
J
H
E
P
1
1
(
2
0
0
8
)
0
0
4

Published by IOP Publishing for SISSA

Received: October 20, 2008

Accepted: October 23, 2008

Published: November 4, 2008

Semi-direct gauge mediation

Nathan Seiberg, Tomer Volansky and Brian Wecht

School of Natural Sciences, Institute for Advanced Study,

Princeton, NJ 08450, U.S.A.

E-mail: seiberg@ias.edu, tomerv@ias.edu, bwecht@ias.edu

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.

Keywords: Supersymmetry Breaking, Supersymmetric Effective Theories.

c© SISSA 2008

mailto:seiberg@ias.edu
mailto:tomerv@ias.edu
mailto:bwecht@ias.edu
http://jhep.sissa.it/stdsearch


J
H
E
P
1
1
(
2
0
0
8
)
0
0
4

Contents

1. Introduction 1

2. The model 3

2.1 The model 3

2.2 Minimizing the potential 4

3. Macroscopic effective Lagrangian I: using gauge invariant variables 6

3.1 The classical moduli space 6

3.2 The classical Kähler potential on MX 7

3.3 The Kähler potential around MX 8

3.4 Adding a superpotential 8

4. Macroscopic effective Lagrangian II: using unitary gauge 10

4.1 Integrating out massive vectors 10

4.2 Application to the 3-2 model 12

5. Radiative corrections 13

6. Some preliminary phenomenology 14

A. Relationship between the two descriptions of K
cl 15

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 [1 – 4] involved an O’Raifeartaigh model in which

supersymmetry is spontaneously broken at tree level. It is more desirable to break SUSY

dynamically [5]. This was first attempted in [6], 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
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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 [6].

This problem was one of the motivations of [7 – 9] 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. [10].

A variant of this idea in which the messengers are coupled to the SUSY-breaking sector

via additional gauge fields was suggested in [11]. 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. [12 – 14], have constructed models along the lines of [6] 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 [6] 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 ℓ 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 = mℓ2 (a similar idea was used in [15]). If m is

larger than the SUSY breaking scale and the messengers ℓ remain weakly coupled, the

coupling to the hidden sector gauge fields leads to nonsupersymmetric masses for ℓ, 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 [16]. 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 [16]. 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 [6], which is a calculable example of dynam-

ical supersymmetry breaking. We simply add to this model 2Nf 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
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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 [6] as the prime example of

a calculable model that dynamically breaks supersymmetry. The 3-2 model is an SU(3) ×
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)

Qr
A

ũr 1

d̃r 1

LA 1

ℓAi 1

(2.1)

where r = 1, 2, 3 and A = 1, 2 label the SU(3) × SU(2) gauge indices and i = 1, . . . , 2Nf .

Note that if the theory has no superpotential, the fields ũ and d̃ can be combined into a
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two-dimensional vector Q̃ of SU(3) triplets. Similarly, L and ℓ can be combined into a

2Nf + 1 dimensional vector L of SU(2) doublets.

We add an Sp(Nf ) × U(1) × U(1)R invariant superpotential

Wtree = hQr
Ad̃rL

A +
m

2
Jijℓ

AiℓBjǫAB , (2.2)

where

Jij =

(
0 1

−1 0

)
⊗ 1Nf×Nf

(2.3)

with 1Nf×Nf
the Nf ×Nf identity matrix. Without loss of generality, we choose h,m,Λ2,

and Λ3 to be real. The Kähler potential is canonical.

We are interested in studying the case where Nf is large enough that the SSM gauge

group can be embedded in the Sp(Nf ) flavor symmetry. It then follows that SU(2) is IR

free and its gauge coupling is small, g2 ≪ 1. Consequently, the SU(3) dynamics dominate

and produce a nonperturbative term [17]. The effective superpotential takes the form1

Weff = hQd̃L +
Λ7

3

det QQ̃
+

m

2
Jijℓ

AiℓBjǫAB . (2.4)

Working in Wess-Zumino gauge, the above superpotential induces an effective potential

V = VF + VD, where VF =
∑ |∂W |2 and

VD =
g2
2

8

(
φ†T I

SU(2)φ
)2

+
g2
3

8

(
φ†T I

SU(3)φ
)2

(2.5)

are the usual potentials resulting from integrating out the F and D auxiliary fields. φ

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

φ = h−1/7Λ3φ̃ (2.6)

shows that for sufficiently large m,

VF ∼ h10/7Λ4
3 , VD ∼ g2

h2
VF . (2.7)

For h ≪ g2, g3 ≪ 1, (2.7) implies that VD vanishes to leading order. Without loss of

generality, the D-flat directions are

Q =




a 0

0 b

0 0


 , Q̃† =




a 0

0 b

0 0


 , L =

(√
a2 − b2

0

)
, ℓ = 0. (2.8)

1We follow the conventions of [18] which differ in the normalization of the nonperturbative term by a

factor of two relative to [6].
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Minimizing VF leads to

a ≃ 1.164
Λ3

h1/7
, b ≃ 1.131

Λ3

h1/7
. (2.9)

This is the minimum found in [6], with the messengers at the origin. Furthermore,

SUSY is broken and the F -terms are

−F †
Q ≃ −F eQ

≃




ha
√

a2 − b2 − Λ7

3

a3b2
0

0 − Λ7

3

a2b3

0 0


 , −F †

L ≃
(

ha2

0

)
, Fℓ ≃ 0 (2.10)

giving a vacuum energy

V ≃ 2.418h10/7Λ4
3. (2.11)

This minimum breaks the R-symmetry.

Using the scaling (2.6) and including the next order correction in h2/g2 ≪ 1 we see

that at next order D-terms do not vanish,

DI =
g2

2
φ†T Iφ ∼ h12/7Λ2

3. (2.12)

It is interesting that this expression is independent of g2,3. 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, m2
dℓℓ

† and m2
odℓ2,

which we refer to as “diagonal” and “off-diagonal,” respectively. (2.12) contributes to the

diagonal masses at tree level, with

m2
d ≃ 1.48h12/7Λ2

3. (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

m2 ± m2
d at tree level. The messengers are not tachyonic provided m > md.

At tree level, there are no off-diagonal masses. However, at one loop, such terms are

generated. An explicit computation yields

m2
od ≃ 0.07α2h

6/7mΛ3, (2.14)

where α2 = g2
2/4π. Moreover, the corrections to diagonal masses contribute to the super-

trace over the messenger sector, giving

Strm2
ℓ ≃ −0.71Nf α2h

12/7Λ2
3. (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.
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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 (2.4) 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 ℓ into a 2Nf +1

vector of doublets2 LAi with i = 1, . . . , 2Nf +1, and combine ũ and d̃ into a two dimensional

vector of triplets Q̃α
r . The moduli space of vacua M is characterized by the gauge invariant

polynomials

Y = det
Aα

Q̃α
r Qr

A =
1

2
ǫABǫαβQ̃α

r Qr
AQ̃β

s Qs
B

Ziα = Q̃α
r Qr

ALAi (3.1)

V ij = ǫABLAiLBj ,

where V ij is antisymmetric in its indices. Recall that r = 1, 2, 3 and A = 1, 2 label the

SU(3) × SU(2) gauge indices, and i = 1, . . . , 2Nf + 1 and α = 1, 2 label the SU(2Nf +

1) × 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 (2.2). These fields are

subject to the constraints

ZiαZjβǫαβ − Y V ij = 0

ǫijklmn...V
ijV kl = 0 (3.2)

ǫijklmn...Z
iαV jk = 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 Kähler potential can be singular. In what follows we will exclude the subspace Y = 0.

We can then solve for V ij = ZiαZjβǫαβ/Y and parameterize M by Y and Ziα without

constraints, since the remaining two constraints are automatically satisfied.

We will be interested in the subspace MX ⊂ M with

Z =

(
0 0 . . . 0 X1

0 0 . . . 0 X2

)
(3.3)

2We use the same letter i to label both the SU(2Nf + 1) index of LAi and the SU(2Nf ) index of ℓ
Ai.

We hope that this does not cause confusion.
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with complex Xα=1,2 = Zi=2Nf+1, α and Y . Using the isometry we can set X2 = 0 and

rotate X1 and Y to be real and positive. Microscopically, this subspace corresponds to

ℓ = 0.

3.2 The classical Kähler potential on MX

First, we determine the classical Kähler potential on MX . Here the SU(2Nf +1)×SU(2)×
U(1)Z symmetry is broken to SU(2Nf ) × U(1) × U(1), and we separate Z into

Xα = Zi=2Nf+1, α , U iα = Zi6=2Nf+1, α. (3.4)

In this notation MX is characterized by U = 0, so it is parameterized by Xα and Y . Its

normal space is parameterized by U iα.

As we said above, MX is isomorphic to the moduli space of the theory with Nf = 0.

In this case Kcl was derived by [6, 19]. One way to reproduce it is as follows. Using the

symmetries of the problem and dimensional analysis

Kcl(U = 0) =
√

|Y |g (T ) ,

T ≡ X†
αXα

|Y |3/2
(3.5)

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 MX . This can easily be done using

the point (2.8) where

X1 = a2
√

a2 − b2 , X2 = 0 , Y = a2b2. (3.6)

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

a2 =
√

Y f

(
T =

(X1)2

Y 3/2

)
and b2 =

√
Y

f(T )
(3.7)

where f(T ) satisfies

f(T )3 − f(T ) − T = 0. (3.8)

The solution to this equation is

f(T ) =
1

181/3

[
(9T +

√
81T 2 − 12)1/3 + (9T −

√
81T 2 − 12)1/3

]

= 1 +
T

2
− 3T 2

8
+

T 3

2
+ O(T 4). (3.9)

Now we can find the Kähler potential by substituting this in the microscopic Kähler

potential and extending it to arbitrary point in MX using the general form (3.5):

Kcl(U = 0) = |Q|2 + |Q̃|2 + |L|2 = 3a2 + b2 =
√

|Y |
(

3f(T ) +
1

f(T )

)
. (3.10)

Using (3.8) one can see that this expression agrees with the result of [6, 19].
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3.3 The Kähler potential around MX

Next, we find the classical Kähler potential in the vicinity of MX . Using the symmetries

of the problem and dimensional analysis

Kcl = |Y | 12 Kcl
0 (T ) +

1

|Y |K
cl
1 (T )|U |2 +

1

|Y | 52
Kcl

2 (T )(X†σIX)(U †σIU) + O(U4), (3.11)

where σI are the Pauli matrices and

|U |2 = U †
iαU iα

(X†σIX) = X†
ασIα

β Xβ (3.12)

(U †σIU) = U †
iγσIγ

δ U iδ.

The first term in (3.11), |Y |1/2Kcl
0 , is given in (3.10). We now turn to finding Kcl

1,2.

These two functions of a single variable can be determined by matching the Kähler potential

at a particular point (3.6) on MX .

In the vicinity of MX the coordinates U iα are infinitesimal, and we can relate them

to the microscopic fields ℓAi. The advantage of doing so is that the Kähler potential is

canonical in ℓAi to leading order. Using (3.1) and expanding around (2.8) we have

U i,α=1 = a2ℓA=1,i + O(ℓ2) U i,α=2 = b2ℓA=2,i + O(ℓ2). (3.13)

The O(ℓ2) terms in (3.13) arise because the D-terms require |LA=1|2+∑i |ℓA=1,i|2 = a2−b2.

Using (3.13), the U dependence of Kcl is

|ℓ|2 ≡ ℓ†Aiℓ
Ai =

1

a4
U †

i1U
i1 +

1

b4
U †

i2U
i2 + O(U4). (3.14)

Comparing with the general expression (3.11) for X2 = 0 we identify

Kcl
1 =

Y

2a4
+

Y

2b4
=

1 + f(T )4

2f(T )2
, Kcl

2 =
Y

2Ta4
− Y

2Tb4
=

1 − f(T )4

2Tf(T )2
. (3.15)

This concludes the derivation of Kcl up to order U2.

3.4 Adding a superpotential

We now turn on a tree level superpotential

Wtree = hd̃rQ
r
ALA +

m

2
Jijℓ

AiℓBjǫAB. (3.16)

In the low energy effective theory we express (3.16) in terms of the macroscopic variables

and add the instanton-generated term. The effective superpotential is

Weff = hX1 +
Λ7

3

Y
+

m

2
Jijǫαβ

U iαU jβ

Y
. (3.17)

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

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

of variables

Û iα =
U iα

Y 1/2
, X̂α =

Xα

Y 3/4
. (3.18)
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These are locally holomorphic away from Y = 0, and since we want the gauge group

to be completely broken, we will always take Y 6= 0. The monodromy under Y → e2πiY 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 Û . Using these variables, (3.11) and (3.17) become

Kcl = |Y | 12 Kcl
0 (T ) + Kcl

1 (T )|Û |2 + Kcl
2 (T )(X̂†σIX̂)(Û †σI Û) + O(Û4)

Weff = hY
3

4 X̂1 +
Λ7

3

Y
+

m

2
JijǫαβÛ iαÛ jβ (3.19)

T = |X̂ |2.

To compute the metric on moduli space and the effective potential, we expand (3.19)

around a point in MX , keeping terms up to second order in Û . In the Y, X̂, Û basis, the

metric takes the form

gAB = g
(0)

AB
+ g

(1)

AB
, (3.20)

where

g
(0)

AB
=




gY Y gY X 0

gXY g
(0)

XX
0

0 0 0


 , g

(1)

AB
=




0 0 0

0 g
(1)

XX
gXU

0 gUX gUU


 , (3.21)

and

gUU = (Kcl
1 − TKcl

2 )δj
i δ

β
α + 2Kcl

2 X̂†
αX̂βδj

i

g
(1)

XX
=

(
∂2Kcl

1

∂T 2
X̂†

αX̂β +
∂Kcl

1

∂T
δβ
α

)
|Û |2 + hIα

β (Û †σI Û) (3.22)

gXU = g∗
UX

=
∂Kcl

1

∂T
X̂†

αÛ iβ +

(
Kcl

2 X̂†
γσIγ

α +
∂Kcl

2

∂T
X̂†

α(X̂†σIX̂)

)
σIβ

δ Û iδ.

hIα
β (X̂, X̂†, Y, Y †) is a function which is straightforward to compute but whose unenlight-

ening form we will not record here. g
(0)

AB
is the metric found in [6, 19], and g

(1)

AB
is the metric

which comes from including Û . Notice that there are no terms in g
(1)

AB
mixing Û and Y ;

this is the advantage of our change of variables (3.18).

We point out that while the kinetic terms for Û , fβ
α (X̂, X̂†, Y, Y †)∂Û iα∂Û †

iβ, are not

canonical, they satisfy det f = 1. This can be seen from the form of gUU and the relation

(Kcl
1 )2 − T 2(Kcl

2 )2 = 1, (3.23)

which is a consequence of (3.15).

As we now show, for m2 > 1.48h12/7Λ2
3, the messengers Û are stabilized at the origin,

Û iα = 0. Assuming further that h ≪ g2,3 ≪ 1, the minimum lies on the moduli space MX

and is controlled by Kcl
0 and the superpotential. One finds that the values of Xα and Y

satisfy (3.6) (up to SU(2) rotations) with the values for a and b given in (2.9).

The spectrum of the fluctuations of Xα and Y here is unchanged from the original 3-2

model [6, 19]. The masses of Û can now be read off from the potential V = gABWAWB and
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the kinetic terms. There are only diagonal mass terms of the form Û †Û with coefficients

m2 ± m2
d, where

m2
d ≃ 2

(
h|Y |7/4f(T ) + T 1/2Λ7

3

)2

|Y |3f(T )(3f2(T ) − 1)
=

2f ′(T )

|Y |3f(T )

(
h|Y |7/4f(T ) + T 1/2Λ7

3

)2
. (3.24)

Substituting in the solution (2.8), we find

m2
d ≃ 1.48h12/7Λ2

3, (3.25)

in agreement with (2.13). Note that in the analysis of section 2 this mass arose from

deviation of the D-terms (2.12) from zero. Here it arises from the curvature of the moduli

space. This fact explains why the results (2.12) and (2.13) are independent of g2,3.

As mentioned above, these masses are not tachyonic as long as m2 > 1.48h12/7Λ2
3.

Note that m2
d are non-supersymmetric and scale as F 2

X/|X|2. 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 Û variables, which have a

noncanonical Kähler potential, it is directly a consequence of the original variables ℓ having

a canonical Kähler potential. We will recover this result via a different method in the next

section.

Off-diagonal masses can arise from certain terms in the Kähler potential using −F †
bU iα

=

mJijǫαβÛ jβ. A detailed analysis of the Kähler potential (3.19) 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 h2/g2
2,3. 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 Kähler potential.

4. Macroscopic effective Lagrangian II: using unitary gauge

We now repeat the analysis of section 3 using another method. Instead of deriving the

Kähler 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 Φ (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 Kähler 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 φ(0) ∈ M which satisfies φ†
(0)T

Iφ(0) = 0 and we use the gauge

φ†
(0)T

IΦ = 0. (4.1)
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Here, I runs over all the generators of the gauge group. It is important that this

gauge choice is holomorphic in Φ. 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 φ(0).

Expanding

Φ = φ(0) + δΦ, (4.2)

we see that Φ†T IΦ = δΦ†T IδΦ 6= 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
∫

d4θ Φ†eV Φ, (4.3)

where V = VIT
I . We will soon show that V I is small and hence we can expand

∫
d4θ Φ†eV Φ = Φ†

(
1 + VIT

I +
1

4
VIVJ{T I , T J}

)
Φ
∣∣∣
θ4

+ O(V 3). (4.4)

Let us first consider the limit g → ∞. In this limit, we can ignore the (1/2g2)WαW α

terms in the Lagrangian. The equations of motion for the vectors are ∂L
∂V I = 0, which are

solved by

VI = −λ−1
IJ Φ†T JΦ + O(V 3),

λIJ =
1

2
Φ†{T I , T J}Φ. (4.5)

Since we are interested in working in the vicinity of φ(0), we expand Φ = φ(0) + δΦ. The

gauge choice (4.1) constrains δΦ to satisfy φ†
(0)T

IδΦ = 0 and therefore (4.5) becomes

VI = −λ−1
IJ (φ(0))δΦ

†T JδΦ + O(δΦ3). (4.6)

Hence VI vanishes to first order in δΦ, justifying our expansion (4.4). Substituting back

in (4.3), (4.4), one finds the effective Kähler potential

Keff = Φ†Φ − 1

2
VIλ

IJVJ + O(δΦ5)

= Φ†Φ − 1

2
(δΦ†T IδΦ)λ−1

IJ (δΦ†T JδΦ) + O(δΦ5). (4.7)

It is worthwhile to pause and understand (4.5) in components. The vector superfield

VI ⊃ CI + θ2NI + θ
2
N I − θσµθvµI +

1

2
θ2θ

2
(

DI +
1

2
∂2CI

)
(4.8)

satisfies (4.5) which means that

CI ∼ δΦ†T IδΦ

|φ(0)|2
6= 0 DI ∼ F †T IF

|φ(0)|2
. (4.9)

We see that the apparent deviation from the moduli space M by nonzero δΦ†T IδΦ is

corrected by a shift of the massive field CI from zero. Similarly, if SUSY is later broken

and F 6= 0, the D-component DI is also nonzero.
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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)× SU(2). First,

we find the effective Kähler potential as in (4.7) with φ(0) at the point (2.8). Then we can

turn on the superpotential (2.4).

Since we are interested in an expansion around the point (2.8), we relabel the fields as

follows. Coordinates along MX which involve Q, Q̃ and L are denoted by q, such that the

vev (2.8) is q(0) and the fluctuations are δq. The remaining fields which are orthogonal to

MX are the microscopic fields ℓAi. Then the Kähler potential (4.7) is of the form

Keff = K0(ℓ = 0) + ℓ†ℓ − 1

2
λ−1

IJ (q(0))(δq
†T Iδq)(ℓ†T Jℓ) + . . . , (4.10)

where the ellipses represent higher orders in the fluctuations. In the appendix we will write

this Kähler potential more explicitly.

Next, we can turn on the superpotential (2.4) and choose q(0) to be at the minimum of

the potential. Now the F -components of the fields q are nonzero and, as in (4.9), we find

that the DI components for both SU(2) and SU(3) do not vanish for I = 3,

D
SU(2)
3 ≃ −2D

SU(3)
3 ≃ 2.97h12/7 Λ2

3. (4.11)

This is consistent with the microscopic derivation (2.12). However, here it arises even

though we neglected the terms proportional to 1
g2 D2 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 Λ3, which comes from the superpotential).

Moreover, using (4.7) we compute

Veff ⊃
∑

i

[
|mℓ|2 − 1

2
(F †

q T IFq)λ
−1
IJ (ℓ†T Jℓ) − 1

2

(
(F †

q T Iδq)λ−1
IJ (ℓ†T JFℓ) + h.c.

)]
+ . . . ,

(4.12)

Using the solution (2.8) and F -terms (2.10), we see that (4.12) gives messenger masses

Veff ⊃
∑

i

[
|mℓi|2 + 1.48h12/7Λ2

3(|ℓ1i|2 − |ℓ2i|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 |ℓ1i|2−|ℓ2i|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 Kähler

potential, and our gauge choice (4.1) together with the effective Kähler potential (4.7)

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 Û iα are only

charged under the SU(2) gauge interactions and therefore the one-loop corrections scale

as g2
2 [1 + O(g2

2 , g
2
3)] 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 ℓAi which have

canonical Kähler potential to leading order. The one-loop correction to leading order in

ℓAi is

K1−loop ≃ 3α2

4π
|ℓ|2 log

(∑
rA |Qr

A|2 +
∑

A |LA|2
Λ2

2

)
=

3α2

4π
|ℓ|2 log

2
√

|Y |f(T )

Λ2
2

, (5.1)

where the last equality comes from picking a point (a, b) on M1 and using (3.7).

It is now straightforward to explicitly write the full Kähler potential to leading order

in Û . The form of the potential remains as in (3.19), with Kcl
0,1,2 corrected. Using (3.14)

and proceeding as in section 3.3, we find the one-loop corrections to K1,2

K1−loop
1,2 =

3α2

4π
Kcl

1,2 log

√
|Y |f(T )

Λ2
2

. (5.2)

We do not record the one-loop correction to K0 here, since it will not affect the messenger

masses.

We see that at the one-loop level, Y couples to Û . As a consequence, the relation (3.23)

no longer holds and the Û 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,

Str m2
U = −0.71Nfα2h

12/7Λ2
3. (5.3)

Second, the simple structure of our classical metric is lost and off-diagonal mass terms are

generated. We find

m2
od

2
JijǫαβÛ iαÛ jβ + h.c., (5.4)

where

m2
od ≃ 3mα2

2π

(
Λ7

3 − hT 1/2|Y |7/4

|Y |3/2f(T )

)
= 0.07α2h

6/7mΛ3. (5.5)

The above masses scale as m2
od ∼ α2mF/φ, as opposed to the diagonal masses which scale

as F 2/φ2. While suppressed by 3α2/4π compared to the diagonal tree level masses, the off-

diagonal masses scale as h6/7 and are therefore parametrically enhanced by (m/Λ3)h
−6/7

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 [20].

To connect with the Standard Model (SM), we gauge a subgroup G of the Sp(Nf )

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 [6, 12 – 14]. This can be achieved with

Nf ≥ 5, which makes the SU(2) theory IR free with g2 ≪ 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 ∼ h5/7Λ2
3 is

independent of the messenger mass m to leading order, and remains constant as m → ∞
and g2 ≪ g3. 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 [11].

2. Our model has an approximate messenger parity symmetry [1, 21] 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 [1, 21]. 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 µ-problem or the Higgs sector, it

seems simple to construct models where the latter also preserves CP [22] 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 [19]. 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 fa ∼ Λ3/h
1/7.

5. Usually, nonsupersymmetric diagonal messenger masses arise from FI D-terms in the

hidden sector where the FI-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 = Λ3 = 0 and

integrating out the massive gauge fields and messengers. In this limit, the visible sec-

tor gauge fields Wα couple to the moduli (Xα, Y ) through supersymmetric couplings.

When we turn on h and Λ3, the F -components of Xα and Y become nonzero and

lead to gaugino masses. At the leading order in F/mW these masses arise through

the coupling
∫

d2θf(Xα, Y )W 2
α. 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 m2
d ∼ h12/7Λ2

3 give negative contributions to the

sfermion masses, while the supertrace Str m2 ∼ −Nfα2h
12/7Λ2

3 and the off-diagonal

masses m2
od ∼ α2h

6/7mΛ3 give positive contributions (see [23]). 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
cl

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 Kcl in a power series in U around the subspace MX , where U = 0. In section 4

we picked a reference point φ(0) on M and used it to fix a unitary gauge φ†
(0)T

IΦ = 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 (3.23), to the

order we work the metric gUU = ∂U∂UK has determinant one. Hence, the fluctuations

of U are essentially canonical. Additionally, the metric is such that when we include the

superpotential (3.17) 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 ℓ, and hence

have canonical kinetic terms (4.10). Furthermore, it is clear that they cannot acquire

off-diagonal masses at tree level. However, this discussion raises several questions. The
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effective Kähler potential depends separately on the parameters φ(0) and on the fluctuations

δΦ. Although it can be written as a function of Φ (as in (4.7)), we cannot identify Φ, which

is constrained by the gauge choice, as a modulus. In particular, as we stressed around (4.9),

the field Φ satisfies Φ†T IΦ 6= 0.

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

equation (4.10),

Keff = K0(ℓ = 0) + ℓ†ℓ − 1

2
λ−1

IJ (q(0))(δq
†T Iδq)(ℓ†T Jℓ) + . . . (A.1)

The reference point q(0) is an arbitrary point on MX . At this point the field ℓ has a

canonical kinetic term. However, if we move along MX by δq, we see that the kinetic term

of ℓ is no longer canonical. This means that we cannot combine q(0) and δq 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 δΦ are good local coordinates on M but depend on the

choice of the parameters φ(0). To show this, we look for a holomorphic change of variables

from the gauge invariant coordinates to δΦ. This change of variables turns out to depend

nonholomorphically on φ(0). This is the reason we cannot combine φ(0) and δΦ.

For simplicity, we will only work out the change of variables between U and ℓ. We pick

a reference point q(0) on MX , denote it by (xα, y), and expand around it: Xα = xα + δXα,

Y = y + δY . The change of variables should be holomorphic in δXα and δY , but does not

have to be holomorphic in (xα, y).

Motivated by the relation between the microscopic fields and the gauge invariant

fields (3.1) we write

Û iα = Bα
AℓAi +

(
f1(t)δ

α
Ax̂†

β + f2(t)δ
α
β x̂†

A + f3(t)x̂
†
β x̂†

Ax̂α
)

δX̂βℓAi + O(δX̂2)

Bα
A = δα

A

1

f(t)
+

1

f(t)2
x̂αx̂†

A (A.2)

x̂ =
x

y
3

4

t = |x̂|2,

where, for convenience, we have switched to the variables (3.18). This expression makes it

clear that the global SU(2) symmetry acts on the SU(2) gauge index A of ℓAi. The simple

Y dependence in (3.19) guarantees that there are no terms in (A.2) proportional to δY .

As expected, this change of variables is holomorphic in the fluctuations (δXα, δY ) but is

nonholomorphic in (xα, y).

The functions fi(t) in the O(δX̂) in (A.2) can be found by imposing that the Kähler

potential (3.19), expressed in terms of ℓAi, has no cubic terms of the form δX̂ |ℓ|2. This

leads to

f1(t) = −2f ′(t)

f(t)2
= −1 +

5

2
t − 6t2 + . . .

f2(t) =
f4(t) − 1

tf3(t)
= 2 − 3t +

11

2
t2 + . . . (A.3)
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f3(t) =
1

t

(
2f ′(t) +

2f ′(t)

f(t)2
− f4(t) − 1

tf3(t)

)
= −1 +

7

2
t − 81

8
t2 + . . .

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

of the form

Kcl = |Y | 12 Kcl
0 (T ) + |ℓ|2 +

[
F (0)(δX̂†σIδX̂) +

(
F (1)(x̂†δX̂)(δX̂†σI x̂) + c.c.

)

+F (2)(x̂†σI x̂)(x̂†σJ x̂)(δX̂†σJδX̂)
]
(ℓ†σIℓ) + O(ℓ4) (A.4)

and an explicit computation leads to

F (0) =
1 − f(t)2

(
12 + 5f(t)2 + 58f(t)t + 9t2

)

2f(t)5 (3f(t)2 − 1)3
= −1 + 2t + O(t2)

F (1) =
1 + 15f(t)2 + 31f(t)t + 9t2

2f(t)6 (3f(t)2 − 1)3
= 1 − 37

8
t + O(t2) (A.5)

F (2) =
1 − 11f(t)2 − 9f(t)t

2f(t)7 (3f(t)2 − 1)3
= −5

8
+

15

4
t + O(t2).

Again, because of the change of variables (3.18), the nontrivial part of the Kähler poten-

tial (3.19) is independent of Y and the fluctuation δY does not enter (A.2) and (A.4).

Finally, it can be checked that this expression coincides with (4.10) and (A.1).

It is straightforward to check that

Jijℓ
iℓj = JijÛ

iÛ j (A.6)

and therefore the superpotential transforms nicely under (A.2). Together with the fact

that (by construction) there are no cubic terms of the form δX|ℓ|2 in the Kähler 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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