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We consider very constrained versions of the minimal supersymmetric extension of the standard
model (VCMSSMs) which, in addition to constraining the scalar masses m, and gaugino masses m, ;,
to be universal at some input scale, impose relations between the trilinear and bilinear soft
supersymmetry-breaking parameters A, and B,. These relations may be linear, as in simple minimal
supergravity models, or nonlinear, as in the Giudice-Masiero mechanism for generating the Higgs-
mixing u term. We discuss the application of the electroweak vacuum conditions in VCMSSMs, which
may be used to make a prediction for tanf as a function of m, and m,/, that is usually unique. We
baseline the discussion of the parameter spaces allowed in VCMSSMs by updating the parameter space
allowed in the CMSSM for fixed values of tan8 with no relation between Ay and B, assumed a priori,
displaying contours of By for a fixed input value of A, incorporating the latest CDF/D0 measurement of
m, and the latest BNL measurement of g, — 2. We emphasize that phenomenological studies of the
CMSSM are frequently not applicable to specific VCMSSMs, notably those based on minimal
supergravity, which require my = mj3/, as well as Ay = B, + my. We then display (m,, m;) planes
for selected VCMSSMs, treating in a unified way the parameter regions where either a neutralino or the
gravitino is the lightest supersymmetric particle. In particular, we examine in detail the allowed

parameter space for the Giudice-Masiero model.
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L. INTRODUCTION

Supersymmetry is one of the most appealing exten-
sions of the standard model (SM), for many reasons
including the hierarchy problem, its necessity in string
theory, unification of the SM gauge couplings, the sug-
gestion of a light Higgs boson, the possibility that the
astrophysical cold dark matter might be provided by the
lightest supersymmetric particle (LSP) and (just possi-
bly) the anomalous magnetic moment of the muon, g, —
2. However, supersymmetry is a general framework that
accommodates many new degrees of freedom. The sim-
plest possible realization of supersymmetry is the mini-
mal supersymmetric extension of the SM (MSSM). Four
types of supersymmetry-breaking parameters appear in
the MSSM: scalar masses m,, gaugino masses m, ,, tri-
linear couplings A and a bilinear coupling B in the Higgs
sector. In the MSSM alone, the number of free parameters
associated with soft supersymmetry-breaking exceeds
100, unless one assumes some degree of universality for
the sparticles with different quantum numbers and fla-
vors. In phenomenological studies of supersymmetry, the
values of m, for the different sflavors are often con-
strained to be universal at some input grand unified theory
(GUT) scale, as are the values of m;, for the different
SM gauge group factors, and the A parameters corre-
sponding to different SM Yukawa couplings, a framework
often called the CMSSM.

One may go even further, and assume some relation(s)
between the parameters my, m, /25 A, B and the gravitino
mass ms /. In particular, many very constrained versions
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of the MSSM (VCMSSMs) derive or postulate relations
between the A and B parameters, which we parametrize
asA = Amo, B = Bmj. These relations may be linear: for
example, generic minimal supergravity models predict
that B = A — 1 [1,2] as well as my = ms,, and the sim-
plest Polonyi model [3] of supersymmetry breaking fur-
ther predicts that [A| = 3 — /3 [4]. On the other hand, a
prominent example of a nonlinear relation is

2A -3
A-3"

B= ey
which appears in the Giudice-Masiero (GM) mechanism
[5] for generating the w term.

In the CMSSM, one may regard mg, m;,, and A as
independent parameters, and use the two electroweak
vacuum conditions resulting from the specification of
my and the ratio of Higgs vacuum expectation values,
tanB, to fix |u| and the pseudoscalar Higgs mass my,
which is equivalent to fixing B. As we show in this paper
with some explicit examples, the value of B that results
for any given choice of my, m,/, and A may not corre-
spond to any plausible theoretical model. Conversely, in a
VCMSSM where B is fixed in terms of A, one can use the
electroweak vacuum conditions to predict tan3 as a func-
tion of my, m;,, and A In a previous paper [6], we
demonstrated this type of prediction for a few specific
VCMSSMs with linear relations between A and B, in-
cluding minimal supergravity, with the simplest Polonyi
model as a special case.
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In this paper, we extend the previous discussion to
include the Giudice-Masiero model. In this case, in addi-
tion to the relation (1) between B and A, the value of M
in principle also predicted as

7!

mgy

A———

A—3
= 2
| ﬁl @

where A/Mp, is the coupling between a hidden-sector
superfield and the two Higgs superfields. The value of A
is presumably not completely arbitrary: for example, one
should probably require |[A| = O(1). This bound on [A| in
turn imposes a range on the ratio w/m for a given A.
Since the value of |u| is an output quantity in our ap-
proach to VCMSSMs, one must check that |A| is not very
large, which could in principle restrict the ranges of the
input parameters.

The first step in this paper is to discuss the application
of the electroweak vacuum conditions. In principle, more
than one value of tan8 might be consistent with a given
VCMSSM for some specific choice of (mg, m, ;) [7]. In
practice, over large regions of the (m, m; ;) we find only
one solution for tanf3, as we explain in some detail. We
also discuss the renormalization of the input relation
between A and B in a generic VCMSSM, including the
relation between the input and electroweak-scale values
of B and the one-loop threshold corrections at the elec-
troweak scale.

The second step is to update previous analyses of the
CMSSM, including some updates in calculations of the
supersymmetric particle spectrum, as well as the latest
information on m;, g, — 2, b — sy and B, — wtuT. We
demonstrate that the values of B required in the CMSSM
for generic values of tan8 and A do not fit within favored
VCMSSM frameworks, such as those based on minimal
supergravity or the Giudice-Masiero model.

We then discuss the (1, m, ;) planes for some specific
VCMSSMs, taking into account the fact that minimal
supergravity models predict that m, = mj3/, before renor-
malization, which is not necessarily the case in a generic
CMSSM. This relation enables one to delineate the re-
gions where the LSP is the lightest neutralino y, the
lighter 7 or the gravitino G. We present unified descrip-
tions of the y and G LSP regions for some specific
VCMSSMs, incorporating the constraints on decays of
the next-to-lightest supersymmetric particle (NSP) into a
gravitino LSP that are imposed by concordance between
the big-bang nucleosynthesis (BBN) and cosmological
microwave background (CMB) determinations of the
baryon-to-entropy ratio [8—11]. Finally, we discuss the
Giudice-Masiero model in more detail, finding that the
implied values of |A| in allowed regions of parameter
space are generally = O(1), particularly in the gravitino
LSP region.
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IL. SUMMARY OF MODELS OF
SUPERSYMMETRY BREAKING

As discussed in [6], we assume an N = 1 supergravity
framework, interpreted as a low-energy effective field
theory. In minimal supergravity models, the Kéhler func-
tion K that describes the kinetic terms for the chiral
supermultiplets ® = ({, ¢), where the ( represent
hidden-sector fields and the ¢’ observable-sector fields,
has the form K = 3,;|®/|>. We denote derivatives of K
with respect to the chiral superfields by K; = 0K/d¢’,
etc. In the minimal supergravity case, we have K' =
"+ Wi/W, K; = ¢; + W/W*, and (K1)} = &/, and
the resulting scalar potential is (in units where the Planck
mass is unity)

V(p, p*) = e [|[Wi + ¢*W|2 = 3|W[2]  (3)

It is then apparent that the soft supersymmetry-breaking
scalar masses m are universal at the input GUT scale,
with [1]

m3 =2, @)

where mj3), is the gravitino mass and we assume that the
tree-level cosmological constant vanishes. If we further
assume that the superpotential W(d) may be separated
into pieces f and g that are functions only of observable-
sector fields ¢’ and hidden-sector fields /, respectively,
then the soft supersymmetry-breaking trilinear terms A
and bilinear terms B, are also universal, and are related
by [1]

BO = AO - m3/2, (5)
so that
B=A-1, (6)

which is one of the principal options we studied in [6] and
discuss further below.

The simplest model for local supersymmetry breaking
in minimal supergravity [3] has just one additional chiral
multiplet ¢ in addition to the observable matter fields ¢;,
with a superpotential that is separable in this so-called
Polonyi field and the observable fields ¢;: W = f(o) +
g({). Tt takes the simple form

8() = v(( + P) (N

where we impose |8] =2 — /3 to ensure that the cos-
mological constant vanishes. Assuming S to be positive,
and using (¢) = +/3 — 1, we have [4] the universal soft
trilinear supersymmetry-breaking terms

A=(3-3), (8)

and universal bilinear soft supersymmetry-breaking
terms

B=2-3), 9)
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whose consequences we explored in [6] and discuss fur-
ther below.

In the simplest version of the GM mechanism [5], in
addition to minimal supergravity kinetic terms in the
observable and hidden sectors, and a separable superpo-
tential W = f + g, one postulates a coupling

K(¢.{) 2 ATH\H,, (10)
where H;, are the two Higgs supermultiplets in the
MSSM. Assuming that the cosmological constant van-
ishes, the term (10) generates a Higgs-mixing term (2).
This mechanism also yields the nonlinear relation be-
tween B and A given in (1), whose consequences we
explore below.

As already remarked, minimal supergravity models
predict a relation (4) between m, and the gravitino
mass, which is not necessarily true in the generic
CMSSM. This relation enables us to delineate the regions
of VCMSSM parameter space where the LSP is a neutra-
lino, the lighter 7 or the gravitino. The astrophysical and
cosmological constraints on gravitino dark matter have
been recently reexamined [8,9], taking also into account
the constraints on decays of the NSP arising from com-
paring the BBN and CMB constraints on the baryon-to-
entropy ratio [10,11]. In our later discussions of
VCMSSMs, we give unified treatments of the parts of
(my 5, my) planes where the LSP is a neutralino, the
lighter 7 and the gravitino.

IIL. THE ELECTROWEAK VACUUM IN
VCMSSM’S

In the general CMSSM, we start with the following set
of input parameters defined at the GUT scale: m, ,, my,
Ay, By and the Higgs-mixing parameter . At tree level,
the electroweak vacuum is specified by the following two
conditions:

2[m? + p? — (m3 + p?)tan’g]
(tan’B — 1) ’

Y

2
my =

sin2B = —2Bu/(m7 + m3 + 2u?), (12)
and the pseudoscalar neutral Higgs mass m, is deter-
mined by

2 — 2 2 2
my = my +m; +2u°,

(13)
where m; and m, are the soft supersymmetry-breaking
masses for the two Higgs doublets at the electroweak
scale. These as well as u and B are assumed to be
evaluated by the renormalization-group equation (RGE)
running from the input values. One may, alternatively,
solve for 4 and B in terms of m; and tanS:

PHYSICAL REVIEW D 70 055005

ut = m? — mitan® B + Lm3(1 — tanB) + AL
an?g — 1 + A? ’

| (14)
Bu = —z(m% + m} + 2u?)sin2B + Ay,

where we have now included the loop corrections Az and

Aﬂ’z) required to relate the RGE values to the correspond-
ing quantities evaluated at m; [12-14], and here
my, = my,(my)." In most treatments of the CMSSM,
mi s, My, Ay and tanS are taken as inputs, and the con-
ditions (14) are used to determine u, B and the CP-odd
Higgs mass m,.

As discussed in [6], in a VCMSSM where B is deter-
mined in advance in terms of A, it is convenient to use the
electroweak vacuum conditions (14) to determine tanf as
a function of m, and m;/,, for some input value of A.
However, since A, depends on tanf, and A depends on
both w and tanB in a nonlinear way, it is not possible to
write down an analytical solution for tanf3. Moreover, it
was shown in [7] using an RGE-improved tree-level
calculation for tan8 in the minimal supergravity model
that there may be up to three possible solutions for tan
for any given choices of m,/,, m,, and A,. We remarked
previously [6] that we typically find just one solution with
a moderately low value of tang, that multiple solutions
exist only for m; < 153 GeV, and that B always increases
monotonically with tanf over the range 5 < tan8 < 55 in
our calculations. Thus, a given value of m, s, mg, Ay and
sgn(u) always corresponds, in our analysis, to a definite
value for tan8. Since this is important for our treatment
of VCMSSMs, we now illustrate this point in more detail.

We show in Fig. 1 some examples of the necessary
input values of B, as functions of tanf, for four repre-
sentative choices of (g, m,/,) and u > 0. We use m, =
178 GeV as suggested by the latest CDF and DO results
[17]. We see that B, generally increases monotonically for
all positive values of A, and also for some negative values
of Ay. This is also true for u <0, as seen in Fig. 2. These
observations immediately imply that, in any VCMSSM
that predicts a unique value of B for a given value of A,
there will be (at most) a unique value of tanf3 where the
VCMSSM relation is obeyed.

We note, however, that there are some particular nega-
tive values of A, for which the required value of B, after
rising when tanf is small, decreases slightly at large
tanB. This raises the possibility that there might be two
allowed values of tan8 in some restricted set of
VCMSSMs. One example is when m;,, = 200 GeV,

my = 1000 GeV, u >0, A=~—-2and B~ —1.5, as seen

'As observed in [6], comparisons [15] with ISASUGRA [16]
show that our procedure of minimizing the Higgs potential at
the weak scale gives very similar spectra, also at large tan8
and in the focus-point region.

055005-3



ELLIS et al. PHYSICAL REVIEW D 70 055005
m = 1000 GeV, my;, = 200 GeV, 11 > 0 m = 1000 GeV, my;, = 1000 GeV, 1 > 0
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FIG. 1 (color online). Values of By as functions of tanf for u >0 and (a) (my s, my) = (200, 1000) GeV, (b) (1000,1000) GeV,
(c) (200,200) GeV, and (d) (1000,200) GeV. Solutions for the B = A — 1 case are denoted by small circles, which are connected by
dashed lines. Solutions in the case of the Guidice-Masiero mechanism are denoted by small squares, connected by dot-dashed lines

when possible.

in Fig. 1(a), and there are some other examples in other
panels of Figs. 1 and 2. However, in practice, such mul-
tiple solutions do not exist in the specific VCMSSMs that
we study in this paper.

To illustrate this more explicitly, we indicate by small
circles in Figs. 1 and 2 the values of tan8 where the

minimal supergravity condition B = A — 1 is satisfied,
for a few specific values of A, and we join these points by
dashed lines. For each value of A there is clearly only one
consistent choice of tanB for any given choice of
(my /2, mg). We also show solutions for the Giudice-
Masiero mechanism case, indicated by small squares.
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mgy = 1000 GCV, my, = 200 GCV, u< 0
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FIG. 2 (color online).

Note that we do not obtain solutions for B for all
choices of A. For example, in Fig. 1(a), we show solutions
only forA = 0,1,and 2 for B = A —1and A = 1 for the
Giudice-Masiero model. In the minimal supergravity
case, when A is reduced, B is also reduced driving the
solution to smaller values of tanB. Very quickly these
solutions drop below tan8 = 2 and, below tanB ~ 1.7,
the RGEs do not provide solutions to the sparticle spectra
due to a divergence in the top quark Yukawa coupling at
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mg = 1000 GeV, my/, = 1000 GeV, 11 < 0
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tan 3

As in Fig. 1, but for u <O0.

the unification scale. Similarly when Ais large, the solu-
tion is driven to very large values of tan8 where again no
solutions to the RGEs are found. In the case of the GM
model, the slope of B, vs tanf is very small, and small
changes in A lead to large changes in tan3. Note also that
in the GM model, there are often two branches of solu-
tions which are disconnected. This is seen, for example,
in Figs. 1(d) and 2(d). This is due to the relation (1) which
separates solutions at A=3.
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In order to have an analytical feel for the solutions for
B, shown in Figs. 1 and 2, we show in Fig. 3 the values of
By at the input GUT scale, the tree-level values at the
electroweak scale and the full values of B(My) as func-
tions of tang, (a) for w >0 and (b) for u <0, in both
cases for (my,, my) = (200,200) GeV. The tree-level
value of B at the electroweak scale is defined as

_ (m} +m3 +2u?)sin2B
Biree = ) ’
u

5)

and as one can see By, tends to 0 as tang is increased.
The “full” values are calculated including one-loop
electroweak threshold corrections, and B is then the
result of running the RGEs from the weak scale to the
unification scale. In the u > 0 case, we see in Fig. 3 that
B, is systematically larger than the tree-level value of
B(My,), which is in turn larger than its full value.
However, even in this case B(My/) increases monotoni-
cally with tanB. The situation is rather different for u <
0, where we see that the sign of the loop correction
depends on the value of tan, vanishing for tanB = 21.
As a result, the full value of B(My,) and hence B, increase
monotonically with tan. Had we neglected the one-loop
corrections to B and ran the RGEs up to the unification
scale, we could obtain a nonmonotonic solution for By
with respect to tanB (for example, a solution with a
minimum value of Bj) leading to multiple solutions of
tan 3 for a fixed value of A [18]. Thus, Fig. 3 indicates the
importance of the loop correction in determining the
number of solutions.

mg = 200 GeV, my/, = 200, ;1 > 0, A=1

500 T

400+ .

300- (a) -

200 4
By

100 E
Btree

B (GeV)

-100] B(Mw) -
-200- 4
-300- 4

-400] g

-500 T T T T T T T T T I v
1 10 20 30 40 50 59

tan 3

FIG. 3 (color online). )
(b) <0, both for (my,, my) = (200,200) GeV and A = 1.

The values of By, the electroweak tree-level
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IV. UPDATED CONSTRAINTS ON THE CMSSM

The standard Large Electron Positron Collider (LEP)
constraints and cosmological constraints on the CMSSM
have been discussed previously in many places [19,20], so
we do not discuss them further here, except to recall that
we use the Wilkinson Microwave Anisotropy Probe
(WMAP) range 0.094 < Q) Xhz < 0.129 [21] for the relic
density of the LSP, assumed to be the lightest neutralino
Xx- However, there are three new experimental develop-
ments that we should like to mention. One is the new value
m, = 178.0 = 4.3 GeV recently reported by the CDF and
DO Collaborations [17], another is the evolution in the
possible discrepancy between the experimental measure-
ment of g, — 2 and the value calculated in the SM, and
the other is a recent improved upper limit on the branch-
ing ratio for B, — u* u ™.

The new value of m, affects the CMSSM parameter
space in three important ways. One is to alter the calcu-
lation of the lightest MSSM Higgs boson mass m;,, and
hence the lower limit on m,/, inferred from the LEP
lower limit mj; > 114.4 GeV. For example, in Fig. 4(a)
for tanB = 10 and w >0, the lower limit on m;/, is
reduced by about 50 GeV when one increases m, from
175 GeV to the value of 178 GeV shown here. A second
effect is to alter the calculation of the rapid-annihilation
funnels shown in Figs. 4(c) and 4(d) for tanB = 35 and
p# <0 and for tanB = 50 and u > 0, respectively. The
sensitivity of these regions to m, and large tanf was

mg = 200 GeV, my, = 200, 1 < 0, A=1
50(} T T T T T I ' I

400 -

300~ (b) -

2004 .

100-
B(Mw)

/ Biree

-100- i

B (GeV)

-200 E

-300 E

-400] -

-500 T T T T T I v I

tan 3

and full B(My,), as functions of tan8 for (a) w >0 and
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tanp =10,u>0,A=0
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’/ N
If mg = 178 GeV 01~

m, (GeV)

1000
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FIG. 4 (color online). The (m; ,, m) planes in the CMSSM for (a) tanB8 = 10, u > 0, (b) tanB = 10, u <0, (¢) tanB = 35, u <0,
and (d) tanB = 50, u > 0, all for A = 0. In each panel, the region allowed by the WM AP cosmological constraint 0.094 < Q Xhz =
0.129 has pale (turquoise) shading. The disallowed region where m; < m, has dark (red) shading. The regions excluded by b — sy
have medium (green) shading, and those in (a) and (d) that are disfavored by g, — 2 at the 2-o level have very light (yellow)
shading with a thin (black) border. The contours m - = 104 GeV (m;, = 114 GeV) are shown as near-vertical black dashed (red
dot-dashed) lines. In addition, weAshovsA/ several contours of B as (blue) dashed lines. There is no allowed point compatible with the
minimal supergravity condition B = A — 1 or the Giudice-Masiero model in these plots.

discussed earlier [22] in the context of the observability
of the Higgs boson at hadron colliders. Finally, the larger
value of m, increases significantly the value of m, where
the focus-point region may be found [23]. For example,
for tanB = 10 and px >0, we now find a focus-point
region only for my = 7 TeV for m;,, = 250 GeV. We do
not discuss focus points further in this paper.

The BNL g, — 2 experiment recently announced a
new determination using u~ and a final combined value
using all their ™ data [24]. Comparing with the SM
calculations of Davier et al. [25], they quote a discrepancy
of a, = (g, —2)/2 with the SM amounting to

da, = (27 =10) X 107 1%(e* e~ data)

= (12 = 9) X 107'9(7 data). (16)

Another calculation of the SM contribution to (g, — 2)
using just the eTe™ data [26] yielded a slightly larger

discrepancy:
da, = (32 = 10) X 10710 " e data). a7

There has subsequently been a new SM calculation of the

hadronic  vacuum  polarization contribution by
de Troconiz and Yndurain [27], who quote
da, = (27 = 8) X 107 '%e*e™ data)
= (19 £ 8) X 107'9(r and e e~ data). (18)

However, neither of these evaluations include the recent
reevaluation of the light-by-light contribution to a, by
Melnikov and Vainshtein [28], which decreases the dis-
crepancy with the SM by about 4 X 10~!9 compared with
(18). Therefore, for the purposes of the subsequent dis-
cussion, we show contours corresponding to

da, =(15+8)x 10712, (19)
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tanp = 10,1 <0, A = 0.75
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We exhibit this constraint at the 2-o level, in which case
its effect is essentially to exclude the option p <0 but
allow most of the (m, /2 my) plane for u > 0, apart from a
region of small m; ;, and m,. However, we are well aware
that the range (19) is open to question, particularly in
view of the discrepancy between the estimates of the SM
contribution based on e*e” and 7 data, and, to a lesser
extent, the uncertainty in the light-by-light contribution.
Therefore, we use (19) only as an indication, and by no
means a rigid constraint on the parameter space of the
CMSSM or any VCMSSM. In particular, we do not dis-
card the option p < 0.

Finally, we note that the CDF Collaboration recently
published an improved experimental upper limit on the
branching ratio for B, — utu~ [29], namely 5.8 X
1077, Since the branching ratio for this decay « tan®g
in the CMSSM, this constraint is potentially important at
large tanB. We find that this constraint is currently still
“covered” by the constraints from b — sy, m, and g,, —
2, but this situation may change in the near future.

In preparing the (m;/,, my) planes in Fig. 4 and the
subsequent figures, we have updated our code by making

¥ T
’ mg =178 GeV

=114 GeV

m, (GeV)

23 -4
-

1000

my, (GeV)

2000 3000

FIG. 5 (color online). The (m, 5, mg) planes in the CMSSM for the same values of tanf and the sign of u as in Fig. 4, but here for

improvements that have impacts principally in the rapid-
annihilation funnels and focus-point regions.” Their ef-
fects are smaller than the other effects mentioned above.

We show in Fig. 4 the (m, /5, mg) planes for a popular set
of CMSSM cases, namely, (a) tanS8 = 10, u >0, (b)
tanB = 10, u <0, (c) tanB = 35, u <0, and (d) tanB =
50, >0, all for A = 0. In each panel, as well as the
“standard” experimental and cosmological constraints,
we have indicated some representative contours of B by
(blue) dashed lines. We see that B = 0 in almost all the
(my s, mg) planes exhibited, which is clearly incompatible
with the minimal supergravity condition B = A — 1. This
exemplifies the point that parameter choices allowed in
the standard CMSSM are often not allowed in favored
VCMSSMs. Specifically, the CMSSM cases shown in

2Specifically, we now include the full one-loop corrections to
my, and m, instead of approximate expressions [30], and we
correct a minor coding error.

3We note in panels (c) and (d) the appearance of allowed
bands above the y — 7; coannihilation strips, which are due to
rapid 7,7, — H annihilation.
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FIG. 6 (color online).
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my,, (GeV)

Examples of VCMSSM (m, 2 my) planes with contours of tanS superposed, for u > 0 and (a) A=-15,

(b) A =075, (c) the simplest Polonyi model with A=3- /3, and (d) A =20, all with B=A — 1. In each panel, we show the
regions excluded by the LEP lower limits on MSSM particles and those ruled out by b — sy decay [31] (medium green shading):

the regions disfavored by g, —

2 are very light (yellow) shaded, bordered by a thin (black) line. The dark (chocolate) solid lines in

(a)—(c) separate the gravitino LSP regions (below). (d) exhibits a dark (red) wedge where the LSP is the rapid 7;. The regions
favored by WMAP in the neutralino LSP case have light (turquoise) shading. The dashed (pink) line corresponds to the maximum
relic density for the gravitino LSP, and regions allowed by BBN/CMB constraint on NSP decay are light (yellow) shaded.

Fig. 4 could not be realized in minimal supergravity: one
needs to choose smaller values of tanB. A similar con-
clusion applies to the Giudice-Masiero model, which
would require B=1 for the case A=0 considered
here, although GM solutions are possible for u <0 if
one discards the g, — 2 constraint and chooses tanf
somewhat above 10.

Figure 5 shows the corresponding (m, , m,) planes for
the same choices of tanf and the sign of u, but for A=
+0.75. In this case, the laboratory and cosmological
constraints are not greatly different, even in the rapid-
annihilation funnel regions.4 Now, however, there are
some points where the minimal supergravity condition
B=A—-1is satisfied, as shown by the intersection of the

“We note again the rapid 7,7, — H annihilation strips in
Figs. 5(c) and 5(d).

B = —0.25 line with the WM AP coannihilation region in
Fig. 5(a). For this choice of A, the Giudice-Masiero model
is also satisfied at a limited number of points, exemplified

by the intersection of the B = 2/3 line with the WMAP
funnel region in Fig. 5(d).

V. EXAMPLES OF (m ), my) PLANES IN
VCMSSM’S

We now discuss the impacts of the above constraints on
some specific VCMSSMs within the general framework
of minimal supergravity, in which B = A — 1. As usual,
we display these constraints in (1, , m,) planes. For the
reasons discussed earlier, we regard tanS as a dependent
quantity that varies across these planes, rather than being
a fixed quantity as in most CMSSM analyses. Another
difference from most CMSSM analyses is that the latter

generally consider only the possibility that the LSP is the
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FIG. 7 (color online). As in Fig. 6, but now for < 0 and the choices (a) A=3—-3,B=A—1and (b) A=2B=A-1and

n<0.

lightest neutralino y, assuming implicitly that the grav-
itino mass mj , is sufficiently large that the gravitino LSP
possibility can be neglected. However, in minimal super-
gravity, one has ms3;,, = mg (4) if the cosmological con-
stant A = 0, and the identity of the LSP varies over the
(my 5, mg) plane. We have recently published an analysis
which includes the possibility that the gravitino is the
LSP possibility [8], taking into account the constraints
imposed by BBN and the CMB data on decays of the
next-to-lightest sparticle (NSP) into the gravitino, as well
as the relic gravitino dark matter density itself. In this
paper, we incorporate this analysis into a unified treat-
ment of the neutralino and gravitino LSP regions of the
(my 2, my) planes in VCMSSMs.

We display in Fig. 6 the contours of tan8 (solid blue
lines) in the (m, s, my) planes for selected values of A, B
and the sign of w. Also shown are the contours where
m,= > 104 GeV (near-vertical black dashed lines) and
my, > 114 GeV (diagonal red dash-dotted lines). The re-
gions excluded by b — sy have medium (green) shading,
and those where the relic density of neutralinos lies
within the WMAP range 0.094 = Q h* = 0.129 have
light (turquoise) shading. The gravitino LSP and the
neutralino LSP regions are separated by dark (chocolate)
solid lines, and the WMAP relic-density strip for neutra-
linos is shown only above these lines. The regions disfa-
vored by g, — 2 at the 2-o level are very light (yellow)
shaded.

If A has a large negative value, we do not find any
consistent solutions to the electroweak vacuum condi-
tions. This is reflected in Fig. 6(a), for w > 0 and A=
—1.5, where there are no solutions above the topmost
solid (black) line. The solid (blue) contours of tanf rise
diagonally from low values of (m 5, my) to higher values,
with higher values of tan8 having lower values of m for

a given value of m,/,. The dash-dotted (red) m;, =
114 GeV contour rises in a similar way, and regions
above and to the left of this contour have m; <
114 GeV and are excluded. In particular, a neutralino
LSP is excluded in this case. We exhibit in this and the
other panels a gravitino LSP region, which was not
studied in our previous exploration of VCMSSMs [6].
The relic density is acceptably low only below the dashed
(pink) line. This excludes a supplementary domain of the
(my 5, my) plane, but the strongest constraint is provided
by the BBN/CMB decay constraint (light, yellow shad-
ing), which requires tan8 = 4.5. In Figs. 6(b)—6(d), the
my, contour rises more vertically, but only in 6(d) is there
any allowed neutralino LSP region. Figure 6(d) features
an excluded dark (red) shaded wedge where the LSP is the
Ti-

When A is increased to 0.75, as seen in Fig. 6(b), both
the tanB and m; contours rise more rapidly with m, .
Again, there is no allowed neutralino LSP region. Within
the gravitino LSP region, the m; and relic-density con-
straints would both be compatible with tanB = 7.5, but
the BBN/CMB decay constraint imposes the stronger
constraint that tan8 = 13. It is instructive to compare
this figure with Fig. 5(a), which both assume that A=
0.75. The most notable difference is that, here, fixing the
gravitino mass to equal m, excludes the neutralino coan-
nihilation region with B = —0.25 and allows a region of
the (m,/, my) plane that would previously have been
excluded because the LSP would have been the 7.

An analogous pattern is seen in the simplest Polonyi
model with A =3 — \/3 shown in Fig. 6(c), where we
note that the tanf contours have noticeable curvature.
Once again, the neutralino LSP region is excluded, now
by a combination of the Higgs and chargino mass bounds.
At low my in the gravitino LSP region, the m; and relic
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Examples of (m; 5, my) planes in the Giudice-Masiero model, with contours of tan3 superposed, for u >0

and (a) A = 0.6, (b)) A = 0.8, (c) A =3 — /3 and (d) A = 1.8. In each panel, we show the regions excluded by the LEP lower limits
on MSSM particles, those ruled out by b — sy decay [31] (medium green shading), and those disfavored by g,, — 2 (very light,

yellow shading). As before, a dotted (red) line shows where m,,

= m; and the gravitino LSP region is bounded by a solid (chocolate)

line in (a), (¢), and (d). The dark (red) wedge in (b) has a #; LSP and hence is disallowed. Within the gravitino LSP region, the relic-
density constraint is indicated by a dashed (pink) line and the BBN/CMB constraint on NSP decay by light (yellow) shading. The
dashed black lines are contours of the Giudice-Masiero parameter A.

gravitino density constraints impose tan$ = 10 and the
BBN/CMB decay constraint imposes tan3 = 14.”

We consider finally the case A = 2.0 shown in Fig. 6(d).
In this case, there is a neutralino LSP region in the y — 7
coannihilation strip. Without the g, — 2 constraint, the
most severe constraint on this region is imposed by b —
sy, requiring tanf = 25, the m,, constraint being much
weaker. Imposing the g, — 2 constraint requires tan =
27. There is an excluded dark (red) shaded wedge where
the LSP is the 7. Below this appears a gravitino LSP
region with acceptable relic density. Within this region,
the m; and BBN/CMB decay constraints impose tan8 =
15, which would be strengthened to tan8 = 20 if one took

There is also a negative Polonyi solution with A = —3 +
/3, whose (my s, mg) plane is qualitatively similar to Fig. 6(a).

the g, — 2 constraint at face value. This is the shaded
region in the lower right of Fig. 6(d).

We find no consistent solutions for values of A substan-
tially greater than 3 (4) when x>0 (u <0), and nega-
tive values of A are not allowed when m < 0. These
restrictions arise from the behavior of the relation be-
tween tanf and B, discussed earlier. Therefore as A
increases, so does the solution for tanB when B = A -
1. At very large tanf3, there are no solutions to the RGEs
due to a divergence in the bottom-quark Yukawa coupling.
For small A and u < 0, the solution is driven to exces-
sively small values of tanf, where again there are no
solutions, now due to the divergence in the top Yukawa
coupling mentioned earlier. The same is true when A is
large and negative and u >0, i.e., for A< —=2.5, my =
500 GeV for m,/, = 1000 GeV.
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FIG. 9 (color online). Same as Fig. 8, but for u <0 and (a) A = —0.2, (b) A= 0.6, (¢) A= 1, and (d) A =3 — /3.

As we see in Fig. 7(a), only a small area of the
(my 5, my) plane in the gravitino LSP region is allowed
by the m;, constraint in the positive Polonyi case
A =3 —+/3.° This area would be further restricted if
one took the g, — 2 constraint at face value. At larger
values of A, the allowed region is extended, as exempli-
fied in panel (b) of Fig. 7 for the case A = 2, where the my,
constraint is somewhat weaker. However, in this case the
g, — 2 constraint would have a much more drastic effect.

VL THE u PROBLEM AND THE
GIUDICE-MASIERO MECHANISM

One of the primary motivations in building a super-
symmetric model is to avoid the gauge hierarchy prob-
lem, namely, that the Higgs mass is of order m, and much
less than the Planck mass, though not protected by any
symmetry of the standard model between the GUT scale
and the weak scale. Supersymmetry alleviates this prob-
lem via cancellations between contributions to the Higgs

The negative Polonyi case is not allowed for u < 0.

mass from fermions and bosons in the same supermulti-
plet. However, this scenario begs the question why super-
symmetry is broken by soft terms which are assumed to
be O(1 TeV). Moreover, there is one other, supersymmet-
ric, parameter which is required to be small, namely, the
Higgs-mixing parameter w. One of the most interesting
attempts to explain the smallness of w is the Giudice-
Masiero mechanism [5], in which it is related to a cou-
pling between observable and hidden sectors, and is of the
same order of magnitude as the soft supersymmetry-
breaking parameters. In the simplest realization of the
Giudice-Masiero mechanism with only one hidden super-
field, one has the following relation between A and B, as
already mentioned:

. 24-3
B =— , (20)
A-3
and
A_
. lA_3| 21
my V3
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where A is the coupling constant between the hidden
superfield and the two Higgs supermultiplets. One should
require that A ~ O(1) for u to be the same order of m.

We display in Fig. 8 some typical (1, ,, my) planes in
the Giudice-Masiero model for positive w. As in the
previous minimal supergravity VCMSSMs, we find no
consistent electroweak solutions for values of A much
outside the range of values exhibited. In the examples
shown, there are no solutions above the topmost solid
lines in Fig. 8(a) for A = 0.6 and 8(d) for A = 1.8. For
A<—-06, my=150GeV for m;, = 1000 GeV.

Similarly for A = 2.6 only a small corner of the plane
admits solutions.

In Fig. 8(a) for A =0.6, corresponding to B = 0.75,
there is no allowed region above the solid (chocolate)
gravitino LSP line. Below this line, we see an allowed
region for tanB = 22. However, we also note that the
corresponding values of A are quite large, A = 5. The
situation is somewhat different for the case A = 0.8,
corresponding to B =~ 0.64, shown in Fig. 8(b). In this
case, we see that there is a narrow allowed region along
the y — 7 coannihilation strip in the neutralino LSP
region for tanB = 33.5, or = 35 if the g, — 2 constraint
is taken into account. This region requires A = 2, which is
relatively palatable. At lower my, there is a disallowed
dark (red) wedge where the 7, is the LSP, and below that a
region where the gravitino is the LSP. The latter contains a
domain allowed by the BBN/CMB decay constraint, that
appears for tanB = 18, or = 20 if one includes the g, — 2
constraint. However, this region again has A = 5. Turning
now to the Polonyi case A =3 — /3 shown in Fig. 8(c),
corresponding to B =~ 0.27, we see that there is no allowed
area in the neutralino LSP region above the dark solid
(chocolate) line, and that the allowed region in the grav-
itino LSP region requires tan8 = 13.5 and again A = 5.
Similar features are seen in Fig. 8(d) for A = 1.8, corre-
sponding to B = —0.5, where the only allowed area—in
the gravitino LSP region—requires even larger values of
A than the previous cases.

The B, — u* u~ constraint does not play an impor-
tant role here. In Figs. 8(a) and 8(b), BR(B;, — u"u~) <
0(1078) over the entire plane, and is < O(107°) for
my/, = 400 GeV. For 8(c) and 8(d), it is = O(5 X 107?)
for all points of the parameter space displayed. These
values are all well below the experimental upper limit
of 5.8 X 1077,

Figure 9 shows some analogous cases for u < 0. As
before, there are no consistent electroweak vacuum solu-
tions for values of A substantially outside the range of
values shown, and none above the topmost solid lines in
Figs. 9(a) and 9(b). Figure 9(a) is for A = —0.2, corre-
sponding to B = 1.06. It has two narrow strips in the
neutralino LSP region that are allowed if one discards
the g, — 2 constraint, appearing for m;;, = 800 GeV

PHYSICAL REVIEW D 70 055005

and mgy = 500 GeV for tan8 > 38 and A < 1.5. Down in
the gravitino LSP area, there is a second allowed region
with tan8 =< 13 and A = 3. For smaller values of A, the
allowed parameter space is further squeezed. For ex-
ample, for A= -1 we find mg = 500 GeV for m;;,, =
1000 GeV. In Fig. 9(b) for A = 0.6, corresponding to
B = 0.75, the allowed neutralino LSP region has disap-
peared, but a gravitino LSP region remains. Similar
features are seen in Fig. 9(c) and 9(d) for A=1B=
0.5) and A=3-.3 (B =0.27), respectively. For A=2,
solutions exist only in a small portion of the plane. The
branching ratio for B, — u*u~ in this case is even
smaller, ~O(107'°) on all of the panels shown.

VIL. CONCLUSIONS

We have discussed in this paper the impacts of the
theoretical, experimental and cosmological constraints
on some classes of VCMSSMs, including minimal super-
gravity models and the Giudice-Masiero model. We have
presented unified treatments of the regions of parameter
space in these models where the LSP is a neutralino or the
gravitino.

We have emphasized that the predictions of these mod-
els differ significantly from those of the CMSSM. In
particular, the CMSSM is distinct from minimal super-
gravity: the former does not necessarily require a fixed
relation between the trilinear and bilinear soft
supersymmetry-breaking parameters A, B, nor equality
between m and ms/,, as required in minimal supergrav-
ity models. The values of B required in generic realiza-
tions of the CMSSM generally bear no relation to the
values that would be derived in minimal supergravity
models.

In addition to minimal supergravity models, we have
discussed the simplest variant of the Giudice-Masiero
model, which makes a brave attempt to provide a frame-
work for calculating the Higgs-mixing superpotential
term u.

There are a couple of striking features of these specific
analyses that we note. One is that the range of A is often
very restricted: beyond this range, it is impossible to find
consistent solutions to the electroweak vacuum
conditions.

A second observation is that, in both minimal super-
gravity and the Giudice-Masiero model, a neutralino LSP
is completely excluded in many instances, and the grav-
itino LSP regions are generally much more extensive than
the neutralino LSP regions. To some extent, this was to be
expected, since we impose the cosmological dark matter
density and NSP decay constraints on gravitino dark
matter as one-sided upper limits, rather than as narrow
WMAP ranges as for the dark matter density constraint
on neutralino dark matter. This is because, in the case of
gravitino dark matter, the narrow range could be reached
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by postulating thermal gravitino production with a suit-
able reheating temperature [32]. Of course, in either the
neutralino or gravitino case, one could always postulate a
supplementary source of cold dark matter. In the case of
neutralino dark matter, this possibility would broaden the
WMAP density strip down to the m, = m; boundary.
However, the gravitino dark matter region would still,
for many choices of the other supersymmetric parame-
ters, occupy a larger area of the (m; /,, m) plane.

In any complete supersymmetric theory, one expects
some relations between supersymmetry-breaking pa-
rameters, perhaps of the type discussed here. In this
case, some VCMSSM should be responsible for the low-
energy sparticle spectrum. However, we do not yet know
what specific constraints are handed down from the

PHYSICAL REVIEW D 70 055005

unification or string scales. As we have emphasized in this
paper, the predictions in such models may differ greatly
from those of the more relaxed CMSSM and, a priori,
those of a more general MSSM. Analogous differences
are also to be expected in the predicted cross sections for
direct and indirect searches for supersymmetric dark
matter, a topic we will consider elsewhere.
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