obtained with exact diagonalization of the L() mass matrices are given in the appendix.
Note that we do not include Higgs or gauge-boson self-energies in our calculations. Such
effects are flavor universal, drop out at leading order if branching ratios are considered and
are already included in the oblique parameters [145, 146] as studied in ref. [137].

4.1 Ly
In case of an on-shell photon, we define the effective Hamiltonian as
124
Hef = Cl10,000, + CLi0, 00, (4.1)
with
L(R) _ € i v
Off& - 1672 [ffO‘M PL(R)KZ] F,uu . (42)

Note that we have Cg 0 = Cgﬁf due to the hermiticity of the Hamiltonian.
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y
Y

Figure 3. The vertex diagrams which contribute to ¢; — £¢7v. Depending on the electric charge of
the LQ, we have (charge-conjugated) up- or down-type quarks in the loop.

The coefficients are induced by the diagrams in figure 3 and for a single LQ represen-
tation only are given by

L&) N, (mgfx\lL*/\l.L + my, )\1R*/\1,ZR>

bt 24m?3
Nmt}\lR*V )\ < m? U2Y15 m? (4.3a)
— | —— — Ja
12m2 "3 T3k \mt) mET\mi) )
i T1x 31
Ldr TN (4.3b)
brti 12m3 '
2LRx\2LR 2RLx \2RL
o, —Ne (mng NZER omg A2BL )2 )
Erti 8m?
N 2 2(v- +Y. 2
4 Nemy ng)\QLR*)\QRL & ﬁg _ U(Lﬂg[l ﬁg , (4.3¢)
12m ms ms ms
cp 3’2 ~0, (4.3d)
3% 33
Ly N AT A (4.3¢)

brli 8m§

where the quark index j runs from 1 to 3. We expanded the results up to the first non-
vanishing order in external momenta and masses. Note that the Wilson coefficients are
composed by two parts: a contribution which is proportional to my,, and a contribution
proportional to the quark mass, originating from a chirality flip on the internal quark line.
The latter term appears only if a LQ couples simultaneously to left- and right-handed
up- or down-type quarks. E.g. for the AMM of the muon this effect dominates in cases
where we couple to third generation quarks, i.e. generates a relative enhancement by a
factor my/m,, ~ 1600 or my/m, ~ 40, respectively. Therefore, these terms are the most
important ones from the phenomenological point of view. And for our results with m; and
my, we also include the O(v?/ m%Q) terms, originating from the Higgs-L.Q) interaction, while
we only present the leading order effects for the my, , terms.
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Turning to the contributions with multiple LQ representations, i.e. the terms involving
LQ mixing, we also focus on the terms proportional to ms; and we find

—Nomyv? | A5, |2 m? m?
CL ~ cl’t /\1R*V )\lL 21 £ t My
3f V3k 2 5 m2’

brti 12m2
Yi3 mi m3 mi mi
+ A,:]J-,R*‘/?)k;/\ < 86 (7 — | + 87 ~ 99 ~99 ~ (44)
oot (o (g g g g
Nomyo? [WFPAGY5 (it m3\ | MY (i
+ 4 oy =5 | T 4 520 2 :
12 My ms Mm; ma mi mgj

The involved loop functions are given explicitly in the appendix A.2 and the general analyt-
ical results in appendix A.3. Note that we assumed the quarks of the first two generations
to be massless and that we integrated out the bottom and top quark together with the LQs.
This means that eq. (4.3) and eq. (4.4) should be understood to be at the low scale, such
that the mixing of the four-fermion operators into the magnetic one is already included,
reproducing the logarithms.

Considering ¢; — £;v* transitions with a momentum configuration @ = (pi— pf)Q, we
define the amplitude

.A(fZ — ffry*) = —eq2 ﬂ(pf’ mf) ¢*(q) (6)‘1 + EJL%PL + éj}%PR) u(pi, mz) . (4.5)

We first give the separate contributions of each LQ representation

17 1L 2 2 2
:qu)l ~ N )\ *VkVﬁAlz ]_-1 muj _ U2Y1 ]_‘2 muj +U2‘A21|2]:3 muj m% (4 63)
fi 28871'2777,% m? m? m? s m2’mi) )
2
u

1Rx\1R 2 2
i TN (T ) 0V g (T ) A (T mi (4.6b)
Ji 288m2m? m? m? m? mg m2’m3 ) )’
~ 1% 31 2 2
ER?(I)l ~ u Fa mdj — U2Yi ]:8 mdj (4'6C)
fi 144m2m? m3 m? m3 )]’
2 2
gra  NATNTE (0 (10} 02 (Vo Yaa) o (11, (4.6d)
fi 288712m3 m3 m3 m3 ) )’ '

2 2
N. My, \ 02 (Yo+Yas) - (M
—R,®; c 2LR* 2LR uj 21122 j
=t LA VI F — F ,
fi 28872m3 < t ( 5( m3 ) m3 6 m3

2 2

m5. 22Y- m5.
2A2LR*A2iLR<f7< dzj>_ v22]__8< 112]>
ms ms 5

m
i, —NABA, - mg, V2(Ys+Ya3) mg,
=i~ |\ 52 )T 2 417

Y.

1447r2 i 2 2

2 2 2
—N, me. v? ms . V2| Asq|? mi. m2
B ANV VNP =2 |- SRR — 8L | —2, =3
fi 288m2m ( k¥l ll( ! m3 m3 2 m3 + ma 3 m3 ' m3))’

m2‘ 2 Va_Y- m2‘
—aAFN, (f <md;>—“ ( 2 33)f8<md5>> . (4.62)
3 3 3
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@Q*\\\ ef,yf

Figure 4. Vertex diagrams which contribute to Z — E;E;r and Z — vyv;. Note that in case of
mixing among LQs, the Z coupling, unlike the photon, can connect different representations with
each other.

If we include LQ Higgs interactions, we find a new structure originating from ®;-®3 mixing

21\3% 1/ 1/*\1L * 2 2 * 2 2 2
L Nev™ApyVieViAii Y13]_-10 My my +A A23]_-1 Mu; My m3
fi 2887T2 m4 m2 ) 2 ﬁ”LQ ’m2’ ~ 2

3 3 M3 ms 2 My M) 47
2/\1L*V' *)\3 2 2 A A* 2 2 2 ( : )
Nev ik Vi [ Yis May; My 51 My, my mg
2882 4f10 P 2 + fl ~ 01 ~99 ~ 9 )
™ ms ms  mj ms ms ms ms

at O(v? /m%Q) The quark index j runs from 1 to 3 and the loop functions are given in
the appendix A.2. Note that we again assumed that the quarks can be integrated out at
the same scale as the LQs. This means that the expressions should be understood to be at
the low scale and include the mixing of two-quark-two-lepton operators into four-fermion
ones. Therefore, in case the quark is lighter than the corresponding leptonic process, one
has to insert the scale of that process (rather than the quark mass) into the logarithms of
the loop functions in appendix A.2.

4.2 Z¢¢ and Zvv
We now compute the LQ effects on the Z — 6]761* and Z — vyy; amplitudes, depicted in

figure 4
A(Z = 6:65) = Lalps,me )#(a) (Mo () P+ Ao () Pr) vl(pime), (483)
AZ = vwg) = 20, () alp)t (@) PLo(pi) (4.8b)

with % (q) as the polarization vector of the Z boson and ¢* = (ps +p;)%. In addition, there
is an magnetic form factor for Z — ¢7¢~. However, we do not give the form factor of this
amplitude explicitly, since it does not interfere with the SM for my; = 0. We perform this
calculation for vanishing lepton masses and decompose the form factors as

L(R L(R X
Aef(zi)(QQ) = ASIS/I )(q2)5fi + Z A%(R),fi (q2) + AL(R),fz‘ ) (4.92)
Ou, (4%) = Osm(d®)d s + Z 0% (4?) + 6. (4.9b)

The A? L(R), fz( %) and @% (¢%) contain the part with no LQ mixing, grouped into ® =
Oy, Py, Dy, Dy, D3}, while the AL - and Oy; contain the part induced by LQ mixing.
(R), fi f
In our conventions, the tree-level SM couplings read
1

1
— 5 Ay =52, Ogm = 7 (4.10)

AM—S
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with s, () being the sine (cosine) of the Weinberg angle. Beyond tree-level, also the SM
couplings receive momentum dependent corrections, which are included in the predictions
for EW observables that we study later in the phenomenological analysis.

In our calculation we only include contributions of O(mZy/ m%Q), i.e. effects from the
top quark, the Z mass as well as the ones induced by LQ mixing, while setting all other
masses to zero.> In case where the Z boson has a squared momentum ¢? we find

)\1L*V3kvé )\1L m2 2 2
APL(P) ~ J M) L (11-10s2+2(3—4s2)log | L

2

e
q
1652 —9
180m1 mt ( Sw )]
2 Nx\lL*V-k )\ q

2
_ [3 3im(4s% —3) - 58121,4—3(48121,—3)108;(2)] )
2 m

86472 m? 2

(4.11a)
N)\lR*AR m2 2 m2
o 2 3 t q t
AR~ e [*‘ <m%>_18m% (3“08 e 1°g< ))
X (4.11b)
q q 2
—(16s;,—3
T Rom? g( S )]
2 NCAIR*)\IR 2 2
jf i 4 2 .2 2 q
— =15 12 —12s%1 =11,
+jz:1 86472 2 Sy +12imsy, S og(m%>1
3 N)\l A 2
AB (A S YN e g a0 (€ 4.11
R~ Ty | Sl astlos| 5 ) (4.11¢)
—N )\QRL* )\2RL mg 2 2
AP (¢%) ~ 3 M) - 9 (14762 1452 log| L
Lpila”) = 32772 Ho w2 | " om? +7s;, +4s;, log %
2
4 q 2
—(16s% —3 4.11d
180m2 m ,%( Sw )] (4.11d)

2 N AQRL* )\QRL qQ ) o ) q2
_Z 17287r m% 3—2s,,+24ims,,—24s;,log m—% ,
N ‘/Eik)‘QLR* Véj )\ZLR m

Ho -

¢ m2
S 4521 -t
3972 ) om3 <6 752 +(3—4s2%) 0g< %>>

- %(1651—9)]
t

A;}%sz( 2)

NN TN

* AQLR*V'l)\QLR
; T

q
+,Z: 172872 m3
7=1

Q

2
34252 —6im(4s2 —3)+6(4s%—3)log < )]
m

[\S1\)

3 N/\2LR*)\2LR 9

2
. 2 2 q
_Z 17287‘&’2 m3 |F> 6im(2s —3)_8Sw+6(28w—3)10g<n1%>‘|, (4.11e)

3Similar results for the diquark contribution to Z — £7 £~ have been obtained in ref. [147].




N A2EN2
AP ()~ # q 192 12521 ,
L fz( ) Z_:l 179872 3— 83 ms +12s;, log , (4.11f)
— NV AV >\3 AN m2
AT 137 t 11—10s2+2(3— 452 ) log [ ¢
ryia %)~ 3972 Ho m2 )~ 8m3 052 4-2(3—452)log 2

2

q 2 .
180m3m ( 0 9>
2 NV AL VAN ¢

2
cVikALf , , .
_2864—7r2m [3 dim(ds 3)_5Sw+3(48w_3)10g<n@>1

J=1

3 NAYENS 2
eyt q 2 2 q
fE 26m? le(Zs 3)25w3(23w3)log<m§>] , (4.11g)

where we expanded the results in ¢? /m%Q and m? /m%Q. Finally, the contributions from

LQ mixing read

A >, —0’N, A\LL# \1L mi 3% 43 52 m3
AL’fi%Z;647r2m [ Aji'[ Az Hg( 2) —i—()\ Aji + 25 )\ )\A23\ Hg( %>
‘7:

2 2
+ (A}J%/\E;*AQIA* B A A )H <?é,?é’>] , (4.12a)
3 m2
X —v2N, .
Apfi~ Z 64n2 ~4 IR )‘1R|A21‘ H?»( 2) ) (4.12b)

where the H-functions are given in appendix A.2.

Now we turn to the Z — v;v; amplitudes, where we show the contributions again

separated by each representation

Dy 2 2. N. )‘lL*)‘l'iL 'S 2 2 2 q°
0,/ (¢°) =~ Z SGTWT% [3 — sy, + 3im(3 — 2s,) — 3(3 — 2s7) log<m%>1 ,  (4.13a)

j=1

o0 () ~ )\32;:)\2& lHo (Z;é) B 92712 <1 + 352 + 252 log <;>>
18?)2 Lt? (1652 3) (4.13b)

. 22: N, Afg; A;RL ;1; [3 452 — 24ims? + 2452 log(fé)] :
@%(q% ~ ]_zi:l ]\17);;;\31 ¢ 34+ 23 + 12z7rs — 123120 log<:§%>] ) (4.13¢)
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—N_ V3, )\%#VS*, 23 m2 2 m2
03 (%) ~ — 173375 A 13 — 1252 + (6 — 8s2) log [ —%
fi (") 1672 Ho m3 18m3 S+ ( Sw)log m3

q2 2
163 -9
18Om3 mt

NV AFVENS 2
Z NeVidiaVidiy 4° l 52 — 3im(3 — 4s2) — 3(452 — 3) log<qQ>1
= m3 m3

43272

3 N, >\3;"c)\ﬂ q 9 ) ) ) q2
" Z s6ar? g |0 Sw 3B = 2sy) =36 =25y log| o J - (4:13d)

Finally, we again have the contributions from L mixing

3 2 2
e —v°N, 1Lxy1L | 2%32 2 my
O = Z 64772m2 [()‘ /\'i + /\ji )‘jf) | Az ["Hs ﬁT%

Jj=1

~e o~ 2
+ (BXTX + MrAT ) 1433 Ha( %> (4.14)

m?’ 2

2 2
1L\ 3% * 3 lL* * my ms

In case of zero momentum transfer, i.e. ¢> = 0, the form factors correspond to effective
Z 0 and Zvv couplings. We define them for later purposes in an effective Lagrangian

g —
= 2 [ef (AF (07 Pr + AL, (0" Pr) 4] Zy., (4.15a)

int

L2 = fl@yfyi(()) [0y, PLvi) 2", (4.15b)
w

where only the A, © and the top contributions remain.

4.3 Wilv

We define the amplitude of this process, also considered for generic new scalars and fermions
in ref. [140], as follows

AW™ = 0;5) = %A%xq?)a(%mz,>¢<q>PLv(m), (4.16)
with
Agfui(ff) = ASM 5fz ZAfz )+ Afz . (4.17)

The diagrams are shown in figure 5. The form factors A (g ) again contain the parts
with no LQ mixing, grouped by representation with ® = {<I>17<I>1,<I>2, dy, @3}, while Af,
contains the part with LQ mixing. In the SM we have at tree-level

A, = (4.18)
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Figure 5. Vertex diagrams contributing to W~ — E; ;. In the case of massless down-type quarks
the diagram on the left-hand side is only present with charge-conjugated quarks, since the W boson

couples to purely to left-handed quarks.

The single LQ contributions read

N V:gk)\lL*Vg )\lL m2
A?Z.l(q )~ a2 ) —&(1+2log

»—lw‘ww

4q” mi ¢ ¢
— 2 [141loe| 2 B
)) 3m? ( * Og(m% * 2m? m?

mi
N V']l)\lL* * )\1L q q2
_ Z 1447r2 3log<%> + 3im — 1] , (4.19a)
A@Q ) 3 2 /\ZRL*)\ZiRL
727 ~ ; 2887T2 pn (4.19b)
Neg )\2;)\ (4.19¢)

A(i)2 2 ~
7i (@) Z2887r m3

=
— N VR X5 Vs A% m2 Aq? m2 2 P
A% (%) ~ kf o 14 2log| =% ) — — 4 log| —& —5—5

ld)~ 6472 m3 T2log z |4+ 3log m3 * 2m3 m?

2
m3

2 NC )\3* * AB q2 .

= 1447 m3

3
B Z 1447r it

Additionally, we have the O(v?/ m%Q) effects from LQ mixing

A v’ N, 2% 32 3% |A23| m3 52 |45 my
Agi~ 264 Ql(AfA —AAN) 2 | 5 — 352 e 2

AlL)\?’*A* A5 + AlL*A5iAQ3A§1H4 <m% m3 )

i
(4.20)

}/’13)\1L*>\ Y13>\3*)\ m%
7—[5 o)

m3 3

4 mQ’ m2

1L 3% A% A 1L* 3 A. A*
NN A, As1 — A )\-,L»A23A§1H6<m% m%)]
m2 2 2

with the loop functions given in the appendix A.2. Note that the terms in the last two
lines in eq. (4.20) are anti-hermitian in flavor space. Therefore, like the anti-hermitian part
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Figure 6. Vertex diagrams generating h — E;(:r at the 1-loop level.

of the self-energy contributions, see eq. (3.12), they are not physical. In fact, we checked
that the terms originating from LQ mixing for Z¢¢, Zvv and W /v respect the structure
required by the dim-6 operators with manifest SU(2); invariance if the anti-hermitian
terms are absorbed by the PMNS matrix.

At the level of effective couplings, we have to evaluate the contributions at ¢> = 0,
which can be treated in the context of an effective Lagrangian

v g 0 —
Lt — EAZW(O) [y PLv) W, (4.21)

W (0) then only receives LQ effects from loop-induced top quarks

The effective coupling Aefl,i

and from LQ mixing.

4.4 het

Let us turn next to the Higgs decays h — ZJ?E?. We define the amplitude analogously to
the leptonic W and Z decays as

Alh = £;6)) = f%a(pf, me,) (TeLfe,- (®)Pr, + ngi(qz)PR)v(pi, my,) (4.22)
with
Y70 (@) =65+ Y YT 1i(d®) + Yo i (4.23a)
[0)]
i (q®) = 6+ % Y3 i(d®) + Tryi- (4.23Db)

The sum over ® refers to the LQ representations ® = {®;, &, By, Oy, D3}, TL(R)ﬁ contain
the terms which are only generated by LQ mixing and

my; = max[mg,, my,], ¢ = (ps+p)*. (4.24)
Note that due to hermicity
it =05, (4.25)

If f # ¢ we can safely neglect the lighter lepton mass. The corresponding Feynman diagrams
are shown in figure 6.
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We expand again in v?/ m%Q and set the lepton masses to zero. In the phenomeno-
logically most relevant case of an internal top quark, we additionally use the fact that for
Higgs decays m? > mh ¢?, finding

N AIR*V* )\lL 2 2
) 3kN\ki Ty 2 q- my 2
TLlfz( ) ~ 647r2 2 e (mtjt <mt2, m%> + 8v Y1> , (4.26a)

N Vi )\QLR*)\QRL m 2 mQ
T2 (2 3k 2 (4 ) 802 (Yan + Y2) | 4.26b
Lpild) ~ 2 mg mi Jy w2 m3 | T (Ya2 + Y2) (4.26b)

The mixing-induced terms read up to O(v?/ m%Q)

3 2

- —v2N, | As m
TL A~ § : AlR*‘r )\lL 21 jl( . 1)

o 872 lmf ( 3k s m3

J=1

Y13 m A23A* m2 m2
)\IR*V* )\3‘ 3 21 e ] .
AT V) AT R T

The loop functions that we used in this section can be found in the appendix A.2. In

(4.27)

appendix A.5 we additionally present the generic results for light quarks, i.e. for the case

2 2 2
where mg. <K q° = my,.

4.5 4¢

To describe processes involving four charged leptons, we define the effective Hamiltonian as

40 ZZ VLLAV LL LRAV LR LLSLL
Hoe = Hog + Y (szab Oyl + CrhRoGEE + ol ofll + L« R) ; (4.28)
fvlza b

with the effective operators

O%LE = [Epy" PLt;] [Lay PrLby)
O}/szR (69" Pl [avuPrE) (4.29)
O3l = [0 PLt] [CaPLly) -

Note that we sum over all flavor indices. Therefore, all other operators can be reduced to
the ones in (4.28), using Fierz identities. As an advantage, we do not need to distinguish
between decays involving the same or different flavors.

There are two types of diagrams which give a contribution to these operators: penguins
and boxes, see figure 7. Starting with the photon penguin, we have

=L =L
Cfmb = *Wa(ufz Zab T ‘—‘fb‘—‘az) )

L (4.30)
szab = _27TaEfiEab7
with
—L(R =L(R
:fz’( )= b5 +‘:‘fi( : (4.31)
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Figure 7. Feynman diagrams giving rise to £¢;{,{; amplitudes. Left and center: penguin diagrams
with off-shell Z boson or photon exchange. Right: box diagram involving two LQs.

The Z boson gives an analogous contribution

C}/;C{ZL = \fGF(Affei (O)Aéeb(o) + Ag}eb(o)/\ézi (0)),

4G
Cli = NG Aefz (0)Af, (0)

(4.32)
The coefficients C’}/lﬁf and C’}/ZC];R are obtained in a straightforward way by simply ex-
changing L < R.

The box diagrams generate the following contributions

CVIbL Nc [A;fAi (AlL*)\lL* +)\1L*)\1(I;*) +5)‘§i>‘2 ()\3 )\ _1_)\3 )\3*)
fia 2567T2 m% m3
N )‘?z)‘l%: (AlL*)\ _1_)\3 )\1L*> +)\1L}\ ()\3 )\1L*+>\1L*)\3;) 2 (m%>
L )
m3 m3
O DR RO
2 ~ 2 3 .
m2 2
VLR N. )\1L* AlL)\lR*)\ )\QRL*)\QRL)\QLR* )\ZLR
Cfiab = 12872 m% m% ) (4.33b)
CV}%R _ N. lA}ﬁAi ()\IR*)\IR* —I—)\lR*)\lf*)
fiab = 95672 m?
>\2LR>\2LR ()\?%R*)\%ﬁR*_‘_)\%?R*AJZ(%R*) 5\]115\%; ()\1 )\ _|_)\1 )\1*)
+2 > + . . (4.33¢)
m2 ml

where the loop function H; is again given in appendix A.2. The indices j and k£ run
from 1 to 3. Note that we only consider the leading effects in v/m. In scenarios where
the A-couplings are smaller than the gauge couplings (e ~ 0.3 and g2 ~ 0.6), the box
contributions are typically less important than the gauge boson penguins.

4.6 202v

For these fields we use the effective Hamiltonian

02v L,ab ~L,ab R,ab AR,ab
H22 _foz ngz +fo? Offg (434)

- 21 —



with

OL(R).ab

e = [LrPriryti] [7ay" Puvy) (4.35)

There are three types of contributions: Z penguins, W penguins and boxes. The Z boson
yields

,ab 8GF ,ab SGF
Délfél = WAZ%& (O)GVaVb (0)’ DZZZ - WAQ‘& (O)@Val/b(o)7 (436)

while we have for the W boson

Lab _ 4AGF .
Dy = N A (0)AYY,, (0) (4.37)
The box diagrams yield
plab _ Ne [AFAENTNG | ATATNGAG
brli ™ 642 m? m3
NENENG N + N FNLNGNT m?
o 2 7-[1 ) ) (4383)
m3 m3
pras_ No [MFAPNENE gz g .
bt ™ 642 m? m3 '

Again the indices j and k£ run from 1 to 3 and we only considered the leading order LQ
effects in v/myq.

5 Phenomenology

Let us now study the phenomenology of scalar LQs in leptonic processes. Due to the large
number of observables and the many free parameters, we will choose some exemplary pro-
cesses of special interest and use simplifying assumptions for the couplings in order to show
the effects and the possible correlations between observables. In particular, we will consider:

o EW gauge-boson couplings to leptons: the effects of scalar LQs in (effective) off-shell
Zel, Zvv and Wiv couplings and the associated gauge-boson decays.

o Muonic observables: correlations between the AMM of the muon, Z — ¢T¢~, effective
W pv couplings and h — ptpu~.

e Charged lepton flavor violation: correlations between 7 — py, Z — 7p and 7 — 3u
as well as the analogues in y — e transitions.
5.1 Electroweak gauge-boson couplings to leptons: Z£¢, Zvv and Wy

We start our phenomenological analysis by considering the effects of scalar LQs in Z/¢¢,
Zvv and Wiy effective couplings (at ¢ = 0) and the associated gauge boson decays (at

= mQZ,m%,V), calculated in section 4.2. While among Z — ¢/~ decays NP effects
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are strongly bounded by LEP [148] measurements, the effective W/ couplings are best
constrained by low-energy observables, testing LFU of the charged current (see ref. [149]
for an overview).

We first focus on the LQ representations which generate an m?/ m%Q effect in EW
gauge-boson couplings to leptons, i.e. @1, ®3 and 3. In the absence of L) mixing, we
can expect this effect to be dominant and couplings to third generation quarks are well
motivated by the flavor anomalies. Note that we nonetheless included the ¢> = {m%, m%v}
terms which, due to SU(2);, invariance, can also arise from bottom loops for some of the
representations shown in figure 8. In order to keep the number of free parameters small,
we did not include mixing among the LQs and assumed that only couplings to one lepton
flavor £ = e, u, T at a time exist. This avoids limits from charged lepton flavor violating
observables, which we consider later in this article. Furthermore, we normalized the LQ
effect to the respective SM coupling and the LQ-quark-lepton coupling to one (i.e. Agg = 1)
while all other couplings are zero. Note that the effect in figure 8, given for couplings of
unit strength, are consistent with Z — ¢7¢~ bounds for masses around 1.5TeV or more.
Furthermore, Z — vv is constrained by the number of neutrino families

Y5 0% (¢%) + 65|

N, =3 |on+ =2 il )2 e, (5.1)
fi GSM(mZ)

where the experimental value lies at [148]
N, =2.9840 £ 0.0082, (5.2)

while the LQ effect is predicted to be constructive. Future colliders are expected to reach
a 20 times better precision [150].

Let us now turn to the case of non-vanishing LQ couplings to the SM Higgs. We study
as an example the scalar doublet ®5 which couples only down-type quarks to leptons such
that the v?/m3 effects from the mixing with ®; (generated by As;) and/or ®3 (generated
by As;) are expected to be dominant compared to the m%/m3 effects. In figure 9 we
present the impact of LQs on on-shell Z and W couplings. Again, we set 5\34 =1 and we
assume 1o = mj = mg = 1TeV, which is compatible with current LHC limits [151-153].
Note that a non-zero As,; yields a destructive effect in Z¢¢ and W/v couplings while the
terms with As; are constructive.

5.2 Correlating the AMM of the muon with Z — ¢7¢~ and h — ptpu~

In this sub-section, we focus on possible LQ explanations of the long-standing anomaly
in the AMM of the muon. The discrepancy between its measurement [21] and the SM
prediction [35]* amounts to

da, = (279 £ 76) x 1071, (5.3)

4This result is based on refs. [154-173]. The recent lattice result of the Budapest-Marseille-Wuppertal
collaboration (BMWec) for the hadronic vacuum polarization (HVP) [174] on the other hand is not included.
This result would render the SM prediction of a,, compatible with experiment. However, the BMWec results
are in tension with the HVP determined from e*e™ — hadrons data [158-163]. Furthermore, the HVP also
enters the global EW fit [175], whose (indirect) determination is below the BMWc result [176]. Therefore,
the BMWc determination of the HVP would increase the tension in EW fits [177, 178] and we opted for
using the community consensus of ref. [35].
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Figure 8. LQ effects in Z4¢, Zvv and W/lv couplings for the scalar LQ representations which
give rise to m? effects (@1, ®5 and ®3) as a function of the LQ mass. We neglected LQ mixing
and considered only the couplings of third generation quarks to a single lepton flavor with unit
strength, i.e. A3y = 1. Here, Ap g, © and A stand for the corrections in Z¢¢, Zvv and Wiy
couplings, respectively (see section 4.2). The solid (dashed) lines refer to the couplings entering
on-shell decays (effective couplings at ¢ = 0). The green region is excluded by LEP data [148]
from Z — v decays. The blue region is excluded by Z — 777~ which is more constraining than
Z — ptp~ (not shown explicitly). Note that we also do not show Z — eTe™ exclusions here for
the sake of clarity since couplings to electrons are usually much smaller in setups motivated by the
B anomalies, leading to suppressed effects.
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Figure 9. Modified Z¢¢, Zvv and W{v couplings in the As;-As; plane (in units of GeV) for
me =my =mgz = 1TeV and |A\3,| = 1.

corresponding to a 3.70 tension. Note that this tension is quite large, i.e. of the order of
the EW contribution of the SM. Since LQs are colored, the LHC bounds rule out masses
significantly below 1TeV such that an enhancement in a, is needed to compensate for the
mass suppression. In fact, there are LQ representations that are able to generate m;/m,,
enhanced contributions, see eq. (4.3). These NP effects enter the AMM of the muon as
a, = Z%;Re[qﬁ] , (5.4)

with the Wilson coefficient defined in eq. (4.1).

First of all, we can expect a direct correlation with h — p*p~ [179] since both processes
are chirality changing and therefore involve the same couplings of LQs to fermions.® We
can express the NP effect in terms of Y¢ and T, defined in (4.22), as

Br[h — ptp~]
Br[h — ptp~]

- ‘1+ZT%W+TLW‘2 (5.5)
SM ]
The resulting correlations are shown in figure 10 for ®; and ®2. Note that even though the
current CMS and ATLAS measurements [181, 182] are not able to constrain these models
yet, a FCC-hh [183] can test them.
The LQ interactions with top quarks and muons also generate effects in Zpuu couplings.
Therefore, let us as a next step consider the correlations of a, with Z — ¢4~ where we
refine the analysis of ref. [107] by including the indirect effect, originating from the finite

renormalization of the very precisely measured Fermi constant [184]

Grp =1.1663787(6) x 107°GeV~2, (5.6)

®Similar results for 7 — 7y were obtained in refs. [138, 139, 180].
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Figure 10. Correlations between Br[h — ptu~], normalized to its SM value, and the NP contri-
bution to the AMM of the muon (da,) for scenario ®; (left) and ®, (right) with m; s =1.5TeV.
The predictions for different values of the LQ couplings to the Higgs are shown, where for &,
Y = Y; while for &3 Y = Y5 + Ys5. Even though the current ATLAS and CMS results are not
yet constraining this model, sizeable effects are predicted, which can be tested at future colliders.
Furthermore, ®; yields a constructive effect in h — u™u~ while the one of @, is destructive such
that they can be clearly distinguished with increasing experimental precision.

which can be expressed in terms of the SM parameters

V243

Gr= gm2, (5.7)

Since myy itself is measured in W decays, go can be determined once G is measured via

the muon lifetime. However, also NP contributions enter such that
Gr— Gr(1+ A7 (0)(1+ A, (0)), (5.8)

resulting in a redefinition of gs.

The SU(2),, singlet ®; with non-zero real couplings A% and A affects Zuu as well
as Wpuv,, while the effect on Zvv is very small, see figure 11. The modified W coupling
by )\;%QL then yields a finite, LFU renormalization of gs. This has been included in our
analysis depicted in figure 11, leading to the allowed, green region deviating slightly from
a circled shape.

The SU(2), doublet ®9 with non-zero couplings A%%R and )\§§L only yields a negligible
contribution to Wuv,,. However, there is an m; effect in Z — vv, affecting N,, which has
been precisely measured, see eq. (5.2). This then constrains )\§2RL as we show in the plot in
the right-hand side of figure 11. We additionally show in figure 11 the expected sensitivities

of future experiments for Zppu, which are summarized in table 2.

5.3 Charged lepton flavor violation

Let us now correlate different charged lepton flavor violating observables, i.e. £ — £'~,
Z — 40" and £ — 3¢'. We do not study p — e conversion in nuclei, which could be
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Figure 11. Allowed parameter space by LEP [148] (light green) for the couplings to left- and
right-handed muons. In addition, we give the expected sensitivities of future collider experiments,
see table 2. The finite renormalization of g5, induced by the effect in the Fermi constant, yields a
LFU effect which is depicted by the blue lines in the plot on the left.

1 g%/9asy LEP [148]  FCC-ce [185] ILC [186] CEPC [187] CLIC [188]
e | 0.999681 £ 0.000698227 4+4.1 x 1076  +4.1x107° £87x 1076 +4.4x107°
0.99986 + 0.00107726 ~ +£6.3 x 107 463 x 107° 1.3 x 107> +6.7 x 107

T 1.00154 £ 0.00127676 ~ 7.5 x 107  +7.5x107® £1.6 x 107° =48.0 x 107°
LFU | 0.99992 +0.000518683 £3.1 x 107 £3.0x107° 46.5x 1076 +3.2 x 107

Table 2. Experimental values for Z¢¢ couplings, extracted from LEP [148] data and normalized
to their SM values with g4 = AL(m%) — AE(m%). We further show various expected sensitivities

for future colliders (second to fifth row) under the assumption that the measurements of g4 are
2

improved by the same factor as s,.
dominant in case of couplings to first generation quarks, but rather again assume only
couplings to third generation quarks.

The branching ratios for lepton flavor violating radiative lepton decays, as a function
of the (effective) Wilson coefficients in eq. (4.1), are given by

3
amy. 2 )
Brits = £7) = 5oty (|G + 1CE ). (5.9)

with 7y, as the life time of the decaying lepton. Similarly, the branching ratio for Z — ¢+¢'~
is given by

_ Gpm?
Br(Z — (f(7] = ﬁ (IAZ o, (mB)]” + [Af g, (mB)[) | (5.10)
Z

with I%% = 2.495 GeV [189] being the total Z boson decay width and the Aj7(¢%) are
fei
defined in (4.8a).
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Br[Z — '] Ref. Br [l — ('4] Ref. Br [¢ — 3{] Ref.

Z — et <75x 1077 [190] [191] [192]
Z — eFrT < 9.8 x 1076  [193] [194] [195]
Z =T <12x107° [196] | 7 — puy <4.4x1078 [194] | 7 =34 < 2.1 x107%  [195]
[186] [197] [198]

[185] [199] [123]

[199]

p— ey <4.2x10713 u—3e<1.0x10712

T—ey<33x1078 T — pee < 1.5 x 1078

Z—=ptrT <1.0x1078 [186] | p — ey < 6.0 x 107 [197] | p — 3e < 5.5 x 10715 [198
Z—=ptrT <1.0x1072 [185] | 7 = puy <1.0x 107 [199] | 7 = 3u < 1.0 x 1072 [123
T —=3u<33x10719 [199

Table 3. Current experimental limits (top panel) and projected future experimental sensitivities
(bottom panel) on lepton flavor violating decays of charged leptons.

For the three body decays we have

3 2 2
T T 4+ -] mg s 2 mz\ 11
Br|i77 = pTup } = 76en3 T LTQ|CM| <10g<mz> T

mZ SLL |2 VLL |2 VLR |2 VLR)|2
+ 4 <|CHMLT| + 16|Cmuu| + 4|Cuwu + 4|CH#MT ) (5‘11)

20 L (~VRL VRR
- e Re[Clr (O + 20000 | + Lo R

with the Wilson coefficients defined in eq. (4.28). The analogous expression for y — 3e can
be obtained by obvious replacements. These rates have to be compared to the experimental
limits given in table 3 where we also quote the expected future sensitivities. We do not
consider decays like 7F — pFeteT as the experimental constraints are slightly worse.

In our numerical analysis, we again assume that the LQs only couple to third generation
quarks but now allow for the possibility that they couple to more than one lepton flavor at
the same time. Let us start by examining the correlations between 7 — py and Z — 7 in
figure 12. One can see that this correlation is very direct under the assumption that only
one representation contributes and that for ®; and ®2 only either the left- or the right-
handed couplings to leptons are non-zero at the same time such that chirality enhanced
effects in 7 — py are absent. Although currently 7 — py is more constraining, even in the
absence of chirality enhanced contributions, in the future Z — 7u can provide competitive
or even superior bounds. The situation for 7 — e transitions is very similar and therefore
not shown explicitly.

In figure 13 we show the correlations between 7 — py and 7 — 3u. These correlations
are not as clear as in the case of Z — 7 due to the additional box contributions to 7 — 3.
Therefore, one obtains a cone instead of a straight line. Interestingly, for ®; the effect in
T — 7y is smallest among the LQ representations due to the electric charge of the LQ.
Hence, even though phase space suppressed, 7 — 3u is more sensitive to this particular
LQ than 7 — pvy. Again, the situation in 7 — e transitions is very similar and therefore
not shown explicitly. However, we show our analysis for 4 — e transitions in figure 14.
For the u — ey scenario we do not show Z — pe since the low energy bounds are so
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Figure 12. Correlations between 7 — py and Z — 7 for the three LQ representations which
generate an m?/ m%Q effect in Z¢¢ couplings. We assume that ®; and ®2 couple either to left or
to right-handed leptons only such that chirally enhanced effects (which would result in dominant
effects in 7 — py) are absent.

stringent that the former cannot compete, even when taking into account future prospects.
The (lower) upper boundary of the cone is obtained for a hierarchic flavor structure, i.e.
As3 (>) < A\3g for 7 — p and M35 (>>) < A3 for p — e transitions, respectively, such that
the box contributions are (sub) dominant. The opening angle of the cone is determined by
the size of the box contributions to £ — 3¢. For example, the LQ triplet yields the biggest
box contribution, which can easily be seen from eq. (4.33).

6 Conclusions

Leptoquarks are prime candidates to explain the flavor anomalies, i.e. the discrepancies
between measurements and the SM predictions in b — s¢T¢~, b — crv and the AMM of
the muon. With this motivation in mind, we calculated the one-loop amplitudes generated
by scalar LQs for the purely leptonic transitions, involving;:

o by

e ZUl and Zvv
« Wiv

o hit

o 4L

o 202v
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Taking into account the most general set of interactions of the LQs with the SM Higgs
doublet, we obtained relatively simple analytic expressions for the amplitudes by expanding
the LQ mixing matrices in v/my,q, corresponding to a mass insertion approximation.

In our phenomenological analysis, we illustrated the results of our calculation by
studying:

o LQ effects in effective Z¢¢, Zvv and W ey couplings and the associated gauge boson
decays. Here we found for the three representations which generate m? /m%Q en-
hanced effects (®1, @5 and ®2) that Z — ¢4~ is smaller than within the SM while
Z — vv is enhanced. For order one couplings, the effect is at the percent level for
TeV scale LQs.

o Correlations between the AMM of the muon, Z — £T¢~, effective Wpuvr couplings
and h — ptp~. Here we found that, since an explanation of the (g — 2), anomaly
requires a my/m,, enhanced effect, also the contribution in A — p*p~ is pronounced
by the same factor. Furthermore, effects scaling like m? /m%Q in Z — putyu~ are
generated which are most relevant in case where the left-handed couplings are much
larger than the right handed ones and vice versa.

o Correlations between 7 — pvy, Z — 7 and 7 — 3u, as well as the analogues in yu — e
transitions. Here we observed that 7 — pvy and Z — 7 can be directly correlated
under the assumption the LQs couple only to left-handed or to right-handed leptons
(but not to both of the same time). Furthermore, in this setup 7 — py and p — ey
do not receive chirally enhanced effects such that 7 — 3u and u — 3e can give
competitive bounds, which is in particular the case for ®;.

These interesting correlations can be tested at future precision experiments and high-energy
colliders.
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A Loop functions and formula with exact diagonalization of the
leptoquark mass matrices

A.1 Self-energies

Focusing on the non-decoupling, momentum-independent parts of the self-energies, we have

generically
—myg. N, 2 m2
ZKLR — qj CFL,Q*I\R,GI l’L q; Al
fi 1602 @l ati™9 M2 M2 )’ (A.la)
—N :U’2 m2.
S = koo | o A.1b
D Ll WV AN VPl (A.1b)
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with EZRR and E%L obtained by interchanging chiralities and X% LL by replacing ¢ with v.
We set all quark masses within the loop equal to zero, except for the top mass. Additionally,
one has to sum over all internal quarks u],d],uj and d as well as over their flavors
j ={1,2,3}. The loop functions take the simple form

1
To(x,y) = Ct1+ log(x) + ylog(y), (A.2a)
11
Ti(z,y) = STt log(z) — v, (A.2Db)

where the last terms in Zg and Z; are only relevant for the top quark and can be neglected
in all other cases.

Now we expand the expressions in eq. in terms of v/mrq up to O(v?/ mLQ)

(A1)
2Y 2‘A ‘2 m2
1L 1L 1 21 1
Efl 3971 QZl Jk)‘k < ( % > 2 1y m%

2 2 2 2 2 2
pe My v?(3Y3—2Y33) | 02| Az m3
"‘V]g)\k l)\ <Il< )+2Il< ,0) + = I4 sy

3611 1L+ 3
ﬂz(w i ”H<m)

2 2
m3 m3

3* 1L * 1L* 3 Ax* _
e P\ m2 w2
2 2

A2, M2 0 _UQ(YQ+YQQ)+2U \A23’2 m3
T e A

12 m2 2
. m2\  2(YatV:
/\ZRL )\2,ZRL (Il< — ) (Y i 22))1 ’ (A.3a)

my My my

3 2 2 02 2 2
—N, m v7Y] | Az |
RR . Z 1R+ 1R H u 1 21 1
Ee’ﬂ 327 [)\ *)\'i ( 1( 1 mfj>_ m% + mQ 4<m ))

. » p2 mi\ 02(2Ya+ Yag)
A CA TR R

2 MMy my
2 2}/~
A )\1< (’f2,0>—”~; ] (A.3b)
my my
3 2 2 2 2 2 2
—my, N, my,. v2Y1  v?|As| m
ERL wi Y | \LRey e NI [ (T Ty ) al 7 (™M
fi 32::1 1672 if Vik ki 0 m%v m% m% + m% 4 ﬁl%
Y, m2 A As m2 m2
2y1R 3 13 1 21723 1 3
v )\jf* ﬁc/\ki<m§7‘[1 <m§>+ m% I5<m%,m%
2
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with EELR EZRL* and

1 —x+ zlog(x)

L) =~ 1 (A.da)
B log(x) log(y)

By = e T o)) (A.4b)

To(x) = “"_(;:110)%(1') (A 4c)

For neutrinos we have

2 2 2 2 2
N vYr v7|A4s m
ULLNZ?)Z [ Ajf A}£<Il<512’0>_ m21+ fnil, I4<fn%>>
1 1 2 2

mi 2 3Y34+2Ys3) 502 Asal? [ m2
VsV, (7 2,0 ) oy (£ o) - Bt 2s) | ST Ay (g
3 m3 m3 m2 m;

1L%xy3 1L
_v2<)\ VALY Ym%<mg>

2
m3

2
m3

4 ~9) -9
My my My

2 v2Y= 02| A= |2 m2 02 As. |2 m2
+)\2 )\2 ( (:1%’())_ m§2+ ’mgﬂ Ts mé + ’mg?)’ Ts ﬁT%
m2 2y
+)\2RL*)\2RL <I1 ( H : > v ;)] ' (A.5)
m3’ m3 my

A.2 Loop functions

1L%33 A*x A~ 3x V1L A_. A%
LA NAS A AT A21A§315<m% m§>>

The loop-functions for £¢~ with on-shell photons read

E1(z) =7+ 4log(zx) (A.6a)

E(x) =11 + 4log(x) (A.6Db)

Es(x) =1+ 4log(x) (A.6¢)

E4(x) =5+ 4log(x) (A.6d)

4 el Ty — 11 2y — 1 o o

E(z,y) = yl g(z) + - + 4y(y —)e log(y) (A.Ge)

Eo(z,y) = E(x) + 41;g_(y1> (A.6f)
1 4 (log(y) = log(z)

57(1‘,@/,2) __Zgl($)+y—z<y—1 _Z(Z—l)> (A6g)

_ 5 2log(z) | 2log(y)

Es(z,y) = PR e s § (A.6h)

2 4log(z) | 4log(y) :

E(z,y) = ~y + ” + -1 (A.61)
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see eqgs. (4.3) and (4.4).
For off-shell photons, the results are given in eqs. (4.6) and (4.7), we have
Fi(z) =5+ log(z)
Fo(z) =9+ 4log(z)

4 oy — 9 42y — 1) lo
Fiea) = o) + ol + I
Fu(x) =2+ log(x)
F5(x) =7+ 4log(x)
Fe(z) =11 4 4log(x)
Fr(x) =1+ log(z)
Fg(x) = 3 + log(z)
2 22y — 1 21lo
Fiea) = o) + S0 -

5y — 5 + 4log(y)
yly—1)
5 4log(y) 4log(z)

Cyz o yly-Dly-2) 2E-Dy-2)
The H-functions are defined for the Z and W decays in sections 4.2 and 4.3

4
Froz,y) = ~log(x) +

4
Fuly,2) = -~ log(w)

Ho(z) = z(1 + log(x))
Hi(z) = lggfﬁ)
2?2 — 1 —2zxlog(z
Ha () = 2 -2 —é—x(l_—il—):g) log(z)
_ 1 xlog() ylog(y)
MO = e T e e T -0
Hs () = 2 -2z —é—x(i—il—)i) log(z) ’
N 2—z—y (22° —x —y)log(z)  (2y* —x —y)log(y)
e [ [ I eV ) L R Ve E
Finally, we have the loop functions used for Higgs decays in section 4.4
13 2y
Ju(z,y) = 2(z — 4)log(y) — 8+ —w — ==
_x—1—xlog(x)
Jilz) = x(r —1)2
_ log(z) y logly)
) = e e =y sy
Talw) = x—1—2xlog(x)

(z —1)?
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(A.9a)

(A.9b)
(A.9¢c)

(A.9d)



A.3 Exact result for £4~

If we expand the amplitudes obtained from the diagrams in figure 3 up to first non-vanishing
order in the external masses and momenta, we obtain [48, 110]

q¢5 ~ g5t i qily ~ gibi (1+3Qq)

—N,

L c
Cff@i_ 4 Z G2
a

mngL,a*l—‘L,ai 1 my FR,a*FR,a
q

R,a*x~L,a (A.l())

mquq-ff Loe, 17
+W 1—2Qq—2quOg ﬁg s

where ¢ can be, depending on the LQ representations, either a (charge-conjugated) up- or
down-type quark and @), refers to its electric charge, i.e. @, = {£1/3,+2/3}. The quark
flavour index j runs from 1 to 3.

Note that we naively integrated out the internal LQs and quarks at the same scale.
Therefore, in the case of light internal quarks, i.e. all except the top quark, the contribution
contains both the hard matching part, the mixing within the effective theory and the soft
contribution. For this reason, care is required if the internal quarks are lighter than the
incoming lepton (e.g. the charm contribution to 7 — py) since the RGE only contributes
from the LQ scale down to the scale of the process and not to the scale of the internal
quark. Therefore, we defined iy in eq. (A.10) as follows

Mg, Mg, > My,
M@ = q] qj . (A.ll)
me; Mg < My,

Next we give the exact results for off-shell photons, whereof the expanded expressions are
given in eqs. (4.6) and (4.7). They read

N L,axyL,a m2
=L _ <ty 9t ¢ 9 A12
i Zq: 5762 M2 Q‘I(Mg)’ (4.122)
Nc R,a*FR,a m2
=R _ 4ty ~ g5t 2 A.12b
L Zq: 57672 M2 fQQ<M3>’ (A.12b)

with E%R) defined in (4.5) and
Fo,(y) =2+ 18Q, + 12Q, log(y) . (A.13)
Again, j runs from 1 to 3.

A.4 Exact results for Z0¢, Zvv, Wlv and hél

In this section we give the exact expressions for the Z and W decays. The T9 and BV
matrices, used in this section, are given in appendix A.5. In this whole section, the M;
stand for the diagonal bilinear mass terms in the charge eigenstates, given in eq. (2.14). It is
implied by the corresponding coupling matrix I'¥ with same index 7 which of the eigenstates
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is concerned, e.g. I',cy corresponds to M —1/3_ For the Z decays, we use the conventions
defined in eq. (4.8), this time with

L(R L(R A
erVi <q2) = 9SM 5f1 Z @ f7, ) (A14b)

where contrary to eq. (4.9) we show the results sorted by the charges of the LQs, since we do
not distinguish between the cases with and without LQ mixing. Hence, the results cannot
be grouped by representation. For ) = —1/3 we have for the m;-enhanced contributions

N FL a*I—\L b 2 9 M2
—1/3 tel tel; my ~_1/3
ALfe?) = — [MZ [&w(l +log<M2>> + T %(M’;)]
a a

2 2 2
182 [ 7—[2<M3> +6ab<11 —10s3, + 2(3 —4sw)log<Mg>>H ,

(A.15a)
NFRa*FRb 9 M2
1/3, 9 tely © el t my 5—1/3 b
i) - =i 1 [‘Sab(”l()g(Ms))‘Tab (i)
2
t

a

' = 1/3 M
ot b (38) (st o)) aio

and the case with light up-type quarks yields

2 NFLC%*FLCZ 2 - M2
A—1/3( 2) _ Foust @ [3TC;1/3%2< b)

Lyi )= 2 86472 M2 M2

j= a a

2 2 2 q2
— b (3 — 3im(4ss, — 3) — bsi, + 3(4s;, — 3) log<w>>] , (A.15c¢)
R axR, b
Ari = TR M2 M2
(]2
+ Oap (553, + 12ims? — 1252 10g<M2>>] : (A.15d)

The terms, induced by LQ mixing, read

3 NFLG*FLI’ 5 )
A-1/3 ujly” uili & _1/3 2 M
AL,f/i = ZIW ab/ <3+210g<M ) — 2H, (MbQ>>, (A.16a)
J a
3 NPRa*FRb ) )
ATLB Uity uit 5173 % M;
Apfi = ZT <3+210g(M ) —2H, (MbQ . (A.16b)
Jj=1 a
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For ) = 2/3 we have (massless) down-type quark effects

5 _nrbbpba A2
2/3 Ctdily dil; (] 2/3
AL/fz( 2) = Z = l3Ta£ Ho <b>

o 864 M2 M?2
2 2 2 7
— O (4sw + 6ims;, — 653, log (Mg ))] , (A.17a)
R,bx~R,a
A2 (g2) 23: AL Vi @ fogon,, (Mg
Arild < 864m2  MZ|T M?
]:
q2
+ Gab (3 — 3im(2s2, — 3) — 452 + 3(252 — 3) 10g<w>>] : (A.17D)
a

again with a,b = {1,2,3} and the mixing terms read

Ai/j’%_E:—mdSZf Lt ((2T2/3—5ab)1og(“2> + 672 — Gup— AT *H ( )
; 7T
Jj=1 a

<2/3 > _NCFQZFZ’Z 2/3 M2 ~92/3 ~9/3
AR = ZW 2(27,]" + 6ap) log e + 61" + 6ap— 4T " Ha

.,
)

j=1
A 18b)
For the LQs with electric charge @Q = —4/3 we have
L,ax
A3 (?) = : M 7 3739 M
LT TG Mz |° “\ M,
¢
+ Sab (3 — 3im(2s2, — 3) + 252, + 3(2s2, — 3) 1og<Mz>>] , (A.19a)
R,a*xR, b
Ar.fi = 8647r M2 2\ M,
2
+ dap ( — 6ims? + 652 10g<M2 )] , (A.19Db)
with a,b = {1,2} and
3 N5 TLb 2
x—4/3 dSty = dsb; —4/3 B
AL7fi - ]Zl 647'('2 2(T + 5ab) IOg Ma
. . M?
+ 3Tab4/3 + Oap — 2Tab4/3r7"[1 <J\J%>> . (A.20a)
b
3 NIEork 2 2
X—4/3 dsly d"@ = 4/3 @ My
Apts = ; TTab 2log A +3—2H; ) ) (A.20b)
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and for Q =5/3

5/3 / 92 NFtLZ;FL 2
AL,fz(q )= 3972 9M2 1+7s +4s log M2 (A.21a)
2 —_NJIIx T 2
5/3 2 u; ef u 0 q
A fz g 172387r2 j lB 25 +24z7rs — 92452 2 log <M2>1 (A.21b)
NI 2
5/3 ; 2 12473 my q 2 2 my
AR fl( ) = 732 B |:;i <M2> 9M2 (6—78w+(3—48w)10g<w>>] s (A21C)
/ Y, Re q 2
5 3 U f u
sz )3 17128 b 70 34252 —6im(4s2 —3)+6(4s2, —3)log<M )] , (A.21d)

with M2 = m32 + v?(Yas + Y2).

For Z — v;vy with left-handed neutrinos only, we have for Q = —1/3 with (charge-
conjugated) down-type quarks

LaxpLb
1/3 B iNFdCZdeCVZ ¢ 3T 1/37-l Mb2
_Fl 8642 M2 2

2
+ Sab (3 — 52 +3im(3—252) — 3(3 —252) log<]\(142>>]
(A.22)
N,

;axL,b
i NV, ¢ 37 gy, (M
£ 86dn? M2 M2

2
) 4q
— Oab (s%u—i— 6ims> — 652 log(ML%))] .

The LQ indices run like a,b = {1,2,3}. Analogously to Z — KJTEZ* we have the © terms,
originating from the LQ mixing

3 N Ihbepha 2 e
;;/3:2# _1/3’(3_‘_210%(” >—2H1(a>>

)
- 642 M?2 M2
J=1 @
3 N Pfi a* Cllz b 2
3 S A (oo V3 4 6 log | 4 A23
- - M?
6T, 4 6y — AT, 2, (‘;)) .
Mb
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In case of @ = 2/3, we have the diagrams which include a heavy top quark
N pLbspLa 9 1 9
2/3 tuf tu; | My 2/3 my
a

e 2/3 M2 2
_18M2[ H2<M2> 5ab<3+12s —1—83 log<M2>>H

(A.24)
NXEETEL [ [, (M2 w?
IR T 1 Tt
32,2 a2 |Ta Th Mg Howlog| 375
2 2 2
q 2/3 M my
— 11—-12s> 1
18M2[ H2<M2>+5ab< 52+ (685 >0g<M3>>H,
and light up-type quarks
2 Lb* 1La
2/3 Z FugiFujyz q2 3T2/3
= 86472 M? ab
+ Op (2330 + 12ims? — 1252 1og< ))]
9 N PL ax FL b 9 (A25)
+ Z us I/f u]IJZ q 2/3
o 864772 Mg
2 2 2 ¢
— Sap (3 — 28y, + 3im(3 — 4s;,)) + 3(4s:, — 3) log<W>)] .
The LQ indices take the values a,b = {1,2,3}. We finally have
3 N PL bx FL a ) M2
~2/3 UjVET UV ~2/3 H ~2/3 2/3
6% = Zl — (2(2Tab/ + dap) log<M2> 6T 4 Sy — AT, (sz))
J a
3 N FL ax FL b 9 9
ufvp s uSy; ~2/3 ik ~2/3 ~2/3 Ma
+Z]<2(Tab _5ab) 10g<M > +3T —5(1(, — 2T 7‘[ (W)) .

= 64 P

(A.26)

For W — £} 1; decays, our definition of the amplitude is given in eq. (4.16) and contrary
to eq. (4.17), we use

A7) = M@0 + AJ(¢°) + A, + AT (%) + AT, (A.27)

where we choose to group the results by the fact whether a quark (q) or a charge-conjugated
quark (¢¢) runs in the loop. Because of obvious reasons, a grouping by representation is
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again not possible. We have

6472 M2 Frpmtvi T2
- M, 2 2
WoL Lb b q L my

=28, Ty T H1<M2>]+9M2 [GVMF#Z*F <1+log<M2>> (A.28)

_ y M2 . M2
+nglr§cgfr“ H2< > +BW2rt€;f rib H2< b )H ,

AqC Nc FLb*FLb % FL,a* _ oV FLa*F 1 m%
ti(a%) = +o5 Do, Doy, = 2Var Ty og

M2

and its massless case
¢ 2 Nc 2 L q2
q _ a* .
A% (%) = Z o) le Vil L <log<M3> — 1—|—3z7r>
M2 M?
BW1 FLCC* L a BWQFLCCL* Lb b .
dzf H2<M2> ef uSv; Ho M2

The LQ indices a and b run from 1 to 3, while ¢ = {1,2}. In case of quarks in the loop

(A.29)

we have

2 2
AL () = e PLbTLD gpWapkeptby (M) | T prep,
fi q 6471'2 M2 tvy © ity thyt ty; 1 Mb2 M?2 thyt te;

3 2 2
2¢° Lbsp M; M
+Z (BZZQPd W VH2<M2> + BTy, TL HQ(M&))] :

Jj=1

(A.30)

Here, the index b runs from 1 to 3. The A’s read

e N,
fi™ 6472

f u 0g M2 ul/f u]u 0g sz dJC.Zf dcl 0g M2 ( . a)
a
M2 M?
+2BW1rch;*ch (1 ’H1<M2>>+QBW2FL“*F5'Z,<1H1<M‘;>>],
b

]\q':—N BWQFLb*FLa+FL,a* log s 4 TL* log li
fi 6472 djv; djvy du Mg ulf jéi M2

2
Lb * H
- <2BWJFU ", TLY 4Tk e;rd P R KA ) 1og(Mb2> (A.31b)

S WorLbk L M? STV Lb M
2B (1=t 35 ) ) 28 A REA EC R

again with a,b = {1,2,3} and ¢ = {1, 2}.

[<2BW1F§LZI‘L“ +2BWerk; “;T“ —2V,;T L“*Fd{“ —rdﬁ“jrgcﬁl
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Next, we give the results for the Higgs decay into a pair of charged leptons, where
our amplitude is defined in eq. (4.22). Again, we sort the results by the charge eigenstate
contributions

L(R ~
Tzf(ei)(f) =0ty Tf(R)ﬂ(q?) + TCLQ(R),fi . (A.32)
Q

In case of a heavy top quark in the loop, the results read

B S\ iy N e 2 2 o 2
TL,lf/z‘?)(q2) = ! : m; (m%abjt( 1 : ) — 4vFab1/37-£1 <b )) ,  (A.33a)
(A

6472 M2 m2’ M2 M2
—NCFg*Ffe, m 2 m? v2Y:
T5/3 (42) = g e M 2 4 M) 2 A33b
L5i(d) 6472 M my; mi Ji m?’ M2 8 v2 ) (A.33b)

with M? = m3 + v?(Ya + Ya).

In all the scenarios where ¢? = m,% > mgj > m?l the Higgs mass gives the dominant

contribution
N . RarpLb .
T  (42) = ©aity " aiti May Q2 A34
£i(d) Z 61212 gy (@) (A.34a)
2 NCFR* FL m
1)/%,(d%) = vty it T 75/3(42) (A.34b)
L.f ]z::l 64m2 M2 my;
with
2 2
q . ~ M,
jjg(QZ) = %64 (2 log<M3> — 2T — 1) — 4UFL%'H1 <.Ml:%> , (A.35a)
2
5/3/.2y _ 2 q . Yo 5

In eq. (A.34a) the range of j depends on whether we have up- (j = {1,2}) or down-type
(j = {1,2,3}) quarks in the loop, since we treat the top separately. Finally, we consider as
a last scenario my; > mg; ~ 0 and we have

¢, = ”ch;Qb (mgf it 1;5’? T (Mlz> + WFZZEZ;) T3 (M‘z>) ,  (A.36a)
’ 321 mgg Ma Ma mgq Mb Mb

Ti/jji _ —V202N.Y, (mef A2RL*\2RL ”%AzLR*)\ZLR> . (A.36b)
; 642 M2 my; if Ji mp; Jf Ji
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A.5 Higgs, Z and W boson coupling matrices

The Higgs-LQ interaction matrices I, used in eqs. (A.35a) and (A.33a), and A expanded
up to O(vQ/m%Q) read

| A5, * - Azz A3, (m +m5_2m§)
[ O -
F =~ ﬁ A2% , 2) F22 A23 5
* AilA m +m3—27ﬁ2 * | A5 |2
o(2 - A ) Ak 20(Ys + o2 )
As As.|?
with T 7% = 20 (YQ— A - 23|~2> , (A.37a)
ml my M3y —mj
20Y5 2vY34 0
- 1 * 2| Asq|?
%3 ~ ﬁ 20Y5, 2v (Yi + Y35 — m'gff;tg) _\@Aéz& , (A.37b)
— V243 20(Ys + Yoz + 272l
33 3 33 2
43 143, (A.37c)
and
m? m2 m2_m2
= _ 1 Y As A : Lo As 5—Y3)As
. Y A* (Y3—Y3) Az,
e o(FHr + ) i
(A.38a)
YQ YQQ \[’UQYQQAQQB
m2 ’I’TL3
- 1 i
Mrx| Y Vy+Yy ROl | (A.38D)
3 2
fY*A* V20(Y3—Y3—Y35) A%,
g U Yy vy
A3 A3 (A.38c¢)

Next, we will give the expressions for the weak isospin matrices 7%, expanded in terms
of v. They read in case of no LQ mixing

000 -300 00 )
T =lo-to|, =0 Lo], T‘4/3=<0 1>, TV =, (A39)
000 001

using the basis defined in eq. (2.10). A unitary redefinition of the LQ fields in order to
diagonalize the mass matrices in eq. (2.9) also affects the T¢ matrices

Q _ oWt (A.40)

Note that the LQ field redefinition has no impact the electromagnetic interaction, since
the coupling matrix is proportional to the unit matrix and the W& then cancel due to
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unitarity. If we use the perturbative diagonalization ansatz, we obtain

—v?|As, |? vAZ, v2A§3A31
2(m2—m2)? 2(m3—m3) 2(mi—m3) (3 —m3)
T—1/3% vAs, _l+ﬁ( |A§1‘2 + |A§3|2 ) vAsg
2(3—m?) PR NG Y ) S ey
v2A§1A§3 UA%:; _”2|AQS|2
2(mi—m3)(ma—m3) 2(m2—m3) 2(mm3—m3)?
_1 v?Ys5, 0
2 m3—ma3
T2/3 v2Y3, 1, v?| Az, |? vAsg
M gz 2t @Rl Vami-mg) |
0 UAES 1— 132|A§3|2
V2(m3—m3) (m3—m3)?
0 \/§U2Y3*i
T—4/3 o mZ—m?
\/§v2Y3i 1 ’
m3—mi

valid up to O(vz/m%Q). T5/3 is not affected, since the LQ with charge Q = 5/3 does

not mix.

Analogously to the isospin coupling ot the Z boson, different LQ generations mix under

W interactions. Without LQ mixing, the interactions with the W boson can be written in

terms of the following matrices

00 0
BWI:(83\%>’ B" =01 o |, BW3:(100),
00 —v2

arranging the LQ in their charge eigenstates according to eq. (2.10). B"' describes the
interaction of LQs with electric charges Q@ = —4/3 and Q = —1/3, B2 the ones with
Q= —1/3 and Q = 2/3, BY> with Q = 5/3 and Q = 2/3. If we include LQ mixing, the

matrices expanded up to O(v?/ m%Q), then read

202Y%
_ 0 0 —al,
BW1 ~ m1—m3g
~ * * b
V202 (A21A§3 —i—Y*) ﬁ”Aés f_ 02|A§3‘2
m?—m3 \m?—m2 31} m2Z—m2 V2(m2—m32)?
0 vAZ, Vau?  (AszAg, Y-
2_ 2 2_ .2 2_~2 131
o m3—m3 mi—m3 \m3—m3
BW2 ~ vYs 1_ﬁ |45, 2 |A53]2 0
2 __ 2 2 —m2)2 72 1 2)2 )
ms—ms (m m2)* (Mm3—m3) , ,
v v2] Asg|
33 _ 33
0 ma—m32 \/> V2(m2—m?2)2
~ 2y
BWs~ (1 VY5,
22
27 My
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A6 4¢

Besides the penguin diagrams, mediated by the off-shell photon and Z boson, we also have
the box diagrams. The matching results on £, — (£, 0 read

fipr — 2567(2 u?@f ujc u;fp UEEf U‘ZZT

T (Fﬁ;}f

~N,
VLL _ c L,axL,b —~L,bx ~L,a L,axL,b +~L,bx ~L,a 2 2 2 2
C (Pl i +1 Ty T, T ) Da(md, m?, M2, MP)

Dl Dhey Dk + Tk DL Tl DL Y Da(md, m3, M2, M?)

'u,kfp ujép Uity uka ukér

LoaspLb (Lbs L, LoaspLb (L 1oL, 9 212
+ (Fdjzf Lo Lo, L, + T, Fdjz,-rdkefrdkz.)co (0, Mg, M) (A.44a)

J

L.,axL,b wL,bxL,a L,axpL,b +~L,bx ~L,a 2 2
+ (Fd;zf LaceLace, Ve, + L, Fd;&-rdiéfrdiér)co o, MaaMb)] )

—N,
VLR _ c LaxL,b +R,bx~R,a 2 2 2 2
CfipT - 12872 [Fugfffru;?éiruzfpruzér D2 (mlm mja Ma s Mb )
L,axL,apR,bxRb 2 2 2 2 2
- QPtczf Licp, Uit Liep,mi Do (mi, mi, My, M)
Lx L Rx R 2 2 2 2
+ FujgfrujeirukgpruszDg(mk,mj,M 7.1\4 ) (A44b)

L pL 7R 7R 2 2 2 ar2 g2
_2Ft£frt€irtéprt€,«mtD0(mtamtaM 7M)

L,axL,b 1R,bx~R,a 2 2 L,axpL,b nR,bx~R,a 2 2
T3, Paje Lace,Lae, Co (0, My, My) + Fd;@Pd;zird;zprd;er%(oa MavMb)} ;

srr —Nemi [ RasnLb oRbsnLa 9 9 210 2.2
CSEL = (20T TR Lo Do(mi, mi, M2, M)

fipr 6472 tely © el tel, - ol
R,axL,b wR,bxL,a 2 2 2 2
- Ft%p Ft%-rtcef Ftce,. DO(mt sy, My, My ) (A.44c)

RepL TR
+Fte,-FteiFw,,FferDo(mf,mfaM2,M2)] :

where C}/ip}iR, C}/iﬁ]“ and C’%IIETR are obtained by simply exchanging I' «» T'.

A.7T 202y

Here we show the box contributions, induced by the @ = —1/3 and Q = 2/3 LQs. We
obtain for ¢;” — E;ypﬂr

_N % k %k
plar _ e [FL,b Lo (FL,a pLd _plbspla )Co(mgijg,MbQ)

Cli T G2 | usts T use \ " djry divr devp dgvy

LT (Th Dy, — LT, ) Colm?, M2, Mf)] : (A.45a)
DY = s [rrlte (herke — vk ke oo, A2, 002)

+ T (T, — TR T, ) Colmy, L My, ME)] : (A.45D)
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