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To obtain a standard model-like Higgs boson around 125 GeV in the minimal supersymmetric standard
model with minimal gauge mediation of supersymmetry breaking (GMSB), a heavy stop at multi-TeV
level is needed and incurs severe fine-tuning, which can be ameliorated in the framework of the deformed
GMSB with visible-hidden direct Yukawa interactions (YGMSB). We examine some general features of
the YGMSB and focus on the scenario with Higgs-messenger couplings (HYGMSB) which can
automatically maintain the minimal flavor violation. It turns out that such a Yukawa mediation scenario
can give a large —A, and —m%LR, leading to a maximal stop mixing, and thus can readily give a light stop
(71) below the TeV scale. However, we find that in the minimal HYGMSB scenario, m%,u is too large and
then the electroweak symmetry breaking is inconsistent with the large stop mixing. To solve this problem,

we modify the hidden sectors in two ways, adding a new strong gauge dynamics or introducing the

(10, 10) messengers. For each case we present some numerical studies.
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L. INTRODUCTION

Supersymmetry (SUSY) elegantly stabilizes the electro-
weak scale. However, SUSY must be broken, and the
SUSY breaking must happen in some hidden sector and
then mediated to the visible sector. In order to avoid the
catastrophic flavor-changing neutral currents (FCNCs), the
mediation mechanism must be rather special. Since gauge
interaction is flavor blind, the gauge mediated SUSY
breaking (GMSB) [1,2] can generate a flavor-universal
soft spectrum and suppress FCNCs. In addition, to realize
the minimal flavor violation (MFV) [3], the GMSB has
some other virtues; e.g., it has only a few parameters, and
hence it is very predictive. Furthermore, it may accommo-
date the natural SUSY [4,5] since the stop/gluino renor-
malization group equation (RGE) effect can be reduced
considerably by lowering the messenger scale.

The present experimental results also indirectly support
the GMSB. Firstly, the LHC SUSY search [6,7] did not find
any colored sparticles. Such null search results can be
naturally understood in the GMSB where the squarks and
gluino lie at the top of the hierarchical soft spectrum.
Secondly, the dark matter detection experiments (like
XENONI100 [8]) have so far yielded null results. These
results can be also naturally interpreted in the GMSB where
the dark matter is the superweakly interacting gravitino.

However, the LHC shows hints of a SM-like Higgs near
125 GeV [9], which places the minimal GMSB in an uncom-
fortable situation [10]. In the minimal supersymmetric
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standard model (MSSM), the SM-like Higgs mass m;, at
the tree level is upper bounded by m,, so a large stop
radiative correction is required to lift up my:

3m} m% X? X?
log + —2<1 - 2) ,
2y? ms 12ms

(D
/m; m;; and the stop

mixing X, = A, — pcotB. To obtain a Higgs mass

n = 125 GeV without multi-TeV stops (heavy stops
cause severe fine-tuning and lead to null results for the
future LHC search), we should go to the maximal mixing
scenario with |X,| = +/6m; [11]. Even in this ideal case, m;
should be close to the TeV scale [12]. The maximal mixing
scenario is hard to realize in the minimal GMSB where A,
is only generated from the RGE running (mainly from the
effects of the gluino mass), which at the same time, also
increases the stop masses. So it is urgent to explore some
deformed GMSB that can give a large A, and/or decreased
stop soft mass at the boundary.

In order to obtain a large stop mixing, in this work we
turn to the deformed GMSB with direct visible-hidden
Yukawa couplings (YGMSB) (note that the YGMSB
considered here is different from the framework proposed
in Ref. [13], which focuses on the interactions between
the messengers and another hidden sector). Actually, the
Higgs-messenger couplings were studied in the early days
of the GMSB [14], and more recently they are studied for
various purposes, e.g., dynamically solving the w/Bu
problem [15,16], making the next-to-minimal supersym-
metric model (NMSSM) with GMSB viable [17], breaking
a dark U(1)y gauge symmetry [18], or generating the see-
saw scale in neutrino physics [19]. In this work we will first

m; = m%cos*23 +

with the average stop mass m; =
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investigate some general features of the YGMSB and then
focus on the models with Higgs-messenger coupling,
where the MFV is automatically maintained. We find that
in such models the Yukawa interactions can give large —A,
and —mtgLR, driving the stop sector towards maximal mix-
ing. However, this will lead to a large m%, rendering the
electroweak symmetry breaking (EWSB) inconsistent with
the large stop mixing. To tackle this problem, we explore
two realistic hidden sectors by introducing a new strong
gauge dynamics or using (10, 10) messengers.

The paper is organized as follows. In Sec. II we present
some general insights into the SUSY-breaking soft spec-
trum of the YGMSB and discuss the application to the
MSSM. In Sec. III we focus on the YGMSB with the Higgs
bridge. The discussion and conclusion are given in Sec. I'V.
In Appendixes A and B we present some details of our
calculations.

II. VISIBLE-HIDDEN YUKAWA COUPLINGS

In this section we first present a brief review on the
basic technique used in this work, and then give a general
analysis for the features of the soft spectrum in the
YGMSB.

A. The wave function renormalization method

The soft SUSY-breaking effect can be treated in a
supersymmetric way [20], and the renormalized spurion
superfields (e.g., the wave function Z), which encode the
SUSY-breaking information, can be utilized to extract the
soft terms [21]. Here the crucial observation [20] is that
after crossing the messenger threshold M, the wave func-
tion Z develops the 0 dependence through the replacement
M — VXXT, where X = M + F6? is the spurion field
parametrizing the typical scales of the hidden sector, and
JF(< M) characterizes the SUSY-breaking scale.

To illustrate the method, we consider a visible field O
with renormalized wave function Z,. The Kahler potential
of Qis

L= [a0ozox X" wote @)

where u is the renormalization scale. We expand Z,, in 6
and @, and employ the field redefinition

0, 3)

X=M

L/ 9InZ
Q'=ziQ<1+ ;XQFGZ)

with Z, being the scalar component of Z,. Now Q' has a
canonically normalized kinetic term, and_ its soft mass
square can be read from the coefficient of #262:
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() = — ?InZy(X, XT, p) FFt
¢ 9 1nXa Inx1 x=uMM?*
FFt
= _ZlélX:MW- “4)

If Q interacts with the visible matters via an operator
AQ00,0,, through the same manipulation, we get a corre-
sponding trilinear soft term AA,QQ,Q, with

alnZ,y(X, X1, F F
AT Q( M) - = Z/Q|X=M7~ 5
dInX X=MM M
Hereafter we define F/M = A.
The derivatives Z;, and Zj, can be explicitly expressed

in terms of the anomalous dimensions, the beta functions

of the couplings, and their discontinuities. We formally

integrate the one-loop RGE vy, = —% dthZQ

(t= lnALUv
with Ay a referred scale) [22] and get

InZo(w) _ -2 fm%dt’fr + [lnﬁdt’f (6)
ln% Q ln% ey

InZ (o)
where u <M < po. The above quantities denoted with
superscripts + and — are, respectively, defined above and
below the messenger mass scale. Then we obtain

L 1 00y )T .,
le,lL:M 2;[B)T EYY AB/\ EY ]M_MA’
(7
A/\(,U«)|M=M = _ZA7Q|M=MA’ 8)
0

with AX =[X* —X7],_y and B, = dA/dt. From the
simple loop-factor counting, one can find that the soft
mass square and trilinear term, respectively, arise at the
two-loop and one-loop level.

In the above derivations, we have assumed that y/ is a
diagonal matrix in the Q;-flavor space. In this case, it is
more convenient to rewrite the derivatives in Eq. (7) with
respect to A2, and redefine the beta function as

2
By = % =222)y0, 9)
! 0,

where Q) runs over all fields participating in the interac-
tions involving A. We will use this convention in the
following. The previous discussions can be directly gener-
alized to a more general situation where y! develops non-
diagonal elements [24].

B. Some general insights into visible-hidden
Yukawa couplings

SUSY should be as natural as possible, and thus the
MSSM with light stops and gluino is preferred. However,
the presence of a relatively heavy Higgs around 125 GeV
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requires rather heavy stops, which renders the fine-tuning
worse than ~1% [4] (the fine-tuning can be alleviated in
the NMSSM [5]). For the GMSB model, such a heavy
Higgs boson is even more problematic, owing to the fact
that no stop trilinear soft term is generated at the boundary.
So, the stop sector should be properly modified, which at
the boundary should have the following features:

(i) A large negative A,. The negative sign is important,
and the reason can be explicitly found from the
following discussions [see Eq. (25)]. If the initial
M; and A, have opposite signs, at the weak scale |A,|
will receive an enhancement from Mj;.

(i1) Reduced stop soft mass squares relative to the first
and second family squarks. This helps to achieve the
maximal stop mixing scenario with a relatively light
stop sector.

In the following we will show that they can be elegantly
realized in the framework of YGMSB.

1. Basic features of the soft spectrum in the YGMSB

As mentioned in the Introduction, the YGMSB has been
used in different circumstances. The basic features of its
soft spectrum are of crucial importance, especially the
signs of the soft terms which are relevant to the discussion
in this work. We simplify the discussion by ignoring the
gauge interaction at the moment, which is valid in the large
Yukawa coupling limit. In fact, the gauge interaction con-
tribution only appears in the beta functions, taking the form
of B, = —A%g¢?/167> + ..., and thus it can be easily
traced back when necessary.

Through Yukawa interactions, the visible fields ¢; can
couple to the messengers ®; in two ways: ¢p®P,;P, and
&1¢p,P. The field which directly couples to the messen-
gers is dubbed as the bridge field, denoted by B. Then, the
general YGMSB takes a form of the Wess-Zumino model:

_ (Aija Alab Kijk
W—( U BB, + Bi<1>aq>b)+ B,
N /
+ BB + 2B, (10)

Here we use i/j/k for the bridge field indices, a/b/c for
messenger indices, while //m/n for the light field indices
(the light fields are the visible fields which couples to B
unless specified otherwise). Moreover, each letter used to
label the Yukawa coupling type is specified; e.g., A is used
to label the type with two bridges and one messenger. The
light fields’ soft terms are given by

Lo =B BB BB g,
yl Ay
+ T By, (11)

where we have omitted the soft mass terms.
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In Eq. (10), the bridge field B first encodes the SUSY-
breaking information in its one-loop wave function. Then
through Yukawa interactions, the information is mediated
to the light field ¢. In this picture, the chiral field B
essentially plays the role of a force mediator, while in the
pure GMSB the vector superfield is the mediator. This
difference will lead to a remarkable difference in the soft
terms between the GMSB and YGMSB.

Based on Eqgs. (7) and (8), now we present an analysis
for the structure of the soft terms from the Yukawa media-
tion. We will emphasize the signs of various terms, as well
as the possible cancellations between them. First of all,
it is noticed that the Yukawa interactions contribute posi-
tively to the anomalous dimension. As a result, after the
decoupling of the bridge-messenger interactions, we get
Ayg >0 for bridges and Ay, = 0 for the light fields.
Using these properties, some inferences can be obtained.

(1) Inlight of Eq. (8), the A term, which only depends on
the discontinuities of the bridge fields Avyg x
A2(A”?), always takes a negative sign.

(i) The anomalous dimension of the light field is
smooth when it crosses the messenger threshold.
Then, in terms of Eq. (7), only the second term
which comes from the discontinuities of B, 4, CON-

tributes to mé :
1

) 1

_ 2,,2
s (1677.2)2)l Yo, (12)

So it is definitely negative.

These two features are the main guidelines for the model
building in this work.

The soft mass square of the bridge field is much more
involved due to its dual identities: it is not only the force
mediator but also a light field. Therefore, its soft mass
square m% receives two kinds of contributions, as shown
from Eq. (7). The subtle points come from the potential
cancellations which will be discussed later. But since our
primary interest is the general structure of m%, we can
explicitly find its expression, with details presented in
Appendix A. From the general expression, we can decom-
pose it into the following three parts [with a common factor
A?/(167%)? factored out]:

(1) The quartic terms of the visible-hidden coupling

constants: A%, A2A”2, A’*, They are definitely positive
and generically dominant in m%f in the large A/A’
limit.

(2) The cross terms A2«? and A”?k? (the repeating index

will be summed in the following unless specified
otherwise):

A — RN (13)

where A;; = A;;,A"% with only the index a summed
over, and other quantities are defined similarly.
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Remarkably, the term A’? k2 always takes the negative
sign, implying that if we work in a model with a proper
structure, the dominant term given in the first item
can be reduced. As a case in point, in the NMSSM
with the singlet coupling to messengers, such a can-
cellation is important to trigger the EWSB [17].

(3) The cross terms A%y%, A%y”2, and A"y’

2(A;9; — Pyhy) + ;\ijf’} - 9yl (14)
Whether or not the terms in the brackets can cancel
is model dependent, but the third and last terms take
definite signs. Anyway, using the general formula
given in Appendix A it is easy to get the soft mass

squares in a given model. Note that the term « A2y’
vanishes as a result of cancellation.

In concrete models, some Yukawa couplings will be turned
off and thus the expressions can be greatly simplified. In
the following, the first and third items will be the focus of
our discussion.

Before ending this section, we remind that the wave
function renormalization method cannot be used to extract
the one-loop contribution for the soft mass square of B.
Actually, it is model dependent [16], and it usually van-
ishes at the leading order of SUSY breaking, say sup-
pressed by F2/M* [14]. In the following discussions we
will ignore such a contribution.

2. Model classification

Restricting our discussions within the MSSM and con-
sidering the phenomenological requirements, we classify
the models into two basic types. One type contains matter
bridges, especially the g5 field, and the other type contains
Higgs fields as the only bridges.

Here we consider the first type. The minimal messengers
under consideration are n pairs of vectorlike particles,
(®p, ®p) and (®;, ®;), where ®p, and ®; carry the
same SM gauge group charges as D¢ and L;, respectively.
® = (bp, P;) ~5 forms a complete multiplet of the
SU(5) grand unification theory (GUT). The SM gauge
invariance allows for the following general superpotential:

n
W=2> nXP;®; + Winy + Wyssw, (15

i=1
where the first term denotes the ordinary hidden sector and
Wussm  consists of the MSSM  Yukawa interactions
Y*QU°H, + YYQD‘H, + Y°LE‘H,. The visible-hidden
Yukawa couplings take the form of
Wi = 0,1 Qi®LUS + A0 DS + .., (16)
Wa = LiQiH Pp + MO P D) + ..,

with the dots being the couplings involving leptons. The terms
in W,,, are similar to the models studied in Refs. [24,25],
where W, is due to the (large) Higgs-messenger mixings.
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W,,, is a generalization of the Higgs-messenger mixing to the
matter-messenger mixing. In such kinds of models the dan-
gerous high-dimensional operators, which may induce fast
proton decay, could be forbidden with the help of additional
symmetries.

The direct visible-hidden couplings may incur large
flavor violations and undermine the original motivation
of the GMSB. However, according to our above general
analysis, the dangerous FCNCs can be avoided if the flavor
structure in W, ,,, is such that the same set of messengers
only significantly couple to one single family of matters.
For example, in the context of messenger-Higgs mixing
[24], the flavor structure in W, is identical to the MSSM
counterpart, i.e., /\f, i~ Y,fj Therefore, effectively only the
third family couples to the messengers due to the family
hierarchy of the SM Yukawa couplings. Actually, the flavor
violations in this kind of model respect the MFV.

We would like to point out that the YGMSB potentially
is able to provide a natural SUSY spectrum [26] without
FCNC problems. This is realized by taking the first
two families of matters as bridges which couple to the
messengers:

Wyg D A10410,0,P, + A5,5,5,P, (a=1,2), (17)

where 10, and 5, are the matter superfields in the SU(5)
model. In a complete model, a flavor symmetry should
naturally account for the above Yukawa coupling struc-
ture. Provided that Ayq,, A5, ~ 1 then according to the
analysis in Sec II B 1, the sfermion masses of the first two
generations obtain large and dominant positive contribu-
tions from the Yukawa mediation. But the third genera-
tion sfermion masses still originate from the ordinary
GMSB and can be much lighter than the first two gen-
erations of sfermions. This kind of realization of natural
SUSY may be easier than those in Refs. [27,28].

In the following we turn our attention to the main point
of this work, namely the second type in which the Higgs
bridges the visible and hidden sectors. One of the main
features of this type is that the resulted soft terms automati-
cally satisfy the MFV, since here the small sfermion flavor
violations originate from the flavor violations in the SM.
For example, the up-type squark mass squares take the form
of m%w a A2(y“(y)1);; with A, being the H,-messenger
Yukawa couplings. In the proceeding section, we discuss
in depth these types of models and study their phenomeno-
logical features. We will start from a toy model and then
propose two simple modifications on the hidden sector to
obtain the realistic YGMSB with Higgs bridge.

III. THE YGMSB WITH HIGGS BRIDGE
(HYGMSB)

A. A toy model with Higgs bridge

To show the main features of the HYGMSB, we start
from a toy model. First of all, in order to couple the Higgs
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fields with the messengers, the minimal messenger content
must be extended. For this purpose, two SM singlets (S, S)
are introduced, and they couple to the Goldstino superfield
via 7¢XSS. Then the Higgs-messenger couplings are

Wy = A,SP, H, + A,SD, H,. (18)

Such a structure originally is motivated by the possible
solution to the w/Bu problem [15,16]. But here we do not
try to solve this problem, and instead evade it by turning off
A4 (which is not an important parameter in this work) and
treat w/Bu as free parameters. Alternatively, one can just
introduce one singlet and get the coupling

W!, = ASH,H,,. (19)

The basic features of these two models in Egs. (18) and (19)
are quite similar, as shown in Appendix B. However, we find
that Wy is more preferred for building realistic models.
Therefore, in the following we focus on Wy (recently
some aspects of W}, were studied in Ref. [29]).

We would like to make a comment. A proper symmetry
should be introduced to guarantee that the messengers
only couple to the Higgs rather than the matters. It does
not give rise to a new problem, since it amounts to how to
distinguish the Higgs and matters, e.g., H; and L;, which
also should be addressed in the MSSM. The well-known
solution is imposing some symmetry such as the R parity,
U(1)pq, or U(1)g, etc., on the model.

To calculate the soft spectrum in the YGMSB, we should
work out the discontinuities of the anomalous dimensions
of the relevant fields. Above the messenger scale M, they
are given by (despite our assumption A, = 0, we still list
the relevant quantities for completeness)

1
Vi, = Tea X+ 3hF = 2C,g5 — 2(1/2)(3/9)gi)
u 77-
1
Vi, = Tga M+ 305 + by — 2Cag3 — 2(1/27G3/5)gt],
1
Yo, = T [Ah — 2C283 — 2(1/2)%(3/5)¢3]
167
1
v =—=[A —2Cg3 — 2(1/27(3/5)83),
L 167
1
N, V. + 2
Ys T lem? A 516w 2Aa (20

where C, = 3/4 and C; = 4/3 are the quartic Casimirs
for SU(2); and SU(3)., respectively. Below the scale
M the messengers decouple, and hence vy, of the bridges
and light fields are obtained from the corresponding 'yg
by setting A, ; — 0. Then, with Eq. (20), the Yukawa-
mediated SUSY-breaking soft terms can be calculated in
light of Eq. (7). In the following we present them and
analyze their implications.
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1. The maximal mixing stop sector with a light stop

We look at the stop sector which is of our main interest.
Compared to the situation in the pure GMSB, it is modified
towards the desired form outlined at the beginning of this
section, even if we work in the HYGMSB with a single
term A,S®; H,. First, at the one-loop level a large negative
A, is generated at the boundary

A A
_ AZ’ A=A = —
162" b 1672

Note that they are universal to three generations. Next, the
stops, together with other third family sfermions, obtain
sizable negative contributions:

A, = A2 (21

AZ
2 T (122 232
Asz (1672)? i+ X 22
2A2 2A°
2 _ 2)2 2 = 2\2
N (T e S (TP e

(23)

By contrast, the Yukawa-mediation contributions to the
first two families of sfermions are negligible since they
couple to the Higgs very weakly.

Given the above modifications to the stop sector, the
maximal mixing scenario can be realized in this toy model.
Taking into account the RGE effect, the weak-scale stop
parameters can be parametrized as [5]

m2Q~3 = Cg]M:% + CLlﬁleS - Cmﬁi%g,
2
0e

(24)
m%i =~ ngM% - CLzﬁleg + CR2ﬁ1

where the quantities in the right side are defined at the scale
M (hereafter we will use this convention for the RGE effect
estimations). In addition, the stop sector trilinear term
takes the form of

At = CAA_t - CgAM3‘ (25)

In the above equations, C; are positive numbers, deter-
mined by the MSSM Yukawa and gauge couplings, as
well as M. There are hierarchies Cp; < C;; and C;, <
Cry: in the low scale M limit, C;;, Cgy, C4 — 1 while
others are negligible. As M increases (say to = 10'? GeV),
Cy| ~ Cg, are reduced no more than half, but Cg;, Cy,, Cy
are generated at O(0.1). Note that for a high scale M, the
gluino effect is significant and roughly C,4 =C, =
Coq ~ 1. With these approximate features we simplify
Eq. (29) as

2 ~ _ 2
ms, = CL1(5g 1)|AmQ~3|, 31)
m%]% = CR2(5g - 2)|Am2Q3I > O,

where the o, terms approximately measure the
SU(3)-GMSB and gluino contributions.
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We now can see how the HYGMSB accommodates the
maximal stop mixing. It is noticed that in the stop mass
square matrix the difference between the diagonal entries
is ~|Am2Q?|, which is much larger than the nondiagonal

entries m,IA,I. Consequently, its heavier and lighter eigen-

values can be approximated to be mZQ} and m%}[, respec-
3

tively. And then the degree of mixing is estimated as

X? A?
L~ L [Cp Cra(8, —2)]7V2, (27

2 inls
! mtg |Amé}|

X

where the term (5, — 1)7'/2 has been neglected.
Considering a quite low scale M, we then get x; =
(A2/h?)(8, —2)~"/? with good approximation. Since A,
is only allowed to be mildly larger than the gauge coupling
of SU(3)¢ due to the bound m%, > 0, the maximal mixing
3

x? = 6 requires an enhancement from (8, — 2)~'/2 ~ O(3).
This enhancement comes from the negative stop soft
mass square contributions from the HYGMSB. So, our
scenario is quite different from the one proposed in the
top-bridge models [24,25] where the stop soft mass
squares are increased, and thus one needs a rather large
|A,| (then a rather large A,,) to lift up x7. In our Higgs-bridge
model, the condition x? ~ 6 can be realized while a light
stop is maintained, which is favored by naturalness. Note
that we introduce a new fine-tuning at the boundary, namely
the cancellation between the gauge and Yukawa contribu-
tions to the stop soft mass squares. But this tuning is quite
mild, estimated to be & ¢ —2~0.1.

Some comments are in order. In the MSSM, h, ~ 1
correlates the naturalness of the weak scale with m,, [5],
and my =~ 125 GeV means a large fine-tuning of the
MSSM, especially in the GMSB case. Interestingly, in
the HYGMSB this large %, helps to relax the correlation
and thus may alleviate the naturalness. But we still suffer a
rather large fine-tuning. The weak scale m; is affected by
the stops via the RGE:

my 2 2
TNCszG—CYmiY"‘..., (28)
where the subscripts ¥ and G denote the boundary
soft terms from the gauge and Yukawa mediations, respec-
tively. We have C; ~ 0.5 even if M is as low as 100 TeV.
Furthermore, m; ; should be around the TeV scale (in order
to lift up m,, and satisfy the LHC bounds on the squarks and
gluino). Therefore, tuning at a level of 1% is unavoidable,
and we need further exploration on a sufficiently natural
model.

2. The problematic radiative EWSB

If the HYGMSB isrequired to give arelatively heavy SM-
like Higgs with relatively light stops, it will be difficult
to realize the radiative EWSB. As is well known, the suc-
cessful EWSB should satisfy the following two equations:
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2 2 tan2 B2
m3 my, — tan”Bmy

_ L~

2 tan’B — 1

—pt=—my —pt (29)

2Bu

2 2

sin23 = .
p my +my +2u’

(30)

Here the Higgs parameters are defined at the electroweak
scale, and the soft mass squares can be expressed as [similar
to Eq. (24)]

my; = 0.62m3; — 1.10M3 — 0.10A7 — 0.37n—12Q —0.32m3.
(for M = 10'? GeV),

m%-lu =~ 0.80171%_1“ - 0. 15M§ —0.12A2 — 0.207712Q - 0.18771%
(for M = 10° GeV). 31)

The parameter m%{[ is approximated as its boundary value.

Since B u isregarded as a free parameter, Eq. (30) can always
be satisfied. In the ordinary GMSB, Eq. (29) is also satisfied
since the significant RGE effects from the heavy colored
sparticles drive m%{ to be negative at the low energy, as
shown in Eq. (31).

However, in the HYGMSB the soft mass squares of the
Higgs bridges receive large positive contributions from
Yukawa mediations:

A? 1
Ay, = o (40 33+ 541))] 2

A? 1
Ay, = Hem2P [Aé(% - 3(g% + gg%))]. (33)
Compared to Am?%_ shown in Eq. (23), Am? takes an
¢ .

opposite sign and additionally is enhanced by the factor
2A2/h?. As a consequence, the realization of the stop
maximal mixing scenario is inconsistent with the radiative
EWSB. To see this clearly, using Eq. (22) we explicitly
rewrite Eq. (31) as

iy, ~ 2.48(A/h) | Am} | = 1.01M3
(for M = 10'? GeV),

m3y, ~ 3.20002 /W) Am | - 0.15M3
(for M = 10° GeV). (34)

Here the dependence on M3 arises at two loop, and
therefore its coefficient is expected to be smaller than the
coefficients C,; ~ C,y in m%3, which arise at one loop.
This fact, combined with the stop maximal mixing condi-

tion, allows us to find a bound on m?, :

m}y, > QAN = 2Ck)|Amd, | > 0
(for M = 10'? GeV), (35)

where Cg, < 1 and A, > h, are used. This bound becomes
stronger as the messenger scale lowers, and thus the EWSB
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is not consistent with the maximal stop mixing in the toy
model of HYGMSB. It is noticed that a higher scale M
helps to lower m%{ and hence benefits the radiative EWSB.

3. The muon anomalous magnetic moment
Jrom the light smuon

Before presenting realistic models, we introduce another
potential merit of the spectrum of the HYGMSB. It
may account for the muon anomalous magnetic moment
a, = (g, — 2)/2, which can be regarded as a harbinger of
new physics. Its experimental value [30] and the SM
prediction [31] are given by

a,® = 11659208.9(6.3) X 10719,

(36)
asM = 11659182.8(4.9) X 10717

Their discrepancy implies that the new physics contribu-

tion should be

da, = ai® — aSM = (26.1 £8.0) X 1071%. (37)

Within the MSSM, the chargino and neutralino loops give
the dominant contributions [32]

2 2
S5aMSSM . 82 mu M p tan 8
n 2 3 :

8 mg,

(38)

In the MSSM with GMSB, since a SM-like Higgs boson
around 125 GeV significantly pushes up the sparticle
masses (including the left-handed smuon mass), it is hard
to give the required contribution.

In the HYGMSB the smuon mass can be lowered
considerably. Then with a properly large w and M,,
8a¥SSM might be able to reach the required value in
Eq. (37). But there may be a tension. In this model the
trace S = Tr(Y frhj%) is given by:

S=imy, — gy, +mG = 2y, +mp, — m(%} + i
A2
T (1672)? [

2
Ec

AZ(4A2 + 3h2) — A%(4)3 + 3h2)]. 39)

It takes a large and positive value by virtue of the
contribution Am%iu. Therefore, by means of the RGE
effect it will family-universally increase the masses of
the sparticles with negative U(1)y charge (including ;).
So in this toy model of HYGMSB, it is also hard to give the
required contribution to muon g — 2. Note that this
difficulty arises from the large positive Am%,u and thus
has the same origin as the problem of radiative EWSB.
By contrast, in the top-bridge models Am%iu is negative,
and the contribution to muon g — 2 can be enhanced more
readily [25].

PHYSICAL REVIEW D 86, 095020 (2012)

B. Realistic hidden sectors for the HYGMSB

To solve the EWSB problem in the simplest Higgs
bridge model, we modify the messenger structure. In
the following, we present some simple and realistic mod-
ifications for the toy model given above, based on the
crucial observation that the gauge interaction of the mes-
sengers can decrease m%,

1. Introducing a hidden (strong) gauge group

As the first modification, we assume that the messengers
(S, S) and (®, ®) introduced in the toy model are charged
under a hidden gauge group G, with gauge coupling g,
(they form vectorlike representations under G, for the sake
of anomaly cancellation) while visible fields are neutral.
Although the model has the same superpotential as Wy in
Eq. (18), the presence of G, say SU(N), brings great
difference. Now the anomalous dimensions above the
messenger scale are modified to be

Lo 1

Yu

[NA2 +3h? — 2C,83 — 2(1/2)%(3/5)g3],

v 1672
1
Yo, = 16772[A5 —2C,g% — 2Cyg3 — 2(1/2)*(3/5)83],
1
F = 202 -2C, 4] 40
¥s 16772[ ! w81 “

where C, = (N> — 1)/2N is the quadratic Casimir group
invariant for the superfield in the (anti)fundamental repre-
sentation under G, = SU(N). For the Abelian G,
C, = Qé with Q, being the G, charge of ¢. The mes-
sengers’ anomalous dimensions decrease due to their hid-
den gauge interactions, but for the Higgs bridges, which
are neutral under Gy, their anomalous dimensions are not
affected. Note that in y;}“, the term = A2 is enhanced by the
messenger number N.

By virtue of G,, the Higgs bridges get the desired
negative soft mass squares [for comparison, see Eq. (32)]:

NA? 1
my, =W[Aﬁ((N +3)A; —4Chgh — 3(8% +§8%))],
(41)

NA? 1
Amd, =7(16772)2|:)\§((N 3 —4Cgl — 3(g§ +2 gg))].
(42)

G, does not affect 8, . and 74, and thus the soft terms of

the light fields, especially the terms in the stop sector, are
the same as in the toy model except for an overall factor N.
Note that all the above discussions are valid only when G,
is broken below the messenger scale, which can be realized
easily and will not be discussed further in this work.
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Scatter plots of viable parameter space projected on the planes of A, versus A (left panel) and g, (right panel).

Here we choose M = 10° GeV, A, = 0, and tan8 = 25. We have divided the points into three regions in terms of the Higgs boson
mass: 120-123 GeV, 123-126 GeV, and 126-130 GeV. In all the plots shown in this section, the region with smaller points corresponds

to the region with heavier mass.

We now look at the consistency of introducing G, and
check the constraints. Generically, A, = 1 is needed to get
the maximal stop mixing, but such a large Yukawa cou-
pling at the low scale potentially spoils the perturbativity of
the theory up to the GUT scale. The presence of the hidden
strong gauge group can greatly improve the situation. This
can be explicitly seen from

AL 2 2 2
By = e [(N +3)A; +3h; —4Cg7]

u

(43)

Here, a large g, can cancel a large part of the Yukawa term
contribution and hence prevent A, from the Landau pole
below the GUT scale. To realize the substantial cancella-
tion, we may need g;, = 1. But this does not mean that G,
will quickly run into the strong coupling region. Actually,
the beta function of g, is

b,>(1+5)X2/2-3XN=302~-N), (44)

where the factor 5 is due to the fact that ® is in the
fundamental representation of SU(5). Thus, for N = 2

1000
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400 f»

my,: 120-123 GeV
my: 123-126 GeV
My 126-1|30 GeV L

-25 -2

300

200

-4 -3.5 -3 -1.5 -1 -0.5

FIG. 2 (color online).

we obtain b;, = 0, and consequently the G, gauge dynam-
ics is asymptotic free or conformal. In addition, G, dis-
tinguishes the messengers from the visible fields with
identical SM gauge group charges and thus forbids their
dangerous mixings. In a word, the HYGMSB equipped
with a hidden gauge group is an attractive framework.

In the following, we present some numerical analysis for
the above model using the code SuSpect [33]. We take the
top quark pole mass as 174.1 GeV, and choose N = 2 and a
relatively low messenger scale M = 10% GeV for the sake
of naturalness [5].

As shown in the left panel of Fig. 1, a relatively heavy
Higgs boson requires a relatively large A, which is
expected. The considerable cancellation between the con-
tributions from the hidden gauge interaction and Yukawa
interaction in Eq. (41) is reflected in the right panel in
Fig. 1. From it one can see that the allowed parameter
space for A, and g/, is rather small, and moreover it shrinks
as the Higgs mass increases.

In Fig. 2 we project the parameter space on the planes of
the stop mass versus x, and the Higgs mass. This figure

128

127

126

125

124

my, (GeV)

123

122

121

120

500

700
Lighest stop mass (GeV)

800 900 1000

Same as Fig. 1, but projected on the planes of the light stop mass m;, versus x, = X,/m; and the Higgs mass.
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panel). The solid line in each panel denotes the 1o lower limit of da,,.

shows that both properly heavy stops and sizable stop
mixing are required to lift up m;. For example, when
my, > 126 GeV, the light stop mass needs to be at
least 700 GeV even in the maximal mixing scenario
x, = —2.5. But for a moderately heavy Higgs, m; is
typically far below 1 TeV provided significant stop
mixing, and such a light stop may be accessible at the
LHC [34]. This is contrary to the ordinary GMSB where
very heavy stops are needed [10]. In addition, the light-
est slepton (in this model it is the right-handed stau with
mass varying in the region 100-300 GeV), typically the
next-to-lightest supersymmetric particle, may also be
accessible at the LHC. The other colored sparticles are
rather heavy, say 2 TeV, and can satisfy the present LHC
search bounds.

Figure 3 shows the prediction of da, versus the Higgs
mass. From the figure we clearly see the trend that da,
becomes smaller as m,, gets heavier, and the reason has
been explained in Sec. III A 3. With a sufficiently large
tanB and for m;, < 123 GeV, the model can reach the 1o
lower limit.

085 i 150°123 Gev ™

my: 123-126 GeV

mp: 126-130 GeV O

08 1 1 1 1 1
50 60 70 80 90 100 110 120 130 140 150 160

A (TeV)

FIG. 4 (color online).

2. Variant messenger representation

Instead of introducing extra strong gauge dynamics, we
can implement the idea of gauge-Yukawa cancellation
by varying the messenger representation. We consider
the variant hidden sector with messengers forming the
SU(5) representation (10, 10), which are decomposed to
the SM components as 10 = (Q¢, Eg, Ugp). The Higgs-

messengers couplings now are given by
Wiia D MQoH,Ug + A00H U (45)

First, with such a messenger content, the pure gauge me-
diated contributions to the soft mass terms are

2 2
2w ﬂ) + (2)

5 Y 2 Qy 2
+2 X —(— —) |A% (46)
3\2/) \47
as a Ay
M; = —=3A, M, = —=3A, M, = —5A.
4 47 47
(47)
12 —=
= 2 my: 120-123 GeV
r gl mp: 123-126 GeV 0
115 o] mp: 126-130 GV~ O ]
; i :
14 froerion] fi
1.05 [ §,
R O PE o
%
0.95 4
* ”-‘
0.9 1
0.85 & T
4
08 :
0 50 100 150 200 250

A (TeV)

Scatter plots of viable parameter space projected on the planes of A, versus A. The messenger mass scale is

fixed to be 5 X 10® GeV for the left panel and 5 X 10'> GeV for the right.
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Roughly speaking, the messenger number is 3 in this

model. Next, the Higgs bridges receive extra contributions

which are proportional to the SU(3). gauge coupling g3:
. 3RA2

m, = W[mg — 4C38% — 4C,85 — (13/15)83]

(48)

. 3A2A2

2, = W[mg — 4C38% — 4C, 83 — (13/15)83])

(49)

As expected, these results can be reproduced from Eq. (41)
by taking N = 3. The SU(3) contributed term can typi-
cally reduce 612 by about 90% if A, < 1 and thus make the
EWSB viable. From Fig. 4 we see that most samples are
constrained to lie around A, ~ 1.

Numerically, this model is more attractive for its single
new parameter (we have set A; = 0 as before). But here the
messenger mass scale M is an important parameter for
the sake of radiative EWSB (see the relevant discussion
in Sec. III A2). Thus for comparison we take two cases
M =5X10% GeVand M = 5 X 10'2 GeV; tanf8 = 25 is
fixed. Then some observations are obtained.
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FIG. 6 (color online).
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Same as Fig. 4, but projected on the planes of the light stop mass m;, versus x, = X,/mj.

Practically, Fig. 4 is a contour plot of m;, on the
A, — A plane. For a given m,, there is a corre-
sponding curve; e.g., the borderline between the
green and red region labeling the m;, = 123 GeV
curve. In each curve, the case with a smaller A but
larger A, reflects that the maximal mixing scenario
works. But the degree of mixing is clearly com-
peting with the EWSB, and a higher messenger
scale helps to relieve their tension, as is shown in
Fig. 5. Note that Fig. 4 has revealed this tension: in
the case of M = 5 X 10® GeV we need a large A
(heavy stops) and A, (significant stop mixing) to
give m;, = 126 GeV, which makes the EWSB very
difficult. We find that only a few points have m; =
126 GeV. By contrast, for the M = 5 X 10'> GeV
case, my, = 126 GeV can be accommodated more
readily.

From the muon g — 2, this model is not so attractive,
as shown by Fig. 6. In this model the smuon generi-
cally is heavier than in the previous model. Also, we
usually have a smaller u ( =< 1 TeV) since it is deter-
mined by Imﬁu | which typically is relatively small due
to the difficulty in triggering EWSB. Thus, the muon
g — 2 is hard to explain in this model.

LO\INeI’ Limit for (I)-2 E—

Same as Fig. 4, but showing &a,, versus the Higgs mass.
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Thus, the HYGMSB with (10, 10) messenger content is
viable given a sufficiently high messenger scale. However,
compared to the previous model, the degree of stop mixing
is limited due to the EWSB constraint. Additionally, the
muon g — 2 cannot be accommodated. Overall, the model
with a new gauge dynamic is favored.

IV. CONCLUSION

If the SM-like Higgs mass is indeed around 125 GeV,
then the MSSM with pure GMSB must have very heavy
stops, which can be improved in the framework of
YGMSB. In this work, we first investigated some
general features of the soft spectrum of the YGMSB and
then focused on the YGMSB with Higgs-messenger
interactions. We found that such models are attractive
from several aspects: (i) They automatically maintain the
MFV; (ii) the Yukawa mediation generates a large —A,
and a large —m%LR simultaneously, driving the stop sector
towards the maximal mixing region; and (iii) stop can be
light and thus may be accessible at the LHC. However,
generically m%, is too large and makes the EWSB incon-
sistent with a large stop mixing. So we further explored two
kinds of realistic hidden sectors: one with a new strong
gauge dynamics, and the other has a variant messenger
representation (10, 10). Some numerical studies were pre-
sented for these models.

Finally, we make some remarks.

(i) Although our YGMSB models have attractive
phenomenology and can simply accommodate a
more natural SUSY, they challenge the conventional
secluded hidden sector dynamics and may not be
compatible with the popular dynamical SUSY-
breaking models like the simple ISS model.
Basically, this incompatibility is owing to the fact
that the hidden sector fields (usually) are composite
degrees of freedom while the SM gauge dynamics is
only a spectator to the hidden sector dynamics. To
circumvent the problem, one may turn to the com-
posite third family [28].

(i1) In this work we focused on the Higgs mass in the
MSSM, but the Higgs mass alone is not enough to
distinguish the MSSM from other supersymmetric
models such as the NMSSM. Then we need other
observables; for example, the diphoton signal rate
from the Higgs boson decays [35].

(iii)) We note that very recently there have been some
discussions on the vacuum stability problem in
extended GMSB models [36], but in our work we
did not take this bound into account.
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APPENDIX A: GENERAL FORMULAS
FOR SOFT TERMS

A general formula for the soft terms in the YGMSB can
be obtained. The model and notation conventions are given
in Egs. (10) and (11). First, the anomalous dimensions
above the messenger scale are

PO B B O
Y, = Ai +§/\i TRt ItV

+ 1 & {7 + 1 ~ A~/ (Al)
7(1)a = EAa + /\a’ 7¢m = Eym + Yms

@ 9

where the contactor A;; = A;j, A, with only “a” summed
over. Similarly, the omitted indices should be summed, and
the quadratic symbols k and § are used in the following.
Below the messenger scale, the anomalous dimensions for
light fields are obtained by turning off A and A’.

Using the wave function renormalization method men-
tioned before, the soft mass square could be obtained. First,
we give the corrections for the bridge field divided by three
parts explicitly; i.e., mp = mi + m3 + m3 where mj, m3,
and m3 are the terms proportional to A%, A2k?, and A%y,
respectively (we neglect the kinetic mixing for simplicity):

A? R
m3 = W[ZMAM(AYB,- + Ayp, + Ayg,)

+ Alyy(Ayp + Ayg, + Ayg,)]

2

A2
m3 = S0t [20Ai9; = 9uA) + A9 = 945 (A4)

and Ay is same as the one defined in Sec. II. The correc-
tions to the light field ¢; are
2
2 —

my = — W[zyij(AyBi +Ayp) — 9i(Ayp)]

(A5)

APPENDIX B: SOFT SPECTRA OF THE
SECOND MODEL

We give the soft spectra of the second model
Wy = ASH,H,. The trilinear terms are given by

1
A, =A,=A, = AZA.

T 1672

(B1)
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The stop soft mass squares are

1
= (222 + B2 X2)A2,

2 _
Ay = — e (B2)
Amd = - — 2 222,
(167%)?
) (B3)
A = = 2N

The Higgs mass squares are given by

(1]

(2]

[4]
(5]

[10]
(11]

[12]

2
Amy,

MH, — (1672)?

PHYSICAL REVIEW D 86, 095020 (2012)

1
[)l4 + hi)@ - )\2<g% + gg%)]/\2,

(B4)

) 3

3

1
= Ger2 [)ﬁ + hiA? — AZ(g% + —g%)]A%

5
(BS)

The main part of the soft spectrum is quite similar to the
first model, after the mapping A2 — A2.
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