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Abstract

We work out the phenomenology of a model of supersymmetry breaking in the presence of a tiny (tun-
able) positive cosmological constant, proposed by the authors in arXiv:1403.1534. It utilizes a single chiral
multiplet with a gauged shift symmetry that can be identified with the string dilaton (or an appropriate
compactification modulus). The model is coupled to the MSSM, leading to calculable soft supersymmetry
breaking masses and a distinct low energy phenomenology that allows to differentiate it from other models
of supersymmetry breaking and mediation mechanisms.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In a recent work [1], we studied a simple N = 1 supergravity model of supersymmetry break-
ing [2] having a metastable de Sitter vacuum with an infinitesimally small (tunable) cosmological
constant independent of the supersymmetry breaking scale that can be in the TeV region. Besides
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the gravity multiplet, the minimal field content consists of a chiral multiplet with a shift symme-
try promoted to a gauged R-symmetry using a vector multiplet. In the string theory context,
the chiral multiplet can be identified with the string dilaton (or an appropriate compactification
modulus) and the shift symmetry associated to the gauge invariance of a two-index antisym-
metric tensor that can be dualized to a (pseudo)scalar. The shift symmetry fixes the form of the
superpotential and the gauging allows for the presence of a Fayet—Iliopoulos (FI) term, leading
to a supergravity action with two independent parameters that can be tuned so that the scalar
potential possesses a metastable de Sitter minimum with a tiny vacuum energy (essentially the
relative strength between the F- and D-term contributions). A third parameter fixes the Vacuum
Expectation Value (VEV) of the string dilaton at the desired (phenomenologically) weak cou-
pling regime. An important consistency constraint of our model is anomaly cancellation which
has been studied in [3] and implies the existence of additional charged fields under the gauged
R-symmetry.

In this work, we study a small variation of this model which is manifestly anomaly free
without additional charged fields and allows to couple in a straightforward way a visible sec-
tor containing the minimal supersymmetric extension of the Standard Model (MSSM) and study
the mediation of supersymmetry breaking and its phenomenological consequences. It turns out
that an additional ‘hidden sector’ field z is needed to be added for the matter soft scalar masses to
be non-tachyonic; although this field participates in the supersymmetry breaking and is similar
to the so-called Polonyi field, it does not modify the main properties of the metastable de Sitter
vacuum. All soft scalar masses, as well as trilinear A-terms, are generated at the tree level and are
universal under the assumption that matter kinetic terms are independent of the ‘Polonyi’ field,
since matter fields are neutral under the shift symmetry and supersymmetry breaking is driven
by a combination of the U (1) D-term and the dilaton and z-field F-term. Alternatively, a way to
avoid the tachyonic scalar masses without adding the extra field z is to modify the matter kinetic
terms by a dilaton dependent factor.

A main difference of the present analysis from the previous work is that we use a field rep-
resentation in which the gauged shift symmetry corresponds to an ordinary U (1) and not an
R-symmetry. The two representations differ by a Kéhler transformation that leaves the classi-
cal supergravity action invariant. However, at the quantum level, there is a Green—Schwarz term
generated that amounts for an extra dilaton dependent contribution to the gauge kinetic terms
needed to cancel the anomalies of the R-symmetry. This creates an apparent puzzle with the
gaugino masses that vanish in the first representation but not in the latter. The resolution of the
puzzle is based on the so-called anomaly mediation contributions [4,5] that explain precisely the
above apparent discrepancy. It turns out that gaugino masses are generated at the quantum level
and are thus suppressed compared to the scalar masses (and A-terms).

The outline of the paper is the following. In Section 2, we present the model and our conven-
tions and show that adding MSSM fields inert under the shift symmetry leads to tachyonic scalar
masses. In Section 3, we solve this problem by extending the model with an additional chiral field
in the ‘hidden’ sector, participating in the supersymmetry breaking without modifying the main
features of the model and its metastable de Sitter vacuum. In Section 4, we add a visible sector
with the MSSM fields and compute all soft breaking terms. In particular, we discuss how gaug-
ino masses are generated and describe the puzzle mentioned above. In Section 5, we discuss the
Kihler transformation and show the equivalence of the two representations at the quantum level.
We work out the phenomenology in section 6. In section 7 we introduce a non-canonical Kéh-
ler potential for the MSSM superfields as a different possible solution to the tachyonic masses.
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Section & contains our conclusions. Appendix A contains the computation of the fermion mass
matrix in the models of Sections 3 and 4, while Appendix B describes the anomaly cancellation.

2. Conventions

Throughout this paper we use the conventions of [6]. A supergravity theory is specified (up
to Chern—Simons terms) by a Kihler potential /C, a superpotential W, and the gauge kinetic
functions fap(z). The chiral multiplets z%, x* are enumerated by the index « and the indices A,
B indicate the different gauge groups. Classically, a supergravity theory is invariant under Kihler
transformations, viz.

K(z,2) — Kz, 2)+J@) + T (),
W) — e OW(g), 2.1)

where « is the inverse of the reduced Planck mass, m, = k1 =2.4 x 10" TeV. The gauge
transformations of chiral multiplet scalars are given by holomorphic Killing vectors, i.e. §z% =
QAkZ (z), where 04 is the gauge parameter of the gauge group A. The Kihler potential and
superpotential need not be invariant under this gauge transformation, but can change by a Kéhler
transformation

SKK=0%ra(z) +7a (@)1, (2.2)

provided that the gauge transformation of the superpotential satisfies W = —04k2r4(z) W. One
then has from §W = W, 6z%

Wok% = —k%ra W, (2.3)

where W, = 9, W and « labels the chiral multiplets. The supergravity theory can then be de-
scribed by a gauge invariant function

G =k*K +log(k®WW). (2.4)
The scalar potential is given by
V=Vr+Vp

Vi =K (—3K2WW + v Wg* PV, W)

Vo =5 (Re )~ 4P,y 25)
where W appears with its Kéhler covariant derivative

VoW =0, W (2) + 2 (0 OW (2). (2.6)
The moment maps Py are given by

Pa=i(kG3,KC —ra). 2.7)

In this paper we will be concerned with theories having a gauged R-symmetry, for which r4(z)
is given by an imaginary constant r4(z) = ik ~2£. In this case, k ~2& is a Fayet-Iliopoulos (FI)
[7] constant parameter.
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3. Introduction of the model
3.1. Motivation

In [1,2] a class A/ = 1 supergravity theories based on a gauged R-symmetry which allow for
metastable de Sitter (dS) vacua was presented. These theories have a tunable (infinitesimally
small) value of the cosmological constant and a TeV gravitino mass. The spectrum consists, in
addition to the supergravity multiplet, of a chiral multiplet S and a vector multiplet associated
with a shift symmetry of the scalar component s of the chiral multiplet S

8s = —ico. @3.1)

The goal of this paper is to generalize this model such that it is anomaly-free and can be
coupled to the MSSM and make phenomenological predictions, while maintaining its desirable
properties described in [1,2] such as a tunable cosmological constant and a TeV gravitino mass.

The starting point is a chiral multiplet S invariant under a gauged shift symmetry (3.1) and
a string-inspired Kihler potential of the form —plog(s + 5). The most general superpotential’
is either a constant W = x —3a or an exponential superpotential W = x —3ae”® (where a and b
are constants). A constant superpotential is (obviously) invariant under the shift symmetry, while
an exponential superpotential transforms as W — We~¢? as in eq. (2.3). In this case the shift
symmetry becomes a gauged R-symmetry and the scalar potential contains a Fayet-Iliopoulos
term. Note however that by performing a Kihler transformation (2.1) with J = x ~2bs, the model
can be recast into a constant superpotential at the cost of introducing a linear term in the Kéh-
ler potential K = b(s + 5). Even though in this representation, the shift symmetry is not an
R-symmetry, we will still refer to it as U(1)g. The most general gauge kinetic function has a
constant term and a term linear in s, f(s) =48 + 5.

To summarize,”

K(s,5) =—plog(s +5) + b(s +5),
W(s) :K_3a,
fl)=8+35, (3.2)

where the constants a and b together with the constant ¢ in eq. (3.1) can be tuned to allow for an
infinitesimally small cosmological constant and a TeV gravitino mass. For b > 0, there always
exists a supersymmetric AdS (anti-de Sitter) vacuum at (s + 5) = b/p. We therefore focus on
b < 0. In the context of string theory, S can be identified with a compactification modulus or
the universal dilaton and (for negative b) the exponential superpotential may be generated by
non-perturbative effects.

For p > 3 the scalar potential V is positive and monotonically decreasing [2], while for p < 3,
its F-term part Vr is unbounded from below when s + 5 — 0. On the other hand, the D-term part
of the scalar potential Vp is positive and diverges when s + 5 — 0 and for various values for the
parameters an (infinitesimally small) positive (local) minimum of the potential can be found.

1 This was already noticed in [8].

2 superfields the shift symmetry (3.1) is given by 8§ = —icA, where A is the superfield generalization of the gauge
parameter. The gauge invariant Kihler potential is then given by (S, §) = —pl(_2 log(S + S +cVg) + Kk 2b(S+ S+
cVR), where Vg is the gauge superfield of the shift symmetry.
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If we restrict ourselves to integer p, tunability of the vacuum energy restricts p =2 or p =1
when f(s) =s, or p =1 when the gauge kinetic function is constant.

Let us first consider 8 7 0: The case when p =2 and f (s) = s has been analyzed in full detail
in [1]. For a field-dependent gauge kinetic function, the Lagrangian contains a Green—Schwarz
term [9]

1
Lis = glm(f(s))el‘”p” FuvFpo. (3.3)

Since this term is not invariant under the shift symmetry (3.1),
ﬂC Hvpo
SEGS = _9§ € Fuqua, (3.4)

its variation should be canceled. As explained in Appendix B.1, in the ‘frame’ with an exponen-
tial superpotential the R-charges of the fermions in the model can give an anomalous contribution
to the Lagrangian. In this case the Green—Schwarz term can cancel quantum anomalies. However
as shown in [3], with the minimal MSSM spectrum, the presence of the term (3.3) requires the
existence of additional fields in the theory charged under the shift symmetry.

Instead, to avoid the discussion of anomalies at this point, we focus on models with a constant
gauge kinetic function. In this case the only (integer) possibility® is p = 1. However, as we will
show below, this model suffers from tachyonic soft masses when it is coupled to the MSSM.

3.2. Models with field-independent gauge kinetic functions

As described above, a constant gauge kinetic function dictates p = 1. Moreover, by appropri-
ate field redefinitions, this constant can be absorbed in the other constants of the theory. We can
therefore take f(s) = 1. As also described above, the model with an exponential superpotential
can be recast by a Kihler transformation in a model with a constant superpotential, but with a lin-
ear term in the Kéhler potential. To avoid any quantum anomalies coming from the R-charges of
the various fermions in the model, we continue with a constant superpotential and a linear term
in s + 5 in the Kihler potential. Although these models are equivalent classically, they might
differ at the quantum level. The model is given by

K =—k"2log(s +35) +«k 2b(s +3),
W=« a,
fs)=1. (3.5)
The scalar potential is given by
V=Vr+Vp,
eP(s+5)

W=K4WRTI?Q, oy =—-3+(b(s+5)—1)2,

L (R ’ (3.6)
b=k 5 s+35) :

3f f(s) is constant, the leading contribution to Vp when s + § — 0 is proportional to 1/(s + 5)2, while the leading
contribution to V is proportional to 1/(s + §)?. It follows that p < 2; if p > 2, the potential is unbounded from below,
while if p = 2, the potential is either positive and monotonically decreasing or unbounded from below when s + 5 — 0
depending on the values of the parameters.
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As mentioned in the previous subsection, for b > 0 this scalar potential always allows for a
supersymmetric AdS minimum at (s + s5) = 1/b, while for b = 0 supersymmetry is broken in
AdS space [1]. We therefore focus on the case b < 0. The minimization of the potential 9,V =0
gives

c? s
=0+ 5)(2 — b* (s +5)2)eb b+ (3.7)

By plugging this relation into Vi, = A ~ (1073 eV)*, one finds
b*(s +5)?
2 .

An infinitesimally small cosmological constant A can then be obtained by tuning the parameters
a, b, ¢ such that

he P (s 4 s)a% ==3+(b{s +5) — 1)’ [2 - (3.8)

b(s +5) = a ~ —0.233153,
26t Aa? 3—(a—1)?

—_— Ala) =2e%q———

a2b(a — 1)2 (@) =2 a—""1y

where « is the negative root of —3 + (« — 1)2(2 —a?/2) = 0 close to —0.23. The other roots are
either imaginary or would not allow for a real solution of the second constraint.

We conclude that this model allows for a stable de Sitter (dS) vacuum with an infinitesimally
small (and tunable) value for the cosmological constant.

Unfortunately, if one now adds an MSSM-like field ¢ with a canonical Kéhler potential, van-
ishing superpotential and invariant under the shift symmetry of the model,

bc?
— =A@) + ~ —0.359291, (3.9)
a

K=—«2log(s +35) +x 2b(s +5) + Y ¢,
W =k "2a + Wyssu, (3.10)

where Wyssm is the MSSM superpotential defined below in eq. (4.24), the soft scalar mass
squared at (@) = (¢) = 0 is negative, given by

eﬂt
905V | =g =1al’b— (o) + 1) <0. (3.11)

Since {(oy) ~ —1.48, any nonzero solutions (@) # 0 of 9,V = 0 would mean that the field ¢ con-
tributes in general to the supersymmetry breaking. We conclude that the model on its own cannot
be consistently extended to include the MSSM with canonical kinetic terms. To circumvent this
problem, one can add an extra hidden sector field which contributes to (F-term) supersymmetry
breaking. This will be worked out in full detail in the following sections. However, we will show
in section 7 that the problem of tachyonic soft masses can also be solved if one allows for a
non-canonical Kéhler potential in the visible sector, which gives an additional contribution to the
masses through the D-term.

4. Extra field in the hidden sector
4.1. Tuning of the parameters
As described above, the model (with p = 1 and a field independent gauge kinetic function)

presented there would give a tachyonic mass to any MSSM-like fields (that are invariant un-
der the shift symmetry and have a canonical Kéhler potential). In this section we add an extra
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hidden sector field z (similar to the so-called Polonyi field [10]) to circumvent this problem.
Note that this choice is not unique and that the problem can also be circumvented by allowing a
non-canonical Kéhler potential for the MSSM fields (see section 7).
The Kihler potential, superpotential and gauge kinetic function are given by
K =—k"2log(s +3) +k2b(s +5) + 22,
W=« a(l + yKZ),
f)=1, (4.1)

with y an additional constant parameter. The scalar potential is

V=Vr+Vp,
. 2eb(s-}—s_)+/<2z2
V=« "a|"——— (05A(z,2) + B(z,2)),
s+s
2 2
c 1
Vp=k"*—(b— , 4.2
b=k 2( s+§) 4.2)
where

A(z,2) =1+ ykz|?,

2
B(z,7) = ’7/ +KZ+)/K2ZZ‘ 4.3)

Ly

We focusonreal z=z=«"
A =(1+y1)?,
B(t)=(y +1+y1)*; (4.4)

9,V =0 then gives

0=y (05 + 1) + (05 + 14+ y(05 +2)1 + ¥ 2oy + 5)2 + (1 + y2(oy + )13

+ 2yt + 92,

oy =—3+ (o —1)?, o =b(s +53). (4.5)

As in the previous section, d;V = 0, implies
2

€ _Loats? [A(t)(2 —a?)— B(t)] . (4.6)

az b
This can be combined with V =0

& _ % i [2AD + BO) , 4.7)

a? b (¢ —1)2
to give

1 2 1 2
0=A(1) GS_E(O[_I) (¢ —2) )+ B(t) l—z(cx—l) . (4.8)

In principle for any value of y, a Minkowski minimum can be found by solving egs. (4.5) and
(4.8) for « and ¢, and then tuning the parameters a, b and ¢ by using the relation (4.7).
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The role of the extra hidden sector field z is to give a (positive) F-term contribution to the
scalar potential, which in turn gives a positive contribution (proportional to [V, W|?) to the soft
mass squared of any MSSM-like field in eq. (3.11). It turns out that the addition of the extra
hidden sector field z indeed results in positive soft masses squared.

It is however necessary that z contributes to the supersymmetry breaking. The existence of
any minimum of the potential with |V, W|? = 0 can be troublesome and we therefore require

V.W=0.W+k?K,W=a(y+z(1+y2)#0 (4.9)

Since y is real, any root of V,W =0 is also real. To ensure the condition (4.9) we must ensure
that the roots Re(z) = (—1 £ /1 — 4y)/4y are complex. This requires |y | > 1/2.

Also, for any y the solution (e, t) of the set of equations (4.5) and (4.8) should give a positive
right hand side of eq. (4.6) (or equivalently, eq. (4.7)). This constraint leads to y < 1.707. We
conclude that

y €[0.5,1.707]. (4.10)

For example, for y = 1, we have b(s + 5) = o ~ —0.134014, (t) = 0.39041. The (negative)
constant b can be chosen freely to fix the value of the vacuum expectation value (VEV) of Re(s).
The parameters a and ¢ should be tuned carefully according to

b_c2 gt |:UXA(t) + B()
(@—1)?
Note that the number on the right hand side changes when y is varied. The remaining free
parameter a can be used to tune the supersymmetry breaking scale and (as shown below) the soft
masses for the MSSM-like fields compared to the gravitino mass depend slightly on y (provided
¢ and a are also tuned according to eq. (4.6)). We summarize the VEVs of « and ¢, together with
the above constraint on the parameters for the particular choice y = 1 below for future reference

2 ]%—0.1981. @.11)
a

b 2
y=1, a~—0.134014, (1)~0.3904], == ~—0.1981. (4.12)
a

For y in the allowed parameter range (4.10), the scalar potential is positive definite for all
Re(s) > 0, z, z, including the imaginary part of z, which justifies our assumption to look for a
Minkowski minimum with Im(z) = 0. In fact, for the allowed values of y, the solution of the set
of equations (4.5) and (4.8) together with dym;) V = 0 gives Im(z) = 0 as a solution.

Finally, note that this Minkowski minimum can be lifted to a dS vacuum with an infinitesi-
mally small cosmological constant by a small increase in c. A cosmological constant A can be
obtained by replacing the condition (4.11) with

c? A gy [asA(t) + B(t):| 202 k%A

S L P ] R (4.13)

a? b
4.2. Scalar masses, gravitino mass, super-BEH and Stiickelberg mechanism
The gravitino mass is given by

b
majp = k2 KPW = 7 la, [T (L gy, (4.14)
o

Note that this can be arranged to be at the TeV scale by suitably tuning a. For example, for y =1,
such that o and ¢ are given by eq. (4.12) and m3,, =1 TeV, we have
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avb~353 x 10717 (4.15)
Since the VEV of Im(z) vanishes, it does not mix with the other hidden sector scalars and its
mass is given by

mlzm(z) = m%/z Sim(),
2(14+28y + %2 + 0, + 2ty 2+ 00) + ¥ B+ 0) + 12 (1 + y2(d + 0y)))

(14y1)?

fIm(z) =

(4.16)

However, the masses of the scalars Re(s) and Re(z) mix, so one should diagonalize their mass
matrix (with eigenvalues ms1 and m;s) while taking in account the non-canonical kinetic term
for s. We omit the details and merely state the result for the particular choice of parameters y = 1
ineq. (4.12):

Mim(z) ~1.21 m3/2,
myg1 ~4.34 ms3;2,
mes2 ~ 1.08 m3 . (4.17)
The imaginary part of s is eaten by the U (1) gauge boson, which becomes massive. Its mass
is given by*:

k" be
ma, =

o

~0.87 m3,2, (4.18)

where the last line was obtained by the relation between the parameters eq. (4.11) and by substi-
tuting the numerical values for y =1 eq. (4.12).

The Goldstino, which is a linear combination of the gaugino, the z-fermion and the s-fermion,
is eaten by the gravitino, which in turn becomes massive. The masses of the remaining two hidden
sector fermions are calculated in Appendix A and their values for y =1 are given by

my, ~ 2.27 m3;2,
my, 2 0.12m3/;. 4.19)

4.3. Tree level soft masses

The goal of this section is to use the coupling of the model above, that allows for a TeV
gravitino and an infinitesimally small cosmological constant, to the MSSM and to calculate its
soft breaking terms.

4 This is calculated as follows: The relevant part of the Lagrangian is

Lle= ff) Fuy FH.

—m (BMS"FIICAM)(BMS —l'CAM) -

Use the gauged shift symmetry to put Im(s) = 0 and obtain
2

Lle=— G152

1
=y duRe(5)" Re(s) = ¢ Fu FI

Ay AM.
(s +5)2 "
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As already said, for simplicity, we take the MSSM-like fields ¢, to be chargeless under the
extra U (1). They can then easily be coupled to the above model in the following way:

K =—k"2log(s +35) +x2b(s +5) +22+ Y ¢,
o

W =k "2a(l +«z2) + Wnssm(@),
fRE)=1,  fals)=1/g3. (4.20)

The various multiplets in the MSSM are labeled by an (omitted for simplicity) index «. The
Standard Model gauge groups are labeled by an index A, while the extra U (1) will be referred
to with an index R. Note that all gauge kinetic functions are taken to be constants.

The scalar potential is now given by

V=Vr+Vp,
4eb(s+§)+zi+<pq3 4 )
Vi=k ' ———— [ 0,A(2.2.9.9) + B(z.2.0.9) +£* > [Va W|* |,
s+s .
Vo=t (5 2 ’ 4.21)
=K —_— —_ N .
b 2 s+
where
- - 3 2
A(z,Z,0,9) = |at+aykz+k WMSSM‘
2

B2 9.9) = |ay +KZ(a+ayz+ Wsssw)|

2
Ve W|* = aaWMSSM+/<2¢W‘ : (4.22)

It can be easily seen that the resulting scalar potential has a minimum at (@) = (Wmssm) = 0,
in which case the potential of last section is reproduced and its conclusions are still valid. For
example, A(2,Z, ¢, @)|(z)=r.(p)=0 = a*A(t) and B(z,Z, ¢, )| (z)=r(9)=0 = a*B(1), where A(t)
and B(t) are defined in eq. (4.4). The second derivatives of the potential, evaluated on the ground
state are given by
= 2a2be ) -
g0V = ———— [(as + DA®@) + B() + W, W¢¢] ,

—1 a+1?
k= abWyge [

8,0,V = @ + DU +yD+1(y +1+y)]. (4.23)

There is no mass mixing between the different ¢“ (except of course for the By term defined
below) and between the MSSM fields with z and s. Let us now specify the MSSM superpotential

Wussm = v/ it; Qj - Hy — v di Qj - Hg — y/ & Lj - Hqg + wH, - Hy. (4.24)

Note that in the scalar potential eq. (4.21) the MSSM F-terms ), |Vo W|? come with a pref-
actor exp(a + t*)b/a (where the fields have been replaced by their VEVs). To bring this into a
conventional form, one should rescale the MSSM superpotential

A b 2
Wassm = \/;e“/ 22 Waisswm- (4.25)
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Then the squark and slepton soft masses are given by

2 .2 .2 .2 2 _ 2
mQ—mﬁ—m;—mQ—mé—mOH,
o412
mj =k "*ba* [A(t) (05 + 1) + B(1)]. (4.26)

Here, I is the unit matrix in family space. The trilinear couplings are given by
ay = AoJu, aq = Aoyd, ae = AgJe,

b
Ag=r"a,| eI (o, £ 3+ y1) + 1y + 1+ 1) 4.27)
o

where y,, 4 and J, are the Yukawa couplings of the MSSM superpotential after the rescaling of
eq. (4.25). Also,

m%{u = m%{d = m(2), (428)
and
b
Bo= K‘a\/;e@‘”z)/z [(as F (A +y)+i(y+1+ yﬂ)] , (4.29)

where Bj generates a term proportional to —{iBoH, - Hy + h.c., where [ is the rescaled
w-parameter (in the sense of eq. (4.25)). Summarized, in terms of the gravitino mass (eq. (4.14)),
the MSSM soft terms are given by

2 > [ (v +t+ytH?]
= +D+——,
o=y | Ot DT
i (v +t+yt3)]
Ag = D+t—--—---——|,
0 m3/2_(0s+ )+ T+t
[ (y+t+yr)]
By = D +t—. 4.30
0=m3/2 _(Us+ )+ ) (4.30)
Note the relation [11]
Ap = By +m3)2. 4.31)
At tree level, the gaugino masses are given by
1 2 - -
map = =5 fu5ag P Vg W. (4.32)

where the indices A and B label the different gauge groups and fsp , stands for d, fap. Since
the gauge kinetic functions are constant, they vanish

Mgl e = 0. (4.33)

However, as mentioned in section 3, the Kéhler potential and superpotential of any (M =1,
D = 4) supergravity theory are only determined up to Kéhler transformations, at least classi-
cally.’ By applying a Kihler transformation (2.1) with J = —«x~2bs to the model defined in
eq. (4.20), one ends up with the classically equivalent theory

5 This statement is only true for supergravity theories with a non-vanishing superpotential where everything can be
defined in terms of a gauge invariant function G = 2K + 10g(K6WW) [12].
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K=—k"?log(s +5) +2Z+ Y _ ¢@,
[04

W= (a1 + yie2) + Waissm() ) " (4.34)

Note that all classical results of the previous section also hold for this theory: Its scalar potential
is given by (4.21) and can be tuned in exactly the same way as above. In particular, the Ao, By and
my soft terms are again given by eqs. (4.30). However, since a Kidhler transformation is anoma-
lous [13], there are in general additional contributions to the effective action at the quantum level.
First note that the shift symmetry (3.1) of s renders the superpotential non-gauge invariant

W —s Weibet (4.35)

In other words, the shift symmetry has become a gauged R-symmetry. Therefore, all the fermions
(including the gauginos and the gravitino) in the theory transform® as well under this U (1) g. This
leads to cubic U (l)%e as well as mixed U (1) x Gpmssm anomalies.

Anomalies in supergravity theories involving a gauged R-symmetry were carefully studied in
[3,14]; we summarize the main results in the Appendix B, where it has been shown that these
anomalies are canceled by a Green—Schwarz (GS) counter term. The latter arises from a quantum
correction to the gauge kinetic functions given by’

fa(s)=1/g4 + Bas. (4.36)

These field-dependent gauge kinetic functions give Green—Schwarz contributions

1
Les = gIm(fa ()P FA FA

uvt pos
O0Bac
8Lgs = _TEWJ FAF,. (4.37)
Anomaly cancellation then requires that (see eq. (B.13))
11D
1= T8
5b
,32 = _871_2’
B3 = e (4.38)
7T T8t '
The resulting gaugino masses are given by
N 11 2w
1= 167T2bgye°‘/ (@—1),
9 5 2 /2
b 16n2bg2€a (x—1)
9 3 2 /2
M; = 167_[2bg3e°‘/ (@—1). (4.39)

6 The chiral fermions, the gauginos and the gravitino carry a charge bc/2, —bc/2 and —bc/2 respectively.
7 Similarly, to cancel the cubic anomaly one should modify the R-gauge kinetic term as well to be fr(s) =1+ BRrs.

3.2
It has been checked in Appendix B that g = — 351’712 is extremely small by eqs. (4.11) and (4.15), so that the classical

scalar potential (4.21) is still valid to a very good approximation.
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It is curious that the gaugino masses vanish for the model (4.20), while the classically equivalent
model (4.34) obtained upon a Kéhler transformation has nonzero gaugino masses. This creates
a puzzle on the quantum equivalence of these models. The answer to this puzzle is based on the
fact that gaugino masses are present in both representations and are generated at one-loop level
by an effect called Anomaly Mediation [4,5]. Indeed, it has been argued that gaugino masses
receive a one-loop contribution due to the super-Weyl-Kihler and sigma-model anomalies. These
contributions are different for both models, and we will show in section 5 that the difference
accounts exactly for the contributions (4.39). Below, we compute the gaugino masses in the
model (4.20) coming entirely from anomaly mediation.
The ‘Anomaly Mediated” gaugino mass contribution M1 is given by [5]

g2

M= 1672

where 7 is the Dynkin index of the adjoint representation, normalized to N for SU(N), and Tg

is the Dynkin index associated with the representation R of dimension dg, equal to 1/2 for the

SU(N) fundamental. An implicit sum over all matter representations is understood. The quantity

3T — Tr is the one-loop beta function coefficient. The expectation value of the auxiliary field
F*, evaluated in the Einstein frame is given by

T,
[(3TG —Tr)m3) + (T — TR)Ko F* + 2d—R(logdetIC|’1§)yaF°‘j| , (4.40)
R

F@ = K2 b (4.41)

Clearly, for the Kdhler potential (4.20) the last term in eq. (4.40) vanishes. However, the second
term survives due to the presence of Planck scale VEVs for the hidden sector fields s and z. By
using the gravitino mass (4.14), the above expression can be rewritten as

2

g 5 Yy At+yr?
Mip=——"—= 3T¢ — Tr) — (T — T, -1 ft———— 4.42
12 Ten2 ™32 [( G —Tgr) — (Ig — TRr) ((Ot )"+ Tt (4.42)

For U(1)y we have T =0 and Tg = 11, for SU(2) we have T =2 and T = 7, and for SU(3)
we have Tg = 3 and Tk = 6, such that for the different gaugino mass parameters this gives (in a
self-explanatory notation):

2 2
t t t
My =11 8y ms 1_(a_1)2_w i
1672 14yt
2 2
82 2 t(y +t+yt°)
M, = I -5(@—-1)"-5——--"—],
2 16n2m3/2[ @-1 1+t
2 2
83 5ty +t+yto)
M;=-3— 1 -1 —_—. 4.43
3 16712"13/2[ +@—-1)"+ T+t (4.43)
For example, if we choose y =1 (as in eq. (4.12)) the above equations give
M; ~0.05 g3 m3)s,
M> ~ 0.048 g% m3)2,
M3~ 0.052 g3 m3). (4.44)

These relations are compatible accidentally with gauge coupling unification. Indeed, if we now
assume that the gauge couplings unify at some unification scale 3g7 = g7 = g5 = g2 = 0.51, we
get the gaugino masses at this scale
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M ~0.015 m32,
M3 ~0.025 m3,2,
M3 ~0.026 m3/. (4.45)

The gaugino masses for other values of y are listed in Table 1 below.
Note that in a similar way, the trilinear terms Ag also receive corrections proportional to

1
8Aiji = 5 (vi +vj +w) m3, (4.46)

where the y’s are the anomalous dimensions of the corresponding cubic term in the superpoten-
tial. These contributions however are small compared to the tree-level value in eq. (4.30).

Although the gaugino masses are generated at one-loop, our model is very different from a
mAMSB (minimal Anomaly Mediated Supersymmetry Breaking) [4] scenario: In mAMSB, the
second and third term in eq. (4.40) are missing due to the absence of hidden sector fields with
a Planck scale VEV. In our model however, the second term in eq. (4.40) is present because
of the non-vanishing F-terms of the s and z fields, and has the effect that it raises the gaugino
masses slightly to the order Mj,, ~ 2 x 1072 m3,2 compared to My, ~ 1072-103 ms3; for an
mAMSB where only the first term in eq. (4.40) is non-vanishing. Another important difference
is that we have M| < M3 which results in a mostly Bino-like LSP (Lightest Supersymmetric
Particle), compared with a mostly Wino-like LSP in mAMSB. Note also that we do not have any
danger of tachyonic scalar soft masses because of the presence of a tree-level soft mass mg in
eq. (4.30). We also have tree-level trilinear couplings Ao, which are not present in the mAMSB.

Our model is also different from the minimal supergravity mediated scenario (mSUGRA)
[15]. Indeed, in mSUGRA gaugino masses are imposed to be equal at tree-level at the GUT
unification scale M3 : M, : M) = g% : g% : g% of the order mq (plus or minus an order
of magnitude), while our model has vanishing tree-level gaugino masses. They are generated
at one-loop and do not satisfy the above relation. Since the gaugino masses are generated at
one-loop they are much smaller than the other soft terms.

We conclude that although the soft terms mg, A9 and By = Ag — m3,, are similar to an
mSUGRA scenario, the anomaly mediated gaugino masses (which have on top of the usual
AMSB contribution proportional to the beta function another contribution from the Planck scale
VEVs of s and z) are not universal and are much smaller. Therefore, the particle spectrum will
resemble much more the spectrum of a mAMSB scenario, with the important difference that the
lightest neutralino is Bino-like instead of Wino-like (see section 6).

5. Kihler transformation and gaugino masses

In this section we show that the gaugino masses of the model (4.20) and of the model obtained
after a Kihler transformation (4.34) match. While in the first the gaugino masses are generated
at one-loop by eq. (4.40), the second receives an extra contribution due to a field-dependent part
in the gauge kinetic functions which is needed to cancel the mixed U(1)g x G anomalies by
a Green—Schwarz counter term. The anomalous contributions to the gauge transformations are
proportional to C4, given by

CA(Sab:TI‘I:Rw(Ta‘L'b)A] +TGA5abRA, (5.D
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where A =Y, 2, 3 labels the Standard Model gauge groups. The R-charge of the matter fermions
is Ry = bc/2, while the gauginos carry a charge Ry = —bc/2, such thateq. (5.1) can be rewritten
as

bc

CA=?( Ra — 1G,) - G-2)
Anomaly cancellation (as in eq. (B.13)) then requires that
Ca
= 53
Ba Tl (5.3)

The effect of these (quantum) corrections to the gauge kinetic functions compared to the clas-
sically equivalent theory in eq. (4.20) is that non-zero gaugino masses mg for the R-gaugino
and for the Standard Model gauginos m 4 are now generated because of a field-dependent gauge
kinetic function, on top of the “anomaly mediation” contribution (4.40). The corresponding con-
tribution to the gaugino masses can be calculated using eq. (4.32) together with the anomaly
matching conditions egs. (5.3).

2 o — -
ma = _%AeKZ’C/QﬂAg“ﬂVBW
8 %x 2KC/2 aBS i
— _ K o _
= 16712b(TG Tr)e g VEW, 5.4)
where it is taken into account that the masses of the MSSM gauginos calculated by (4.32) need a
rescaling proportional to gi due to their non-canonical kinetic terms:

L)e= —% Re(f)arprl

(L 5,2 ) sapan
= 2<gi+ﬁAb>A prt, (5.5)

where 45 << gZz if the gauge coupling is in the perturbative region.
On the other hand, since the Kéhler potential differs by a linear term b(s + 5), the contribution
of the second term in eq. (4.40) differs by a factor
2

8a 2K/2 o By
T (To = Tr)be ™ g P U5, (5.6)

which exactly coincides with eq. (5.4).

We conclude that even though the models (4.20) and (4.34) differ by a (classical) Kihler
transformation, they generate the same gaugino masses at one-loop given in eq. (4.43). While the
one-loop gaugino masses for the model (4.20) are generated entirely by eq. (4.40), the gaugino
masses for the model (4.34) after a Kéhler transformation have a contribution from eq. (4.40)
as well as from a field dependent gauge kinetic term whose presence is necessary to cancel the
mixed U(1)r x G anomalies due to the fact that the extra U (1) has become an R-symmetry
giving an R-charge to all fermions in the theory.

dmpy =

6. Phenomenology

The results for the soft terms calculated in section 4, evaluated for different values of the
parameter y are summarized in Table 1. For every y, the corresponding ¢ and « are calculated
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Table 1
The soft terms (in terms of m3 ;) for various values of y. If a solution to the RGE exists, the value of tan 8 is shown in
the last columns for 1 > 0 and p < O respectively.

y t o mo Ag My My M; tan S(n > 0) tan B(n < 0)
0.6 0.446 —0.175 0.475 1.791 0.017 0.026 0.027
1 0.409 —0.134 0.719 1.719 0.015 0.025 0.026
1.1 0.386 —0.120 0.772 1.701 0.015 0.024 0.026 46 29
1.4 0.390 —0.068 0.905 1.646 0.014 0.023 0.026 40 23
1.7 0.414 —0.002 0.998 1.588 0.013 0.022 0.025 36 19
TeV TeV
25 ' 30

25

20

20

m32 (TeV) 0 ’ m32 (TeV)
30 15 20 25 30 35

n>0 n<0

15 20 25

Fig. 1. The masses (in TeV) of the sbottom squark (yellow), the stop squark (black), the gluino (red), the lightest chargino
(green) and the lightest neutralino (blue) as a function of the gravitino mass for y = 1.4 and for p > 0 (left) and © < 0
(right). The mass of the lightest neutralino varies slightly between 42 GeV (46 GeV) for m3/, = 10 TeV and 138 GeV
(149 GeV) for m3 2 =30 TeV for u > 0 (u < 0). The vertical dashed line at m3,7~15 TeV indicates the exclusion limit
(lower bound) on the gluino mass. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

by imposing a vanishing cosmological constant by eqs. (4.6) and (4.7). The scalar soft masses
and trilinear terms are then evaluated by eqs. (4.30) and the gaugino masses by eqgs. (4.43). Note
that the relation (4.31), namely Ao = By — m32, is valid for all y. We therefore do not list the
parameter By.

In most phenomenological studies, By is substituted for tan 8, the ratio between the two Higgs
VEVs, as an input parameter for the renormalization-group equations (RGE) that determine the
low energy spectrum of the theory. Since By is not a free parameter in our theory, but is fixed by
eq. (4.31), this corresponds to a definite value of tan 8. For more details see [16] (and references
therein). The corresponding tan 8 for a few particular choices for y are listed in the last two
columns of Table 1 for u > 0 and u < 0 respectively. No solutions were found for y < 1.1, for
both signs of .

Some characteristic masses [17] for y = 1.4 as a function of the gravitino mass are shown in
Fig. 1. A lower experimental bound of 1 TeV for the gluino mass (vertical dashed line) forces
m3;2 2, 15 TeV. On the other hand, for ;& > 0 (4 < 0) no viable solution for the RGE was found
when m3/2 2 30 TeV (m32 2 35 TeV). We conclude that (for y = 1.4)

15 TeV Sm3pn $30 TeV for u > 0,
15 TeV Sm3zp S35 TeV for u < 0. 6.1)

As we will see below, these upper bounds can differ for different choices of y.
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TeV TeV
25 X - 25

20 - 20
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Fig. 2. The masses (in TeV) of the sbottom squark (yellow), the stop squark (black), the gluino (red), the lightest chargino
(green) and the lightest neutralino (blue) as a function of y for m3/, =25 TeV and for p > 0 (left) and p < 0 (right).
No solutions for the RGE were found for y < 1.1. Notice that for y — 1.1 the stop mass becomes relatively light. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

TeV TeV
35 . 30
30 - 25

2
5 20

20

15 -
10
10
5///”4 5
e
= = - m32 (TeV = —= m32 (TeV
35 ™32 TeV) 2o M32 (TeV)

20 25 30 35 40 16 18 20 22 24 26 28
y=1land u>0 y=17and >0

Fig. 3. The masses (in TeV) of the sbottom squark (yellow), the stop squark (black), the gluino (red), the lightest chargino
(green) and the lightest neutralino (blue) as a function of m3 for y = 1.1 (left) and for y = 1.7 (right), for u > 0. For
y = 1.1 (left) no solutions to the RGE were found when m3,, 2 45 TeV, while for y = 1.7 (right) no solutions were
found when m3 3 2 30 TeV. The lower bound corresponds in both cases to a gluino mass of 1 TeV. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

In Fig. 2, the same spectrum is plotted as a function of y for m3,2 =25 TeV. As one can see,
the stop mass varies heavily with y, and can become relatively light when y = 1.1. For all values
of y the LSP is given by the lightest neutralino and since M; < M; (see Table 1) the lightest
neutralino is mostly Bino-like, in contrast with a typical mAMSB scenario, where the lightest
neutralino is mostly Wino-like [18].

To get a lower bound on the stop mass, the sparticle spectrum is plotted in Fig. 3 (left) as
a function of the gravitino mass for y = 1.1 and pu > 0 (for u < O the bound is higher). As
above, the experimental limit on the gluino mass forces m3,> 2 15 TeV. In this limit the stop
mass can be as low as 2 TeV. To obtain an upper bound on the stop mass on the other hand, the
sparticle spectrum is plotted in Fig. 3 (right) for y = 1.7 and u > 0. Above a gravitino mass of
(approximately) 30 TeV, no solutions to the RGE were found. In this limit the stop mass is about
15 TeV.

To conclude, the lower end mass spectrum consists of (very) light charginos (with a lightest
chargino between 250 and 800 GeV) and neutralinos, with a mostly Bino-like neutralino as LSP
(80-230 GeV), which would distinguish this model from the mAMSB where the LSP is mostly
Wino-like. These upper limits on the LSP and the lightest chargino imply that this model could
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in principle be excluded in the next LHC run. In order for the gluino to escape experimental
bounds, the lower limit on the gravitino mass is about 15 TeV. The gluino mass is then between
1-3 TeV. This however forces the squark masses to be very high (10-35 TeV), with the exception
of the stop mass which can be relatively light (2—-15 TeV).

7. Non-canonical Kiihler potential for the visible sector

Since the model (3.5) has tachyonic soft scalar masses for the MSSM fields, in section 4 we
proposed a solution by adding an extra field to the hidden sector. However, we will show in this
section that the problem can also be circumvented by allowing non-canonical kinetic terms for
the MSSM fields.

We consider the following model

K=—k"log(s +5) + & 2b(s +H+ G +5) ") 0f.
W =« 2a+ Wnsswm,
f& =1,  fals)=1/g} (7.1)

where a sum over all visible sector fields ¢ is understood in the Kihler potential. Here, v is
considered to be an additional parameter in the theory, where v = 1 corresponds with the leading
term in the Taylor expansion of —log(s + 5 — ¢¢). The gauge kinetic functions for the Standard
Model gauge groups f4(s) are taken to be constants.

The scalar potential is given by

V=Vg+Vp,
b(s+5)+2 k2 (s45) V9@
—4¢€ - 5 2 - 2
Vi=k - (—3WW+g“ IV, WI* + % (s+5" |V, W| )
c? 1 1 2

Vp=—(b—- ——— $)7"T E ), 7.2

D 2( - V(s +3) w) (7.2)

where

VoW =3 W + k2 (0 W. (7.3)

Since the visible sector fields appear only in the combination g¢, their VEVs vanish provided
that the scalar soft masses squared are positive. Moreover, for vanishing visible sector VEVs, the
scalar potential reduces to eq. (3.6) and the non-canonical Kihler potential for the visible sector
fields does not change the discussion on the minimization of the potential in section 3.2. There-
fore, the non-canonical Kéhler potential does not change the fact that the F-term contribution to
the soft scalar masses squared is negative. One has as in eq. (3.11)

92Vp
9@

v+1
=k 2% (g) ((os) + 1) <O0. (7.4)

(p)=0
However, the visible fields will enter in the D-term scalar potential through the derivative of the
Kihler potential with respect to s. Even though this has no effect on the ground state of the
potential, the ¢p-dependence of the D-term scalar potential does result in an extra contribution to
the scalar masses squared
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32 Vv b v+2
b =vx%2(—> (1-a). (7.5)
3909 |(g)=0 o
The total soft mass squared is then the sum of these two contributions
b A
m%:l{fza2 (—) (e“(as + 1)+vﬂ(l —a)) , (7.6)
o o

where eq. (3.9) has been used to relate the constants @ and ¢, and corrections due to a small
cosmological constant have been neglected. A field redefinition due to a non-canonical kinetic
term g, = (s +5) " is taken into account. The soft mass squared is now positive if

o 1
B G LN (7.7)
Al@) (1 —a)
The gravitino mass is given by
m3 = k Lay/bjae®!?. (7.8)

In the hidden sector, the imaginary part of s is eaten by the gauge boson corresponding to the
shift symmetry, which becomes massive (similar to eq. (4.18))

K—l

ma, =~ 139 m3. (7.9)

The mass of the real part of s squared is given by 2(c/b)?d;d V evaluated at the ground state,
where the factor 2(ct/ b)? comes from the non-canonical kinetic term,

(3 -2a)A
m%:Z(a4—2a2+4a+M—4>m%/2
o

~3.48m3 . (7.10)

Finally, the Goldstino is given by a linear combination of the fermionic superpartner of s and
the gaugino, which is eaten by the gravitino by the BEH mechanism. The mass of the remaining
fermion is given by (see Appendix A)

m% ~3.81m3,. (7.11)

Note that in the scalar potential eq. (7.2) the MSSM F-terms Zw |V¢ W|2 come with a pref-

actor <K g%? (where the hidden fields are replaced by their VEVs). To bring this into a more
recognizable (globally supersymmetric) form where £ ~ —g,59,99" ¢ — g#? W, W3, one should
rescale the MSSM superpotential (defined in eq. (4.24))

Waissm = exp(a) (b/a) Wiissu. (7.12)

However, another rescaling is needed to take into account the non-canonical Kéhler potential for
the visible sector.® The trilinear couplings are given by

8 After the rescaling (7.12), the Lagrangian contains (very schematically) the following terms
L=—(5435) 0,030 — (s +5) V0uhd"h + (12hh + Fhog + 52000 + ...

1. 1.
+ ngycow + EBouhh, (7.13)
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Ao =m3(s +5)"* (05 +3), (7.15)

and
Bo=m32(s +5)"% (05 +2). (7.16)

The main phenomenological properties of this model are not expected to be different from
the one we analyzed in section 6 with the parameter v replacing y. Gaugino masses are still
generated at one-loop level while mSUGRA applies to the soft scalar sector. We therefore do not
repeat the phenomenological analysis for this model.

8. Conclusions

In this work, we studied a simple supergravity model that allows for an infinitesimally small
value of the cosmological constant, while leaving the supersymmetry breaking scale as an inde-
pendent parameter.

The minimal model contains a single chiral multiplet S (a dilaton) which has a gauged shift
symmetry, and a vector multiplet. Supersymmetry breaking is then realized by an expectation
value of both an F and D-term.

A Kihler potential of the form K = —plog(s + 5) is assumed, while the most general su-
perpotential is a single exponential. By performing a Kéhler transformation the exponential
superpotential can be absorbed in a linear term in the Ké&hler potential and one is left with
a constant superpotential. Gauge invariance then dictates a constant gauge kinetic term, since
otherwise a linear contribution would break the (local) shift symmetry.

We showed that when this model is coupled to the MSSM, it leads to tachyonic scalar soft
masses. This can be cured by adding an extra Polonyi-like field, or by allowing for non-canonical
kinetic terms of the Standard Model fields, while maintaining the desirable features of the model.

This however introduces an extra parameter y (or v in the second case), which turns out to be
heavily constrained: y should be in the range [1.1, 1.707], where the lower bound is to prevent
a tachyonic stop squark mass, and the upper bound follows from the tunability of the scalar
potential.

Since a Kihler transformation can bring the theory from a constant superpotential to a theory
with an exponential superpotential where the shift symmetry is a gauged R-symmetry, but with
non-trivial gauge kinetic functions, there is an apparent puzzle with the gaugino masses that
vanish classically in the first representation but not in the second. Indeed in the latter case all
fermions in the theory are charged under U (1) leading to anomalies that are canceled by a
Green—Schwarz mechanism due to a gauge kinetic function which is linear in S. However, this

where h stands for the Higgsinos and ¢ labels the other scalar superpartners and all indices are suppressed for clarity.
y stands for the Yukawa couplings and p is the usual p-parameter. The first line contains the kinetic terms and the
F-terms coming from WMSSM- The last line contains the trilinear supersymmetry breaking terms (A-terms) and the
B-term. In order to obtain canonical kinetic terms, one needs a rescaling ¢ — ¢’ = (s + E)*”/ 2<p (and similarly for £).
However, to bring the MSSM superpotential back into its usual form one also needs to redefine i — i’ = (s + E)“/ 2 n
and $ — 3’ = (s +5)" 3. One then obtains

E:—aﬂ(ﬁ/aﬂ(p, _ aﬂfl/al’bh,—i-/l/zﬁ/h/+9/ﬂ,ﬁ/(p/(p/+§1/2<ﬁ/<ﬁ/<p/(p/+...

1 . (. R
+ 5 G+ D240 00 + S s+ 2B (7.14)
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also results in non-zero gaugino masses, while in the former case the gaugino masses vanish. We
have shown that when the ‘anomaly mediated’ contributions to the gaugino masses are included,
the gaugino masses on both sides of the Kihler transformation match.

Since the soft SUSY breaking parameter By is related to the trilinear coupling by By = Ap —
m3,2, the ratio between the two Higgs VEVs tan 8 is not a free parameter and the model turns out
to be very predictive. The low energy spectrum of the theory consists of (very) light neutralinos,
charginos and gluinos, where the experimental bounds on the (mostly Bino-like) LSP, the lightest
chargino and the gluino mass force the gravitino mass to be above 15 TeV. This in turn implies
that the squarks are very heavy, with the exception of the stop squark which can be as light as
2 TeV when the parameter y approaches its lowest limit y — 1.1.

It follows that the resulting spectrum can be distinguished from other models of supersymme-
try breaking and mediation such as mSUGRA and mAMSB.
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Appendix A. Fermion masses

The fermion mass Lagrangian for the chiral fermions x¢, the gauginos A4 and the gravitino
Y, is given by [6]

1 - 1 B B 1 -
L= m3pp i Pry"" ¥y = Emaﬂx“xﬁ — MmagAx A — EmABAAPLAB +he.  (A)
where,

Map = &< K2 [aa + (Kzaan)] VsW — e K1Y v, W,

1
My =mag =iv2 |:3a¢7D - ZfAB,a Re(f)~! BCPC] ,

1 7o -
mag = =3¢ fap.ag" s W. (A2)
Here, ng = g"‘gaﬁ 8,5 is the Christophel connection with as only non-vanishing component
IS, = —% The moment maps P, are defined in eq. (2.7), while map = O since the gauge

kinetic function is constant.
The Goldstino P v is given by

PLv = x%8sXo + PLAASs PrAA, (A.3)

where Pp gy is the left-handed (right-handed) projection operator. As before, chiral multiplets
are labeled by the index «, while the different gauge groups are labeled by the index A. The
‘fermion shifts’ (the scalar parts of the supersymmetry transformation rules) are given by

1 =2
O Xa = _ﬁeK ’C/zvoz W,

i
Ss PRrAg = —E'PA. (A4)
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Due to the super-BEH effect, elimination of the Goldstino will give mass to the gravitino

msn = k2 KW, (A.5)

As a result, the mass matrix for the fermions becomes

) v)
m:<m“ﬁ+maﬂ maB+maB>’ (A6)

map + mf:/; map + mgg

where the corrections to the fermion mass terms due to the elimination of the Goldstino are given

by

‘”’——4—K2<5 )(8s xp)
myg = 3m3,2 s Xa)Os XB)>

) 4/(2
Mya = _3m3/2 (05 Xa)(8s PRAA),
) 4K2
myp =—>——(8:PRA4) (s PRAB). (A7)
3m3n

Since the elimination of the Goldstino results in a reduction of the rank of m, its determinant
vanishes and the physical masses correspond to the non-zero eigenvalues of m.

The fermion mass matrix for the model in section 7 for the fermionic superpartner of s and
the gaugino corresponding to the shift symmetry (3.1) is then given by

(Q)Z ae“/z(a2+4a—2) _ (g) iﬁbzc(az—Z(x—Z)
_ b b

_ 3(a/b)’? 3a?
m=kK B (g) iﬁbzc((xszoth) 0267%(0{_1)2 ) (AS)
b 3a2 3a(a/b)’/?

where the factors (%) have been taken into account due to non-canonical kinetic terms for the
chiral fermions. The gaugino already has canonical kinetic terms since f(s) = 1. The hidden
sector fermions do not mix with the fermions of the MSSM. Also, the determinant of m is pro-
portional to (2 + 8« — 32 — 203 + Ol4), which indeed has a root at @ ~ —0.23315. The mass
squared of the physical fermion is then given by

m% = (2a/b)* Tt [me] —m3 )5 fys (A.9)
where

e 2 (ezo‘a2 (a2 +4a — 2)2 + (@ — D*A(a)? + 4e”a (Ol2 — 20 — 2)2 A(a))
fx= 902
~ 3.807, (A.10)

and we have used the relations between the parameters and the numerical values for o and A(«)
in egs. (3.9).

We now calculate the fermion masses for the model with the extra hidden sector field z in
section 4. This model contains one extra hidden sector fermion. Its mass matrix is given by x !
times
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Table 2
Charge assignments of the various MSSM fermions.
o u d L e H, Hy
UDg /2 /2 /2 /2 /2 £/2 £§/2
Uy 1/6 -2/3 1/3 —-1/2 1 1/2 —1/2
SU(_2) 2 1 1 2 1 2 2
SU@3) 3 3 3 1 1 1 1
o 2 ae % (t2+a> (—2+4a+a2>(l+ty) o ae% (t2+a) (71+at)(t+y+t2y> o iﬁbzc(—2—2a+a2)
(5) 3(%)5/2 (5) 3(%)3/2 7(5) 302
o ae%<r2+a) (—]+a)(t+y+t2y> ae%(t +a) (2t)/+21‘31/—2yz+f41’2+f2(|+2V2)) iﬁbc(—l+a)(r+y+t2y>
(F> 3(%>3/2 3\/%(14-:;/) - 3a(I+ty)
o i\/ibzz‘(7272a+ot2) i\/ibc(fl+u)(t+y+r21/) bzczge%(_tz_a) (I—%)2
_(F)T T Za(Eyy 3a(I+ty)

It has been checked that the determinant of this matrix vanishes for « and ¢ satisfying eqgs. (4.6)
and (4.7). The masses of the physical fermions are the two non-zero eigenvalues of this matrix.
The result however is quite tedious and we only state the numerical values for y = 1:

my, & 2.57 m3/2,
my, = 0.12 m3)3. (A.11)

Appendix B. Anomaly cancellation

In this Appendix we calculate the cubic U (1)?e and the mixed U (1) g x Ggm anomaly cancel-
lation conditions of the model presented in section 5. In a theory with a gauged R-symmetry, the
superpotential transforms under a gauge transformation as W = —i£0W, where 0 is the gauge
parameter of the shift symmetry (3.1), and & = bc. Then the charges of all chiral fermions are
shifted by +& /2, so that they become Ry, =& /2. The gauginos and the gravitino have a charge
R) = —£& /2. The quantum anomalies of such models are studied in full detail in [14,3]. We sum-
marize their results and apply them to our model. For the MSSM (fermion) fields, we use the
quantum numbers in Table 2. The cubic anomaly is calculated in subsection B.1. The mixed and
gravitational anomalies are calculated in B.2

B.1. The cubic anomaly

The one-loop contribution to the gauge transformation 6 from quantum anomalies is given by

6 Cgr
6‘Cl-l(mp = _m ? GMVpJF;wFpUa
Cr =Tr[R}]+ (nx +3)R; (B.1)

where n, is the number of chiral fermions in the model, n =8 + 3 + 1 + 1 = 13 is the number
of gauginos and the factor ‘43’ comes from the gravitino (3 times the contribution of a gaugino).
The U(1)r charges Ry of the MSSM fields together with their Standard Model gauge group
quantum numbers are summarized in Table 2. The trace also includes the hidden sector fields s
and z whose R-charge is R, = R; = £/2. We then obtain
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£\ £\ 2% £\
CR:S[(E) (6+3+3+2+1):|+(5) (2+2)—<§> (13+3)+2(5)

e (EY
=35 <5> ) (B.2)

Here, the term in square brackets comes from the MSSM chiral fermions (see Table 2) with a
factor 3 for the three different generations of quarks and leptons. The second term in the first line
is the contribution from the Higgsinos. The third term is the contribution from the gauginos and
the gravitino, while the last term comes from the two hidden sector fields z and s.

The one-loop contribution (B.1) is canceled by a Green—Schwarz mechanism: the Lagrangian
contains a term

1
‘CGS = g Im (f(s)) evre Fp.vaaa (B3)
and a gauge transformation (3.1) of the gauge kinetic function f(s) = 1+ Brs gives a contribu-
tion
r BRC  vpo
8 GS:_Q? € FiuvFops. B4
The theory can be made gauge invariant by choosing

Cr 35h3¢2

— =— . B.5
1272¢ 9672 (B-5)

Br =

B.2. The mixed anomalies

We now calculate the cancellation conditions of the mixed anomalies by a Green—Schwarz
mechanism. In a theory with a gauged R-symmetry, the anomalous contributions to the triangle
diagrams involving the R-current and two gauge fields or gravitons are given by

(FF)a: Cad®™ = Tr[Ry (t97®) 4] + 75,8 R;,
RR: Cgray = Tr[Ry]+nuRi —21Ry,,. (B.6)

Here, TG, §ab = facd phed ith TG, = N for SU(N) and O for U(1), A labels the groups
U(y,SUQR2)L,SU@3). The contribution of the gravitino is —21 times the contribution of a gaug-
ino. We can now calculate the U(1)g x U (1)%, anomaly

e 4 1 E\ (1 1
61—3[5<6+§+§+5+1>}+<5)(5+§>

(s

_11<2>, (B.7)

the mixed U (1)g x SU(2) anomaly

3
Cz=§|:<§>(3+1):|+%(§)(1+1)—2(§)
:5<§>, (B8)

the mixed U (1)g x SU(3) anomaly
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o))
)

and the gravitational anomaly

Cgrav=3[(§> (6+3+3+2+1)}+(§>(2+2+1+1+21—13)

_ &
=59 <§> (B.10)

In the equations above, the term in square brackets comes from the contributions of quarks and
leptons Q,u,d, L and e. The second term in the first line in eqs. (B.7) and (B.8) comes from
the Higgsinos, and the last terms in the first line of egs. (B.8) and (B.9) is the contribution of
the gauginos (7). The contributions to the second term in the first line of eq. (B.10) come
from the Higgsinos, x5, x;, the gravitino and the gauginos respectively, where xs and y, are the
superpartners of s and z and we have 13 =8 4+ 3 4+ 1 4+ 1 gauginos. In the above expressions, we
used that T = 11 for U(1)y, Tr =7 for SU(2) and Tg = 6 for SU(3).
These anomalies are canceled by a Green—Schwarz mechanism’

Las= %Im(s)e*“ﬂ“ (BaF A Fot + B RusRpe ) (B.11)
provided
Ca = —4n’c Ba, A=1,2,3
Caray = 327%¢ Baray- (B.12)
This gives the anomaly cancellation conditions
_ 112
sem
P2 = e
B3 = —%- (B.13)
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