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Abstract The flavor changing neutral current decays t —
cX (X =vy,8 Z H)andt — clf ({ = u, 7) are stud-
ied in a renormalizable scalar leptoquark (LQ) model with no
proton decay, where a scalar SU (2) doublet with hypercharge
Y = 7/6isadded to the standard model, yielding a non-chiral
LQ £25/3. Analytical results for the one-loop (tree-level) con-
tributions of a scalar LQ to the f; — f; X (fi — fj I
decays, with f, = qq, {4, are presented. We consider the
scenario where 25,3 couples to the fermions of the second
and third families, with its right- and left-handed couplings
obeying )Li"" / Ai”i = O (€), where € parametrizes the relative
size between these couplings. The allowed parameter space
is then found via the current constraints on the muon (g —2),
the t — py decay, the LHC Higgs boson data, and the direct
LQ searches at the LHC. Formg;,, = 1 TeV and € = 1073,
we find that the + — cX branching ratios are of similar size
and can be as large as 1078 in a tiny area of the parameter
space, whereas Br(t — ctt) [Br(¢# — ciu)] can be up to
1076 (1077).

1 Introduction

The conjecture that lepton number is the fourth color quan-
tum number was put forward long ago in the context of an
SU@A)rxSU4) x SU (@) theory [1,2], which requires the
presence of new gauge and scalar bosons carrying both lep-
ton and baryon number. Such particles, dubbed leptoquarks
(LQs) since transform leptons into quarks and vice versa,
appear naturally in grand unified theories [3-7], but they
are also predicted in other well motivated theories, such as
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technicolor [8-10], models with composite fermions [11-
13], superstring-inspired E¢ models [14,15], models with
extended scalar sectors [16,17], etc. However, LQs with lep-
ton and baryon number violating interactions can give rise to
dangerous effects such as large lepton flavor violating inter-
actions (LFV) or tree-level-induced proton decay. The lat-
ter implies that, unless an extra symmetry is invoked to for-
bid diquark couplings, LQ masses must be as heavy as the
Planck scale, thereby rendering unobservable effects on low
energy processes. Therefore, only those theories with renor-
malizable lepton and baryon number conserving LQ interac-
tions are phenomenologically appealing. LQ phenomenol-
ogy and low-energy constraints on the parameter space of
the most representative LQ models have been widely dis-
cussed (see [18] for instance). For a more up-to-date review
on LQ physics we refer the reader to Ref. [19]. It turns out
that vector LQ masses and couplings are tightly constrained
by experimental data, therefore the study of scalar LQs has
been favored in the literature. In this work we are interested
in a simple renormalizable LQ model with no proton decay
where the presence of relatively light scalar LQs can still be
compatible with low energy constraints from experimental
data [17,20,21]. In such a model, scalar LQs are introduced
in the standard model (SM) via a doublet of SU (2).

In the SM flavor changing neutral currents (FCNCs) can
arise up to the one-loop level or higher orders of perturba-
tion theory, but are additionally suppressed by the so-called
Glashow-Iliopoulos—Maiani (GIM) mechanism. On the oth-
er hand, the SM forbids LFV effects at any order, though
experimental evidences hint that neutrinos are massive, there-
by implying that LFV effects should be present in nature
indeed. No evidences of large FCNCs transitions have yet
been experimentally observed, so the search for this class of
effects is a must in the physics program of any particle col-
lider. While FCNC transition between fermions of the second
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and first family are considerably constrained by experimen-
tal data, transitions involving the fermions of the third and
second generation have no such strong restrictions. In this
regard, FCNC top quark transitions stand out among the most
widely studied processes at the CERN LHC. This stems from
the fact that in spite of having negligible rates in the SM, they
can have a considerable enhancement in beyond the SM the-
ories and could be at the reach of detection.

The scalar particle discovered at the LHC in 2012 seems
to be consistent with the SM Higgs boson, but several of
its properties remain to be tested more accurately, such as
its couplings to light fermions. The LHC also offers great
potential to search for some exotic Higgs decay channels that
are highly suppressed or forbidden in the SM. Along these
lines, there has been considerably interest in the study of the
LFV Higgs boson decay H — £; ¢ j» which was first studied
in [22,23] and has been the focus of great attention recently.
Although an apparent excess of the H — tu branching
ratio, with a significance of 2.4 o, was observed at the LHC
Run 1 [24], it was not confirmed in Run-2 data. The LFV
Higgs boson decay H — ;¢ ;j has been widely studied in
several extension models. In particular, in the LQ model of
Ref. [21], the H — tpu rate is predicted to be at the reach
of experimental detection in some regions of the allowed
parameter space. On the other hand, in the quark sector, apart
from the FCNC Higgs boson decay into light quarks H —
qq’,the FCNC top quark decay t — ¢ H has also been widely
studied along with other decays such as t — cy,t — cZ
andr — cg.

At hadron colliders, the dominant top quark production
mechanisms are gluon fusion and quark annihilation. The
former is the main top quark production process at the LHC
(about 90 % at /s = 14 TeV), with a small percentage due to
quark annihilation. The millions of yearly top quark events at
the LHC would allow experimentalist to search for its FCNCs
decays suchast — ¢X (X = g, v, Z, H), whose rates are
negligibly small in the SM [25-27]:

Br3M(t — cg) = 1078, (1)
BriM(t — ¢y) = 10719, )
BrM(t — ¢Z) = 1071, 3)
BrM(r — cH) = 10713, )

These rates however can be several orders of magnitude lar-
ger in several SM extensions, such as two-Higgs doublet
models [25,28], supersymmetric models [29-32], left-right
supersymmetric models [33], extra dimensions [34], models
with an extra neutral gauge boson [35], 331 models [36], etc.
Therefore, any experimental evidence of these FCNCs top
quark and Higgs boson decay channels may shed light on the
underlying fundamental theory of particle interactions.

@ Springer

In this work we focus on the study of the FCNC decays
t > ¢cX (X = vy, g, Z, H) in a simple renormalizable
scalar LQ model in which there is no proton decay induced
via tree-level LQ exchange, where these processes arise at
one-loop level at the lowest order of perturbation theory. As
a by-product, we present the exact results for the one-loop
LQ scalar contribution to the H — fj fi decay width, which
follows easily from the f; — f;H decay width by crossing
symmetry. For completeness, we also consider in our study
the tree-level FCNC decay r — cll (= i, T),whichin fact
can have larger branching ratios than those of the one-loop
induced decays.

The rest of this presentation is as follows. In Sect. 2 we
briefly discuss the framework of the LQ model we are inter-
ested in. Section 3 is devoted to present the general calcula-
tion of the FCNC decay amplitudes and decay widths. For
the one-loop induced decays we express the amplitudes in
terms of both Passarino—Veltman scalar functions and Feyn-
man parameter integrals. We present a discussion on the
constraints on the LQ couplings from experimental data in
Sect. 5, followed by the numerical analysis of the FCNCs
Higgs boson transitions in Sect. 6. The conclusions and out-
look are presented in Sect. 7. Finally, a few lengthy formulas
for the loop integrals are presented in the Appendices.

2 A simple scalar LQ model

Rather than considering a specific theory, a convenient strat-
egy to study the LQ phenomenology is via a model-indepen-
dent approach through an effective lagrangian. One can thus
focus on the low energy LQ interactions and, without loss of
generality, disregard the complex framework of the ultravi-
olet completion, which is not relevant for the phenomenol-
ogy below the TeV scale. The most general dimension-four
SU@B). x SUQR)r x U(1)y-invariant effective interactions
of scalar and vector LQs, respecting both lepton and baryon
number was first presented in [37] and has been analyzed
recently in [19]. In this work we consider a simple renormal-
izable LQ model in which it is not necessary to invoke an
extra symmetry to forbid the proton decay. A single SU (2)
doublet with hypercharge 7/6 is added to the SM, giving rise
to two LQs with electric charges 5/3e and 2/3e. The former
one is a non-chiral LQ that couples to up quarks and charged
leptons, thereby giving rise to FCNC top quark and Higgs
boson decays at the one-loop level, but also to the r — c£¥
decay at the tree-level. The phenomenology of this model
was studied in [17] and bounds on its couplings to a lepton-
quark pairs from the experimental constraints on the muon
anomalous magnetic dipole moment and the LFV tau decay
T — py were obtained in [38]. We first start by discussing
the corresponding LQ couplings to quarks and leptons and
afterwards we discuss the remaining interactions.



Eur. Phys. J. C (2019) 79:700

Page 3 of 21 700

In the model we are interested in, a scalar LQ represen-
tation Ry with SU(3) x SU(2) x U(1) quantum numbers
(3, 2, 7/6) is introduced. This LQ doublet has the following
renormalizable zero-fermion-number interactions [37]

Lr—o=h, RlahitoL] + Y, 0% el Ry + H.c., (5)

where LiL and QiL are SU (2) left-handed lepton and quark
doublets, whereas e% and ‘Iﬁe are singlets, with i and j being
generation indices.

After rotating to the LQ mass eigenstates §25,3 and §2/3,
where the subscript denotes the electric charge in units of e,
we obtain the following interaction Lagrangian

Lr—y = éi ()uiLjPL + )L%PR) uj.Q§/3
+é'y}y Prd’ 235 + Hee., (©6)

where Pp,_ g are the chiral projection operators. We are inter-
ested in the effects of the non-chiral LQ £25,3 on the FCNC
decays of the top quark and the Higgs boson. Since there are
stringent constraints on the LQ couplings to the fermions of
the two first families, in our study below we will consider
that £25,3 only couples to the second and third generation
fermions.

Apart from the LQ interaction to up quarks and charged
lepton pairs, which follow easily from the above expression,
for our calculation we also need the LQ couplings to both the
photon and the Z gauge boson, which are extracted from the
LQ kinetic terms:

1
Ls = 5(D"Ry)' D" Ry, )
where the SU (2);, x U(1)y covariant derivative is given by
T T
DyR> = E)M—l—lgEW +ig gB“ R>. ®)

Therefore, in the mass eigenstate basis we have

Se <> ig <>
Ls 2132530 5 AT — 8705305573 0p 5321
+H.c., )

where g70s53025, = 1/2 — 5/3s%‘,.
Finally, we consider the following renormalizable effec-
tive LQ interactions to the SM Higgs doublet @

7= (M,%2 +AR2¢T¢> (R;R2> , (10)

where M, is the LQ mass. From here we obtain the Higgs
boson coupling to £25/3:

gD)\.QS/3UHQ§k/3.QS/3. (11

For easy reference, we also present the SM Feynman rules
for the interaction of the photon and the Z gauge boson with
a fermion-antifermion pair:

Uj

N7 Py + NPy 0 Pr+ ngPr
Ve Ve
7 7
4 ’ S s ’ S(p)
7 7
e 7
H L7 A1z e
fffffff = AVAVAVAVAVAVAVS
N N
N N
AN SN 5w
N N
N N
N N
N 20 7 9 povi N
vAs —ieQs [~iLgzss| (' = p)y

Fig. 1 Feynman rules necessary for the calculation of the contribution
of the scalar LQ 25,3 to the t — ¢X (X = y, Z, H) decays. For
completeness we also include the Feynman rules for the LQ singlet

X173 of the model discussed in [21] as our results are also valid for

its contribution, thus S stands for 25,3 and xi/3, with gzgs = % —

D52 (=353, for S = 253 (x1/3)

ffAL:—ieQryu, (12)
Ffz,: —iziyu(g{PL + gl Pp). (13)
cw

where g{ = 2TJ§ - 2Qfs2W and g‘}’; = —2Qfs%V, with T]% =
1/2(—1/2) for up (down) fermions and Q  the fermion char-
ge in units of that of the positron.

The corresponding Feynman rules follow straightforwar-
dly from the above Lagrangians and are shown in Fig. 1.
Below we present the calculation of the FCNC ¢t — cX and
t — cl decays.

3 LQ contribution to the FCNC ¢ — cX decays

We now discuss the calculation of the FCNC r — ¢ X decays,
which in our scalar LQ model proceed at the one-loop level
at the lowest order of perturbation theory. For the sake of
completeness we present the most general expressions for
the f; — f;X decays with X = y, Z, H and f; ; quarks
or leptons. From our result for the g; — gy decay, that for
the g; — q;g decay will follow easily as discussed below.
For the calculation of the loop integrals, we use both the
Feynman parameter technique and the Passarino—Veltman
reduction scheme, which allows one to cross-check the
results. For the algebra we used the Mathematica software
routines along with the FeynCalc package [39]. It is worth
mentioning that our results are also valid for the contribution
of the LQ singlet x1,3 of the model of Ref. [21], where the

@ Springer



700 Page 4 of 21

Eur. Phys. J. C (2019) 79:700

(b)

Fig. 2 LQ contribution to the decay f; — f;V (V =y, Z), where
fi and f; are charged leptons (quarks) and f is a quark (lepton). Here
Q;_ is the LQ charge in units of e. Analogue diagrams give rise to the
fi — fjH decay with the V gauge boson replaced by the Higgs boson.
As far as the g; — ¢ g decay is concerned, there is only contribution
from diagrams b) to d) as the internal fermion is a lepton

LQ contribution to the H — pt was discussed. The Feyn-
man rules for such a LQ are of Majorana-like type (there are
two fermion-flow arrows clashing into a vertex as shown in
Fig. 1) and they require a special treatment. We have fol-
lowed the approach of Ref. [40] and found that the results
for the contribution of LQ §25,3 to the f; — f; X decays are
also valid for the contributions of LQ x1,3 after replacing the
respective coupling constants. A similar result was found for
the contribution of single and doubly charged scalars to the
muon anomalous MDM [40].

3.1 fi — fiV(V =y, Z) decays

This decay proceeds at the lowest order via the Feynman dia-
grams of Fig. 2, where the internal fermion is a lepton (quark)
provided that the external fermions are quarks (leptons).

The ultraviolet divergences cancel out when summing
over all the partial amplitudes. The most general invariant
amplitude can be written as

iLV iR
MGi > V)= Fi (5 owPra” + =~ o Pra’

LYyt R y“PR)ﬁ-dq)“,
(14)

where the monopole terms L7 and R vanish for the
fi — fjy decay due to gauge invariance: the bubble dia-
grams only give contributions to the monopole terms, which
are canceled out by those arising from the triangle diagrams.
The corresponding LY, RV, L'%, and R'Z form factors are
presented in terms of Passarino—Veltman scalar functions in
Appendix A.

@ Springer
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Fig. 3 Feynman rules that are required for the calculation of the con-
tribution of a scalar LQ to the r — cg decay. Here T¢ are the SU (3),
generators in the fundamental representation

After averaging (summing) over polarizations of the initial
(final) fermion and gauge boson, we use the respective two-
body decay width formula, which reduces to

)\.1/2(7}’[ mV? 2)
. (fij (1LY + 1RV P2)

Pt = 1iVy = 32m

+ i (1LY +IRVP)
+3< —m +m )(
my

+ 3m; (mz_m + )(LVL’V*+RVR’V*)

VRV*+L RV*)

mi
2
_3mimy e (LVRV*)
m;
— 12m;m Re (L’VR/V*) > (15)
with fij = L @m? —m2)? — m? + m)m3, — m¥) and

8ij = m%((mi2 — m?)2 + (mi2 + m?))m%, — 2m“‘,). The so-
called triangle function is given by
Ax, ¥, 2) = x2 4+ 92+ 22 = 2(xy + x2 4 y2). (16)

For the f; — f;y decay, Eq. (15) reduces to

N2\ °
r'(fi — f/y)_ (1—(1:2) ) <|LV|2+|RV|2>.

17)

3.2 g; — q;g decay

This one-loop FCNC process is induced by Feynman dia-
grams similar to those shown in Fig. 2, except that there is
no contribution from Feynman diagram of type a) as the inter-
nal fermion is a lepton. The Feynman rules necessary for the
calculation are presented in Fig. 3.
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The g; — ¢ ;g amplitude can be written as

_ iL8 iRS
M(qi — q;8) =q;T* (m— owPrq” + = GuuPqu)qz‘
1

X €(@)p (13)

where the L8 and R$ coefficients can be obtained from Eqgs.
(A.11) and (A.30) of Appendix A once the replacements
Or —> 0, Qs — 1, and No.e — g are done. After aver-
aging (summing) over initial (final) polarizations and colors,
we obtain the average square amplitude and thereby the cor-
responding decay width, which has the same form of Eq.
(17), though we must multiply the right-hand side by the
color factor Cr = 4/3.

3.3 fi — fjH decay

We now present the invariant amplitude for the LQ contribu-
tiontothe f; — f; H decay, whichis induced at the one-loop
level by Feynman diagrams analogue to those shown in Fig. 2,
but with the gauge boson V replaced by the Higgs boson H.
We have found that while the amplitude of Feynman diagram
(d) is ultraviolet finite, that of Feyman diagram (a) has ultra-
violet divergences, but they are canceled out by those arising
from the bubble diagrams (b) and (c). After some algebra,
the invariant amplitude can be cast in the form

M(fi — fiH) = f; (FLPL + FRPR) fi, (19)

where the F;, and Fr form factors are presented in Appendix
B in terms of Passarino—Veltman scalar functions and Feyn-
man parameter integrals.

After summing (averaging) over the polarizations of the
final (initial) fermion, we plug the average squared amplitude
into the two-body decay width formula to obtain

)\l/z(m.2 m2 mz.)
’ H7
’ (PP +1FR1) pi - b

+2m,-ije (FLF;;)>, (20)

r(fi — fiH)= P
1

with p; - pj = (m} +m% —m3)/2.

34 H — f;fi decay

As a by-product we present the H — f] fi decay width,
which follows straightforwardly from the above results by
crossing symmetry. Although the scalar LQ contribution to
the LFV decay H — tu has been already presented in the
zero lepton mass approximation [21,55-57], we now present
the exact one-loop calculation for the H — fj fi decay
width. It reads

Ji

Y

Ji N fi

Im
Fig. 4 Feynman diagram for the tree-level FCNC decay f; — f; Ffufi

induced by a scalar LQ. Here f; and f;, are leptons (quarks) if f; and
fj are quarks (leptons)

12,2 2 2
A (mH,ml.,mj)

[(H— fifj) = 2 \FLI* + FrI*) pi - pj
167'rmH <( )
— 2mimRe(FLF) ), 1)

where I'(H — fifj)) =T'(H — fifj))+T'(H — f;f).
Also pj - pj = (m3; — (m} +m3))/2, and the Fy, and Fg
form factors are the same as those presented in Appendix B
for the f; — f;H decay as discussed in Appendix C.

4 Three-body tree-level decay f; — f; fm fi

Finally we discuss the calculation of the three-body decay
t — clt. Following our calculation approach, we consider
the general decay f; — f; fm fi, where f; and f;, are leptons
(quarks) if f; and f; are quarks (leptons). This process is
induced by a scalar LQ at the tree-level via the Feynman
diagram of Fig. 4. We denote the four-momentum of fermion
fala =1, j, 1, m)by p,. The corresponding decay width can
be written as

T(fi = fifuf) = 5o /wfx’f | 2dx;dx;. (22)
! 2567 Jy, !

In the center-of-mass frame of the decaying fermion, the
scaled variables x, (a = j, [, m) are given as x, = 2E,/m.
From energy conservation, these variables obey x; + x; +
Xm = 2. The kinematic limits in Eq. (22) are in turn

Xjf =2/14j (23)
x‘/','=1+lvbj_l/«l_ﬂm_2\/ms (24)
1
Xilf = m[(Z—Xj)(I-FMj + i — pm — xj)

@ Springer
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?,/sz-—4u‘//\l/2(l+ﬂj _xi,l/-lvl/vm)], (25)

where u, = mg/ml2 (a=j,1,m).
The square average amplitude can be expressed as

2(ps - P " P + BB = 2mpm 25"

.4 = 5
(m%l +m§ —m% —2p; ~pm>

x ((mlz + PPt D) pz)(l)\’ZI2 + IA%IZ)
+2mmiaif ), (26)

where the scalar products can be written as
2

P pn = S =t = i = %)), 27)

pj'pm=7’(1—uj+m—um—x1), (28)
m2

pj'PIITZ(l_IJ«j'FMm_Ml_xm)- (29)

The integration of Eq. (22) can be performed numerically.

5 Constraints on the parameter space of the scalar LQ
models

We now consider the LQ model introduced above and pre-
sent an analysis of the constraints on the LQ couplings to
SM fermions and the Higgs boson. While the LQ couplings
to fermions can be obtained from the muon anomalous MDM
and LFV tau decays, the LQ coupling to a Higgs boson pair
can be extracted from the constraint on the Hyy and Hgg
couplings obtained by the ATLAS and CMS collaborations
[41].

5.1 Constraints on scalar LQ masses

The phenomenology of the scalar LQ doublet R, has been
long studied in the literature [17,18,38,42-44], and con-
straints on their mass and couplings have been derived from
the Z — bb decay, the muon anomalous MDM, and LFV
decays. Since low energy physics strongly constrains the
LQ couplings to the first-generation fermions, it is usually
assumed that the only non-negligible couplings are those to
the fermions of the second and third generations. The most
stringent current constraint on the mass of the scalar LQ dou-
blet R, masses is mg, /3 % 1 TeV, which was obtained by the
ATLAS [45] and CMS [46] collaborations from the LHC data
at /s = 13 TeV under the assumption that £25/3 is a third-
generation LQ that decays mainly as £2,,3 — 7b, though
such a bound relaxes up to 800 GeV when it is assumed that
£27/3 decays into both the 7h and tv; channels. Also, the LQ
search via pair production [47] gives a very stringent upper

@ Springer

bound of 1500 GeV on the mass of second-generation LQs,
which we do not consider here as we are interested in a LQ
that couples to both second and third-generation fermions.
We will then assume the less stringent bound m o, 5= 800
GeV in our analysis below since mg, ; and mg;,; are mass
degenerate, cf. Eq. (10). In fact, a non-degenerate scalar LQ
doublet could give dangerous contributions to the oblique
parameters [48].

5.2 Constraints from the LHC data on the Higgs boson

LHC data indicate that the 125 GeV Higgs boson couplings
are compatible with those predicted by the SM, which pro-
vides a useful approach to constrain the parameter space of
SM extension models by means of the so-called Higgs boson
coupling modifiers, which are defined as
2 I'(H—1i)

ST T S ) G0
where I'SM(H — i) is the SM Higgs boson decay width and
I'(H — 1) is the one including new physics effects. Bounds
on the Higgs boson coupling modifiers were obtained by
fitting the combined data of the ATLAS and CMS collabo-
rations [41]. Since LQs contribute at the one-loop level to
the H — yy and H — gg decays, to constrain the LQ
couplings to a Higgs boson pair H §25/3525/3, we use k), and
k¢, which are given as [19]

4 30% g v?
Fi(tw) + 3F12 () + Z Z[TFO(TS,-)
i S;
Ky 7 ,
|Fi (tw) + 5F12 (1)
31
and
As; V2
%Fl/z (@) + 2 ) Fo (zs,)
1 S
Ky ™ i , (32)
¢ |3 Fip ()]

where the sum is over the LQs S;, 7, = 4m%1 / m%, and the
F;(t,) function is given by

=2t(1+ (1 =1)f (7)) s =1/2,
Fs(t) =3243t14+3tQ2—-1)f(r) s=1, (33)
(1 —7f (1)) s =0,
where
2
arcsin L)] x>1,
fo) = [aesin (G2 - (34)
_él1 [log (EJ—JE) — in]z x < 1.
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Although in our model FCNCs top quark decays receive
contribution from 25,3 only, £22/3 also contribute to the
decays H — yy and H — gg. As already mentioned,
these LQs are mass degenerate: mg;,, = mg, ;. We show in
the left plot of Fig. 5 the area allowed by the experimental
constraints on k, and kg in the Ay 5 Vs A, ; plane for two
values of m g . In general, values of the order of O(10) are
allowed for either A, , or Ag;,;, with the largest allowed
values obtained for either large mg,, or A, ; = —Aoy;.
We also show the allowed area in the mgy,; vs Ags,; plane
in several Ap, ; scenarios. We observe that for a particu-
lar m o, /3 value, the strongest constraints are obtained when
A2y = s, Whereas the less stringent constraints are
obtained when Ao, ; = —Ag;);.

In summary the «, and k, constraints are satisfied for
A5, of the order of O(10), with the largest values allowed
for a heavy LQ. In our analysis below we will use however
the conservative value Ao, , = 1 as a very large value would
violate the perturbativity of the LQ coupling.

5.3 Constraints from the muon anomalous magnetic
moment and the LFV decay 7 — uy

The experimental bounds on the muon anomalous magnetic
dipole moment (MDM) a,, and the LFV tau decays provide
an useful tool to constrain LFV effects [49]. In particular, a,,
can be useful to constrain the LQ couplings )\Zﬁe (u; =c,t),

. Tu;
whereas the decay © — wy allow us to constrain the A; "
ones.

5.3.1 Muon anomalous magnetic dipole moment

Currently there is a discrepancy between the experimental
and theoretical values of the muon anomalous MDM Aa,, =

alheo — P = 268 (63) (43) x 10! [49]. We assume that
this discrepancy is due to the LQ contribution, though such a
puzzle could be settled in the future once new experimental
measurements and more accurate evaluations of the hadronic
contributions were available.

The contribution of scalar LQs £25,3 to the muon anoma-

lous magnetic dipole moment a,IjQ arises at the one-loop level
from the triangle diagrams of Fig. 2 with f; = f; = u and

Jfr = ug. It can be written as [38]

L 3. /x 2 2
o == X S (B ) )
up=c,t
L2 JERe ()JL‘”"’A%M"*>G(XM,XM,()>, (35)

where x, = mg/m%qm. The F(x, y) and G (x, y) functions
are presented in Appendix D in terms of Feynman parame-

ter integrals and Passarino—Veltman scalar functions. Since
X, < xy,, we have the following approximate expression

3. /XX
LQ ~ _ A/ Iy (LU *
alQ ~ u;:”—lénz Re (A"34%") G (30, xu)

(36)

Since §27/3 is a chiral LQ, its contribution to a, is pro-
portional to the muon mass and is thus subdominant. We
now consider that the Aa, discrepancy is due to the LQ

. . L
contribution a MQ

the Re (A7 “A%") vs Re (A’Z'A’;{) plane for three values of
mes,s. We note that a positive contribution from LQs to a,,

is required to explain the discrepancy, therefore there are
three possible scenarios:

and show in Fig. 6 the allowed area in

I Re (M%) and Re (32 ) < 0.
2. Re ()\Zc)\’ﬁ) < O and Re (A’ZIA%I> > 0.
3. Re (A’ZCA%C) > (0 and Re (AIZI)‘%[) < 0.

In the first scenario (left plot of Fig. 6) we observe that while
Re ()JL“‘)\%C) can range between 10~* and 103 for negli-
gible Re (1/“2%°), the latter can range between 107> and

102 for negligible Re (A’L”)Jlét), with the largest allowed
values corresponding to heavy mgy,;. On the other hand,
more large values of the LQ couplings are allowed when
Re (A7°1%") and Re (A‘Z'A’;) are of opposite sign (right
plot) as there is a cancellation between the contributions of
the ¢ and ¢ quarks. In particular, there is a very narrow band

where Re (34") = 0(10) and Re (#f'3}') = 0(1).
5.3.2 Decay t — py

The LQ couplings A;"% and A"} can be constrained by the
experimental bound on the LFV tau decay T — wy, which
canreceive the contributions of loops with £25,3 accompanied
by the up quarks. Such contributions follow straightforwardly
from our result for the f; — f;y decay width given in Eq.
(15) after the proper replacements are made. The result is in
agreement with previous calculations of the £; — £;y decay
width [38].

If the LQ couples to both the ¢ and # quarks, the t — uy
decay width acquires the form

P~ | X (@ g
u;j=c,t
) ) 12
ol T ” Y (LR, (37)
where aﬁzi , etc. stand for the loop integrals. To simplify our
analysis we assume the scenario where )Lfe”" /XlL”i = 0(e)
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Fig. 5 Allowed regions with 95 % C.L. of the parameter space of our
LQ model from the experimental bounds on the Higgs boson multipliers
iy and kg formg, ; = mg; ;. The left plot shows the allowed region in
the Ao5,5 Vs 2,5 plane for three values of nm o ,: 1000 GeV (solid-line
boundary), and 1500 GeV (dashed-line boundary). The right plot shows

(¢ = u, 1), with € = 1073 (predominantly left-handed cou-
plings), 10~! (small right handed-couplings), and 1 (purely
scalar couplings). We do not analyze the case whene > 1 asa

similar situation is observed as in the € < 1 case but with )Li“i

replaced by )»fe"i. Thus the parameter € is a measure of the
relative size between the right and left-handed LQ couplings.
Under this assumption, the T — py decay width becomes
a function of the products A5 “AT¢ and A" AT’. We thus show
in Fig. 7 the allowed area in the A5“AT¢ vs A/ AT plane for
three values of mg;,,. We observe that for mgo,,, = 1000
GeV the largest allowed area is obtained in the scenario with
€ = 1073, which allow 1} A" values as large as O (1071),
whereas the smallest area is obtained when € = 1, which
allows ;717" values of the order of O (10*). Such bounds
are slightly relaxed when m o ; increases up to 2 TeV.

As far as constraints on the |)\€""R| couplings from direct
LQ searches at the LHC via the Drell-Yan process [50], sin-
gle production [51], and pair production [47], an up-to-date
discussion is presented in Ref. [52]. A restricted scenario
(minimal LQ model) is considered where each LQ is allowed
to couple to just one lepton-quark pair. In particular, a 95%
C.L. limit on |A*¢| of the order of O(1) is obtained for a
LQ with a mass above the 1 TeV level from the Drell-Yan
process [50], whereas the bounds obtained from the LHC
Run 1 and Run 2 data on single production [51] yield less
stringent bounds. Although such limit could be relaxed in a
more general scenario where the LQ is allowed to couple to
more than one fermion pair, below we assume a conservative
scenario and consider the bound |A#*¢| < O(1), whereas for
the remaining couplings we impose the |)Lﬁf gl ARl < 4m
bound to avoid the breakdown of perturbativity.

@ Springer
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Mo, [GeV]

the allowed area in the A, ; VS m g5 ; plane in the following scenarios of
A2y30 Ay = Ay (solid-line boundary) and Ao, ; = —Ag;,; (dot-
dashed-line boundary). The vertical and horizontal lines correspond to
the bounds from perturbativity [Ao,; 551 < 47

We are interested in the region of the parameter space
where the largest t — cX and t — c£¢ branching ratios can
be reached, which is the area where either A7'A7¢ or Xﬁtkﬁc
reaches their largest allowed values. Again we consider the
scenario with )»g‘" / )fg” = O(e), with four € values, and per-
form a scan of (A%, )JL”, ATC, AT") points consistent with
both the Aa,, discrepancy (Fig. 6) and the constraint on the
T — py decay (Fig. 7) for two values of m o ;: we consider
a large mass splitting to observe how the LQ couplings get
constrained by the experimental data. As already discussed,
we also impose the bound [A}“x| < O(1) from the direct LQ
search at the LHC and, to avoid perturbativity violation, we

. . ¢ .
impose the extra constraint |A} |, |2]"“%| < 4. The cor-

responding allowed areas in the A A% vs AT'AT¢ plane are
shown in Fig. 8. We observe that, for mg;, = 1000 GeV,
the scenario with e = 1073 (top left plot) allows values of
kzckz’ as large as O (1) for A’Ztk’zc of the order of 10~!, but
values of the order of O (1) are allowed for A A% for AT/ AT
of the order of 1072, For fixed ¢, the allowed area expands
slightly when the LQ mass increases, which is expected as the
loop functions become suppressed for large LQ mass, thereby
allowing larger couplings. On the other hand, for fixed m o ;.
the allowed areas shrink significantly in the A}'A/ direc-
tion and slightly in the A]’A]¢ direction as € increases. For
instance, in the scenario when € = 1 (bottom right plot), the
largest allowed 1717 values for mgy,, = 1000 GeV are of
the order of O (10~3) for small )Lz’ AT¢, whereas the latter can
be as large as O (107") for very small A5 2/, We conclude
that the scenario with predominantly dominant left-handed
couplings (¢ = 1073) is the one that allows the largest values
of the LQ couplings.
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Fig. 6 Allowed regions with 95 % C.L. of the parameter space of our

LQ model assuming that the contributions of LQ 25,3 along withthe ¢~ ary). In the left plot we assume that both Re (A}“A%7) < 0 and
and ¢ quarks are responsible for the muon anomalous MDM discrepancy

US B Re (kf’k’,‘;) < 0, whereas in the right plot we consider that they are
Aay,. We show the allowed region in the Re (A} “2%7) vs Re (14 A% of opposite sign
plane for two values of m g 1+ 1000 GeV (solid-line boundary), 1500

GeV (dashed-line boundary), and 2000 GeV (dot-dashed-line bound-
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Fig. 7 Allowed area with 95% C.L. in the /A7 vs ' A7’ plane from the experimental bound on the T — 11y decay for three values of n ¢, 55 in
the scenario with Ay /Aé”"

= O(e), for € = 1073 (solid-line boundary), € = 0.1 (dashed-line boundary), and € = 1 (dot-dashed-line boundary)

6 Numerical analysis of the f — cX and ¢t — cll

obtained by numerical integration of the parametric integrals.
branching ratios

For the tree-level induced decay + — c££ we have used the
Mathematica numerical integration routines to solve the two-

We now turn to analyze the behavior of the # — c¢X and  dimensional integral of Eq. (22).

t — cffbranching ratios in the allowed area of the parameter

space. For the numerical evaluation of the one-loop induced . .

decays t — cX we have made a cross-check by evaluating 6.1 ¢+ — cX branching ratios

the Passarino—Veltman scalar functions via the LoopTools . )

package [53,54] and then comparing the results with those We first consider :L\;VO leuvalules and pr.esent in Table 1 a few
sets of allowed (A}, A}, A%, A7") points where the 1 — ¢X
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Fig. 8 Allowed areas with 95% C.L. in the A}'2% vs AT'AI¢ plane
consistent with both the Ag,, discrepancy and the experimental bound
on the T — py decay for mg;,, = 1000 (dark points) and 5000 GeV

(light points) in the scenarios where }Lg’" /Ai”" = O(e), for four € val-

decays can reach their largest branching ratios for three LQ
masses. In the scenario where € = 1073 we observe that there
is a small area where all of the t — ¢X branching ratios can
be as large as 107 — 1078 for mg, ;3 = 1000 GeV, though
they get suppressed by one order of magnitude when mg;
increases up to 2000 GeV. In such an area, the LQ couplings
)Jz"i are rather small, whereas the Azt one is very close to the
perturbative limit, which means that this possibility would
require a large amount of fine-tuning. As for the ¢ = 107!
scenario, we observe that the 1 — ¢X branching ratios are
much smaller than in the € = 103 scenario: they can be of
the order of 107 — 10~!? at most for mgs,;; = 1000 GeV,
and decrease by one order of magnitude as mg; , increases
up to 2000 GeV. We refrain from presenting the results for
the € = 1 scenario as the 1 — ¢X branching ratios are two
orders of magnitude than in the ¢ = 1073 scenario.

We also observe in Table 1 that all the branching ratios
Br(t — cX) are of similar order of magnitude, with Br(t —
cZ) slightly larger. It seems surprising that Br(+ — cg) is
about the same size than Br(¢ — cy ), whereas in the SM and
other of its extensions it is one or two orders of magnitude

@ Springer

ues. For the A*¢ coupling we use the constraint [A*¢| < O(1) from
direct searches at the LHC [52], whereas for the remaining couplings
we use the additional constraint Iki""Rl < 47 to avoid perturbativity
violation. Here £ = u, 7 and u; = et

larger. To explain this result, let us examine the case of the
SM, where the t — cy decay proceeds via a Feynman dia-
gram where the photon emerges off a down-type quark and
so the squared amplitude for the analogue t — cg diagram
has an enhancement factor of cr [gs/(— 1/36)]2 ~ 0(10%),
where cp = 4/3 is the color factor. On the other hand, in
our LQ model the photon emerges off the charge 5/3¢ LQ,
which means that the enhancement factor for the squared
t — cg amplitude is just cr [gs/(5/3¢)]> ~ O(1). Fur-
thermore, in our LQ model the Feynman diagram where
the photon emerges off the LQ gives a smaller contribution
than that where it emerges off the lepton, which is absent
in the t — cg decay. These two facts conspire to yield
Br(t — cg) 2 Br(t — cy). It is also worth mentioning
that the 1 — c¢H decay receives its main contribution from
the diagram where the Higgs boson is emitted off the LQ line,
and thus its decay width is very sensitive to the magnitude of
the Ao, ; coupling.

Finally we show in Fig. 9 the contours of the r — cX
branching ratios in the allowed area of the A/ Ak vs AT/AT¢
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Table 1 Branching ratios of the + — c¢X decays for a few
O AT 0Te AT points inside the area allowed by the Aay, discrep-
ancy and the experimental bound on the t — py decay. We consider

the scenario where A%’/Ai’“ = O(e) for e = 1073 and 10~!. For the

coupling of the Higgs boson to aLQ pair we use Ao, ; = 1.Ther — c¢X

branching ratios are given in units of 1078 for € = 1073 and 10~? for
e=10""

mos,; (GeV) Ake AR ATe ATt y g z H
At = 0(1073)
1000 2.54 x 1074 7.8 x 107! 2.39 x 107! 9.48 0.416 0.665 1.02 0.68
1.48 x 10~* 6.54 x 107! 2.06 x 107! 7.87 0.212 0.339 0.521 0.347
2.52 x 1073 1.02 1.72 x 107! 7.86 0.147 0.236 0.362 0.241
1.25x 107 7.68 x 107! 1.28 x 107! 9.97 0.132 0.212 0.325 0.216
8.47 x 1073 6.48 x 107! 2.54 x 107! 4.97 0.129 0.207 0.318 0.211
1500 1.31 x 1073 1.0 3.49 x 107! 6.52 0.0819 0.131 0.246 0.135
3.45 x 1074 9.21 x 107! 2.56 x 107! 8.46 0.0741 0.119 0.222 0.122
1.02 x 1073 1.04 2.58 x 107! 8.04 0.0678 0.109 0.203 0.111
2.17 x 1076 1.21 2.89 x 107! 6.89 0.0624 0.1 0.187 0.103
1.65 x 10~* 1.13 2.5 % 107! 6.84 0.0462 0.074 0.138 0.0758
2000 2.16 x 1073 1.1 448 x 107! 7.39 0.0543 0.0872 0.186 0.0894
7.69 x 1076 1.29 3.29 x 107! 9.86 0.0524 0.0841 0.179 0.0862
2.59 x 1073 1.07 3.69 x 107! 8.71 0.0512 0.082 0.175 0.0843
6.09 x 1073 1.07 3.05 x 107! 8.34 0.0323 0.0514 0.111 0.0532
3.9 %1074 1.69 2.73 x 107! 8.98 0.0298 0.0478 0.102 0.049
At = 01071
1000 2.54 x 1074 7.8 x 107! 239 x 107! 9.48 451 6.73 10.2 6.92
1.48 x 10~* 6.54 x 107! 2.06 x 107! 7.87 2.3 3.43 5.21 3.53
2.52%x 107 1.02 1.72 x 107! 7.86 1.6 2.39 3.62 245
1.25x 107 7.68 x 107! 1.28 x 107! 9.97 1.44 2.14 3.25 22
8.47 x 1073 6.48 x 107! 2.54 x 107! 497 1.4 2.09 3.17 2.15
1500 1.31 x 1073 1.0 3.49 x 107! 6.52 0.893 1.33 245 1.37
3.45 x 1074 9.21 x 107! 2.56 x 107! 8.46 0.809 1.2 2.22 1.24
1.02 x 1073 1.04 2.58 x 107! 8.04 0.739 1.1 2.03 1.13
2.17 x 107° 1.21 2.89 x 107! 6.89 0.681 1.01 1.87 1.04
1.65 x 10~* 1.13 2.5x 107! 6.84 0.504 0.749 1.38 0.772
2000 2.16 x 1073 1.1 4.48 x 107! 7.39 0.595 0.883 1.86 0911
7.69 x 1070 1.29 3.29 x 107! 9.86 0.574 0.851 1.79 0.878
2.59 x 1073 1.07 3.69 x 107! 8.71 0.561 0.83 1.75 0.859
6.09 x 1073 1.07 3.05 x 107! 8.34 0.354 0.52 1.11 0.542
3.9 x10~* 1.69 2.73 x 107! 8.98 0.326 0.484 1.02 0.5

plane in the scenario with )»f?“" /)\i"" = 0(1073), where the
largest values of the t — ¢ X branching ratios are reached. As
already noted, when m g, = 1000 GeV the largest7 — cX
branching ratios, of the order of 1072 — 1078, are obtained
in a tiny area where )JL”)JL“ is very small and 17’ A7¢ reaches
its largest allowed values (top-left corner of the upper plots),
but they decrease as the allowed area expands. It means that
the largest branching ratios are obtained in the region where
the main contribution arises from the loops with an internal
tau lepton, which is due to the fact that the LQ couplings to

the tau lepton are less constrained than those to the muon.
We also observe that the t — ¢X branching ratios decrease
by one or two orders of magnitude as myg; , reaches the 2
TeV level, where they can be as large as 107°—-10~10. The
behavior of the r — c¢X branching ratios in the scenarios
with € = 107! and € = 1 is rather similar to that observed
in Fig. 9, but they are one or two orders of magnitude below:
they can only be as large as 10~ for ¢ = 10~! and 10710
fore = 1.
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Fig. 9 Contours of the branching ratios of the 1 — c¢X decays for
mes, = 1000 (top plots) and 2000 GeV (bottom plots) in the A‘If’)JL“

vs ATAT¢ plane for (A}, A’Zt, AE€, AT values inside the area allowed

6.2 t — cf branching ratios

We now perform the corresponding analysis for the r —
clt (6 =p, 1) branching ratios in the area allowed by the
experimental constraints discussed above. In Fig. 10 we show
the contours of Br(z — c¢££) in the Aﬁ’ VS AZLC plane in the
scenario with )\fe”" / Ai’” = 0(1073) for two values of the LQ
mass. We observe that for mes,; = 1000 GeV, Br(t — ct71)
can be of as large as 1070, whereas Br(t — cjin) is one
order of magnitude below, which is due to the fact that the
A% couplings are more constrained than the ;7 ones. When
mgs,; increases up to 2000 GeV, the 1 — cl¢ branching
ratios decrease by about one order of magnitude. As for the
t — cpt decay, its branching ratio is also suppressed as
involves the )\/LLq couplings. In conclusion, the three-body
tree-level decay 1 — c¢€¢ can have larger branching ratios
than the two-body one-loop decays r — cX.

7 Summary and outlook

The FCNC decays of the top quark t+ — c¢X (X =
v, &g Z, Hyand t — clt (¢ = u, ) were calculated in
a simple LQ model with no proton decay, where the SM is
augmented by a SU (2) scalar LQ doublet with hypercharge
Y = 7/6. In such a model there is a non-chiral LQ with elec-
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by the Aa,, discrepancy and the experimental bound on the T — uy
in the scenario with A%’/Ai"" =0(1073)

tric charge Q = 5/3e that couples to charged leptons and up
quarks and contribute to the FCNC decays of the top quark.

As far as the analytical results are concerned, we perform a
general calculation of the FCNC fermion decays f; — f; X
and f; — f; fm fi- The loop amplitudes of the f; — f T X
decays are presented in terms of both Passarino—Veltman
scalar functions and Feynman parameter integrals, which can
be useful to calculate the contributions of other scalar LQs.
On the other hand, an analytical expression is presented for
the fi — f; fm fi decay width, which can be numerically
evaluated.

As for the numerical analysis, to obtain bounds on the
parameter space of the model we assumed that the LQ only
couples to the fermions of the last two families and used
the experimental constraints on the LHC Higgs boson data,
the muon anomalous magnetic dipole moment q,,, the LFV
decay of the tau lepton 7 — uy, as well as the direct LQ
searches at the LHC via the Drell-Yan process, single pro-
duction, and double production. For the LQ couplings to
charged leptons and up quarks A?’k, a scenario was con-

sidered where kﬁ” /AKL"’ = O(¢), with € being a measure of
the relative size between the right- and left-handed LQ cou-
plings. Afterwards, the t — c¢X and r — c£¢ branching
ratios were evaluated in the allowed region of the parameter
space. In particular, we find that in the scenario where the
LQ couplings are predominantly left-handed, e = 0(1073),
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Fig. 10 Contours of the branching ratios of the t — c7tandt — cap

decays for mg,,, = 1000 GeV (left plots) and 2000 GeV (right plots)

in the A[L’ Vs A[L" plane for (A‘ZC, A’L”, A%E, A’L’) values inside the area

there is a tiny region of the parameter space where the branch-
ing ratios of the one-loop induced t — ¢X decay can be as
large as 108 for mgy,, = 1000 GeV, with the main con-
tribution arising from the loops with an internal tau lepton,
although a large amount of fine-tuning between the LQ cou-
plings would be required. However, for € = 107! (¢ = 1),
the main part of the allowed region yields t+ — cX branching
ratios of the order of 1072 (10~!%) at most. For mgs,; > 2000
GeV, the largest t — ¢ X branching ratios are of the order of
10710 in all the scenarios analyzed in this work. Although
the t — c¢X branching ratios are larger in our LQ model
than in the SM, such contributions would be out of the reach
of detection in the near future. As for the tree-level induced

0.2 0.4 0.6 0.8 1
A

allowed by the Aa,, discrepancy and the experimental bound on the
T — py in the scenario with A" /AZL"" = 0(1073)

decays t — cfl, the t — cTt branching ratio can be as
large as 107 for m o ;3 = 1000 GeV in the scenario with
e = 0(1073), but Br(r — cpip) is one order of magnitude
below. These branching ratios decrease by about one order
of magnitude when the LQ mass increases up to 2000 GeV.

It is worth noting that experimental constraints on the LQ
mass and couplings obtained from the direct search at the
LHC are very stringent, but they rely on several assumptions
and may be relaxed, which would yield a slight enhancement
of the LQ contribution to the top quark FCNC top quark
decays. The magnitude of the # — ¢X branching ratios is
similar to that recently found for the contributions from a
scalar LQ with charge —1/3e, which arises in a model with a
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scalar LQ singlet [55]. We do not consider this scenario in our
analysis as we are interested in LQ models where no further
symmetries must be invoked to forbid the proton decay [17].
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Appendix A: Loop integrals for the f; — f;V decay
We now present the contribution of the scalar LQ S to the
fi = f;V loop amplitudes. Although in these Appendices S

will stand for the 25,3 LQ, as already explained, our results
are also valid for the contribution of any other scalar LQ.

Appendix A.1: Passarino—Veltman results

We first define the following sets of ultraviolet finite
Passarino—Veltman scalar function combinations

Ao = Bo(mZ, mi, mp) — Bo(m3, my, m3), (A.1)
Ay = Bo(m%, mi, m3) — Bo(0, my, m%), (A2)
Ay = Bo(m}, mi, m3) — Bo(m3, mi, m3), (A.3)
A3 = Bo(m3, mg, m3) — Bo(0, my, m3), (A4)
Ag = Bo(0, m3, m}) — Bo(0, m%, m%), (A.5)
As = By(0, m%, m%) — Bo(0, m?, m%), (A.6)
Cisk = m5Co(m}, m%, 0, mg, mg, my), (A7)
Csks = m5Co(m; . m5., 0, mg, mi, my), (A.8)
Czisk = m%Co(m%, m?, mZZ, m%, m%, m%), (A.9)
Czsks = mgCo(m}, m3, m%, m5, mg, my). (A.10)

The form factors of Eq. (14) are given in terms of these
ultraviolet-finite functions as follows.

Appendix A.1.1: f; — fjvy decay

There are only dipole form factors as the monopole ones must
vanish due to electromagnetic gauge invariance. Although

@ Springer

each Feynman diagram has ultraviolet divergences, they can-
cel out when summing over all the contributions. The results
read

B N€ \/_Slj )\lk k]
S ( NG L (xi(0s - Qo)
|
+ — (Os (xi (x; — 28) + x;&)

&ij
Ok (xi (xj + 2&) — xj&)) A
— & (Ok + Os) Az — 2x; (Qxi Crsi — QSCSkS))

A
RER (2L (Qx (6 + %) + Os (6 — 1)) 42
\/_ %—1]

+ 2& (Qk + Qs) Az + 2x; (Qrxk Crsik
— 0sCsks) +x,(Qk — 05))

)\k] lk
- */; £ (8 (Qk + 0s) 42
ij

_|_

+ Qk( —xi (njk + &jk) + x; )CkSk>) (A.11)

where N, is the color number of the internal fermion and we
introduced the following definitions x, = m(% / mé Ep =
Xq — Xps Nab = Xaq + Xp, & = x4 — 1l,and n, = x4 + 1. In
addition, the right handed form factors can be obtained from
the left-handed ones as follows

RY = LY <lem<—>AIIS'1,Q5—> —Q5>. (A.12)

Appendix A.1.1.2: f; — f;Z decay

The amplitude for this decay contains both dipole and
monopole form factors. Again the ultraviolet divergences
cancel when summing over partial contributions. The L%
and L'Z form factors are too lengthy and can be written as a
sum of partial terms arising from each contributing diagram
as follows

zZ _ @
L 32n p—— Z ZL,. , (A.13)
w j=abi=1
and
Neg  J/%i : Lo,
O A4
3272cy 8 ; ( )

where the superscript stands for the Feynman diagram of
Fig. 2 out of which the corresponding term arises, with (cd)
standing for the sum of the contributions of diagrams (c) and

(d).
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The contributions of diagram (a) are given by + ok ( <xz +g ~>A0 PN <xz i — &)
@) NeTr A LY ! !
Ly = —2<(x§ + x5 (4x; — 2x; — 6&)
20 + xj& +xi (5jx — &) )CkSk , (A.17)

— S;'isz (Xj + 6&; + 5x,~) )A]

ik kj
L = gﬁﬁff’g (( -
+ (x% (& — 5xi) + 2x7 (2ximij + Sxidk — xk)

. + 203 (2 — &) — x5 (4 + 2056+ 562 )
+ & (e — 1) ) 42

+ 25,‘2,%2 (mij + 2&) )Al

s
+ x—j(Xz (1 —njk) + (x% (v —xi (501, — x) +x1))
+ x% (xi (3§k — 4xj) +x; (ij + 7&)) + 2&jxz (xj& + xi (200 — njp) + xi))
+ &jxz (x (5x; — 3&) — & (i — 1)>A2
+xj (xj + 5&)) + Ef,-c?k)m + (+3 (21 (38 = 53)) = x; (3 — 6&) = 27)
+2(x3 G +2) + 33 (i () — 3 +2) + 26237 (mj — 36) — &)
+xj (xx —4) + 382 — 2sz> + 2(@ (2mij — mijxe + xixj + &)
+ Eijxz (xi (2% + 3xx — 4) + (xi (x/ (4= 6x0) + ] +é,§)
—xj (xk +2) + 387 + x?) + Ei’j;‘xk)CZkSk +x12' (57 (o = 4) + &)
+x7 (njk —4)) + &xz (x (a +2)
+ 8 (& +xz) ) (A.15) +x; (. — 2&;) — 2&7)
- éfjxk)CZkSk +8xz (xz — nij) — 523k5>
w _ sEMaY 3 ko ik, ki
L= W("i ("Z + 8L MR AR Xk Czksk, (A.18)

— 223 (38 — 2x; +x;) + &;jxz (5%, + 65 +x,-))A1

kg ikq ki
‘@ _  8LAL AL . 3
+ (x% (= nig) + (x; + 2x;) Géx +x1) x5 ) = W<2xtx/5x2 +6x;x; (xz
— xz (5 (8v; +3&) — x2 (mij +2&) )Al —x; (x% (& + 3x1)
—xixj (¢ = 26) + 376+ 7)) + xz (4 (700 =) + xi) — 3x)
- sf; (xi (xj +28) — xj&) )Az = &ijxz (i (Sxj +780) + 36 + Sxiz)
+ (x% (1 —nix) - E?j (- mk))Az
+ 22 (x,- (Te — 4x}) + 3% & + 2x,.2) - (Jé (nij&k + 6xix;)
— &jxz (xi (577jk +x; — 5) — 3xj.§k) — Slsjék)Ag. — x% <3xl-2 (ij' + Sk) + 2x;x; (3Xj + 7§k) + 3x?§k>
+ 2% (x% (8jk +2) + 7 (xj @~ 3w + 3 Erxz — Ef}‘;k)AS
_2x]2~ + Xx; (njk _4) + 3%_](2) + 2xl~xj <x4Z — 2x% (nij + 2x; — 3)
2
—&jxz ((ij —Xj — 6)xk +&; (xj +2x; — 3) +3xk> + x% <2xl~xj +2n;j (xx —3) + U,’zj + 65,{2)
_ £3 . £
St Canse + % oz s,,)), (10 + 2$i2,-xkxz)sz<sk)’ (A.19)
k , .
W _ SR L3 = k8 («/x_i)\ikk]fej + x/x_jf\lzjl’f) (2sz0 - (xz
Ly = 5\ (xz—c‘fij)ﬁ\o )
2
+ (mj —xz)Az + ((%’jk + 1) xz +&;j (njx — l))CkSk) + Ei/>A2 + (xZ — Az (mj + 2£) )CZk5k>’ (A.20)
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where § = xi2 —2(xj+xz)x;i+(x; —xz)2. The contributions
of diagram (b) are

(b) _
Ly" =

ikykj
by QVSSAL A 3
Lg) _ L"L l_(_x;

gVSS\/)TJ')‘%()‘Ig 3
282 (_ 1z

+ 2)6% (Xj —3& — 2)6,') =+ S,’sz (xJ* — 6§ + 5x,~) )A]
+ (x% (& + 5x;)

— 2xz (xi (2mij — 5&) + xj&)

— & G+ 1)>A2

Ls,

+ ;j(xz (Ejx +1)
+ x5 (i (4x) + 3&) +x; (75 — 2x;))
— &ijxz (xj (xj — 5&) + xi (5x; + 3&))
+ &56) 43 —2(x} (& + )
+ x7 (v (&) + 2 — xi) —x; (4 — 1)+ 387)
— &ijxz (2 (Xj +2xi)xk +xj—x; (ZXJ‘ + x; +3) - 35,3)

+ E%)Czsu — 8 (&) +x2) ) (A.21)

N2 z

+ 203 (xi — 2xj — 3&) + & xz (65 — 5xj — x;) )Al
+ (53 G+ 1+ 2% (x) + 20) Gék — x)

+xz (57 (8x; = 36) — xix (x; +26) — 376 + 27
+ 5,-2,- (xi (xj —2&) +xj$k))A2

+ (x; G+ 1)+ 2% (x () +780) + 3x;8 — 27
+ &jxz 3xj& +x; (5&jk + xi +5))

— 6h6) Ay — 2 (x5 (5 +2u)

- (xj (3 —2x0) — x; (nj — 4ug) + 23 — 3gk2)

+ xz&j 3—2(2xj +x; +3) xx

o 2+ 3) + 3 - i)

+ gli)CZSkS +x;8 (& — x7) ) (A.22)
kj ik
A7 A
Lgb) — %(2,&&) _ (xz n Eij)Az
+ (x% + x7 (2& — nij) )CZSkS), (A.23)
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.k k'
L,(b) — gVSS)\'lR)\'Rj ((_ 4

") _
Ly =

25 2

+ 2x5 (nij — &)

- x <2xi (5x) + &) + x; (x; + 2&) +xi2)
+ 453;&)62)&

+ <2x,-x% +x2 (x,- (3x) + 5&k) + xj& — Sxi2>
+ 2&ijxz <Xi (3xj — 2&) + xj& + 2xl-2)

+ &5 (- mk))Az

+ (2m593 — 3 (x; (5%, — 65)

+x; (6 — 6mjk + 5x;))

+ 2€l~.2,-xz (2nij — 3&) — 5;;)43

+ ( — 2xexy 4+ x5 (2 (nij — xi +2)

+xi (4— 6x)) +4x; — 2)

+ 2% (7 (3x; + 0 —4)

i () (4 = 630 + 323 — £7)

3 (x; =) — &2))

+ 2827 (262 = mij (5 = 2)) ) Casus

+ 8xz (nij — xz) — 5231(5), (A.24)

. k'
gV ss/Xi XA
52

<( —xy —xj (mij + 6&K) + 2§i2j-xZ>Al

1 3
+ 2—xl_(($ik+ Dxy

+ x% (x,- (7$k — xj) + 3x;& + 3x,~2)

+ &ijxz (xi (Xj +7%'k) + 3x & — 3xi2)

1
3
+ & —n; )A +

(x% (2xixj — mijék)
3 (o (20 + 360) + 20, (3 +78) + 3378 )
— &xz (3nij& + 4xix))

+ &) A3+ (v (2= myy — 1)

+ 2x% (mjﬁk +xixj + &5 — 3$’<2>

+ ‘512ij (ZXk —nij — 4) )CZSkS — (SXZ), (A.25)
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"(b 8V SS/ Xk ik kj kj i
Lo = T (ﬁx’[‘x,g +A/_xijf,\;§) (szAo

— (xz + Sij)Az + xz<xz + 28 — mj)CZSks)-
(A.26)

Finally Feynman diagrams (c) and (d) only contribute to
monopole terms. The corresponding contribution of both dia-
grams is

3 ik
/ )J A
ZL(cd) _ gL

; <<77ik - 1>A2 +&ij Az — 2xp Ay
28;;

i=1

— 28 As + & Brs — 25k>

j)\ik)\‘k. 1
— Dx; Ay — & A
+ 2\/_\/_<§lj Mix — D x; Az — & 3)
V gL( /_)\'lk)\’kl + /_)\’k])\’lk> AZ

(A.27)

We can observe that the ultraviolet divergent term Bis =
By (0, m,%, m%), which appears only in the monopole terms,
is canceled out when summing over all the contributions.

Furthermore, the form factors associated with the right-
handed terms are given by

R? = L7 (3" & 3lp', 9255 — —gzss) (A.28)
and
R,Z = —L/Z ()\,le <> )»llgn, 8788 — —gzgs> . (A29)

Appendix A.2: Feynman parameter results
Appendix A.2.1: f; — fjvy decay

The LY form factor of Eq. (14) is ultraviolet finite and is
given in terms of Feynman parameter integrals as follows

Y _ cg Eﬁ | / /1 X ( }\lkkkj
L 620W7[2 3 dx dy ny
— ik (xﬁ(x +y—a p - 1)@7%2”))
+ gﬁ =0 (evmrfa vyl + o ) )
(A.30)
where
o =x (vEji +x;(x — 1) — &) + x, (A31)

O =xynij —x ik — 1) +x%x; — y (njk — yxj) + xx + y.

(A.32)

The R” form factor is given by Eq. (A.12), whereas
monopole terms L7 and R’ y are zero as already mentioned
(one must consider electric charge conservation).

Appendix A.2.2: f; — f;Z decay

The dipole terms of Eq. (A.13), which only arise from dia-
grams (a) and (b), are ultraviolet finite and are given by

1 1—x 1 . ,
LW = / dx/ dy— (xyymgbriay
0 0 &
ki
—x/xXj(x+y— l)g],‘?)nllé“)nlg
Kjyi
+vE g (veh — e+ vy = Dgk)).

1= <x+y 1) ki
L® = gvssf dX/ ( NN
+VERY + ﬁx’i’x%‘) :

(A.33)

(A.34)

whereas the partial contributions to the monopole terms of
Eq. (A.14) are ultraviolet divergent and read

L' = fo s /0 - dy%(x(y — DVE RS AE A
+ (y — D/ /Trgh MY
+ il (gh (0 +y = D (vez — &) + xx))
+¢1 (1 +log (&1))) — e )

+ VEEEA (0 y = Dk - xg'i))
gR)Jk)» Auv,
Lo - 8 f / T yex-1)
(@w‘f (VG + 02 + V)
+ Al <<XXi +yx; + 2x2§—2/ 1 log (g“é)) )”]I(?j

+ /—xj /xk)\”;‘j)> gVZSS)‘«lk)‘ AUV?

(A.35)

(A.36)

L/ (cd)

1 J i i
-/ dxg_L((ﬁxz" (ewip + v
o &j
+ VETVEA A ) (log (¢h) — log (¢41)
+ BN (10 (25,)

J
g . .
—xi log (¢3;)) ) + TLA%‘,\’;{ Auv. (A.37)
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where Ayy stands for the ultraviolet divergence, which can-
cels out when summing over the partial contributions as it is
proportional to glz - g}e — gvss. We also have defined the
following functions

¢ = xy (xz — &) +x%x; —x (njx — 1)
+xi+ (v — Dyxz,
&3 = x%xi + xy (mij — xz) —x (nix — 1)
— v (njk = yxj) +x + v,
Gho = ¥*%q — X (ak — 1) + Xk (A.38)

Appendix B: Loop integrals for the f; — f; H decay

The Fr and Fr form factors of Eq. (20) are given by

3
) 3 Asv )
2 Jert g e
k=(a). (b),(c)

(B.39)

Ncgmsg
FLr= 25—
2 my

with f L(k}e (k = a, b, ¢, d) being the contributions of the Feyn-
man diagram analogue to the diagram (k) of Fig. 2, with the V
gauge boson replaced by the Higgs boson. Again we present
our results in terms of Passarino—Veltman scalar functions
and Feynman parameter integrals.

Appendix B.1: Passarino—Veltman results

The sum of the contributions of the triangle and bubble dia-
grams (a), (b) and (c) is ultraviolet finite and reads

& 1
Y o E(ﬁ(Zxk(xH + &) (Emj — % — 280C]
k=(a),(b),(c)

+ (Cxjxi(xj + &) — 8xjxp) A

+ (i (xi — Ej) — £x7 (ki +E0)A)

+ el )3 ol

+ /Tj(2xk(xH — &) (Enj — xi —26)C)

+ (ag(x; — Epj) +exP(xj + E0) A
— (Cxjxi (X + &) + 8xxp) A)

+ ok Ay )Xk

+ 2@( (xk (25},. +xd - 3ng,,-)
+xg(xg +x;2x; — 1) —x;)) C]

+ (@xi —xj(xg —§ji)A]

—(Cxj +xi(xg +$ji))A/2>?~12j)»%‘
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2/ (a3 = 280C]

— Gji +xu —OA + (§ji —xm —¢) A'2>)~]g?»iLk), (B.40)

whereas the contribution of triangle diagram (d), which is
ultraviolet finite by itself, can be written as

1= %(\/)71'((“9(% + &) — &i (& + 1)y
= 2xj A} + (i = ) Mg + (o + s,-,-mg)ﬂ;fxf
+ «/x—j((XH(xi + &)+ &ji(Gik + 1))y
+ (o — Emj) A} — 205 + (xy — gj,.)A;O,\gA%c

- VExCpa ), B4

where we have introduced the auxiliary variable y = 5,2,- +
xlz_l — 2xpé&j,and £ = x/(xjx;€j;). As for the C;. and A’/.
functions, they are given by ' '

A\ = Bo(m}, my, m3) — Bo(my;, mj, mp), (B.42)
Ay = Bo(m?, m3, m%) — Bo(m?,, my, m3), (B.43)
Ay = By(0, m3, m%) — Bo(m%, my, m3), (B.44)
Aly = Bo(m?%, m%, m%) — Bo(m%, my, m3), (B.45)
Cl = m5Cy(my, m%. mi, mg, mg, my), (B.46)
Ch = mgCi(myy, m3, m;, my, mp, m3). (B.47)

It is thus evident that ultraviolet divergences cancel out. As
far as the right-handed terms are concerned, they obey

= fO0L &R (k=a, b, c d. (B.48)

Appendix B.2: Feynman parameter results

Feynman parametrization yield the following results for the
f L(kze coefficients:

£ = ﬁfoldxfoH dygi](@@(zy 1k
+ AV = 20x + ) A A
- (201 log (01) +xy(&ji +xm) + (x — Dxx;
+ o1+ xuy(y = 1) +x ) ok
— )

+ Ak apy, (B.49)
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Z (k)

k=(b),(c)

o [ an(vmr (s (vaptlag + vl
+ mx?{xf) (log(02;) — log(021))
+ Xk (x; log(02)) — x; log(oai )i Ak + )

— JEA ik Ay, (B.50)

where itis evident that the ultraviolet divergence Ayy cancels
out when summing over the partial contributions. We also use
the following auxiliary variables

01 = x%xj +x((xg + &) +&j + 1) +xp(y — Dy +x.
and

02q¢ = xXq(x — 1) — x(xx — 1) + x¢.

As far as the contribution of Feynman diagram (d) is con-
cerned, it is given by

1—x
D /dx/ dy— fx"%”‘
—Sm 4y — DAk )Jk>, (B.51)

with

04 = x%x; +x(y(xg — i) + & — ) +xg(y — Dy + 1.
(B.52)

Appendix C: Loop integrals for the H — f j fi decay

As already mentioned, the form factors F and Fg for the
fi = fjH decay width are also valid for the H — f; f;
decay width given in (21). It is interesting to obtain the
approximate results in the limit of small x; and x;. In the
case of the Passarino—Veltman results A} — A} 4+ O(x;)
and A, — A%+ O(x;) for small x; and x ;, which means that
in the limit of vanishing external fermion masses we have

S A e a A R (G + DC] = AL, (C.53)
k=(a),(b),(c)
and
O — ik x e, (C.54)

which means that in this scenario the H — f; f; decay width
can be written as

F(H = fif) =S (117051

HAAEP) |f<mk,ms,mi, mpP. (C.55)

where

3my
(my,ms, mj, mj) >~ ———
f e 1672myg

( (0n +m3rCom3y, 0.0, mE, mi, m)
— (BO(O, m2, m%) — Bo(m?, m?, m,%)))

— m%Co(m?%, 0,0, m3, my, m§)>, (C.56)

This result agrees with the one presented in [21,55-57].
As far as the Feynman parameter results, in the vanishing
limit of m ; and m; one can obtain

1 1—x 1
£ = - Jxg /O dx /0 dygf, (207 log(e})
1

Fxuy(c+y — 1)+ o) +xi) A 2
+ VA M Ay,

1
k kjyi kj 4 i
Y 10 =Vx / dxlog(ey) Ay Mk — /xed 3if Auv.,
0

k=(b),(c)

(C.57)

(C.58)
and
d I k
@ f/ dx/ dy A Wk, (C.59)
with
oy =x(x+ 1) +xpy(x+y—1)+ x, (C.60)
05 =xk —x(xx — 1), (C.61)
oy =x(xx— D) +xgylx+y—1+1. (C.62)

Appendix D: Lepton anomalous magnetic dipole moment
The F and G functions of Eq. (35) read

F(z1,220) =
G(z1,22) =

OrFi1(z1,22) + Qs Fa(z1, 22),
0;G1(z1,22) + 05,G2(z1, 22),

(D.63)
(D.64)
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with the F, and G, functions given in terms of Feynman
parameter integrals by

(1 — x)x&q(x)

(I =x)(z2 —xz1) +x
(I —x)&a(x)

(I —x)(z2 —xz1) +x

dx, (D.65)

1
Fo(z1,22) = 2/
0

1
Ga(z1,22) = 2/ dx, (D.66)
0

where £1(x) = 1 — x and &(x) = x. The integration is
straightforward in the limit of a light external fermion and
heavy internal fermion and LQ: x; < xi

. _ Ok
F(xj ~0,x;) = 73(1 )
Os

+ - = @
3(1 — xp)t

(2 + 3x; — 6x,% + x,? + 6x, log(xk))

(1 — 6x; + 3x,% + 2x2 - 6x,% log(xk)) .
(D.67)

Ok
(1 —xz)3

(1 - x,% + 2xp, log(xk)) .

Gx; ~0,x,) = —

Os
RIRTISE

<3 —4xp + x,% + 2log(xk))

(D.68)

For completeness we also present the results in terms of
Passarino—Veltman scalar functions:

Fi(z1,22) = — (222 2z1 + ¢ (21, 22)) A6(21, 22)

23¢(z21. 22)
—2(z1 (1 =21 +22) + ¢(21, 22)) A7(21, 22)

+ 2 B+ )~ 22— DG ) +44) L (D.69)

Fy(z1.22) = — (222 (21 G2+ D = (@2 = D?) As(z1, 22)

23¢(z21. 22)

+2(@ - D2+ @ -2 a) M)

+d+@-D@+da-26- 1), (D.70)
=——— (2(Z-Qn+1

Gi(z1,22) ZlC(Zl,Zz)( (Zl QRzz+ 1Dz

+ (z2 =D z2) A¢(z1,22) +2(z1 — 22+ 1) A7(z1, 22)

+ 20—t 1)2), (D.71)
Ga(z1,22) = ————— (2(z1 — 22+ 1) 2246(21, 22)

214(z1, 22)
2@+ - DA +2(d-@-1?). D72

with

Aﬁ(x? y) = BO(Ov ymé, ymé) - BO(X m%v ymév m%)’
(D.73)
Aq(x, y) = Bo(0, m%, m%) — Bo(x m%, ym%, m%),
(D.74)

and ¢(x,y) = (1 +y —x)% — 4y.
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