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Abstract

We study a new class of scenarios with the gaugino mass unification at the weak scale. The
general condition is first derived for the unification to occur. Among the general cases, a particular
attention is drawn to the mirage gauge mediation where the low-energy mass spectrum is governed
by the 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 non-universal 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]. Supersym-
metry is expected to be broken around the electroweak scale. That is strongly suggested
by the supersymmetric unification of the SM gauge coupling constants. The gauge coupling
unification is obtained from the precise measurement of coupling constants in the low-energy
regime [2] and then probes the existence of unification hypothesis in 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 observation 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 experimental constraints, e.g.
from flavor-changing rare processes [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. Under the hypothesis of gauge coupling unification in fundamental
theory, gaugino masses are unified in low-energy regime. Furthermore, scalar quarks and
leptons have no mass hierarchy 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 string theory. However our approach in this paper is the field-theoretical construction
of supersymmetry breaking and its mediation which induces such a type of mass spectrum.
The scenario is basically the gauge mediated supersymmetry breaking [8, 9] in which the
threshold of messenger fields is affected by the super-Weyl anomaly mediation |10, [11] in
supergravity. Therefore it shares the phenomenological virtues with the gauge mediation, 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 phenomenology in particle experiments and cosmology. In particular, 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
existence of multiple thresholds. These facts are in contrast to the model in Refs. [, [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 Section [Tl we first study the low-energy unification
of gaugino masses in the simplest case with the universality assumption. The general form
of gaugino masses with the low-energy unification is derived in Section [Tl and its pattern
is briefly classified in Section [Vl We also discuss in Section [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 Section [VII, we focus on the
gauge mediation scenario with low-scale gaugino mass unification. In Section [VII we derive
the general formula of mass spectrum and discuss phenomenological aspects of the scenario.
In Section [VITI], the unification scale is supposed to be a TeV scale, and various dynamical
realization of TeV-scale unification are investigated including the effect of uplifting the vac-
uum energy. The last section is devoted to summarizing the results and some discussion of
phenomenology.

II. 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 in-
teractions, 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 parameterized as follows:

bg*(M
My(My) = ME + %F@ (2.1)
where g and b are the gauge coupling constant and the one-loop beta function coefficient
of the corresponding gauge theory: dg/dInp = bg®/167* where u is the renormalization
scale. The first term in (2.1 is the above-mentioned supersymmetry-breaking effect from
high-energy dynamics. It is given at tree or loop level of coupling constants in the theory
and generally depends on the energy scale: M;X = MX(Mx). The second term is called the
anomaly mediation effect [10, [11] and comes from the one-loop contribution of 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 compensator chiral multiplet ® in the conformal supergravity [12] and its value is given
by fixing the superconformal gauge transformation such that ® = 1+ Fy6? 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) = Mt 2
TN {1 + bfﬁi’;) In (A‘ZQ() + b%;‘é) f\];?‘] . (2.2)

Here an important scale i, is introduced at which the running effect [the second term in
(22)] and the anomaly mediation effect [the third term in (2.2])] are cancelled out. Note
that the complex phases of two contributions in (2. must be aligned in order to have a
real-valued ji,,,. From (2.2]), we obtain

ftm = Mxexp (—Fy/2M), (2.3)



and the gaugino mass at this scale reads
My(pm) = M/{( (2.4)

The scale p,, is determined only by the ratio of two SUSY-breaking effects, and the gaugino
mass at p,, is given by the contribution of high-energy dynamics, exclusive of the anomaly
mediation. It is interesting that we directly observe 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 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 y,, can be
defined independently of the gauge groups considered. This condition is found from (Z3)) to
require that M;X’s are universal:

MY = (a-independent). (2.5)

That is, the mirage mediation scale u, can be obtained in the case that high-scale dynamics
generates the universal boundary value for different gauginos. The condition does not need
any details of M;X. Furthermore, if the universality (Z3) is realized, Eq. (Z4) means that
gaugino mass parameters at the mirage scale, My, (i), take the unified value (= MsY).
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 supergravity or string theory. In
particular, a recent scenario of string-theory moduli stabilization [13] is known to predict a
suppressed value of M;¥ relative to Fj; and then a hierarchically (exponentially) small scale
lm can be naturally realized [see Eq. (Z3])], which provides a characteristic framework for
low-energy phenomenology [14].

It seems however that the universality (2.3) is only a sufficient condition for the mirage
mediation, where high-scale effects directly appear as if by projected mirage in low-energy
regime. In what follows, we investigate more general situations for the mirage unification to
occur.

III. GENERAL MIRAGE UNIFICATION

The non-universality of superparticle spectrum is often generated by high-energy physics
at the mediation scale Mx. In this case, it is a non-trivial issue to study what conditions are
implied by asserting the mirage unification (of gaugino masses) at a low-energy scale. From
the discussion 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 unification scale is virtual and not the
mediation scale Mx.

Let us consider the simplest situation that there is one threshold of supersymmetry-
breaking dynamics at Mx. The general unification of gaugino masses, M, = M,,, is



derived from the low-energy renormalization-group evolution:

bagi(Mx)F 92 (fim) _ MX+bbgg(MX)F 92 (fim)
1672 | ¢2(My) Ao 1602 | g2(Mx)’

where [i,, is the gaugino mass unification scale and the gauge coupling constants at this
scale are given by

MY + (3.1)

1 1 b M2
= + gz X) r = a,b). 3.2
92 (tm) 92(Myx) 1672 < w2, ( ) (3.2)

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

M ex 1672 (M)\{ — M))\i) + [bagg(MX) - bng(MX)]F¢ (3 3)
Hm = XD 2byg2 (Mx ) M5 — 2b,92(Mx ) My, ’ ‘
and the unified value of gaugino masses
_ _ bagi(Mx)MX - beQ(MX)MX
My, (fim) = My, (ftm) = . : = (3.4)

bag2(Mx) — byg? (Mx)

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 fi,, is independent 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 contribution M3\ = M3 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 (B.3) as

1672 X X 1 1
it (Ma = M3) = lgetng — wazan) Fo

M3 [bag2(Mx) — M3, /bygy (Mx)

(3.5)

Since the supergravity interactions are universal, the coefficient of F, must be a,b-
independent. The renormalization-group running above the threshold scale are generally
given by

1 1 b+ N, M
_ 1 =a.b 3.6
200 @ 16 (MX> (e =ab) (3.6)

where N, ; denote the contribution of decoupled fields at the threshold and Mg is the scale
at which the two running gauge couplings g, and g, meet [g,(Mg) = g»(Mg) = gy]. The
coefficient of Fy in (B.5) now becomes

1 1 1 1y 1 1 (N, N, M2
. (- ) () (20 3.7
bagg(Mx) bbgg(MX) <ba bb> g%] * 167’(’2 ( ba bb ) n (M;() ( )




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 exponent (3.3])
leads to the common value of gaugino masses:

MY (Mg) = M (Me), (3.8)

with which not only the coefficient of F}, but the first term of (8.5) becomes a,b-independent.
Here the gaugino mass factors Mf\i above the supersymmetry-breaking scale My are vir-
tually defined as if they obey the renormalization-group equations corresponding to (3.6).
Namely, the second condition for unification to appear is that, at the scale of gauge cou-
pling unification, the corresponding gaugino masses also (virtually) unify, except for the
anomaly mediation effect. The form of the unified value M’ (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 unification 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

MY = co+ci1g°(My). (3.9)

The coefficients ¢y and ¢; are universal (gauge-factor independent) and, in particular, do not
depend on g(My). We have also included the trivial solution (the ¢y term), corresponding
to the simple mirage mediation if Mx = Mg. The scale ji, of the general mirage unification
is written in a parallel fashion to the previous case (23] as

fim = Mxexp (—Fy/2M). (3.10)
The effective threshold scale My and the supersymmetry-breaking mass parameter M5 are

defined as

_ My \ @M% i
My = Mg (—) , MY = ¢+ 12, (3.11)

L L, NV Mg (3.12)
— = —+—In{—=]. .
9¢& g 16w\ Mi

These three quantities, Mx, M;X, g, are found not to have gauge-group dependences and
SO fiy, 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, (fim) = My, (fim) = co+ 108, (3.13)

which is just equivalent to the effective boundary mass M;*. This fact implies that the
effect of high-energy physics is directly observed in low-energy regime as the projection of
mirage. It is also found, compared to (39), that the low-energy value M, (fi,) is equal to
the dynamically induced mass M;X by replacing the gauge coupling with g,. The “coupling



constant” g. represents the effect of decoupled fields and naively seems to depend on the
threshold scale Mx. However we can show from the running equations of gauge couplings
that low-energy values of gauge couplings are related to g, as

1 1 b, 2
- = 1 =ab 3.14
7~ awee(im) e 814

This equation indicates an important property that g is interpreted as the (virtual) unified
value of gauge couplings in the absence of any threshold and is determined only by (experi-
mentally) observed values of g, in low-energy regime. In particular, g, does not depend on
My and therefore, the low-energy unified value of gaugino masses M)y (fi,,) is also insensi-
tive to the threshold scale. Further it is interesting to notice that, similarly to the gaugino
masses, the gauge coupling constants are also mediated by 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 grand unified theory.

As we have shown, the general mirage unification can be defined even when the spec-
trum is non-universal at the supersymmetry-breaking scale and the coupling unification
scale. The general formulas are given by (8.9) and (B.I0) with the mirage value of uni-
fied gauge coupling which is evaluated only by low-energy observables and independent of
supersymmetry-breaking thresholds. One remark is that the unification scale j, does not
make sense unless the complex phases of ¢y and ¢; terms are aligned to that of the anomaly
mediation Fy. That may restrict possible dynamics of supersymmetry breaking and its
mediation.

IV. CLASSIFICATION

The gaugino masses in the scenario of general mirage unification have the form ([39). We
briefly discuss each case separately and comment on possible dynamics of supersymmetry-
breaking mediation sector.

A. 00750, 01:0

The first simple case is that the ¢y term is dominant. In this case, gaugino masses are
universal at the supersymmetry-breaking scale Mx. The universal contribution originates
from, e.g., gravitational interactions, moduli fields in high-energy theory, and so on. That
results in the simple mirage mediation discussed in Section [l

B. 00:0, 01750

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 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 M x = M¢. However there is one difference that the gauge
coupling in the interpolated mass M;X(Mg) is not the real value g;; but the virtual one g,
which represents the deviation due to the presence of supersymmetry-breaking dynamics
above M. In other words, if one uses the mirage scale formula (2Z3]) with the interpolated
mass M5\ (Mg), the threshold scale should be modified accordingly.

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

2 2
ga(MX) baga(MX)
F
1672 + 1672

M,,(Mx) = F,. (4.1)
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 [15]. A simple dynamical example is
the so-called deflected anomaly mediation [16]. The above expression means ¢y = 0 and
c = FX/167r2, and hence the mirage unification scale is found

—8m? F,
fm = Mg exp< " %), (4.2)
G

where the mirage value of unified gauge coupling g, is determined by the observed values
of gauge couplings at a low-energy scale y:

1 1 by p? )
— = + ln< . 4.3
2= 2 e\ (43)

C. 00750, 017'50

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 [17, [18] 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:

1 X _
/d29 {(4—92 + M—N)WC“WQ + (My 4+ X)PV| +h.c. + (dynamics for X), (4.4)

where X is the representative field of supersymmetry breaking which has a non-vanishing
F component, and ¥, U are the vector-like messenger multiplets. The first term gives a
tree-level gravity contribution to gaugino masses of the form of Fx /M. The second term
induces a mass splitting in each messenger multiplet and gives the gauge contribution from
a one-loop diagram involving the messenger fields. Thus the gauge contribution takes the
form of (1/167%)(Fx/My). If the messenger mass scale My is smaller than the gravity
scale My, by one-loop order quantity, the two contributions of supersymmetry breaking are
comparable to each other and equally important for phenomenology such as the modification
of low-energy unification scale and superparticle mass spectrum.



V. MULTI THRESHOLDS AND STABILITY OF MIRAGE

In this section we study the case that there exist multiple threshold scales of supersym-
metry breaking dynamics. In addition to the scale Mx previously discussed, superparticles
are supposed to receive the contribution of supersymmetry-breaking masses from different
dynamics at MY, 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 (cg #0, ¢; =0)

Let us first consider the simple mirage case (¢; = 0) analyzed in Section [l We have
additional gaugino mass contribution M} at the scale MY%. It is noted that the net con-
tribution at this threshold is the sum of M} and the supersymmetric contribution which
compensates the anomaly mediation. In low-energy regime (u < MY ), the gaugino mass is
given by the one-loop renormalization-group flow:

M) = [M(0) 4+ g LU

9* (M)
A A 1672 M2 1602 %" 16mz T\ MZ )

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 formally written
down as

M/

!/ b’_Tb )]:Ii( !/ XA
i = () (2 (5.9

The unification scale fi,,, in the single threshold case has been defined in (23)). It is found
from this expression that, in order for p, 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 = 0 which implies
an unrealistic 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 unification like (b, — b}, = universal).

B. Gauge Threshold Case (cg =0, ¢; #0)

Another typical case has the contribution of gauge threshold only (¢ = 0), i.e. the
scenario with gauge and anomaly mediated supersymmetry breaking. Let us consider an
additional gauge threshold at M. Its form is written down as M} = ¢|¢*(MY%) where the



coefficient ¢/ is universal for different gaugino masses. In the low-energy regime (u < M),
the gaugino mass is given by the one-loop renormalization-group flow:

My(n) = {(0192(MX)+bgig7\ix) ¢)gj§%3+c’ng(M§()+AAM(M§() 93(21(\53)()
= (et gt + LW, 53)

where b’ is the beta function coefficient for gauge coupling g below the threshold scale M.
The last quantity Aay denotes the supersymmetric threshold correction which preserves the
ultraviolet insensitivity of super-Weyl anomaly 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 Mx and MY, the gauge couplings take the unified value g;; at M, :

1 1 b M?2 b.+ N M2
200) ~ g 16r " (W) ST (M;%) E=ab). (54

Repeating the previous analysis of mirage unification with this modified running equation,
we find that the mirage unification is preserved for grand unification like threshold, that
is, by — 0, = by, — 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 multi threshold case is
given by

[, = Mg exp (— Fy/2M5Y"). (5.5)

The effective boundary mass M;¥ is defined as

Mfl = (01+c'1)g'G2, (5.6)
1 1 N M2 N+ N [ M2
= 4] X 1 G, 5.7
72 g9+167r2“<M;?>+ 672 <MX> 57)

Since ]\7[/{(' and g;; do not have gauge-group dependences, the new scale [, is properly
defined as the mirage unification scale (of gaugino masses). The unified value of gaugino
masses at [i,, is evaluated as

M,, (i) = My, (i) = (c1+¢) gz, (5.8)

which is equal to the effective boundary mass M AX'. Compared with the single threshold
case, the virtual coupling g, seems to be modified to g;; 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 v 2
7~ mm () e 59

10



This equation indicates that g, does not depend both on My and MY, i.e. insensitive to the
presence of supersymmetry-breaking dynamics. It is also interesting to find that, compared
with the single threshold case (B.14), g, is equivalent to g, for fixed low-energy observables,
and so equal to the (mirage) unified gauge coupling without any thresholds:

9¢ = 9c- (5.10)

The real unified gauge coupling g;;, of course, becomes different from ¢,; and sensitive to
the presence of thresholds.

In summary, for the gauge threshold case, the mirage unification is preserved even when
there exist multiple thresholds of supersymmetry-breaking dynamics. The mirage 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 unification is
not spoiled by supersymmetric threshold (¢} = 0), unlike the simple mirage case.

VI. SUPERSYMMETRY BREAKING TERMS FOR SCALARS

We have discussed supersymmetry-breaking mass parameters for gauginos. Scalar super-
particles 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 bilin-
ear holomorphic couplings and non-holomorphic scalar masses squared. In this section, we
present the general formulas for scalar supersymmetry-breaking terms.

As seen above, the effect of 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 supergravity Lagrangian is given by two ingredients, i.e. the Kahler potential K and
superpotential W:

L = /d‘*eqﬂ@f@i, SX,XT 0, ) + [/d20(1>3W(QZ-,X) +h.c.|, (6.1)

where @); denote the scalar superfields for which we now want to derive the supersymmetry-
breaking terms. The supergravity f function is related to the Kahler 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 non-renormalization theorem and have
no ® dependence. As in the case of gaugino masses, the ®-dependent pieces come out
through the renormalization procedure and induce the anomaly-mediated contribution of
supersymmetry 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 + F0*. The supergravity Lagrangian in the Einstein
frame, where the (super)gravity kinetic terms are canonical, is obtained by the specific super-
Weyl transformation [19] and the scalar potential analysis in this frame can be performed
with the gauge fixing condition [20]: ® = e*/5[1 + (F,, + $K;F;)#*]. It is noted that there is

11



no difference between these two gauge choices for deriving the leading order supersymmetry-
breaking terms if |K;F;| < |Fy|. This condition is obviously satisfied when |Fy/X| ~ |Fy|
and |X| < 1 as in the case of mirage unification with gauge thresholds (and also satisfied
in the case of simple mirage mediation where |Fx/X| < |F,| 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 );, we first integrate out the
auxiliary components Fy, via their equations of motion:

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 = @;, X, ® in the present case. After the
integration, the resultant scalar potential is given by

_ (fefor N fartfigr _ f { fofigt , }
Vv <fQQ‘r f>F¢F¢> +I§Q< foor fJﬁ)F]FJ+ ;)( Foor f;)F¢FI+h,c_

+ [ faeWa (%ng + Fofor + ;) FIfIQT) — 3WF,— WxFx + h.c.] : (6.3)

We have dropped the flavor index ¢ of (); just for notational simplicity. Note that the deriva-
tive 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 (63) generates non-
holomorphic scalar mass terms and the second one holomorphic supersymmetry-breaking
couplings as well as a possible supersymmetric mass term contained in |[Wg/?.

A. Holomorphic Scalar Couplings

The scalars @); acquire supersymmetry-breaking holomorphic couplings, including trilin-
ear and bilinear ones in scalar fields (usually called the A and B terms, respectively). They
are induced in the presence of corresponding superpotential terms in W. The most general
expression of holomorphic supersymmetry-breaking terms can be calculated from the second
line of the supergravity scalar potential (6.3). For practical purposes, it is almost sufficient
to know holomorphic scalar couplings for the minimal Kihler form K = ZoQ'Q where the
wavefunction factor depends on ® through the renormalization: Zg = Zo(X, X1, ®, ®7). In
this case we find that the second line in the potential (6.3]) induces

dlnZy oW dlnZg\ oW
EA:FX[WX—E: — e ]+F¢[3W—§:(1+ - Q) ]+h.c..(6.4)
Q Q

X 9lnQ 96 /onQ

The first term (the FxWx term) is irrelevant unless the scalar multiplets @; directly couple
to X in the superpotential. As an example, let us consider the superpotential with Yukawa,
and mass terms; W = 4;;,Q:Q;Qk + 1;jQiQ;. The corresponding trilinear and bilinear

12



supersymmetry-breaking couplings are read off from the general expression £4 and are
given by

8ln(ZQiZQjZQk)

A = Y o Fy, (6.5)
I=X,¢
0In(Zp. Zo,
By = —Fs+ Y. %FI, (6.6)
I=X,¢

for the definition of Lagrangian parameters: £ = —A;;xv;i1Q:iQ;Qk — Bij1ijQ:Q; +h.c.. The
¢ derivative is translated to the energy-scale dependence of wavefunction factors and the
coefficients of F}, are given by the anomalous dimensions of scalar fields. On the other hand,
the X dependence of 7 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 complex 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 super-
symmetric SM and beyond, causes a too large value of the B parameter to trigger the
correct electroweak symmetry breaking, if the Fj, contribution is dominant. While there
have been several proposed solutions to this problem [10, 16, 21], they are model-dependent
and generally predict different values of B according to how to develop p parameters.

B. Non-holomorphic Scalar Masses

Scalar fields generally receive non-holomorphic 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 Kéhler potential which, in turn, is
restricted by phenomenological constraints. Here we suppose the minimal Kahler potential
K = ZQQTQ as in the previous section. The possible X dependence of the wavefunction
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 non-holomorphic mass terms come from the first line of the potential (6.3)). Expand-
ing about (), we obtain the general expression for the minimal Kahler form:

P?InzZ;t
2 _ } : Q pf
mQ = WFIFJ, (67)

IJ=X

for the canonical normalization of the (); field kinetic term. The second-order derivative with
respect to the compensator ® leads to the anomaly mediated contribution to supersymmetry-
breaking masses. A more essential ingredient is the cross term of two F-component effects
Fx and Fj. This part is found to play an important role in discussing the mirage behavior
of superparticle masses.
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VII. MIRAGE GAUGE MEDIATION

Among the general mirage unification scenarios classified in the previous section, the
gauge threshold case is shown to have natural and stable low-energy unification against
possible but obscure intermediate thresholds. The gauge threshold scenario is also favored
from phenomenological 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,
which is called here the mirage gauge mediation.

A. Setup and Supersymmetry Breaking Terms

We first study a simple gauge threshold model, and discuss its mirage unification behavior
and superparticle spectrum. Let us consider the following form of Lagrangian:

L = /449 o'e 7,(X, X1, @, oHQ!Q, +/d295(x, ®)W*W, +h.c.
—|—/d29 P*X WV + h.c. + (dynamics for X), (7.1)

where (); and W denote the matter and gauge chiral superfields with the renormalization
factors Z; and S, respectively. The vector-like messenger multiplets ¥ and ¥ belong to
grand unification-like representations, i.e. they give the universal contribution to the SM
gauge beta functions in order to preserve the gauge coupling unification in the absence of
threshold. The Kéahler f function is expanded by (); and only the leading kinetic term is
included. The leading constant (Q;-independent) term was not explicitly 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 5-plets and its conjugates of SU(5).
The compensator superfield ® controls the Weyl invariance of the theory and its scalar 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 + Fx62.! The
dynamics for X field is unspecified here and will be explicitly discussed with various examples
in supergravity towards constructing a fully viable theory.

The basic building blocks in ([TI]) are parallel to the deflected anomaly mediation, par-
ticularly the Pomarol-Rattazzi model [16], and its phenomenological aspects have been dis-
cussed [22]. We here use this as a simple model for illustrating the gauge threshold case.
However our main focus is on the low-scale unification, which does not necessarily mean
the deflected anomaly mediation. It is sufficient for the mirage gauge mediation to have
an independent source of gaugino masses proportional to ¢g?. Various types of such source
have been found in the literature and they all belong to the class with ¢y = 0. In later

! Here Mx is a dimension-less 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 F'; instead of F'x, the anomaly-mediated contribution should be replaced with the one evaluated above
the threshold scale.

14



sections, we will be interested in discussing the property of mirage unification at observable
(TeV) scale, finding the necessary conditions for realizing it, and presenting several dynam-
ical mechanisms to satisfy the conditions. For example, some new ingredient is needed to
lower the messenger scale and to properly modify the F-term ratio, and so we propose var-
ious dynamics [the second line in (ZI])] and (hidden-sector) effects by performing explicit
construction of the extensions and detailed analysis.

The wavefunction factors Z; and the gauge kinetic function S depend on the
supersymmetry-breaking field X at quantum level. The tree-level X dependences through
higher-dimensional operators are suppressed by the cutoff scale A, which is much larger
than the messenger scale My, otherwise these operators sometimes induce disastrous phe-
nomenology such as flavor-changing rare processes and CP violations. This suppression is
known to be one of the virtues of gauge mediated supersymmetry breaking and our present
model shares this excellent property. The compensator dependence also appears at loop
level due to the classical scale invariance. Therefore the supersymmetry-breaking effects
are extracted by turning on the F' components and by expanding the quantum-level depen-
dence [23] with respect to Fly and Fj. The renormalization factors in low-energy region and
their dependences on X and ® are obtained from the solutions of one-loop renormalization-
group equations in the superfield forms:

S() = S(A)+ % In (%) + 32’;2 In (%) | (7.3)

where b is the one-loop beta-function coefficient below the threshold scale and C; denotes
the quadratic Casimir, explicitly 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 general formulas
given in the previous section:
—Nga(i) Fx | baga(p)

M = F 7.4
Aa (/1’) 1671'2 MX + 167T2 (op ( )

NCY Fx  Cga(n)
Ail) = g0k — 20| 37— TP, (7.5)
NC® Fx |> C%,q (1
M) = T (ot NIghx) — Ngi)] | 12| - EEeell)
NCtg,(n) ( Fx
—— F; +h.c. .
12874 (MX ot C)’ (7.6)

where the summations for the gauge index @ are understood, and C}* is the quadratic Casimir
operator of gauge group G, for the field Q;, for example, (N? — 1)/2N. for the vectorial

2 We assume that the messenger fields ¥ and ¥ do not have soft supersymmetry-breaking parameters above
Mx. If not so, the more general formulas [24] should be utilized for deriving soft terms for low-energy
fields.
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representation of SU(N,). For each formula, the first term is the contribution of 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 anomaly mediations. It is noted that the relative complex phase of Fx/Mx
and Fy should be aligned from a phenomenological 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 (8.10) in Section [TI} the mirage unification scale for the present
setup is found

(7.7)

where g is the mirage value of unified gauge coupling at My and can be determined by
evolving the low-energy observed values up to high energy. Therefore, g, and Mg 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 g5 as 1/g% = 1/g% + (N/167%) In(M% /M), but g;; itself does
not appear explicitly in any formulas for mirages. The parameter R in ((T1) is defined as
the ratio of two F' terms:

_F¢

R= ",
Fx /My

(7.8)

which is real-valued as mentioned above and is defined so that its sign becomes positive
in most of known dynamics for the X stabilization. In the limit R — 0 (R — o0), the
contribution of gauge (anomaly) mediation becomes dominant. It may be interesting to
see from Eq. (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 con-
dition g,,(M¢) = g, and obeys the renormalization-group equation with the beta function
coefficient b,, = —N/R which is negative in most cases, and hence g,, has the asymptotically
free behavior.
Since the gauge couplings at fi,, are related to g as

N

sy 2
N + baR 9a > (79)

92(fim) =

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

B —Ng% F
My, (fim) = IGWQGM—);, (7.10)
NC? Fx
Ai —m — 7 2 2 M oA ]_]_
() = g, [9& — 92(Mx)] T (7.11)
. NC® Fyx |?
() = Togeip [N+ ba)b(Mx) = Nab]| 37| (7.12)

The mass spectrum is controlled by two parameters, the messenger contribution /N and the
threshold scale M, and is insensitive to the F-term ratio R. On the other hand, the mirage
scale [i,, is determined by N and R and is insensitive to the threshold scale My. These
behaviors are important for studying phenomenological aspects of the model, especially for
examining whether the mirage unification scale can be set to be observable in future collider
experiments, which we will discuss in details in Section [VIIII

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 g,(u) at a low-
energy scale p with the mirage unified value g, which is evaluated from g,(x). Furthermore
soft scalar masses ((T.I2)) are found to generally satisfy two types of sum rules, as in gauge
mediation [25]: > Ym? =0 and (B — L)m? = 0 where Y and B — L are the hypercharge
and the baryon minus lepton number, respectively. (It is noted that each term in (.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 [l Here we
show several illustrative 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 (Mx = TeV) and high (Mx = Mg). We have two typical spectra of the
mirage unification:

e 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 spec-
trum, which leads to enough suppressions of rare processes involving flavor-changing
neutral currents. This virtue of the gauge mediation also appears 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 ¢,
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
C¢. Moreover (too) restrictive mass formulas generally imply several relations among
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Low-scale mediation (Mx = TeV) High-scale mediation (Mx = M¢)

ar My, = ~Ng2(n) M. = - Na
S A; -0 4 4; = . [92(1) — g2]
m2 = 2NCgl(n) m? = 25 (b + N)g& — Ngi(w)]
_ 2
Mirage GM . = ;\],\;gac ) 5 o : _NQZG
(s = TeV) A = b, a [gG - ga(MX)] 4 =0
m? = 2O [, 4 N)g (M) — Nod] mi = 2NCigg,

TABLE I: The soft supersymmetry-breaking parameters in the gauge and mirage gauge media-
tions. 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 Fx /167> My
(|Fx /167> Mx|?).

observed mass values in future collider experiments. For example, in the minimal
supersymmetric SM, the mirage spectrum is exactly given by

21 16 14
Mfl:Mi:Mfs:m%:mi:mZ:m%:mg:N:N:N:E:g:g:

ot ©
ot O

, (7.13)

without including Yukawa coupling effects. Therefore the whole superpartners are
found to receive a similar size of supersymmetry-breaking masses.

e 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 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 M x = [i,,, the trilinear couplings are found from the above

formula and (7.9) that A; = % gfbf%% ~ M. Such sizable A parameters would
be important for phenomenology around the electroweak symmetry breaking scale.
The scalar soft mass parameters 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 predicts tachyonic scalar superpartners.
For example, if My = [i,,, we find from the mass formula and the gauge coupling
relation (T.9) that the positivity constraint of scalar masses squared (m? > 0) lead to

an inequality

bR?> < N(1—-2R) (7.14)
for all beta function coefficients b,. That implies that, for R > 1 (R > 1/2), asymptot-

ically free (non-free) gauge groups induce tachyonic contributions to scalar soft masses.
It is therefore important for phenomenology of the model to satisfy some lower bound
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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 model with mirage gauge medi-
ation around the TeV scale, i.e. fi,, ~ TeV. The forthcoming Large Hadron Collider experi-
ment will probe the TeV-scale physics, and in particular, would observe the superpartners of
SM fields with the mirage pattern of mass spectrum. Such a characteristic spectrum provides
distinctive experimental signatures from any other supersymmetry-breaking scenarios, and
clearly suggests the existence of some 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 conditions 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 mediation, there are three points to
be taken into account: (i) the perturbative evolution of gauge coupling constants, (ii) non-
tachyonic 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, 12 b, + N M%

7~ et (i) e e () &1
for p < Mx < Mg. The unification scale is determined by low-energy observed values
9%(fim) and the requirement of gauge coupling unification, independently of other parame-
ters. 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 requirement of perturbative unification that the gauge
couplings do not diverge below the unification scale (i.e. g, < 00):

MG'> 871'2
Nh|—) < —. 8.2
(MX 9& (82)

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 > 45x10* GeV, (8.3)
N =10 : Mx > 3.0x10° GeV, (8.4)
N =15 : Mx > 5.7 x 10" GeV, (8.5)
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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 ob-
servable 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-breaking masses squared m? must be positive, as a conservative
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

2

NCe
2(; Ci | (8.6)

Fx
mi(fim) = 1287b,

Mx

(N +ba)gi(My) — N

The gauge couplings at the intermediate scale, g,(Mx), 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, tachyonic scalars are avoided if m?(j,,) > 0,
namely, the quantity in the bracket of (8.0]) is negative (positive) for asymptotically free (non-
free) gauge theory. For example, in the minimal supersymmetric SM, the right-handed scalar
leptons usually give the most significant constraint. We find from (86) that m?2(ji,,) > 0
implies

b R(Mx)* < N[1-2R(Mx)], (8.7)

where b; = 33/5 is the beta function coefficient for the hypercharge gauge coupling,
and R(My) has been introduced as a generalization of (7.I4) and defined as R(My) =
(Ng2/8m%)In(Mg/Myx). 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. [l we show the numerical result of the positivity constraint m?(ji,,) > 0. The pa-
rameter 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. (T.7)]:

_8”2R> . (8.8)

Hm = Mg eXp(
Ngg
Since Mg and g, are determined by low-energy theory and observations, the scale fi,, 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 is restricted for the TeV-scale mirage

to be achieved:

R 9 Mg

— = —~In|—=—=] ~ 0.20. 8.9
N~ 8 (8.9)

Here we have used a typical unified value of SM gauge couplings, gZ/4n* = 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 (89) is deeply related to high-energy
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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.

dynamics of supersymmetry breaking. As a simple example, let us consider the case that the
Kéhler potential is minimal and the superpotential contains a single polynomial term [16]:

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 potential, one obtains a non-vanishing F' component of supersymmetry-
breaking field X:

FX 2 n—1
=t S ( — ) 11
X 1-n ¢ I 2 (8.11)

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 |50 75 100 126 151 176 20.1

(8.12)

An integer value of the messenger number may be reasonable. It is interesting that the
simplest dynamics, W = X3, is approximately consistent with the TeV-scale mirage for an
integer number N = 5. A variety of other models have been proposed in the literature to
stabilize X with the Fy effect and to provide non-supersymmetric (non-decoupling) messen-
ger thresholds. The potentials and their predictions are summarized in Table [T} in which we

# The compensator F, 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.
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dynamics R Mx my

K = [X]? n—1 N
F;? —3)|F. 16
S, ; ; (-3 (1]
= NIxX 2
I[/I(/:i(?’X’X )X 1 arbitrary (2-loop) x |Fy|  [16]
W= xnym — F; (m+n—3)|Fs| [26]
_ NvI2 _ 4
K= 2(X, XDIXI = lellX] 1 (1-loop) x A (2-loop) x |Fy|  [26]
W =0
no X 1
- = O(F, — 27
AK — 00 5 (F) [27]

TABLE II: Typical dynamics for supersymmetry-breaking messenger mass splitting. The limit
R — oo corresponds to the anomaly mediation dominant (supersymmetric thresholds), and My
and mx denote the threshold scale and the X scalar mass in the vacuum, respectively.

also show the X scalar mass myx 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 superpartners 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 [10].
It may be interesting to look for tachyon-stabilization dynamics which is characteristic to
the mirage gauge mediation.

Another remedy is found from the expression of the mirage scale (7)) that if the virtual
unified gauge coupling g is increased, the messenger number N can be correspondingly
reduced for a fixed value of mirage scale. A high-energy gauge coupling is generally increased
by introducing additional fields. It is however noted that, as shown in Section VBl the
virtual gauge coupling g, is insensitive to the existence of intermediate-scale thresholds and
is fixed only by low-energy physics. Therefore one is lead to modifying low-energy physics
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by adding TeV-scale extra fields. We suppose that these fields belong to grand unification-
like and vector-like 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 irrelevant to supersymmetry breaking and their threshold is
supersymmetric. In this case, g, is increased as

96 !

%G 8.13)
2 Abg2 M, Y (

o 1= (5%)

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

N’ N

T, Ab. (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. (83))]. As a simple example, if we
add one pair of 16 and 16* representations of SO(10) at the TeV scale [28], 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. [I]).

A more reasonable solution is to reduce R in a dynamical 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 predicts 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 Fy relative to Fj,, some mechanism of the X field is
needed to amplify its supersymmetry-breaking effect a few times or so.

e Multiple X fields :

One may naively expect that the threshold contribution increases when several
supersymmetry-breaking fields are introduced with non-vanishing F' components.
However the total effect of supersymmetry 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 [26]). 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.

e Different X potentials :

In the above example of mirage gauge mediation, the Kéahler and superpotential of
X are minimal and simplest. A model with different type of X potential may lead
to increasing the supersymmetry-breaking effect |F'y /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

Wyx + 3 X Wy + s XT2W

R =
2Wx /X ’

(8.15)
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for the minimal Kéhler K = |X|? and general superpotential W (X). This expression
has been written down by neglecting higher-order terms in X and without including the
hidden sector effect, for simplicity. The exploration of W (X) realizing R ~ 0.2N S 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 parameters. In this case, the mirage scale is set just by choosing
these parameters non-dynamically, while it is preferable that the mirage is described
in terms of discrete parameters which define the dynamics of model such as the power
of polynomial potential.

Different messenger couplings :

The messenger supermultiplets U 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 F'x and Fg are turned on.

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

AK = UV, AW = MgV, (8.16)

in addition to the basic Lagrangian of mirage gauge mediation (Z.I)). The messenger
scalars receive additional supersymmetry-breaking masses induced from these terms
as well as the supersymmetric mass My. The modification of the model is easily
found by noticing that the inclusion of additional supersymmetry breaking is effectively
described by the field redefinition: X — X 4 My + F;/®. Therefore the modified R
parameter is read off as

(X + My)Fy + |Fy|?

R —
2|Fy|* — Fx

(8.17)

The new contribution becomes significant only when the messenger mass scale is low:
Mx ~ My ~ F,. 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. (89) requires 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 messengers. Let
us consider the following form of messenger coupling

W = X", (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 coupling determines
the messenger mass scale as well as the strength of supersymmetry-breaking media-
tion. Inserting X = My + Fx6?, we find that the effective messenger mass Mg and
supersymmetry-breaking mass splitting F'x_, are given by

Py, _ Fx

Mer = (Mx)™, Mg My

(8.19)
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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 messengers can be reduced. One price to pay is that the
messenger mass scale is no longer free and is suppressed from the mediation scale
Mx as Mg = (%)m_lMX 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. Mg > 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 = Mg, 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 100 PeV
scale, enough high to satisfy experimental constraints.

e Extra sources of supersymmetry breaking :

The enhancement of Fx effect is effectively done by introducing extra sources of super-
symmetry 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 in some framework to that of the conformal compensator
and then our previous results for the R parameter 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 break-
ing is parameterized as ([3.9). That is, in addition to the gauge threshold effect (the
c¢1 term) analyzed before, some universal contribution (the ¢y 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 enhanced and the number of
messengers may be reduced to a reasonable level. A plausible possibility of the uni-
versal contribution comes from the gravity and related modulus fields, which have
field-universal interactions. A well-known framework of moduli stabilization in string
theory [13] provides such a possibility [18]. It is important to notice that in this
framework the modulus contribution to supersymmetry breaking is found to be com-
parable to the anomaly mediated one [6, 7, [29] and hence also comparable 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 minimum of potential, the scalar component of the X field (related to the
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messenger mass scale) is taken to be suppressed and then the vacuum energy is negative.
We therefore 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 possibility 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 [30] that the TeV-scale unification in the simple mirage case [31] is difficult to realize.
It would be therefore interesting that the mirage gauge mediation solves this problem with
the hidden sector uplifting which is experimentally required for the cosmological observation.

1.  Hidden Sector Contribution

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

Ly = /d49<I>T<I> fX, X" 2, 7) + [/d29<1>3W(X, 7Z) +he.|. (8.20)

The supergravity f function is related to the Kéhler potential as f = —3e~%/3. The loop-
level dependence on the compensator ® has been dropped since it is quantitatively irrelevant
to the discussion in this section. One can incorporate in f the direct couplings between X and
7 without conflicting with phenomenological observation in the visible sector. Integrating
out the hidden sector, we obtain the supergravity scalar potential

Vi = "Bl(WEKx + W)K (W Kyt + W) = 3[WP| + frut|Fa)? (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.

In this paper we explore the mirage gauge mediation which has the parameter region:
|Fx/X| ~ |Fs| 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| < |Fy| and |X| ~ 1 in the
scenario of string-theory moduli stabilization. Therefore the framework of supersymmetry-
breaking and uplifting hidden dynamics is expected to be different from the string-theory
scenario [32]. The smallness of expectation value |X| < 1 may naturally lead to the condi-
tions for the Kahler potential that [XKx| < 1 and |[XXTK x| < 1 at the minimum. If
this is the case, the vacuum energy is easily found

Vio = _36_K/3|F¢|2+fZZT|FZ|2' (8.22)

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

Wxx +WxKx + WKxx + (Wx + WKx) [5Kx + (Kx\:) Kxxt]

R — XXt
2VVX/X - 3WfXZZT/XfZZT

(8.23)

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

Wyx + 3 X Wy + s XT2W
2Wx /X + XTW/X

Ruin = (8.24)

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

Xtw

H=1+2"
o

(8.25)
This formula of the enhancement is given only by the superpotential for the X field. If the
dynamics for X stabilization satisfies H > 1, the hidden sector enhances the Fx effect which
implies that the number of messenger fields is effectively reduced and tachyonic scalar mass
spectrum is avoided. Moreover the H factor (8.20) 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 Kéahler potential has the minimal form: K =
| X2+ |Z]? as the simplest case, and examine several forms of superpotential for X to have
a suitable value of the enhancement factor H.

e W=yX"4+¢c (n>3):
The first example is the polynomial superpotential discussed in Section [VIIT Al Here

we also include a constant superpotential term to dynamically stabilize F,. The anal-
ysis of supergravity potential is found to give the minimum at

X" 3—n

- ‘ (8.26)
X2 nn-1)y’ '
for |y| > |c|. From (82H), we obtain the factor H as
n—=>o
H = . 8.27
2n —6 ( )

While H becomes a real parameter, it generally takes H < % and cannot be used to
effectively enhance the Fy effect.
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o 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 polynomial superpotential
with a higher power. For |y| < |c|, the supergravity potential is minimized at

60y*2
C*Zy )

X? = (8.28)

The model predicts R = 1 without taking into account the uplifting hidden sector.
The hidden-sector enhancement factor is given by

cX' le]\ /*
H=14+—~|— . 8.29
Ty ( ) (8:29)

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
constants of the model.

o W=y, X" +y, X™:
The third model is the racetrack-like superpotential. That is, the two similar superpo-
tential terms work in cooperation to stabilize the X field. Analyzing the supergravity
potential, we obtain the minimum at

NYn,
MY,

X = (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 (B30), the first derivative of the superpotential vanishes and the previous
formula (825]) cannot be used. In this case, the general (re)analysis of potential
minimization and the vacuum energy uplifting lead to

1

R = . 8.31
L+ ffxzz2tW/ f721 X Wxx ( )

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

Xtw X |2
H=1 = 1- . 8.32
+ XWXX mn ( )

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 unfortunately have somewhat unsatisfied points. The improvement and construction
of realistic models are left for future study.
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IX. SUMMARY AND DISCUSSION

In this paper, we investigated a new class of supersymmetry-breaking mediation models,
where gaugino 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 supersymmetry breaking, but at the
low-energy unification scale, the virtual high-energy unified gauge coupling behaves as 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 non-trivial 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 addition, thanks to the virtues of gauge mediation, the flavor-changing rare processes and
CP violations are automatically suppressed.

The mirage gauge mediation is favored as well from the cosmological points of view. The
scenario contains a singlet 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 pre-
existing particles and producing radiations. The produced gravitinos often easily spoil the
successes of the standard cosmology such as the big-bang nucleosynthesis, or overclose the
Universe. However it is expected in our scenario that the branching ratio of the gravitino
production becomes suppressed since the vacuum expectation value of X is much smaller
than the Planck scale (see e.g. [33]). 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 [34]. 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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