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1 Introduction

If supersymmetry is realized in Nature, it has to be broken. From an aesthetical point
of view, models in which supersymmetry is broken spontaneously and dynamically [1] are
particularly appealing. From a phenomenological point of view, we need the sfermion
mass terms to be flavour universal, at least in the first two families, and, if the natural-
ness criterium is not abandoned [2—4], gaugino masses to be roughly of the same order of
magnitude as sfermion masses.

Gauge-mediation models [5-8] satisfy the flavour constraint. Viable gaugino masses
can also be obtained if supersymmetry breaking is parameterized by a spurion field, as
in minimal gauge mediation [9]. On the other hand, when a concrete supersymmetry
breaking sector is incorporated, gauge mediation models sometimes fail to provide large
enough gaugino masses. Indeed, gaugino masses seem to represent an obstacle to obtain a
phenomenologically viable model of dynamical supersymmetry breaking. One reason has to
do with the R-symmetry. If an R-symmetry is present (which is the case in generic models
with stable supersymmetry breaking minima [10]), it needs to be broken in order for non-
vanishing (Majorana) gaugino masses to be allowed.! On the other hand, dynamical models
often flow at low energy to generalized O’Raifeartaigh models with R-charges 0 and 2 (see
however [17]), in which the R-symmetry might not be spontaneously broken [18, 19]. Even
when the R-symmetry is spontaneously broken, gaugino masses can turn out to be strongly

!The possibility of Dirac gaugino masses is studied in [11-16]).



suppressed, as in semi-direct Gauge Mediation [20-22]. Independently of the R-symmetry,
gaugino masses turn out to vanish at the one loop if the dynamical model has a generalized
O’Raifeartaigh low-energy limit in which the supersymmetry breaking pseudoflat direction
is stable everywhere [23].

In this paper we present a simple, phenomenologically viable model of dynamical
supersymmetry breaking providing universal sfermion masses and non vanishing gaugino
masses of the same order. The model is a simple extension of the 3-2 model of dynamical
supersymmetry breaking [24], with gauge group SU(3) x SU(2) x Ggm, where Gy =
SU(3),. x SU(2),, x U(1)y is the SM gauge group. Some of the features of the model are:

e Unlike in ordinary gauge-mediation, supersymmetry breaking is communicated to the
MSSM fields by the SU(2) gauge interactions, not by SM gauge interactions.

The MSSM fields are unified in S8U(2) doublets with heavy fields playing the role of
the chiral messenger of minimal gauge mediation.

e The messenger and observable fields are directly coupled to the hidden sector SU(2)
gauge fields and to the source of supersymmetry (and SU(2)) breaking.

e Both messenger and observable fields are charged under the hidden sector gauge
group (the weak part SU(2)), but they do not take part to supersymmetry breaking.

The messenger + observable sector is analogous to the messenger sector of semi-direct
Gauge Mediation, however

— no additional separate sector for the MSSM fields is required;

— no explicit mass term is needed for the messengers, which get their masses by
coupling to the SU(2) breaking sources in the 3-2 sector;

— gaugino masses are not suppressed, they arise at the one loop level because of
the above coupling of the messengers to the supersymmetry breaking source.

e Positive sfermion masses arise at the tree level, in what can be considered as a
dynamical realization of tree-level gauge mediation (TGM) [25-27], but are predicted
not to be hierarchically larger than the gaugino masses.

A schematic representation of the supersymmetry breaking scheme is given in figure 1.
The paper is organized as follows. In section 2, we briefly review the 3-2 model.
Section 3 is the core of the paper. There, we show how the supersymmetry breaking
originating in the 3-2 sector can be simply communicated to the observable fields. In
section 4, the MSSM Higgs and Yukawas are introduced. In section 5, we address mode-
dependent issues about the Higgs sector and in sections 6 and 7 we show that sizeable
A-terms can arise due to matter-messenger couplings and discuss loop corrections to the
sfermion masses. We summarize our results in section 8. In the appendix, we show some
useful results on electroweak symmetry breaking in the presence of n pairs of Higgs doublets.
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Figure 1. Schematic representation of the model. Supersymmetry breaking takes place in the the 3-
2 sector (shaded rectangle). The supersymmetry breaking fields are charged under the SU(3) x SU(2)
gauge group. The MSSM fields also feel the SU(2) interactions, which communicate supersymmetry
breaking to the sfermions at the tree level. The MSSM fields are unified in SU(2) doublets with
heavy fields (behaving like the messengers of minimal gauge mediation). The latter get their mass
from a superpotential coupling to the source of SU(2) and supersymmetry breaking in the 3-2 sector.

2 The 3-2 sector

Let us begin by reviewing the 3-2 model. The gauge group is SU(3) x SU(2) (we use
calligraphic letters for the 3-2 groups, generators, and couplings), and the matter content is

SU(3) SU(2)

Q 3 P
Ue 3 1
D¢ 3 1
L 1 2

For convenience, we assume L to transform as L — U*L under U € S8U(2). The superpo-
tential W3 o of the 3-2 model is the sum of two terms:

W3_2 = Wcl + Wnp . (2.1)

The classical term is
Wea = hQDCL = hQ4 DL, (2.2)
where capital letters correspond to SU(2) indices, lower-case letters to SU(3) indices. The
S8U(3) interactions become non-perturbative at the scale Ag, giving rise to the term
A
detQQ*’

The SU(2) interactions are assumed to be perturbative at that scale (and above). In the

Wap = Q°= (DU,  detQQ° = QuQ%DUME,

further assumption that h < 1 and h < g, g3, the F-term contribution to the potential is
subleading and the minimum can be obtained perturbatively along the D-flat directions.
In an appropriate flavour basis,

a0 a0
2 _ K2
o=lov|M @ =|o0b]|M L—(Vaob>M,

00 00

(2.3)



where

A

and a = 1.164, b ~ 1.132. Note that the component of L getting a non-vanishing vev, L,
has t3 = —1/2. The SU(3) x SU(2) symmetry is thus fully broken. The F-terms are

Fo=Foe = 0 1/(a2b?) ‘

ava? — b2 —1/(a®b?) 0 9
F, FL:<O>F, (2.4)
0 0

where
F=hM?=n"A2 < A2 < M2

The F-terms above induce two non-vanishing D-terms: D:(f), associated to the t3 = 03/2

generator of SU(2) and D:(,,S), associated to the corresponding SU(3) generator A\3/2 (o, and
A4 are the Pauli and Gell-Mann matrices respectively). The can both be obtained using
the general result

(Da) = 2(MP) 15 983 T fo., (2.5)

where fy groups all the F-terms, M‘Z/ is the heavy gauge boson mass matrix, Ty p are
broken generators and ga g the corresponding gauge couplings. We are interested in the
SU(2) D-term, which turns out to be

9 F? . 2a8® + 202 + 4a*b*Va? — b2 — 202
2(DP)) = ~2eory, with ¢= 5555 68 ~1.48.  (2.6)

We now extend the 3-2 model and couple it to the MSSM fields. As anticipated, super-
symmetry breaking will be communicated to the MSSM fields by S8U(2) gauge interactions.
We will in fact identify the MSSM superfields with the t3 = —1/2 components f of a set
of 8U(2) doublets ® = (¢, f)*. Sfermion masses then arise at the tree-level directly from
the SU(2) D-term in eq. (2.6):

a

ﬁq,f%@@(z)) St =-Z((P)=c— >0. (2.7)

3 Coupling the 3-2 model to the MSSM

Let us extend the 3-2 model by adding the SM gauge factor Ggnm, a set of SU(2) doublets
¢ with Gy quantum numbers corresponding to the three families of SM fermions (Rgy)
and three singlets v{, and a set of 8U(2) singlets with opposite SM quantum numbers.

SU3) SU?2)| Gsu
QO 3 2 1
Uc 3 1 1
D¢ 3 1 1
L 1 2 1
> 1 2 | Renisoe
I 1 1| RsMoe




The doublets ® = (¢, f)T contain two copies of the MSSM matter fields: ¢;, uf, df, 1,
ve (i =1,2,3 is the family index), collectively denoted as fo, & = 1...18, and ¢/, i“C,
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gé,‘fc, géé, fc, Y °, collectively denoted as ¢,. The second copy ¢o will get a heavy mass
(proportional to M) together with ¢, through SU(2) breaking, while the first copy will
be massless before electroweak symmetry breaking and will be identified with the MSSM
matter superfields. We have included the extra SM singlets ®° = (vf, ¢¥") in order to
cancel the 8U(2) Witten anomaly [28].

In the presence of the fields ®,, ¢, a new term

WM == yOtL(I)aaa = yaL1¢a$a + yOéLQfOé$a (31)

(in an appropriate basis in flavour space) can be added to the 3-2 superpotential Ws.o.
Assuming as usual R-parity conservation to avoid exceedingly large lepton- and baryon-
number violating operators, that is the only additional term allowed in the superpotential at
the renormalizable level, besides the singlet mass terms (Ml]]V /2)®Y P “ and (M) 2)pY" _]”-C,
which will not play a role in what follows and will therefore be ignored.?

We have checked that the introduction of the new fields ®, ¢ and their superpotential
(and of the Higgs fields and Gsy gauge interactions) does not destabilize the 3-2 vacuum
in egs. (2.3) neither at the tree level nor at the one loop level. In particular, the upper
component L; of the SU(2) doublet L = (L1, L) still gets a vev in both the scalar and
F-term components, (L1) = Va2 — b2M + a>F6*. The SU(2) breaking vev of the scalar
component generates the superpotential mass terms

M, bod, , My = yaVa? —b2M , (3.2)
leaving only the MSSM matter fields fo = ¢;,u$,dS,l;, e (and possibly vf) at the elec-

1) ) (2
troweak scale. Moreover, because of the superpotential coupling

Yo Ll1Pa®q (3.3)

¢ and ¢ play the role of the chiral messengers of minimal gauge mediation, with L; playing
the role of the spurion field.

Below the scale M, the model we have considered so far reduces to the matter and
gauge sector of the MSSM, very weakly coupled to the 3-2 fields.?> Higgs and Yukawa
interactions will be introduced in the next subsection. As anticipated, sfermion masses
arise directly from the SU(2) D-term in eq. (2.6) and are given, at the tree level, by the
universal value 2 2

m? = —%2<D§2)> — e N 148 . (3.4)

2Such terms can be used to make the spare SM singlets v{ heavy and may play a role in generating

neutrino masses.

3The chiral degrees of freedom of the 3-2 model that are not eaten by the 3-2 gauge superfields get mass
at the scale m or below [24]. In the effective theory below the scale M, they are coupled to the observable
fields by non-renormalizable operators suppressed by the scale M. The light fermionic degrees of freedom of
the 3-2 model are three Weyl fermions, one with mass of order m, one with mass possibly induced by higher
dimension operators, and the Goldstino, which is eaten by a gravitino with mass mg,o ~ m(M/Mpi1). The
light scalar degrees of freedom are three real and a complex scalar with mass of order /m and the R-axion
that, in our case, has mass m% ~ m*(M/Mp1) [20, 29)].



Note that sfermion masses arise because supersymmetry breaking is communicated to the
MSSM fields by the SU(2) gauge interactions, not by the SM gauge interactions. Note also
that sfermion masses turn out to be

e flavour-universal, thus solving the supersymmetric flavour problem;
e universal within each family, thus providing a rationale for the CMSSM;
e positive, despite they arise at the tree level.

The last point deserves a couple of comments. The first is about the sign of the soft
terms. The sign of sfermion masses is associated to their SU(2) isospin along the t3 = 03/2
direction. The light f, fields have 3 = —1/2 and get positive soft masses, while the heavy
¢o have t3 = 1/2 and get negative soft masses (the ¢ fields are SU(2) singlets and have
zero soft mass at the tree level). The fact that the ¢, fields get negative soft mass is not
worrisome, as the leading contribution to their mass is the supersymmetric term M, > m
in eq. (3.2). On the contrary, negative soft masses for the light fields would have lead to
a lethal spontaneous breaking of color and electric charge. The welcome positiveness of
light sfermion soft masses, on the other hand, was not a priori guaranteed. It therefore
reinforces the internal consistency of the model.

The second comment is about the supertrace constraint [30]. The model we are con-
sidering is non-anomalous. The supertrace constraint then implies that the sum of all
supersymmetry breaking sfermion masses vanishes at the tree level. As a consequence,
the positiveness of the MSSM sfermion masses forces some sfermions with the same Ggyr
quantum numbers [31] to have a negative soft mass. This has been often considered to
be an obstacle to generating sfermion masses at the tree-level in non-anomalous theories.
The way out considered here is the one that goes under the name of “tree-level gauge
mediation” (TGM), in which the sfermions with negative soft masses get a large, positive
supersymmetric mass term and play the role of the chiral messengers of minimal gauge
mediation. In fact, supersymmetry breaking schemes can be classified by the way they
overcome the vanishing supertrace constraint, which holds at the tree level in the presence
of a renormalizable Kéhler and traceless (non-anomalous) gauge generators. In gravity
mediation [32-37], the supertrace does not vanish because of non-renormalizable Kéahler,
in the case of anomalous U(1) [38, 39] it does not vanish because the generators are not
traceless, in the case of ordinary gauge mediation [5-8] it does not vanish because soft
terms arise at the loop level, in the case of tree-level gauge mediation [25-27] it does vanish
and, as said, the positive soft terms of light fields is compensated by the negative soft terms
of heavy fields generating gaugino masses.

Gaugino masses are generated at the one loop, as in minimal gauge mediation, because
the chiral messengers ¢,, @, are coupled to supersymmetry breaking through the super-
potential term in eq. (3.3) and to the MSSM gauginos through the SM gauge interactions.

At the messenger scale y, M, gaugino masses are given by

a? o; F

My—12 %"
! \/@2—b247TM,

(3.5)



where o; = g2 /(4m) are the SM gauge constants and the form eq. (3.5), with the gauge
coupling appropriately renormalized, is preserved by the one-loop running. In the latter
approximation, the gaugino mass ratios at the weak scale are approximately M; : My :
Ms ~1:2:7 and the gluino mass is approximately given by

a?  asz(TeV) r
Va2 — b2 41 M

The previous equation shows that the ratio of gaugino and sfermion masses is fixed and is

M5(TeV) ~ 12 ~ 0.35m . (3.6)

not hierarchical, despite the gaugino masses arise at the one-loop level and the sfermion
masses at the tree level. The loop factor suppression of gaugino masses is compensated by
two enhancements: the factor a?/v/a? — b2 ~ 5, predicted by the 3-2 model, and the factor
12 = 3 x 4 corresponding to the three vectorlike family of messengers.

The copious number of messengers charged under the SM gauge group requires a lower
limit on the scale M* of the messengers in order to avoid Landau poles below the unification
scale: M > 10'' GeV. As a consequence,

M2 M TeV ' (3.7)

Such a bound is well in line with the assumption A < 1, which allows the model to be
calculable. On the other hand, it also means that dimensional transmutation only accounts
for a part of the hierarchy between the Planck and the weak scale (A3 > 102 GeV),
with the remaining part accounted for by the smallness of A. This is quite a common
situation in calculable models of dynamical supersymmetry breaking. A model with fewer
messengers would allow M to be lower (and h to be larger) at the price of enhancing
the ratio between sfermion and gaugino masses in eq. (3.6). Another consequence of the

presence of a significant number of messengers is that the SU(2) gauge coupling is IR free.

4 Yukawa interactions and the Higgs

In order to account for the SM fermion masses, we need to account for the MSSM Higgs
doublets and the Yukawa superpotential. The latter couples two MSSM matter fields to
a Higgs doublet. As the MSSM fields correspond to the t3 = —1/2 component of SU(2)
doublets, the MSSM Higgs doublets must correspond to the t3 = 1 components h;', h; of
SU(2) triplets H, and Hy:

SUB3) SU2)| G
Q 3 2 1

Uec 3 1 1

D¢ 3 1 1

L 1 2 1

d 1 2 | Rsmioe
I 1 1 Rsniqve
H, 1 3| (1,2,+1/2)
Hy 1 3 [(1,2,-1/2)

4The messenger masses are actually given by yo M, but for the sake of this argument, we can conserva-
tively take yo ~ 1.



We thus have two additional pairs of Higgs doublets hY, hg and h, ,h; corresponding to
t3 = 0 and t3 = —1 respectively. The Yukawa superpotential is in the form

Wy = Atg®@a®Hy + Ao ®sHy, (4.1)

where the (unique) contraction of S8U(2) indexes is understood. The couplings )\Zg are of
course non-vanishing only when the interaction term is gauge invariant,
Nag®o®sHy, = N[ ®IH, + Ay @ @4 H,

Mg ®o®sHy = N O ®1Hy + A0 L Hy .

(4.2)

One pair of Higgs doublets, h; and h;{, is coupled to the MSSM fields in the Yukawa
superpotential and therefore plays the role of the MSSM pair of Higgs doublets. They need
to get vevs in order for the SM fermions to be generated. The Yukawa terms with kY hg
and h, , h; can be neglected at low energy, as they involve heavy messenger fields and can
be neglected at low energy.

5 The Higgs sector

In order to complete the model, the Higgs interactions must be specified. Different options
are available: the Higgs sector is model-dependent. We are not interested here in identifying
the best possible realization of the Higgs sector, nor to solving the u-problem, we just
provide an example showing that a phenomenologically viable Higgs sector can be obtained.

The simplest possibility to account for the p-term is to introduce a SU(2)-invariant
p-term in the superpotential,

Wy = uH,Hy = p(h hy + hohg + hy hy) . (5.1)
The Higgs soft terms are generated together with the sfermion masses at the scale M:

2 _ 2 o=2 2 _ .2 _ 2 _ 2 _ o2
Myt = Mt = 2m”~, mhg—mhg—O, mh;—mh;—Qm. (5.2)

Note that the soft masses of the Higgs doublets coupling to the MSSM matter fields are
negative at the tree level. This is because the gauge invariance of the Yukawa interactions
forces the Higgs mass terms to be given by

miyy = —(mye +1ig) = —2im* <0

myy = —(mge +mg) = —2m* < 0.
d

The By term vanishes at the tree-level at the scale M, but an approximately SU(2)-
invariant By term is generated radiatively by the running in the form

Lpu = myg (hfhy + hyhg + hy hy). (5.3)

Despite S8U(2) is fully broken at the scale M, the Higgs lagrangian below M accidentally
conserves t3. As a consequence, the 3 pairs of Higgs doublets h}, hy, RO RY, and h, h;r



are not mixed by any mass term. General results on such type of models are collected in
the appendix. As shown there, only one out of the three pairs of Higgs doublets, h, hy,
gets a vev, while all the other doublets, in particular hz{, have zero vev. This is not
phenomenologically acceptable, as a non-vanishing vev for h;r is necessary in order to give
rise to the down quark and charged lepton masses.

In order to obtain <h:{> # 0, we need to break t3 in the TeV-scale lagrangian. As for
all accidental symmetries, such breaking can be provided by non-renormalizable operators.
In our case, the lowest order relevant operator is in the form

LLH,H,
o i utla

A (5.4)

(not to be confused with the Weinberg operator generating neutrino masses, here L is the
SM-singlet field of the 3-2 model), where A > M is a cutoff and again SU(2) contractions
are understood. After plugging the vev of L, the above operator gives rise to additional
contributions to the p and By terms:

Wy = pH,Hy = p(hfhy + Ry + hi b)) + ps (b hd — hOhT)

Lpp=miyg (hihy +hohg + hy hy) + (mi)s(ht hg — hohy) (5.6)

with
(m2,) _ m ~ 8.1 s (5.7)
ud)b c(a2—b2)u5 ~o.lusm. .

We have verified numerically that in the presence of the above corrections to the SU(2)-
invariant 4 and By terms, one can obtain (h}) # 0, as desired.

A few comments are in order:

— The fact that the vev of Y = —1/2 Higgs fields is shared among h}, hY, and hy,
with the largest component possibly in h; (this is certainly the case in the limit of
small us, (mid)5), can explain the suppression of the bottom and tau quark masses
compared to the top quark mass.

— In the presence of us # 0 it could be possible to do without the SU(2)-invariant
p-term introduced by hand. In such a case, there would be no need to explain the
presence in the superpotential of a O (TeV) explicit mass term. Still, the (accidental)
relation A ~ a(a® — b?)M?/m ~ 0.075 a M? /7 would need to be invoked in order to
have s = a(a? — b?) M2/A ~ m. Depending on the value of M, the coefficient « in
eq. (5.4) could have to be small in order for A not to exceed Mp;.

— In the limit in which g = 0 and the u-term is provided by the operator in eq. (5.4),
the u-Bpu problem of gauge mediation is absent, as Bu/u ~ m, with no loop-factor
involved. However the numerical coefficient in the previous relation turns out to be
largish (see eq. (5.7)).



6 1-loop effects

Gaugino masses are generated at one-loop and are discussed in section 3. Let us discuss
here the contributions to the soft terms associated to one-loop corrections to the Kéhler
function. We will work at the first order in F/M. We are interested in particular to the
possibility to generate A-terms large enough to give a non-negligible contribution to the
one-loop corrections to the lightest Higgs mass.

Unlike what happens in minimal gauge mediation (see however [40, 41]), non-vanishing
A-terms are generated by the presence of couplings between matter and chiral messengers
in the superpotential,

)\ 4
W D yaglofads + —22 75 B (faths + Gafs)hl + ﬁﬁ (fads + dafs)h], (6.1)

and by the gauge coupling between matter (in doublets of S8U(2)) and vector messengers.
The couplings above give also rise to two loop contributions to the soft sfermion masses
that could in principle spoil the solution of the flavour problem claimed above. We will
show below that this is not the case.
The A-terms generated in the scalar potential V' by the interactions in eq. (6.1) are in
the form
V o ADdsqgint + AVuSqihl + AEESLRT + AN (6.2)

171 z]'L 1]1 1) ’LJ’U,7

with, in matrix notation,

Ap = ApA, + Al p, Ay = \pAy + ALy, 63)
Ap = AgA;+ AL g, An = AvA + ATy,
and
Ay =— 321%2]\2 iyl A +ALAD) A,:—gz—;%(zy;ﬁyﬁﬂvwﬂgﬁ)
de = 321712]\}; (2ydcydc—|—2)\T Ap) Aec = 32;2 ]\ZL (2y*cyec—|—2)\TA ) (6.4)
Aye = — 32;2 ]\Ff (2yseyle+20] M) Ape = — 32;2 AZL (2yneyte+20 A y) -

As egs. (6.4) show, the A-terms turn out to be determined by the vevs of L; only, through
the ratio Fr,/My. This represents, as for the gauginos, a source of enhancement: Fr, /M =
(a?F)/(vVa? —b2M) ~ 5F /M, which partially compensates the 1-loop suppression of the
A-terms compared to the tree-level sfermion masses.

The contributions due to the vector messengers are proportional to the unknown SU(2)
coupling g2. They can be suppressed ad libitum by taking g» small enough (in the 3-2 model
42 is supposed to be perturbative) and they turn out to be small (few % of m) even for
g2 ~ 1. This is due to the fact that they do not enjoy the Fr /My enhancement and to a
combination of numerical factors. We therefore neglect them in the following.

~10 -
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Figure 2. Range of values of y; giving a stop A-term large enough to account for 124 GeV < mj, <
126 GeV, plotted as a function of the lightest stop mass m; for tan 8 = 10 and tan 8 = 50. The
plots assume the specific realization of the model-dependent Higgs sector described in section 5.

The Higgs mass is sensitive to the top A-term A; defined by AV = A,\;, where ); is
the top Yukawa. Eqgs. (6.3) and (6.4) give

2 2 2
A — 1 FL (o 12 +§)\2 A _yq3+yu§+(3/2))‘t (65)
I AR R ) R v b 7 '

where yg?) = (yf]‘y:{)gg, ygg = (yfcyle)s3. The relations above hold at the messenger scale,
where the SM coupling g3 is smaller and the yukawas are larger than their values at Mz. A
ratio A;/Ms ~ 1 can be obtained at the messenger scale for Ay ~ yg, ~ Yug ~ 1.5. Further
enhancements, as required to obtain a value of the Higgs mass in the range 125-126 GeV
for reasonable values of m, require the unknown couplings y to be semi-perturbative. This
is shown in figure 2, where the value of y; required to reproduce an Higgs mass in the
range 124 GeV < my < 126 GeV is shown as a function of the lightest stop mass m; for
two values of tan 3, 10 and 50. We have assumed for simplicity that g, = wue = yi. As
anticipated, values of 1; for which the perturbative expansion is barely valid are needed in
order to reproduce the observed value of the Higgs mass. In order to obtain the plots in
the figure, we have used SOFTSUSY [42].

One-loop contributions to sfermion masses at O (F'/M) can also in principle arise. The
contributions mediated by chiral messengers vanish because they effectively couple to one
source of supersymmetry breaking only, L; [43, 44]. On the other hand, contributions
mediated by vector messenger do not vanish. However, they are small, as the vector
contributions to A-terms, and for the same reason. Analogous conclusions hold, with the
superpotential we have assumed, for the 1-loop contributions to p and By terms.

- 11 -



7 2-loop corrections to sfermion masses

Although parametrically suppressed by a two-loop factor compared to the tree-level values,
two-loop corrections to the soft masses can in principle be relevant, especially for the flavour
problem.

There are three classes of contributions: the standard gauge mediation ones, the ones
due to the couplings between matter and chiral messengers in eq. (6.1), and the ones
due to the coupling to vector messengers. The contributions due to the couplings to vector
messengers are negligible (especially if go is relatively small). The standard gauge mediation
ones can be hardly larger than O (1%) and are flavour blind. The ones due to the couplings
in eq. (6.1) are also small enough to be ignored in the computation of sfermion masses
(for yo ~ 1, they give a O (3%) correction), but they can be relevant for flavour processes.
More precisely, the second and third couplings in eq. (6.1) are proportional to the MSSM
Yukawas and therefore only give rise to harmless minimal flavour violating [45, 46] (MFV)
contributions. The first coupling, on the other hand, is proportional to unknown Yukawas
Yo, Which can in principle be largely off-diagonal in the basis in which the MSSM Yukawas
are diagonal, thus providing non-MFV contributions to the soft masses. To show that the
latter are also under control, let us write them, in matrix form, as follows:

s Y#Yy T g YrYy Fy,
o3 =2 ) Yo —= 7.1
" S ) (2(47r)2 Tamz T amn? \ar ) (7.1)

where f = q,u€,d [, n*, e,

T="Tr (6yqy$ + 3yucylc + 3ydcy:§c + 2y, y; + yncylc + yecyic) , (7.2)

and c’} is the quadratic Casimir of the representation f with respect to the SM gauge
factor r.

We are now in the position of studying the bounds on the off-diagonal elements of §1n?
from flavour physics. The off-diagonal elements have to be computed of course in the basis
in which the mass matrix of the fermions involved in the process is diagonal. By using the
bounds in [47] we find, in the squark sector

U

L, < 6-T5,

[y:;yq (T/2 - 2ng7“ + yqu )]1D2 ) [y;klcygc (T/2 - 2Cdgr + ydcydc)]lDQ <1.5-23

[y:;yq (T/2 - 2cqgr + yqu )]gu [ Y g‘:(tr/2 - 2cdgr + ydcyd )]5} < (05715) ’ 102

[ysul (T/2 = 2c50% + yzvid ) o [iewie (T/2 — 2662 + yiews) ) 5y < (1.5-4.5) - 10
)]

[y;;yq (T/2 - 2cqgr + yqu )]ij ’ [ ucyuc (T/2 - 2Cugr + yucyuc

where D and U denote the bases in which the up quark and down quark mass matrices
are diagonal respectively. The weaker bounds assume that only one insertion at a time
is considered, with the others set to zero. The stronger ones assume that the left- and
right-handed insertions are both non-vanishing and equal in size. Analogous limits can be
obtained in the slepton sector. In the limit in which all yukawa are equal, y4 = yu = ya =
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Yl = Yn = Ye = v, and neglecting the negligible (for the purpose setting the limits below)
gauge contribution, we get

* T * T

[y B Te(y"yT) +y*yT)] 1 < 1.5
[y (8 Te(y*yT) +y*y")] 1, < 0.5 - 107
[y (8 Te(y*y™) +y*y") ] o, < 1.5 - 102
[y B Te(y"yT) +y*y")]}, < 6

Even for anarchical yukawas with large off-diagonal entries, we see that the bounds are
easily satisfied. Taking, for the sake of illustration, Tr(y*y?) = 3Y and (y*y’);; =Y, the
bounds above are satisfied for Y < 0.2. This bound guarantees that the bound on the
A-terms, which we also give for completeness, are satisfied:

o m 100MeV D 3 4GeV
(y y)fa <0.5-10 TV m. (YgYa)13 < 0.5-10° 7 o
D 2 4GeV 3 m 1GeV
(Yq¥q)2z < 0.6 - 10 1TeV  my (y »)f5 <0.5-10 TTeV m,

In the light of the bounds above, sizeable contributions to the Higgs mass from large
A-terms require a mild flavour structure in the coupling y,3.

8 Summary

We have presented a simple, complete, calculable, and phenomenologically viable model
of dynamical supersymmetry breaking directly coupled to the MSSM. Supersymmetry
breaking is communicated “directly” to the MSSM fields in the sense that the latter are
directly coupled to the hidden sector SU(2) vector fields.

Supersymmetry breaking is transmitted to the MSSM fields by two sets of fields: the
S8U(2) vectors and the chiral SU(2) partners of the MSSM fields. The S8U(2) vectors generate
sfermion masses at the tree-level. Sfermion masses turn out to be universal and flavour
blind, thus solving the flavour problem. The SU(2) partners of the MSSM fields behave as
the chiral messengers of minimal gauge mediation and generate gaugino masses (and small
corrections to the sfermion masses) at the loop level. Gaugino masses are not suppressed
and are predicted to be of the same order as sfermion masses.

Sizeable contributions to the MSSM A-terms can arise because the chiral messen-
gers have so-called “matter-messenger” interactions, parameterized by free couplings. At
the same time, the corresponding contributions to sfermion masses can easily made small
enough in order not to spoil the solution of the flavour problem.

The Higgs sector is model-dependent. We have considered a possible implementation
that predicts the existence of two additional pairs of Higgs doublets on top to the ones
responsible for the SM fermion masses. As a byproduct, we have studied in the appendix
some properties of a class of models with n pairs of Higgs doublets, ¢, bi=1.

The supersymmetry breaking model we have illustrated is an example, concrete and
complete but far from unique, of the simple mechanism we used to directly communicate
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dynamical supersymmetry breaking to the observable fields. Several different implementa-
tions can be imagined. It is for example possible to use the U(1) factor of the 4-1 model
to communicate supersymmetry breaking [48].
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A Electroweak symmetry breaking with n pairs of Higgs doublets

Let us consider a system of n pairs of Higgs doublets h?, hé, ¢t = 1...n. The renormalizable
superpotential for such a system is just given by a generalized u-term in the form ,u,z‘jhihé,
which can always be written in a diagonal form in an appropriate flavour basis for the fields
hi and hfi. Let us assume that the soft lagrangian is also diagonal in that basis, so that
the system can be described by

W= wihihly, Loty = mi, i, h, + miéhﬁﬁhg — (m2ihiRY + he.), (A1)

where we can assume, without loss of generality, that mZé > 0. In this appendix, we
will study electroweak symmetry breaking in such a system. Note that, besides having
an interest on its own, such a system describes the Higgs sector studied in section 5,
egs. (5.1), (5.2), (5.3), before introducing the t3-breaking correction in eq. (5.4) (i.e. for
ps = 0, (m2,)s = 0), with the identification (hy,h}) = (h,hy), (h2,h3) = (hd,hY),
(h?u hfl) = (hy h;)

Assuming that electric charge is not broken in the minimum, and up to SM gauge
transformations, the vevs are in the form

(i) = e (0) L (g = (“03) 7 (4.2)

with v% > 0, vfl > 0. The minimization with respect to the phases gives ¢iPuei®s = 1. The
potential can therefore be written in the form

2

2
V= % < Z(U;)z - Z(U§)2> + Z [miﬁivf + mé,iv(’f —2m2ivlvy] (A.3)
%

i 7

with m2 ; = |i|* +m3,, m3,; = |pl? —i—mzi, 32 = (g2 + ¢'*)/4, where g, ¢’ are the SM
: 4 : 0

gauge couplings.
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Necessary (but not sufficient) conditions for V' to be bounded from below are m? , +
mfl ;> Qm% for each i, which we assume to be satisfied. Then it is useful to define

A()E

1
gz [ =il fmd e mE a2 (A

i=1..n

If Ag <0,V > 0 is bounded from below and v}, = v, = 0 for each i (no EWSB) is a
global minimum. Let us then consider the case Ay > 0 and call iy the value of ¢ for which

]m?m - m%”| - \/(m?“ + mf“)2 - 4m37im3’i is maximum. It is also useful to define

Al = 212[m3“ mmi\/ L+ m2 )2 — 4(mggl)2J. (A.5)

Then it turns out that V' is bounded from below iff
Al < Ai for each 1, j. (A.6)

Finally, let us assume that the condition in eq. (A.6) is satisfied, so that V' is bounded from
below. Then (except in a vanishing measure subset of the parameter space, as discussed
below) there exists a unique local minimum, coinciding with the global minimum, in which

vi =0h =0 fori# ig (A7)

so that the potentlal for v, = v, vy = vzlo reduces to the MSSM one with (omitting
the index ig) m2 +m2 > 2m?2, and mZm2 < (m?,)? (because of Ay > 0), so that the
conditions for electroweak symmetry breaking are satisfied. The values of tan = v, /vg
and v? =02 + Ufl are then given as usual by

2m? 9 9 m?3 cos? B — m? sin? 3

sin 283 = v
b mZ +m? g cos? f —sin?3 '

(A.8)

with tan 8 = 1 if m3 = m2.

Let us now prove the relevant statements above. The proof that eq. (A.6) is a sufficient
condltlon for V to be bounded from below proceeds as follows (we assume for definitess that
2> m?). First we minimize V with respect to v}, v%, i # i, for fixed A; = (UQJL)2 - (vzl)Q,
j 7é t. The only part of the potentlal that is not constant and needs to be minimized is

Vi = mﬁlvu + miivf — 2m2évz vd, whose minimum is given by V™ = —A2Ai+Ai for
A; < 0 and by V;min = —§g?A" A; for A; > 0. Then we observe that the condition in
eq. (A.6) implies A” < Ag < A%, so that V™% > —g2AgA; and
D7 [l ol mi ol — 2miivlel] > 3TV >~ AA, (A.9)
i#io 1#10

where A =37, ,, A;. Therefore,

V> %( — vd + A) + mZUUQ + mgde — Qmidvuvd — QQAOA = Vhound - (A.10)
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Next, we minimize the r.h.s. of eq. (A.10) with respect to vu, vg, which is nothing but the
minimization of the MSSM potential with m?2 — m2 = m2 + §%4A, md — md = md G*A.
We obtain

—(2/2)A2 + GA(A_ — Ag)A for A< A
ymin - — L (52/2)A% — PA(A for AL <A<AL > ——A (A.11)
— (*/2)AL + P (Ap — M)A for A< A,

where Ax = A%, which completes the proof. The proof that eq. (A.6) is a necessary
condition proceeds along similar lines.

Let us now prove that if eq. (A.6) is satisfied then there the global minimum is obtained
for v = vzl =0, i # ig, and v, = V0, vy = UZlO minimizing the MSSM-like potential one
obtains setting v’, = vfi = 0 for i # ip. From the minimization in the MSSM, we know that
the minimum of that potential is obtained for v,,vq given by eqgs. (A.8) and the value of
the potential in the minimum is given by Vi, = —(42/2)A2. A comparison with eq. (A.10)
shows that the minimum obtained is a global one. Let us now show that there are not
additional local minima. Let us denote v? = (v})? + (v%)? and 0 < $; < 7/2 the angle
such that Ui = v; sin [3;, vé = v; cos B;. First we show that only one v; # 0 is allowed in a
local minimum, except for the vanishing measure subset of the parameter space in which
Ai = Ai or AL = A’ for some i = j. Let us consider in fact a local minimum with v; # 0
and vj # 0, ¢ # j. Then

1 /oV . oV . ‘ |
0= 712 <8v’ b 6%1};) = (mzz + miz) sin 3; cos B; — mié
1 /ovV ., OV . ) '
VT ap (avz K aivé) = 9% (vu® — va®) +mi ;sin® B; —mg ; cos® i,
z Ud

where vy = >, (v%)2, va = Y_;(v5)?. The same holds for i — j. By substituting the value
of B; one obtains from the first equation in the second one, we get

Al = P (ve® = va®) = AL,

which belongs to the aforementioned vanishing measure subset of the parameter space.
We can then consider the n candidate local minima with v; # 0, 4 = 1...n in turn. By
computing the Hessian in the minimum and using the conditions in eq. (A.6) one can
then show that only the deepest critical point, the one for i = iy, is a local (and global)
minimum.
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