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ABSTRACT: We propose a new scheme in which supersymmetry breaking is communi-
cated to the MSSM sfermions by GUT gauge interactions at the tree level. The (positive)
contribution of MSSM fields to Str(M?) is automatically compensated by a (negative)
contribution from heavy fields. Sfermion masses are flavour universal, thus solving the
supersymmetric flavour problem. In the simplest SO(10) embedding, the ratio of differ-
ent sfermion masses is predicted and differs from mSugra and other schemes, thus making
this framework testable at the LHC. Gaugino masses are generated at the loop level but

enhanced by model dependent factors.
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Low energy supersymmetry remains one of the most attractive candidates for physics
beyond the electroweak scale. While the supersymmetrization of the Standard Model (SM)
is more or less straightforward, the origin of supersymmetry breaking and the mechanism
through which it propagates to the SM fields and their supersymmetric partners repre-
sents the main source of theoretical uncertainty. Several options have been proposed.
Among them are supergravity [1], gauge mediation [2], anomaly mediation [3], gaugino
mediation [4], etc. Here we consider a new option in which spontaneous supersymmetry
breaking is communicated to the observable sector at the tree level through GUT (SO(10))
gauge interactions.

Tree level supersymmetry breaking is sometimes considered not to be viable because of
two issues, the supertrace formula and the fact that gaugino masses, not being generated
at the tree level, turn out to be suppressed compared to sfermion masses. Both issues
can be easily addressed. The supertrace formula constrains the total sfermion and the
corresponding fermion total squared mass to be the same [5].! This result holds at the tree
level in a globally supersymmetric theory with renormalizable Kéahler and traceless gauge
generators, which is the case of the scheme we are going to consider. This clearly represents
a problem if the only fermions in chiral superfields are the SM ones, as the experimental
constraints rather require a significantly larger sfermion total squared mass.

This problem is evaded in effective supergravity because the soft terms arise from non-
renormalizable contributions to the Kéhler and in standard gauge mediation (which we
will sometimes call “loop” gauge mediation) because the soft terms arise at the loop level.
In both cases one ends up with a non-vanishing supertrace. In our scheme, the supertrace
does vanish (in the full theory at the GUT scale), but the positive contribution from the
MSSM matter fields is automatically compensated by a negative contribution from heavier
chiral superfields. In order for this to work, a SM-neutral gauge U(1) in addition to the
SM hypercharge is needed to avoid a stronger implication of the supertrace formula, which
requires the lightest squark in either the up or down sector not to be heavier than the
corresponding lightest quark [6]. The main features of our model arise from requiring that
such an extra U(1) be part of a unified group.

The second issue has to do with gaugino masses. Under the above hypotheses, gaug-
ino masses can only arise at the loop level. This represents a potential problem when
the sfermions are generated at the tree level because it gives rise to a hierarchy between
gaugino and sfermion masses. Given the experimental bounds on the gaugino masses,
My > 100 GeV, the sfermion masses typically end up being quite heavy, m > (47)2Mo/g? >
10 TeV. This would push the sfermions out of the LHC reach and would introduce a sig-
nificant fine-tuning in the determination of the Higgs mass, thus approaching the split-
supersymmetry regime [7, 8]. Indeed, an early implementation of some of the ideas above
was considered in that context [8]. As we will see, such a large hierarchy between tree level
sfermion and loop gaugino masses can be avoided in our scheme because of a combination
of different effects.

In this paper we will briefly present a simple example of tree level gauge mediation,
leaving a more detailed and systematic investigation to further study.

'Tf, as in the MSSM, there are no gauge degrees of freedom with the same quantum numbers.
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Figure 1: Tree level gauge mediation supergraph inducing a soft mass for the sfermion Q.

Before presenting the model, let us motivate its gauge structure and field content. Our
aim is to identify the supersymmetry breaking messengers with heavy vector superfields
corresponding to broken generators, X, of a simple grand unified group, as illustrated
in figure 1. There, N’ is a SM singlet superfield whose F-term breaks supersymmetry,
(N') = F 6% (the prime is there just for consistency with the notations used below). As N’
has to couple to the heavy vector V associated to the broken generator X, N’ must belong
to a non-trivial multiplet of the unified group. @ represents a generic MSSM superfield.
In the effective theory below Mgur, the diagram in figure 1 induces a non-renormalizable
contribution —QgQXNXQ(QTQN’TN’)/M‘Q/ to the Kahler potential, analogous to the ones
of effective supergravity, but flavour universal (Xy ¢ are the X-charges of N',Q, My is
the vector mass). A sfermion mass mg = 29°XnXg(F/My)? is then generated. In the
full theory at MgyT, on the other hand, everything takes place at the renormalizable level.
In fact, the sfermion masses arise because N’ couples to the broken generator X. As a
consequence, its I-term generates a non-vanishing vev for the corresponding D-term

(Dx) = —29Xn (Miv>2’ (1)

which in turn induces the soft mass

_ F\?
g = —9Xq (Dx) = 29°XnXq <—> (2)

My
for the sfermion Q. Note that there is actually no dependence on the gauge coupling (and
X-charge normalization) because the vector squared mass M‘Q/ is also proportional to g2
(and two X-charges).

Such a scheme requires specific gauge structures and field contents. First of all, the
heavy vector field V' in figure 1 must be a SM singlet, as N’ is. Then, SU(5) does not
provide viable candidates for the gauge messenger V' and the minimal option is identifying
the broken generator with the SU(5) singlet generator X of SO(10). As for the SM singlet
N’ whose F-term breaks supersymmetry, it must belong to a non-trivial SO(10) multiplet
such that N’ has a non-vanishing charge under X. Limiting ourselves to representations
with dimension d < 126, the only possibility is that N’ be the singlet component of a
spinorial representation, 16 or 16. We also need a 16+ 16 participating to SO(10) breaking



at the GUT scale. At least two 16+ 16 are then required, one getting a vev along the scalar
component and the other along the F-term component. Gauge invariance, in fact, prevents
from using a single (N') = M + F §%, with both M # 0 and F' # 0. This is an important
difference with respect to standard gauge mediation. Finally, the standard embedding of
a whole MSSM family into a 16 of SO(10) would not work, as it would lead to negative
sfermion masses for some of the sfermions. That is why we distribute the matter fields in
three 16 and three 10 of SO(10).

Having motivated some of its features, we now illustrate a minimal model satisfying
the above requirements. The gauge group is SO(10). The matter fields (negative R-
parity) are three 16; = (519,101%,11%) and three 10; = (51°,519), i = 1,2,3, where the
SU(5) decomposition is also indicated. Supersymmetry and SO(10) breaking to SU(5)
are provided by 16 = (56,1016 N), 16 = (516,1_016,N), 16/ = (56,106, N"), 16 =
(5’16,1_0/16,WI) (positive R-parity), with

(NY=F¢> (N)=0 (Ny=M (N)=M, (3)

VF < M ~ Mgyr. The D-term condition forces |(N)| = |(N)| and the phases of all the
vevs can be taken positive without loss of generality. The MSSM up Higgs h,, is embedded
in a 10 = (5%, 5'9) of SO(10), while the down Higgs h, is a mixture of the doublets in the
10 and the 16,

10 = hy + cqhg + heavy, 16 = sghg + heavy, (4)

where ¢q = cos by, sq =sinf; and 0 < 04 < 7/2 parametrizes the mixing in the down Higgs
sector.?2 We have checked that it is possible to generate such vevs, break SU(5) to the SM,
achieve doublet-triplet splitting and Higgs mixing as above, and give mass to all the extra
fields with an appropriate superpotential W, involving additional SO(10) representations.
At this point we are in the condition of calculating the sfermion masses induced by

integrating out the heavy vector fields:
XQ o

il = o2 2,

Xy (5)

3
M
=|=

In the normalization we use for X, X = 5. In order to determine the X charge of the SM
fermions we need to specify their embedding in the matter fields 16; + 10;. We do that by
first writing the most general R-parity conserving superpotential, except a possible mass

term for the 10;, as
W= %1@1@10 + hi16;10;16 + 15 16,10;16" + Wiey + Wi, (6)

where Wyey = Wiyey(16,16,10,...) does not involve the matter fields and takes care of
the vevs, the doublet triplet splitting, and the Higgs mixing, and Wxgr contains non-
renormalizable contributions to the superpotential needed in order to account for the mea-
sured ratios of down quark and charged lepton masses (we will ignore such issue here).

2The most general viable Higgs embedding in this minimal model is described by the three parameters
determining the up Higgs component in the 10 and the down Higgs component in the 10 and in the 16.



We can now see that the vev of the 16 gives rise to the mass term h;; M 51-165]10, which
makes the 5}6 and 5}0 heavy. Only the MSSM superfield content survives at the elec-
troweak scale (assuming the three singlets in the 16; get mass e.g. from non-renormalizable
interactions with the 16). Moreover, the three MSSM families turn out to be embedded
in the three 101°, with X = 1 and in the three 5!°, with X = 2. We can then go back to
eq. (5) and obtain

1 1
=2 -2 -2 -2 2 =2 _ -2 _ -2 2
Mg = Mye = Mee = Mig = 75m°, My = Nige =15 = =m (7)
1 2¢2 — 352
2 2 2 d d, 2
Mh,, = —¢ M, mp, = T (8)

at the GUT scale. The result in eq. (7) is quite general, as it only depends on the choice
of the gauge group and on the embedding of the three MSSM families in the 1OZ16 + 5}0.
We note a few interesting features of this result.

e All the sfermion masses turn out to be positive. This is because the negative X
charges (which must be there as X is traceless) happen to be associated to the fields
that get an heavy supersymmetric mass.

e The sfermions masses are flavour universal, thus solving the supersymmetric
flavour problem.

e The sfermions masses belonging to the 10 and 5 of SU(5) are related by

q,uc,e¢ — §T~nl2,dc (9)

at the GUT scale, a peculiar prediction that allows to distinguish this model from
mSugra, gauge mediation, and other models of supersymmetry breaking.

Note also that the up Higgs squared mass is negative to start with, whereas m%d is positive
for sq < \/2/—5 The negative value of the up Higgs squared mass means that the elec-
troweak symmetry is broken at the tree level and the usual radiative breaking mechanism
is not needed. In the presence of negative Higgs squared masses at the GUT scale, there is
the potential risk that the Higgs potential develops a deep minimum along its flat direction
tan =1, if m%u + m%d +2|p|? < 2|Bu| at the GUT scale or below. Of course, a negative
value of m%u (and/or m%d) does not necessarily mean that the above condition is satisfied.
Moreover, in most of the parameter space, the presence of a local electroweak symmetry
breaking minimum at low energy (which requires mj + m%d + 2|u|? > 2|Bu| around the
weak scale) guarantees that no deeper minima develop at higher scales.

In passing, the SM fermion masses are given (at the renormalizable level and before
running the Yukawas to low energy), by

U E : D . T
mgj = YijOu m;; = sinfgh;jvg m;; = sinfgh;;vg. (10)

Despite the SO(10) structure, the up quark matrix is not correlated to the down quark
and charged lepton masses, which allows to accommodate the stronger mass hierarchy



observed in the up quark sector. Notice that the heavy 5}6 and 5]10 mass matrix, h;; M,
turns out to be proportional to the charged lepton mass matrix, up to non-renormalizable
corrections from Wxg. In the context of type-11 see-saw, this can lead to a predictive model
of leptogenesis [9].

Let us now consider gaugino masses. While the tree-level prediction for the sfermion
masses, eq. (7), only depends on the choice of the unified gauge group and the MSSM
embedding, gaugino masses arise at one loop, as in standard gauge mediation, and depend
on the superpotential parameters. The chiral multiplets 5%6 and 5}0 get an heavy super-
symmetric mass h;; M and their scalar components get a supersymmetry breaking mass
h;jF . They play the role of three pairs of chiral messengers in standard gauge mediation
and give rise to one loop gaugino masses. The contribution of each messenger arises at
a different scale. In the one loop approximation for the RGE running, the total gaugino
masses at lower scales can be calculated by running effective GUT-scale gaugino masses
given by

M, = % Te(W'h")ym = My, a=1,2,3, (11)

where « is the unified coupling. A possible contribution from loops involving the heavy
vectors vanishes (at the F'/M level) in this simple model. The sfermion masses also get
the usual two-loop contributions.

Let us compare gaugino and sfermion masses. Particularly interesting is the ratio
m¢/Ms. In fact, the W-ino mass My is at present bounded to be heavier than about
100 GeV, while m; enters the radiative corrections to the Higgs mass. Therefore, the ratio
my¢/Ms should not be too large in order not to increase the fine-tuning and not to push the
stops and the other sfermions out of the LHC reach. From

% B 3v10 B g*> Tr(h'h~1) (1)
Mt | ntee | Gm)2 3

we see first of all that the loop factor separating m; and Ms is partially compensated by a
combination of numerical factors: (47)% ~ 100 (leading to 7y > 10 TeV for A = 1) becomes
(4m)2/(3v/10) ~ 10 (leading to 7y > 1 TeV for A = 1). Note that the factor v/10 is related
to the ratio of X charges in eq. (5) and the factor 3 corresponds to the number of families
(Tr(Wh=Y) = 3 for h = h’). A largish value of the factor A can then further reduce the
hierarchy and even make My ~ my, if needed. Both O (1) and large values of \ are in fact
not difficult to obtain depending on the overall size and flavour structure of h and b’ (we
remind that h is related to the down quark Yukawa matrix and has a hierarchical structure,
with two eigenvalues certainly small and the third one, related to the bottom Yukawa, also
allowed to be small, depending on 6, and tan 3).

Reducing the hierarchy between gaugino and sfermion masses correspondingly reduces
the hierarchy between the two-loop contributions to sfermion masses from standard gauge
mediation and the tree level values in eq. (5). To quantify the relative importance of the
two contributions, let us consider the basis in the messenger flavour space in which the
matrix h is diagonal and positive, the limit in which A’ is also diagonal in that basis, and
let us call h;, hl, i = 1,2,3 their eigenvalues. Neglecting the running between the GUT



scale and the mass of the relevant messengers,® the sfermion masses are given, at the high
scale, by
2
>_(hi/hi)

m2Q = (m?Q)tree + 2770QM12/2, N=-"="73 =

WAL (13)

1
3,

where (mé)tree is the tree level value given in eqgs. (7), (8) and ¢ is the total SM quadratic
casimir of the sfermion @ (or Higgs Q):

7 7

cq | 21/10 8/5 7/5 9/10 3/5 9/10 9/10

Q| @ w Al e hy  hg

(14)

If the contribution of a single messenger dominates gaugino masses, n ~ 1. In the numerical
example we will consider, the relative size of the two loop contribution to sfermion masses
ranges from 2% to 10%.

Additional, subleading contributions to sfermion masses can arise from different
sources. Omne-loop contributions from an induced U(1)x Fayet-Iliopoulos term [10] only
arise if b’ is non-diagonal in the basis where h is diagonal and |h;| # |h;|. Moreover, they
are suppressed (typically negligible) because U(1)x is broken above the scale of the loop
messengers. Another contribution could come from gravity effects. Since in our scenario
the messenger scale is expected to be around the GUT scale, the gravity mediated con-
tribution to the spectrum, although subleading, could be relevant for flavour physics, as
it could in principle be strongly flavour violating. In order to quantify this effect, let us
assume that the gravity contribution to an arbitrary entry of the squared mass matrix of
the sfermions in the 10 of SU(5) is given by m2,,, = F?/Mg, where Mp = 2.4-10'8 GeV is

the reduced Planck mass. The conservative bound Th;rav < 2-10731m%,, which guarantees
that all FCNC effects are under control, then translates in the following bound on the

messenger scale:

M < 3-10% GeV. (15)

If the messenger scale is higher, we are in a hybrid framework from the flavour point of
view [11]. Finally, another potentially relevant source of flavour non-universality might
come from one loop contributions to sfermion masses arising from the superpotential
Yukawa interactions in eq. (6), once the (necessary) presence of mass terms for the com-
ponents of the 16 and 16" are taken into account. Such effects are certainly under control

if the matrix i/, as h, has a hierarchical structure and is approximately aligned to h.

Let us now consider the A-terms. The latter are generated at one loop by the Yukawa
interactions in eq. (6), with no contribution from gauge interactions. Assuming for sim-

3The relevant messengers are the ones with the largest hj/h;. If the most relevant messenger is the third
family one, the effect of the running that we are neglecting is not too large. The third family messenger
mass is in fact given by hsM = my /(v cos Bsin6q) M (my is the bottom mass, v = 174 GeV), not too far (in
logarithmic scale) from M ~ Mcgur. Still, we expect the messengers to be lighter enough than the GUT
scale in such a way that only the SM casimirs (and not the GUT ones) are relevant.



plicity that the matrices b’ and y are diagonal in the same basis in which h is, we have

1 AW
A =~ gy, (b + ) m (16)
L h 2, 2 2
Agiuses = — (dn)? T (3(hi +hi7) + 2%’) m (17)

at the messenger scale. The A-terms above are defined in such away that they give rise
to soft trilinear terms in the Lagrangian in the form £ > —3 AgQ(OW(Q))/(0Q). By
comparing with the expression for the gaugino masses, we conclude that only the A-terms
of the third family have a chance to be sizable at the messenger scale, unless the A’ matrix is
not hierarchical. Within the simplified diagonal flavour structure we are considering, we can
compare the A-terms in eqs. (16) with the gaugino masses in eq. (11). The gaugino masses
are in this case proportional to >, h’/h;. Depending on which of the three terms dominates
in the sum, the largest A-terms can be comparable or smaller than the gaugino masses.
The (necessary) presence of mass terms for the components of the 16 and 16’ can generate
additional, model-dependent, contributions. In any case, sizable contributions to the A-
terms will be generated as usual by the RGE evolution proportional to the gaugino masses.

Next, we comment on the p problem. Relating the p-term to supersymmetry breaking
is, not surprisingly, a highly model-dependent issue, due to the various possibilities of
implementing supersymmetry breaking and embedding the Higgs fields in SO(10). We
point out, however, a simple possibility in which both the F-term, (N’) = F6? and p
originate from the same parameter m ~ TeV in the superpotential: W O mN'N.

Once N is forced to get its vev <N> = M ~ Mgurt, N acquires an F-term F = mM
(so that m is indeed the parameter introduced in eq. (5)). In our setup, N’ and N are part
of the SO(10) multiplets 16" and 16 respectively. A u term related to the supersymmetry
breaking scale p ~ m is then therefore generated if h, has a component in 16 and hy has
a component in 16’. Such a situation can be achieved with an appropriate superpotential.
Contrary to standard gauge mediation, there is no u-Bpu problem here, as Bu/p is not
enhanced by an inverse loop factor. By can be generated at the tree level, for example as
in [8], or it can be generated by the RGE evolution.

We now illustrate an example of low energy spectra that can be obtained in our frame-
work. We neglect the (small, for our purposes) effect of the intermediate scale 5116 and 5]10
and use the MSSM RGE equations, as implemented in Suspect 2.41 [12], with boundary
conditions at high energy as in egs. (7), (8), (13), the A-terms set to zero, and n = 1.
We assume the messenger mass to coincide with the GUT scale, M = Mgur. The overall
normalization of the unified gaugino masses M/, can be considered as a free parameter
due to the presence of the factor Tr(h’h~1) in eq. (11), or equivalently of the factor A in
eq. (12). As the size of the parameters p and By is model dependent, we consider them
as free parameters as well and recover them as usual in terms of My and tan 5. Under the
above assumptions, the parameters that specify the model are: m, 64, M/, tan 3 and the
sign of u.

Table 2 shows the low-energy spectrum corresponding to 3 = 7/6, tan 5 = 30 and
sign(u) = +. The common gaugino mass is M; /2 = 150 GeV, near the minimal value
allowed at present by chargino direct searches. The value of m is near the minimal value
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Figure 2: An example of spectrum, corresponding to m = 3.2TeV, My, = 150 GeV,
04 = /6, tan § = 30 and sign(u) = +, A =0, n = 1. All the masses are in GeV, the first
two families have an approximately equal mass.

allowed by the bound my; > 114 GeV. This spectrum corresponds to A = 2.5. Given the
(moderate) hierarchy between M/, and the sfermion masses, the sfermion RGEs are not
significantly affected by the gaugino masses and the sfermion mass relations characterizing
the model, eq. (7), survive, to some extent, at low energy. The relative size of the two-loop
contributions to sfermion masses in eq. (13) range from 2% to 10%.

Finally, we comment about cosmology. As in loop gauge mediation, the LSP is the
gravitino, if the messenger mass is consistent with eq. (15). In fact, the supersymmetry
breaking parameter is given by

~ 1/2
VF ~ 0.8 1010 GeV ( L0 M : (18)
TeV 2- 1016 GeV

and the gravitino mass by

7 M
%15Ge\/<m10 )

F
T2 = B TeV 2- 1016 GeV



where mqq is the tree-level mass of the sfermions in the 10 of SU(5) at the GUT scale.
Note that F' and the gravitino mass are smaller than in loop gauge mediation, for a given
messenger scale M, because of the absence of a loop factor in egs. (18), (19). For a stable
(on the age of the universe timescale) gravitino with a mass as large as in eq. (19), a
dilution mechanism such as inflation is necessary in order for its energy density not to
exceed the dark matter one. The upper bound on the reheating temperature Tr depends
on the gravitino and the gaugino masses [13]. The thermal contribution to the gravitino
energy density, for a reheating temperature around 10° GeV is given by

/T 15 GeV My \?
O R2 26 x 1072 [ 22 : 2
G 010 109 Gev msp ) \ 150 GeV (20)

For the spectrum in table 2, the bound Qgth < Qpmh? = 0.11 translates in Tr <
210 GeV.

We then have to take care of the decays of the NLSP into the gravitino, which might
spoil big bang nucleosynthesis (BBN) unless it is fast enough. The fate of BBN depends
on what the NLSP is. In the bulk of the parameter space we expect the NLSP to be the
lightest neutralino or a stau. In the example in table 2, the NLSP is essentially a Bino.
For mg3/, ~ 15GeV, the decay of a Bino NLSP through its coupling to the Goldstino
component of the gravitino is way too slow (one would need ms /2 <100 MeV in order not
to spoil BBN [14]). A Bino NLSP therefore requires a much faster decay channel. The
latter can be provided by a tiny amount of R-parity violation [15]. Such a possibility is

also consistent with thermal leptogenesis and gravitino dark matter. The other possibility
is that the NLSP is a stau. In this case, all the BBN constraints can be satisfied if the
lifetime of the stau is 77 ~ 48wm; /o M2 /m2 < 6-103 s [16]. This is a viable possibility, which
however requires large A = O (100) and sizable gaugino masses. For such large values of A,
radiative contributions to sfermion masses (from RGEs and the standard gauge mediation
contribution) dominate over the tree level one, the spectrum approaches the usual loop
gauge mediated one, and the peculiar relation between sfermion masses at the messenger
scale gets hidden.

In conclusion, we have considered what is perhaps the simplest way to communi-
cate supersymmetry breaking: through a tree level renormalizable exchange of a gauge
(GUT) messenger, as in figure 1. We showed that this possibility is viable, despite the
well known arguments associated to the supertrace formula. Besides offering new model-
building avenues, this scheme solves the supersymmetric FCNC problem and, in its simplest
implementation, leads to peculiar relations among sfermion masses that can be tested at
the LHC.
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