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ABSTRACT: In this paper we study the lepton favor violating decay channels of the neutral
Higgs bosons of the Minimal Supersymmetric Standard Model into a lepton and an anti-
lepton of different flavor. We work in the context of the most general flavor mixing scenario
in the slepton sector, in contrast to the minimal flavor violation assumption more frequently
used. Our analytic computation is a one-loop diagrammatic one, but in contrast to the
full one-loop computation which is usually referred to the physical slepton mass basis,
we use here instead the Mass Insertion Approximation (MIA) which uses the electroweak
interaction slepton basis and treats perturbatively the mass insertions changing slepton
flavor. By performing an expansion in powers of the external momenta in the relevant
form factors, we will be able to separate explicitly in the analytic results the leading
non-decoupling (constant at asymptotically large sparticle masses) and the next to leading
decoupling contributions (decreasing with the sparticle masses). Our final aim is to provide
a set of simple analytic formulas for the form factors and the associated effective vertices,
that we think may be very useful for future phenomenological studies of the lepton flavor
violating Higgs boson decays, and for their comparison with data. The accuracy of the
numerical results obtained with the MIA are also analyzed and discussed here in comparison
with the full one-loop results. Our most optimistic numerical estimates for the three neutral
Higgs boson decays channels into 7 and p leptons, searching for their maximum rates that
are allowed by present constraints from 7 — pv data and beyond Standard Model Higgs
boson searches at the LHC, are also included.
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1 Introduction

After the discovery of a new scalar particle at the LHC [1, 2], identified with the so long
expected Higgs boson, and once its mass, now being set at m; = 125.09 + 0.21 (stat.)
+ 0.11 (syst.) GeV [3], and other properties like some of its couplings to the Standard
Model (SM) particles have been measured (see [4] for a recent review), one of the most
challenging open questions still to be solved is to disentangle if this is an elemental or a
composite particle and if there is new physics beyond the SM that could be hidden in the
Higgs sector. In this regard, it is clear that the future ambitious experimental program,
both at the CERN Large Hadron Collider (LHC) and future linear colliders, which will
determine all the Higgs couplings with higher precision than at present, will play a central
role. Among the most clear signals of Higgs physics beyond the SM, would be undoubtedly
the discovery of new Higgs scalar bosons, and the discovery of new Higgs decay channels,
both subjects being intensively explored at present at the LHC. We will focus here on
these two possibilities by considering, on the one hand, the existence of new Higgs bosons,
concretely those predicted in the Minimal Supersymmetric Standard Model (MSSM) and,
on the other hand, their potential new decay channels into leptons with different flavor,
therefore violating lepton flavor number, which would be certainly very exotic Higgs decay
channels, totally inhibited for the SM Higgs boson case.

The subject of Lepton Flavor Violating Higgs Decays (LFVHD) is actually a very
active research field, being explored at present at the LHC. The first direct search of the
particular decay h — pu7 (from now on we will refer in this short way to both h — u7 and



h — 7[i decays), has been performed by the CMS Collaboration [5], and an upper limit of
BR(h — u7) < 1.51 x 1072 at 95% C.L. has been set. Besides, CMS has also observed a
slight excess with a significance of 2.4 standard deviations at mj = 125 GeV, whose best
fit branching ratio, if interpreted as a signal, is BR(h — pu7) = (8.4732) x 1073, The
ATLAS collaboration has recently released their results for the same h — ur decay [6] 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. It is
worth mentioning that a small excess appears in one of the signal regions considered, even
though it is not statistically significant.

On the theoretical side, the subject of LFVHD has been studied for a long time in the
literature within various models beyond the SM (for recent works see, for instance, [7-31]),
but the most frequently explored ones are the supersymmetric (SUSY) models because the
needed feature of flavor mixing among particles of different generations to produce these
exotic decays is easily incorporated and well justified in the SUSY particles sector [32-47].
More specifically, it is the flavor mixing among the three generations of the charged sleptons
and/or sneutrinos, typically present in SUSY models, what produces via their contributions
at the one-loop level, these interesting Higgs decay channels with Lepton Flavor Violation
(LFV). In this work we will focus, in particular, on the LFVHD within the context of
the MSSM and with the hypothesis of general flavor mixing in the charged slepton and
sneutrino sectors. This in contrast to the alternative and more restrictive Minimal Lepton
Flavor Violation (MFV) hypothesis where the assumed unique origin of LFV comes from
the Yukawa fermion couplings. Several examples where the neutrino Yukawa couplings,
which can be large if neutrinos are Majorana fermions, are the responsible for generating
these LEVHD have been explored in the literature. The issue of LEVHD being radiatively
generated from loops with neutrinos was first explored in a non-SUSY context [48], and
later other cases were considered, including the case of the type-I seesaw model both with
and without SUSY [37], the inverse seesaw model [13] and its SUSY version [47]. The study
of LFVHD within the more general context of Non-Minimal-Flavor Violation (NMFV) of
the MSSM has also a long story. The LEVHD rates of the neutral MSSM Higgs bosons
into p and 7 leptons were computed in the effective Lagrangian framework in [34] and
a full-one loop diagrammatic computation in the physical SUSY particle basis was done
in [37]. The issue of non-decoupling of the heavy SUSY particles in the LEVHD within
this same MSSM context with NMFV was addressed numerically in [45].

In the present work we re-explore the LFV leptonic decays of the three neutral Higgs
bosons, h, H, A — ll,, (k # m), within the context of the MSSM with NMFV, and calcu-
late their partial widths at the one-loop level with general slepton flavor mixings. These
mixings are parametrized by means of a complete set of slepton flavor mixing dimension-
less parameters, (5?,‘15 with AB = LL, RR, LR, RL, and flavor indices m, k = 1,2, 3, with
m # k. These parameters take into account, in a model-independent way and without
any assumption on their particular origin, all the possible flavor mixings among the SUSY
partners of the leptons with either left-handed or right-handed chirality. The novelty of
this new computation is that we use a different technique, the so-called Mass Insertion
Approximation (MIA) [49-51], that works with sleptons in the electroweak basis instead



of the physical basis of the full one-loop computation, and treats the off-diagonal in flavor
entries of the slepton squared mass matrices Aﬁf perturbatively, i.e., by means of mass in-
sertions inside the propagators of the electroweak interaction sleptons eigenstates, instead
of performing the exact diagonalization of the mass basis involved in the full one-loop com-
putation. Recent studies have additionally shown that the MIA results can alternatively
be also obtained if one expands properly the starting expressions in the mass basis [52, 53].
The main advantage of using the MIA for the one-loop computation of the I'( Hy, — Ixl,)
partial widths (H, = h, H, A) is clear: it provides very simple analytic formulas for the form
factors involved which after a proper expansion, to be valid in the case of heavy sparticle
masses of our interest here, say mgusy 2 O(1TeV), can be recast in simple LFV effective
vertices Vf}jlm ,» and these in turn are very useful for a simplified phenomenological study
of the LFVHD rates in terms of the generic 5;2? ’s and their comparison with data. In this
work, by applying the MIA at the first (linear) order in the off-diagonal mass insertions
A;‘;f (m # k), we will compute analytically all the relevant diagrams that contribute at
the one-loop level to the LFV partial widths I'(h, H, A — I3l,). Furthermore, the MIA
will also allow us to perform an analytic expansion of the involved form factors in pow-
ers of the external momenta and, in consequence, we will be able to capture analytically
for the first time both the leading non-decoupling contributions of O((mp, g a/msusy)?),
i.e., those that go to a constant value in the asymptotically large SUSY masses limit, and
the next-to-leading decoupling contributions of (’)(m% HA /méysy), which are numerically
much smaller than the leading ones but they turn out to play an important role for some
of the studied cases of the flavor mixings. A few comments and estimates will also be done
for the next-to-leading decoupling contributions of O(M3,/m3 gy ), Which are numerically
very tiny. In this work we will also include a numerical computation of the LEFVHD rates
with the MIA for the case of most interest at present, h, H, A — 7fi, which will be system-
atically compared with the full one-loop results to be able to conclude on the goodness of
this approximation, the MIA, and its range of applicability. Finally we will conclude with
simple analytic formulas for the useful LFV effective vertices, Vflfr ,» and with a numerical
estimate of the maximum expected BR(h, H, A — 7[i) rates that are allowed by the present
experimental constraints from 7 — py [54] and by the ATLAS and CMS searches for neu-
tral Higgs bosons beyond the SM [55, 56]. This numerical study will be performed in terms
of the most relevant model parameters, emphasizing which flavor mixing parameters will
be most efficiently tested at future colliders.

The paper is organized as follows. In section 2 we summarize the relevant aspects of
the MSSM with general sfermion flavor mixing and present the chosen scenarios for our
numerical estimates. Section 3 contains our analytic computation of the LEFVHD widths
within the MIA. We select and compute the relevant one-loop diagrams and derive the
form factors for LEVHD, their proper expansions, and the corresponding effective vertices.
Section 4 contains all our numerical results for BR(h, H, A — 7f) and the comparison
with the full one-loop predictions. The conclusions are summarized in section 5. The
technicalities, including the relevant Feynman rules for the interaction vertices in the MSSM
with NMFV, the analytic expressions of the form factors for each diagram, and the proper
expansions of the loop integrals are collected in the appendices A, B, and C, respectively.



2 The MSSM with general flavor mixing in the charged slepton and
sneutrino sectors

In order to describe the MSSM with general sfermion mixing, the relevant model pieces
are the superpotential and the soft SUSY-breaking Lagrangian. The superpotential of the
MSSM in terms of the relevant superfields is given by:

Whassm = UYquIQ — DYdQI:h — EAYelA}fffl + Mﬁlﬁg , (2.1)

where the Yukawa couplings Y®%¢ are 3 x 3 matrices in flavor space. All indices, including
the flavor ones, have been omitted in eq. (2.1) for simplicity.
The relevant soft SUSY-breaking MSSM Lagrangian for generic sfermion mixing is:

1 e ~—— —
Eé\ngtSM =73 (Mggg + MWW + M1BB + C.C.)

(V) LV LV

- <QiAU.L~{*H2 — QALDI M, — L;ASE H, + C.c.>

2 2 2 Ik, 2 y N*, 2 N ~ 2 A ok, 2 &

—mi, ity — mi, HaHo — (VHoH1 +cc.) (2.2)

where we use calligraphic capital letters for the sfermion fields in the interaction basis with
generation indices, varying from 1 to 3,

Uioz = TR, ¢r,tr; Dios=dr,8r,br; Qios= (urdy)T,(er50)T, (Lb)T, (23)
)T

E123 =R fir,Tr 5 Li123= Perér), Pur fir)”, (0rr 72)7, (2.4)

/and the soft

and all the gauge indices have been omitted. All the trilinear couplings, Alj,

squared masses of sfermions, m?j, are 3 X 3 matrices in the space of flavor.

The two Higgs doublets of the MSSM are given by:

0 (H?) _ <v1+j§(¢?—ix?)>7
Hy —b1

C(HT 3
= () = (e =

where v; and vy are the vacuum expectation values (VEV) of the neutral Higgs fields,
v1 = (H}) and vy = (HJ), and the ratio between the two VEVs is defined as tan 8 = vy /v;.
In the present work, we focus on the three physical neutral Higgs bosons, which are built
from the previous Higgs doublet components as:

H = cosa¢(1)+sina¢8,
h = —sina¢) 4+ cosa ¢y,

A= —sinfBxY+cosBxY, (2.6)

and use my and tan 8 as input model parameters of the MSSM Higgs sector.



Since we are interested here in the Lepton Flavor Violating Higgs decays of these three
neutral MSSM Higgs bosons, H, — lpl,, with H, = h, H, A, we will focus on sfermion
mixing in the slepton sector and we will ignore the possible sfermion mixing in the squark
sector. Furthermore, we will work within a general flavor mixing context at the low energies,
i.e., without assuming any high-energy hypothesis for the generation of the relevant soft-
breaking terms producing this slepton flavor mixing. Therefore, we will work within a
NMEFV framework which goes beyond the more frequently used MFV hypothesis in which
the sfermion mixing is always induced by the Yukawa couplings.

The most general hypothesis for flavor mixing among sleptons assumes a mass matrix
in the interaction basis that is not diagonal in the space of flavor, both for charged sleptons
and sneutrinos. In the charged slepton sector the mass matrix is 6 x 6, since there are six
electroweak interaction eigenstates, } L,gr With [ = e, i, 7. For the sneutrinos the mass matrix
is 3 x 3, since within the MSSM there are only three electroweak interaction eigenstates,
vp with v = ve, v, vr.

The non-diagonal 6 x 6 squared mass matrix of sleptons when expressed in the elec-
troweak interaction basis, that we order here as (ér, fir, 71, €r, fir, TR), is written in terms
of left- and right-handed blocks MZ2 n (A, B = L, R), which are non-diagonal 3 x 3 matrices,
as follows:

M2 M2
2 _ ILL "ILR
M[ o M?T M2 ) (2.7)
LR IRR
where:
.
Ml?LLZ-j = m%ij + (mi + (— 5 + sin? 0W>M% cosQﬂ) dij
MZQRRij = m%ij + (mj — sin® Gy M3 cos 28) d;; ,
!
MZ?LRij = vi Ay — myptan o, (2.8)
with flavor indices 4,5 = 1,2,3 running by the three generations, respectively; and

(miy, myy, my,) = (Me, my, m,) are the lepton masses. It is worth recalling that the non di-
agonality in flavor comes exclusively from the soft SUSY-breaking parameters, that could
be non vanishing for ¢ # j. Specifically: the masses mi for the slepton SU(2) dou-
blets, (7r; 1), the masses ME,; for the slepton SU(2) singlets, (Z~RZ-), and the trilinear
couplings, Aéj.

In the sneutrino sector there is a 3 x 3 squared mass matrix that, when expressed in
the (Zer, Vur, Urr) electroweak interaction basis, is given by:

MZ = (MZ%LL) ’ (2.9)
where
2 2 L.
M3 = mi + <2MZ 0082,6’> 0ij - (2.10)

As a consequence of the SU(2);, gauge invariance, the same soft masses mj , ; enter in
both the slepton and sneutrino LL mass matrices. It should be noted that if the neutrino



masses and neutrino flavor mixings (oscillations) were taken into account, the soft SUSY-
breaking parameters in the sneutrino sector would differ from the corresponding ones for
the charged slepton sector by a rotation with the PMNS matrix. This would be somehow
equivalent to what happens in the squark sector where the soft masses for the squarks of
down type and those of up type differ by a rotation given by the CKM matrix. However, due
to the smallness of the neutrino masses, we do not expect large effects from the inclusion
of neutrino masses in the present computation and consequently we will neglect them in
this work, as it is usually done in the context of the MSSM.

The general flavor mixing in the slepton sector is introduced via the non-diagonal terms
in the soft breaking slepton mass matrices and trilinear coupling matrices, and these are
defined here in a model-independent way in terms of a set of dimensionless parameters 5;}‘-3
(A,B=L,R;i,j =1,2,3,i # j), where L and R denote the “left-” and “right-handed”
SUSY partners of the corresponding leptonic degrees of freedom, and 4, j indices run over
5£Ba

the three generations. We assume here that the s provide the unique origin of LFV

processes with potentially measurable rates. Specifically, we define:

m%l sLE my mi, 51L3Lmilmi3
m% = | 6&F my mp m%z 6L mi mi. |, (2.11)
531 mp mp, 5§2Lm£3m132 %3
meAe 51L2Rm[~,1m1~%2 5%?f%ml~/1m}~23
v A = SHE mp, My, myuA, 52L3Rm132m}~23 , (2.12)
531 mp mp, 63LQRmL3mRQ m;A;
m%l ShR mp Mp, 5{%Rmélmé3
my = | 0fimpmp omi o 0 mpmp, | (2.13)
5§Rmé3mél 532 mp Mp, %3

Some comments are in order regarding our parametrization above. First, for simplicity,
in all this work we are assuming that all (5;4-3 parameters are real, hence, hermiticity of
the squared mass matrices implies 6{‘]‘-3 = (5;%4. Second, the diagonal entries in eq. (2.12)
have been normalized as usually done in the literature, namely, by factorizing out the
corresponding lepton Yukawa coupling: Aéi =y, Ay, with Ay, = Ae, A, = Ay, Ay = Ax,
and y;, = my, /v1. Third, it should be noted that the choice in egs. (2.11), (2.12), and (2.13)
is to normalize the non-diagonal in flavor entries with respect to the geometric mean of the
corresponding diagonal squared soft masses. Thus, the non-diagonal LL and RR terms,

with m # k, are normalized as:

ALk = (m3)mp = 0my mp (2.14)
and
AR = (m%)mk = 6gmp mp, (2.15)

However, in the case of sfermion mixing of LR (and RL) type, and taking into account
that the origin of these off-diagonal mass entries is intrinsically connected to the value of



the soft trilinear couplings, having dimension of mass, we find more appropriate for the
purpose of this work, dealing with very large SUSY masses, to normalize them alternatively
as follows:

Ak = (01 A = O fmg, g (2.16)
and similarly,
AL = (01 A = bpfvr g, g (2.17)
This implies an obvious relation between (57%1,? and 57%},3 which should be kept in mind:
oLR = LR L 2.18
mk mk \/TW ) ( )
and similarly for the RL case.

Besides, if one wishes to relate the previous electroweak interaction basis and the
physical mass basis one must perform the corresponding rotations:

I er

P L _ -

Zg . n [ VeL

Z _ R : vy | = R | o | . (2.19)
Iy €R _ i

7 ~ V3 VrL

s HR

lg TR

where R! and R” are the respective 6 X 6 and 3 x 3 unitary rotating matrices that provide
the diagonal mass-squared matrices as follows,

diag{mi,mi,mlgg,mli,mli,mli} = RlMlgR”, (2.20)
diag{m%l,m%Q,m%3} = RPM2R"T . (2.21)

Regarding the particle interactions that are involved in the present computation of the
LFV Higgs decay widths, I'(H, — Ilpl,,) with k,m = 1,2,3, k # m, and H, = h, H, A,
we have collected all the relevant Feynman rules in appendix A, including all the needed
insertions, vertices, and propagators, which we have expressed in the proper basis here.
Concretely, we work with the mass basis for the external particles, H,, I, and l,,, and
with the electroweak interaction basis for the internal sparticles in the loops, which from
now on will be shortly denoted by: l~iL’R (i1=1,2,3), 7, (i =1,2,3), W+, W3, B, H*, and
fILQ. This choice of basis is the most convenient one for the computation in the MIA,
in contrast to the full one-loop computation where the physical mass basis is also usually
set for the internal sleptons, sneutrinos, charginos, and neutralinos: Iy ( = 1,...,6),
Vo (@ =1,2,3), X (i=1,2), and 0 (i = 1,...,4).

Finally, to close this section of model specifications, we shortly summarize next the
heavy SUSY scenarios that we work with for the estimates of this research. In order to
simplify our numerical analysis, and to reduce the number of independent parameters,
we define here three simplified SUSY scenarios, where the relevant parameters with mass
dimensions are related to a single SUSY mass scale, mgyusy:



e Fqual masses scenario. In this scenario we choose the simplest case with all the
relevant parameters involved set to be equal:

My =My =Mz =p=mj=mp=A,=A; =msysy - (2.22)

e GUT approximation scenario. In this scenario we set an approximate GUT relation
for the gaugino masses:
My =2M; = M3/4. (2.23)

And, for simplicity, we also relate the soft parameters and the p parameter to a
common scale by choosing:

mj =mp=Ms= A, = A; = mgusy, (2.24)

M = amsusy , (225)

where a is a constant coefficient that we will fix to two different values for comparison,
namely, a = % and %.

e (Generic scenario. In this scenario we wish to explore the non-equal mass generic case.
Thus, we set different values for all the mass parameters involved. For the purpose
of this work, the particular values of each parameter is not much relevant, but the
important feature here is setting all of them to be heavy by a common mgysy scale.
Concretely, we take:

My =22mgsusy, Mz=24msusy, Msz=26msusy, p=2.1mgusy,

(2.26)

mp, =2mgusy,  mp, =L8mgusy, my, =1l6mgusy, (2.27)
mp = l4dmsusy, mp, =12msusy, mp, = Msusy, (2.28)
Ay =06msusy, A =0.8msusy. (2.29)

For the first two scenarios that are defined above, we use a short notation for the common
soft masses, namely, m; for my = my, =mj, =mj_, etc. For simplicity, in all the three
scenarios we have also assumed a vanishing soft-trilinear coupling for the first generation
in the charged slepton sector, i.e., A. = 0. Concerning the soft masses of the squark
sector, they are indeed irrelevant for LF'V processes. However, since we want to identify
the discovered scalar boson with the lightest MSSM Higgs boson, we set these parameters
to values which give a prediction of my compatible with the LHC data in the mass range
of 125GeV £+ 3GeV, and fix them to the particular values mg = my = mp = A =
Ap = 5TeV in the three scenarios described just above. Besides, as already said, the other
MSSM input parameters to be set in the numerical analysis are m4 and tan 3. Finally,
regarding the 5;23 parameters they will be taken in the conservative interval, \5{}3 | <1,
since we wish to keep our computation in the perturbative regime. This computation will
be reported in the next section.



Figure 1. Full one-loop diagrams for H, — Il;l,, decays in the MSSM mass basis.

3 Analytic results of the LFVHD widths in the MIA

Here we present our analytic computation of the partial widths for the LEVHD, I'(H, —
lply) with k,m = 1,2,3, k # m, and H, = h,H, A. These can be written with full
generality in terms of the two form factors F ]Ewl)% involved in the decay amplitude of this
Hy(p1) = le(=p2)ln(p3) process,

iM = —igii, (—p2) (F}" PL + Fy Pr)u,, (ps) (3.1)

as follows:

= g° my, + my 2 my, —my 2
P(Hs = Ilm) = 750 (“(W) ) (1‘(mH)> (3:2)

x ((m¥y, —mi —m? )P+ |FP1R) = dmym, Re(FO ™))

where p; is the ingoing Higgs boson momentum, —po the outgoing momentum of the lepton
l;, and p3 the outgoing momentum of the antilepton I,,, with p; = p3 — po. We focus here
on the H, — Il channel, but due to the fact that we work with real parameters, the
predictions for the C' P-conjugate channel H, — I,,l;, will be equal.

The present computation of I'(H, — lxl,) is performed by taking into account the
following assumptions and considerations: 1) The amplitude is evaluated at the one-loop
level, 2) only loops containing sleptons and sneutrinos contribute since they are the only
particles propagating the LF'V by means of the A;‘;f entries with m # k, 3) the particle
content assumed here is that of the MSSM, 4) the external particles h, H, A and Iy, Iy
are expressed in the physical mass basis, 5) the internal loop sparticles are expressed in
the electroweak interaction basis, and 6) we use the Mass Insertion Approximation [49-
51] to describe the propagation of slepton mixing changing flavor, and work in the linear
approximation for each insertion Ai‘g, with AB = LL,RR,LR,RL, and m # k, i.e,
considering one single insertion at a time.

In order to estimate the goodness of the MIA that we use here, we have systematically
compared all our results with the full-one loop results which were firstly computed in [37].

In this case, all the particles involved in the H, — I,,l;; decay, both external and internal



to the loops, are usually expressed in the mass basis. For completeness, we display in
figure 1 the eight one-loop diagrams that contribute to the full one-loop result. For our
posterior numerical analysis and comparison with our computation in the MIA, we have
also implemented in our code the full one-loop formulas for each of these eight diagrams
contributing to F ]g‘%, which we take from [37]. From now on, we will use the labels (), with
1 =1,...,8 associated to each of these diagrams according to figure 1, in the comparison
of the full versus MIA results.

Next, we present our computation of the form factors F' gc})% within the MIA. The results

are presented in the following simple form,
Fyh = ALEROE ¢ ALREER ¢ ARE RO ARREORR (3.3)

where the contribution from each single insertion is explicitly separated. In order to extract
all the relevant contributions in the MIA to each of these form factors, we have selected
and computed, in a systematic way, all the diagrams that dominate the decay rates in the
kinematic region of our interest here, namely, for very heavy internal sparticle masses as
compared to the external particle masses: mgusy > mu,, my,, my,,. The set of contribut-
ing one-loop diagrams in the MIA are displayed in figures 2, 3, 4, and 5, for each case
with a non-vanishing insertion, Aﬁﬁc, ATLnIZL, Aﬁ%, and Aﬁg, correspondingly. The labels
assigned to these diagrams refer explicitly to the particular class of full one-loop diagram
they should be compared with. For instance, the contributions from the MIA diagrams
with labels (1a), (1b), when added, should be compared with the full diagram (1), the ones
with labels (3a), (3b), when added, should be compared with (3), etc. It should be noted
that, in the scenarios that we are working with, all the sparticle masses are considered to
be heavy by means of a unique common SUSY mass scale, generically called here mgygy.
In each of the three considered scenarios, the particular relation between each soft mass
and mgysy varies, but in all scenarios the sparticle masses grow linearly with the common
mgusy scale. Saying it in different words, we are integrating to one-loop order all the inter-
nal SUSY particles, considering all of them very heavy, and without keeping any of them at
low energies with a fixed mass. This feature allows us to classify the various contributions
from the loop diagrams in the MIA into two categories, depending on their behavior in the
asymptotic limit mgygy — 0o: 1) Contributions that go to a constant, which will be called
from now on non-decoupling contributions, and 2) contributions that go to zero, which will
be called from now on decoupling contributions. Furthermore, among these later we will
distinguish between the dominant decoupling contributions, which decrease with mgysy as
powers of (mp, /msusy), and the subdominant decoupling contributions, which decrease
with mgysy as powers of (mgw/msusy), with mgw being any of the other electroweak
masses involved, namely, My,, Mz, my, , and m,,,. Here we will not include these subdom-
inant decoupling contributions. For instance, diagrams of type (2), that would be classified

s (2a), (2b), with a H, Dry PL, vertex and one insertion of ALL type into one of the
two sneutrino internal propagators, would be one of these cases, leading to contributions
that are subdominant and decoupling by powers of (mgw/mgsusy), and consequently we
have not included them into our selected diagrams. Although for all the cases studied
in this work, we have checked that these corrections are not relevant numerically from a
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Figure 2. Relevant one-loop diagrams within the Mass Insertion Approximation for H, — lil,,
decays in the MSSM electroweak interaction basis for the internal SUSY particles, with one insertion

changing flavor given by x = ALL.

Figure 3. Relevant one-loop diagrams within the Mass Insertion Approximation for H, — ll,,
decays in the MSSM electroweak interaction basis for the internal SUSY particles, with one insertion

changing flavor given by x = ALE.
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Figure 4. Relevant one-loop diagrams within the Mass Insertion Approximation for H, — Il
decays in the MSSM electroweak interaction basis for the internal SUSY particles, with one insertion
changing flavor given by x = AEL.

I I o

Figure 5. Relevant one-loop diagrams within the Mass Insertion Approximation for H, — lil,,
decays in the MSSM electroweak interaction basis for the internal SUSY particles, with one insertion
changing flavor given by x = AR

phenomenological point of view, in some specific cases in which important cancellations
among the leading non-decoupling contributions occur, we have found that they may play
some important role in order to obtain a better convergence between the full and the MIA
results. This will be commented later in our numerical analysis.

The analytic results of the form factors in eq. (3.3), Fg})%AB with AB =
LL,LR,RL, RR, from all the diagrams in figures 2, 3, 4, and 5 are collected in appendix B.
The contributions from each diagram are presented separately and expressed in terms of
the relevant one-loop functions, Cy, Ca, Dy, and Dy, which are given in appendix C. Some
comments are in order regarding these analytic results. First of all, it is immediate to learn
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that within the MIA each diagram by itself is ultraviolet finite, since the contributing loop
functions, Cy, Cy, Dy, and Dy, are all convergent. This is in contrast to the full one-loop
computation, where there are some diagrams that are ultraviolet divergent, more specifi-
cally, all diagrams in figure 1 except (2) and (6) and, of course, the total full one-loop result
given by the sum of the eight diagrams is ultraviolet convergent [37]. Second, according to
our previously explained classification into non-decoupling and decoupling contributions,
we can already conclude from these analytic results which particular terms will dominate.
In particular, by selecting just the contributions from the loop functions at zero external
momenta, we are capturing all the non-decoupling terms, and we can already conclude that
these only appear in the LL and RR form factors but not in the LR and RL ones.

By considering zero external momenta in egs. (B.1) through (B.8), neglecting m,,, and
after some algebraic simplifications due to the symmetry properties of the loop functions,
we obtain for the case of our main interest here, H, — 74 with £ = 3 and m = 2, the
following simple results for the non-decoupling (ND) part of the form factors, which is by
far the dominant part:

2
ALLF(I)LL _ g mr
( BL )ND 1672 2Myy

3
X |:2/LM2D0(0,O,O,ng,mZS,M,Mg)

LL, . .
055 mLQmL3)

oy + o s (
cs

t2
_?WMMlDO(O, 0,0, ME . MF s Mo M)
_tlz/VMMlDO(QO?O’mZ27mZ37mE3’M1)] s (34)

where only eight diagrams contribute: (1a), (4a), (5a), (5b), (6a), (8h), (8i), and (8!), and

242 (z)* (2)
RR )RR g t”l ”LT o g t RR
<A23 Fz(z) )NE = < > [ 2 : 6] (023 'mz,mp,)

1672 2My, %
x [uMlDO(O,O,O,m§2,m§3,/A, M)

_,U/MIDO(Oy070)m§27m§37mz37Ml):| ) (35)

where only four diagrams contribute: (5i), (6e), (80), and (8t). The rest of form factors
have a vanishing ND part. The coefficients agz) and aéz) are defined in eq. (A.2), and
tw = tanfy, sg = sin 3, cg = cos 3, and tg = tan 3.

It is interesting to notice that only the loop function Dy at zero external momenta
is involved in these simple expressions for the ND parts. The definition of this Dy for
arbitrary masses is given in eq. (C.7). It is clear that if one considers all mass parameters
to be asymptotically heavy, the two functions in egs. (3.4) and (3.5) tend to a constant
value, meaning that the integration out of the heavy SUSY particles does leave as a remnant
a non-vanishing value of the I'(H, — 7/) partial widths that is constant with mgugy if
either 5543’: or (5%'% are non vanishing. We also wish to emphasize that for the particular

choice of 1 = ms. there is an important cancellation in the RR form factor between the two
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contributing terms in eq. (3.5), leading to a vanishing of the ND part in this case. It is also
worth mentioning that the above analytic results at zero external momenta of egs. (3.4)
and (3.5) are in agreement with previous results obtained in the alternative framework of
the effective Lagrangian approach [34].

On the other hand, the above simple expressions also tell us about how large can be
this constant value as a function of the other relevant parameters, namely, tan 8 and m 4.
Indeed, these two dependencies are fully contained in the factor inside the big squared
parenthesis, which can be easily derived using eq. (A.2) and setting s, and ¢, in terms
of the input parameters my4 and tan 3, namely, s, = sina = —cg + (’)(M%/mi) and
ca = cosa = sg + O(M%/m?). This simple exercise gives the relevant dependence with
m, and tan 3 in the two form factors above. We find that for the case of 5% and 6
mixings, and for generic masses, the modulo of the form factors go at large tan g as:

h h)*
oA+ ot
e

( A) (H,A)"

+ oy
6]

lg

x 13 (3.6)

By collecting all findings together, we can summarize this general power counting with all

2
)1> (37

the relevant factors in the case of 52LSL and 55%13 as follows:
(R)LL g° my \ ' mp,
LL LL T
(sgers) 0 (st (125) () () (22)
1 0
LL ~(H,A)LL -~ mr my.A )
<A23 FL )ND o < 23 <16 2) (MW> <mSUSY> (tﬂ) ) ) (38)
0 2
RR —~(h)RR N gty mr mp 1
(A23 Fr )ND © < 2 <16 2) <MW <mSUSY> < ) (ts) ) (39
242 0 0
(H,A)RR N tyy MH,A My 2
(agrrom)  ~ o (st (558 (o) (s ) (22) ) . oo

which show, on the one hand, the expected decoupling behavior with m4 in the lightest

15

Higgs boson h case, recovering the well known feature of vanishing LFVHD rates within a
SM Higgs-like scenario, and, on the other hand, the also well known feature of the enhanced
heavy H and A LFVHD rates at large tan 3, which grow as (tan 3)*.

In the case of 52L3R and 62’? mixings, the effective form factors, as we have said, decouple
with the large sparticle masses, since the potential non-decoupling terms coming from the
evaluation of the loop functions at zero external momenta vanish when adding the two
relevant diagrams: (6¢) and (8m) in the LR case and (6d) and (8m) in the RL one. In
these two cases, the leading contribution then comes from the decoupling (D) terms of
O(m3;, /mgygy) in the Co loop functions expansions:

g2t
()L _ .
(A Fy )D = 1622 (523 vy /mLQmR3)2MWCB (3.11)

X (_CO(p2ap17 MlymésamZQ) + CO(p3a 07 MlamZQa m§3)> )
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and

(A LR ) _ gty W (55 o Jmpmy. )Mlalz) (3.12)
D 1672 R L3 9 My e
X (iCO(p27p1)M1)mZ3amE2) + CO(p3707M17m§27mZ3)> .

It is remarkable that these results above for the LR and RL cases are not dependent on the
lepton masses nor on pu. We also see the factorized dependence in tan 3, this time inside

(z

o, ), Thus, we can summarize the general power counting with all the relevant factors in

the case of 644 as follows:
242 1 2 0
LRp(WLRY o [ sLr (970w v mh My 1
(A23 FL )D O (523 <167T2> (MW> <mSUSY> <mA> (tﬂ) ) ’ (313)
242 1 2 0
LR p(H,A)LR tyy v MH,A Mz 0
(AZS FL )D o (6 <167T2> (MW> <mSUSY> <mA) (tﬂ) > ’ (3‘14)

and similarly for (523 , by interchanging L by R in the formulas above.

Finally, to finish this section we find illustrative to include the analytic results in the
simplest scenario where all soft mass parameters are equal, i.e, the Fqual masses scenario
with just one SUSY scale: mgusy = mg. In this case the formulas can be greatly simplified
and they could be useful both as a reference benchmark scenario to compare with and to

perform an easy phenomenological analysis. First, the form factors are expressed as:

(z) _ (z)LL
Frr= 5 FL n T+ 6 + 5
Then, by using the formulas of the loop functions in eq. (C.10) of appendix C, we have
found the results collected at the end of appendix B, where we explicit the contributions
from each diagram. After adding the contributions from all the diagrams, the total results
of the form factors, which can be interpreted as effective LFV interaction vertices, are

the following:

PO _ 12;2 2]\2;% [( O 4 olt5) 1_4t%V

gﬁg; (agﬂ?"l;)t%Vm@"ggfﬁV)] . (3.16)
pELL _ 12; QJ\ZLWM% |:(O'§I)* + agx)m) l_f”

+”jé (Uéx)*:%—l;()t%v +U§z)£)_2}1(1)75124/>] . (3.17)
o ). .
F](f)RL _ _"_F[(/x)LR* : F](;)LR _ Ag&)RL -0, (3.19)
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© 1672 2Mycg m3 120
ponn _ gty _memh, [20,7 + 0y (3.21)
R 1672 2Myycg m? 120 ‘

We can see clearly in the total results above how relevant are the strong cancellations that
occur in this Fqual masses scenario among the various contributing diagrams. In fact,
the behavior of the RR case at large mg changes qualitatively with respect to a generic
scenario with heavy sparticles, since we find in contrast a decoupling behavior, with the
form factor going as (m%lz /m%), due to an exact cancellation of the non-decoupling terms
in this particular case. Regarding the LL case, we find again non decoupling, and for the
LR and RL cases we find decoupling as in the generic case.

Interestingly, if we keep just the leading non-decoupling terms and neglect m,, in the
previous formulas for the Equal masses scenario, we are left with only one relevant form
factor, Fém)LL

in terms of a very simple effective LFV vertex given by (—igVﬁimeL) with:

(z) (z)* 2

t 1—1¢

o)) + 01 /6] < 1 W ) 5%3[1 . (322)
cs

, and therefore the total effect of the heavy SUSY particles can be summarized

2
eff g mr
Vi

=T 1672 2 My

It should be noted that this is valid for all tan  values. We have further checked that when
the large tan 8 limit is considered in this eq. (3.22), we find agreement with the results
found from the full one-loop computation in [37]. Concretely, using eq. (3.6) for the lightest
Higgs boson vertex we find the expected decoupling behavior in the large m 4 > My limit
going as (Myz/m4)?, which then makes this h boson to resemble as the SM Higgs boson.
We also get agreement with the expected (tan 3)? enhanced LFV vertex [37] in the case of
the H and A Higgs bosons:

Veff |t L= — 92 mr %% 1 *t%/y 5LL
hrultg> 1672 My mzA B 4 23 >
2 2
. g m 1—-1
Vitrlias1 = =iViTules1 = — 7555715 ( 1 W) k. (3.23)

4 Numerical results of the h, H, A — T decay rates

In this section we analyze the behavior of the radiative corrections from SUSY loops to the
LFV neutral Higgs bosons decays h, H, A — 7ji, comparing numerically the predictions of
the full one-loop calculation [37] with the MIA results, calculated for the first time here.
The SUSY mass spectra for the three scenarios considered along this work are computed
numerically with the code SPheno [57, 58]. The LFVHD rates are computed with our
private FORTRAN code in which we have implemented both the analytic results of the
MIA of egs. (B.1) through (B.8) and also the complete one-loop formulas of [37]. The
masses of the three neutral MSSM Higgs bosons, with two-loop corrections included, and
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Figure 6. Contributions of the dominant diagrams and the total one to BR(h — 7f) (left panels)
and BR(A — 71) (right panels) as functions of mgygy in the Generic scenario with m4 = 800 GeV
and tan 8 = 40, for 62 = 0.5 (upper panels), 625F = 0.5 (middle panels), and 52L3R = 0.5 (lower
panels). The results for 624 = 0.5 (not shown) are identical to those of 6%F = 0.5. In each case,
the other flavor changing deltas are set to zero. The results for the heavy scalar H (not shown) are
nearly equal to these ones for the pseudoscalar A.

their corresponding total decay widths are computed by means of the code FeynHiggs [59—
63]. We have explicitly checked that all the numerical results for BR(H — 7/i) are nearly
equal to those of BR(A — 71) and, for shortness, we will show in this section only the latter.

We start the presentation of the numerical results with the most general scenario
considered along this work, the Generic scenario, in which all the SUSY mass parameters
are different. We show in figure 6 the contributions of the dominant diagrams and the total
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one to BR(h — 7i1) (left panels) and BR(A — 7i1) (right panels) as functions of mgysy,
within this scenario with m4 = 800 GeV and tan 8 = 40, for 52’:3{: = 0.5 (upper panels),
S8R = 0.5 (middle panels), and 64 = 0.5 (lower panels). In each case, the other flavor
changing deltas are set to zero. Since the results for SgL = 0.5 are identical to those of
654t = 0.5, they are not shown here.

The BR(h — 7[1) for the LL case is displayed on the upper left panel of figure 6. First of
all, we can see that each diagram contribution and the total prediction present the expected
non-decoupling behavior with mgusy, with a very good agreement between the full one-
loop results and the MIA ones. The agreement is found for each diagram contribution and
for the total result. It should be noted that although the non-decoupling behavior of the
partial width manifests in that it goes to a constant value at large mgusy, in the plots we
see however a slight increase of the branching ratios due to the slight decrease of the total
width with mgysy. Regarding the dominant contributions, they come from diagrams 1 and
4, and we have found that they nearly cancel between each other. The rest of subdominant
diagrams (3, 5, 6, and 8) are indeed important, since the remnant contributions of diagrams
1 and 4 interfere negatively with their contributions and fall down the total contribution
below the diagram 3 one, what is the lowest one. Therefore, it is clear that there is in
the LL case a strong cancellation among diagrams of the BR(h — 7f) that reduces the
rates around three orders of magnitude, from the dominant contributions (diagrams 1 and
4) to the total one. This strong cancellation does not occur for BR(A — 7/i) as we can
observe on the right panel of figure 6. The dominant contribution to this process in the
LL case comes from the diagram 4, followed by far by the diagram 8. There is indeed
a small negative interference between these two diagrams, resulting in total contributions
slightly lower than the diagram 4 ones. The non-decoupling behavior with mgygy of all
the contributions is also manifest, and the results in the MIA are very close to the full
one-loop ones again.

Now we move our attention to the RR case. The dominant and total contributions to
BR(h — 71) are depicted on the middle left panel of figure 6, in which we can see that the
diagram 6 is the dominant one, followed by the diagram 5 and secondly by the diagram 8.
In this case there is again a very strong cancellation among the contributions of these three
diagrams, and the surviving contribution comes from the diagram 7, which reproduces very
well the total result for BR(h — 7). As in the previous cases, the agreement between
the full one-loop calculation and the MIA one is very good, and all the contributions to
the LEVHD partial width show a constant behavior as mgysy grows. On the other hand,
we observe on the middle right panel that for BR(A — 74) the dominant contribution
comes from the diagram 8, reproducing extremely well the total result. In this RR case
there cannot be any class of interference among diagrams because the rest of contributions
are at the most two orders of magnitude smaller than dominant one. All of them present
also the expected non-decoupling behavior with mgusy. We obtain again a very good
agreement between the full and the MIA calculations. As we have already said in the LL
case, it happens also here for the RR case that the slight increase of both branching ratios,
BR(h — 7i) and BR(A — 7f), with mgugy has not its origin in the LFV Higgs partial
decay widths, since they are constant as msysgy grows, but it is due to a small reduction
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of the total decay widths with mgusy.

To end up with this Generic scenario, the results of the h — 7 and A — T[i rates
for the LR case are displayed on the lower panels of figure 6. Both LFVHD rates can
be understood by means of the contributions from the most relevant diagrams that are
diagrams 6 and 8 in this case. The dominant non-decoupling terms, constant with mgysy,
of these two diagrams are identical in the MIA but with opposite sign. Thus, they exactly
cancel and the remaining dominant decoupling contributions in the branching ratios are
proportional to (mg, / mgusy)?, what explains the final decoupling behavior of these rates
with mgusy observed in the plots. A good agreement between the full result and the MIA
one is again achieved.

As main conclusions of the figure 6, we could say that in the Generic scenario the
MIA approximates very well the full one-loop results, diagram by diagram and the total
contributions. The LFVHD rates present a clear non-decoupling behavior with mgusy
if 52L3L or 5%% is the responsible for the flavor mixing, whilst these rates have a strong
decoupling behavior with the SUSY mass scale when the S2LgR or S%L is connected.

In figure 7 the results for BR(h — 7p) and BR(A — 7a) as functions of mgyusy
are displayed in the GUT approximation scenario with u = 3/4mgysy (left panels) and
p = 4/3mgusy (right panels), for 628 = 0.5 (upper panels), 625 = 0.5 (middle panels),
and 645 = 0.5 (lower panels). In both scenarios we have set m 4 = 800 GeV and tan § = 40.
The first conclusion from this figure is that the LEVHD rates in this GUT approximation
scenario show again a non-decoupling behavior with mgysy in the LL and RR cases and
a decoupling behavior with mgygy in the LR case, as in the Generic scenario. We also
see that the MIA works very well in all the cases LL, RR, and LR cases, reproducing
accurately the results of the full one-loop computation at large mgysy. The only exception
is the prediction of BR(h — 7f), where we have found some discrepancies between the
MIA and the full results in the RR case and also a little one in the LR case, being these
differences larger for y = 3/4mgygy than for = 4/3mgusy. We have also detected that
these discrepancies are due to the fact that, in the light Higgs boson case, the missing
decoupling terms in our MIA computation of the form factors of O(ME,/méqy) compete
with the leading decoupling terms of (’)(m,% / m%USY) and, for some particular cases in which
there are strong cancellations among the dominant non-decoupling contributions, they may
play some important role in order to obtain a better convergence between the MIA and
the full results. We have also checked that this divergence appears more pronounced where
there is some degree of degeneracy among the mass parameters, as it happens partially
in the GUT approzimation scenario and totally in the Equal masses one. Indeed, for this
latter scenario with RR mixing, we have checked that, by means of an explicit analytic
computation in the MIA of these decoupling O(M3,/m2ygy) contributions from the most
relevant additional diagrams (see at the end of appendix B), we achieve a better convergence
between the MIA and the full results. However, we believe that is not worth including those
extra terms in our general estimates here, since they are numerically extremely tiny and
therefore irrelevant for the associated phenomenology.

Next we study in figure 8 the dependence of the LFVHD rates on the four flavor
changing deltas considered in this work, 6% (upper left panel), 6% (upper right panel),
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Figure 7. BR(h — 7i) and BR(A — 7i) as functions of mgygy in the GUT approzimation
scenario with p = 3/4mgysy (left panels) and u = 4/3 mgysy (right panels), for 6% = 0.5 (upper
panels), 0%F = 0.5 (middle panels), and 647 = 0.5 (lower panels). The results for 65% = 0.5 (not
shown) are identical to those of SQLP,R = 0.5. In each case, the other flavor changing deltas are set to
zero. In all the panels we have set m4 = 800 GeV and tan 8 = 40. The results for the heavy scalar
H (not shown) are nearly equal to these ones for the pseudoscalar A.

52L3R (lower left panel), and S%L (lower right panel), within the GUT approzimation scenario
with pu = 4/3 mgyusy, msusy = 5TeV, my = 800 GeV, and tan 8 = 40. First of all, it is
clear that the behaviors of the branching ratios are symmetric with respect to positive and
negative values of the deltas and we observe the expected increase of the LFVHD rates in
the MIA with each delta, as \55?/ 2. On the upper panels we observe a very good agreement
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Figure 8. BR(h — 7i) and BR(A — 7i) as functions of 624 (upper left panel), 654® (upper right
panel), 55“31% (lower left panel), and S%L (lower right panel), in the GUT approzimation scenario
with 4 = 4/3mgsusy, msusy = 5TeV, ma = 800GeV, and tan 8 = 40. In each case, the other
flavor changing deltas are set to zero. The results for the heavy scalar H (not shown) are nearly
equal to these ones for the pseudoscalar A.

between the MIA and the full one-loop results for BR(h — 71) and BR(A — 7f) in the
LL and RR cases, up to values of |<52LSL’RR| ~ 0.6. From this value, the predictions of
the full results start to separate from the MIA ones, showing the expected departure from
the quadratic O(62) dependence. Anyway, the discrepancy between the MIA and the full
calculation is not large, at the most of a factor of 3 for [014| = 1 and of 6 for |6{| = 1.
The results of the LR and RL cases are identical and we comment together. The full/MIA
agreement for the A — 7[i rates is almost exact and the predictions of both calculations do
not separate for values of SQLgR(RL) close to 1, since they are still perturbative (remember
egs. (2.16) and (2.17)). Again, the observed small discrepancies in BR(h — 7f1) between
the MIA and the full results are due to the missing subdominant decoupling contributions

of O(M3,/mi;gy) in our MIA calculation.

The dependence of the LEVHD rates as functions of tan 8 is depicted in figure 9
within the Fqual masses scenario with mgusy = 5TeV, m4 = 800 GeV, and 55(35/ = 0.5,
with XY = LL, RR, LR, in each case. The full/MIA agreement in the LL and LR
cases is very accurate for both LEVHD branching ratios, BR(h — 7f1) and BR(A — 7f),
while there is an appreciable disagreement for the RR predictions, of up to two orders of
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Figure 9. BR(h — 7f) (left panel) and BR(A — 7f) (right panel) as functions of tan 5 in the
Equal masses scenario with mgysy = 5TeV, ma = 800 GeV, and d5" = 0.5, with XY = LL, RR,
LR (5, for the latter), in each case. The green crosses are the MIA predictions in the RR case
after including the O(M3, /m2qy) corrections. The results for the heavy scalar H (not shown) are
nearly equal to these ones for the pseudoscalar A.

magnitude. The main reason to explain these discrepancies is that in this Fqual masses
scenario the cancellation among diagrams is even stronger than in the previous ones, since
all of the SUSY mass parameters are identical. This strong cancellation makes that the non-
decoupling dominant terms of all the diagrams completely cancel. The remnant terms in the
form factors proportional to (mpy, /msyusy)? are not sufficient to reproduce the full one-loop
results and then, to obtain a better convergence in this RR case, one should include the MIA
subdominant decoupling contributions, proportional to (My,/msusy)?. In order to check
this expected better convergence, we have computed the most relevant diagrams providing
the most important O(M3, /m2gy) corrections in the MIA for this particular RR case in
the Fqual masses scenario. We include these analytic results at the end of appendix B. Our
numerical estimates of the LF'VHD rates for this RR case after including these additional
O(M3,/mgy) corrections are also displayed (in green) in figure 9, for comparison. We
can clearly see that there is indeed a better convergence to the full result. However, as we
have already said in all those cases where the disagreement MIA /full is clearly manifest,
the predicted rates are very tiny and irrelevant for phenomenological purposes.

On the other hand, the different behaviors with tan § of the full LFVHD rates depend-
ing on each delta are well reproduced by the MIA predictions. They can be understood,
in the case of generic SUSY masses, from egs. (3.7)—(3.10) and (3.13)—(3.14), and in the
case of equal SUSY masses from egs. (3.16)—(3.21) and (B.15)—(B.16), and knowing that,
at large tan 3, the total Higgs decay widths go as Tt (H, A) ~ (tan3)? and Ty (h) is
approximately constant with tan 5. The partial widths of the h — 7 decay in the LL and
RR cases, for generic SUSY masses, go as (tan 3)? and the H, A — 7ji decay widths are
proportional to (tan 3)*, therefore all the corresponding branching ratios grow as (tan 3)2.
By contrast, in the LR case, I'(h — 7j1) ~ (tan 3)~2 and I'(H, A — 7ji) are independent
of tan 3, thus BR(h, H, A — 7fi) ~ (tan 3)~2.

From figures 6-9 we learn that the only delta that can lead us to phenomenologically
interesting LEFVHD rates is 52’:3{: In order to try to find the largest LF'V Higgs branching
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Figure 10. Contour lines of BR(h — 7/1)/|654|? (left panel) and BR(A — 7j1)/|65|? (right panel)
in the [mgysy,tan ] plane within the Equal masses scenario with m4 = 800 GeV. The shaded
red area is excluded by the current experimental upper limit for 7 — pv channel, BR(r — uvy)
< 4.4 x 1078 [54]. The shaded blue area represents the 95% C.L. excluded regions by the negative
searches by ATLAS and CMS for neutral MSSM Higgs bosons decaying to a pair of 7 leptons [55, 56].
The results for the heavy scalar H (not shown) are nearly equal to these ones for the pseudoscalar A.

ratios, we are going to investigate the quantities BR(h — 7/)/|0%|> and BR(H, A —
i) /|65 |? that are delta-independent when computed with the MIA. First, the contour
lines of these two observables in the [mgysy, tan ] plane are displayed in figure 10, within
the Equal masses scenario with ms = 800 GeV. In both contour plots, the shaded red
area is excluded by the current experimental upper limit for 7 — py channel, BR(7 — uv)
< 4.4x 1078 [54], and the shaded blue area represents the 95% C.L. excluded regions by the
negative searches by ATLAS and CMS for neutral MSSM Higgs bosons decaying to a pair of
7 leptons [55, 56]. It is clear again the non-decoupling behavior with mgygy of the LFVHD
rates and their growth with tan 3. The largest values obtained for BR(h — 7f1)/|034|? and
BR(H,A — 71)/|6%1? are 7 x 1078 and 1 x 1074, respectively, but unfortunately they
are excluded by the 7 — py upper limit and/or the ATLAS and CMS searches for MSSM
Higgs bosons. The maximum values for these delta-independent rates, allowed by data,
are BR(h — 71)/|03|% ~ 3 x 1078 and BR(H, A — 7/1)/|62F|?> ~ 5 x 1075, very far away
both from the current LHC sensitivity to these LFV processes [5, 6].

Finally, we show in figure 11 the contour lines of BR(h — 7fi)/|054|? (left panel) and
BR(H, A — 7j1)/|0%F|? (right panel) in the [m 4, tan 3] plane predicted in the MIA within
the Equal masses scenario with mgusy = 4 TeV, being the shaded blue area the 95% C.L.
excluded regions by the negative searches by ATLAS and CMS for neutral MSSM Higgs
bosons decaying to a pair of 7 leptons [55, 56]. The fact of fixing mgysy = 4 TeV ensures us
that the predictions are in agreement with the 7 — uvy upper limit, as can be inferred from
figure 10. In this case, the known decoupling behavior of BR(h — 7) in the large m 4 limit
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Figure 11. Contour lines of BR(h — 7/1)/|62£|? (left panel) and BR(A — 7f1)/|654|? (right panel)
in the [my, tan §] plane within the Equal masses scenario with mgysy = 4 TeV. The shaded blue
area represents the 95% C.L. excluded regions by the negative searches by ATLAS and CMS for
neutral MSSM Higgs bosons decaying to a pair of 7 leptons [55, 56]. The results for the heavy
scalar H (not shown) are nearly equal to these ones for the pseudoscalar A.

is manifest on the left panel. The largest value for BR(h — 7/1)/|62F|? is 1 x 1075, however
it is again excluded by the ATLAS and CMS searches for neutral MSSM Higgs bosons.
The largest h — 7[i rates allowed by data are of @(10~7), out of the reach of the present
and next future LHC experiments. Fortunately, the prospects for H — 7 and A — 7 are
much more promising, as we can see on the right panel of figure 11. The MIA predictions
for BR(H, A — 7/1)/|624|? are practically independent on m4 and increase quadratically
with tan 3 as expected. It reaches values, allowed by data, up to 3.5 x 10~ for large my
and tan 8, not very far from the current LHC sensitivity. It is important to mention that
our predictions of the LEVHD rates are identical for the 7 and Tu final states, since we
are assuming real 52L3L , and in order to compare our results with the ATLAS and CMS
reported data, we have to multiply our rates by a factor of 2. Our maximum branching
ratio is then of O(1073), only one order of magnitude lower than the current percent-level
sensitivity achieved at the LHC [5, 6].

5 Conclusions

In this work we have analyzed in full detail, both analytically and numerically, the decay
rates of the neutral MSSM Higgs bosons into a lepton and an anti-lepton with different
flavor: h, A, H — ljl,, (m # k). Our computation of the LFV partial widths I'(h, A, H —
Iily) is a one-loop diagrammatic one, but different to previous analytic computations in
the literature. Here it has been performed by the first time using the simple approximation
provided by the MIA, which works with the electroweak interaction slepton and sneutrino
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eigenstates, lNiL’R and DZ.L, with ¢ = 1,2,3, and treats perturbatively the mass insertions

changing lepton flavor, A%B with AB = LL, LR, RL, RR and ¢ # j. By using the MIA
at the first order in the dimensionless parameters expansion 5;‘;3, we have found compact
analytic results for all the form factors involved in the LFVHD amplitudes in terms of the
well known 3- and 4-point scalar one-loop integrals, and the relevant MSSM parameters,
namely, the soft masses mg, Mg, My, and M,, the Higgs sector input mass m 4, tan g,
and the p parameter. Then, by performing an expansion of the loop integrals in powers
of the external momenta and keeping just the leading and next-to-leading terms, we have
been able to find a set of simple analytic formulas, both for each contributing diagram and
for the total sum, with all the relevant contributions explicit. These relevant contributions
consist of two qualitative different parts that we have analyzed and presented separately:
the leading non-decoupling contributions of O((mp, i,/ mgusy)’) that tend to a constant
value for asymptotically large mgysy, and the next-to-leading decoupling contributions of
O(m%l mal méysy). At this point, we would like to emphasize that an alternative analytic
computation to ours could be done by starting instead with the full analytic results of the
form factors of [37], given in terms of the physical sparticle masses and rotation matrices,
then performing a Taylor expansion in powers of Aﬁf and keeping the first order in this
expansion. However, this is not an easy task since such a computation would involve
a systematic Taylor expansion of all the physical slepton masses and rotation matrices
elements, keeping all the relevant terms that will contribute to O(A#2) in the form factors,
and expressing them in terms of the EW basis parameters like the soft masses, etc. This
kind of computation has not been completed yet, to our knowledge, for the LFV form
factors of the three neutral Higgs bosons to a comparable level of our MIA computation,
i.e. dealing with all the four slepton mixing cases LL, LR, RL, and RR, and keeping in the
final results both the leading non-decoupling contributions of O((mp g .a/msusy)’) and
the next-to-leading decoupling contributions of O(m% Al Mgy

We have also analyzed numerically the MIA results for the most interesting case of
h, H, and A decays into 7 and pu leptons. After an exhaustive comparison with the full one-
loop results, we have concluded that the MIA provides indeed quite accurate predictions for
the explored mixing parameters range, ]5%3 | < 1. We have detected only a few cases, for
specific choices of the model parameters, in which there occur strong cancellations among
contributing diagrams, mainly due to some degree of degeneracy in the mass parameters,
where the MIA does not provide a good result as compared to the full one-loop computation.
This happens for instance in the case of the Equal masses scenario with the non-vanishing
flavor mixing input given by 55%31%. In this case, we have checked by an explicit computation
that to achieve a better convergence of the MIA with the full results one must include in
addition the next-to-leading decoupling contributions of O(Mg,/méqy) which we have not
taken into account generically in this work. Nevertheless, we wish to emphasize that this
detected mismatch MIA /full is not important at all for phenomenological purposes since the
predicted rates in those cases are very tiny and therefore irrelevant. Furthermore, it should
be noticed that, for the heavy ma > My values considered here, it is only in the case of
the lightest Higgs boson where generically the two types of next-to-leading corrections of
O(ME,/m3ygy) and (’)(m%[x /méigy) could be comparable in size and therefore, a priori,
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equally relevant. However, we have found that in the heavy SUSY masses scenario of
our interest here, with mgysy > 17TeV, these corrections are below (’)(10_13), and the
maximum rates found for the lightest Higgs decays, allowed by data, are experimentally
unreachable, being at most of O(10~7). Hence, we have focused our interest here on the
LFV heavy Higgs bosons decays.

In summary, we have presented in this work a set of simple analytic formulas for
the form factors and the associated effective vertices, computed within the MIA, that we
think may be very useful for future phenomenological studies of LEFVHD and for their
comparison with data. Finally, we have also concluded from our numerical results of the
LFVHD rates, presented in contour plots in the [m 4, tan 5] and [mgysy, tan 3] planes, that
for the most promising case of 52LSL mixing, one can obtain maximum allowed values (by
T — w7y experimental constraints and MSSM Higgs boson searches at the LHC) of up to
BR(H, A — Tu) ~ 1073 (adding both final state 7/ and 7y rates), not far from the present
experimental sensitivity accomplished at the LHC. In the case of the lightest MSSM Higgs
boson h, the rates are much smaller and clearly not reachable at the LHC.
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A Relevant Feynman rules

The relevant Feynman rules for the present computation are collected in figures 12-16.
The notation and conventions are:

h
H,= | H]|, (A.1)
A
Sa Co Sa-i-ﬁ
a?) =1 —co | , Uéx) = Sa , U?()x) =| —cass | » (A.2)
153 —icg 0
(x) _ my, (x)* (x) _ ol@)*
SL,i = - QMW%Ul ) SR,@' = SL,i ) (A.3)
my. mj.
gy = —a l (A.4)

B V2Myy cos 8 B vy
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Figure 12. Feynman rules for the relevant insertions. Insertions changing (non-changing) flavor
are denoted by a cross (point).

- 4 d
W= (W?)

Figure 13. Feynman rules for the relevant propagators.
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Figure 14. Feynman rules for the relevant lepton-ino-slepton vertices.

Figure 15. Feynman rules for the relevant Higgs-ino-ino vertices.
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Figure 16. Feynman rules for the relevant Higgs-slepton-slepton and Higgs-lepton-lepton vertices.

Here and through the paper we use the short notation: s, = sina, ¢, = cosa, sg = sin f3,
cg = cosf3, tg = tan B, sq4g = sin(a + ), ca1p = cos(a + B), and tw = tanbw. Prp =
(1 F75)/2 are the usual L, R projectors. My, and My are the W and Z gauge boson
masses, respectively. ¢ and ¢’ are the gauge coupling constants of SU(2); and U(1)y,
respectively. In the propagators, p denotes the flowing momentum and 1 denotes the
identity in spinor space.

B Analytic expressions of the form factors

Here we present the analytic results of the form factors, Fé%AB with AB =

LL,LR,RL,RR, in eq. (3.3), from all the diagrams in figures 2, 3, 4, and 5. The contribu-
tions from each diagram are explicitly separated (with an obvious notation by a subscript
referring to the corresponding diagram) and expressed in terms of the relevant one-loop
functions, Cy, Ca, Dy, and Dy. These functions are given in appendix C.

x 2 my, T z)* 5 x)* =
F( L _ g L [— (—uMgaé )DO —|—U§ ) DO)(la) + (05 ) (/.LMQtﬁDO +D0)>

L 1672 2Myep (4a)
ty () 1 (@)
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+t7W (ng) DO)(5C) a % (agx) D0>(5d)
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The arguments of the above loop integrals are the following:
Douﬁo:DO)50(0)p2ap17mzm)mzk7u7M2) in 1(1)

DOaﬁo:D0750(07p2ap17mzm7mzk7M27,u) in 1b)

Dy, Do :Do,ﬁg(o,pg,o,mzk,mzm,u, Ms) in (3a)

Co2 = Co2(0, p2,mg, ,mp, ,Mp) in (3b)
Dy, Dy :Do,ﬁg(o,pg,o,mzm,mzk,u, Ms) in (4a), (4b)

Co2 = Co2(0,ps,mg ,mg, , Mp) in (4c)
Dy, Dy = Do,ﬁo(O,pg,pl,mzm,mzk,,u,Ml) in (5a), (5¢)
Dy, Dy = DO,EO(O,pg,pl,mEm,mEk,u,Mg) in (5b), (5d)
) » (59)
Dy, Dy = Dg,ﬁo(o,pg,pl,mz , M, , Mo, i) in (5f), (5h)
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Do,ﬁo = Do,ﬁo(o,m,O,mgk,mgm,M,Ml) in (7a), (7c)
Dy, Do = Do, Do(0,pa,0,mz, ,mz ,p, Ms) in (7b), (7d)
Coz2 = Co2(0,p2,mg, ,mz M) in (7e)
Co2 = Co2(0, p2,mz ,my ., Mp) in (7f)

Dy = DO(O,O,pg,mﬁk,mzk,mzm,Mﬂ in (79)

Dy, Do = Do, Do(0,pa,0,mp ,mp p, My) in (7h), (7i)
Co2 = Co2(0,p2,mp ,mp M) in (75)

Dy = DO(O,0,p2,mzk,m§k,m§m,M1) in (7k)
Dy, Dy = Do,BU(O,pg,O,mzm,mzk,Ml,u) in (8a), (8¢)
Dy, Do = Do, Do(0,p3,0,my ,my , Mo, ) in (8b), (8d)

Coz2 = Co2(0, p3,mz ,my M) in (8e)
Co2 = Co2(0, ps,mg, ,mp ,Mp) in (8f)

Do = Dy(0,0,p3,mp ,my ,my ,Mi) in (8g)
Dy, Do = Do, Do(0,ps3,0,my, ,my ,p, My) in (8h), (8))
Dy, Dy = Do,ﬁo(o,pg,O,mzm,mzk,,u,Mg) in (84), (8k)

Dy = DO(U,07P3,mzm,mzk,m§k7M1) in (81)

Co = Co(ps, 0, M1, my ,mp ) in (8m)

Co = Co(ps, 0, Ml’mﬁm7mfk) in (8n)
Dy, Do = Do, Do(0,ps,0,mz ,mp ,pu, My) in (80), (8p)
Do, Dy = Dy, 50(07p3707m§k7m§m, M, p) in (8q), (8r)

Co2 = Co2(0,p3,mp ,mp M) in (8s)

Do = Do(0,0,p3,mp ,mp my , M) in (8)

Do = Do(0,0,p3,mp ,mp mp M) in (8u)

For the particular case of the FEqual masses scenario, the analytic results of the form

factors are considerably simplified. We include here the results for the F I-Ew})%AB of eq. (3.15),

specifying the contributions from each diagram:
F(I)LL 92 mr (z)* 1 + m%'{z + 1t 1
= o — —=tg — =
L 1672 2Myycg | ! 37 40m% )y \67 3/,
+(1_t%V) <1+ ", ) —t12xv<1+ i, )
2 3 40m% ) 5 6 30mg /)
(Lot ot e
12776 4WPTIW)
2
Ha

2 2 2
@( (L, ™n, A-ty) (1 m o (1, ™M,
— — _t —
M <<6+60m§>(1)+ 2 \6 Toomz )5, W\6 T som2 ) )]
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2 2
A(z)LL g my, @ (1  mq, 1 1 1
Fp™ = - — (=t Sty — =
R 1672 2Myycg [01 <<3+40m§>(1) (65 ()+ 3773)

+ﬂ—ﬁw<1+7@u> e Tﬁh)
2 2

1 1 5
+<12 tg + 4tWt5—|- > < tg—l— *twtg—i- 6tw>(8))
2 m2; 2
+o -+ = —tw| =+ ;
2 6 60m§ ) 6 " 6om 2 5) 6 30m% )
(B.10)
. 1 x 1 m?2 1
FEOIR _ 0 12 o <<+ H) _ () > (B.11)
L 1672 /2 V1 2 24mi) e \2/)
H(z)RL A(x) LR+ H(z)LR f(z)RL
PORL _ | ) . FWER _ p@RE_ (B.12)
- 2 2)* 1 m2 1 m2 1 1
e el (G al), o), 0),00),)
2 2
(6 aame) (6 me))|
o (L4 (L , (B.13)
2 \\6  60m%/) ;5 \6 30m%)/
. 2 1 m? 1 m? 1
FORR _ 9 2 M |:O_(x)< 1y Hm> B (+ Hz) _ () )
R 1672 " 2Mycg | ! 3 40mg /)5 \6  30m% /) \6/g
2 2
G son) (6 5o )
+o =+ —|\=z+ : (B.14)
Finally, we have also computed for this Fqual masses scenario the subleading decoupling

contributions of O(M%, / m%USY) to the specific form factor F S)RR

, where we have detected
that there are strong cancellations among diagrams and these contributions play a relevant
role in obtaining a better convergence between the MIA and the full results. The main
contributions at this order come from diagrams with two extra gaugino-Higgsino insertions
in the internal fermion propagators of diagrams 5,57, 6e, 80, 8p, 8t; or one extra insertion

gaugino-Higgsino and one extra of type lL —lR

iR

in diagrams 5%, 57; or only one extra insertion

of type lL in diagram 6e; or considering a new “type 6 like” diagram -pure Bino
exchange- with vertex H, —I1 k(m) lR(m) (no chirality flip). After this computation we have
found that to include these new O(M{,/m3gy) contributions into this RR form factor

one should replace (F' ](;)RR) by (F }(%x)RR +F }({C)RR), where:

2
Frr _ Oty ms M%v ts
R 1672 2Mwcg m% 1+ t5

60

(@)
("1 (363, + 13 — dtdyts — 121p)

. X (x 2
1+¢
_a?) _ 4052) B 20§x) n 73 s (1+2)
5 15 15 12t4
1+ 8, @ g @, (@, (@) o7\ 1+ )
xT €T xT T
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1+t2 T T x)*
+< 30t2W (—Ug ot o — o)) ))] : (B.15)
B

In the large tan 8 limit we obtain that this correction in eq. (B.15) grows linearly with
tan 8 for h and quadratically for H and A. More specifically, we get for the heavy Higgs
boson H (and similarly for A):

_ 2t2 m M2 3+t2
FUDRR), =T w Tr Zw et Wy B.16
R et = e oy m% 15 (B.16)

C Relevant loop integrals and their expansions for heavy SUSY

The loop integrals that are relevant for the present computation are the following:

(3
n
672 CH(q1, 2, m1, m2, m3)
B 1, km
_ [k : .1
R e e e (C.1)
and
i .
@Do,DO(Q17Q2>Q3,m1,m2,m3,m4)
/dk 1, k2
(B2 =m)((k+q)?—md)(k+a +a@)?—m3)(k+q +q@+q)>—m])’
(C.2)
where b
dk = ————— C.3
@D (C.3)
and
C"(q1,q2,m1, M2, m3) = Zqz i(q1, g2, M1, M2, M3) . (C.4)

The particular values of the relevant loop functions for zero external momenta are the
following:

Co(0,0,m1, mg, m3)

_ alb—c)log(a) + b(c — a)log(b) + c(a — b)log(c)
N (a—b)(a—c)(c—b) : (C.5)

02(0, 0, mi, ma, TTL3)

_ a?log(a)(b—c)?—b%(a—c)?log(b)+c(a—b)((a—c)(b—c)+log(c)(2ab—c(a+b)))
2(a —b)(a — c)*(b—c)? ’
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where a = m?, b = m3, and ¢ = m3.

Dy(0,0,0,m1,mo, m3, my) = b 1_ Pl (=b+c)(—a+ da—i—_acllog(a) — dlog(d))
(a — ¢)(—=b+ d + blog(b) — dlog(d))
* b—d
+ (—a+0b)(—c+ dc—iccllog(c) — dlog(d)) ’ 1)

where a = m?, b =m3, ¢ = m2, and d = m3. The Dy function can be derived from Cy and

Dq by:
Do(0,0,0,m1,ma,m3,m4) = Co(0,0,ma, m3,mq) +m3Dg(0,0,0,m1, ma, m3,my) . (C.8)

At non-zero external momenta all these integrals can be Taylor expanded for heavy
internal particle masses as compared to the external momenta, m? > q]z, and expressed
generically as their values at zero external momenta plus corrections given by functions
with extra powers of the small (’)(qu- /m?) quantities.

For instance, by keeping just the O(p? /m?) corrections in Co(pz, p1, m1, ma, m3) we get:

Co(p2, p1,m1, M2, m3) = Co(0,0,m1, M2, m3)
d
(a—0)2%(a—c)?*(c—b)3 1
—a?(b — ¢)’log(a)
+b(a — ¢)*(—2ac + b(b + ¢))log(b)
+(a — b)2c(2ab — ¢(b + ¢))log(c)] (C.9)

—1—2 a—"b)(a—c)(b—c)(—2bc+ a(b+ c))

with @ = m2, b=m3, c = mg, and d = p?. And similarly for other loop functions.

For the present computation we have computed all the relevant Taylor expansions
including the O(p?) corrections with p? = m%,z, for Cp 2, Do, and Dy, but we omit to show
them here for shortness. Here we include instead just the simplest case, for illustrative
purposes, that corresponds to taking all the involved SUSY masses to be equal, the so-
called Fqual masses scenario, keeping just the dominant and the leading subdominant
contributions in the previously commented Taylor expansions. In this case, we get the
following simple formulas:

1
00(07p27m57m57m5) ~ CO(Oap:SamS,mSamS) ~ _2727
myg
1
CO(p2707m57m37mS) ~ CO(p?nOamS?mSamS) ~ _2727
myg
1
02(07p27m57m37m5) ~ 02(05p37m57m57m5) ~ n9
6myg

Co( )t i,
o\p2,p1, Mg, Mg, mg) =~ — 5 Z )

2mg  24my

1

D0(0>p2707m57m57m57m5) ~ D0(07p3707m5’m57m5’m5) ~ 6ma
S
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y 3 1
Do(0, p2, 0, mg, mg, mg, mg) ~ Do(0, ps, 0, mg, mg, mg, mg) ~ —
S
1
Do(0,0, pa, mg, ms, mg, mg) ~ Do(0,0,ps, mg, mg, mg, mg) ~ —,
S
2
L™
4 6 °
6mS GOmS
) 1 my
Do o msyms,ms,ms) = — L = 2
2
1 my,
6mg  30mg’
2
L M,
6mg  30m%

D0(07p2ap17m55m57m55m5) ~

DO(p27p1707m57m37m57mS) ~

Dy(p2,0,p1,mg, mg, mg, mg) ~ (C.10)
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