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SO(10) inspired gauge-mediated supersymmetry breaking
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We consider a supersymmetric model motivated by a SO(10) grand unified theory: the gauge sector
near the supersymmetry scale consists of SU(3). X SU(2);, X U(1)g X U(1)_ ;. We embed this model in
minimal gauge mediation and incorporate neutrino data via an inverse seesaw mechanism. Also in this
restricted model, the additional D terms can raise the light Higgs mass in a sizable way. Therefore, it is
much easier to obtain m;, = 125 GeV without the need to push the supersymmetry spectrum to extremely
large values as it happens in models with minimal supersymmetric standard model particle content only.
We show that this model predicts a diphoton rate of the Higgs equal to or smaller than the standard model
expectation. We discuss briefly the collider phenomenology with a particular focus on the next to lightest
supersymmetric particle in which this model offers the sneutrino as an additional possiblity. Moreover, we
point out that, also in this model variant, supersymmetry can be discovered in Z’ decays even in scenarios
in which the strongly interacting particles are too heavy to be produced at a sizable rate at the LHC with
14 TeV. In addition, we show that lepton flavor violating observables constrain the size of the neutrino
Yukawa couplings for which, in particular, muon decays and u — e conversion in heavy atoms are of
particular importance. Once these constraints are fulfilled, the rates for 7 decays are predicted to be below

the reach of near-future experiments.
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L. INTRODUCTION

The LHC is rapidly extending our knowledge of the TeV
scale. However, there is currently no hint of new physics
beyond the standard model (SM), which leads to severe
lower limits on the mass of new, especially colored, parti-
cles. One of the most popular model classes to extend the
SM is supersymmetry (SUSY), in particular, the minimal
supersymmetric standard model (MSSM). As the MSSM
itself has over 100 free parameters, which are mainly part
of the SUSY breaking sector, mechanisms of SUSY break-
ing, which depend only on a few parameters and which
predict distinct relations among the different soft terms,
have been studied. Those models trigger SUSY breaking in
our visible sector by communicating with a hidden sector
in which SUSY gets broken at the first place. Popular
mechanisms of transmitting SUSY breaking from the hid-
den to the visible sector work either via gravity like in
supergravity [1,2] or via gauge interactions with so-called
messenger fields like in gauge-mediated supersymmetry
breaking (GMSB) [3—11] with six parameters. GMSB has
the appealing feature that it is a flavor blind SUSY break-
ing. Hence, it solves automatically the flavor problem if the
SUSY breaking scale is not too high. In addition, the
gravitino is the lightest supersymmetric particle (LSP)
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and usually the dark matter candidate in this kind of
models.

However, both models are under big pressure because
of the observation of a SM-like Higgs boson with mass of
125 GeV [12,13]. Even if this mass is below the absolute
upper limit of about 132 GeV, which can be reached for
the light Higgs mass in the most general MSSM [14], it is
already very hard to explain it in the constrained MSSM
with five parameters [15-17] and demands large SUSY
breaking masses and especially a large mass splitting in the
stop sector. This mass splitting is caused by large trilinear
couplings. However, in GMSB, these terms are always
small even if the u/B,, problem of the GMSB is solved
[18]. That makes it even more difficult to obtain a Higgs
mass in the correct range [19]. This caused increasing
interest in nonminimal GMSB models, which involve
also superpotential interactions between the matter and
messenger sector to create large trilinear terms [20-29].

Another possibility to reduce this tension between the
Higgs mass and the simplest constrained models is to
extend the Higgs sector of the MSSM. The smallest
possible extension is to add a gauge singlet like in the next-
to-minimal supersymmetric standard model (NMSSM)
(see Refs. [30,31] and references therein). The singlet
and the corresponding superpotential coupling to the
Higgs doublets can significantly lift the upper limit on
the light Higgs mass of m;, <M, at tree level in the
MSSM by new F-term contributions [32]. It has been
shown that, even in the constrained NMSSM, a Higgs
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mass of 125 GeV can be explained [33,34]. If one drops in
addition the assumption of a Z; symmetry and considers
instead the generalized NMSSM, these masses are obtained
with even less fine-tuning [35]. The same feature can also
be observed in models with Dirac instead of Majorana
gauginos which usually come with an extended Higgs
sector [36]. There are also some hints that the branching
ratio of the observed particles do not completely agree with
the SM expectations. In particular, the diphoton rate seems
to be enhanced, which is usually hard to explain in the
context of the (constrained) MSSM [37,38]. In contrast,
this enhancement can much more easily be obtained in the
NMSSM or its generalized version [33,39-43].

A second possibility is to consider models with extended
gauge structures, which arise naturally in the context of
embedding the SM gauge group in a larger group such as
SO(10) or Eg; see, e.g., Refs. [44-49]. In those models, the
upper bound on the lightest Higgs boson is also relaxed,
this time due to additional D-term contributions [50-55].
Furthermore, they often provide the possibility to explain
neutrino data: either via seesaw types I-III, which involve
heavy states [56-59], or via an inverse or linear seesaw
with additional matter fields at the SUSY scale [60-62].
Another interesting feature is that such models can also
have a new gauge boson (Z’) with a mass in the TeV range
[63,64]. Hence, intensive searches for Z' bosons have
been performed, and bounds on their mass have been
set [65-68]. For reviews on various Z' models, see, e.g.,
Refs. [69,70].

In addition, U(1) extensions of the SM provide another
peculiar feature, which can have very interesting effects,
namely, gauge kinetic mixing [71-73]. While gauge
kinetic mixing is often ignored in phenomenological
studies, it has been shown recently in several works that
it can have a significant effect on Z' phenomenology
[74-76] but also on the Higgs mass [77] and dark matter
properties [78,79].

In this work, we will assume minimal GMSB inspired by
SO(10): the grand unified theory (GUT) group gets broken
to SU(3), X SU(2); X U(1)g X U(1)z_;, very close to the
GUT scale but well above the scale of the messenger
fields that trigger GMSB. In contrast to previous studies,
we assume, however, that the breaking down to the SM
gauge groups takes place at the TeV scale, i.e., well below
the lowest messenger scale. Hence, we study a messenger
sector charged under U(1)z X U(1)p_1, which will change
our boundary conditions. Furthermore, we gain an
enhancement of the mass of the light Higgs boson. In
addition, we follow the setup of Ref. [80], in which this
model has been studied in gravity mediation, and assume
additional gauge singlets present at the SUSY scale to
incorporate neutrino masses and mixing via the inverse
seesaw.

The remainder of this paper is organized as follows.
In Sec. II, we briefly summarize the main features of the
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model and its particle content. In Sec. III, we discuss the
results for Higgs physics under consideration, check
the bounds coming from lepton flavor violation (LFV)
observables on the model parameters, and comment on the
expected collider phenomenology. We conclude in Sec. IV.

II. ASPECTS OF THE MODEL

A. Particle content and superpotential

In this section, we discuss briefly the particle content
and the superpotential of the model under consideration.
For a detailed discussion of the particle spectrum, we refer
to Refs. [55,80]. The superpotential is given by
W=vi/acQ;H, - YidQ;H, — Y/ LA, + nH A,

(M

where the upper line corresponds to the standard MSSM
superpotential, and the lower line contains the new sector
as well as the ingredients for the inverse seesaw mecha-
nism: Yy and Y, being the neutrino Yukawa couplings and
Mg the mass term for the singlet field S, which is respon-
sible for the mass of the light neutrinos. In Sec. IID, we
will see that this model with an inverse seesaw mechanism
for neutrinos is much easier to implement in GMSB than
the corresponding model with the type I seesaw in which
the S; fields are absent.

The scalar fields yz and y break U(1)p X U(1)g_;
down to U(1)y. As we interpret the B — L charge of these
fields as a lepton number, this leads to a spontaneous
breaking of the usual R parity. Moreover, the usual R parity
would allow additional terms in the superpotential such as
XrL jI:I «» Which also contribute to this breaking as soon as
electroweak symmetry is broken. To avoid this, we intro-
duce a ZY matter parity as it has also been proposed in
Refs. [81,82] in similar frameworks. Under this parity, H ,
H,, &, and Yy are even, and all other fields are odd. We
have checked that in this way also the contraints due to the
so-called discrete gauge symmetry anomalies are fulfilled
[83,84]. For completeness, we note that this symmetry is
sufficient to forbid the dangerous terms leading to proton
decay, which is the main purpose of the usual R parity.
Moreover, also, the stability of the lightest supersymmetric
particle is ensured in this way.

Interestingly, the particle content of this model is in
agreement with gauge coupling unification even if the
breaking scale of SU(3), X SUQ2), X U()g X U(1)g_; —
SU(3), X SU(2); X U(1)y is close to the breaking scale
down to SU(3), X U(1),,,.- Therefore, we will always
assume a one-step breaking SU(3), X SU(2); X U(1)g X
U(l)g_; — SU(3), X U(1),,, in the following. However,
to facilitate the comparison with the MSSM, we will
work in a different basis for the U(1) sector: we will
take U(1)y X U(1), as the orthogonal basis instead of
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TABLE 1.
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Chiral superfields and their quantum numbers with respect to SU(3), X SU(2); X U(1)g X U(1)g_;. We also give the

quantum numbers in the basis SU(3). X SU(2), X U(1)y X U(1),, the relations between both bases is defined in Sec. TI B.

Superfield Spin 0 Spin 1 Generations UB3), X SUQR), Ul)g X U1 Uy X U(1),
0 0 0 3 3.2 (O3] D
dac d* dc 3 31 3, =9 3. -3
i i ue 3 3,1) (=1 b (—3.1)
L L L 3 1, 2) 0, — %) (=3,
oc & e 3 1, 1) . bH (1,3
pe e Ve 3 1 (-1,1 ©,3)
S S S 3 1,1 (0, 0) (0, 0)
Hd Hd ]:Id 1 (172) (_éao) (_é9é)
a, H, A, 1 (1,2) (3.0 G. -
/{/R XR /\7R 1 (19 1) (%a _%) (09 _Z)
/?/R /?R /i;/R 1 (13 1) (_%’%) (07%)
U(l)r X U(1)g_;. We give the corresponding U(1) quan- D* = o* —iQ,G,, Al (5)
tum numbers for both bases in Table 1.
The soft SUSY breaking terms are where
. 1 _
Vsoft:mz‘zjd)id)j—i_(iMab)‘a)‘b+B,U,Hqu+B/LRXRXR G- ( gr gRBL> ©)
8BLR  8BL ’

+B, SS+T{H,ds0;+ Ti/H,asQ; + TV H &L

1
+ TYH, L, + TV x5, + HC) @

with the generation indices i and j. We have introduced
here ¢; for all scalar particles and A, for the different
gauginos. Note that, because of the two Abelian gauge
groups present in the model and the consequential gauge
kinetic mixing discussed in Sec. II B, also the mixed soft
gaugino term My, Ay A, is present [85].

B. Gauge Kinetic mixing

Even if U(1)g and U(1)g_; can be embedded orthogonal
in SO(10) at a given scale, a kinetic mixing term of the
form

£mix = _XFB_L'MVFﬁV (3)

can occur. The reason is that the Higgs fields we assume
to be present at the SUSY scale do not form a complete
representation of SO(10). Hence, kinetic mixing will be
introduced by renormalization group equation (RGE)
evolution. This can be seen by the off-diagonal elements
of the anomalous dimension matrix, which in the basis
(U(1)g, U(1)g_1) at one loop is given by

1 15

1

2
Here, N = diag(1, 4/3/2) contains the GUT normalization.
In order to correctly account for gauge kinetic mixing
effects, we follow the approach given in Ref. [85] and shift
the term to a covariant derivative of the form

[\S]
NN =

A* = (A%, A% _;)T and Q is a vector containing the U(1)
charges of the field under consideration. We assume the
breaking into U(1); X U(1)z_; to take place at the GUT
scale Mgyt and demand grp;, = ggir = 0 at Mgyt as the
initial condition. In addition, we have the freedom to go
into a particular basis by rotating the gauge bosons of the
Abelian groups. As already mentioned, for an easier com-
parison with the usual GMSB, we take the basis U(1)y X
U(1), for which the first factor is the usual hypercharge
and the second one is the orthogonal one within SO(10).
The gauge couplings and charges of U(1)r X U(1)p_1
and U(l)y X U(1), are (without GUT normalization)
related via

"
AM—>A’#=(AY), Q_)Q,=<QBL+QR )

AY 3ds-L ~ dr
G—>G’=<gy gY)(), %
0 8x
with
8BLER — 8BLRERBL
8y

V(gsLr — 8r)* + (g5 — 8rBL)*

2
8y = g'\/(gBLR —gr)*+(gpL — greL)”

_ 2(g%, + 8%k) T &BLRSR T 8BL8RBL — 3(8% + 8kp1L)
5v(gsrr — &r)* + (851 — grBL)?

gY)(

8)
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C. GMSB boundary conditions

In GMSB models, it is assumed that supersymmetry
breaking is generated by one or more superfields X, living
in a ‘“secluded” sector. We assume for simplicity that
only one field X is present, which is coupled to a set of
messenger superfields (iDi via

WGM = /\iﬁ(i)l‘qé)l‘. (9)

Furthermore, it is assumed that the scalar and auxiliary
components of X receive a vacuum expectation value
(VEV),

(X) =M + 0*F, (10)

and that it couples universally to o ;» implying that one can
set A; = 1. The supersymmetry breaking due to the F-term
VEV is communicated to the visible sector via the gauge
interactions of the ®;. Since we are interested in minimal
gauge mediation without spoiling gauge coupling uni-
fication, we assume that the messenger fields form a com-
plete SO(10) multiplet, e.g., a 10-plet. This results in two
SU(2); doublets and two SU(3),. triplets below the SO(10)
scale with suitable charges under the Abelian gauge
groups, which are listed in Table II.

The SUSY breaking gaugino and scalar masses are gen-
erated via 1- and 2-loop diagrams, respectively [86—89].
Neglecting gauge kinetic mixing, the boundary conditions
for the SUSY breaking masses are given by [88]

(Dg(x;), an

=

mi = 20 C 0 6g“2)2 S, (2)
a

with A = F/M, x; =|A/M|, and g(x) and f(x) are
approximately 1 for x = 0.2. g, denotes the coupling of
gauge group a, and i runs over the messenger fields. n,(i)
is the Dynkin index of the messenger with respect to the
gauge group i. We use a normalization in which n, = 1 for
the 10 of SO(10). C,(k) is the quadratic Casimir invariant of
the scalar field k.

For a proper treatment of gauge kinetic mixing, we use
the substitution rules for Abelian groups given in Ref. [85].

TABLE II. Quantum numbers of the messenger fields in the
respective bases.

SUB). X SUQ), U XU()p—,  UM)y XUA),

b, (1,2 (.0 G. -
&, 1,2 (1,0 CETEY
o, 3.1 o, =1 -1 -9
o, 3.1 () (€D

PHYSICAL REVIEW D 88, 015014 (2013)

The resulting soft masses for the gauginos and scalars at
the messenger scale read

MA #Abelian

2
Toz AZmgte). (3

M = abelian = —16 5

NGT .07
A(gg(x,)c NQ,Q! NG)H’ (14)

m% 2 A2<

(16 2)2 Z CA(k)giZf(xz)nA(l)

A# Abelian
+ T F)QINGGTNE)) (1)

The trilinear soft SUSY breaking parameters are, as usual
in minimal GMSB, essentially zero at the scale of gauge
mediation. The singlet S is a special case because it is a
gauge singlet and, thus, would have a zero mass at this
level. However, it gets a mass at the 3-loop level, which can
be estimated to be

Y3
1672

Obviously, this mass squared parameter is suppressed by
an additional loop factor, and RGE effects usually drive
it to negative values at the electroweak scale. However, as
can be seen in Sec. IIIC 3, this is compensated by an F
term proportional to M%, yielding a positive mass squared
for the corresponding mass eigenstates.

For completeness, we note that one can explain the
neutrino data by adjusting pg and taking Y, as well as
Y¢ diagonal. u g is a small parameter, which does not affect
the collider phenomenology. However, we will discuss in
Sec. IIT E the effect of nondiagonal entries in Y, and Y in
the range compatible with neutrino data on rare lepton
decays.

2 ~
myg =

(mik + m.). (16)

D. Tadpole equations

We decompose the neutral scalar fields responsible for
gauge symmetry breaking as usual:

1 : 1 .
Hu=\/_§(0-u+l¢u+vu)’ Hd=T(a-d+l¢d+vd)r
1

XR:\TZ(O'R"'W’R"'UXR), XR= \/—(0R+1¢R+UXR)
(17)

We use the minimization conditions to determine the
parameters |u|?, |ugl?, B,, and B,

I,B U2
B, = (o, — i, + Fesalt +
B

2

Sv
ng) )+ 8

(g, - Reys g (g, gyx)), (18)
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tﬂR 5U2
wr tzﬁ _ 1(’”3‘@ - m%{;e - ?Qﬂg)((gx ~ 8ry)
25v2
+ 16R CZBRg/Z\/) (19)

1 v?
lul? = 5— l(m%;d —mp, i~ o (8L T &b
8

+ gy~ gn 3= 1)
5 2
214 Bele, —gr)) Q0)

1
2 — 2 _ 2 42
|'u‘R| R (mX’R m)(RtﬁR

502 )
+ ECZB(tﬂR + g, (g, — &vy)

25v% 2
-2, - 0g}). 1)
where g; is the SU(2); gauge coupling, ¢ x O Sx = tan x,
cos x, sinx, whereas tan 8 = 2, tan B = &, 2 = 12 +
)(R

v2, and vy = v T v . Note, that the corresponding terms
can be generated by the Giudice-Masiero mechanism [90]
and are thus free parameters in our context.

The latter of these equations is of particular interest as it
is responsible for one of the major limitations to the model.
The 1-loop B functions for the soft-breaking masses read
in the limit of Vanishing kinetic mixing

B = =S 8IM P + 35,0, (22)
M) = 2 293 2 t
B,, = gxIM |* — 7817y + 2Tr((m2 + m3)YsY)
+ mSYS Y + TiTD), (23)
with
g2
o, = ZX(S(m - mi)+ 4(m%_ld - m%_lu)

+ Tr(m2. + 3m% + 5m2. + 6(m2Q —m2) — 9m?)),

(24)

which is zero at the messenger scale and which stays zero
if only 1-loop RGEs are used. One can see that the main
differences in the running are stemming from terms that
are proportional to the trilinear soft-breaking couplings or
the soft-breaking masses. Since we will consider the mini-
mal GMSB where nonvanishing trilinear couplings are
only generated via RGE evolution and the breaking takes
place well below the GUT scale, the splitting between the
soft parameters my, and m% will, in general, be smaller in
comparison to a scenario with gravity mediation. Because
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of Eq. (21), this immediately constrains tan 3 to be larger
than but close to one. The terms proportional to the VEVs
squared then only give negative contributions to |ugl|?,
i.e., there is an upper limit on |vg| depending on tan By
to find a solution to the tadpole equations. In Fig. 1 we
show |ug| in the vg-tan By plane, in which one can see
the correlation between the two parameters. Note that, in
the upper white area, one cannot achieve the correct gauge
symmetry breaking, whereas, in the lower white area, one
encounters tachyonic states.

We have also considered the case where neutrino masses
are generated by a seesaw type I mechanism similar to
Ref. [77], in which case there is no need to introduce the
smglet field . Techmcally, this amounts in replacing the terms
YI958, kg + wdSiS; in Eq. (1) by Y/ 9§ ¥}, 7¢, where ¥4
has twice the U(1) charges of . Performing the same chain
of calculations, one finds that there are hardly points with
broken U(1), as the larger gauge contributions in the RGE
evolutions prevent m X from becoming sufficiently small.

E. Higgs sector

In GMSB models with MSSM particle content,
one needs a SUSY spectrum in the multi-TeV region to
accommodate a Higgs mass of 125 GeV (see, e.g.,
Refs. [19,91,92]). The reason is that the trilinear soft
SUSY breaking couplings are zero at the messenger scale
in the minimal model, and thus the loop corrections to
the Higgs boson masses get reduced. In our model, the
additional U(1) factor gives already a sizable D term
contribution to the tree-level part of the Higgs mass, and
thus the need for large loop corrections gets reduced.

On tree level, the scalar Higgs mass matrix in the basis
(04 0y, Gg, og) is given by

1.06 2000

1.05
1500

1.04

1000

tan Og

1.03

500
1.02

1.01 | | | | | | 0
5000 6000 7000 8000 9000 10000 11000 12000

VR [GG‘V}

FIG. 1. Allowed parameter space in the vy — tan By plane. The
plotted values correspond to |ug|, which is calculated using the
tadpole equations. The free parameters have been set to
n=1,A=5X10°GeV, M = 10! GeV, tan 8 = 30, sign(ug) =
—, diag(Y5) = (0.7,0.6,0.6), and Y = 0.01.
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152,2,.2

1@Vt misy — (@30T + 4m))

, —‘Z—B(gzv2 + 4m?) igévzs% + mf‘c%
e —
o ~
38 vuRepep, — &3 vURspCp,
— R & vvRcpsp, REYVVRSBSp,
where g2 = g7 + g3 + (g, — 8v)% 8% = 8,(8y — &1y

and s, ¢, = sinx, cos x. The parameters m, and m,, are
the tree-level masses of the pseudoscalar Higgs bosons,
which are given by mj = B,/(sgcg) and mj =
B, / (;BRCBR). Alrez}dy at tree level, this %eads to non-
negligible contributions to the doublet Higgs mass as

1850 = M2 + 1v*(g, — gyy)* > M3. As typical values,

we find g, — gy, = 0.27. This immediately gives an upper
bound on the tree-level Higgs mass:
1
Mp tree = M% + Z(g)( - gY,\/)zvz- (26)

In Fig. 2, we show the dependence of the two lightest
Higgs states on tan 8y at tree level. Even in this very
restricted model, the tree-level mass can easily reach
100 GeV while at the same time requiring that this state
is mainly an SU(2); doublet Higgs boson. Even though
the details are changed by loop corrections, see, e.g.,
Ref. [55], this figure also shows that tan 8y has to be
close to 1 to obtain this desired feature. In the numerical
part, we include the complete 1-loop correction to
Eq. (25) and the dominant 2-loop corrections to the
MSSM sub-block.

F. Dark matter

As already mentioned, the gravitino is the LSP in GMSB
models, and all SUSY particles decay into it in a cosmo-
logically short time [93-95]. The abundance of thermally
produced gravitinos is under assumptions consistent

150 1
= Dy
<)

@) L j
T o b
$ My i

E i ///,
= sof o7 ha 1
Oif/ N T T S TS S SRR
1.00 1.01 1.02 1.03 1.04 1.05
tan Br

FIG. 2 (color online).
Higgses 'R%’ =
(red) line shows the Z mass.
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_ 552
§8YVVRCES gy

ZYVURSpC, & VURSES, 25)
S >
zggich% + miRsB L (25g%vk + 16m/24R)
2
ZBR (25g 2+ 16m3 ) 12 gi,vRs%gR + mﬁRc%R
f
with the standard thermal evolution of the early Universe

given by
o m3/2 100
keV g4

Here, g, is the effective number of degrees of freedom at
the time of gravitino decoupling. For a mass of O(100) eV,
the gravitino would form warm dark matter and would
have the correct abundance to explain the observed dark
matter relic density in the Universe. However, there are
stringent constraints on the contribution of warm dark
matter from observations of the Lyman-a« forest [96].
These bounds rule out pure warm dark matter scenarios
with particle masses below 8 keV for nonresonantly pro-
duced dark matter [97]. If one takes this lower limit into
account, one sees that gravitinos, which have once been in
thermal equilibrium, would overclose the Universe. This is
known as the cosmological gravitino problem. There have
been some proposals in the literature to circumvent this
problem by, for instance, additional entropy production
after the freeze-out of the gravitino [98—100]. However, it
turned out that entropy production from messenger decays
hardly works [101]. Hence, one has to assume either other
mechanisms like saxion decays [102] or decays of moduli
fields [103]. Also, if the gravitino mass is in the MeV
range, they might never have been in thermal equilibrium
if the reheating temperature is sufficiently low [104].
Because of these very model dependent issues, we do not
address the question of the gravitino relic density in the
following.

Q3/,h? 27

2
L tree

0.0ih"TTTL““1““1““1““1“:
1.00 1.01 1.02 1.03 1.04 1.05

tanﬁR

Tree-level dependence of the lightest Higgs masses (left) as well as the admixture of the SU(2); doublet
|Us|?> + |Up|? (right) on tan B with the parameter choice of Fig. 1 and vy = 7 TeV. The horizontal small dashed
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ITII. NUMERICAL RESULTS

A. Implementation in SARAH and SPheno

We used the implementation of the model in SARAH
[105-108] and SPheno [109,110] presented in Ref. [80]
and extended it by the GMSB boundary conditions: here,
we allow for up to four messenger 10-plets with degener-
ated masses. At the messenger scale, we implemented the
GMSB boundary conditions for the soft masses using the
Egs. (13)-(15). The link between SARAH and SPheno
allows for a precise mass spectrum calculation based on
full 2-loop RGE running and the 1-loop corrections to all
masses. In addition, the known 2-loop corrections to the
Higgs masses in the MSSM are linked [111-114]. For
more details of the mass spectrum calculation as well as
the inclusion of SUSY thresholds, we refer to Ref. [80].
In addition, the SPheno version created by SARAH includes
also routines for a full 1-loop calculation of the LFV
observables /; — 1y, l; — 3l;, u — e conversion in atoms,
flavor violating 7 decays to a lepton and meson, and
By— pp” [115].
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For further discussions, we choose six benchmark
scenarios BLRI-BLRVI, which provide distinct features.
These benchmark points are given in Table III and will be
discussed in the following Sec. I1I B.

B. Higgs physics

We performed a scan over the free parameter space in
order to numerically check how well Higgs data can be
accommodated for in our GMSB framework. The parame-
ter variations can be found in Table IV. In Fig. 3, we show
the masses of the doubletlike Higgs vs the mass of the
lightest stop. As expected from the discussion in Sec. I E,
points where 4, is the doubletlike Higgs are of particular
interest since they allow for higher values of the Higgs
mass at a fixed m;. Because of the tree-level contributions
from the new sector, we can achieve the observed Higgs
mass even for stop masses of about 2 TeV while a doublet-
like h; requires m; = 3 TeV. Admittedly, this is quite a
high scale in terms of naturalness in SUSY. However,
compared to the lower limit of m; =5 TeV, in usual
GMSB scenarios (see, e.g., Ref. [91]), this is significantly

TABLE III. Input parameters and mass spectrum of different representative parameter points.
BLRI BLRII BLRIII BLRIV BLRV BLRVI

n 4 1 1 1
A [GeV] 2.5 % 103 5% 10° 3.8 X 10° 5% 10°
M [GeV] 10! 1010 9 x 10! 10!
tan B8 40 30 30 20
tan Bg 1.04 1.03 1.05 1.02
sign(ug) - + - +
vg [TeV] 7 7.5 6.7 12
Yii 0.01 0.01 0.01 0.01
diag(Yy) (0.65,0.65,0.1) (0.65,0.65,0.3) (0.65,0.65,0.65) (0.6,0.6,0.6) (0.77,0.73,0.45) (0.7,0.6,0.6)
my, [GeV] 70 92 125 70 108 98
R%_ hy 0.006 0.018 0.961 0.003 0.094 0.006
my, [GeV] 126 127 156 124 124 124
fRi Iy 0.994 0.982 0.039 0.997 0.906 0.995
My [TeV] 2.53 2.7 241 4.32
m,, [GeV] 357 1070 2306 2277 1542 3633
m,, , [GeV] 2309 2308 2306 2278 2497 3633
m,, . [GeV] 2309 2308 2306 2278 2633 4238
mz, [GeV] 334 909 1715 1728 1207 1863
ms, [GeV] 1072 1546 1715 1757 1482 1879
my, [GeV] 2090 2048 1715 1759 1514 1879
mz [GeV] 906 906 905 867 764 1007
mg, [GeV] 1166 1166 1165 976 877 1061
mg, [GeV] 1167 1166 1166 976 877 1061
mgo [GeV] 505 766 1156 575 453 589
myo [GeV] 1157 1157 1353 610 825 1043
M= [GeV] 2216 2216 2217 1113 883 1142
My [GeV] 2591 2590 2588 1956 1600 2015
mg [GeV] 5460 5459 5456 3018 2423 3076
mj, [GeV] 4209 4209 4206 2993 2231 2941
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TABLE IV. Parameter ranges of the scan. The sign of w has
always been taken positive.

Parameter Varied range
No. Messenger multiplets n 1..4
Messenger scale M (10°...10"%) GeV
A=F/M 71;(105...106) GeV
tan B 1.5...40

tan Bg 1...1.15
sign(ug) *1

VR (6.5...10) TeV
Yy 0.01...0.8

yii 1073...0.5

lower. Such a heavy stop will be difficult to study at the
LHC and will potentially require a center of mass (c.m.)
energy larger than 14 TeV. However, here, an e'e”
collider like CLIC with up to 5 TeV c.m. energy might
be an ideal machine to discover and study such a heavy
stop; see, e.g., Refs. [116,117] and references therein.

A way to allow for a lighter SUSY spectrum in GMSB
scenarios apart from the mixing with the extended Higgs
sector is going up to higher messenger scales, thus allow-
ing a longer RGE running and hence larger induced T
parameters as demonstrated in Fig. 4. At M ~ 10'° and
10" GeV, there is a level crossing between the two light
states for the points BLRIII and BLRYV, respectively, which
is the reason for the observed increase of m,.

An interesting observable is the rate 7 — yy as there are
some hints for an enhancement above SM expectations
[118-120]. We define the ratio R)_.,,, by

[o(pp — h) X BR(h — yy)]sir
Ry, = . 28
= T alpp = W X BRI—= 1)k~ )

The cross sections for the main production channels,
gluon fusion, and vector boson fusion are essentially the

130
128
126
124

122

my, [GeV]

120
118

116
1000 2000 3000 4000 5000
mg, [GeV]

FIG. 3 (color online).
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SM-production cross section reweighted by the (effective)
couplings of the Higgs boson ¢BkR normalized to the SM

expectations cyyy:

SM

CBLR 2
O'(XX — h)BLR = O'(XX g h)SM<M> , X = 8 w.
Chxx

(29)

The main contribution to Higgs production comes
from gluon fusion. The effective Higgs coupling to two
gluons is completely determined in the SM by the top
and W loop.

In supersymmetric models, an enhancement can be
achieved via a light stau. In models with extended gauge
structures, such a light stau and thus an enhancement of the
vy rate can be obtained even in scenarios with large soft
SUSY breaking parameters [121], as there are large nega-
tive contributions due to the D terms of the extra U(1) to
the stau mass. However, in the model considered here, this
does not work for two reasons: the large stop mass required
to obtain the correct Higgs mass implies a lower limit on A,
and, secondly, the D term itself is smaller in our model
compared to the one of Ref. [121] taking the same Z' mass
and ratio of additional VEVs as demonstrated in Fig. 5.
In this restricted model, the tadpole equations imply that
a larger vy, requires a smaller tan B, and thus the D terms
cannot be enhanced to the required level. In Fig. 6, we
show Rj_.,, as a function of the stau mass, demanding
that the mass of the doubletlike Higgs be in the range
123 GeV < my, <128 GeV. This implies a lower limit
on mz = 500 GeV, which is too large to get a sizable
contribution to & — yy, and thus we find R;_,, =1
in this model. Hence, this model will be excluded if
Rj_.,, > 11is established by ATLAS and CMS at a signifi-
cant level. However, the most recent results of CMS point
exactly in this direction that the diphoton rate is in good
agreement with SM expectations [122].

3000 4000 5000

my, [GeV]

1000 2000

Mass of the doublet-like Higgs vs the mass of the lightest stop for » = 1 and the other parameters as in

Table IV. Only points with R,,_,,, > 0.5 (left) and 0.9 (right) were included. The blue dots represent points where the lightest
eigenstate is doublet-like, green dots where it is the second-lightest Higgs.
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T33 and mass of the doubletlike Higgs vs M for BLRIII (black dashed line), BLRIV (black full line), and

BLRV (black dotted line) (but for tan 8 = 1.03). The light green lines correspond to the yz-like Higgs state of the corresponding

parameter point.

C. Next-to-lightest SUSY particle

As usual in GMSB models, the gravitino G is the LSP,
and its mass is given by [87]

F

M3y = ——, 30
3/2 \B'mpl ( )
with the reduced Planck mass mp;. The gravitino mass is
usually in the MeV range or above due to large messenger
scales required to obtain the correct symmetry breaking.
In our model are three possibilities for the next-to lightest
supersymmetric particle (NLSP): the two usual candidates,
which are the lightest neutralino and the lightest slepton,
which is usually a stau, and, in addition, our model con-
tains the lightest sneutrino as the third candidate. In gen-
eral, we can state that the lightest neutralino will be the
NLSP for low messenger multiplicities, n < 2, and little
hierarchy in the diagonal entries of Y. For larger n, ¥ can
only be lighter than the lightest slepton if the left-right-
splitting of the stau is small (i.e., for low tan 8 values) or if

00—

—100000

T

—200000 |

T

—300000

—-400000

T

D-Terms [GeV?]

T

-500000

0 I S S S N SN ST SN SN (S SN SN S SN IS SN SN SN S T SO S S S | 4
1.00 1.05 1.10 1.15 1.20 1.25 1.30
tan 3 tan Or

FIG. 5 (color online). D term contribution to the mass entries
of the R sleptons for tan 8 = 10, M, = 1.5, 3.0 TeV, and fixing
the gauge couplings by the requirement of gauge coupling
unification: gh*BL = 0.55, gy = 0.36, respectively, gR}8~L =
0.57, gr = 0.45. The full (dashed) lines correspond to the

U(l)g X U(1)g_r (U(1)y X U(1)g_1) scenario.

|l is small. We discuss the different character of a
neutralino NLSP in the next Sec. III C 1. Otherwise, i.e.,
for large n and nonhierarchical Y, the stau is the NLSP.
A sneutrino can be the NLSP for all » if there is a large
hierarchy in the Yg entries: the scalar singlet field
corresponding to the smallest Yy entry gets light. In the
following, we present the corresponding mass matrices and
discuss briefly the main differences compared to the phe-
nomenology of the usual minimal GMSB model using the
parameter points in Table III. As the lifetime of the NLSP
is proportional to F? [87], we find that, in most of the
available parameter space, the NLSP is so long-lived that
it will leave a typical collider detector before decaying.
However, its lifetime is, in general, still below the bounds
set by big bang nucleosynthesis.

1. Neutralinos

This model contains seven neutralinos, which are,
besides the usual MSSM gauginos and Higgsinos, the extra
U(1) gaugino A, and the two R Higgsinos yx and yg. In the

basis (Ay, Ay, Y, R, Ay, Xr» Xr)» the mass matrix reads

1.0} _ _ ]
r o30° 8 %0 0.00g \' “ 2
RERGL L Ly 0027
0.8f : IR PR LS
[ o % ° o .’O .
& F .
? 0.6 .
< I
~ [
04
02f
0.0' L L L L L L L L L L L L L L L
600 800 1000 1200 1400
msz [GeV]

FIG. 6 (color online). Decay rate of 4 — y7y as a function of
the stau mass using four 10-plets. Only points with 123 GeV <
my, < 128 GeV are included. Color coding of the parameter
points is as in Fig. 3.
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T R I
0 1‘42 81_211(1 — ngvu 0 0 0
— gYZUd 8L2Ud 0 - (gX_gYX)vd 0 0
1‘4;(0 — é’yzvu _ 8L2Uu —u 0 _ (g)(igY)()Uu 0 0 (31)
@ 0 (g)(_é;)’)()vd _ (g)(—gyx)vu M)( 58)(4”)?R _ 58x4“x1e
5¢, vy
0 0 0 0 2tesd 0  —ug
S5¢g, v
\ 0 0 0 0 =k g 0o /

For a first understanding, it is useful to neglect the mixing
between the MSSM states and the additional ones. In this
case, one gets M2, = £ ¢2v%, and, in the limit tan Bz — 1,
one finds for the eigenvalues of the three additional neu-

tralino states

1 1
s (MX + up * \/ZM; + My —2M g + M%)

(32)

In most of the parameter space, one finds |ug|, M, < My,
and thus one has one state with mass |ug| and two states
with masses close to M, which can even form a quasi-
Dirac state. For the MSSM-like states, the lightest one is
always binolike, and thus we find, depending on the ratio
|wrl/M,, that the lightest neutralino is either binolike or a
nearly maximal mixed yz — ¥z state. This is exemplified
in Fig. 7 for the point BLRIV with a slight adjustment
of tan By to satisfy the tadpole equation (21). Here, the
NLSP nature changes from jy-like to binolike at about
Mg =575 GeV.

The lightest neutralino will decay dominantly into a
Xr-like Higgs state and a gravitino G if it is mainly a
Higgsino, whereas the MSSM-like bino state decays dom-
inantly into yG and ZG as depicted in Fig. 8. However, as

mentioned above, the neutralinos are rather long-lived, and
thus, at the LHC, they will decay, in general, outside the
detectors. Hence, new techniques would be necessary to
observe these states. For |ug| < M, we find that &, can
be produced in the decays of ¥ at a sizable rate. Therefore,
SUSY cascade decays offer the possibility to study this
particle, which can hardly be produced directly or in Higgs
decays.

The large values of A imply that the squarks and the
gluino are usually in the multi-TeV range, implying that
one will need the high luminosity option of the LHC to
study these particles in detail. It turns out that the two
lightest states are g and ;. Depending on m; — m;,, the
gluino decays either dominantly into third-generation
quarks and neutralinos/charginos or into #7;. In both cases,
the final states will contain b jets and W bosons. Depending
on the nature of the two lightest neutralinos, also a Higgs
boson can be in the final state as discussed above.
Moreover, also, the additional sneutrinos can appear in
the cascade decays, but distinguishing them from the usual
MSSM sneutrinos will be rather difficult.

2. Charged sleptons

The mass matrix of the sleptons reads in the basis
(éL) éR)

e . (m%—i—%uzc%Y;rYe-l—DLl B(Tleg—uYlsp)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ms =
I
- :5 e %(Tecﬂ —p'Y,sp)  mi+ %vzc%Yng + Dgl
3.7 . —
__1e00f TSI T T _ToemT T g 33
= r - (33)
@ 500 o0 ] . ;
O, X2 o which has the same structure as in the MSSM, but, for the
g X1 concrete form of the D terms,
100y 1 1 2 2 2 2 \),,2
sol ] D; = 3—2(2(—38)( + 8 8yy T 2(8y — 81 + gy, )V g
[ T T P TS T S S S S B S| _ 2
0 200 400 600 800 1000 1200 1400 58,38y T 28y, )VRCap,); (34)
ur [GeV]
1
_ 2 _ 2 2 2
FIG. 7 (color online). Neutralino masses as a function of wg D = 3_2(2(5')( + 3g)(gY)( 4(8Y + gYX))v €2
for the point BLRIV (M;=575GeV)and 1.02 = tan Bz = 1.033 2
to satisfy the tadpole equation (21). +58,(gy + 48y )VkCap,)- 35)
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FIG. 9 (color online). Masses of the lightest SUSY particles (left) and the sneutrino composition (right) as a function of Y§3 for the
parameters specifying the points BLRI, BLRII, and BLRIIL. In the right plot, the full red (dashed blue) line gives the S (7%)

contribution to the nature of the lighest sneutrino.

As explained above, stau NLSPs can be obtained
for n = 3 and large values of tan 8 as left-right mixing
can compensate the additional D terms. As can be seen
in Fig. 9, the three diagonal entries of Y have to be of
roughly the same size.

As indicated in Table III, the gluino is usually very
heavy, and it turns out that it is the heaviest strongly
interacting particle. This implies that one will need a
very high luminosity to discover this particle. In general,
it decays into all squarks, which in turn decay further into
the MSSM-like neutralinos and charginos. Note, that both
light Higgs states, the doubletlike one as well as the
h,,-like one, can be produced in these decays. Finally,
the lightest neutralino will decay into 77, and 7 will, in
general, decay outside the detector. Thus, a typical event
will consist of several jets and leptons plus a charged track
from a (at the detector level) stable particle. The phenome-
nology of long-lived staus has already been studied com-
prehensively in the literature; see, e.g., Refs. [123,124],
and bounds of m; = 300 GeV have been set by the LHC
collaborations [125] in MSSM scenarios.

3. Sneutrinos

As it is well-known, in inverse seesaw scenarios, the
parameter wg has to be small to explain correctly neu-
trino data.' For completeness, we note that the inverse
seesaw mechanism yields in this model three very light
Majorana states, which can explain the observed neutrino
data where the six heavier neutrinos are pairwise degen-
erate forming three quasi-Dirac states [80]. We will
denote the former by » and the latter by »;,. The F terms
induced by wg as well as the corresponding soft SUSY
breaking term B #355 induce a splitting of the complex
sneutrino fields into their scalar and pseudoscalar compo-
nents. However, in practice, this mass splitting is tiny, and
thus we can safely neglect it in the following discussion.
In the limit ug, B,  — 0, the sneutrino mass matrix reads

in the basis (7, 7¢, S)

'For a discussion and the corresponding mass matrix, see, for
example, Ref. [80] and references therein.
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%UURYIYSSBSBR

UZ 2 2.2

My = %(Tysp— pn'Yycp)  mio+ 2P0y ¥E+ S0y, Y+ DR1 2 (Tgsp, — piYscp,) | (36)
U2S2
%UURY;YVSBSBR %(T;SBR - ,uRY;chR) m§ + L% Yivg
f

with giving a final state with an (off-shell) W boson, the lepton
1 of the corresponding generation and missing energy. For
D, = 3—2(2(—3g§ + 8,8y, T 2(87 + g7 + &7,)vicag completeness, we note that we find BR({?) — #,v, = 1
if |Y33| =0.07 for the parameters used in Fig. 9 and

5 5
— 58,38y 28y, )vkCap,), (7)) BR({?) — ;v =1 for larger values of |Y33|. The latter

58
Dy = 3—2"/(2(gx — gy )Vicap + 58, vkcag,). (38)

Obviously, the masses of the sneutrinos depend strongly
on Ys. In particular, S-S entries are dominated by

U2.72 . . .
%Yg Yg because m? is rather small, as discussed in

Sec. IIC. Therefore, even m2 < 0 does not automatically
imply spontaneous R parity breaking. The 7°-S mixing
entry can be of the same size as the corresponding diagonal
entries for sufficiently large |ug|. The entries which mix
these states with #; are much smaller and can be neglected
for the moment. As tan B is close to 1, we can take the
limits tan Bz — 1, D — 0 and find for these approxima-
tions the upper bound,

gl = 2 + v3Y3/4, (39)

to avoid tachyonic states. Here, we have also set Ty = 0, as
this is numerically always small. For completeness, we
note that |YY g | is bounded from above by the requirement
that all couplings stay perturbative up to the GUT scale
and from below by the requirement of correct symmetry
breaking as discussed in Sec. II D.

Combining all requirements, we find a light sneutrino,
which could be the NLSP, if one of the diagonal Yy entries
is rather small, = 0.2, and the other two are large, ~0.7.
In an abuse of language, we call this state a sneutrino,
even though the corresponding state is dominantly a S.
However, it still can have a sizable 7 admixture as exem-
plified in Fig. 9. Note that taking ¥3* small is an arbitrary
choice, and we could have equally well taken one of the
two other generations. The smallness of this coupling also
implies that one of the heavy quasi-Dirac neutrinos is
significantly lighter than the other two, but we find that
this state is always heavier than the lightest sneutrino.
Therefore, a sneutrino NLSP decays always invisibly into
vG. As can be seen in Fig. 9, the next heavier state is j/(l),
which turns out to be mainly a yz Higgsino. If kinemati-
cally allowed, it will decay to #; v}, yielding

O — v, = vGWYL, (40)

leads to a completely invisible final state, and thus, in this
part of the parameter space, this scenario cannot be dis-
tinguished from the ) NLSP case in this model.

D. Z' phenomenology

The LHC collaborations ATLAS and CMS have recently
updated the bounds on M, from the search for dilepton
resonances [126,127] at /s = 8 TeV and an integrated
luminosity of about 20 fb~! each. In order to apply these
bounds to our model, we calculate the production cross
section of the Z’' and the subsequent decay into a pair of
leptons as a function of the Z’ mass.” From Fig. 10, one can
extract the limits that depend on the underlying parameters.
In case of BLRIII (dashed line), only standard model decay
channels for the Z' are open, leading to a bound of about
2.43 TeV, whereas it can be reduced to about 2.37 TeV if, in
addition, decays into heavy neutrinos and sneutrinos are
allowed as is the case of BLRI (full line). This translates
into a lower limit on vy of about v = 6.6 TeV.

As already mentioned, the colored SUSY particles are
rather heavy in this model in most of the parameter space
once the constraint on the Higgs mass is imposed implying
that the discovery of supersymmetry requires either a huge
statistics and/or a larger c.m. energy. However, it has been
shown that the decays of the Z' open the possibility to
produce SUSY particles [76,80,130-134]. As has been
discussed in Ref. [80] in a constrained-MSSM-like variant
of this model, the potentially interesting final states from Z’
decays are: wyvy, [1, 97, ¥ %/, and ¥?¥9. However, it
turns out that, in the GMSB variant, the required conditions
for the different channels are harder to realize, as this
model is more constrained. In particular, we hardly find
charged sleptons except for the case that M, is above
4 TeV because it couples significantly stronger to L slep-
tons than to R sleptons. In Table V, we list the Z' decay
modes of the parameter points given in Table III.

The most important nonstandard decays of Z' are those
into heavy neutrinos. Their masses are proportional to

2We used CalcHEP 3.4.2 [128] for the cross section calcula-
tion. The model was implemented using the SUSY Toolbox
[129].
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FIG. 10 (color online). o(pp — Z' — [*17) as a function of
M for the scenarios BLRI (solid line), BLRII (dotted-dashed
line), and BLRIII (dashed line). The red dotted line shows the
exclusion limits at 95% C.L. obtained by ATLAS [126].

Y2 + Y3uvg, implying that the corresponding Yukawas
should not be too large because otherwise these decays
are kinematically forbidden. This can clearly be seen by
combining Tables III and V: the smaller the Yg, the larger
the corresponding branching is (for fixed Y,). The heavy
neutrinos decay into WI, Zv, and hv with a branching
ratio of ~0.6, ~0.2, and ~0.2, respectively [80]. Here,
h denotes the doubletlike Higgs boson.

Naively, one would expect that also sneutrinos should
show up in such scenarios because, as discussed in
Sec. III C3, the smaller the Yy, the smaller the mass of
the lightest sneutrino. However, at the same time, the S
component increases, as can be seen in Fig. 9, which
reduces the coupling to the Z'. For an intermediate range
of Y, the second lightest sneutrino can be produced in Z’
decays. It decays dominantly according to

772 — th/(l) d Vthljl g ZZWW + ET’ (41)
yielding

TABLE V. Branching ratios of the Z’ boson for the parameter
points of Table III. Only branching ratios larger than 1072 are
shown.

BLRI BLRII BLRII BLRIV BLRV BLRVI

M, [TeV] 2.5 2.7 2.4 43
BR(dd) 045 049 052 052 052 048
BR(uit) 008 009 010 010 010 0.09
BR(/]) 017 018 020 020 020 0.18
BR(vv) 015 016 017 017 017 0.16
BR(W*W~) 001 001 001 001 001 001
BR(Vth) 0.12 0.06 c. Ce e c.
BR(hIZ) .. e 0.01 e

BR(h,Z) e 0.01 e
BR(IT*) ce 0.02
BR(7 7) 0.01 0.01
BR(¥{¥Y) 0.02
BR(¥5 ¥3) 0.02
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Z' — 0,05 — AIAWE (42)
as a final state. The other final states are 2I2W2ZF,
2RDW2hEy, 4ZF;, 27Z2hEr, and 4hFp, where h
denotes again the doubletlike Higgs boson. We note for
completeness that, for some part of the parameter space,
also the decay ¥, — ¥,h,, is possible offering, in princi-
ple, a possiblity to observe h,,. As 7, is relatively heavy,
there is a kinematical suppression, and we find only
branching ratios of at most O(0.01) for sneutrinos in the
final state.

The Z' couples to all Higgsino states and the correspond-
ing coupling is proportional to
82237y — 22T + 5(Z0 70 - 27 7). (43)
Here, ZX is the unitary matrix, which diagonalizes the
neutralino mass matrix. As discussed above, the yy-like
neutralinos can be rather light. However, its admixture is
such that Z},® =~ Z}7 =~ +1/+/2, and thus this final state has
only a tiny branching ratio. For large M, the decays into
to the heavy MSSM charginos/neutralinos containing a
sizable Higgsino component are kinematically allowed
with a branching ratio of a few percent, as can be seen
in Table V. In this scenario, the production cross section
for the Z' is about 1 fb, and thus again large statistics
are needed to observe and study the corresponding final
states.

E. Lepton flavor violation

So far, we have assumed that neutrino mixing is ex-
plained by the flavor struture of wg, which hardly plays a
role for the phenomenology discussed so far. In this case,
also the rates for flavor violating lepton decays are very
small and cannot be observed in the near future. However,
as can be seen from the seesaw approximation of the
neutrino mass matrix [135],

2
v2 _ _
m{,Szv—zYZYsl,u,S(Yg) 'Y, (44)
R

neutrino mixing can also be explained by the flavor struc-
ture of ¥, and Y. As one can always find a basis where Y
is diagonal on the expense of having nondiagonal Y, and
Ms, we will now consider the other extreme case in which
the complete flavor structure resides in Y. Nondiagonal Y,
induces also nondiagonal entries in the soft-breaking terms
of sleptons. However, as the scale for the GMSB boundary
is lower than the GUT scale, the corresponding effects are
significantly smaller compared to typical SUGRA scenar-
ios. Therefore, the main effect is due to the vertices for
which the off-diagonal entries of Y, enter. To study the
corresponding effects in our model, we parametrize Y,
according to [61]:

015014-13



M. E. KRAUSS, W. POROD, AND F. STAUB

0 0 0
YV _ f a a<1 _ sin(;l,z) _a<1 + singm) ,
V2sin 6, 1 1
Am2 \i
= = 0.4, 45
¢ <Am3\tm> ( )

using the latest data from the global fit of the PMNS matrix
[136]. This fixes Y, up to a global free prefactor f, which
determines the rate for flavor violating decays like u — ey
or u — 3e. Their branching ratios are constrained by
experiment to be smaller than 5.7 X 10713 and 107'2,
respectively [137,138]. In addition, the w-e conversion
rate (CR) in gold turns out to be important, which has to
be smaller than 7 X 10713 [139].

In Fig. 11, we show these rates as a function of f for the
two points BLRI and BLRIII. We observe that, in these
scenarios, CR(u — e, Au) is the most constraining observ-
able followed by BR(u — 3e) and/or BR(u — ey). As
explained in detail in Refs. [ 140-142], this behavior can be
understood as a nondecoupling effect of the Z-boson con-
tribution to CR(u — e, Au) and BR(u — 3e), which are
enhanced by a factor (mgygy/My)* with respect to the
off-shell photon contributions, which is sizable due to the
required heavy SUSY spectrum. In all cases, the sneutrino-
chargino loops give the dominant contributions. We find
that CR(u — e, Au) gives the strongest constraint on the
size of f for all points of Table IIl. For completeness, we
note that, once the bounds on this observable are fulfilled,
we find that the corresponding LFV decays of the 7 are so
suppressed that they are below the reach of experiments
in the near future. This implies, on the other hand, that, if,
for example, one of the LHC experiments observes, for
example, 7 — 3 u, then this class of models is ruled out.

A point worth mentioning here is a rather strong depen-
dence of BR(u — ey) on the sign of ug, which can
change the rate by 1 order of magnitude. The reason is
that the off-diagonal elements for the #°-S mixing in

10710 g T T T T T T T T

10-"F = A

1072k . ,,,,,,

103} G i

BR(j — X)

10714k 4
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FIG. 11 (color online).
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FIG. 12 (color online). Branching ratios of the LFV decay
BR(u — ey) as a function of the messenger scale M for sign
(ug) = + (black solid line) and sign (ug) = — (black dashed
line) fixing the other parameters as in BLRIV and f = 0.03. The
respective straight green (light) lines show the branching ratio
excluding the contribution of charged Higgsinos and sneutrinos.

Eq. (37) are dominated by the upvyp contribution as
discussed in Sec. IIIC3. We exemplify this behavior in
Fig. 12, where we show BR(u — e7) as a function of M
for both signs of wg, f = 0.03 and fix the other parameters
as for BLRIV. The black lines give all contributions,
whereas, for the light green lines, we have taken out the
contributions containing the Higgsino-like chargino. As a
consequence, BR(u — e7y) could be in the reach of an
upgraded version of the MEG experiments if wp is nega-
tive. For completeness, we note that this is a specific
feature of the GMSB model as, for example, in SUGRA
inspired models, large trilinear couplings Ty could be
present dominating this mixing.

Finally, we stress again that the finding of this section
depends on the assumption that the complete flavor struc-
ture needed to explain neutrino data is present in Y. If this
structure is at least partially shifted to ug, one can reduce
the predictions for the lepton flavor violating observables. It
turns out that the size of this reduction depends on the SUSY
parameters, and thus we do not discuss it here in detail.
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Flavor violating observables as a function of f as defined in Eq. (45): BR(u — e7) (solid line), BR(u — 3e)

(dotted line) and CR(u — ) in Au (dashed line) for the points BLRI (left) and BLRIII (right) defined in Table III and using Y, to
explain the neutrino data. The upper bounds (BR(u—ey)<<5.7 X 10713 [137], BR(u — 3¢) < 1.0 X 10712 [138], CR(x — e, Au) <

7.0 X 10713 [139]) are shown as a red horizontal line, respectively.
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IV. CONCLUSION

We studied in this paper the GMSB variant of a SUSY
model with an extended gauge sector in which the cou-
plings unify at the GUT scale. Compared to GMSB with
MSSM particle content only, one can obtain a tree-level
mass for the light doubletlike Higgs boson above M,
which eases the need for large radiative corrections to
obtain a Higgs mass at 125 GeV. For this reason, we find
in this model a lower bound on the mass of the lighter stop
of about 2 TeV, which is about a factor of 2 smaller than
in usual GMSB models. Nevertheless, the SUSY particles
of the strongly interacting sector are rather heavy, and thus
the existing bounds on squarks and gluinos are satisfied
automatically. However, this implies that one needs high
luminosity at the LHC with /s = 14 TeV to study this
sector and the resulting cascade decays in detail. The rather
heavy SUSY spectrum also implies that the rate for the
doubletlike Higgs boson decaying into two photons is
always below or at most the SM expectation. Therefore,
this model can be ruled out if this rate turns out to be larger
than the SM expectation at a significant level.

This model contains an additional candidate for the
NLSP: besides the lightest neutralino or one of the slep-
tons, also a sneutrino can be the NLSP. For this to happen,
the additional Yukawa coupling Y needs to have a hier-
archical structure. Moreover, the stau NLSP is somewhat
more difficult to achieve than in usual GMSB models. We
have worked out main features of the corresponding sce-
narios paying also particular attention to the possiblity that

the new Higgs boson, which can be rather light, can show
|

2
B

— 52?5 (4m} + g2, v%)

152 .22 2 5 2 4z 0
;81 vicy +mis — L (4m3 + g7, v%)
152 ;22 2.2
IRIIALRY: + mycg

2

1 _ 152
48 VURCpCpy 78 VURSpCp,

—3&8vvrepsp, 18 vVRspsp,
where §% = gr(gr — 8p1r) T &rer(8rBL — 88L). &1, = &7

2. Neutralino

PHYSICAL REVIEW D 88, 015014 (2013)

up in the SUSY cascade decays. We have argued that Z’
decays can serve as a SUSY discovery even in this rather
restricted model.

Last but not least, we have discussed which lepton
flavor violating observables can be observed in this
class of GMSB models. It turns out that & — 3e and u —
e-conversion are usually more constraining than p — evy.
The necessary requirement for a possible observation is
that there are sizable off-diagonal entries in the neutrino
Yukawa coupling. It turns out that the rates for the corre-
sponding 7 decays is well below the sensitivity once the
contraints from the muon sector are taken into account.
Note, however, that the rates for all observables get tiny if
neutrino mixings are explained via the flavor structure of
Mg instead of the flavor structure of Y,,.
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APPENDIX: MASS MATRICES IN
THE U(1)z x U(1)z_, BASIS

Here, we give for completeness the mass matrices
that were shown in the text for the original basis of
SUB), X SUR), X U(1)g X U(1)g_,.

1. Higgs mass matrix

In the basis (o, 0, 0, og), the Higgs mass matrix is
given by

1&vvrcpep, —38'vvrcpsp,

— 38 vvrspcp, 18°VURSpsp, AD
152 2.2 2 2 s 2 5 2y |
18RRVRCp, T My, Sp, %(4’”“ + 8rrVR)

s 2 5 oy 10 220 2 2
—%(41111% + 8rrVR)  38RRVESH, T MA Ch,
+ g% + gk, and gk = (gprr — 8r)* + (gpL — SraL)*

mass matrix

The neutralino mass matrix in the basis (Ag_;, Ays, 52, 1, Ag, Xr» Xr) reads

{ Mp_; 0 — ‘5“”2“’41 gRBzLUu
0 M, 8 szd _ ngvu
i 0 —p
M)?o _ 8RBLYu — &’LZUM -1 0
Mprr 0 = £V
(851 —8r5 vy 0 0 0
\ - s g 0 0

(g5 _gRBL)v)'(R _ (gBL_gRBL)vXR

MBLR 2 2 \
0 0 0
- gRZvd 0 0
N 0 0 (A2)
MR _ (gk_g;LR)v)?R (gR_gL;LR)UXR
_ (SR_A’BLR)U;(R 0 —
- 2 R
(8r—8BLR)V
8Rr gI;LR XR — g 0 )
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3. Slepton mass matrix

In the basis (&, éz), the slepton mass matrix is given by

m (A3)

~TN

2

m3, %(T;r cos B — wYd sin B)
VUE(Tf cos B — u*Y,sin B) m,

with

1 1
ml%L =mj + EUZCOSQBYJYg + g(_(glz_ — 8rEBLR — &BLERBLIV> COS2f

- (g%?L + gzzaLR — 8R8BLR — gBLgRBL)v%e cos 28g)1, (Ad)

1 1
mi, = m + EUZCOSQBYeYJ + g(_(gR(gBLR + gr) + grer(gpL + grpL)v? cOs 2

+ (g%?L - g%e + glz'iLR - gIZQBL)UIZQ cos 2 8p)1.

4. Sneutrino mass matrix

The sneutrino mass matrix in the basis (&, 7, S) reads

m%L %(Tisﬁ - MYZCB) %UURYIYSSﬁSﬁR
2

M2 = | H(Tusp — u*Y,cp) Mg B Tssp, = upYscp,) : (AS)

1 YJFY L7 (T‘]' _ YT ) 2 _I_U??Sf?R YTY +(M§+”‘D(/"“S+/’“§)
QVURL LSSy 5\ sSBr = MRESCR,) Mg 2 Ists 3

V2 1
=mj + TSZBYIYV + g(vzczﬁ(g% + gr8srr t gpL8rBL) — VRC2p, (8B + 8Bk — &r&BLR — &8L&RBL))L,

V2 1
Mig = My + TRS%RYSY; + TSZBYVY; + g(UZCZB((gR — 88Lr)&R T 8reL(&rBL — 88L)) (A6)

+ vieap, ((8r — gpir)* + (881 — grer))1.
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