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Flavor violating leptonic decays of the Higgs boson
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Recent data from the ATLAS and CMS detectors at the Large Hadron Collider at CERN give a hint of
possible violation of flavor in the leptonic decays of the Higgs boson. In this work we analyze the flavor

violating leptonic decays H? — l,-fj (i # j) within the framework of a minimal supersymmetric standard

model extension with a vectorlike leptonic generation. Specifically we focus on the decay mode HY — uz.
The analysis is done including tree and loop contributions involving exchange of W, Z, charged and neutral
Higgs bosons and leptons and mirror leptons, charginos and neutralinos and sleptons and mirror sleptons. It

is found that a substantial branching ratio of H ? — ur, i.e., of as much as O(1)%, can be achieved in this
model, the size hinted by the ATLAS and CMS data. The flavor violating decays H) — ey, ez are also
analyzed and found to be consistent with the current experimental limits. An analysis of the dependence of
flavor violating decays on CP phases is given. The analysis is extended to include flavor decays of the
heavier Higgs bosons. A confirmation of the flavor violation in Higgs boson decays with more data that is
expected from LHC at /s = 13 TeV will be evidence of new physics beyond the standard model.
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I. INTRODUCTION

Recently the ATLAS [1] and the CMS [2] Collaborations
at CERN have observed some possible hints of flavor
violating decays of the Higgs boson HY. Thus the ATLAS
Collaboration finds [1]

BR(H? — put) =BR(H? — p*77) + BR(HY - p~t")
= (0.77 £ 0.62)% (1)

while the CMS Collaboration finds [2]
BR(H) — ut) = BR(H) — y*v) + BR(H) — j-r*)
= (0.84103)%. (2)

For the ey and er modes the experiments find a 95% C.L.
bounds so that

BR(H(I) — eu) < 0.036%,
BR(H? - e7) < 0.70%. (3)

More data are expected in the near future, which makes an
investigation of the lepton flavor violation in Higgs decays a
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timely topic of investigation. Thus in the standard model
there is no explanation of flavor violating leptonic decays of
the Higgs boson and if they are confirmed that would be
direct evidence for new physics beyond the standard model.
In this work we explain the flavor violating leptonic decays of
the Higgs boson in the framework of an extended minimal
supersymmetric standard model (MSSM) with a vectorlike
leptonic generation following the techniques discussed in
[3-5]. Flavor changing Higgs decays are of significant
theoretical interest and for some previous works see, e.g.,
[6-28].

In the analysis of this work the three leptonic generations
mix with the vectorlike generation, which leads to flavor
violation for the Higgs interactions. The analysis is carried
out at the tree (see Fig. 1) and loop level where loop
diagrams involving W, Z, leptons and mirror leptons (see
Figs. 2 and 4), charginos, neutralinos, sleptons and mirror
sleptons (see Figs. 3 and 5), and charged Higgs, neutral
Higgs, sleptons and mirror sleptons (see Figs. 6 and 7) are
taken account of. It is shown that flavor violating decays of
the Higgs boson of the size hinted by the ATLAS and CMS
data can be achieved consistent with the Higgs boson mass
constraint. The dependence of the branching ratio of the
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FIG. 1. Tree level contribution to the flavor violating u*zT
decay of the neutral Higgs bosons.
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FIG. 2. Left panel: The W loop diagram involving the exchange
of sequential and vectorlike neutrinos and mirror neutrinos. Right
panel: The Z loop diagram involving the exchange of sequential
and vectorlike leptons and mirror leptons.
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FIG. 3. Left panel: The chargino loop diagram involving the
exchange of sequential and vectorlike sneutrinos and mirror sneu-
trinos. Right panel: The neutralino loop diagram involving the
exchange of sequential and vectorlike sleptons and mirror sleptons.
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FIG. 4. Left panel: The W loop diagram involving the exchange
of neutrinos and mirror neutrinos. Right panel: The Z loop
diagram involving the exchange of charged leptons and charged
mirror leptons.

T T
1 =+ 1
~ . F
Vi 7 . : k',’
.
H},H} - =+ Hij,H; - %0
_______ < J ce e 7
. .\
-“ -~ =N
Vi . 11 \\
.~ ~
~ N
» 7

FIG. 5. Left panel: Chargino loop diagram involving the
exchange of sneutrinos and mirror sneutrinos. Right panel:
Neutralino loop diagram involving the exchange of sleptons
and mirror sleptons.

flavor violating decay pz as well as the dependence of the
Higgs boson mass on CP phases is analyzed.

The outline of the rest of the paper is as follows. In Sec. I
we give a description of the extended MSSM model. In
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FIG. 6. Loop diagrams with neutral Higgs, charged leptons and
mirror charged leptons.
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FIG. 7. Loops with charged Higgs, neutrinos and mirror
neutrinos.

Sec. III an analytic analysis of the triangle loops Figs. 2—7
that contribute to the flavor changing processes is given.
Numerical analysis is given in Sec. IV. Here we also study
the dependence of the flavor violation on CP phases.
Conclusions are given in Sec. V. Further details of the
analysis are given in the appendix.

II. THE MODEL

As mentioned in Sec. I the model we use for the
computation of the flavor violating leptonic decays of the
Higgs boson is an extended MSSM which includes a
vectorlike leptonic generation. As is well known, vectorlike
multiplets appear in a variety of unified models including
string and D brane models [29-32]. Many applications of
these vectorlike multiplets exist in the literature [3—5,33—
35]. In our analysis we include one vectorlike matter
multiplet along with the three generations of matter. We
begin by defining the notation for the matter content of the
model and their properties under SU(3). x SU(2),x
U(1)y. For the four sequential leptonic families we use
the notation

vir, 1 . :
L= ~( 12,2 )85 ~ (1,1,1), 05, ~ (1,1,0),
ViL <f,'L> ( 2) iL ( )yzL ( )
(4)

where the last entry on the right-hand side of each ~ is the
value of the hypercharge Y defined so that Q = T3 + Y and
we have included in our analysis the singlet field v§, with i
runs from 1-4. For the mirrors we use the notation
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c

E, ~(1,1,=1),N, ~(1,1,0).

(5)

)-(12).

The main difference between the leptons and the mirrors is
that while the leptons have V — A type interactions with
SU(2); x U(1), gauge bosons the mirrors have V + A
interactions. Further details of the model including the

|

N
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superpotential, Lagrangian, and mass matrices are given
below.

As discussed above the analysis is based on the
assumption that there is a vectorlike leptonic generation
that lies at low scales. Including this vectorlike generation
we discuss the superpotential, soft terms, mass matrices and
particle and sparticle spectrum that enters in the analysis in
this section. Thus the superpotential of the model for the
lepton part is taken to be of the form

W = —ue HYH) + ey f By 25 + (EGLS + fHZIN, + fHR9E,
+hy Hip p + ) szLLﬁ;L + o HG, 86 + B EDE, 06, + ysHiph, 25y + VB, 5, ]

scind

=+ f3€tj)( 43
+

sein

3611)( l//eL

where “implies superfields, vi;, stands for i3, ¥r,;, stands
for yrp; and yr,; stands for yr;. Mixings of the above type
can arise via nonrenormalizable interactions. Consider, for
example, a term such as 1/Mpr§N; @ D,. If | and @,
develop VEVs of size 10%-1°, a mixing term of the right size
can be generated. We assume that the couplings in Eq. (6)
are complex and we define their phases so that

fo=Ihden. fi=1nle p =1l

= |hl.|ei6h,»’ h; = |h§|ei€;i, h// _ |h”| 19,1// (7)

where k, i take on the appropriate values that appear in
Eqg. (6).

The mass terms for the neutrinos, mirror neutrinos,
leptons and mirror leptons arise from the term

1 82
|
fiva/V2 fs
—f3 fzvl/\/z
My = 0 5
fs"
0 hg

+ i€, + fatS Er + fsPS Ny + LR
+ f4ézEL + f//VeLNL + h6€zj)fal/’\/4L

E + f’slA/;LNL

+ 5 B+ hsﬁfmﬁb (6)

|
where y and A stand for generic two-component fermion
and scalar fields. After spontaneous breaking of the electro-

weak symmetry, ((H})=v,/v/2 and (H})=v,/v/2), we
have the following set of mass terms written in the four-
component spinor notation so that

©)

where the basis vectors in which the mass matrix is written

'Cm = E%(Mf>€L + ﬁ%(Mf)rlL +H.c.,

We define the matrix element (22) of the mass matrix as my so that

my :fzﬂl/\/z-

are given by
Er=(0mk Nr Dur Der Dar),
5{ =(Va Np Vi Ver Var),
k= (7% Er g €& Car):
ﬂ{:(TL EL pp e ZCa), (10)
and the mass matrix M, of neutrinos is given by
0 0 0
-3 =f3" —he
M /V2 0 0 (11)
0 hyv,/\/2 0
0 0 )’/5U2/\/E
(12)

The mass matrix is not Hermitian and thus one needs biunitary transformations to diagonalize it. We define the biunitary

transformation so that
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Yo W Yy lI/s)‘

Inwyy, wo, w3, Wy, s are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify y; as the light
tau neutrino, y, as the heavier mass mirror eigenstate, y3 as the muon neutrino, y, as the electron neutrino and 5 as the
other heavy four-sequential generation neutrino. A similar analysis goes to the lepton mass matrix M, where

flvl/\/E fa
/3 fhva/V2
M, = 0 f4
A
0 hy

0 0 0
f3 3 he
hyv, /2 0 0 . (14)

0 hyvy /2 0
0 0 ysui/V2

We introduce now the mass parameter mp defined by the (22) element of the mass matrix above so that

mg = foo/V2. (15)

The mass squared matrices of the slepton-mirror slepton and sneutrino-mirror sneutrino come from three sources: the F
term, the D term of the potential and the soft supersymmetry (SUSY) breaking terms. After spontaneous breaking of the

electroweak symmetry the Lagrangian is given by

L= ‘CF =+ ‘CD + ‘csofn (16)

where L is deduced from —Ly = F;F}, while the L) is given by

1 ~ ~x e ~ ~x ~ o~ ~ o~ ~ ~x T N AT ~ o~ 2 px
-Lp = 5’"%0052‘9W o8 2{Uy Uy, — T1T) + Uy, — By + VerUyy, — €p€) + ERER — NgNg + Uar 0y — Carfar}
1 H ~ Mk Sk ~ Mk ~ o~k s~ Tk it &~k Y D*
+ Em%SIIlzew oS 28{U, Uy + TLT) + Durlyyy, + HLiy, + Der Vs, + €18 + DagUyy + Capfay
— ERER — NgNy + 2E, E] — gty — 2jigjiy — 28peh — 204rtir}- (17)

For L, we assume the following form:

—Loone = Moyt ity + Mogeo 7 + Myt ity + Moty + MG 0605, + My, D556, + MG ik iy, + MG, D5, 05,
M2 IS TS, + MESTS + MG s + MR85 e + MEELEp + MYNIN, + M3£5; 65,

+ € {f14; Hl‘//TLTL
+f2ANHll)?cJNL

The trilinear couplings A; are also complex and we define
their phases so that

= |A;|e%. (19)
We define the scalar mass squared matrix M% in the basis

(%L7EL7%R’ER’/}L’ﬁRvéL’éva4L’f4R)‘ (20)

We label the matrix elements of these as (M3);; = M};

where the elements of the matrix are given in [36]. We

flAVTlel/}{?LDTL + h A H11/7;,L/2L
- f’zAEHéﬂ?CJEL + y5sA4 H V/4Lf4L

h\A, H’21,7/LLD + hA, Hll//eLeL hhA, Hz‘//eLVeL

~ VsAq Hipry, By +Hee. (18)

|

assume that all the masses are of the electroweak size so all
the terms enter in the mass squared matrix. We diagonalize
this Hermitian mass squared matrix by the unitary trans-
formation

D M2D" = diag(M2 , M2, M2, M2, M2,

M2, M2 M2ME M2 ). (21)
710

79’

The mass? matrix in the sneutrino sector has a similar
structure. We work in the basis
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(DTL’NLvI/TRvNRvyﬂLvyﬂRvyeL’l/eRvy4Lvy4R) (22)

and write the sneutrino mass* matrix in the form (M3);; =
where the elements are given in [36]. As in the charged
lepton sector we assume that all the masses are of the

electroweak size so all the terms enter in the mass? matrix.

This mass” matrix can be diagonalized by the unitary
transformation

ke,

D" MZD" = diag(M; ,M; . M; ,M; . M; M,

M2 M2 M2 M2 ). (23)
10

III. ANALYSIS OF FLAVOR VIOLATING
LEPTONIC DECAYS OF THE HIGGS BOSON

Flavor changing decays of this extended MSSM model
arise at both the tree level due to lepton and mirror lepton
mass mixing and at the loop level. There are several
diagrams that contribute to the decays. These include the
exchange of the charged W bosons and neutrinos and
mirror neutrinos (see the left panel of Fig. 2), exchange of
Z bosons and leptons and mirror leptons (see the right

PHYSICAL REVIEW D 94, 115029 (2016)

charged sleptons (see the right panel of Fig. 3).
Additional diagrams which involve Higgs-neutrino-
neutrino, Higgs-lepton-lepton, Higgs-sneutrino-sneutrino
and Higgs-slepton-slepton vertices are given in Figs. 4
and 5. Other diagrams involving neutral and charged
Higgs running in the loops are given in Figs. 6 and 7.
So at the tree level, there is a coupling between the fields
H!, H3, u and 7 due to mixing given by (see Appendix)

~Lesr = fixs PLeH| + fins PLtH3
+ Ty 3PLuH| + T3 PruH; + He.  (24)
The loop corrections produce the effective Lagrangian

‘Ceff = ﬁéé;nPRTH% + ﬁAfﬂTPLTH}
+ p6&, PrtH3 + A&, P tHS + He. (25)

This effective Lagrangian written in terms of the mass
eigenstates of the neutral Higgs H? with i = 1, 2, 3 reads

Lo = a({—a5;; + &} + ys{—ak);, + af })2HY

panel of Fig. 2), exchange of charginos, sneutrinos and +7({—ay; + &} +ys{—aly; + P HuH?  (26)
mirror sneutrinos (see the left panel of Fig. 3) and the
exchange of neutralinos, charged sleptons and mirror  where the couplings are given by
|
1 . . .
Apji = 2—\/2 (Y + iYizsinf} + m{Yi + i¥ ;3 cos f}
+Z}fk{yi1 — i¥i3sinp} + nj{Yin — i¥i3cos B}),
afﬂ = (=xiYi +iYzsin B} —nm{Y;p + i¥;3cos B}
2f
+ij{Yi1 — i¥i3sinp} + nj{Yin — i¥i3cos B}),
af = \[({55,41 + AL HYi + Yy sin B} + {68, + AL H{Yin + Y3 c08 5}),
ai \/— ({55141 Aém}{yil + iYiB Sinﬂ} + {55111 - Aé;n}{yﬂ + iYi3 COSﬂ}),
aés 2\/— ({55/41 + Aé;n}{ytl iYiB Sinﬂ} + {5‘5;1 + Ag/;T}{Y[Z - iYi3 COSﬁ}),
al 2\/— (A&, — 65 HY i — iY iz sin B} + {AE, — 68 H{Yin — i3 cos 1), (27)
where the matrix elements Y are defined by
YM%hggSYT = diag(m? Mo, ?10, ng) (28)

and y;; and 7;; are given in Eq. (A27). The decay of the neutral Higgs HY into an antitau and a muon is given by
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Ti(H) — 7u) = 4”:”;19 \/Km% + m;% - m?.](i))z - 4m%m,2,]{; (| = oy +ail” + ] —afy; + af’|2)(m§1? —m? = mﬁ)
_%(| —ayy ol = —ahy + af’|2)(2m7mﬂ)},
Fi(H? - jt) = 4”;?19 \/[(m% + m,% - mz?)z - 4m§mﬁ]{;(| —ajy + aﬂz + = 0’11)31' + a;p|2)(m129? - m% - mlz')
_%(| —ayz; + ' = - afy; + “;pz)(zmrmﬂ)}' (29)

We give a computation of each of the different loop
contributions to  6,,, A&, 6, and Ag,, in the
appendix.

IV. NUMERICAL ANALYSIS

As discussed in the introduction, the promising Higgs
boson decays for the observation of flavor violation are urz,

TABLE 1. The light Higgs boson H; decay branching ratios
into flavor violating decay modes 7y, ey, er. Column 2 gives the
contribution at the tree level while column 3 gives the result
with tree plus loop contributions. The results of the table
are consistent with the experimental data of Egs. (1)-(3). The
mass for the Higgs boson is myy =125 GeV. The parameters
used are tan(f)=15, my=12x10%, mh=12x10% |u|=600,
Ou=2.5, |Ay|=8000, |A5|=8000, 0, =2, 04:=3, |m | =320,
|my| =400, 6, =1x10"", 6, =02, m,=300, m§=1500,
md=1500, |A¥=5400, |Ad|=6000, 040 =03, 0,4:=0.6,
|| =2600, |h;|=30, |hg|=7500, |hl|=6500, |h%|=6500,
|hi|=6500, 6, =02, 6, =0.1, 6, =1, Opr==3, Oy=-3,

th=—3, |f3]=20, |f’3\:0.2, |f/3’\:0.003, |f4]=0.8,
If4]=03, |f1]|=0.1, |fs|=0.004, |f|=0.002, |f%|=0.002,
lhs| =15,  |Hy|=02, |RI[=0.003, |hy=60, |K,|=15,
B|=0.1, |hs|=60, |W5|=15 |B!|=0.1, 6, =105,

6,,;:—4><10‘1, Opy=1.1, 6,,==1, 0,,=-09, 0,;=-24,
Op, =1, Gh;:—9><10", 9,1;/:—2.4, 13=1.05, y4s=-04, yi=
L1, ya=—1, ¥4,=03, yj=—14, ys=1.5, yi=1.5, y¥=1.5. The
mirror and the fourth sequential generation masses are
mg=210, my=300, m;=440, and mg =100 and the Yukawa
couplings are y,=6.39, y,=0.432, y;=0.426, and ys=5.7.
The parameters my, hs, hy, hY, hy, B, Ry, hs, b5, B2, yo, ¥,
are as defined in [38]. All masses are in GeV and angles are
in rad.

Higgs decay Treel level Tree plus loop

BR(HY — ) 0.325 0.321
BR(HY — ep) 3.386 x 107° 3.350 x 107°
BR(HY - er) 3.613 x 1072 3.572 x 1072

|

i.e., Tu, tii. In the MSSM one has three neutral Higgs
bosons HY, HY, H} with HY being the lightest which is the
observed Higgs boson. As is well known in the presence of
CP phases the CP even and CP odd Higgs bosons mix [37]
(for a recent analysis see [38]). Thus the mass eigenstates in
general have dependence on CP phases. We investigate the
dependence of the flavor violating decays as well as of the
Higgs boson mass on the CP phases in the analysis.
We also note that one may allow large CP phases
consistent with the current limits on electric dipole moment
(EDM) constraints due the cancellation mechanism dis-
cussed in many works [39-41]. Thus the flavor violating
branching ratios of H,; into 7u, tj are given by

TABLE II. W and Z loop contributions to 6¢,., A&, 6.,
Ag), arising from the exchange diagrams of Figs. 2 and 4 for
two points (i) and (ii) on two curves of Fig. 8. (i) is on the
dashed green curve for m, = 300 at tan(f) = 15 which is the
parameter point of Table I and (ii) is on the dashed blue curve
for m, = 400 at tan(f) = 20. Changes in these loop contribu-
tions are solely due to the change in tan(f). The light Higgs mass
eigenstate for (i) is myi = 12498 and for (i) is
my = 124.96 GeV.

Quantity Loop contribution

(i) 68, 6.82 x 1079 —3.02 x 107%

(i) A, —7.41 x 10719 - 2.63 x 10™%;
(i) 68, —-3.39 x 10710 — 1.30 x 107%
(i) Ag,, —1.11 x 1078 — 3.94 x 1078}

(ii) 8¢, 9.09 x 107 = 3.99 x 107

(i) A&, —5.56 x 10719 = 1.97 x 107%
(i) 88, -3.39x 10719 = 1.30 x 1077
(ii) Ag,, —1.11 x 1078 = 3.95 x 1078;
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SUSY, neutral Higgs boson, and charged Higgs loop corrections to 6&,,, A&, 68,,, A&, arising from the exchange

diagrams of Figs. 3 and 5-7 for the same two parameter points as discussed in Table II. Changes in the SUSY loop contributions are
solely due to the change in tan(f) while changes in the neutral and charged Higgs loop corrections are due to both of the changes in
tan(f) and m, where my, enters the theory through the Higgs mass matrix only.

Quantity SUSY Neutral and charged Higgs boson Total

(i) 8¢, 59 %1078 —6.0 x 1078j 7.0 x 10710 - 7.4 x 10~ 6.6 x 107 —7.0 x 1078}
(i) A&, 4.9 x 107 + 6.7 x 107% 9.1 x 107> —2.1 x 1074 14x10™* =2.0x 1074
(i) 8¢, —7.9x 1077 +8.8 x 1077i 8.6x 1070 — 1.1 x 1078} -7.9x 1077 +8.7 x 1077i
(i) A&, —24x107°+2.6x107% 5.4 %1070 +1.3x 1075 29x 10704+ 1.6 x 1073
(i) 8¢, —1.1x 1077 =2.0x 1077} 1.6 x 10710 = 3.0 x 1079 —9.6 x 1078 —=2.0 x 1077i
(ii) A&, L1 x 107+ 1.9 x 1075 3.6 x 1070 = 1.5 x 1074 14x107* = 1.3 x 1074
(ii) 8¢, —1.5x107° +2.9 x 1079 9.7x 107 + 1.7 x 107 —1.5x 107 +2.9 x 1074
(i) AZ, —5.6x 107 +5.6 x 107%; 5.8x 1070 42.7 x 107%; 1.5x 1077 +3.2 x 1073

F(H? — Tu)

BR(HY — 7u) =

T(HY = i) + T(H) = u) + > ,0(HY = fif ) + Tups

I'(HY - jr)

BR(HY — i) =

L(H) — jr) + T(H) - 7u) + > T(HY > fif ) + Tups’

(30)

where f; stand for fermionic particles that have coupling with the Higgs boson and have a mass less than half the Higgs
boson mass and 'y pp is the decay width into diboson states which include gg, yy, yZ, ZZ, WW. Thus the computation of

the branching ratios of Eq. (30) involves the decay widths

3g°m;

0 = ) 4m]% 3/2 s 4m§ 1/2
Fi<Hi_)ff)f:b,d.s:mMi Yl I_W + Y ;3]>sin°p 1—712 ,

2 9
_ g'm3
r(H = . A S—

i(H7 = f ) v 32zm3,cos’p

34 m?

I(HY - ff),, . =—52— M|V, 1
l( z_)ff)jfu,c 327rm%vsin2ﬂ l{| 12| <

The decays into ZZ and WW final states are off shell with
the final states being dominantly four fermions. We note
that zu final states do not originate from any of the diboson
decay modes of the Higgs boson. Further, at a mass of
125 GeV the Higgs boson is effectively in the decoupling
limit. Thus we approximate the diboson decay widths as
given by the standard model.

Although the flavor violating 74 mode of the Higgs boson
in the model we consider arises already at the tree level as
shown in Fig. 1 here we give an analysis of this decay by
inclusion of both the tree as well as the loop contributions
arising from the exchange diagrams of Figs. 2—7 which are
computed in Sec. III. In this extended MSSM model one has
one vectorlike generation of leptons which consists of a
sequential fourth generation and a mirror generation. It is the
mixing of the normal three generations with the vector
generation that leads to the flavor violating decays. The
flavor mixing arises via the mass matrices, the details of
which can be found in Sec. II. To show that such mixings can
indeed produce flavor violating Higgs decays of significant

4m3\ 3/2 Am2\ 1/2
Mi{|Y'l|2(1 _—f> + |Yi3|25in2ﬂ<1 ——f) },
i M Mlz

i

2
1
2
4m 7

3/2
2) + |Y3|*cos® (31)

Am3\ 1/2
1 —f) }
%
|

size, i.e., O(1)%, we give in Table I a numerical analysis for
flavor violating decays for a specific point in the parameter
space. In Table I m, is the mass of the CP odd Higgs boson
before loop corrections are taken into account. We use m, as

TABLE IV. Tree level couplings of 7 and p with the neutral
Higgs boson y13, %31, ¥31, /13 for the same two parameter points
as discussed in Table II. Some changes are smaller than the order
given and thus small to appear here.

Quantity Value

) 113 —9.46 x 1075 — 6.25 x 107%i
() 3 —3.68 x 107* +1.27 x 1073}
() 31 —5.53x 1073 +1.91 x 107%;
ONIE —5.52x 107% — 3.44 x 107}
(1) x13 —1.26 x 1075 = 8.33 x 107%;
(ii) 173, —3.68 x 1074 = 1.27 x 1073}
(i) 3 —7.37 x 1073 +2.54 x 107%;
(1) 713 —5.52x 107° = 3.43 x 107}
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FIG. 8. Left panel: BR(H? — urt) versus tan f when m, = 200 (red), 300 (green), and 400 (blue) where the solid lines are tree
contributions and the dashed lines are tree plus loop contributions. Right panel: m #o VS tan p when m, = 200 (red), 300 (green), and 400

(blue) where Mo includes tree and loop contribution.

a free parameter in the analysis. In the analysis of Table [ we
find that a branching ratio of ~0.33% is achieved which is
consistent with the size hinted by the ATLAS and the CMS
experiments [see Egs. (1) and (2)]. In Table I we also give the
relative contribution of the loop vs the tree as well as the
branching ratios for the flavor violating decays H; — ue
and H; — e7. In Table I we give the relative loop con-
tribution from W and Z, and from lepton and mirror lepton
exchange, and in Table III we give the loop contribution
arising from the MSSM sector, i.e., from the chargino and

0.330
0.328
0.326

- 1) %

10324
0322
0.320

0
1

BR (H

0.318

-1 0 1 2 3

125.20
125.15
125.10

125.05

125.00

124.95

124.90

N 1 2 3
(7] 48 (rad)

neutralino exchange, and from the charged Higgs and
neutral Higgs, and from slepton and mirror slepton
exchange. In Table IV we give the tree level couplings of
the Higgs decay to 7 and g in comparison to the loop
corrections to couplings given in Tables II and III as defined
in Egs. (24) and (25).

We discuss now further details of the analysis which
includes both tree and loop contributions. In the left panel
of Fig. 8 we exhibit the dependence of BR(H{ — 7) on
tan # and the branching ratio is seen to be sensitive to it. The

s\ 130
%)
Y 125
g“ 120
3 -2 -1 0 1 2 3
0 41 (rad)

FIG.9. Top panels: BR(HY — ut) as a function of 044 (left panel) and as a function of 6, (right panel) when |Ad| = 4000 (red), 6000

(green), and 8000 (blue) (left panel) and |A4| = 5200, 5400, 5600 (right panel). The rest of the parameters are as in Table I. The solid
curves are the tree while the dashed curves are the tree and the loop. Bottom panels: m HO 8S A function of 6 A (left panel) and 64« (right

panel) corresponding to each of the curves of the top panels.
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PHYSICAL REVIEW D 94, 115029 (2016)

X4 (rad)

FIG. 10. Left panel: BR(HY — ur) as a function of the CP phase y3 when |f3| = 15 (red), 20 (green), and 25 (blue). Right panel:
BR(HY — ur) as a function of the CP phase y, when |f,]| = 0.2 (red), 0.8 (green), and 1.4 (blue). The solid curves are tree level while

the dashed curves include the loop contributions of Figs. 3-7.

sensitivity of the light Higgs boson mass on tanf is
exhibited in the right panel of Fig. 8 and one finds that
a shift in the Higgs boson mass in the range 1-2 GeV can
arise from variations in tan . The rest of the analysis relates
to the dependence of the flavor violating decays and of the
Higgs boson mass on CP phases. Thus Fig. 9 exhibits the
dependence of BR(HY — ut) on 6 A (top left panel) and on
eAS (top right panel) and the dependence of the Higgs boson
mass mpy, on QAg (bottom left panel) and on HAS (bottom

right panel). In Fig. 10 we exhibit the dependence of
BR(HY — zu) on y3 (left panel) and on y, (right panel).
Figure 11 exhibits the dependence of BR(H{ — 7u) on 6,
which enters through the neutrino mass matrix and thus
enters the loop contributions arising from the W and Z
exchange diagrams of Figs. 2 and 4. Figure 12 exhibits the
dependence of BR(H? — 7u) on A, = A} which enter
through the slepton and sneutrino mass squared matrices
which affect the loop corrections arising from the SUSY
exchange diagrams of Figs. 3 and 5. Finally in Fig. 13 we
exhibit the dependence of BR(HY — zu) (left panel) and of
my, (right panel) on 6,.. The dependence on 6, arises since
it enters the chargino, neutralino, and slepton mass matrices

..... _----10.326
.
S 0325
2 ) ]
[ 0.324
T ... o
o 0323
= ke
- P
™ 0.322
= :
0321
3 2 Tl 0 1 2 3

0y, (rad)

FIG. 11. BR(HY — ut) vs 6, (the phase of hg) when |hg| =
750 (red), 7500 (green), 75000 (blue) where the horizontal solid
line gives the tree value and the dashed curves show tree and loop

contributions.The rest of the parameters are common with
Table I.

and thus affects the loop corrections given by the exchange
diagrams of Figs. 3 and 5 and the exchange diagrams of
Figs. 6 and 7.

In summary one finds that a sizable branching ratio for
the flavor violating Higgs decay H(l) — pt can arise in the
extended MSSM model with a vectorlike generation. The
branching ratios for the ey and er decays are found to be
much smaller. While the assumed model is a low energy
model, it appears possible to embed it in a UV complete
model. However, an analysis of it is outside the framework
of this work.

Aside from & — 7y there are other flavor violating decays
such as ¢ — uy on which the BABAR Collaboration [42] and
Bell Collaboration [43] have put significant limits on the
branching ratio. The current experimental limit on the
branching ratio of this process from the BABAR
Collaboration [42] and the Belle Collaboration [43] is

Bt - u+y)<44x1078
Bt = pu+y)<45x1078

at 90% C.L.(BABAR)
at 90% C.L.(Belle). (32)

Because of gauge invariance the decay of 7 — uy can occur
only at the loop level. In the MSSM flavor violation can be

R 0.324
2
gl 0322
B e e p
B -
0.320

N’
24
= 0318

-3 -2 -1 0 1 2 3

0A0 = OAg(rad)

FIG. 12. BR(HY — ut) vs 0, = 0,; when |Ag| = |A5| = 800
(red), 8000 (green), and 80000 (red) where the horizontal solid
line at the top gives the tree contributions and the dashed curves
give the tree plus loop contributions. The rest of the parameters
are common with Table I.

115029-9



FATHY, IBRAHIM, ITANI, and NATH

0.330

R | ]

N

2 NS — ~ losz2s

T e

‘E-— 0.320

~; e 1

g -------------------------------------- 0.315
-3 -2 -1 0 1 2 3

PHYSICAL REVIEW D 94, 115029 (2016)

/////\\\\

//// \\\\ 125.4

% 1252
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g 1248

1246
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FIG. 13. Left panel: BR(H(I) — UT) versus 0, when || = 500 (red), 600 (green), and 700 (blue) where the horizontal solid line at the
top is the tree and the dashed lines are the tree plus loop. Right panel: my, vs 6, for the same |u| values as the left panel where the
horizontal solid line gives the tree and the dashed curves give the tree plus loop. The rest of the parameters are common with Table 1.

generated from the off-diagonal elements of the slepton mass
squared matrix. The off-diagonal slepton mass squared
matrix leads to flavor violating decays & — zu and
7 — py. Since both & — 7 and 7 — py occur only at the
loop level and because 7 — py is severely constrained by
Eq. (32), itis difficult to generate a sizable branching ratio for
h — zu indicated by Eq. (3). The situation in the extended
MSSM with a vector generation we consider here is very
different. Here the flavor violating decay of the Higgs boson
H; — tpu already occurs at the tree level and the loop
correction is a negligible correction while 7 — py occurs
only at the loop level. Indeed two of the authors (T. I. and P.
N.) analyzed the 7 — uy decay in the extended MSSM with a
vector generation in [44]. There this decay was found to have
a significant model dependence because of the much larger
parameter space of the extended MSSM relative to the MSSM
case. However, as discussed above because of the fact that
H — rp already occurs at the tree level while ¢ — py occurs
only at the loop level and further because of the large
parameter space of our model relative to the MSSM the 7 —
uy can be suppressed (see, for example, Fig. 3 of [44] where
the z — uy branching ratio varies over a wide range.) Further,
the formalism given here allows one to compute the flavor
violating decay Z — u* 7. Interestingly unlike the process
7 — py which can occur only at the loop level because at the
tree level this decay is forbidden, the decay Z — ™z can
occur at the tree level. Currently the experiment gives an
upper limit on the branching ratio for this process of 1.2 x
107> [45]. We have checked that for the parameter space
considered in this model the branching ratio for Z — p*rT
lies lower than the experimental upper limit stated above. The
analysis of the branching ratio 7 — 3u (which experimentally
has an upper limit of 2.1 x 1078 [45]) is more involved and
requires a separate treatment. However, based on our previous
analysis of r — py we expect that the branching ratio of this
process will be consistent with experiment. In summary our
analysis of &7 — zu presented here is robust.

V. CONCLUSIONS

Recent data from the ATLAS and CMS detectors at
CERN hint at the possible violation of flavor in the leptonic
decays of the Higgs boson. Such a violation can occur only
in models beyond the standard model of electroweak
interactions. In this work we investigate such violations
in an extension of the MSSM with a vectorlike leptonic
generation consisting of a fourth generation and a mirror
generation. Within this framework we first give a general
analysis of leptonic decays of HY — ity (i, j, k=1-3).
The analysis is carried out including tree and loop con-
tributions where the loop contributions include diagrams
with exchanges of W, Z, charged and neutral Higgs bosons,
and of charginos and neutralinos. It is shown that for the
light Higgs boson H‘l) the flavor violating decay branching
ratio for HY — uz can be as much as O(1)% which is the
size hinted at by the ATLAS and CMS data. We analyze the
HY — ey, et modes and show that the branching ratios for
these are consistent with the current data. Analysis of the
dependence of the y7 branching ratio on CP phases is given
and it is shown that the flavor violating decays are
sensitively dependent on the phases. A small variation of
the Higgs boson mass on CP phases is found and exhibited.
The analysis is then extended to the flavor violating decays
of the heavier Higgs bosons. The analysis is carried out
including tree and loop contributions where the loop
contributions include diagrams with exchanges of W, Z,
charged and neutral Higgs bosons, and of charginos and
neutralinos. A confirmation of flavor violating decays will
provide direct evidence for new physics beyond the
standard model. Such a possibility exists with more data
that are expected from the LHC at /s = 13 TeV.
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APPENDIX ANALYSIS OF LOOP CORRECTIONS TO FLAVOR VIOLATING LEPTONIC DECAYS OF
THE HIGGS BOSON

In this appendix we give a computation of each of the different loop contributions to 6&,., A, 6§, and A, discussed
in Sec. IIl. We put the results in the same order as the Feynman diagrams of Figs. 2-7.

4gmyy cos B > L my \/_gmzcosﬂ
55;41 = _TZCZ‘Z3C%1 167 2f<ml/, m%V””%V) cos HW ZCL’;IC%II 167 2f(mT ’m%’m%)
= i
2.2 10 m,- 4 10 1m0,

FOY DD UV ClyChy e Fmd i mi) .93 D> Oyl 2
i=1 k=1 j=1I i=1 j=1 k=1 ! !
= w_ s My, < z oz MM 2

_Zz4ﬂfszLz3CRk1 1622 (mW’mu’ ny, ZZ4ZtkCL3iCRk1 1622 - f(mz, m =

i=1 k=1 i=1 k=1
10 10 2 m,- 10 10 4

220D GuChiCliye s m 42233 M KO Cl o w2 2 )
i=1 k=1 j=1 i=1 k=1 j=1
5.3 3

o ox Mg gm cosﬁ

+ ZZZK,f;my/limy/W@f(m%,ng,mi&) + ;V\/f Z{l + 2sin?p — cos 2tan’@y, } RE RE
=1 7 m=1 ’
my,

X 16;2]‘.("”5,-,7”%1*»”1%17), (A1)
4ngcosﬂ W s _a \/_gmzcosﬂ 7 7 s 9

Ay = _TZCRBCLH Lo Zf(mb My, miy) = cos Oy Zcmlcm l6x 2f(mr,mz,mz)
1=
10 2 m,- 10 10 4

£ 0SS Gl e 0 ) + 33 MGl o )
i=1 k=1 j=1 i=1 k=1 j=1
5.3 3 5.5 3

m‘[[- TI
+ZZszmWilml//Nf@f(m%pméo’ +Z Zﬂ(ul//]lfl//&f L6722 2 f(m Ho,m mz)
i=l ¢ m=l i=1 j=1 ¢=1
gm cosﬁ m,
;V\/E Z{l + 2sin’f — cos 2f3tan’Qy, } LA L4 16;2f(m§i,m%,_,m%,_)
+ZZ}(,,L§’, L " oy ). (42)

V2gmy sin 8 >
f(mu, m%[/’ m%)V) - 422 CL31C£11

4gmyy sin > . My, m,
88, = —LZ ClsCl; g S (e, m, )

V2 L3=Ril 167 2 cosly 1
2 2 10 10 mpnt, 0
* )( * )(
9> > D Uu Va3 Ci e o om i) =g >y SO e e m )
i=1 k=1 j=1I i=1 j=1 k=1 ! g
5 5 5 5
m, m m
_224 szLzsclvevfl 1% zyk (m%vm2 m2 Zz4ﬂzkcL3lch1 116 sz (m%,m%j,m%k)
=1 k=1 ” i=1 k=1
10 10 2 _ 10 10 4
* X' *
+ ZZ lkC?/zCIfjk 167;2 f(m)z(/_’m%,’ ng,k) + Z lkcgljlc/lek 167 zf(m 0’ "i’m%k)
i=1 k=1 j=1 i=1 k=1 j=1
5 3 3 . 5
gmyy sin 8 +
+ Z Z ZJ,fml//llmy/M o 2f( %[O, m?{%) 4w P Z{l + 2c0s?f3 + cos 2ptan*y LR RE”
=1 ¢ m=1 2V2 i=1
m
X Lo i ), (A3)

115029-11



FATHY, IBRAHIM, ITANI, and NATH PHYSICAL REVIEW D 94, 115029 (2016)

4gmy, sin 8 > . My fgmzsmﬂ m,
Aé:;”' = _T; CE/IC‘BCL‘Y!] 16 2f(ml/ ’m%V’ m%}V) COSQW EC%&C%I] 16 2f(mT ’m%’m%)
10
k=

10 10 2 m,- 10 4 m.o
* j 2 IL (IRx _ % 2 .2 2
+ZZZH”€C3J! 11k16n.2f(m;(]’ ;i vk +ZZZL’kC3JlC11k 6ﬂ2f(m;(0’m%i’m%k)
i=1 k=1 j=1I i=1 k=1 j= !
3
¢

5 5 3
n,. i
mel//ilml//3if 16;2 f(mlz',’ HO’ HO =+ § E E MV j1e¥sie 116 2 f( H‘J’ m m2)

Mw

23

i=1 m=1 i=1 j=1 ¢=1
.
My sin . m,
+ %Z{l + 2cos?f + cos 2ftan? Oy LA LE” T S f(mg myy-, my-)
i=1
+ZZ’711L§{ LH+ 16 2 f(mH ’ml%’mz) (A4)

where the form factors are given by
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