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We study a new class of scenarios with the gaugino mass unification at the weak scale. The unification
conditions are generally classified and then, the mirage gauge mediation is explored where the low-energy
mass spectrum is governed by a mirage of unified gauge coupling which is seen by low-energy observers.
The gaugino masses have natural and stable low-scale unification. The mass parameters of scalar quarks
and leptons are given by gauge couplings but exhibit no large mass hierarchy. They are nonuniversal even
when mediated at the gauge coupling unification scale. In addition, the gravitino is rather heavy and not
the lightest superparticle. These facts are in contrast to existing gauge and mirage mediation models. We
also present several explicit models for dynamically realizing the TeV-scale unification.
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I. INTRODUCTION

Supersymmetry is one of the most attractive frameworks
for exploring theoretical and phenomenological aspects of
possible extensions of the standard model (SM) [1].
Supersymmetry is expected to be broken around the elec-
troweak scale. That is strongly suggested by the super-
symmetric unification of the SM gauge coupling constants.
The gauge coupling unification is obtained from the pre-
cise measurement of coupling constants in the low-energy
regime [2] and then probes the existence of unification
hypothesis in the high-energy fundamental theory.

The search for supersymmetry will be performed in
various near future experiments, e.g., through the dark
matter probe of the lightest superparticle. A more direct
consequence of low-energy supersymmetry is the observa-
tion of superpartners of the SM particles in the forthcoming
Large Hadron Collider, and the most important observable
quantity is the mass spectrum of new particles. The masses
of superparticles are generally expressed by soft breaking
terms which do not introduce quadratic divergences [3].
These soft breaking terms consist of gaugino masses,
scalar masses, and scalar trilinear couplings. They are
induced by supersymmetry-breaking dynamics in high-
energy fundamental theory and are forced to have some
special properties in order to satisfy low-energy experi-
mental constraints, e.g., from flavor-changing rare pro-
cesses [4] and CP violation [5]. To this end, various
scenarios of supersymmetry breaking have been proposed
in the literature, and each of them predicts individual and
distinctive signatures which would be observed in coming
experiments.

In this paper, we explore a new type of low-energy mass
spectrum of superparticles, where the spectrum around the
electroweak scale is predictive and directly written down in
terms of high-energy quantities, and under the hypothesis
of gauge coupling unification in fundamental theory, gau-
gino masses are unified in the low-energy regime.

1550-7998/2008 /78(2)/025012(17)

025012-1

PACS numbers: 12.60.Jv, 04.65.+e, 14.80.Ly

Furthermore, scalar quarks and leptons have no mass hier-
archy among them and also their masses are comparable in
size to those of gauginos. The situation that the low-energy
spectrum tends to be degenerate is similar to the
supersymmetry-breaking model [6,7] related to the moduli
stabilization in the string theory. However our approach in
this paper is the field-theoretical construction of supersym-
metry breaking and its mediation which induces such a
type of mass spectrum. The scenario is basically the gauge-
mediated supersymmetry breaking [8] in which the thresh-
old of messenger fields is affected by the super-Weyl
anomaly mediation [9,10] in supergravity. Therefore it
shares the phenomenological virtues with the gauge me-
diation, for example, the suppression of serious higher-
dimensional operators including supersymmetry-breaking
fields. The mass spectrum is, however, rather different
from existing scenarios and induces distinctive phenome-
nology in particle experiments and cosmology. In particu-
lar, the spectrum of scalar quarks and leptons is determined
by gauge charges and not universal even when they are
mediated at the gauge coupling unification scale. The low-
energy gaugino mass unification is unaffected by changing
the supersymmetry-breaking scale and also by the exis-
tence of multiple thresholds. These facts are in contrast to
the model in Refs. [6,7]. On the other hand, the gravitino is
heavy and not the lightest superparticle, which is different
from typical gauge mediation models.

This paper is organized as follows. In Sec. II, we first
study the low-energy unification of gaugino masses in the
simplest case with the universality assumption. The gen-
eral form of gaugino masses with the low-energy unifica-
tion is derived in Sec. III and its pattern is briefly classified
in Sec. IV. We also discuss in Sec. V the low-energy
unification in the presence of multiple threshold scales of
messenger fields and, in particular, examine whether the
unification scale is destabilized or not. Section VI contains
the formulas for supersymmetry-breaking parameters of
scalar fields. From Sec. VII, we focus on the gauge media-
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tion scenario with low-scale gaugino mass unification. In
Sec. VII, we derive the general formula of mass spectrum
and discuss phenomenological aspects of the scenario. In
Sec. VIII, the unification scale is supposed to be a TeV
scale, and various dynamical realizations of TeV-scale
unification are investigated including the effect of uplifting
the vacuum energy. The last section is devoted to summa-
rizing the results and some discussion of phenomenology.

I1I. MIRAGE MEDIATION

Throughout this paper, My denotes the scale at which we
have soft supersymmetry-breaking parameters generated
by some high-energy dynamics, e.g., from supergravity
interactions, strongly-coupled gauge sector, etc. In this
section, we focus on the property of gaugino mass M.
Its general form at the scale My is parametrized as follows:

bgz(MX)
1672

where g and b are the gauge coupling constant and the one-
loop beta-function coefficient of the corresponding gauge
theory, dg/dInu = bg®/167r> where u is the renormal-
ization scale. The first term in (2.1) is the above-mentioned
supersymmetry-breaking effect from high-energy dynam-
ics. It is given at tree or loop level of coupling constants in
the theory and generally depends on the energy scale:
MY = M¥(My). The second term is called the anomaly
mediation effect [9,10] and comes from the one-loop con-
tribution of the super-Weyl anomaly in supergravity. The
latter effect generally exists in any supersymmetry-
breaking theory and must be taken into account. The F
contribution is usefully expressed in terms of the compen-
sator chiral multiplet @ in the conformal supergravity [11]
and its value is given by fixing the superconformal gauge
transformation such that ® =1 + F, 67 in the conformal
frame.

The one-loop renormalization group for the gaugino
mass below the scale My is evolved down to the low-
energy regime as

M,(My) = MX + Fy, Q2.1

) = (1) S
T bgRw) (mP\ | bgE(u) Fy
_MAI:1+ = ln<M—)2(>+ o M_i‘] (2.2)

Here an important scale w,, is introduced at which the
running effect [the second term in (2.2)] and the anomaly
mediation effect [the third term in (2.2)] are cancelled out.
Note that the complex phases of two contributions in (2.1)
must be aligned in order to have a real-valued w,,. From

(2.2), we obtain
m = My exp(—F4/2M%), (2.3)

and the gaugino mass at this scale reads
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My (i) = M. 2.4)
The scale u,, is determined only by the ratio of two SUSY-
breaking effects, and the gaugino mass at u,, is given by
the contribution of high-energy dynamics, exclusive of the
anomaly mediation. It is interesting that we directly ob-
serve in low-energy particle experiments the high-energy
effect of supersymmetry breaking in fundamental theory
without being disturbed by ambiguous renormalization-
group effects.

As in the supersymmetric extensions of SM, there are
generally several numbers of gauge groups in a theory. The
mirage mediation, the unification of gaugino masses (more
generally, of superparticle masses) at a low scale, is derived
by the assertion that the scale w,, can be defined indepen-
dently of the gauge groups considered. This condition is
found from (2.3) to require that Mjf ’s are universal

Mfa = (a — independent). (2.5)
That is, the mirage mediation scale u,, can be obtained in
the case that high-scale dynamics generate the universal
boundary value for different gauginos. The condition does
not need any details of M}. Furthermore, if the universality
(2.5) is realized, Eq. (2.4) means that gaugino mass pa-
rameters at the mirage scale, M, (u,,), take the unified
value (= MY). Consequently, the mirage mediation is
found to imply the mirage unification (of gaugino masses).
The gauge coupling unification is not necessarily needed
and the only assumption is to have the universal gaugino
masses from some high-energy dynamics. For example, the
universal contribution comes from moduli fields in super-
gravity or string theory. In particular, a recent scenario of
string-theory moduli stabilization [12] is known to predict
a suppressed value of M relative to F, 4 and then a hier-
archically (exponentially) small scale w,, can be naturally
realized [see Eq. (2.3)], which provides a characteristic
framework for low-energy phenomenology [13].

It seems however that the universality (2.5) is only a
sufficient condition for the mirage mediation, where high-
scale effects directly appear as if by a projected mirage in a
low-energy regime. In what follows, we investigate more
general situations for the mirage unification to occur.

III. GENERAL MIRAGE UNIFICATION

The nonuniversality of the superparticle spectrum is
often generated by high-energy physics at the mediation
scale My. In this case, it is a nontrivial issue to study what
conditions are implied by asserting the mirage unification
(of gaugino masses) at a low-energy scale. From the dis-
cussion in the previous section, it is a naive expectation that
the mirage unification takes place if gaugino masses from
high-energy physics “unify” at some scale (except for the
anomaly mediation effect). Notice however that this uni-
fication scale is virtual and not the mediation scale M.
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Let us consider the simplest situation that there is one
threshold of supersymmetry-breaking dynamics at My.
The general unification of gaugino masses, M, = M, ,
is derived from the low-energy renormalization-group evo-
lution,

b,g:(My) . 782(fE)
[+ e o F

1677 gZ(MX)
bbg%;(MX) ]g%(ﬂn‘l)
1672 ¢ gi(MX)’

3.1

= [be +

1672 (M) = M} ) + [baga(My) — byg;(Mx)]F
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where fi,, is the gaugino mass unification scale and the
gauge coupling constants at this scale are given by

1 1 b M2
= + 2 —X) =a,b).
) 200y 167 () w=an

m

(3.2)

Inserting these values into the above unification equation,
we find the unification scale

oy = MXeXPI:

and the unified value of gaugino masses

bugﬁ(MX)be - bhglz;(MX)Mi(a

b,g:(My) — b,g3(My)
(3.4)

M/\a(lam) = M/\b(/lm) =

It may be interesting to notice that the anomaly mediation
effects are dropped out in the expression of unified gaugino
mass, though any cancellation is not assumed between
these and renormalization-group effects.

We first study the unification condition that f,, is inde-
pendent of the gauge indices a and b. If this condition is
satisfied, the scale i, is entitled to the mirage unification
scale at which more than two gaugino masses take a
common value. A trivial solution is the universal contribu-
tion Mifa = Mf\‘b at the threshold scale. In this case, the
expressions (3.3) and (3.4) become equivalent to the result
of the mirage mediation discussed in the previous section.

To look for a more general solution, we rewrite the bracket
in the right-handed side of (3.3) as

167 X _ Xy — | |
bamainggon Ma, ~ M3 ~ gang ~ agals.

My [b,gi(Mx) — MY /b,g;(My)

(3.5)

Since the supergravity interactions are universal, the coef-
ficient of F 4 must be a, b independent. The renormaliza-
tion group running above the threshold scale are generally
given by

1 1

g(My) g}

2
by + Ny 1 (MG) (x=a,b), (3.6)

n _
1672 M5

where N, ;, denote the contribution of decoupled fields at
the threshold and M; is the scale at which the two running
gauge couplings g, and g, meet [g,(Mg) = g,(Mg) =
gul. The coefficient of F in (3.5) now becomes

2bygh(Mx)MY — 2b,g5(Mx)MY

:I, (3.3)

1 —(1—1)1+ 1
bagg(MX) bhgi(MX) ba bb g%} 16772

x (& - &) ln(M—é).

b, b, M3
Therefore we should have N, = N, (= N) as the first
condition for unification. With this condition at hand, we

finally find that the gauge-factor independence of the ex-
ponent (3.5) leads to the common value of gaugino masses,

(3.7)

M5 (Mg) = MX (M), (3.8)
with which not only the coefficient of F, but the first term
of (3.5) becomes a, b independent. Here the gaugino mass
factors Mf\‘x above the supersymmetry-breaking scale My
are virtually defined as if they obey the renormalization-
group equations corresponding to (3.6). Namely, the sec-
ond condition for unification to appear is that, at the scale
of gauge coupling unification, the corresponding gaugino
masses also (virtually) unify, except for the anomaly me-
diation effect. The form of the unified value va (M) has
no restriction and is an arbitrary function of g, and other
universal couplings.

In summary, the general mirage unification (of gaugino
masses) is achieved in theory with gauge coupling unifi-
cation and satisfies two conditions: (i) the threshold of
supersymmetry-breaking dynamics preserves the gauge
coupling unification, and (ii) gaugino masses from
supersymmetry-breaking dynamics virtually unify at the
scale of gauge coupling unification. As a result, the general
form of gaugino masses induced at the supersymmetry-
breaking scale is consistent with the low-energy mirage
when it satisfies

Mi( = Cp + Clgz(Mx). (39)

The coefficients ¢y and c¢; are universal (gauge-factor
independent) and, in particular, do not depend on g(My).
We have also included the trivial solution (the ¢, term),
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corresponding to the simple mirage mediation if My =
M. The scale i, of the general mirage unification is

written in a parallel fashion to the previous case (2.3) as
& = Myxexp(—F,/2M?). (3.10)

The effective threshold scale My and the supersymmetry-
breaking mass parameter M5 are defined as

_ MX\co/M} _

MXEMG(M—G) /\, Mi\(ECO‘i‘Clng, (311)
1 1 N (M
— ==+t—7 1n<—§>. (3.12)
86 88U 167 MX

These three quantities, My, M, g are found not to have
gauge-group dependences and so f,, does denote the low-
energy unification scale of gaugino masses. From (3.4) and
(3.9), we evaluate the unified value of gaugino masses at
this scale,

My (i) = My, (i) = co + 185 (3.13)

which is just equivalent to the effective boundary mass M7.
This fact implies that the effect of high-energy physics is
directly observed in the low-energy regime as the projec-
tion of the mirage. It is also found, compared to (3.9), that
the low-energy value M, (j,,) is equal to the dynamically
induced mass M7} by replacing the gauge coupling with g.
The “coupling constant” gs represents the effect of de-
coupled fields and naively seems to depend on the thresh-
old scale My. However we can show from the running
equations of gauge couplings that low-energy values of
gauge couplings are related to gs as

1 1 b, (Mz

ol :erim Mé) (x=a,b). (3.14)

1672

This equation indicates an important property that gs is
interpreted as the (virtual) unified value of gauge couplings
in the absence of any threshold and is determined only by
(experimentally) observed values of g, in the low-energy
regime. In particular, g; does not depend on My and
therefore, the low-energy unified value of gaugino masses
M, (f,,) is also insensitive to the threshold scale. Further,
it is interesting to notice that, similarly to the gaugino
masses, the gauge coupling constants are also mediated
by the mirage from high to low-scale physics: in future
particle experiments, we would directly probe the high-
energy unified value g; through the determination of
superparticle masses. Probing high-energy physics without
being disturbed by intermediate-scale unknown factors
will clarify the mechanism of supersymmetry breaking as
well as the grand unified theory.

As we have shown, the general mirage unification can be
defined even when the spectrum is nonuniversal at the
supersymmetry-breaking scale and the coupling unifica-
tion scale. The general formulas are given by (3.9) and
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(3.10) with the mirage value of unified gauge coupling
which is evaluated only by low-energy observables and
independent of supersymmetry-breaking thresholds. One
remark is that the unification scale f,, does not make sense
unless the complex phases of ¢, and ¢, terms are aligned to
that of the anomaly mediation F,. That may restrict the
possible dynamics of supersymmetry breaking and its
mediation.

IV. CLASSIFICATION

The gaugino masses in the scenario of general mirage
unification have the form (3.9). We briefly discuss each
case separately and comment on possible dynamics of the
supersymmetry-breaking mediation sector.

A.C()#O,Cl:()

The first simple case is that the ¢, term is dominant. In
this case, gaugino masses are universal at the
supersymmetry-breaking scale My. The universal contri-
bution originates from, e.g., gravitational interactions,
moduli fields in high-energy theory, and so on. That results
in the simple mirage mediation discussed in Sec. II.

B.COZO,CI#O

The second case is that the gauge threshold contribution
is dominant: ¢y, = 0 and ¢; # 0. That is understood as the
situation that supersymmetry breaking is mediated by
some gauge interactions at the loop level. In this case,
M?%’s become universal if they were interpolated to the
gauge coupling unification scale, and then the discussion
returns to the simple mirage mediation with the threshold
scale My = M. However, there is one difference that the
gauge coupling in the interpolated mass M* (M) is not the
real value gy but the virtual one g5, which represents the
deviation due to the presence of supersymmetry-breaking
dynamics above My. In other words, if one uses the mirage
scale formula (2.3) with the interpolated mass Mf\‘ (M),
the threshold scale should be modified accordingly.

As an explicit example, let us see the following form of
gaugino masses:

ga(My) . baga(My)
1672 1672

The superparticle mass spectrum is given by the sum of the
gauge and super-Weyl anomaly contributions. The relative
complex phase of two F terms, F and Fg, should be
aligned from a phenomenological analysis of CP violation
[14]. A simple dynamical example is the so-called de-
flected anomaly mediation [15]. The above expression
means ¢, = 0 and ¢, = Fy/1672, and hence the mirage
unification scale is found

M, (My) = Fy. 4.1

_877.2 Fqg
B = Moexp(— 2 ). 4.2)
G ng F
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where the mirage value of unified gauge coupling g; is
determined by the observed values of gauge couplings at a
low-energy scale .,

! L, b 1(“2) 4.3)
- = n\—- | .
g6 &) lom \MZ

C.C()?&O,Clio

The last one is the most general case and normally needs
two sources of supersymmetry breaking. A simple example
is the coexistence of the contributions via supergravity and
gauge interactions [16,17] from several supersymmetry-
breaking sectors. It is also possible to realize this type of
spectrum with a single source of supersymmetry breaking.
For this purpose, let us assume the following schematic
Lagrangian:

[dz [(— + M—1>W“W + My + X)‘I”If] + H.c.
p

+ (dynamics for X), 4.4)

where X is the representative field of supersymmetry
breaking which has a nonvanishing F component, and W,
W are the vectorlike messenger multiplets. The first term
gives a tree-level gravity contribution to gaugino masses of
the form of Fy/M,. The second term induces a mass
splitting in each messenger multiplet and gives the gauge
contribution from a one-loop diagram involving the mes-
senger fields. Thus, the gauge contribution takes the form
of (1/167%)(Fyx/My). If the messenger mass scale My is
smaller than the gravity scale My, by one-loop order quan-
tity, the two contributions of supersymmetry breaking are
comparable to each other and equally important for phe-
nomenology such as the modification of low-energy uni-
fication scale and superparticle mass spectrum.

V. MULTITHRESHOLDS AND STABILITY OF
MIRAGE

In this section, we study the case that there exists mul-
tiple threshold scales of supersymmetry-breaking dynam-
ics. In addition to the scale My previously discussed,
superparticles are supposed to receive the contribution of
supersymmetry-breaking masses from different dynamics
at M, which is assumed to be smaller than My without the
loss of generality. In particular, we examine whether the
mirage unification is spoiled or not in the presence of
additional thresholds.

A. Simple mirage case (cy # 0, c; = 0)

Let us first consider the simple mirage case (c¢; = 0)
analyzed in Sec. II. We have additional gaugino mass
contribution M/, at the scale M. It is noted that the net
contribution at this threshold is the sum of M/, and the
supersymmetric contribution which compensates the

PHYSICAL REVIEW D 78, 025012 (2008)

anomaly mediation. In the low-energy regime (u < M}),
the gaugino mass is given by the one-loop renormalization-
group flow,

g*(n)
g2 (M%)
b'g?(u)

2
(2=
16> \M%

bg* (1) MX M
+ et 1<M2) (5.1)

My(p) = [M)(M}) + M ]

— (M + Mj\)[l "

b'g*(w)
+
1672 ¢

where b is the beta-function coefficient of gauge coupling
g below the threshold scale M. Repeating the previous
analysis, the new scale of low-energy unification is for-
mally written down as

_ _ (M/ )(b’ b/b)MX/MX+M}) (MX)(M/ 1M M)
Bom = Bom )
My fm
5.2)

The unification scale f,, in the single threshold case has
been defined in (2.3). It is found from this expression that,
in order for i/, to be the unification scale, the following
two conditions are additionally required: (i) the threshold
contribution M/ is universal, and (ii) the ratio of beta
functions b/b’ is independent of gauge groups. The latter
condition is rather restrictive. The general solution to the
latter condition is given by b = b’ which implies an un-
realistic situation that decoupled fields at either threshold
are only gauge singlets. Moreover, one notices that !, is
no longer a mirage unification scale, even if the threshold
contribution is supersymmetric (M, = 0) or grand unifica-
tionlike (b, — b/, = universal).

B. Gauge threshold case (cy = 0, ¢; # 0)

Another typical case has the contribution of gauge
threshold only (cy = 0), i.e., the scenario with gauge and
anomaly-mediated supersymmetry breaking. Let us con-
sider an additional gauge threshold at M. Its form is
written down as M/, = ¢} g*(M}) where the coefficient ¢/
is universal for dlfferent gaugino masses. In the low-energy
regime (u < M%), the gaugino mass is given by the one-
loop renormalization-group flow,

bgz(MX) 82(M§()
1677 F¢>82(Mx)

g (n)
g (M%)

M, () = [(c1g2<MX) +

g2 (MY) + AAM<M;()]

b'g?(u)
1672

where b’ is the beta-function coefficient for gauge coupling
g below the threshold scale M. The last quantity A,y
denotes the supersymmetric threshold correction which
preserves the ultraviolet insensitivity of super-Weyl anom-

= (c; + c)g*(u) + Fy, (5.3)
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aly mediation. It is found that, in the previous expressions
for the single threshold case, ¢, should be shifted to ¢; +
¢}, and further, My and b are replaced with M’ and b'. The
last point we should take into account is the modification of
the renormalization-group running of gauge couplings. In
the case of multiple thresholds at My and M}, the gauge
couplings take the unified value g}, at My,

I 1 by (MR b AN (M2
S o 2 M ;- In{>
g:My) g 16w M5 167 My

(x=a,b). (5.4)

Repeating the previous analysis of mirage unification with
this modified running equation, we find that the mirage
unification is preserved for the grand unificationlike
threshold, that is, b, — b}, = b, — b, (= N’'). At the
same time, the gauge coupling unification scale is not
modified: Mg = M. In the end, the mirage unification
scale in the multithreshold case is given by

Ry = Mg exp(—F 4 /2M%). (5.5)
The effective boundary mass MY’ is defined as
MY = (c; + c})gd, (5.6)
1 1 N’ M3 N+ N (M?
1, N 1n(%) SNV 1n(—g). 5.7)
g gp 16w \M¥% 167 M5

Since Mf\(' and g;; do not have gauge-group dependences,
the new scale @i/, is properly defined as the mirage uni-
fication scale (of gaugino masses). The unified value of
gaugino masses at gi’, is evaluated as

M), (@) = M), (i) = (c1 + )85

which is equal to the effective boundary mass MY .
Compared with the single threshold case, the virtual cou-
pling g seems to be modified to gi; due to the effect of the
additional threshold. However, we can show from (5.4) and
(5.7) that low-energy values of gauge couplings (u < M')
become

1 1 by ( u?
S nl £
8¢ giw) 16w \Mg
This equation indicates that g;; does not depend both on
My and M%, i.e., insensitive to the presence of
supersymmetry-breaking dynamics. It is also interesting
to find that, compared with the single threshold case (3.14),
g 1s equivalent to g for fixed low-energy observables,

and so equal to the (mirage) unified gauge coupling with-
out any thresholds

(5.8)

) (x=a,b). (5.9

86 = 8- (5.10)

The real unified gauge coupling gj,, of course, becomes

different from g; and sensitive to the presence of
thresholds.
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In summary, for the gauge threshold case, the mirage
unification is preserved even when there exists multiple
thresholds of supersymmetry-breaking dynamics. The mi-
rage scale does not explicitly depend on the threshold
scales (the messenger mass scales). The only influence of
multiple thresholds is the cumulative effect of ¢; terms in
gaugino mass. These facts show that only the total number
of messenger fields is relevant. Finally, the mirage unifi-
cation is not spoiled by supersymmetric threshold (¢} =
0), unlike the simple mirage case.

VI. SUPERSYMMETRY-BREAKING TERMS FOR
SCALARS

We have discussed supersymmetry-breaking mass pa-
rameters for gauginos. Scalar superparticles also receive
similar effects from their couplings to supersymmetry-
breaking fields X and ®. The result is expressed in terms
of soft mass parameters: trilinear and bilinear holomorphic
couplings and nonholomorphic scalar masses squared. In
this section, we present the general formulas for scalar
supersymmetry-breaking terms.

As seen above, the effect of the super-Weyl anomaly is
important in discussing the gaugino mass unification and
then, the compensator formalism of supergravity is useful
for deriving the general form of supersymmetry-breaking
terms for scalars. For scalar supermultiplets, the supergrav-
ity Lagrangian is given by two ingredients, i.e., the Kdhler
potential K and superpotential W,

= fd“ocbfcpf(gi, ol x, xt, @, at)

+ [ f 20D W(Q;, X) + Hc] (6.1)
where Q; denote the scalar superfields for which we now
want to derive the supersymmetry-breaking terms. The
supergravity f function is related to the Kidhler potential
as f = —3e K/3. We have taken into account the fact that
the Kéhler potential has the quantum-level dependence on
the compensator field ®. Note that the superpotential is
known to be protected from radiative corrections due to the
nonrenormalization theorem and have no ® dependence.
As in the case of gaugino masses, the ®-dependent pieces
come out through the renormalization procedure and in-
duce the anomaly-mediated contribution of supersymme-
try breaking. When including quantum effects, it may be
easier to analyze the scalar potential in the conformal
frame of supergravity where the superconformal gauge
symmetry is fixed by choosing ® = 1 + F 462. The super-
gravity Lagrangian in the Einstein frame, where the (super)
gravity kinetic terms are canonical, is obtained by the
specific super-Weyl transformation [18] and the scalar
potential analysis in this frame can be performed with
the gauge fixing condition [19]: ® = eX/%[1 + (F, +
1K;F;)0*]. 1t is noted that there is no difference between
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these two gauge choices for deriving the leading order
supersymmetry-breaking terms if |K;F;| << |Fy|. This
condition is obviously satisfied when |Fy/X| ~ |F,| and
|X| < 1 as in the case of mirage unification with gauge
thresholds (and also satisfied in the case of simple mirage
mediation where |Fy/X| < |Fy| and |X| ~ 1). Therefore
in the following we study the scalar supersymmetry-
breaking terms in the conformal frame of supergravity.

To see the supersymmetry-breaking terms of scalar
fields Q;, we first integrate out the auxiliary components
F, 0 via their equations of motion,

Fiyfo, + Wo, + D Fifon =0, (6.2)
1

where the lower indices of f and W denote the field
derivatives. The index I runs over all the chiral multiplet
scalars in the theory, i.e., I = Q;, X, ® in the present case.
After the integration, the resultant scalar potential is given
by

V= (foQT _f)FZ:Fqb + Z (M—fjﬂ)F;fFJ

foot 1LJ#Q foot
+ [z(fo’QT - f,)Fj;F, + H.c.]
1#0N J 00t

- |
+ [fQéTWQ(EWQT + Fyfor + ZF,f,Q*>
I#Q

We have dropped the flavor index i of Q; just for notational
simplicity. Note that the derivative indices I, J contain the
compensator field ® which leads to radiative effects
through the supergravity anomaly. It easily turns out that
the first line in (6.3) generates nonholomorphic scalar mass
terms and the second one holomorphic supersymmetry-
breaking couplings as well as a possible supersymmetric
mass term contained in IWQIZ.

A. Holomorphic scalar couplings

The scalars Q; acquire supersymmetry-breaking holo-
morphic couplings, including trilinear and bilinear ones in
scalar fields (usually called the A and B terms, respec-
tively). They are induced in the presence of corresponding
superpotential terms in W. The most general expression of
holomorphic supersymmetry-breaking terms can be calcu-
lated from the second line of the supergravity scalar po-
tential (6.3). For practical purposes, it is almost sufficient
to know holomorphic scalar couplings for the minimal
Kahler form K = Z, QT 0 where the wave function factor
depends on & through the renormalization: Z, =
Zy(X, Xt @, ®1). In this case we find that the second
line in the potential (6.3) induces
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9InZy oW
La= FX[WX - % 9X aan]

d1nZ ow
+ Fyl3w—%(1+ Q)—]+H.. 6.4
LW -3+ ng) T e @9

The first term (the FyWy term) is irrelevant unless the
scalar multiplets Q; directly couple to X in the superpo-
tential. As an example, let us consider the superpotential
with Yukawa and mass terms; W =y;;0,0,0; +
1ijQ;Q;. The corresponding trilinear and bilinear
supersymmetry-breaking couplings are read off from the
general expression £, and are given by

d ln(ZQlZQ/ZQk)

Aijk = Z ol F[s (65)
=X,
In(Zy, Zg )
=X.¢
for the definition of Lagrangian parameters: L =

—AyiirQiQ;jQr — Bijm;Q;Q; + Hec.. The ¢ derivative
is translated to the energy-scale dependence of wave func-
tion factors and the coefficients of F, are given by the
anomalous dimensions of scalar fields. On the other hand,
the X dependence of Z is fixed model dependently and its
supersymmetry-breaking effects have some variety.

We have two brief comments on the phenomenological
aspect of these formulas. First, it is noted that the
supersymmetry-breaking parameters are described by
Fx/X and F, with real coefficients. Therefore if the com-
plex phases of these two F terms are aligned, phases of
supersymmetry-breaking parameters including gaugino
masses can be rotated away with one suitable R symmetry
rotation, and the CP symmetry is not violated in the
supersymmetry-breaking sector. Second, the above
B-term formula, when applied to the minimal supersym-
metric SM and beyond, causes a too large value of the B
parameter to trigger the correct electroweak symmetry
breaking, if the F, contribution is dominant. While there
have been several proposed solutions to this problem
[9,15,20], they are model dependent and generally predict
different values of B according to how to develop u
parameters.

B. Nonholomorphic scalar masses

Scalar fields generally receive nonholomorphic
supersymmetry-breaking masses from their couplings to
supersymmetry-breaking fields. The mass spectrum of
superpartners of quarks and leptons is sensitive to the
detailed form of Kéihler potential which, in turn, is re-
stricted by phenomenological constraints. Here we sup-
pose the minimal Kéhler potential K = ZQQ*Q as in the
previous section. The possible X dependence of the wave
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function factor is determined, depending on the property of
X, by claiming the absence of flavor-changing higher-
dimensional operators [7]. We do not discuss further here
and derive the general formula for supersymmetry-
breaking scalar masses.

The nonholomorphic mass terms come from the first line
of the potential (6.3). Expanding about 0, we obtain the
general expression for the minimal Kéhler form,

2

92InZ;!
m2 = Y]

= R— o o
0 v
1755 artoJ

6.7)

for the canonical normalization of the Q; field kinetic term.
The second-order derivative with respect to the compensa-
tor @ leads to the anomaly-mediated contribution to
supersymmetry-breaking masses. A more essential ingre-
dient is the cross term of two F-component effects Fy and
F 4. This part is found to play an important role in discus-
sing the mirage behavior of superparticle masses.

VII. MIRAGE GAUGE MEDIATION

Among general mirage unification scenarios, the gauge
threshold case is shown to have stable low-energy unifica-
tion against possible but obscure intermediate thresholds.
The gauge threshold scenario is also favored from phe-
nomenological viewpoints such as the suppression of rare
processes beyond the SM and the cosmology. In the rest of
this paper, we focus on analyzing this class of scenario. We
first present a simple gauge threshold model and discuss its
mirage unification behavior and superparticle spectrum.
The model is called here the mirage gauge mediation.

A. Setup and supersymmetry-breaking terms

We consider the following form of Lagrangian:

r= fd“OCI)’f(I)Z,-(X, xt, @, ®Hol o,

+ [ d*0S(X, ®)W*w, + H.c. + [ d*0DP3X VW

+ H.c. + (dynamics for X), (7.1)

where Q; and W? denote the matter and gauge chiral
superfields with the renormalization factors Z; and S,
respectively. The vectorlike messenger multiplets ¥ and
W belong to grand unificationlike representations, i.e., they
give the universal contribution to the SM gauge beta func-
tions in order to preserve the gauge coupling unification in
the absence of threshold. The Kihler f function is ex-
panded by Q; and only the leading kinetic term is included.
The leading constant (Q;-independent) term was not ex-
plicitly written but its significance will be discussed in later
sections. In what follows, we assume as an example that
the messenger multiplets compose of N pairs of fiveplets
and its conjugates of SU(5). The compensator superfield @
controls the Weyl invariance of the theory and its scalar
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and fermionic components are fixed by the superconformal
gauge transformation. Finally, X is the representative chiral
superfield of supersymmetry breaking and its expectation
value is determined by high-energy dynamics of stabilizing
X such that X = My + Fy62." The basic building blocks
of the model are parallel to the deflected anomaly media-
tion [15]. The dynamics for X field is unspecified here and
will be explicitly discussed with various examples in su-
pergravity towards constructing a fully viable theory.

The wave function factors Z; and the gauge kinetic
function § depend on the supersymmetry-breaking field
X at the quantum level. The tree-level X dependences
through higher-dimensional operators are suppressed by
the cutoff scale My, which is much larger than the mes-
senger scale My, otherwise these operators sometimes
induce disastrous phenomenology such as flavor-changing
rare processes and CP violations. This suppression is
known to be one of the virtues of gauge-mediated super-
symmetry breaking and our present model shares this
excellent property. The compensator dependence also ap-
pears at the loop level due to the classical scale invariance.
Therefore the supersymmetry-breaking effects are ex-
tracted by turning on the F components and by expanding
the quantum-level dependence [21] with respect to Fy and
F 4. The renormalization factors in the low-energy region
and their dependences on X and @ are obtained from the
solutions of one-loop renormalization-group equations in
the superfield forms

ReS(X@))(zc,-/b+N) ( ReS(w) )(26,»/17)

2w = 2 (“agry. ReS(XP)

’

(7.2)

b+ N _ (A b XP
= S(A) + 2 n(2) 2 n(22),
Slu) = 5(4) 3272 n(X) 3272 n( i ) (7.3)

where b is the one-loop beta-function coefficient below the
threshold scale and C; denotes the quadratic Casimir, ex-
plicitly given below. The scale A means some high-energy
initial point (A > My) above which no supersymmetry-
breaking dynamics exists.

The soft supersymmetry-breaking mass parameters,
gaugino masses M, , scalar trilinear couplings A;, non-
holomorphic scalar masses m?, are then derived from the

i
general formulas given in the previous section

"Here My is a dimensionless parameter. The threshold mass
scale is given by the expectation value of the scalar component
of dimension-one superfield X = X®. If the following formulas
are expressed in terms of Fy instead of Fy, the anomaly-
mediated contribution should be replaced with the one evaluated
above the threshold scale. _

*We assume that the messenger fields W and ¥ do not have
soft supersymmetry-breaking parameters above My. If not so,
the more general formulas [22] should be utilized for deriving
soft terms for low-energy fields.
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—Ngz(u) Fx _ b.ga(w)
M, (u) = "8 ) TX | DaSall) 7.4
a) = My 16m ¢ (7.4)
NCY Fy Ciga(n)
M) = g i) — 200 |~ 5,
(1.5)
NC?
mlz(,“) = m[(l]a + N)gh(My) — Ngik(u)]
Fx |2 Ciboga(m), . 1
| T e 1Fel
My 1287
NCéga(u) (Fx )
4 i 8a W (TX b ), 7.6
1287 (MX o e (7.6)

where the summations for the gauge index a are under-
stood, and C¢ is the quadratic Casimir operator of gauge-
group G, for the field Q;, for example, (N> — 1)/2N, for
the vectorial representation of SU(N,.). For each formula,
the first term is the contribution of the gauge threshold.
This part determines the mirage unification scale and the
mirage mass spectrum as previously shown for gaugino
masses. The second term in each formula denotes the
anomaly mediation. The third term in the scalar mass-
squared m? is the mixed contribution of gauge and anom-
aly mediations. It is noted that the relative complex phase
of Fx/My and Fg should be aligned from a phenomeno-
logical viewpoint of CP violation. If this is the case, the
mirage unification does appear and further the third term in
m? does not contain CP-violating complex phases.

B. Mirage unification

From the general formula (3.10) in Sec. III, the mirage
unification scale for the present setup is found

—87T2R)
Ng%t /J

Am = Mg exp( .7
where g is the mirage value of unified gauge coupling at
Mg and can be determined by evolving the low-energy
observed values up to high energy. Therefore, g5 and M
are insensitive to the threshold scale and so is the mirage
scale fi,,. It is noted that this is the general and model-
independent property of the theory with gauge coupling
unification such as the minimal supersymmetric SM. The
real value of unified gauge coupling, g, in the present
model is related to g; as 1/g7 = 1/g% + (N/167?) X
In(M%/MZ), but g, itself does not appear explicitly in
any formulas for mirages. The parameter R in (7.7) is
defined as the ratio of two F terms,

_ T
Fy/My

(7.8)

which is real valued as mentioned above and is defined so
that its sign becomes positive in most of the known dy-
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namics for the X stabilization. In the limit R — 0 (R — 0),
the contribution of gauge (anomaly) mediation becomes
dominant. It may be interesting to see from Eq. (7.7) that
the low-energy mirage scale emerges as an analogy of
dimensional transmutation: let us consider a virtually-
defined gauge coupling g,,. It has an initial condition
gm(Ms) = g and obeys the renormalization-group equa-
tion with the beta-function coefficient b,, = —N/R which
is negative in most cases, and hence g,, has the asymptoti-
cally free behavior.
Since the gauge couplings at fi,, are related to g as

N

__ 52
N+ b,R5C (7.9

8a(fim)
the soft supersymmetry-breaking mass parameters at the
mirage unification scale are found to be given by the
following form:

_ _Nng Fy
M =—7—, 7.10
/\,,(lu“m) 16772 MX ( )
NC¢ F
Al fiy) = o [8% — 2(Mx)] -~ 7.11
l(lu‘m) 877_2[7“ [gG ga( X)]MX: ( )
NC¢ F

2(@,) = ———[(N + b,)g4(My) — Ngt]| X

m; (/"Lm) 1287T4ba [( a)ga( X) gG] MX
(7.12)

The mass spectrum is controlled by two parameters, the
messenger contribution N and the threshold scale My, and
is insensitive to the F-term ratio R. On the other hand, the
mirage scale f,, is determined by N and R and is insensi-
tive to the threshold scale My. These behaviors are impor-
tant for studying phenomenological aspects of the model,
especially for examining whether the mirage unification
scale can be set to be observable in future collider experi-
ments, which we will discuss in details in Sec. VIII.

C. Mirage spectrum

It is found from the above mass formula that the mirage
gauge mediation has a complete correspondence to the
gauge mediation scenario. That is, these two theories are
traded to each other by interchanging the gauge coupling
constants: the mirage spectrum is read off from the gauge-
mediated one by simply replacing the gauge couplings
ga(u) at a low-energy scale u with the mirage unified
value g; which is evaluated from g,(u). Furthermore soft
scalar masses (7.12) are found to generally satisfy two
types of sum rules, as in gauge mediation [23]: ¥ Ym? =
0 and Y.(B — L)m> = 0 where Y and B — L are the hy-
percharge and the baryon minus lepton number, respec-
tively. (It is noted that each term in (7.6), i.e., the gauge,
anomaly, mixed term, separately satisfies the sum rules.)

The clear comparison to the gauge mediation model is
summarized in Table I. Here we show several illustrative
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TABLE I

PHYSICAL REVIEW D 78, 025012 (2008)

The soft supersymmetry-breaking parameters in the gauge mediation (GM) and mirage GM. In both cases, the parameters

are evaluated at the TeV scale. In this table, the gaugino masses M, and trilinear couplings A; (scalar masses squared m?) are
normalized by Fy/167m*My (|Fx/16m>My|?).

Low-scale mediation (My =

High-scale mediation (My = Mg)

GM M,, = —Nga(p) M,, = —Ngz(p)
(u = TeV) A =0 A =252 () — g3
m? = 2NC9g4 (1) m} = 2NC (b + N)gg — Ngd(w)]
Mirage GM M,, = —Ng%; M,, = _Ngc
(i = TeV) A =25 g - g2(My)] A;=0
m? = ZE[(b, + N)gh(My) — Ngi] m; = 2NC{g

limits that the mass spectra of two theories are evaluated at
the same low-energy scale ( = TeV) in the cases that the
supersymmetry-breaking threshold scales are low (My =
TeV) and high (My = M). We have two typical spectra of
the mirage unification:

(1) The first is the case that supersymmetry breaking is

mediated at the gauge coupling unification scale (the
lower-right panel in the table). The low-energy mass
spectrum of gauginos is universal, the trilinear scalar
couplings vanish, and the scalar masses squared are
specified by the quadratic Casimir operators. The
last fact means that scalar superparticles with the
same quantum charge have the universality of mass
spectrum, which leads to enough suppressions of
rare processes involving flavor-changing neutral cur-
rents. This virtue of the gauge mediation also ap-
pears in the mirage gauge mediation. However, the
mass spectrum is rather different from the gauge
mediation: the low-energy spectrum is written only
by the unified value of gauge couplings g5, not the
low-energy values. This fact leads to the low-energy
unification of gaugino masses as well as almost
degenerate scalar superparticles. The scalar lepton
masses are of similar order of scalar quark masses
and they differ only by O(1) coefficients CY.
Moreover (too) restrictive mass formulas generally
imply several relations among observed mass values
in future collider experiments. For example, in the
minimal supersymmetric SM, the mirage spectrum is
exactly given by

M3 M3 M3 i mgmimy g
= N:N:N:21.16.14.9.6 (7.13)

without including Yukawa coupling effects.

masses are universal and given by g, which is a
robust prediction of the mirage gauge mediation.
Unlike the usual (low-scale) gauge mediation, scalar
trilinear couplings are generated at one-loop order of
gauge couplings and naturally comparable to other
supersymmetry-breaking parameters. For example,
if My = f,,, the trilinear couplings are found from

the above formula and (7.9) that A; = 8 =G nybc aR X
Fx

3. ~ M. Such sizable A parameters would be im-
portant for phenomenology around the electroweak
symmetry breaking scale. The scalar soft mass pa-
rameters m? are also characteristic. In the gauge
mediation with chiral messengers, m? is positive
irrespectively of the threshold scale My, but the
low-scale mirage gauge mediation sometimes pre-
dicts tachyonic scalar superpartners. For example, if
My = @,,, we find from the mass formula and the
gauge coupling relation (7.9) that the positivity con-
straint of scalar masses squared (m? > 0) lead to an
inequality

b,R> < N(1 —2R) (7.14)

for all beta-function coefficients b,. That implies
that, for R > 1 (R > 1/2), asymptotically free (non-
free) gauge groups induce tachyonic contributions to
scalar soft masses. It is therefore important for phe-
nomenology of the model to satisfy some lower
bound on the threshold scale My and/or an upper
bound on the ratio R, the latter of which restricts
possible dynamics for the X stabilization.

VIII. MIRAGE UNIFICATION AT TEV

Based on the formalism shown above, we investigate the

Therefore the whole superpartners are found to re-
ceive a similar size of supersymmetry-breaking
masses.

(i1) The second limit is the low-scale threshold (the
lower-left panel in the table). Here we discuss the
situation My ~ i,, ~ TeV. The low-energy gaugino

model with mirage gauge mediation around the TeV-scale,
i.e., it,, ~ TeV. The forthcoming Large Hadron Collider
experiment will probe the TeV-scale physics, and, in par-
ticular, would observe the superpartners of SM fields with
the mirage pattern of the mass spectrum. Such a character-
istic spectrum provides distinctive experimental signatures

025012-10



LOW-SCALE GAUGINO MASS UNIFICATION

from any other supersymmetry-breaking scenarios, and
clearly suggests the existence of a specific mechanism in
high-scale dynamics. In this section, we first derive the
conditions for realizing TeV-scale unification. Next, we
examine several models of X field dynamics discussed in
the literature and show that it seems difficult for these
models to satisfy the required conditions. Finally, possible
dynamical mechanisms are presented to make the condi-
tions unnecessary or weakened. We also point out that the
hidden-sector contribution, which is generally needed to
have the de Sitter vacuum in supergravity but is usually
decoupled, may play an important role for constructing a
full theory of TeV mirage unification.

A. TeV-scale mirage

For phenomenological discussions of mirage gauge me-
diation, there are three points to be taken into account:
(i) the perturbative evolution of gauge coupling constants,
(i1) nontachyonic scalar mass spectrum, and (iii) the low
mirage scale.

As for the first point, the one-loop evolution of gauge
couplings are solved as

1 1 b 2 b, +N (M>
STt 1“('u—z> t—— 1n<—§>’ @&.1)
gy ga(m) low My 167 Mg

for uw < My < M. The unification scale is determined by
low-energy observed values g2(/i,,) and the requirement of
gauge coupling unification, independently of other pa-
rameters. Therefore the running of gauge couplings, in
particular, their high-energy values are controlled by the
threshold scale My and the number of messenger fields N.
A bound on these parameters is derived from the require-
ment of perturbative unification that the gauge couplings
do not diverge below the unification scale (i.e., gy < ),

M 2
Nln(—G) < 8—727
X

(8.2)

This inequality implies the lower bound on the messenger
mass My and the upper bound on its number N. For
example, we obtain from (8.2)

N =5: My > 4.5 X 10*> GeV, (8.3)
N = 10: My >3.0 X 10° GeV, (8.4)
N =15: My >5.7 X 10! GeV, (8.5)

for Mg = 2.0 X 10' GeV which is a typical scale of
supersymmetric grand unification of the SM gauge
couplings.

The second condition comes from the superparticle mass
spectrum at a low-energy observable scale. In order that
charged scalar superpartners do not develop condensations,
their mass-squared terms in the potential must be positive.
Here we consider the constraint that soft supersymmetry-
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breaking masses squared m? must be positive, as a con-
servative one without including the effects of Yukawa
couplings and trilinear scalar parameters. The analysis in
the previous section shows that the scalar masses squared
become at the mirage scale

Fx

My
(8.6)

NC4
m}(fL,,) = :

= M[(N + ba)g?z(MX) - Ngé:l

The gauge couplings at the intermediate scale, g,(My), are
determined by My for fixed values of low-energy gauge
couplings. Therefore the scalar masses are controlled by
the two parameters My and N. Roughly speaking, ta-
chyonic scalars are avoided if m?(i,,) > 0, namely, the
quantity in the bracket of (8.6) is negative (positive) for the
asymptotically free (nonfree) gauge theory. For example,
in the minimal supersymmetric SM, the right-handed sca-
lar leptons usually give the most significant constraint. We
find from (8.6) that m2(f,,) > 0 implies

biR(My)*> < N[1 — 2R(My)], (8.7)
where b, = 33/5 is the beta-function coefficient for the
hypercharge gauge coupling, and R(My) has been intro-
duced as a generalization of (7.14) and defined as R(My) =
(Ng%/8m?)In(M/My). 1t is easily found that the number
of messengers N has an upper bound for their masses fixed,
and in other words, the threshold scale My has a lower
bound. In Fig. 1, we show the numerical result of the
positivity constraint m2(,,) > 0. The parameter bounds
are often more severe than (8.2) which is obtained from the
perturbative gauge coupling unification.

The last point is whether the mirage unification takes
place at a low-energy observable scale as one chooses. The
low-energy unification scale in the mirage gauge mediation
is found in the previous analysis [Eq. (7.7)],

14
12
10 ¢
g I
Z 6l
4k
5| Allowed
0 4 ‘6 ‘8 ‘10 ‘12 14
10 10 10 10 10 10
My [GeV]
FIG. 1. The region for the messenger parameters My and N

allowed by the positivity constraint on the right-handed scalar
lepton mass in the minimal supersymmetric SM.
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TABLE II.

PHYSICAL REVIEW D 78, 025012 (2008)

Typical dynamics for supersymmetry-breaking messenger mass splitting. The limit

R — oo corresponds to the anomaly mediation dominant (supersymmetric thresholds), and My
and my denote the threshold scale and the X scalar mass in the vacuum, respectively.

Dynamics R My my
K = |X]? -1 Fy/2) (n — 3)|Fyl [15]
W = X"(n>3)
K = Z(Xx, x1)|x|? 1 arbitrary (2 — loop) X |F | [15]
w=Xx
K= |X]? + |Y? metnl Fi/ =) (m +n—3)|Fyl [24]
W =X"y"
K = Z(X, XH|x|? — |c||x]* 1 (1 —loop) X A (2 — loop) X |F | [24]
W=0
No X : O(F ) [25]
AK =¥V
~ —8m2R are approximately consistent with the TeV-scale mirage for
Pm = Mg exp( Ng > 88)  an integer number N = 5. A variety of other models have

Since M and g are determined by low-energy theory and
observations, the scale f,, is controlled by N and R. The
latter is defined by the ratio of two supersymmetry-
breaking F terms in the theory and then, possible dynamics
of X are restricted for the TeV-scale mirage to be achieved,

R _ & ln(MG

N TeV

== 8.9
N 872 8.9)

) = (.20.
Here we have used a typical unified value of SM gauge
couplings, g%/4m* = 1/24.5, which is obtained from the
weak-scale experimental data and the renormalization-
group evolution in the minimal supersymmetric SM [2].
The result (8.9) is deeply related to high-energy dynamics
of supersymmetry breaking. As a simple example, let us
consider the case that the Kihler potential is minimal and
the superpotential contains a single polynomial term [15],

K = Z|X|?, W= X"(n=3). (8.10)

Turning on the compensator F' term as a background in the
Lagrangian® and minimizing the supergravity scalar poten-
tial, one obtains a nonvanishing F component of the
supersymmetry-breaking field X,

FX 2 ( n_l)
= R = .
2

= F,,
X 1—-n ¢

In order to satisfy (8.9), the correlation is found between

the potential form (W = X") and the number of messenger

fields, as given in the following:

n 3 4 5 6 7 8 9

N 5.0 7.5 10.0 12.6 15.1 17.6 20.1
An integer value of the messenger number may be reason-
able. It is interesting that the simplest dynamics, W = X3,

(8.11)

>The compensator Fy is dynamically fixed, e.g., by including
a constant (X-independent) superpotential term in supergravity.
Such a detail is irrelevant to the result presented here.

been proposed in the literature to stabilize X with the Fg
effect and to provide nonsupersymmetric (nondecoupling)
messenger thresholds. The potentials and their predictions
are summarized in Table II, in which we also show the X
scalar mass my in each supersymmetry-breaking vacuum.
It is found from the table that, in most of models, the
F-term ratio R is O(1) or sometimes becomes large. This
fact generally means that the number of messenger fields is
required to be large for the TeV-scale mirage. If this is the
case, the messenger mass scale should be unfortunately
high in order to have the perturbative gauge coupling
unification or not to have any tachyonic scalar
superpartners.

B. Possible ways out

We have studied the phenomenological constraints in
the simple case of mirage gauge mediation and found that
it tends to need a large number of messenger fields and a
high mediation scale. It is a natural amelioration to realize
a low-scale mirage unification without introducing model
complexity and/or without loosing observation feasibility.

If the messenger number N becomes large,
supersymmetry-breaking masses squared of scalar super-
partners become negative, as seen in the previous section.
It is then possible to introduce some additional dynamics
for stabilizing these tachyons in parallel ways to various
proposed solutions of the tachyonic scalar lepton problem
in the pure anomaly mediation [9]. It may be interesting to
look for tachyon-stabilization dynamics which is charac-
teristic to the mirage gauge mediation.

Another remedy is found from the expression of the
mirage scale (7.7) that if the virtual unified gauge coupling
g¢ 1s increased, the messenger number N can be corre-
spondingly reduced for a fixed value of the mirage scale. A
high-energy gauge coupling is generally increased by in-
troducing additional fields. It is however noted that, as
shown in Sec. V B, the virtual gauge coupling gs is in-
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sensitive to the existence of intermediate-scale thresholds
and is fixed only by low-energy physics. Therefore one is
lead to modifying low-energy physics by adding TeV-scale
extra fields. We suppose that these fields belong to grand
unificationlike and vectorlike representations in order to
preserve the gauge coupling unification and to avoid the
experimental constraints from precision electroweak-scale
measurements. The extra fields are assumed to be irrele-
vant to supersymmetry breaking and their threshold is
supersymmetric. In this case, g is increased as

86 !

- = (8.13)
2 Abgy, Mg

56 1 - Inlgg

where Ab denotes the universal extra-field contribution to
beta-function coefficients (Ab > 0). We find that the num-
ber of supersymmetry-breaking messengers is reduced for
the fixed mirage scale,

N' _ N

— — Ab.
R R

(8.14)
The ratio of the messenger number and the F-term ratio is
determined by low-energy physics, and N/R = 5.0 in the
minimal supersymmetric SM [Eq. (8.9)]. As a simple
example, if we add one pair of 16 and 16 representations
of SO(10) at the TeV scale [26], Ab = 4 and hence the
minimal messenger (N' = 1 and R’ = 1) is sufficient to
obtain the mirage phenomenon, where tachyonic scalar
superpartners do not emerge (see Fig. 1).

A more reasonable solution is to reduce R in a dynami-
cal way. It is found from (8.9) that a smaller (positive) R
implies a fewer messenger multiplets needed and the
model becomes simplified. For example, if we have some
dynamics which predict R = 1/5, only a single pair of
messengers is sufficient to realize the TeV-scale mirage
unification. Since a smaller value of |R| means a larger
effect of F relative to Fy, some mechanism of the X field
is needed to amplify its supersymmetry-breaking effect a
few times or so.

(i) Multiple X fields:

One may naively expect that the threshold contribu-
tion increases when several supersymmetry-
breaking fields are introduced with nonvanishing F
components. However, the total effect of supersym-
metry breaking is not enhanced if these X fields have
similar types of dynamics and then induce similar
orders of F terms: the resulting effect from multiple
X fields is not additive and is the same as the single X
case. This behavior is confirmed for various types of
X dynamics (e.g., see [24]). In the end, a viable
model along this line must be constructed to have
highly asymmetric property among multiple X
fields. That generally makes the model complex
and unrealistic.
(i1) Different X potentials:
In the above example of mirage gauge mediation, the

(iii)

025012-13
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Kihler and superpotential of X are minimal and
simplest. A model with a different type of X potential
may lead to increasing the supersymmetry-breaking
effect |Fy/X| and then reducing R. As we will show
in details, the supergravity analysis of F terms leads
to the following form of the R parameter in the
vacuum

Wy +3XTWy +1XT2W

R :
2Wy/X

(8.15)

for the minimal Kihler K = |X|? and general super-
potential W(X). This expression has been written
down by neglecting higher-order terms in X and
without including the hidden-sector effect, for sim-
plicity. The exploration of W(X) realizing R =
0.2N =1 is an interesting task to be performed.
We will later discuss it in several examples including
the hidden-sector contribution. The R parameter is
sometimes determined by continuous model parame-
ters. In this case, the mirage scale is set just by
choosing these parameters nondynamically, while it
is preferable that the mirage is described in terms of
discrete parameters which define the dynamics of the
model such as the power of polynomial potential.
Different messenger couplings:

The messenger supermultiplets ¥ and ¥ are coupled
to X and the compensator ® somewhere in the
Lagrangian and receive supersymmetry-breaking
mass splitting within each multiplet when the F
components Fy and F¢ are turned on.

A simple and direct way to modify the mass splitting
is to introduce extra quadratic terms in the Kdhler
and superpotential,

AK =V, AW = MW, (8.16)

in addition to the basic Lagrangian of mirage gauge
mediation (7.1). The messenger scalars receive addi-
tional supersymmetry-breaking masses induced from
these terms as well as the supersymmetric mass M.
The modification of the model is easily found by
noticing that the inclusion of additional supersym-
metry breaking is effectively described by the field
redefinition: X — X + My + F},/®?. Therefore the

modified R parameter is read off as

_ X+ My)F, + [Fyl?
2|Fy|* — Fx

(8.17)

The new contribution becomes significant only when
the messenger mass scale is low: My ~ My ~ F4. If
this application limit is acceptable, the TeV-scale
mirage may be realized with a fewer number of
messengers by taking appropriate values of the AK
and AW contributions. For example, if the AK effect
is dominant, R is reduced to 1/2 and Eq. (8.9) re-
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(iv)

quires N = 2.5, which is the half of the previous
result in the simplest case (R = 1).
The messenger coupling to X is another possible
source of modifying the supersymmetry-breaking
mass splitting and reducing the number of messen-
gers. Let us consider the following form of messen-
ger coupling

W= X"Py. (8.18)
This form can be general by assigning suitable R
symmetry charges. The m = 1 case is simplest and
has been analyzed before. The superpotential cou-
pling determines the messenger mass scale as well as
the strength of supersymmetry-breaking mediation.
Inserting X = My + Fy6?, we find that the effective
messenger mass M. and supersymmetry-breaking
mass splitting Fy_are given by

FXeff=mFX

My = (My)™, X
eff ( X) Meff MX

(8.19)
The supersymmetry-breaking effect is thus enhanced
by the factor m compared with the usual m = 1 case
and so the R parameter is reduced by the same factor.
In the end, the number of the messenger can be
reduced. One price to pay is that the messenger
mass scale is no longer free and is suppressed from
the mediation scale My as Mo = (%)"“'M v Where
A is the ultraviolet cutoff. It should be noted that the
mirage unification and its emergence scale are not
affected by changing the mass scales of messenger
fields and supersymmetry breaking, as we have
shown. A phenomenological bound on the messenger
mass scale, i.e., M > TeV, leads to a restriction of
messenger coupling, in particular, an upper bound on
the index m as a function of the supersymmetry-
breaking scale My. For example, if one takes A =
M, and My = M, the index must satisfy m <7.6.
Therefore a favorable value, m = 5, for the TeV-
scale mirage [see, (8.9)] is within the allowed range.
In other words, the superpotential coupling with m =
5 generates the messenger mass around the 100 PeV

scale, enough high to satisfy experimental
constraints.
Extra sources of supersymmetry breaking:

The enhancement of the Fy effect is effectively done
by introducing extra sources of supersymmetry
breaking other than the X field. We here comment
on several possibilities in order.

It is a natural expectation that a better way to modify
a model involves fewer extensions of it. In this sense,
a simple way is to consider the complete anomaly
mediation, i.e., to include the supersymmetry-
breaking effects induced not only from the super-
Weyl anomaly but also from other anomalies in
supergravity. The latter effects may be comparable
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in some framework to that of the conformal compen-
sator and then our previous results for the R parame-
ter may be changed.

Extra supersymmetry-breaking effects are supposed
to have the property that the mirage unification is not
disturbed. The general form of such supersymmetry
breaking is parametrized as (3.9). That is, in addition
to the gauge threshold effect (the ¢; term) analyzed
before, some universal contribution (the ¢, term) can
be included. If these two contributions are on similar
orders of magnitude (and have the same sign), the
supersymmetry-breaking effect is effectively en-
hanced and the number of messengers may be re-
duced to a reasonable level. A plausible possibility of
the universal contribution comes from the gravity
and related modulus fields, which have field-
universal interactions. A well-known framework of
moduli stabilization in string theory [12] provides
such a possibility [17]. It is important to notice that in
this framework the modulus contribution to super-
symmetry breaking is found to be comparable to the
anomaly-mediated one [6,7,27] and hence also com-
parable to the gauge threshold contribution. This is
the property we just wanted in the above for suitably
improving the mirage gauge mediation.

C. Hidden-sector and mirage gauge mediation

The above analysis has not been concerned about the
vacuum energy (the cosmological constant). At the mini-
mum of potential, the scalar component of the X field
(related to the messenger mass scale) is taken to be sup-
pressed and then the vacuum energy is negative. We there-
fore need to uplift the potential to make the cosmological
constant zero or slightly positive. This point has not been
discarded in the literature of deflected anomaly mediation
or simply regarded as adding the hidden sector which
decouples from X. In this section, we examine the possi-
bility that the mirage gauge mediation, in particular, the R
parameter, is modified by utilizing hidden-sector dynamics
for uplifting the vacuum energy. It is better to realize that
the modification is done such that the TeV-scale mirage
naturally emerges in a simpler model and the mirage scale
is controlled by discrete parameters. It has been known
[28] that the TeV-scale unification is difficult to realize in
the scenario of simple mirage mediation. It may be there-
fore interesting that the mirage gauge mediation solves this
problem with the hidden sector uplifting which is experi-
mentally required for the cosmological observation.

1. Hidden-sector contribution

We introduce a hidden-sector field Z with a nonvanish-
ing vacuum expectation value of the F component. The
general supergravity Lagrangian for Z and the
supersymmetry-breaking field X has the following form:

025012-14
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Ly = [d“ﬂd)’fd)f(x, xt z zhH
+ [ [ d?0D’W(X, Z) + H.c. ] (8.20)

The supergravity f function is related to the Kihler poten-
tial as f = —3e~X/3. The loop-level dependence on the
compensator @ has been dropped since it is quantitatively
irrelevant to the discussion in this section. One can incor-
porate in f the direct couplings between X and Z without
conflicting with phenomenological observation in the vis-
ible sector. Integrating out the hidden sector, we obtain the
supergravity scalar potential

Vi = eXP[(WKy + Wy)K L (W Kyt + W5,) — 3|W[?]
+ frr|F2l%, (8.21)

where the lower indices of f and W denote the field
derivatives. We consider that the potential V; is a function
of the X field, and the hidden variable is treated as a
background parameter which is determined by solving
the Z dynamics in the hidden sector.

J

R— Wyx + WxKy + WKyy + (Wy + WKy)[3 Ky + (K3 )xKxxt]
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In this paper, we explore the mirage gauge mediation
which has the parameter region: |Fy/X|~ |F,| for the
mirage to appear and |X| < 1 for the messengers to be
lighter than the cutoff scale. It is noted that, in a complete
contrast, |Fx/X| < |F,| and |X| ~ 1 in the scenario of
string-theory moduli stabilization. Therefore the frame-
work of supersymmetry-breaking and uplifting hidden dy-
namics is expected to be different from the string-theory
scenario [29]. The smallness of the expectation value
|X| < 1 may naturally lead to the conditions for the
Kihler potential that |[XKy| << 1 and |XXTK, ] < 1 at
the minimum. If this is the case, the vacuum energy is
easily found

Vo = —3€_K/3|F¢|2 + sz‘lezlz' (8.22)

The requirement of the vanishing cosmological constant is
fulfilled with a nonvanishing F term of hidden-sector field
Z in the vacuum. Minimizing the potential Vy with respect
to the X scalar, we find the shifted vacuum by turning on
F,. Substituting these results, we obtain the F' components
Fy and Fg in the shifted vacuum, in particular, the general
formula of their ratio in the leading order,

2Wyx/X = 3Wfxypt/Xf 77t

For example, the R parameter is evaluated for the minimal
form of Kihler potential K = |X|> + |Z|? as

R Wyx +3Xtwy +1x12Ww
i 2Wy/X + Xtw/Xx

(8.24)

Since the second term in the denominator expresses the
hidden-sector contribution, the uplifting of vacuum energy
is found to multiply the Fy effect by the factor H:

xtw

H=1+ :
2Wy

(8.25)

This formula of the enhancement is given only by the
superpotential for the X field. If the dynamics for X stabi-
lization satisfies H > 1, the hidden sector enhances the Fy
effect which implies that the number of messenger fields is
effectively reduced and tachyonic scalar mass spectrum is
avoided. Moreover the H factor (8.25) indicates that the
ratio of two F' terms remains real and does not disturb the
phase alignment of supersymmetry-breaking soft mass
parameters.

2. Sample potentials

In this subsection, we assume that the Kihler potential
has the minimal form: K = |X|> + |Z|? as the simplest
case, and examine several forms of superpotential for X
to have a suitable value of the enhancement factor H.

(8.23)

[
G W=yX"+cmn>3):
The first example is the polynomial superpotential
discussed in Sec. VIII A. Here we also include a
constant superpotential term to dynamically stabilize
Fy. The analysis of the supergravity potential is
found to give the minimum at
X" 3—n ¢

WEa-ny O

for |y| > |c|. From (8.25), we obtain the factor H as
n—>5

H P (8.27)
While H becomes a real parameter, it generally takes
H< % and cannot be used to effectively enhance the
Fy effect.

i) W=yX+c:

The second is the linear superpotential term (so to
say, a low-scale Polonyi model). This model has a
different type of minimum than the above polyno-
mial superpotential with a higher power. For |y| <
|c|, the supergravity potential is minimized at

X3 _ 6cy>:<2

o (8.28)

cry
The model predicts R = 1 without taking into ac-
count the uplifting hidden sector. The hidden-sector
enhancement factor is given by
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cxt |c|\2/3
H=1+% < (— .
|yl

Since H becomes large and positive, the Fy effect is
enhanced in the uplifted true vacuum. So the TeV-
scale mirage can be made natural. It is however
noted that the F-term ratio R is no longer a discrete
value and depends on the continuous coupling con-
stants of the model.
(i) W=y, X" +y,X™

The third model is the racetracklike superpotential.
That is, the two similar superpotential terms work
in cooperation to stabilize the X field. Analyzing
the supergravity potential, we obtain the minimum
at

(8.29)

nYn

Xnn = —
’
myp,

(8.30)
where the relative size of y,, and y, is assumed to
have |X| < 1. The model predicts R = 1 without
the hidden-sector contribution. It is noticed that,
with this expectation value of X (8.30), the first
derivative of the superpotential vanishes and the
previous formula (8.25) cannot be used. In this
case, the general (re)analysis of potential minimi-
zation and the vacuum energy uplifting lead to

1
L+ ffxznt W/ fz: XWxx

From this formula, the H factor is evaluated for the
minimal Kihler potential,

R (8.31)

Xtw G

XX mn

H=1+

(8.32)

In the end, we find H =~ 1 and the hidden-sector
effect is negligible in this model.

We have investigated three types of models and found
three different conclusions. All of these models unfortu-
nately have somewhat unsatisfied points. The improvement
and construction of realistic models are left for future
study.

IX. SUMMARY AND DISCUSSION

In this paper, we investigated a new class of
supersymmetry-breaking mediation models, where gau-
gino masses are unified in the low-energy regime. We first
classified the conditions of gaugino mass unification, and
then studied the gauge threshold case. The mirage gauge
mediation scenario is basically the gauge-mediated super-
symmetry breaking, but at the low-energy unification scale,
the virtual high-energy unified gauge coupling behaves as
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the one at the renormalization scale in gauge mediation.
Thus, under the hypothesis of gauge coupling unification,
gaugino masses become naturally unified at the weak scale.
On the other hand, it is nontrivial to dynamically realize the
mirage unification at the TeV scale. We also discussed
several possible ways out in the last part of this paper.

The mirage gauge mediation possesses the characteristic
mass spectrum of superparticles and various virtues from
the phenomenological points of view. Compared with the
gauge mediation, the masses of superparticles tend to be
degenerate at the weak scale. Also the gravitino is not the
lightest superparticle anymore, but is rather heavy to have
sizable corrections from the anomaly mediation. On the
other hand, unlike the simple mirage case such as the
string-theory framework of moduli stabilization, the low-
scale gaugino mass unification is not an assumption but is a
natural prediction of the mirage gauge mediation. In addi-
tion, thanks to the virtues of gauge mediation, the flavor-
changing rare processes and CP violations are automati-
cally suppressed.

The mirage gauge mediation is favored as well from the
cosmological points of view. The scenario contains a sin-
glet scalar field, X, coupled to supersymmetry-breaking
messenger fields. Since X has a rather flat potential, it is
considered to dominate the energy of the Universe. Then
the X scalar decays into superparticles and gravitinos,
diluting the preexisting particles and producing radiations.
The produced gravitinos often easily spoil the successes of
the standard cosmology such as the big-bang nucleosyn-
thesis, or overclose the Universe. However, it is expected in
our scenario that the branching ratio of the gravitino pro-
duction becomes suppressed since the vacuum expectation
value of X is much smaller than the Planck scale (see, e.g.,
[30]). This feature is contrasted to the string-related mirage
models, where a light modulus field is involved and causes
a serious problem of the gravitino overproduction [31]. The
dark matter candidates in the mirage gauge mediation are
the (degenerate) gauginos and the superpartner of X. They
are produced from the decay of X scalar, while their relic
abundance is quite model dependent. We need further
studies on the phenomenological and cosmological aspects
of the scenario, and they will be discussed in the future.
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