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ABSTRACT: We describe a framework for gauge mediation of supersymmetry breaking in
which the messengers are charged under the hidden sector gauge group but do not play
a role in breaking supersymmetry. From this point of view, our framework is between
ordinary gauge mediation and direct mediation. As an example, we consider the 3-2 model
of dynamical supersymmetry breaking, and add to it massive messengers which are SU(2)
doublets. We briefly discuss the phenomenology of this scenario.
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1. Introduction

If supersymmetry exists in nature, it must be broken at or above the TeV scale, and this
breaking must take place in a hidden sector. Communicating information about super-
symmetry breaking from the hidden sector to the supersymmetric Standard Model (SSM)
is elegantly implemented by gauge mediation. One advantage of gauge mediation is that
the entire model, including the SUSY-breaking dynamics as well as the mediation itself, is
described by quantum field theory and does not depend on unknown Planck scale physics.
Another advantage is that the sfermions are naturally degenerate, thus avoiding difficulties
with flavor changing neutral currents.

The original gauge mediation models [[] - ff] involved an O’Raifeartaigh model in which
supersymmetry is spontaneously broken at tree level. It is more desirable to break SUSY
dynamically [f]. This was first attempted in [ff], where a SUSY-breaking model with a large
flavor symmetry was considered. A subgroup of this flavor symmetry was identified with
SSM gauge fields, which mediated supersymmetry breaking. An immediate problem with



this idea is that typically such theories require extended gauge groups which effectively con-
tribute extra flavors to the SSM. This leads to unacceptable Landau poles at low energy [f].

This problem was one of the motivations of [[]-[] for introducing messengers which
are charged under the SSM gauge group but invariant under the SUSY-breaking gauge
group. In Minimal Gauge Mediation (MGM), the messengers couple to a singlet hidden
sector field X via a superpotential. Through hidden sector dynamics, X gets a vev and
F-term. This interaction splits the scalar masses of the messengers which in turn induce
gaugino masses at one loop and sfermion masses at two loops. For a review see e.g. [[L(].
A variant of this idea in which the messengers are coupled to the SUSY-breaking sector
via additional gauge fields was suggested in [[L]. It is unfortunately difficult to find a
completely satisfactory MGM model which includes both the SUSY-breaking sector and
the coupling to the messengers. Not only are these models quite complicated, but the singlet
chiral superfields can radiatively acquire large tadpoles, thereby destabilizing the vacuum.

Some authors, e.g. [I2—[[4], have constructed models along the lines of [ff] in which the
messengers participate in the SUSY-breaking mechanism. Such models are referred to as
direct mediation models. These models avoid the Landau pole problem of [fJ] by various
mechanisms such as pushing the vevs of some of the fields to large values.

In this work, we consider a framework which is between direct mediation and MGM
models. In our model, the messengers are directly coupled to the hidden sector gauge
fields but do not play a role in breaking SUSY. We will therefore refer to this framework
as Semi-direct Gauge Mediation.

More specifically, we introduce messengers ¢ which transform both under the hidden
sector gauge group and under the SSM gauge group. The only tree-level superpotential
for the messengers is a mass term W = m/f? (a similar idea was used in [[§]). If m is
larger than the SUSY breaking scale and the messengers ¢ remain weakly coupled, the
coupling to the hidden sector gauge fields leads to nonsupersymmetric masses for ¢, which
eventually lead to the soft terms in the MSSM. Alternatively, if m is small or the messengers
are strongly coupled, it is more difficult to analyze the dynamics and we have to use the
more general framework of [If]. A purist might object to our explicit mass term in the
Lagrangian, since it is clearly more satisfactory to generate all dimensionful parameters
via dimensional transmutation. However, there are a variety of known mechanisms for
generating such mass terms by embedding our theory in a more complete microscopic
theory. We will not discuss them here.

It should be emphasized that all these different mediation schemes fall under the unified
description of general gauge mediation [[[]. However, specific models can have different
predictions which could be tested at the LHC.

Our goal in this paper is to provide a calculable example within our framework. Many
of the lessons from our analysis can easily be carried over to other examples. The model we
consider is a natural extension of the 3-2 model [ff], which is a calculable example of dynam-
ical supersymmetry breaking. We simply add to this model 2Ny massive SU(2) doublets,
which serve as messengers. A careful analysis of the low energy effective theory reveals that
the dynamically generated F-terms induce non-vanishing auxiliary D-components, even
though the vacuum lies close to the D-flat directions. The latter D-components generate



SUSY-breaking masses for the messengers at tree level. At one loop, other SUSY-breaking
contributions are generated and dominate when the messengers are heavy.

Although we have not worked through the detailed phenomenology of our model,
we do mention some steps in this direction. Our model avoids some common problems.
We automatically have an approximate messenger parity symmetry which prevents the
sfermions from getting negative mass squared contributions from FI D-terms. Furthermore,
our model has the benefit of being CP-symmetric as well as breaking the R-symmetry. Even
though the messengers have nonzero off-diagonal masses of order F', somewhat surprisingly,
the gaugino masses vanish to leading order in F. We have only a preliminary analysis of
the sfermion masses. A more detailed discussion will determine for what values of the
parameters our model is phenomenologically viable.

The outline of this paper is as follows. In section 2 we describe the model and take
the fastest route to extract its main features. In section 3, we derive these results by first
analyzing the moduli space of the low-energy effective theory and then studying the effective
potential on it. We begin section 4 with a general discussion of how to integrate out massive
vectors in unitary gauge. We then use this method to re-derive the messenger masses in
our specific model. In section 5 we compute the one-loop corrections to the messenger
masses. In section 6, we discuss some preliminary phenomenological results. Finally, in
appendix A, we discuss the relationship between our derivations in sections 3 and 4.

2. The model

We now describe the specific hidden sector model we will use in this paper. Our goal in this
section is to lay down the model and quickly present the results, which we achieve simply
by minimizing the potential in Wess-Zumino gauge. In later sections we will re-derive
our results by two different methods and present a methodology which is more general.
In particular, if a theory has no weakly coupled description, one of the methods of the
subsequent sections may be a more natural starting point.

2.1 The model

Our starting point is the 3-2 model, which was first presented in [f] as the prime example of
a calculable model that dynamically breaks supersymmetry. The 3-2 model is an SU(3) x
SU(2) theory with matter content similar to that of one generation of the Standard Model.
We extend this model by adding massive SU(2) doublets which we refer to as messengers.
The matter content of our model is

SU(3) SU(2)
Qy O O
. 0O 1
= 2.1
i 0 1 (2.1)
4 1 0O
A O

where = 1,2,3 and A = 1,2 label the SU(3) x SU(2) gauge indices and ¢ = 1,...,2Ny.
Note that if the theory has no superpotential, the fields u and d can be combined into a



two-dimensional vector @ of SU(3) triplets. Similarly, L and ¢ can be combined into a
2N + 1 dimensional vector £ of SU(2) doublets.
We add an Sp(NNy) x U(1) x U(1)g invariant superpotential

Wisee = hQdr L + Z-T5t" P e, (2:2)
where
01
Jii =\ _1 o] @y (2.3)

with 1n,xn, the Ny x Ny identity matrix. Without loss of generality, we choose h, m, Aa,
and A3 to be real. The Kéhler potential is canonical.

We are interested in studying the case where Ny is large enough that the SSM gauge
group can be embedded in the Sp(Ny) flavor symmetry. It then follows that SU(2) is IR
free and its gauge coupling is small, go < 1. Consequently, the SU(3) dynamics dominate
and produce a nonperturbative term [[7]. The effective superpotential takes the form?!

7

~ A m P
Weg = hQdL + —3— + — J;:02"Bie 4 5. 2.4
F Q w00 27 AB (2.4)

Working in Wess-Zumino gauge, the above superpotential induces an effective potential
V = Vg + Vp, where Vp = 5" [0W|? and

9 I 2 g I 2
Vo = 2 (¢ Tdyme) + 2 (6T )0 (2.5)
8 8
are the usual potentials resulting from integrating out the F' and D auxiliary fields. ¢
denotes all the matter fields.
2.2 Minimizing the potential
We now take the model presented above and derive the messenger spectrum by minimizing
the effective potential. Scaling all the fields as
¢ =h""TAs3p (2.6)

shows that for sufficiently large m,
g2
Ve~ WAL Vp~ “2Vr. (2.7)

For h < g9,93 < 1, (1) implies that Vp vanishes to leading order. Without loss of
generality, the D-flat directions are

a0 a0 5

~ a2 — b2

Q=10b], Q'=[o0b], L:< 0 > (=0. (2.8)
00 00

"We follow the conventions of @] which differ in the normalization of the nonperturbative term by a
factor of two relative to



Minimizing Vg leads to

As Ag

This is the minimum found in [fi], with the messengers at the origin. Furthermore,

SUSY is broken and the F-terms are

hava? =0 — 4 0 oo
7
_Féz—F@: 0 _% ) —Fzz < 0 ), F,~0 (2.10)
0 0

giving a vacuum energy
V ~ 2418 h1/TAL (2.11)

This minimum breaks the R-symmetry.
Using the scaling (R.6) and including the next order correction in h%/¢?> < 1 we see
that at next order D-terms do not vanish,

2
g
DI = 7¢TTI¢ ~ RY2TAZ, (2.12)

It is interesting that this expression is independent of go 3. We will explain this fact in
more detail below. These nonzero D-terms are important because they lead to nonsuper-
symmetric mass terms for the messengers.

We distinguish between two kinds of nonsupersymmetric mass terms, mé%T and mgdﬁz,
which we refer to as “diagonal” and “off-diagonal,” respectively. (B.12) contributes to the
diagonal masses at tree level, with

m2 ~ 1.48h12/TA2, (2.13)

These contributions to the messenger masses carry a positive sign for the first component
of the SU(2) doublet and a negative sign for the second component. Thus, we find masses
m? £ mg at tree level. The messengers are not tachyonic provided m > my.

At tree level, there are no off-diagonal masses. However, at one loop, such terms are
generated. An explicit computation yields

m2y ~ 0.07aah8TmAs, (2.14)

where ag = g3 /4m. Moreover, the corrections to diagonal masses contribute to the super-
trace over the messenger sector, giving

Strm? ~ —0.71Nagh'2/TA32. (2.15)

One can derive the results in this section by working in Wess-Zumino gauge and mini-
mizing the potential. Below we re-derive these results via two different effective field theory
calculations. These derivations provide important insights and unravel subtleties which ap-
pear in one or both of the methods. In particular, we show how nonzero D-components
emerge in a model with F-term breaking and explain why many of the results in this section
generalize to other examples.



3. Macroscopic effective Lagrangian I: using gauge invariant variables

In this section, we re-derive our tree-level results of the previous section via a low energy
effective Lagrangian. We first ignore the superpotential (R.4) and study the classical the-
ory. This theory has a moduli space of vacua M which is given by the D-flat directions
modulo gauge transformations. We study the metric on this moduli space using manifestly
gauge-invariant coordinates. Then, we add the superpotential (2.4) and examine its con-
sequences. In the next section we will perform the same analysis by using unitary gauge.
Such discussions based on the low-energy effective theory may be more natural starting
points in some cases, e.g. when there is no weakly coupled description and the methods of
section 2 cannot be used.

3.1 The classical moduli space

As we remarked above, if there is no superpotential we can combine L and ¢ into a 2Ny +1

vector of doublets? £4% withi =1,...,2N ¢+1, and combine u and d into a two dimensional
vector of triplets Q%. The moduli space of vacua M is characterized by the gauge invariant
polynomials
~ 1 ~ ~
Y = det QrQi = 3¢ easQrQAQL Q%
7' = QrQuLh (3.1)

VZ_] — GABEAiEBj,

where V% is antisymmetric in its indices. Recall that » = 1,2,3 and A = 1,2 label the
SU(3) x SU(2) gauge indices, and ¢ = 1,...,2Ny + 1 and a = 1,2 label the SU(2N; +
1) x SU(2) global symmetry indices. The SU(2) global symmetry was not present in the
previous section, since it is explicitly broken by the superpotential (R.3). These fields are
subject to the constraints

775 — YV =0
6ijklmn...‘/ij‘/kl =0 (32)

e,-jklmn,,,Zmij = 0.

M is singular at Y = 0 because for Y = 0 the gauge group is not completely broken. Away
from Y = 0 the gauge group is always completely broken and hence neither the space nor
its Kéhler potential can be singular. In what follows we will exclude the subspace ¥ = 0.
We can then solve for V¥ = ZiaZjﬁeag /Y and parameterize M by Y and Z'® without
constraints, since the remaining two constraints are automatically satisfied.

We will be interested in the subspace Mx C M with

00...0X!
Zz(OO...OXz) (3.3)

2We use the same letter i to label both the SU(2N; + 1) index of £4? and the SU(2N;) index of £4°.
We hope that this does not cause confusion.



with complex X*=12 = Z?=2Ns+L @ and Y. Using the isometry we can set X2 = 0 and
rotate X! and Y to be real and positive. Microscopically, this subspace corresponds to
£=0.

3.2 The classical Kéahler potential on M x

First, we determine the classical Kéhler potential on M x. Here the SU(2N;+1) x SU(2) x
U(1)z symmetry is broken to SU(2Nf) x U(1) x U(1), and we separate Z into

X — Zi:ZNf-l—l, « , Uia — Zi;:é2Nf—|-17 o (34)

In this notation M x is characterized by U = 0, so it is parameterized by X* and Y. Its
normal space is parameterized by U™,

As we said above, M x is isomorphic to the moduli space of the theory with N; = 0.
In this case K° was derived by [, [[J). One way to reproduce it is as follows. Using the
symmetries of the problem and dimensional analysis

KU =0) = /[Y[g(T),
X xo

for some real function g(T"). Since all we need is to determine a single function of a single
variable, T, we can do that in a convenient point on M x. This can easily be done using
the point (R.§) where

Xt =da?\a2 - b2 , X2=0 , Y = a®b?. (3.6)

We can invert these expressions by solving for a and b,

a2=\/17f<T=(;(%> and b2=£ (3.7)

where f(T') satisfies
(T = f(T)—T =0. (3.8)

The solution to this equation is

f(T) = L [(9T + /8172 — 12)1/3 + (9T — \/81T27—12)1/3}

181/3
T 31% 713
:1+§_T+7+O(T4)‘ (3.9)

Now we can find the Kéhler potential by substituting this in the microscopic Kéahler
potential and extending it to arbitrary point in Mx using the general form (B.5):

AT M — 112 L2 2 _ 342 4 32— 1
KU =0) = QP +|Q” + L] = 3a* + b \/m<3f(T)+f(T)>. (3.10)

Using (B.§) one can see that this expression agrees with the result of [, [[].



3.3 The Kahler potential around M x

Next, we find the classical Kahler potential in the vicinity of M x. Using the symmetries
of the problem and dimensional analysis

1 1
K = [Y|2KS(T) + meI(T)\UP + ‘ ‘SKSI(T)(XTJIX)(UTJIU) +0O(U%Y,  (3.11)
where ol are the Pauli matrices and
U = UlLU
Xl X) = X1 olo x5 3.12
a®p

Ute'U) = UL o) U™.

The first term in (B:11), |Y|/2K¢, is given in (B.10). We now turn to finding Kflz
These two functions of a single variable can be determined by matching the K&hler potential
at a particular point (B.6) on Mx.

In the vicinity of Mx the coordinates U’ are infinitesimal, and we can relate them
to the microscopic fields £4%. The advantage of doing so is that the Kahler potential is
canonical in ¢4? to leading order. Using (B.1) and expanding around (R.§) we have

U=t = A= 0(%) U =02 4 0(). (3.13)

The O(£2) terms in (B.13) arise because the D-terms require |[LA=H2 3", [£4=14)2 = a2 —p2,
Using (B.13), the U dependence of K is

1

b
Comparing with the general expression (B.11)) for X2 = 0 we identify

Y Y 14 f(T) Y Y 1- (1)

. 1 . .
0 = £ 04 = EULU” + —ULUZ + o). (3.14)

Ki = 51t o = (T2 3 = el T 2T F(T)2 (3.15)
This concludes the derivation of K up to order U2.
3.4 Adding a superpotential
We now turn on a tree level superpotential
Wisee = hd, QuL* + Tyt "t eap. (3.16)

In the low energy effective theory we express (B.16]) in terms of the macroscopic variables
and add the instanton-generated term. The effective superpotential is
Al Uieyis

m
We :th ~ a5 Jij€a

This superpotential removes the moduli space of vacua. Since we will only be interested

(3.17)

in an open set around the minimum of the potential, it is convenient to make another change

of variables o yo
_ Y G (3.18)

U = yi/2 ) ~ y3/a-




These are locally holomorphic away from Y = 0, and since we want the gauge group
to be completely broken, we will always take Y # 0. The monodromy under Y — €2™Y is
irrelevant for our analysis of the physics near the minimum of the potential. The advantage
of these transformations is that they remove all nontrivial Y dependence and, in particular,
remove the coupling of Y to U. Using these variables, (B.11]) and (B.17) become

1 ~ ~ o~ o~ ~ ~
= YR KG(T) + K{(D)|U)? + Ks\(T)(XTo! X) (Ul U) + O(U*)
~ AT ~ o~
Wer = hY 3 X' + 22 4+ ZTeapU 077 (3.19)
= | X

To compute the metric on moduli space and the effective potentlal we expand (B19)
around a point in M x, keeping terms up to second order in U. In the Y, X U basis, the
metric takes the form

where
o 9yy gy)y 0 (1) 0 (0) 0
1
000 0 9vx 9uw
and

o = (Kf' = TK$")8]67 + 2K5 X[ X6]

1 K o) 5 OK¢! ~ JPSN
g = (W;ngﬁ + 00 ) [UF + h (U0 (3.22)
aK ) cl v aKd vt/ v v 18734
IxT = Gz = 8T1 XU + (K;Xia;’j + a—ﬁXL(XTan)> alu”.

hé‘)‘ ()/f ) X T, Y, Y1) is a function which is straightforward to compute but whose unenlight-

ening form we will not record here. 91(4% is the metric found in [, [[9], and 91(4% is the metric
which comes from including U. Notice that there are no terms in gi% mixing U and Y;
this is the advantage of our change of variables (B.1§).

We point out that while the kinetic terms for U, fg (X, X1y, YT)OUiaﬁUZ.Tﬁ, are not

canonical, they satisfy det f = 1. This can be seen from the form of g; ;77 and the relation
(KT)? = T*(K5)* =1, (3.23)

which is a consequence of (B.15).

As we now show, for m? > 1.48h'2/ 7A§, the messengers U are stabilized at the origin,
Uio = 0. Assuming further that h < g2 3 < 1, the minimum lies on the moduli space M x
and is controlled by KSI and the superpotential. One finds that the values of X% and Y
satisfy (B.4) (up to SU(2) rotations) with the values for a and b given in (2.9).

The spectrum of the fluctuations of X® and Y here is unchanged from the original 3-2
model [f, [[J]. The masses of U can now be read off from the potential V = gAEWAWE and



the kinetic terms. There are only diagonal mass terms of the form UTU with coefficients
m? + mz, where

h[Y "4 f(T) +T1/2A7)2 2£'(T) )
m2 ~ ( 3 — hlY 7/4 T +T1/2A7 ] 3.94
=2 yrrmerm -1~ e Y@ ARNCEY
Substituting in the solution (P.§), we find

mi = 1ASh'/TAG, (3.25)

in agreement with (R.13). Note that in the analysis of section 2 this mass arose from
deviation of the D-terms (R.13) from zero. Here it arises from the curvature of the moduli
space. This fact explains why the results (R.19) and (R.13) are independent of go 3.

As mentioned above, these masses are not tachyonic as long as m2 > 1.48h'%/ 7A§.
Note that m? are non-supersymmetric and scale as F/|X|?. In particular, they vanish
as h — 0. We note that the supertrace over the messengers vanishes, as expected at
tree level. Although this vanishing may seem surprising for the U variables, which have a
noncanonical Kahler potential, it is directly a consequence of the original variables £ having
a canonical Kéahler potential. We will recover this result via a different method in the next
section.

Off-diagonal masses can arise from certain terms in the Kahler potential using — F’ gm =

mjijeagﬁ 78 A detailed analysis of the Kihler potential (B.1J) shows that such terms are
absent in the classical theory. We will get a clear derivation of this fact in the next section.
While this result seems accidental from the macroscopic point of view, it is rather general.
As we show in section 5, such off-diagonal mass terms are generated at one loop.

Finally, we can add higher order corrections in h?/ 9573. These can still be represented
in our low energy effective Lagrangian of the light fields. However, they appear as terms
with more covariant derivatives and are not simply corrections to the superpotential and
the Kahler potential.

4. Macroscopic effective Lagrangian 1I: using unitary gauge

We now repeat the analysis of section 3 using another method. Instead of deriving the
Kéhler potential on M using gauge invariant variables, we fix a certain unitary gauge and
integrate out the massive Higgsed gauge fields. As we show, this derivation makes some
of the “accidental” results in section 3 manifest. We begin this section with a general
discussion about integrating out massive gauge fields.

4.1 Integrating out massive vectors

Consider a theory with gauge group G' and matter chiral superfields ® (typically trans-
forming in a reducible representation of G) and assume that G is completely broken on
the D-flat directions M. Our goal is to find the Kéhler potential on M. It is convenient
to work in unitary gauge, where we rotate a subset of the superfields to particular values.
We choose a generic point ¢ € M which satisfies (bJ(rO)TI b0y = 0 and we use the gauge

$lo)T'® = 0. (4.1)

— 10 —



Here, I runs over all the generators of the gauge group. It is important that this
gauge choice is holomorphic in ®. It fixes |G| matter fields, corresponding to the those
fields which are eaten by the super-Higgs mechanism. The unfixed fields parameterize the
moduli space. We will be interested in the moduli space in the vicinity of the point ¢g).
Expanding
we see that ®TT1d = §TT15® #£ 0.

We wish to integrate out the vector superfields, which get masses through the Higgs
mechanism. Integrating them out is valid as long as the vector superfields are the heaviest
fields in the spectrum. The kinetic term is

/ d*0 oV @, (4.3)
where V = V;T!. We will soon show that V! is small and hence we can expand
1
/d49 dfeVd = of <1 + VTt + ZVIVJ{TI,TJ}>¢>‘€4 +0O(V3). (4.4)

Let us first consider the limit g — co. In this limit, we can ignore the (1/2¢%)W,W¢

terms in the Lagrangian. The equations of motion for the vectors are % = 0, which are
solved by
Vi = -\ ;0T e+ 0(V?),
1
M = 5<1>T{T1,TJ}q1>. (4.5)

Since we are interested in working in the vicinity of ¢, we expand ® = ¢y + 6®. The
gauge choice ([L.1]) constrains §® to satisfy qzb}LO)TI §® = 0 and therefore ([..§) becomes

Vi = =277 (0(0))6®TT7 60 + O(68°). (4.6)

Hence V; vanishes to first order in §®, justifying our expansion (l.4). Substituting back
in (), (E4), one finds the effective Kihler potential

1
Kg=®®— 5VIA”VJ + O(69°)

1
= olp — 5(5<1>TT15<1>) A7 (61T 6®) + O(507). (4.7)
It is worthwhile to pause and understand (.§) in components. The vector superfield
—2— — 1 o= 1
Vi D Cr+0°N; + 0 Ny — 000, + 59292 (D, + §a2ol> (4.8)
satisfies (J.§) which means that

5160 FIT'F
Cr~———7—#0 Dr~ ———-. (4.9)

P02 [P0y 7

We see that the apparent deviation from the moduli space M by nonzero 6®TT16® is
corrected by a shift of the massive field Cj from zero. Similarly, if SUSY is later broken
and F' # 0, the D-component Dy is also nonzero.

— 11 —



4.2 Application to the 3-2 model

We can now apply the results above to the 3-2 model. We take G = SU(3) x SU(2). First,
we find the effective Kihler potential as in (.7) with }(0) at the point (.§). Then we can
turn on the superpotential (R.4).

Since we are interested in an expansion around the point (R.§), we relabel the fields as
follows. Coordinates along M x which involve @, @ and L are denoted by ¢, such that the
vev (B.§) is q(0) and the fluctuations are dq. The remaining fields which are orthogonal to
M are the microscopic fields £4?. Then the Kihler potential ({.7) is of the form

1. _
Keg = Ko(0 = 0) + 010 — S 1(a0)) (64" T 5q)(€TT70) + . .., (4.10)

where the ellipses represent higher orders in the fluctuations. In the appendix we will write
this Kéhler potential more explicitly.

Next, we can turn on the superpotential (P.4) and choose q(0) to be at the minimum of
the potential. Now the F-components of the fields ¢ are nonzero and, as in @), we find
that the D; components for both SU(2) and SU(3) do not vanish for I = 3,

D§U(2) ~ —2D§U(3) ~ 2.97 h'2/T A2 (4.11)

This is consistent with the microscopic derivation (R.1J). However, here it arises even
though we neglected the terms proportional to g%DQ in the potential, as in section 3. Also
as in section 3, it arises from the curvature of M which is represented by the second term
in (4.10). Therefore, it is independent of the gauge coupling (except for the dependence
on Ag, which comes from the superpotential).

Moreover, using (f.7) we compute

1 _ 1 _
Ver O Y [|m€|2 — §(FJTIFq)/\I}(£TTJ£) -5 <(FqTT15q)/\Ul(£TTJFg) + h.c.)] + ...,

(4.12)
Using the solution (.§) and F-terms (R.10), we see that ([.19) gives messenger masses

VDY [|mei|2 - 1.48K12/TA2 (|01 — |e2i|2)} . (4.13)

This is exactly the same answer we got by doing the calculation in Wess-Zumino gauge
in section 2 as well as by the macroscopic analysis in section 3. Note that this derivation
makes it clear that the mass term is proportional to |¢'¢|? —[¢?/|2. Such nonsupersymmetric
diagonal masses for messengers typically arise from coupling the messengers to U(1) gauge
fields with nonzero FI D-terms. Here we see that they arise from the nonzero D-components
of non-Abelian gauge fields.

Furthermore, as discussed previously, no off-diagonal masses are generated at tree level.
This is because such terms can only be generated through cubic interactions in the Kahler
potential, and our gauge choice ([.]) together with the effective Kihler potential ([.7)
guarantees that no such terms are present at tree level. We stress that this is a general

result.
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5. Radiative corrections

We are now ready to compute the radiative corrections to the above spectrum. To do so,
it is sufficient to consider the limit g3 — 0. This is because the messengers Ut are only
charged under the SU(2) gauge interactions and therefore the one-loop corrections scale
as g3[1 + O(g3,93)] and are thus independent of g3 to leading order. Here we choose to
describe the corrections in the language of section 3. Translating to the language of section
4 is straightforward.

As before, in the vicinity of Mx one can use the microscopic fields ¢4? which have
canonical Kéhler potential to leading order. The one-loop correction to leading order in

A s

Kl—loop ~ @M\ﬁog Z’I‘A ‘QZP + ZA ‘LAF — @wplog 2\/ |Y|f(T) (5 1)
Yy A3 A7 A2 ’ ’

where the last equality comes from picking a point (a,b) on M; and using (B.7).

It is now straightforward to explicitly write the full Kahler potential to leading order
in U. The form of the potential remains as in (§.19), with K8}172 corrected. Using (B.14)
and proceeding as in section 3.3, we find the one-loop corrections to Kj 2

—loo; 30[2 C \Y ‘Y‘f(T)
K1172 P — EKIE log T (52)

We do not record the one-loop correction to Ky here, since it will not affect the messenger
masses.

We see that at the one-loop level, Y couples to U. Asa consequence, the relation (B.23)
no longer holds and the U are not canonical. The one-loop corrections produce two leading
effects. First, while the correction to the diagonal masses is sub-leading, the supertrace of
the mass matrix no longer vanishes,

Strm$ = —0.71N agh'?TAZ. (5.3)
Second, the simple structure of our classical metric is lost and off-diagonal mass terms are
generated. We find

2 A~ . A~ .
%jijeagwawﬁ + hec., (5.4)

where

s 3may (AL —hTV2Y|T/4
m d ~
2 Y32 f(T)

) = 0.07ah® TmAs. (5.5)

The above masses scale as mgd ~ aamF /¢, as opposed to the diagonal masses which scale
as F? /¢?. While suppressed by 3as/4m compared to the diagonal tree level masses, the off-
diagonal masses scale as h%7 and are therefore parametrically enhanced by (m/A3)h=5/7
compared to the supersymmetry-breaking tree level contribution.
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6. Some preliminary phenomenology

In this section we address some of the basic phenomenology of this model. We note only
some of the broad features, and postpone a more complete analysis for future work [(.

To connect with the Standard Model (SM), we gauge a subgroup G of the Sp(Ny)
flavor symmetry of the messengers. The only constraint on G is that it is large enough
to contain SU(5), as in models of direct mediation [, [[3-[[4]. This can be achieved with
Ny > 5, which makes the SU(2) theory IR free with go < 1.

Unlike in direct mediation models, in our model the messengers do not play an impor-
tant role in SUSY breaking. To be more precise, the SUSY breaking scale F' ~ h%/ TA2 is
independent of the messenger mass m to leading order, and remains constant as m — oo
and gy < ¢3. In this limit the visible sector becomes supersymmetric. This feature is
common to MGM models as well. From this point of view, our model is between MGM
and direct gauge mediation models.

We now list some features of our model:

1. In comparison with ordinary gauge mediation, our model has two pairs of messengers
because of the SU(2) gauge group. This number is small enough that it does not lead
to Landau poles in the visible sector. In this sense our situation is reminiscent of the

model of [LT].

2. Our model has an approximate messenger parity symmetry [fl, BI] under which the
hypercharge gauge field transforms as Vy — —Vy, while the messengers are inter-
changed pairwise. This symmetry arises because the messengers couple to both the
SSM and the hidden sector only through gauge interactions. This symmetry prevents
negative contributions to sfermion masses from an FI D-term for U(1)y [fl, R1]. These
negative masses are often problematic for MGM models.

3. Since we can rotate all the coupling constants to be real, our model automatically
preserves CP. While we have not addressed the p-problem or the Higgs sector, it
seems simple to construct models where the latter also preserves CP [3J] thereby
resolving the SUSY-CP problem.

4. Our model has a few massless particles. Since the R-symmetry is broken, one such
particle is the R-axion. In addition there is a massless fermion and a massless Gold-
stino. These acquire masses through gravitational interactions. For the R-axion, this
was pointed out in [[[J]. Similarly, the massless fermion can acquire mass by coupling
to high dimension operators. Finally, the Goldstino is eaten by the gravitino. It may
be possible to use the R-axion as the QCD axion with f, ~ A3/h1/7.

5. Usually, nonsupersymmetric diagonal messenger masses arise from FI D-terms in the
hidden sector where the Fl-terms are added “by hand.” Our model demonstrates
that such terms can arise naturally even at tree level in a non-Abelian gauge theory.
As in the models with FI D-terms, we can continuously interpolate between models
with F-term SUSY breaking and those with D-term breaking.
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6. The soft breaking masses of the visible sector are calculable using the nonsupersym-
metric messenger masses. Although we have not analyzed these soft masses in detail,
we would like to point out an interesting subtlety. Consider setting h = A3 = 0 and
integrating out the massive gauge fields and messengers. In this limit, the visible sec-
tor gauge fields W, couple to the moduli (X%, Y") through supersymmetric couplings.
When we turn on h and Asz, the F-components of X and Y become nonzero and
lead to gaugino masses. At the leading order in F'/my these masses arise through
the coupling [d?0f(X“,Y)W2. However, no such invariant holomorphic coupling
is present, and hence the gaugino masses vanish at leading order. Clearly, they are
non-zero at higher orders in F'.

7. The sfermion masses receive several different contributions. The supersymmetry
breaking diagonal messenger masses m?l ~ h1%/ 7A§ give negative contributions to the
sfermion masses, while the supertrace Strm? ~ —N fa2h12/ 7A§ and the off-diagonal
masses m2; ~ ah®"mA; give positive contributions (see [BJ]). A more detailed
analysis is needed in order to see whether we can collect all these contributions to

allow for a viable phenomenological model.
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A. Relationship between the two descriptions of K

In sections 3 and 4 we presented two descriptions of the classical low energy theory when no
superpotential is present. This is a standard mathematical problem of finding the metric
on the symplectic quotient. In section 3 we used the gauge invariant polynomials (Y, X, U)
and found K in a power series in U around the subspace M x, where U = 0. In section 4
we picked a reference point ¢ on M and used it to fix a unitary gauge ‘Z;([O)TI ® =0 and
then expanded around that point.

The main advantage of the discussion in section 3 is that the treatment is manifestly
gauge invariant and uses good (global) coordinates on M. However, some properties of
the answer appear to be “accidental.” In particular, as we noticed around (B:23), to the
order we work the metric g7 = Jy07K has determinant one. Hence, the fluctuations
of U are essentially canonical. Additionally, the metric is such that when we include the
superpotential (B.17) there are no off-diagonal masses of the form UU.

The main advantage of the discussion in section 4 is that the relation to the microscopic
degrees of freedom is more obvious. Here the messengers are identified with ¢, and hence
have canonical kinetic terms ({.1(). Furthermore, it is clear that they cannot acquire
off-diagonal masses at tree level. However, this discussion raises several questions. The

— 15 —



effective Kéhler potential depends separately on the parameters ¢(g) and on the fluctuations
§®. Although it can be written as a function of ® (as in ({.7)), we cannot identify ®, which
is constrained by the gauge choice, as a modulus. In particular, as we stressed around ([.9),
the field ® satisfies ®TTI® £ 0.

This point can be made more explicit in the example of the 3-2 model. Consider

equation ([L.10),
1. _
A@Tzzﬁme:0)+eW-gxg(%mxafqﬂanwhrw)+... (A1)

The reference point g is an arbitrary point on Mx. At this point the field ¢ has a
canonical kinetic term. However, if we move along M x by dq, we see that the kinetic term
of £ is no longer canonical. This means that we cannot combine gy and dq together to
form a modulus.

In the rest of this appendix we explain this property of the unitary gauge treatment.
The point is that the coordinates d® are good local coordinates on M but depend on the
choice of the parameters ¢(g). To show this, we look for a holomorphic change of variables
from the gauge invariant coordinates to d®. This change of variables turns out to depend
nonholomorphically on ¢(g)y. This is the reason we cannot combine ¢y and 6P.

For simplicity, we will only work out the change of variables between U and ¢. We pick
a reference point gy on My, denote it by (z“,y), and expand around it: X* = z%+§X?,
Y =y + Y. The change of variables should be holomorphic in ) X and Y, but does not
have to be holomorphic in (z%,y).

Motivated by the relation between the microscopic fields and the gauge invariant
fields (B.1) we write

U = B3 + (A(0057] + L0357 + F(n7haa°) 0X764 + 0(0X?)

1 1
B% = 69— 4+ gzl A2
A= T et (4.2)
~ X
r = —3
yZ
t = |2,

where, for convenience, we have switched to the variables (B.1§). This expression makes it
clear that the global SU(2) symmetry acts on the SU(2) gauge index A of £4?. The simple
Y dependence in (B.I9) guarantees that there are no terms in (A.2) proportional to §Y.
As expected, this change of variables is holomorphic in the fluctuations (60.X%,dY") but is
nonholomorphic in (z%,y).

The functions fi(t) in the O(6X) in (A.3) can be found by imposing that the Kéhler
potential (B-1J), expressed in terms of ¢4, has no cubic terms of the form 6X|¢[2. This
leads to

20/(t) 5

f1(®) R = 1+§t—6t2+
fa(t) = ;3)(_) 2—3t—|—%t2—|—... (A.3)
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1 , 2f/(t At) -1 7 81
fg(t):Z<2f(t)+fj;t()2 _ft;;(t) >:—1+§t—§t2+...

At next order in the fluctuations, the symmetries constrain the Kéhler potential to be

of the form
— |YV|BES(T) + |0 + [F@) (6XToT6X) + (F“)(ﬁﬂa)?)(aﬁa%) + c.c.>
+F® (f%%)(%%)(aﬁﬂaiﬂ (Ut o) + Ot (A.4)
and an explicit computation leads to

1— f(t)? (12 +5f(t)* 4+ B8f(t)t + 9t?)

T ey O
PO +15{())(+(3§f( )f; - Tow (A5)
(2):1_11f()_9f() :—§—|—§t+0(t2).

IOLGTIOEES VS B

Again, because of the change of variables (B.1§), the nontrivial part of the Kéhler poten-
tial (B.19) is independent of Y and the fluctuation dY does not enter (A.9) and ([A.4).
Finally, it can be checked that this expression coincides with (f.10) and (A.T).

It is straightforward to check that

Tl = J,,0°07 (A.6)

and therefore the superpotential transforms nicely under ([A.J). Together with the fact
that (by construction) there are no cubic terms of the form §X|¢|? in the Kihler potential,
the above ensures that there are no off-diagonal masses at tree-level. This is in accord with
the discussions in previous sections.
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