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1 Introduction and summary

Supersymmetry is arguably the leading candidate for TeV physics to be discovered at the
LHC. An important open question is the identification of the supersymmetry breaking
mechanism and its scale. One possibility is that supersymmetry is broken by a “hidden-
sector” at low energy and the information about supersymmetry breaking is communicated
to the standard model fields via gauge interactions [1-7]. These models naturally solve the
supersymmetric flavor problem. Recently the authors of [8] have defined the most general
model of this kind by the criterion that as the three MSSM gauge couplings a;—123 are
set to zero, the MSSM is decoupled from the hidden-sector. Despite this weak assumption,
the framework of General Gauge Mediation (GGM) leads to specific predictions about the
MSSM parameters [8, 9]. Using data from future experiments we will be able to examine
these predictions and to learn whether the idea of gauge mediation is correct or not.

However, it is well known that gauge mediation does not address the y-problem. Here
1 is the coefficient in the MSSM coupling

/dQHMHqu, (1.1)

where we denote the superfield by H and its bottom component by H.
The p-problem has several aspects. First, one would like to explain why p is of the
same order of magnitude as the various soft supersymmetry breaking terms in the MSSM:

:U'Q ~ mgoft . (12)



It is clear that in order to solve this problem in the context of gauge mediation, we
need to relax the definition given above. In particular, the Higgs-sector of the MSSM must
be directly coupled to the hidden-sector. Then, p is related to the hidden-sector scale M,
which can be dynamically generated, thus making it naturally small. Once p is set to the
right order of magnitude, the supersymmetric nonrenormalization theorem guarantees that
it remains of that magnitude.

The second aspect of the pu-problem makes it much more difficult to solve, especially in
the context of gauge mediation. The Higgs-sector includes various supersymmetry breaking
terms. There are quadratic terms

m2|Hy|? +m3|Hy|* + (B, H,Hy + c.c.), (1.3)

cubic A-terms A '
AYH,QW + ALH,Q'd + AL HyL'E’ (1.4)

(here and below we use the standard notation for the MSSM matter fields), “wrong Higgs
couplings”! ‘ '

ASHIQW + ALHIQT + ALHILE (15)
and various higher order terms. As we will review below, a typical coupling of the Higgs
fields to the hidden-sector leads to the unacceptable relations: p? < Bu,mi’ g+ So for

electroweak symmetry breaking the challenge is to ensure
2 2 2
B BH ~ mu,d ~ Moy, - (16)

Because of this challenge people often refer to this problem as the 1/ By-problem.

The soft terms mi 4 receive contributions both from the gauge mediation mechanism
and from the additional new couplings of the Higgs fields to the hidden-sector. To leading
order the gauge mediation contributions to m?2 and mfl are the same and they are equal
to that of the slepton doublet m%. The new contributions which will be discussed below
will be denoted by 5mi, g Similarly, we write for the A-terms da, 4 when referring to the
contributions induced by the new couplings.

We will find it convenient to follow [8] and to classify the models by the SU(2) repre-
sentation of the hidden-sector operators which couple to the Higgs fields. The first kind
of models involve SU(2) doublet hidden-sector operators ®,, 4 which couple to the Higgs
fields through the superpotential coupling

/d29()\uHu<1>d+>\de<1>u) . (1.7)

These models will be discussed in section 2. The second class of models involve an SU(2)
singlet hidden-sector operator S, which couples to the Higgs fields as

/ d?ONSH, H, . (1.8)

!These terms are rarely studied because they have high effective dimension and therefore are not included
in the MSSM. (For a discussion of effective dimensions in the MSSM, see e.g. [10].)



(S is the superfield and its bottom component is S.) The definition of the coupling constant
here as A? is for easy comparison with the class (1.7). These models will be discussed in
section 3.

We should emphasize that ®,, 4 in (1.7) and S in (1.8) are not necessarily elementary
fields — we have in mind a situation where these could be composite operators in a com-
plicated quantum field theory. Specific examples of these two classes have been studied
in the literature. For example, models of the kind (1.7) with &, 4 bilinear of other fields
were discussed in [11-13] and models like (1.8) with S an elementary fields are known
as NMSSM (see e.g. [11, 14, 15]). For additional examples and other approaches to the
problem, see e.g. [16-20] and references therein.

We will further divide each class of models into two subclasses depending on the scales
in the problem. First, the hidden-sector can be characterized by a single scale M and
the scale of supersymmetry breaking is also given by M. As we will see, these models
cannot satisfy our condition (1.6) with perturbative A. In the second subclass the hidden-
sector is characterized by two mass scales. There is some dynamics at the scale M but
supersymmetry is broken at a lower energy with

F< M?*. (1.9)

Such models turn out to be more promising.
The two classes of models (1.7) and (1.8) have some common predictions. The coeffi-
cients of the A-terms are small and are determined by the couplings

ayFj; Hy+agFj; Hy . (1.10)
The “wrong-Higgs couplings” (1.5) are even smaller and are determined by
a;FHdHu—l—aleHqu . (1.11)

After integrating out the auxiliary fields Fy, , in the presence of the operators (1.10), (1.11)
we find the terms (1.4), (1.5) which are proportional to the Yukawa couplings, and hence
satisfy the minimal flavor violation assumption.

In addition, our two classes of models have some different signatures. Models with
doublets satisfy the relations (1.6), while the models with a singlet have a more spe-

cific prediction

2

m2 =m2 =m%, (1.12)

Il

where again, m% is the left handed slepton mass squared. This relation represents the
gauge mediation contribution without additional contribution from the coupling (1.8). It
is evaluated at the scale M and must be renormalized down.

Therefore, once the soft terms are measured, they will be able to tell us whether the
microscopic model is of the gauge mediation type and will also point to the class of models
of the Higgs coupling. We also note that in both of our models the coefficients of the
effective dimension five operators of [10] turn out to be very small.



In section 4 we will present specific models in our two classes. They will demonstrate
that these classes indeed include viable models. Our examples are simpler than the known
models in the literature, thus opening the way to a more detailed model building work.

Finally, we would like to make one more comment. In this paper we follow the line
of thought of general gauge mediation [8] assuming that all the MSSM fields including the
Higgs fields are elementary. However, some of the gauge mediation results and some of
the results here are also valid when some of these fields are composite. Proposals in which
certain MSSM fields are composite include, for instance [21, 22].

2 Coupling the hidden-sector to the Higgs fields via SU(2) doublets

In this section we suppose that the gauge symmetry of the MSSM, SU(3) x SU(2) x
U(1), is embedded in a flavor symmetry of the hidden-sector, and consider two SU(2)
doublet operators of the hidden-sector ®,,, &, with a superpotential coupling them to the
Higgs superfields

W= ANHuPyg+ AgHyPy - (2.1)

We think of ®, 4 as having dimension 2 and )\, 4 are dimensionless. The bare ;1 term does
not appear in the superpotential. This could be due to a symmetry.

Integrating out the hidden sector dynamics leads to various terms in the effective
theory. The quadratic terms in the Higgs-sector at zero momentum are

L = ZuFH“FIJr{u + ZdFHdF]T{d + /dQH (Wl\/iLS:S?\/[ + MHqu> + Leoft + Lhard , (22)
with

— Loogy = mEHH + m3HoH] + (BuH Hy+ c.c.) + (aHuFly, + agHaFy, +cc.) |
—Lhard = (a;HuFHd + afinFHu + C.C.) + (’VFHuFHd + C.C.) . (2.3)

A few comments are in order. The hard term + gives rise to an interaction of four MSSM
sparticles once the auxiliary fields are eliminated. It is of large effective dimension and usu-
ally neglected, here we present it for the completeness of the Lagrangian to quadratic order.
Secondly, it is important to stress that the p, mi,d? B,, terms of (2.2), (2.3) are not the phys-
ically measurable values as we have not written corrections to the wave functions of the
Higgs and Higgsino particles. These corrections appear in the full momentum-dependent
effective theory. (On the other hand, corrections to the normalization of |Fp, ,|? appear
already at zero momentum.) If A, 4 are small parameters these momentum dependent cor-
rections are negligible and the physical values can be safely read from the zero momentum
effective theory.

2.1 Correlation functions and their properties

The Higgs parameters appearing in (2.2), (2.3) are all calculable in terms of (zero momen-
tum) correlation functions of the hidden-sector. The complete set of the relevant two-point



functions of the hidden-sector is
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where ¢, 4 are the bottom components of ®, 4. Some of these correlation functions can
be non-zero in a SUSY theory and the rest arise only due to SUSY breaking. To analyze
this more precisely we write some combinations of these correlation functions as variations
under supersymmetry transformations of other two-point functions. First, there are Ward-
identities for the R;; correlation functions of (2.4) (which follow from [Q, ¢] = 0)

1 _
5{Qas @i duadl AN P) = (RI{P) = pucha RS ®).

HQ 1Qa, 6008l 1) (0) = REA(H). (25)
af

Q" [Qar (@, (@, Duad!, NNW) = Fatr) — puc” s (RH0))™ ~ PP RE)

There are also similar identities for the Fj; correlation functions of (2.4),

T@a (@ ot 0) = —*Foolp),
£ (Qas @ Fon 0l )0) = pucs (22F0(p) — (Fia(@)),)
Qs [@ar 0uF2 I 0) = ~puoly (AFos() + (Fralw)), )

11Q% [Qu 0uFs 1) = Faalp) (26)

Obviously all the combinations of correlation functions on the right hand side of (2.5)—
(2.6) vanish if SUSY is unbroken. Suppose SUSY is broken and the vacuum energy density
is F2. Further, let us assume that this scale is smaller than the typical mass scale in the
problem M and then all the observables can be expanded in a power series in F//M?2. We will
not describe it here, but a careful analysis shows that in this limit correlation functions like
Q. 1@, (-)]}) can begin at linear order in F while correlation functions like ({@, [QT, (1)]})
necessarily begin at least at order F2. (We will provide some consistency checks though.)
Of course, symmetries or some other considerations can make both correlation functions
begin at an even higher order in F' and below we will see some examples of this phenomenon.

In terms of the correlation functions (2.4) we can evaluate the terms presented



in (2.2), (2.3). To leading order in the \,, Aq couplings the dictionary is

7
= 5)\u>\dF1,1(p =0),
om2 4 = —ilAual?Ry5(p = 0)
Bﬂ = —Z')\u)\dFQ,Q (p = 0) N
Saug = —il\ual* Ry (p = 0),
. 1
= v (Faolp =0) ~ 3Fa(p=0))

. 1
ay = —idyA\g <F0,2(p =0)— §F1,1(p = 0)) ;

Y= —Z‘)\u)\dFop(p = O) s
0Zua = ihua?RiG(p =0) . (2.7)
All of these correlation functions except the one defining 02, ¢ can be shown to be well
defined at zero momentum in the sense of being UV insensitive. This is of course what
we expect to find in a theory with spontaneously broken supersymmetry in the hidden-
sector. However, the function R&’g (p = 0) generally has a logarithm of the UV scale. The
reason is that this is precisely the supersymmetric wave function renormalization. As we
have remarked below (2.3), in a systematic expansion in A, 4 wave function renormalization
plays no role for the values of physical low-energy observables and hence this UV sensitivity
is irrelevant for our purposes.

There is a nice way to write all of these soft terms using an effective action packaged
in superspace. First let us discuss the terms proportional to either of |A2|, |\g|>. These
two-point function contributions to the MSSM soft terms can be summarized in an effective
action for the Higgs fields of the form

Sar=i [ 22 [0 (W PHA @) + P @)L p)) (29

where @, 4 are superfields. There is another way to write it which emphasizes the order in
F' at which each term begins

4 _ _
S =i [ 5 [0 (IPHALE D)) pe 00T 4w a)

(2.9)
The different observables mentioned in (2.7) arise by expanding (2.9) in components
and using the Ward-identities (2.5). The bottom component correlation function (¢¢') is
the supersymmetric wave function renormalization. The 66 represents corrections from the
non-supersymmetric dynamics to the wave function of the fermion. This correction arises
at order F2. The 92,52 terms are the A-terms, and indeed they arise at order F'. Lastly,
the 628" is responsible for the soft masses 5mi, 4 as well as non-supersymmetric corrections

to the wave function of the Higgs boson. Both of these effects are at order F? or higher.



Now, we turn to the superspace effective action for the terms proportional to Ay\g.
The result here is

4
Sta = s [ 557 [ AT D) D HA() (DR ()Pu(—p) + . (210)
We can write, analogously to (2.9),
1 (D)) = (¢CVTDE, (p)oy(—p)e ("2 (2.11)

from which we see directly that the bottom component contribution exists already in the
SUSY limit? and gives rise to the u term, while the others arise only once SUSY is broken.
The B, term arises from the §? component of (2.11) (and, therefore, may begin at order
F). The 8” term in (2.11) gives rise to non-supersymmetric contributions to the two-point
function Fp, Fp, for the Higgs fields (this eventually generates interactions among four
MSSM sparticles and higher order corrections to B, and the A-terms). This effect also
arises at order F in general. The 60 , 629 components provide the non-supersymmetric F
corrections to the correlation functions H,F'y,, HiFp, which give rise to the wrong-Higgs
couplings. It is important that although there is a p* in the denominator in (2.10) the
resulting component Lagrangian is regular.

Another, complementary, organizing principle for (2.7) is to write the effective opera-
tors which can generate them at low energies using a SUSY breaking spurion field. This
is also a way to make simple consistency checks on the order in SUSY breaking at which
these observables are generated. We, therefore, write all the terms with a spurion

F
X =60°— . 2.12
0> (2.12)

In this convention the spurion is dimensionless and the terms which are strictly soft
do not contain any further suppression by a high energy scale M. The relevant terms are

W = pHyHa + MHHX (2.13)
K = HuH], (X + x4 XXT) + H M <X + a4 XXT> . (2.14)

The coefficients of all these operators are in general independent. There are two operators
we have not written down in the Kihler potential, H,HqXT, H,HsXXT. The reason
is that these only shift the p and B, terms, so these operator can be absorbed in the
superpotential.?

It is easy to see that these operators give rise to all the soft terms. In addition, we
see that the A-terms and the B, term arise at linear order in F' while the 5mi7 4 baram-
eters arise only at the order F2?. In our language the latter property follows from the

2The bottom component is just (Fj,$q) which is related by SUSY transformations to a correlation
function of fermions and hence can arise in the SUSY limit. This is the content of the second and third
equations in (2.6).

% Another possible basis is to redefine holomorphically the Higgs superfield H = H(1 4+ X) with the
appropriate coefficient. This allows one to eliminate the linear terms in X in (2.14), but reintroduces new
terms in the MSSM superpotential coupling & directly to the quarks and leptons. Hence, for simplicity we
prefer to use this basis.



quartic commutator in (2.5), (FF")(p = 0) = {Q, [Q,{Q,[Q, (-)]}]}). The familiar expres-
sions (2.13), (2.14) are valid to leading order in F'. Our general expressions (2.9), (2.10)
generalize them to all orders.

As we have already discussed, there are also some other induced contributions at low
energies which are hard. For instance, the operator in the Kéhler potential

1
0K = —-Hu (D*Ha) xxt (2.15)

generates the operator H,, Fy, which gives rise to the wrong-Higgs couplings a’. Indeed, as
we expect from (2.6) these can arise only at order F?/M?3. The fact that we need covariant
derivatives to generate this term fits nicely with the superspace description (2.10) where
we had to use covariant derivatives to write the superspace effective action.

2.2 One-scale models

First, let us assume that the hidden-sector is a one-scale model, with scale M. It is easy
to determine all the soft terms by dimensional analysis. To leading order in A, 4 we have

po~ AuAgM
B, ~ M A\gM?
om2 g ~ |Aual® M?,
Sayg ~ |Mual® M . (2.16)
This results in
Bg ~ dmiom3 ~ 2 M? . (2.17)

We assume A, 4 < 1 so that we can expand in A, ¢ and ignore backreaction on the hidden-
sector. Therefore, M > p (this also follows from the formula for the gaugino masses
mg ~ agM < M) resulting in B,,, 5mi,d > 2 which is problematic for viable electroweak
symmetry breaking.

We conclude that this scenario is inconsistent. A possible way out is to consider param-
eterically strong mixing between the Higgs fields and the hidden-sector [13]. However, this
parameterically strong coupling makes the analysis challenging and more work is needed
in order to establish the viability of this approach.

It is important to point out here, that from this vantage point, theories in which there
is a scale M and some (usually different) SUSY breaking scale F' are actually effectively
one-scale models if all the soft terms and the y term are induced by SUSY breaking. Indeed,

in these theories the scaling of the soft terms is

F
/’LN)‘U)\dﬁa
F2
M2
) F?
M2
F
M.

B, ~ Mg
5mi,d ~ ’)‘u,d\

Saud ~ |Aual” (2.18)



This behaves for all purposes essentially in the same way as (2.16). From the formula
for the gaugino masses mg ~ ozg% we conclude that % > mg ~ p. Thus the analogous
equation to (2.17) precludes electroweak symmetry breaking.

One imaginable resolution of this specific problem is to engineer field theories in which
the scalings (2.18) are violated in such a way that 5mi7 4+ By are actually absent at leading
order and arise only at higher orders in some small parameter of the hidden-sector. As we
will demonstrate in section 4, such mechanisms are easy to come up with for the B,, term
as it may carry various charges under PQ and R symmetries, but mi 4 are neutral under all
symmetries and it would take a complicated modular structure to achieve this suppression.

For all these reasons we are naturally led to consider genuine two-scale models. These

behave differently than the scenarios presented so far.

2.3 Two (and more) scale models

Here we will study models with two scales such that F' < M?2. The main new point is that
we will assume that yu is generated in the supersymmetric limit F' = 0.4

According to our counting of powers of F, as follows from (2.6) and (2.7) the B,
term may arise at linear order in F'. This does happen in some examples, but contrary
to the case of mi, 4> Since the B, term is sensitive to various global symmetries (and the
leading order in F is also subject to holomorphy considerations) it is easy to suppress this
contribution. Consequently, we henceforth assume that the leading contribution to the B,
term comes at most at an order F2. One simple and explicit (symmetry and holomorphy
based) mechanism to ensure this will be presented in section 4. The scalings in this scenario
are typically of the form

oo~ )\u)\dM,

F2
By ~ A

5m12L,d ~ | Audl
6au,d ~ |)‘u d|

mg ~ Qg (2.19)
where M is the hidden-sector scale. We have also included the typical order of magnitude
of gauge mediated contributions in the form of some gaugino mass.

In a large region of parameter space these equations are consistent with viable elec-
troweak symmetry breaking. In general, allowed regions are those of small A, 4 and small
SUSY breaking.® This is consistent with the assumptions leading to (2.19).

One particularly interesting case is when the new contributions from the couplings (2.1)

are roughly of the same order of magnitude as the gauge mediated ones. It is easy to see

1A conceptually similar assumption regarding electroweak symmetry breaking was discussed in [23].
®Small SUSY breaking is easily achieved in many calculable models of SUSY breaking (for several
examples, see e.g. the review [24]).



that this happens when
F

M2

In this region of parameter space, the contributions from the new couplings do not only

~ Aud ~ g~ 1070 1072 . (2.20)

give rise to a u term but also modify the electroweak breaking parameters significantly.
On the other hand, the da,, 4 terms scale as da, g ~ |Ayq 2% which means that ¢ < p and
hence they are small and universal in this scenario. Similarly the wrong-Higgs couplings
are even smaller than the A-terms (because they have further F//M? suppression).

One could have expected that in order for the contributions from (2.1) to be comparable
to the gauge mediated contributions there would have to be some rough relation between
the order of magnitude of A and the gauge couplings. It is especially encouraging that the
couplings to the hidden-sector required in this scenario have garden-variety small values
and need not be extremely small or severely tuned. It would have been nicer to derive the
relations (2.20) from a more complete theory, but we would like to stress that assuming
the order of magnitude (2.20) is natural both technically and aesthetically.

If the F-term in the scenario discussed above is the highest F-term in the problem,’
the gravitino mass in this scenario comes out to be

mg ~ 10eV — 10keV . (2.21)

Moreover, in any realistic account of low-energy predictions from SUSY breaking, modifi-
cations to the formulae of gauge mediation for the Higgs fields should be taken into account
but the A-terms remain negligibly small in this framework.

To close this subsection we mention that another specific proposal based on two scales
involved in generating the Higgs parameters has been discussed in the literature [12, 25]
(for more recent works see also [26] and references therein). In essence, the idea is to
use a superconformal hidden-sector to suppress the dangerously large terms by appropri-
ately chosen anomalous dimensions. In this scenario the most straightforward estimates
of the soft terms are violated due to a peculiar hidden-sector dynamics. It is important
to emphasize that to date there is no known superconformal theory which satisfies the
necessary inequalities on anomalous dimensions and it will be interesting to see whether
such a theory exists.

3 Coupling the hidden-sector to the Higgs fields via an SU(2) singlet

In this section we study another possible way of coupling the Higgs fields to the hidden-
sector, through an SU(2) singlet superfield S.7 A familiar example of such a setup is the
NMSSM. The superpotential is generally given by

W= NSH,Ha+ ... . (3.1)

SThat is, we assume that there are no other decoupled fields which have F-terms.
"If S is an elementary superfield it might develop a large (divergent) tadpole which can destabilize the
hierarchy. Symmetries prevent this problem in the examples in section 4.

,10,



S does not have to be a fundamental singlet, we can think of it as some composite operator
in which case the coupling above is non-renormalizable in the UV.

Our zero momentum Lagrangian in components, dropping the terms coming from the
Kahler potential, is

L=\ (—shy, Hq — Vs, Hy — S, bu, + FsHyHy+ SFu, Hy+ SH,Fy,) + c.c. .
(3.2)

At leading order we see that the vevs of S and Fg determine
p=X(S),  B,=N(Fs). (3:3)

Note that at this order in A, no other soft terms are generated. This is different from
the case we analyzed in the previous section.

The soft non-holomorphic supersymmetry breaking masses in this theory arise at the
order A\* and involve a one-loop computation (we display the 1PI terms of the correlation
functions hereafter)

)\4
2m)?

~(Ha D HL N FS(-0) P~ Py, F), (~0)(S(-0S'@).

S{HudHl o =~ [ d4q(@Hd,u<q>m,u<—q>><Es<—q>¢s<q>> (3.4

To leading order in A (and dropping the subleading corrections from the MSSM) we
can replace the correlation functions of the Higgs fields by their free values obtaining
)\4

Sl o = gy [ P Han(—0)H}0)

. <a~qu<ws<q>@s<—q>> (Fs@Fb () + q2<s<q>s*<—q>>>

~ it [ 15 (100 @.@.5@S (o) - (35)

Note that ém2 = &m?2 in this scenario. Similarly, the A-terms arise from the HF'T
two-point functions, which are given by a similar formula

4
(HaFl, oo = ~gpet [ a(Hano) B, (~0)(S(-0) i)

~ i [ (@RS ) . (3.6

Obviously, the two A-terms are the same and universal.

To emphasize again, a strikingly different character of a coupling of the form (3.1)
compared to the case analyzed in the previous section is that the non-holomorphic masses
and A-terms arise at different orders in A compared to the p and B, term. One could
also discuss the other induced renormalizable couplings, like the wrong-Higgs couplings.
It turns out that these arise starting from two-loop diagrams. (They are given by double
integrals over certain combinations of three-point functions of the hidden-sector.)

— 11 —



3.1 Omne-Scale

If the hidden-sector is a single-scale theory, the vevs of S and Fg as well as all the correlation
functions are fixed by dimensional analysis:

poe~ XM,
B, ~ N*M?,
2 e
1672 ’
)\4
M .
1672

2
5mu7d ~

(3.7)

0y 4 ~

Thus, this scenario predicts a ratio which is too large between B, and p. One may
imagine some ways to tame the large B, term, in which case this scenario becomes viable.
Note that unlike the one-scale scenario in the case of coupling the Higgs fields to hidden-
sector doublets, 5mi7 4 are small in this framework and are not problematic. These are the
ones which are typically harder to suppress (as they are neutral under all symmetries),
while it is rather easy to come up with mechanisms to suppress the B, term as we shall
see in section 4.

The case in which the p term is generated due to SUSY breaking is effectively obeying
the same relations as a one-scale model although it really has two scales VF, M. Indeed,
in this case we typically get

F
~ N2
H I
B, ~ N°F,
5 )\4 F2
wd T 62 M2
\F
(5au7d ~ WM . (38)

Obviously, here we encounter again that the ratio of B, to u is too large. Note that a
further suppressed B, ~ )\2]\5;[_22 is not enough. We conclude that to realize this scenario in a
phenomenologically viable way, the B, term has to be suppressed presumably by additional
powers of some small hidden-sector Yukawa couplings. This framework is precisely the one
in which the the u/B,-problem is often discussed and some explicit solutions have been
proposed [11, 14-20]. These solutions rely on the following fact. Since the p term in (3.8)
generally arises at the one-loop order of the hidden-sector, this means that one has to ensure
that the B, term is generated at two loops or higher order. This is not easily achieved,
so one has to engineer hidden-sector theories with several components which communicate
weakly.

3.2 Two scales

Having seen that one-scale models are hard to build we turn to models with two scales, one
associated to a mass scale M and the other is the scale of SUSY breaking v/F. In analogy
with our discussion in the previous section, we propose to consider models in which the p
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term is generated in the SUSY limit while the B), term, as well as all the other soft terms,
are generated by SUSY breaking. As in the previous section, there exist simple ways to
suppress the leading large contribution to the B, term. For instance, unlike in (3.8), if B,
arises at order F'2/M?, we can find realistic electroweak symmetry breaking. Furthermore,
as we will see in the next section, it is easy to come up with other mechanisms to suppress
the B, term without introducing complicated multi-component hidden-sectors.

Having assumed that, we are led to the naive estimates

po~ XM,
B, < \F,

A\t F?
1672 M2’
\OF
162 M

2
5mu7d ~

(3.9)

0ay,q ~

As in the previous section, we see that that these models lead to electroweak symmetry
breaking if the couplings A, 4 are small (validating our analysis). In some realizations one
also has to require that SUSY breaking is small F' < M?, but not always. In section 4 we
will see an example where B, /1 ~ msgog is guaranteed by the dynamics of the model and
one could typically have A2 ~ 1072

The models (3.9) are interesting because they give rise to a universal prediction. Since
A is a small parameter, 5mz7 4 are always negligibly small which means that the gauge
mediated contributions to mid dominate. So, we expect the Higgs soft masses to be
virtually identical to the slepton-doublet mass (at the boundary scale of the RG flow)

2
u

m2 =m3 = m% . (3.10)

Consequently, the two different ways to generate p and B, have rather different possi-
ble signatures. The one summarized in (2.19) provides a space of possibilities with 5mi7 d
potentially comparable to the gauge mediated contributions. The mechanism based on a
singlet coupling to H,Hy (3.1) predicts that all the non-holomorphic mass terms are dom-
inated by gauge mediation. On the other hand, it is a common feature of both situations

that the A-terms and the hard terms are negligibly small.

4 Explicit models based on messengers

So far our discussion has been very general. It applies to many theories including models
of dynamical supersymmetry breaking where all the dimensionful scales are dynamically
generated. In this section we will consider explicit examples. These will be weakly coupled
theories with canonical Kéhler potential and explicit dimensionful parameters. We can
view them as effective theories of other, more complete theories. The purpose of study-
ing these examples, apart from their own interest, is to provide existence proofs of our
general discussion.

We will investigate models of messengers which have R-symmetry and can generate
the Higgs parameters. Models of messengers with R-symmetry were studied in the context
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of gauge mediation in [27] and were shown to possess certain appealing features. Here we
will see that R-symmetry is useful for the Higgs-sector model building too.

4.1 Hidden-sector doublets

Consider a general model of messenger fields arranged in column vectors 7 and 7. Let us
suppose that these messengers are coupled to the Higgs fields as follows

W = My (\Hun" ¢ + AaHae ) + 0" M7 + X027, (4.1)

where ¢, ¢ are some column vectors (which project on SU(2) doublets) and M, A are ma-
trices. My is a mass scale roughly of the order of entries in the matrix M. To respect
messenger parity we impose that the matrices M, \ are symmetric (up to a unitary trans-
formation).8

In general one can imagine that such a theory arises in the low energy description of
some dynamical setup where the operators ®,, and ®, are dimension two operators in the
UV undergoing dimensional transmutation and become Myn” ¢ and Myc! 77, where 1 and 77
are dimension one fields at low energies. In this context, the absence of a tree-level p term
is either guaranteed using some high energy symmetries or can be simply assumed to be
generated only due to non-perturbative dynamics.

We will denote

M=M+XX\. (4.2)

X is imagined to be some hidden-sector superfield whose bottom component and F-
component have vevs
X =X+0°F . (4.3)

Classically integrating-out all the messenger fields is straightforward. The resulting
superpotential and Kéhler potential are

Wet = —MEX g M~ H Hy (4.4)
1

e = Nl 2HH T ((M*l)*(Mfl)TEET) + NP M T <(M’1)TM’lccT> (4.5)
0

Now we can find the 4 and B, terms and the other soft terms. Let us begin with the
contributions arising from the superpotential. The result is directly read from (4.4) and it
is given for small F' by

1
o — A2 ~T
o= MsA,AgTr <M+X)\CC > , (4.6)
B, - F-2 (X) = MEXA\GFTr L 1 & (4.7)
w= Pgx ) T o dund M+ XN M+ XA ' '

Note that p is generated even for F' = 0. Since the right hand side of (4.7) is non-zero in
generic models of messengers, we get B,, ~ F'. This is too large.

8We thank Michael Dine for a helpful comment about messenger parity.
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The leading order contribution to B, in (4.7) can be easily excluded if we assume that
the couplings (4.1) respect an R-symmetry such that R(H,) + R(H;) = 2 and R(X) # 0.
These conditions (and holomorphy) guarantee that pu(X) of (4.6) is independent of X.
Therefore, B, in (4.7) vanishes at the leading order. Note, that here we used a selection rule
due to a U(1) g symmetry even though it is spontaneously broken due to the nonzero vev X.

The corrections to the Kéhler potential in (4.5) give rise to the soft non-holomorphic
masses and A-terms. Other corrections due to higher derivatives or quantum effects lead
to a negligible B,,.

Additional curious feature of (4.1) (but not of the entire class) is that 5m3’ 4 turn out
negative. This can be seen directly from (4.5), or by using the more general argument
in [9]. From the phenomenological point of view this means that in these models the soft
non-holomorphic Higgs masses are always smaller than the gauge mediation value.

In order to infer the gaugino masses we have to study the determinant of the mass
matrix, det(M). The conclusion, as explained in [27], is that if

> (2= R(m) — R(W)) #0, (4.8)
1
the gaugino masses are expected not to vanish at leading order in F'.
To summarize, R-symmetric models of messengers which couple quadratically to the
Higgs fields and satisfy the simple conditions
R(X)#0, > (2= R(m)—R()) #0,  R(H.,)+R(Hg)=2  (49)
7
lead to viable models of the type discussed around (2.19), sharing all the general features
of this class of models, but also give rise to more special traits. (Especially, a negligible B,,
term and negative 5mi, 4-) The typical scalings of soft terms in these models are

F? 2 F

po~ MM, B,=0,  dmi,~ Mwﬁﬁ, Saud ~ | Nud 7 (4.10)
and we also know that
smi 4 < 0. (4.11)
4.2 Hidden-sector singlet
Consider a theory of the form discussed in (3.1)
W = )\287'(qu + Whidden - (4.12)

In this subsection we will discuss two simple hidden-sector theories described by the

superpotentials ?

3
1 ~ ~ ~ ~
W}(lic)lden =& ( Z pipi + 7777> + Sp1p2 + Mpaps, (4.13)
i=1
4
2 . _ _ _
Withion = X ( > Wh‘) + 8 (M2 + n37a) + Mn2ns (4.14)
i=1

“These models closely resemble those of (E)OGM [27]. The precise relation is that we have promoted
some of the mass parameters of (E)OGM to a chiral superfield S.
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where M is some mass scale and as above
X =X +0°F (4.15)

is fixed.!'Y The superfields p and p in (4.13) are neutral under the gauge symmetries, while
the messengers 7 and 7 in (4.13), (4.14) transform as 5& 5 of SU(5). It is important
to remark that we concentrate on the specific models (4.13), (4.14) for simplicity. Our
conclusions and analysis apply to more general models of messengers. Note that both
theories are generic for some U(1)r symmetry and a set of U(1)’s. The existence of an R-
symmetry is important for the mechanism described below to operate. It is also important
to note that both theories (4.13) and (4.14) respect messenger parity. Finally, these models
clearly generate all the usual soft masses via gauge mediation.

Our purpose is to study the dynamics of the & superfield. S is a pseudo-modulus
and Fg = 0. The idea is that these tree-level properties allow for S to acquire large vev
(of order M) once quantum corrections are incorporated. This vev is not suppressed by
the loop expansion parameters. However, the expectation value of Fg is proportional to
the loop expansion parameter and therefore it is naturally much smaller than the largest
F-term in the problem (4.15).

Once the messengers are integrated out, an effective Kéhler potential is generated [28]

Ko = SST -

=T [MMT In (MMT /A2>] . (4.16)

We have denoted by M the total mass matrix appearing in the superpotential.
In components this Lagrangian takes the form

£ = (1+ By x10Karr) FF! + (14 05,510Kerr) FsF} + (Ox s10Ken FFY + ) . (47)
To leading order in the loop expansion the equation of motion of Fg is
Fg = —F0x gt0Kef (4.18)

which leads to a one-loop generated F-term for S.
The resulting Higgs parameters from this general mechanism are
F

— 22(G) ~ )2 _ )2 2
p=XUS) ~ MM, By =N{Fs) ~ N

(4.19)

Note that % ~ ﬁ% comes out automatically at the electroweak scale. This model does
not require decoupled sectors with complicated interactions to solve the p/B,-problem,
rather, once we assume the p term arises due to supersymmetric dynamics the model
building simplifies dramatically. Lastly, as explained in section 3, mi 4 are dominated by
the gauge mediation contribution.

For the sake of having a numerical example, consider (X) = M. Then, the minimum of
the potential of the first model (4.13) is at S &~ 0.40M with Fg ~ =25 F, and the minimum

3272

of the potential of the second model (4.14) is at S ~ 0.43M with Fg ~ 32%1:1'

%0ne could have also studied the effective potential for X and search for models in which it is stabilized.
(This comment is relevant for the previous subsection as well.) In this way we would remove the need for
assuming the vev and F' term of X, but for simplicity we do not perform an exhaustive analysis of this
possibility here.
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