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In this article, we study the full one-loop SUSY contributions to the lepton flavor violating Higgs decay
h — tji, within the context of the supersymmetric inverse seesaw model. We assume that both the right-

handed neutrino masses, M, and their supersymmetric partner masses, 11;

7> are not far from the interesting

O(TeV) energy scale, and we work with scenarios with large neutrino Yukawa couplings that transmit large
lepton flavor violating effects. By exploring the behavior with the most relevant parameters, mainly Mp,
mg, and the trilinear sneutrino coupling A,, we will look for regions of the parameter space where the

enhancement of BR(/4 — tji) is large enough to reach values at the percent level, which could explain the
excess recently reported by CMS and ATLAS at the CERN Large Hadron Collider.

DOI: 10.1103/PhysRevD.93.055010

I. INTRODUCTION

The discovery in 2012 of a new scalar particle at the
LHC [1,2], whose mass has been set to m;, = 125.09 £
0.21 (stat) £ 0.11 (syst) GeV [3], lays on the table the
challenging issue of whether it is actually the Higgs boson
from the standard model of particle physics (SM) or there is
new physics beyond the SM (BSM).

In this article, we focus on one of the new physics
aspects of the discovered boson—the possibility of lepton
flavor violating Higgs decays (LFVHD). In fact, very
recently, the first direct search of the particular decay & —
ut (from now on, we will refer to both 2 — u7 and h — i
decays in this shortened way) has been performed by the
CMS Collaboration [4], and an upper limit on the branch-
ing ratio of BR(h — puz) < 1.51 x 1072 at 95% C.L. has
been set. Additionally, CMS has also observed a slight
excess with a significance of 2.4 standard deviations at
my, = 125 GeV, whose best-fit branching ratio, if inter-
preted as a signal, is BR(h — pr) = (8.4737) x 1073, The
ATLAS Collaboration has just released their results for the
same h — ut decay [5] as well, focusing on hadronically
decaying 7 leptons. ATLAS has reported an upper limit of
BR(h — ut) < 1.85 x 1072 at 95% C.L. in agreement with
the previous CMS result. Intriguingly, a small excess
appears in one of the signal regions considered, even
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though it is not statistically significant. One way or another,
the searches for lepton flavor violation (LFV) in the Higgs
sector have entered into the percent level. The statistical
significance is not enough to reach a strong conclusion yet,
but any evidence of LFV would unquestionably mean a
clear BSM signal due to the huge suppression of LFV in the
SM because of the absence of flavor-changing neutral
currents.

In particular, the investigation of LFVHD is at present
a very active field which is being studied in different
models. LFVHD were considered for the first time in
the context of the SM enlarged with three heavy
Majorana neutrinos in [6] and later in the context of
the type I seesaw model in [7], predicting tiny rates due
to the strong suppression from the large heavy right-
handed neutrino masses. By contrast, in the context of
the inverse seesaw model (ISS) [8] with right-handed
neutrino masses at the O(TeV) energy scale, much
larger LFVHD rates, up to 1075, can be obtained [9].
In addition, LFVHD have been also analyzed with
special attention in the literature within the framework
of supersymmetric (SUSY) models [7,10,11], finding
branching ratios slightly larger than in the ISS case, up
to 1074

Here we will study the LFVHD within the context of the
SUSY version of the ISS, which we refer to here as the
SUSY-ISS model. In particular, we will present our
estimate of the contribution to the BR(h — zz) from all
the SUSY loops containing sneutrinos and sleptons which
are typically different in the SUSY-ISS with respect to other
SUSY models, due to the important effects induced by the
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right-handed neutrinos and their SUSY partners with
masses at (O(TeV). The potential increase of the
LFVHD rates due to some of the new SUSY loops within
the SUSY-ISS model was first pointed out and estimated in
[12]. Other important enhancement due to SUSY loops
have also been found in [13] for LFV lepton decay rates and
other observables. Some phenomenological implications at
the LHC of SUSY-ISS scenarios with large LEFVHD rates
within the same context as this work have been recently
studied in [14].

In addition to performing a complete one-loop com-
putation of the SUSY loops within the SUSY-ISS
model, one of our main goals here is to analyze in
detail if the enhancement due to the sneutrinos and
sleptons loops can be sufficiently large as to explain the
LFVHD effect seen by CMS and ATLAS. Indeed, we
will localize in this work some regions of the SUSY-ISS
parameter space where this is possible. In Sec. II, we
describe the SUSY-ISS model and introduce the para-
metrization we use to reproduce low-energy neutrino
data. In Sec. III, we present the analytical results of our
one loop calculation while we discuss our numerical
predictions in Sec. IV.

II. THE SUSY-ISS MODEL

In this section, we briefly summarize the most
relevant aspects for the present computation of the
SUSY-ISS model, which is a well-known extension of
the MSSM that can reproduce the observed neutrino
masses and mixing. The MSSM superfield content is
supplemented by three pairs of gauge singlet chiral
superfields N; and X; with opposite lepton numbers
(i=1, 2, 3). The SUSY-ISS model is defined by the
following superpotential:

PPN NPV I
W = Wyssm + € NY, H3 L +NMRX+§XMXXv (1)
with €, =1 and

Wssm = €ap|EY H{L" + DY, H{ Q" + UY 50"
—uH{HY). (2)

The generation indices have been suppressed and should
be understood in a tensor notation as NY,H5L¢ =
N,-(Y,,)UI:IZZ’[A,]“-. In particular, all chiral superfields are
left-handed, meaning that for D, U, E, N, X the spin 0
and spin % components are, for example in the case of £,
[(ex)*. (eg)]. H, and H, are, respectively, the down-
type and up-type Higgs bosons, defined as

R (i
H = N s H — ~ . 3
1 <hr) ? (h%) G)
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Then the soft SUSY breaking Lagrangian is given by

~Loo = — LYSSM 4 Tfm2 D + X"mi X"

+ DR(AY, )DL — T5(A,Y,)e, hy + Hec.

+ X" (Byjix)X* + Dh(BgMg)X* +H.c., (4)
with
—LMIM — eBm2er + EZITgmggl}} + ukmiiy,

+ my; |H\|* + mj, |H,?
+ 5ab(Qu)Tm2QQh + 5ab(z‘a>1—m%l~‘b
1 _ _ _
+ 3 (M Aphy + MR 2S,25, + M3AgAq + H.c.)

+ e[ (i1 (A, Y, ) O Hb+d (A, Y ) QP HY
+&h(A Y, )L HY + BuHSH? + H.c.]. (5)

During this study we will take all soft SUSY breaking
masses to be flavor diagonal, making sure that the only
sources of flavor violation are in the neutrino Yukawa
coupling Y, the lepton number conserving mass term Mg
and the lepton number violating mass term fiy. The only
exception will be mi which receives RGE-induced correc-
tions coming from Y, that, for phenomenological purposes,
are given by [15]

1 ¥ M
2 — 2 2 f
(Am)y; = = 2 (3M5 + A7) (yy log 1 yy) o ©

where we take M = 10'® GeV for the rest of this work.
After electroweak symmetry breaking, the neutrino mass
matrix in the basis ((v,)¢,vg, X) is given by

0 mp O
Mis= | mp 0 Mg |, (7)
0 Mi px

where we have defined m;, = Y§v,, with v, = (h3), My =
M and py = jty in order to agree with the definitions used
in our previous article on LFV Higgs decays [9]. In the limit
Uy K mp K Mp, it is possible to diagonalize by blocks
this matrix [16], leading to the 3 x 3 light neutrino mass
matrix

Miigh = mDMIE_lﬂXMf_elmLT)v (8)

which, in turn, is diagonalized by the PMNS matrix Upyns
[17]:

UbninsMiigni Upmns = 71, 9)
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where m, = diag(m,, ,m,,.m,.) is the diagonal matrix that

contains the masses of the three lightest neutrinos. Low-

energy neutrino data can be reproduced by using the
following parametrization introduced in [9]:
T, —1 i T-1

px = Mgpmp Upyns™y Upynstp ™ MR- (10)

In particular, this parametrization allows us to use the

neutrino Yukawa couplings Y, as input parameters. As we
showed in [9], the following three Y, textures

0 1 -1
YW =rloo 1 1 |, (11)
111
0 1 1
Y2 =711 1 -1, (12)
-1 1 -1
0 -1 1
YO =l -1 1 1|, (13)
08 05 0.5

where f is a scaling factor, can lead to large v — u flavor
transition rates while suppressing u — e and 7 — e flavor
transition rates. We found that in the nonsupersymmetric
ISS model, these could lead to large branching ratios for
LFV Higgs decays, up to 107, while still agreeing with
other experimental constraints. As mentioned in the intro-
duction, previous studies have demonstrated that super-
symmetric contributions usually enhance the LFV rates. In
particular, in the present SUSY-ISS model, since we
consider a seesaw scale My not far from the electroweak
scale, this low value will enhance the flavor slepton mixing
due to the RGE-induced radiative effects by the large
neutrino Yukawa couplings, and this mixing will in turn
generate via the slepton loops an enhancement in the
LFVHD rates. On the other hand, new relevant couplings
appear, like A,, which for right-handed sneutrinos with
O(1 TeV) masses may lead to new loop contributions to
LFVHD that could even dominate [12]. In light of the
recent CMS and ATLAS searches [4,5] for h — ur, this
calls for a new and complete evaluation of the SUSY
contributions to this observable in the SUSY-ISS model.

III. ANALYTICAL RESULTS

In this work, we perform a full one-loop diagrammatic
computation of all relevant supersymmetric loops within
the SUSY-ISS model for BR(H, = £,£,,), where H, here
and from now on refers to the three neutral MSSM Higgs
bosons, H, = (h, H,A). This is in contrast to the previous
estimate in [12] where an effective Lagrangian description

of the Higgs mediated contributions to LFV processes was
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used, which was appropriate to capture the relevant con-
tributions at large tanf, and where the mass insertion
approach was used to incorporate easily the flavor slepton
mixing (Am%)ij, working in the electroweak basis.

However, an expansion up to the first order in the mass
insertion approximation may not be appropriate for the type
of scenarios studied here, due to the large flavor-
nondiagonal matrix entries considered in this work. On
the other hand, we are interested also in small and moderate
tan f# values, not just in the large tan f regime, and we also
wish to explore more generic soft masses for the SUSY
particles and scan over the relevant neutrino/sneutrino
parameters, mainly Mg, A, and m;,, not focusing only
on scenarios with universal or partially universal soft
parameters nor fixing the relevant parameters to one value
as in [12]. Thus, our calculation is performed instead in
the mass basis for all the SUSY particles involved in the
loops, i.e., the charged sleptons, sneutrinos, charginos, and
neutralinos.

Before moving to the calculation, let us introduce the
relevant interaction terms from the Lagrangian for the study
of the LFV Higgs decays. Following the notation in [7],
these terms are given in the mass basis by

274 ¢ .~
E)?;fﬂ = _gf[AE‘a)]PL +A§?(3]PR})(J Vg —+ H.C.,

a

;= —gZ[BY) P, +BY) Py

Laa Raa

1797, + Hec.,

— T L P
Lh 55, = =H90,5,5,Valp + 9n 7,7,C o p);

g, = i
Lo = =5 Hila D}, Py + Dy, PrZ.

Ly e = _ngg[S(LX,)fPL + SEQX,)KPR]f7 (14)

where the coupling factors have been expressed in terms of
the SUSY-ISS model parameters and are collected in
Appendix A.

We take into account the full set of 1-loop SUSY
diagrams shown in Fig. 1. It is interesting to notice that,
since we work in the mass basis, the set of diagrams
contributing to LFV Higgs decays (four diagrams with
charginos and sneutrinos in the loops, and four more with
neutralinos and charged sleptons) is the same as in the
SUSY type I seesaw model which was considered in [7].
We keep their definition of the form factors

IF = —1gity (=p2)(Fp P + FroPg)ve, (p3).  (15)

where F, is the decay amplitude for H, — ¢,¢,, with again
H,=(h,H,A) and p, = p3 — p, is the ingoing Higgs
boson momentum. The contributions of the SUSY dia-
grams are summed in F; , and F, according to
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8
Fro=Y F/. (16)
i=1

Their analytic expressions are taken from [7] and repro-
duced in Appendix B for completeness, including the
proper modifications to adapt them to the SUSY-ISS
model. We have checked analytically the cancellation of
divergences appearing in the loop contributions in both
form factors F; , and Fy , in Eq. (16), giving, as expected,
a finite result without the need of the renormalization
procedure. Notice that this cancellation is not trivial and is,
therefore, a good test of our results of the form factors in
Appendix B. The parametrization of the LFVHD widths in
terms of form factors remains unchanged and is given by

F(Hx - fkfm)

16zm H,

+ (mIZLl‘ - m%,( - m%’,,,)ﬂFL,xlz + |FR,x|2))

(- (o) 0- (5=

(17)

(—4mﬁ meRe(FL,XF;E’X)

where g is the SU(2), coupling constant, my,_is the mass of
the Higgs boson while m,, and m, are the masses of final
state leptons.

IV. NUMERICAL RESULTS

In this section, we show the numerical results of the LFV
decay rates of the lightest neutral Higgs boson,
BR(h — 7j1), as a function of the most relevant parameters
of the SUSY-ISS model for the full SUSY contribution to
LFVHD, namely, M, A, and m;, . It should be noted that, in
the absence of CP violation, as in our case, BR(h— i) =
BR(h— ut) and, therefore, in comparing with data, the two
rates should be added.

PHYSICAL REVIEW D 93, 055010 (2016)

(7)

One-loop supersymmetric diagrams contributing to the process H, — ¢,£,,.

We have imposed various experimental constraints,
choosing as example two benchmark points leading to a
Higgs boson mass within 1o of the central value of the
latest CMS and ATLAS combination, and with super-
symmetric spectrum allowed by ATLAS and CMS
searches. Indeed, we concentrate for this work on the
slepton sector, since the squark sector is irrelevant for
the LEVHD. The squark parameters are only relevant for
the Higgs mass prediction, thus one can always adjust the
squark masses and the trilinear couplings A, and A, in order
to ensure a correct Higgs boson mass. We also restrict
ourselves to the case of My, > m,, avoiding constraints
from the invisible Higgs decay widths, and consider only
real Upyns and mass matrices, making constraints from
lepton electric dipole moments irrelevant. Finally, we also
take into account the LFV radiative decays whose current
upper limits at the 90% C.L. are [18,19]

BR(u = ey) <5.7x 10713, (18)
BR(z — ey) <33 x 1078, (19)
BR(7 — uy) <4.4x 1078, (20)

Points excluded by LFV radiative decays will be denoted
by a cross, while a triangle will represent the ones allowed.
We present here the predictions of BR(h — i) for the
three neutrino Yukawa textures exposed in Sec. II, ensuring
the practically vanishing LFV in the u — e sector, i.e.,
leading to BR(u — ey) ~ 0 and BR(h — eji) ~ 0. It should
be noticed that these textures also suppress substantially the
LFV in the 7 — e sector. Therefore, the most stringent
constraint, making use of these textures, is that of the
related LFV radiative decay 7 — puy.

In Fig. 2, we show the behavior of BR(h — zji) as a
function of My for the three textures presented in the

previous section, Yg,l,) (upper left panel), Y 5%) (upper right
panel), and YS,S) (lower left panel), for different values of the
scaling factor f = 0.01, 0.1, 1, v/4x, v/6x. First of all, we
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FIG. 2. BR(h — 7ji) as a function of My for Yg,l,) (upper left panel), Yg) (upper right panel), and YS,) (lower left panel), with
my =mz =m; =mg=1TeV, M, =750 GeV, p =2 TeV, A, =0, tan f = 5 and different values of the scaling factor f = 0.01,

0.1, 1, V4z, v/6z. On the lower right panel, the behavior of BR(h — 7i) as a function of M} is shown for the three textures with

myp = mz = my,

=mz=1TeV, My =pu =500 GeV, A, =25 TeV, tanf = 10 and f = +/67. On all the panels, m, = 800 GeV

and My = 1 TeV. We set A, = A, = By = By = 0 and the GUT inspired relation M, = 5/3M, tan? 8y, in these and all the figures of
the paper. Crosses (triangles) represent points in the SUSY-ISS parameter space excluded (allowed) by the 7 — puy upper limit,

BR(z = uy) < 4.4 x 1078 [19].

clearly see that, as expected, the larger the value of f is,
the larger the LFV rates are. We also observe qualitatively
different behaviors of the LFV rates between small
(f < 1) and large (f > 1) neutrino Yukawa couplings.
As we have checked, this difference comes from the
different behavior with M of the two participating types
of loops, the ones with charged sleptons where the LFV is
generated exclusively by the mixing (Amzi),- ; and the ones

with sneutrinos where the LFV is generated by both
(Am%)ij and (Y,);;- In the case of small f, charged

slepton-neutralino loops dominate and they only depend
logarithmically on My, as can be seen from Eq. (6), leading
to the apparent flat behavior. However, we checked that
this flat behavior disappears when both My and M, (and
as a consequence all slepton and sneutrino masses)
increase simultaneously. When the scale factor f becomes
larger, contributions from sneutrino-chargino loops
become sizable and even dominate at low My. They
decrease with My, due to the increase in the singlet
sneutrino masses, which explains the decrease in

BR(h — zj1) observed in the upper plots and on the
left-hand side of the bottom plots for large f > 1. In
the latter, the appearance of dips due to negative inter-
ferences between the two types of loops marks the
transition between the two regimes, with the main con-
tribution coming from sneutrino-chargino loops at low M
and from slepton-neutralino loops at large My. For the
first benchmark point, the largest BR(h — 7jz), allowed by
the 7 — uy upper limit, are obtained for f = \/4z or \/6x
and My < 2 TeV, with a value of O(107*) for the three
textures, which could be probed in future runs of the LHC.
Up to now, the trilinear neutrino coupling A, had been
set to zero, whilst on the lower right panel of Fig. 2 we
have chosen A, = 2.5 TeV and show the behavior of
BR(h — 1) with M for the three textures with a scaling
factor f = v/6z. This value of A, leads to a suppression of
the 7 — py decay rates while simultaneously enhancing
BR(h — ti1). As a consequence, very large LFVHD
branching ratios can be obtained for Yg) with low
My ~1 TeV, allowed by 7 — uy, achieving values up
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FIG. 3.

BR(h — 7i1) as function of the common SUSY mass parameter mgygy defined in Eq. (20) for the Yukawa coupling matrix Yz,
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with Mp =1 TeV, f = 6x, my, =800 GeV, y =2 TeV, tanf = 10 and A, = 2.5 TeV. Left panel: Contributions from chargino-

sneutrino loops, denoted by -7, neutralino-slepton loops, denoted by Z-3°, and full results for BR(h — 7j). Right panel: Individual
contributions from each chargino-sneutrino diagram (1), (2), (3), and (4) in Fig. 1 and full result in the case of Am i = 0, where the

neutralino-slepton contributions vanish.

to 7 x 1073, These large rates are very close to the percent
level and within the sensitivity of the present experiments.

We next study the behavior of BR(h — 7j) as function
of the SUSY mass scales in a simplified scenario where all
the SUSY masses are equal to a common parameter mgysy,
namely,

mSUSY:mi :mgzm;,R :m)“(:M():MI :Mz.
(21)

Figure 3 left shows the expected decoupling behavior
where BR(h — 7i1) decreases when increasing the heavy

sparticle masses. This plot is for the particular input Y’ 5,1),

but similar behaviors (not shown) are obtained for the other

two studied textures Y£,24> and Yf). In this figure, we

have included the full predictions for BR(h — i), as
well as the separated contributions coming only from

107" . . . . .
1072
S
~ 103
T
5 10—4_
(a7 3 f=16n
M, =750 GeV 2
& 10-5L 4 =2TeV Y
E Mg =1TeV O
F mp=my =mg=1TeV ™
107© L L L L L
-3 -2 -1 0 1 2 3

A, (TeV)

chargino-sneutrino loops, i.e., diagrams (1)-(4) in Fig. 1,
and from neutralino-slepton loops, i.e., diagrams (5)—(8) in
Fig. 1. We see that not only the full prediction but also the
separated contributions from these two subsets decrease
with mgygy, showing that the decoupling occurs in both,
the charginos-sneutrinos and the neutralinos-sleptons sec-
tors, as expected from the decoupling theorem. We also see
that, in this heavy sparticles scenario, the contributions
from the charginos-sneutrinos sector dominate by many
orders of magnitude over the ones from the neutralinos-
sleptons sector. In order to better understand the contribu-
tions from the charginos-sneutrinos sector, which are the
ones containing the new sparticles with respect to the
MSSM, we consider next the simple case of Amjp =0,

where the contributions from the neutralinos-sleptons
sector vanish, and only the contributions from charginos-
sneutrinos remain. We show in Fig. 3 right the separated

107! T . T . :
Mg = 1 TeV M, =500GevV  f=+6r1
m; =my, =mg=1TeV u =500GeV
102
R
[ 1073
T
=
~ 10—4
~
[aal
1073
10—6 1 1 1 L L
-3 -2 -1 0 1 2 3
A, (TeV)

FIG. 4. Dependence of BR(h — zii) on A, for the three neutrino Yukawa couplings Y i}), Y 5,2,), and YS,), with M, =750 GeV,
tanff =5 and y =2 TeV (left panel) or with tanf = 10 and M, = u = 500 GeV (right panel). On both panels, m, = 800 GeV,

My=1TeV, Mg =m; =m; =my, =mg =1 TeV, and the scaling factor f = +/6x. Crosses (triangles) represent points in the
SUSY-ISS parameter space excluded (allowed) by the 7 — uy upper limit, BR(z — py) < 4.4 x 1078 [19].
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FIG. 5. Dependence of BR(h — zii) on mg, = my for the three neutrino Yukawa couplings Yﬁ,‘) S Yg) , and YS,), with

Mg =mj =mz; =1TeV, M, =750GeV, u=2TeV,

tanff =5

and A, =0 (left panel) or with My =200 GeV,

m; =m; =1TeV, M, =pu=500GeV, tanf=10 and A, =25 TeV (right panel). On both panels, m, = 800 GeV,
My =1TeV, and f = 6x. Crosses (triangles) represent points in the SUSY-ISS parameter space excluded (allowed) by the

7 — uy upper limit, BR(z — uy) < 4.4 x 1078 [19].

contributions from each diagram (1), (2), (3), and (4) of
Fig. 1, and the full result. The contribution from diagram
(1) is clearly subleading by several orders of magnitude and
the contributions from the vertex correction, diagram (2),
and the self-energies, diagrams (3) and (4), clearly compete
in size. We also see that their interference is destructive,
such that the full result, that decouples with mgygy,
manifests that a strong cancellation among self-energies
and vertex corrections is happening, as expected. Notice
also that diagrams (3) and (4) do not decouple individually
with mgygy, but they do decouple when adding all the
diagrams, as expected.

Regarding the relevance for the searched enhancement in
the SUSY contributions with respect to the trilinear
coupling A,, we have found that the LFVHD rates are
indeed very sensitive to the particular value of A,. Thus, we
study in Fig. 4 the behavior of BR(h — 7fz) with this
parameter for the two scenarios considered previously, with
Mg =1 TeV and the scaling factor f = v/6z. On both
plots we confirm the strong dependence of the LFVHD
branching ratios with A,, presenting deep dips in different
positions that depend mainly on the values of Y, p, m, and
tan 3. In particular, the h° — I/, — U coupling and the 7; —
U mixing are controlled by these parameters, which would
lead to the appearance of dips in the regime where
contributions from sneutrino-chargino loops dominate.
This is the case of Fig. 4, and it is interesting to note that,
for this choice of parameters, practically all the parameter
space is excluded by 7 — uy except the points within
the dips and surrounding them, where the LFV radiative
decay 7 — uy suffers also a strong reduction. An interest-
ing feature we found is that the location of the dips in
BR(% — tji) and BR(7 — py) usually do not coincide,
therefore allowing for large LFV Higgs decays rates, not
excluded by 7 — uy, above 1073 and within the reach of the
LHC experiments.

Finally, the dependence of the LFVHD rates on the new
sneutrino soft SUSY breaking scalar masses, m;, and mg,
is depicted in Fig. 5 where these parameters are varied
independently from the SUSY scale. As when varying My,
increasing m;, and my makes the singlet sneutrinos heavier

and decreases the size of the chargino contribution. For Yg)

and Yﬁ,? which are dominated by this contribution, the
BR(h — 7ji) exhibits a strong decrease between 200 GeV
and 14 TeV, by more than five orders of magnitude in the
case of Yﬁ,%’. For Y &,3) a dip can be observed, due again to a
cancellation between the chargino and neutralino contri-
butions, with the latter dominating at large m;, . For the first

benchmark point, the largest h — tfi rates allowed by

the 7 — uy upper limit are obtained for Ygf,) with
mgy, =200 GeV, with a maximum value of ~3 x 1074,
just one order of magnitude below the present LHC
sensitivity. If we move our attention to the vicinity of
the region of low values of m;, for the second benchmark
point, we found large LFVHD rates, as displayed on the
right panel of Fig. 5, with Mp =200 GeV and

A, =2.5 TeV. We observe a huge increase in BR(h —

zit) for the three Yukawa textures Y 5,‘) Y 5%) , and YS), with

maximum values of ~4x 1073, ~8x 1073, and
~1.5 x 1072, respectively, due mainly to the low values
of m;, and M. Unfortunately, all the parameter space for

Y ﬁ}) and Y ﬁ,z) cases is excluded by the 7 — uy upper limit.
By contrast, most of the points for the Ygf,) texture are in
agreement with this upper bound, because they are located
in a region where the 7 — uy rates suffer a strong
suppression as a consequence of the value set for A, in
this case, A, = 2.5 TeV. This fact allows us to obtain a
maximum value of BR(2 — 1) ~1.1%, completely within

the reach of the current LHC experiments and large enough
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to explain the CMS and ATLAS excesses if confirmed by
other experiments and/or future data.

V. CONCLUSIONS

In this article, we have presented the results of an
updated and full one-loop calculation of the SUSY con-
tributions to lepton flavor violating Higgs decays in the
SUSY-ISS model. We found much larger contributions
than in the type I seesaw due to the lower values of
Mg ~O(1 TeV), an increased RGE-induced slepton mix-
ing, and the presence of right-handed sneutrinos at the TeV
scale, where both sleptons and sneutrinos large couplings
transmit sizable LFV due to the large Y2/(4x) ~ O(1)
considered here. We showed that the branching ratio of
h — tii exhibits different behaviors as a function of the
seesaw and SUSY scale if it is dominated by chargino or
neutralino loops. Moreover, a nonzero trilinear coupling A,
leads to increased LFVHD rates. Choosing different bench-
mark points, we found that BR(h — zu) of the order of
1072 can be reached while agreeing with the experimental
limits on radiative decays, providing a possible explanation
of the CMS and ATLAS excesses. While out of the scope of
this work, a complete study including nonsupersymmetric
contributions in the SUSY-ISS model and a detailed
analysis of experimental constraints beyond radiative
LFV decays will be presented in a future article.
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APPENDIX A: MASS MATRICES AND
COUPLINGS IN THE SUSY-ISS MODEL

We present in this appendix the mass matrices and
coupling factors that are relevant to our calculation of
the LFV Higgs decays. The sneutrino mass matrix M2 is
defined by

7 _liet ST a7~ ST $i\ g2
_‘Cmass_ (UL’UL’URJ/R’X ’X )MD

1
2 e |

where 7;, U and X are vectors made of weak eigenstates
and defined in a similar fashion, e.g. 7, = (&1, 7%, 7).
The 18 x 18 sneutrino mass matrix is expressed in terms of

3 x 3 submatrices, giving

0 0 myMp
0 M g BpM%)*
o wik ( ! ) ’ (A2)
(MRR) BrMp Myppx
(BrMR)"  Miyx  2(Byuy)
HxMy  2(Bxuy)  (Myy)"
My = MMy + pxpy + m3, (A6)

where we have used the fact that uy is a symmetric matrix.
Then, the sneutrino mass matrix is diagonalized using

l}TM%f] =M: = diag(m,%l, vz ), (A7)

ng

which corresponds to
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nig

The basis in Eq. (A1) uses the sneutrino electroweak eigen-
states and their complex conjugate states, and they fulfill

b= Uy, (A9)
v = Usiji), (A10)

and
(@) = Ui, (A1)

since the physical sneutrinos are real scalar fields. While both
Egs. (A10) and (A11) are equally valid, we choose Eq. (A10).
The mass matrices of the other SUSY particles, namely the
charginos, neutralinos, and charged sleptons, are the same as
in the SUSY type I seesaw studied in [7] and we will use their
definitions of the corresponding rotation matrices, which in
turns were based on the conventions of [20] for the charginos
and neutralinos. Concretely, U and V will be the matrices
that rotate the chargino states and N the one that rotates
the neutralino states. In addition, combinations of rotation
matrices for the neutralinos are defined as

N, = N, cosOy + N, sin Oy,
Ny = =N sinOy + N cos Oy . (A12)
|

Alewt) — __ Menr 1y
Laj — \/QmchSﬂ 2Y(123)as
(e7) _ Mepr + p@)
BLaa - ﬁ[zmwcosﬁNcﬁR(lB,S)a
et . 1 1 . 4
BiH) = \/Q[(— sin@y N, — 050 <§ - 51n2t9w> N;2> RE],)&S)(: +
X 1 X * * X * *
W(Lz;); = 75(—05 >Uj2vi1 + "; )Ujlviz)v
X l X )% X )*
WS?)/ = 75(—0(1 ) Ul'2Vj1 + Gg ) U”ij),
(x) 1 : \ G
D [(sin@yNj, — cosOyN;,) (o)

Lab ™2 cos Oy

, sinZ0 y
+ {sm OwN ——— 2 N’;z] R

PHYSICAL REVIEW D 93, 055010 (2016)

As for the charged sleptons, they are diagonalized by

7 =RO¢, (A13)
where 7' = (2. g, iy . jig. T, Tg)T are the weak eigenstates
and £ = (¢, ...,¢¢)" are the mass eigenstates.

When compared with the SUSY type I seesaw, only the
¢
Eqa)j and gy 7.7,
SUSY inverse seesaw, they are defined in the mass basis
with diagonal charged leptons by

coupling factors A are modified. In the

mMp(1.23)k
V2myy sin
(x)

—19[(972.) ik UiaUrp + (ggzz.y)ik Ut i9aUiiop

At = 0(1,2,3)aV/1 -

Raj Ui9.4V j25

9H 5,05 =
+ (g(Lxlg,u)ik U :'F,af] ko T+ (g(Lxlz,y);Fk U 1*<+9,a U ip
+ (Q(Lx))(.y)ik Ui, U k+12.p T (g(Lx)zf.u)?k Ui12..U il
T
Wy Mz s (momp)i )
(gLL,U)lk 2 cos €W 63 ik mW Sinﬁ 66 4
T
W\ _ (mpmp)y (v
(IRt = Wffﬁx :
T
Wy _ mpA)i (v H )
(gLR,u)zk 2y sinﬂdz 2my sin (mp)uos

M%)
_ (mD R)zk a( )

o Y., = Al4
(gLX,l/)lk me Sinﬁ 2 ( )
which are summed over the internal indices, with
i,k=1,...,3. We reproduced below the unmodified cou-

pling factors from [7] (correcting a typo in Wg.)j) for
completeness in the mass basis with diagonal charged
leptons

cosOy (2'4'6)“} ’

Me yz R(f)
2my cosf 246l

Niy+ 03Nz,

+ (sin Oy N7y — cos 0N, (01 N, + 05 N3, ),
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Digsy, = D}

§W me (x)
Le 2myy cos 3
Skr=Sis-

X *(& 4 X *(C 4 X *(& 14 X *(€ 4
In,7,2y = —ZQ[Q(LL),eng )RE/}) + g;?lg,eRZt(x )R;p) + g(ng.engt )Rg/;) + gE?L),eRZt(x )R<1/5)

X *(C 4 X *(C ‘ X *( 14 X *(¢ 3
+ 910 R RS + din, Rt Ry + g R R + gl RO RS

X *(¢ 4 X *(¢ 4 X *(¢ 3 X *(¢ 4
+ g(LL),rRsfx 'RY) + ggul,fRﬁfx )Ré/}) + gizg,Tng )Ré/)’> + g;?z,rR6( )Rg/j)]’

5p a
X m X 1 . m2 X
W _ My 6<><_szgw>+ )

Irre = cosOy > \2 myy cos B
2
x) _ Mz () m (x)
gRXR,f - cos GW 0-3X (Sln26W) + my CiSﬂ64x ’
() _ (x) (x) me
ngRf = (—51X Ay - st W) m,
QEeXL),f = g(LngTf’ (A15)
with
sina cosa sin(a + p) —sina
ng) =] —cosa |, aéx) = sina |, agx) = | —cos(a+p) |, aff) =1 cosa |,
1sin f —1cos 0 0
cosa cosa sin a Ko
ng) =| sine |, aéx> = | sina |, ng) =| —cosa |, forH,=| H°|. (A16)
1cos 0 —1sin A°

APPENDIX B: FORM FACTORS IN THE SUSY-ISS MODEL

We present here the form factors that correspond to the diagrams of Fig. 1. The original calculation in the SUSY type I
seesaw was carried by some of the authors in the mass basis and in the Feynman—"t Hooft gauge [7]. The only changes
required to adapt the original form factors to the SUSY-ISS model are the sum over sneutrinos that has to be extended to the
18 mass eigenstates and the new couplings defined in Appendix A. In the following formulas, summation over all indices
corresponding to internal propagators is understood. These would be a, f = 1, ..., 18 for the sneutrinos, i, j = 1, 2 for the
charginos, @, = 1, ..., 6 for the charged sleptons and a,b =1, ...,4 for the neutralinos.

2
1 g Xy
F(L,)r =162 [(By + m%(,CO + m§mC12 + m?k(CU - Cp))xry

x5 Xy X"
+mpme, (Cri+ CoJkpy +memy-(Cry = Cio+ Co)is + me, my-Crokpy

Xy~ Xy Xy
+ mpmy—(Cry = Cro)ks +mg,my-(Crp+ Co)kpg + my-my-Cok7 .

FP, = —lgfg% [=mg (Cpy = C)ipf = my, ot + my-Coii¥ |,
¥ . _ _ _

Fie = = I T ) 4 35, ) 4+ m, (me B () e, ().
s ) ) )

File = = 3, 2 () e, e Sy (2, e, (me, B (2, ) + me, B, (m, )],
m k
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2
s g x7°
F(Ll = e [(BO + m CO + mf Cp+ mf (Cii = C))xpf

-0 -0
xJ( XX XX
+mgmg, (Ciy+ Co)kps +mpmp(Cry = Crp + Co)kps + mg, map Crokyp

0 =0 =0
Xy XX XX
+mymp(Cyy = Cro)iys +my, my(Ciy + Co)kps + mzomzp Cok 7 l,

PHYSICAL REVIEW D 93, 055010 (2016)

199, > 7 , . ,
6) H ..t X7 x7° x,7°
Fr o= —W[—mm(cn = C)it —mg, Cratyy +mpCors |,
( ) S(x> 0 0 0 0
7 _ Lty R ) 2 ¥ 2 A (222 z 2
Fio=———""5 [my g (mz,) + my T (my ) +mg (mg, X (my ) +mg 2 (m7 )],
mfk mfm
© s\ . . .
8) _ L7, 2 02 X 2 T (12 7 2
Fro==rg— o lmg 2 (mg,) + me, mg T (mg )+me, (me, B (mz, ) +me, %y (mz,))].
fm ka
where,
2 2 2 (1)
Bo(my; ,ms-,mz_)inF;
B o x Z, X >
0=
2 2 2 (5)
BO(mHV,mjo,mw)m Fio
A a
and
C (m2 ., m% ,m? .m2 m2)inF\
011,12\ s Mg MG, M-, 15 Ly
2 2 2 2 2 (2)
c Co.i1.12(mz  my MM mﬂ,,) inF;,
01112 = 2 .2 2 2 9 (5)
ms ,ms ,ms ,msy, msy ) in F
C0,11,12( ¢ M, i’ 707 )(2) L.x»
2 .2 2 .2 2 (6)
Coi1.12(my, . my M0, My, MY )JinFp
a a

The couplings and self-energies from the neutralino contributions to the form factors were defined as

, (€0 () p(m)* X (Z1) p(€m)*

K’i’f _BLazzD;?(szRab ) l)LUl( :BRofaBEQﬂa) )

D fm * fm *

Kg Bﬁ?(ltzDEijB;‘ab) ’ Zz%{ = BE(MEB(L/M) ’
)% ¢

Kg Bgesz(Lgngeab) ’ xg( = B(Loftng?ﬁa) ]

.X, fm *
KL4 BEaJDE?cszéal) ,
Kg - Bﬁ?(ule(?(thEQa!) ’
KL = BUADLL B
K/Z%( - B(Lota)D(Lzszg?otb> ’

g

70 4 )%
B (k) = =5 Bi(k: . m2 BB
g'm (0 p(€n)
msz)is(kz) 16 Xﬂ Bo(k ~0’ )BL;aBRaZ .

The couplings and self-energies from the chargino contributions to the form factors, ¥4, 4", and X4~

(BI)

can be obtained

. . -0 -0 50 . .
from the previous expressions %', /¥ and X* by using the following replacement rules my — my-, m; — my,,
i a a

B - AU D& 5 WW g — i and b — j.
The form factors F%?X,i =1,...,
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