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Predictions of the sign ofµ from supersymmetry breaking models
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The sign of the supersymmetric Higgs boson massm is usually taken as an independent input parameter in
analyses of the supersymmetric standard model. I study the role of theories of supersymmetry breaking in
determining the sign ofm as an output. Models with vanishing soft scalar couplings at the apparent gauge
coupling unification scale are known to predict a positivem. I investigate more general results for the sign of
m as a function of the holomorphic soft scalar couplings, and compare to predictions of models with gaugino
mass dominance at higher scales. In a significant region of theB0 /m1/2 versusA0 /m1/2 plane includingA0

5B050, m must be positive. In another region,m is definitely negative. Only in a smaller intermediate region
does knowledge of the supersymmetry breaking mechanism not permit a definite prediction of the sign ofm.
The last region will shrink considerably as the top quark mass becomes more accurately known.

DOI: 10.1103/PhysRevD.65.035003 PACS number~s!: 12.60.Jv
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In the minimal supersymmetric standard model~MSSM!
@1,2#, the Higgs boson mass termm is the only coupling
which does not explicitly break supersymmetry that has
already been directly measured by experiment. Neverthe
in phenomenological treatments of supersymmetric mod
it is usual to treatumu as an output rather than an inp
parameter, because it can be fixed in terms of the other
rameters from our knowledge of the electroweak scale. H
ever, this condition alone does not address the phase om,
which is left unfixed by the conditions of electroweak sym
metry breaking~EWSB!. The lack of observedCP violation
in the electric dipole moments of the neutron and elect
requires that large relative phases in the minimal supers
metric standard model~MSSM! Lagrangian must either b
absent or aligned to rather particular values. Barring the
ter possibility, it follows that all gaugino masses should
~at least nearly! relatively real, and that with appropriatel
chosen phase conventionsm is real and the phases of scal
cubic couplings are equal to their Yukawa coupling count
parts.

The remaining discrete phase freedom sgn(m) is therefore
usually regarded as an independent input parameter. H
ever, if the mechanism of supersymmetry breaking is kno
the phase ofm including its sign is often determined pure
from the theory and knowledge of already-measured dim
sionless supersymmetry-preserving couplings. This has b
noted before in the contexts of flippedSU(5)3U(1) no-
scale supergravity models@3# and in gauge-mediated supe
symmetry breaking models@4–7#. More generally, a com-
plete model of supersymmetry breaking should pred
boundary conditions for all soft parameters in terms of
persymmetric parameters. This implies that, under many~but
not all!! circumstances, the sign ofm should properly be
regarded as an output prediction rather than an input assu
tion. Conversely, an experimental determination of the s
of m will provide a non-trivial test of different models o
supersymmetry breaking. In this paper I will study the abil
of flavor-preserving high-scale theories of supersymme
breaking to predict the sign ofm, and consider under wha
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circumstances such a prediction can be made unambiguo
In this paper, it is assumed that the gaugino mass par

etersM1 , M2, andM3 indeed have the same phase, so t
they can be taken real and positive without loss
generality.1 To fix conventions explicitly, the tree-level neu
tral Higgs potential is given by

V5~ umu21mHu

2 !uHu
0u21~ umu21mHd

2 !uHd
0u22~bHu

0Hd
01c.c.!

1
1

8
~g21g82!~ uHu

0u22uHd
0u2!2. ~1!

Here b is the holomorphic soft supersymmetry-breaki
Higgs boson squared mass parameter.~Other common nota-
tions in the literature for this term areBm andm12

2 andm3
2 .!

Without loss of generality, a suitably renormalizedb is taken
to be real and positive at a renormalization group~RG! scale
near or below 1 TeV, to satisfy the condition that at t
minimum of the effective potential, the Higgs fields wi
have real positive vacuum expectation values~VEVs!:

^Hu
0&5vu ; ^Hd

0&5vd ;

vu
21vd

2'~175 GeV!2; vu /vd[tanb. ~2!

The tree-level top, bottom and tau masses and Yukawa c
plings mt5vuyt , mb5vdyb and mt5vdyt are simulta-
neously real and positive.@Lighter fermion masses are ne
glected, so Cabibbo-Kobayashi-Maskawa~CKM! CP
violation is not an issue.# Neutralino and chargino mass ma
trices are given by

1This would follow, for example, in grand unified theory~GUT!
models in which all gaugino masses are unified.
©2002 The American Physical Society03-1
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M Ñ5S M1 0 2g8vd /A2 g8vu /A2

0 M2 gvd /A2 2gvu /A2

2g8vd /A2 gvd /A2 0 2m

g8vu /A2 2gvu /A2 2m 0

D , M C̃5S M2 gvu

gvd m D . ~3!
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The relevant soft supersymmetry-breaking terms include

2Lsoft52bHu
0Hd

01at t̃ L t̃ R* Hu
01abb̃Lb̃R* Hd

0

1att̃Lt̃R* Hd
01c.c., ~4!

so that the stop and sbottom squared mass matrices are

m t̃
2
5S mt̃ L

2
1yt

2vu
21Dt̃ L

atvu2mytvd

atvu2mytvd mt̃ R

2
1yt

2vu
21Dt̃ R

D ; ~5!

mb̃
2
5S mb̃L

2
1yb

2vd
21Db̃L

abvd2mybvu

abvd2mybvu mb̃R

2
1yb

2vd
21Db̃R

D , ~6!

where Df5(g2T3
f2g82Yf)(vd

22vu
2)/2. These phase con

ventions agree with those in@1,2#.
Within the framework of supersymmetry breaking com

municated by arbitrary Planck-suppressed operators, the
sumption thatm is real is a strong and seemingly unnatu
one, requiring justification in terms of some organizing pr
ciple. One way of addressing this is to require that gaug
masses are the dominant source of all supersymmetry br
ing at some RG input scaleMX . Other soft supersymmetry
breaking parameters can then be thought of as radiative
fects due to large logarithms which can be resummed u
the renormalization group. Older versions of this idea f
lowed from the ideas of ‘‘no-scale’’ supergravity mode
@8,3#, and it has found a different justification recently
terms of models with supersymmetry breaking displac
along compactified extra dimensions@9–15#. A crucial ben-
efit of these models is that they naturally avoid the m
dangerous types of supersymmetric flavor violation, sin
the gaugino interactions which communicate supersymm
breaking to the sfermion masses are automatically flav
blind.

If gaugino masses have a common phase and are
dominant source of supersymmetry breaking, then it is w
known thatm can be taken to be real without loss of gen
ality. One way to understand this is to consider the form
the RG equations for the holomorphic scalar supersymme
breaking interactionsb, at , ab , and at . At all orders in
perturbation theory, these can be written in the form@16#

d

dt
~af /yf !522O@b~yf !/yf #, ~7!
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~b/m!522O@b~m!/m# ~8!

where

O[
1

2 (
a

Maga

]

]ga
2(

f
af

]

]yf
~9!

is a differential operator on the space of gauge and holom
phic couplings. The indexa labels the gauge groups wit
gauge couplingsga and gaugino massesMa , and t
5 ln(Q/Q0) with Q the RG scale. Ifb/m, at /yt , ab /yb , and
at /yt are negligible at the input scale and are generated
radiative corrections, they will be real at all other scal
sinceO is linear in Ma and af and the quantitiesb(yf)/yf
and b(m)/m are sums of real superfield anomalous dime
sions. Sinceb, yt , yb , yt , and oneMa are real by conven-
tion, and the otherMa are real by assumption, it follows tha
m, at , ab , at are real within the same set of convention

The fact that the running gauge couplings of the MSS
are found to nearly meet at a scale near 231016 GeV is
suggestive that a perturbative RG analysis can be applied
all couplings and parameters up to that scale. Howe
whether in models of extra dimensions, or ‘‘no-scale’’ mo
els, or supergravity-inspired models which happen to h
gaugino mass domination, it is likely that the true input sc
is higher, perhaps at the reduced Planck scaleMP52.4
31018 GeV. It is difficult to say with any confidence wha
the RG running should be like aboveMU , except that the
evolution of soft parameters is significant and dominated
gaugino mass effects. Therefore, it is useful to work w
boundary conditions for the gaugino massesM1 ,M2 ,M3 and
soft scalar interactions:

b/m[B0 ~10!

at /yt5A0t ; ab /yb5A0b ; at /yt5A0t ~11!

imposed atMU[231016 GeV ~except as noted below!. If
gaugino mass domination is input atMU , then one would
haveA0t5A0b5A0t5B050 at that scale. However, if the
true input scale is higher, then an examination of the per
bative form of the beta functions Eqs.~7!–~9! shows thatB0
andA0t , A0b , A0t will each be negative atMU due to loops
involving gauginos.

In general one expects thatA0t ,A0b ,A0t obtain different
corrections from physics aboveMU , depending on how the
MSSM superfields fit into whatever gauge group may re
in that regime. Similarly, the non-holomorphic scalar squa
masses will not be universal atMU if they occupy different
3-2
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FIG. 1. Running of the dimensionless ratio of parametersb/mm1/2 with the boundary conditionsA05B05m050 andm1/25400 GeV
imposed at~a! MU5231016 GeV and~b! MP52.431018 GeV. The solid lines are obtained for the central values, and the dashed line
the maximum deviation, implied by Eqs.~17!–~19!. Sinceb/mm1/2 is positive at the weak scale,m must be positive.
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representations of the gauge group. In a study of the spar
spectrum, it would be crucial to assume knowledge of th
particulars. However, the results below regarding the sign
m depend only weakly on the effects of non-universal no
holomorphic scalar masses, which do not enter directly in
RG equations that can affect the running of the crucial qu
tity b/m. Also, the dependence of the running ofb/m on
scalar cubic couplings belowMU is mostly due~at least at
small or moderate tanb) to the single quantityA0t , which in
many models is not very different fromA0b anyway. Results
for the case that the gaugino masses do not unify atMU are
beyond the scope of this paper, but I expect them to beh
in a similar way to the results below as long as the rat
amongM1 , M2 and M2 are moderate. Therefore, for con
creteness and simplicity I will use the traditional bounda
conditions

m1/25M15M25M3 ; ~12!

A05A0t5A0b5A0t ; ~13!

m0
25mf

2 ~ for all f! ~14!

as a convenient parametrization of our ignorance regard
the true boundary conditions atMU . Each model is then
characterized by an overall gaugino mass scalem1/2 and ra-
tios B0 /m1/2, A0 /m1/2, andm0

2/m1/2
2 . In gaugino mass domi

nated models, one generally expects the effectiveB0 /m1/2,
A0 /m1/2 at MU to be negative and not too large in magnitud

In practice, the relation between the sign ofm and the
high-scale boundary conditions is accomplished by choos
m and b near the electroweak scale to produce corr
EWSB, running them up toMU , and then iterating to the
desired boundary conditions. I use 2-loop RG equati
@17,18# for all MSSM parameters. The conversion of sta
dard model modified minimal subtraction scheme (MS)
quantities to MSSM dimensional reduction (DR8) @19,18#
ones, and the relation between pole masses and running
rameters is accomplished using Ref.@20#. The conditions for
EWSB, the values ofvu andvd , and the physical masses o
Higgs scalar bosons are calculated using the full one-l
self-energy corrections plus the leading two-loop effect
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potential corrections, namely those proportional tog3
2 @21#

and those quartic inyt and yb @22#. The effective potential
minimization is performed at an RG scale equal to the g
metric mean of the stop masses. In this paper, values of tb
are always quoted as the ratio of running VEVs atMZ in the
non-decouplingDR8 scheme in Landau gauge, determin
by running according to the one-loop RG equations2 @23#

d

dt
ln~vu!5

1

16p2 F23yt
21

3

4
g2

21
3

20
g1

2G ; ~15!

d

dt
ln~vd!5

1

16p2 F23yb
22yt

21
3

4
g2

21
3

20
g1

2G ~16!

from the scale at which the effective potential is minimize
The largest uncertainties in the following come from n
knowing the precise values of the top and bottom qu
masses and the QCD coupling. I take central values and
lowed ranges as follows:

a3
MS~MZ!50.11860.003; ~17!

mb
MS~MZ!52.88116~0.1182a3!60.10 GeV; ~18!

mt
pole5174.368.0 GeV. ~19!

Here a3
MS and mb

MS are running parameters in the standa
model with 5 quark flavors. The range in the top quark m
is larger than that quoted in@24#, because of the theoretica
uncertainty in relating the top-quark Yukawa coupling to t
pole mass in supersymmetry.

The RG evolution of the dimensionless ratiob/mm1/2 is
given in Fig. 1~a! for an example gaugino-mass-dominat

2Note that the quantities on the right-hand sides of these equa
are the negative of the anomalous dimensions of the Higgs field
the component field formalism~in which auxiliary fields have been
integrated out! and in Landau gauge, and are not equal to the
perfield anomalous dimensions.
3-3



,
ec
o

ive
t

Th
g

ck

on
s

s
pe
f
le
e
e

-

e
-
e
a

ta
e

n-

. As
-

r-
e, a

n-
di-

-

a

ce in

ve

s of

-
rk
i-
re

in-
r

-
nes
se

to
wed.

STEPHEN P. MARTIN PHYSICAL REVIEW D 65 035003
model with A05B050 at MX5MU . ~The graphs shown
also usem1/25400 GeV, andm0

250, but they depend only
weakly on those choices.! With these boundary conditions
tanb is uniquely determined by the requirements of corr
electroweak symmetry breaking, so there is only one p
sible RG trajectory for the parameters of the model oncea3 ,
mb and mt are fixed. As shown,b/mm1/2 is negative along
most of its evolution towards the infrared, but turns posit
at a scale about two or three orders of magnitude above
electroweak scale. This can be explained as follows.
one-loop RG equations for the holomorphic soft couplin
following from Eqs.~7!, ~8! are:

16p2
d

dt
~at /yt!5

32

3
g3

2M316g2
2M21

26

15
g1

2M1

112atyt12abyb ; ~20!

16p2
d

dt
~ab /yb!5

32

3
g3

2M316g2
2M21

14

15
g1

2M1

112abyb12atyt12atyt ; ~21!

16p2
d

dt
~at /yt!56g2

2M21
18

5
g1

2M118atyt

16abyb ; ~22!

16p2
d

dt
~b/m!56g2

2M21
6

5
g1

2M116atyt

16abyb12atyt . ~23!

At high RG scales, gaugino masses are dominant, qui
driving each ofaf /yf and b/m to negative values in the
infrared. Continuing to lower RG scales, the dominant c
tributions to the beta function forb/m are the negative one
proportional toatyt , abyb andatyt . This forcesb/m posi-
tive before the electroweak scale is reached. There is a
nificant dependence on the top mass and a smaller de
dence on the bottom mass anda3, shown by the envelope o
dashed lines. Sinceb is positive near the electroweak sca
by convention, the sign ofm is the same as the sign of th
dimensionless quantityb/mm1/2. Because there is a uniqu
solution for tanb, the conclusion is thatm is inevitably posi-
tive.

The model shown in Fig. 1~a! predicts tanb should be
between about 10~for largermtop, corresponding to the up
per dashed line! and 24~for smallermtop, corresponding to
the lower dashed line!. It also predicts that a stau is th
lightest supersymmetric particle~LSP!, abandoning the pos
sibility of a supersymmetric source for the cold dark matt
This is easily corrected if the true input scale is higher th
MU , since the resulting RG effects are positive on s
masses and negative on the bino mass, for a fixed valu
m1/2. An example of the effect of this onb/mm1/2 is shown
in Fig. 1~b!, for which the scale at which the boundary co
ditions ~10!–~14! with m05A05B050 is moved up to the
reduced Planck scaleMP. For simplicity, no new particle
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thresholds are introduced at the apparent unification scale
before, the running ofb/m renders it positive at the elec
troweak scale, implying again thatm must be positive. In this
ultraconservative version of the MSSM with no new pa
ticles and gaugino mass domination at the Planck scal
b-ino-like neutralino is the LSP.

More generally, for given RG trajectories of the dime
sionless supersymmetric parameters, the running of the
mensionless quantityb/mm1/2 is determined uniquely by its
boundary conditionB0 /m1/2 and that of the scalar cubic cou
plings, A0 /m1/2 at MU . This can be checked from the form
of Eqs. ~7!,~8!. The effect on the sign ofm can be roughly
stated as follows. LoweringA0 /m1/2 tends to make the bet
function forb/m more negative, makingb/mm1/2 more posi-
tive at the weak scale, thus increasing the parameter spa
other variables for whichm must be positive. Lowering
B0 /m1/2 will have the opposite effect, since for very negati
B0, only negativem can rescueb/m to make it positive near
the electroweak scale. Therefore, one can map out region
theB0 /m1/2 versusA0 /m1/2 which predict thatm is definitely
positive, definitely negative, or can have either sign.

Figure 2 shows the region for whichm can be positive,
for m1/2,400 GeV and 0,m0

2/m1/2
2 ,1. In making this

graph, all values of tanb which maintain perturbative cou
plings up toMU are allowed, and the top and bottom qua
masses anda3 are allowed to vary over the full ranges ind
cated in Eqs.~17!–~19!. All charged sparticle masses a
required to be heavier than 100 GeV. The shaded region
dicates where no solution withm.0 can be found. Smalle
values of tanb correspond to points with largerB0 /m1/2,
while the largest allowed tanb values occur near the bound
ary of the unshaded region. Several example model li
with fixed tanb53,6,10,20,30,40,50 are also shown; the
were computed withm1/25350 GeV,m0

2/m1/2
2 50.5 and cen-

tral values for the top and bottom masses anda3. I have also

FIG. 2. The region of theB0 /m1/2 vs A0 /m1/2 plane which al-
lows m.0 is unshaded. Boundary conditions are imposed atMU

5231016 GeV, with gaugino masses restricted bym1/2

,400 GeV and scalar masses in the range 0,m0
2/m1/2

2 ,1. All val-
ues of tanb leading to correct EWSB, perturbative couplings up
MU , and charged superpartners heavier than 100 GeV are allo
Example models lines are shown for tanb53,6,10,20,30,40,50
~from top to bottom!, with m1/25350 GeV,m0

2/m1/2
2 50.5.
3-4
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indicated by dashed lines those models for which the ligh
CP-even Higgs boson massmh calculated as indicated
above comes out lighter than 112.5 GeV, for rough comp
son with CERNe1e2 collider ~LEP2! limits. ~Even with full
one-loop and leading two-loop calculations, it can be e
mated from scale-dependence considerations that there
least a 2 GeV uncertainty in the calculatedmh .)

In contrast, Fig. 3 shows the region which allows negat
m under the same assumptions. As suggested by Fig.~a!,
there is a significant neighborhood of the pointA0 /m1/2
5B0 /m1/250 which cannot support negativem. Here, this is
shown to be true for any values ofm1/2,400 GeV and 0
,m0

2/m1/2
2 ,1 and with top and bottom quark masses anda3

allowed to vary over the entire ranges indicated in Eqs.~17!–
~19!. Models which approach the border of the allowed
gion with m,0 turn out to have intermediate values of tanb
~typically between 10 and 25!, while smaller or larger tanb
models have larger negativeB0 /m1/2.

The regions in Figs. 2 and 3 allowed for positive a
negativem have a significant overlap. This represents a t
ambiguity in the sign ofm, even in models for which the
boundary conditions for the soft supersymmetry break
couplings are fully specified, and even if the QCD coupli
and physical top and bottom masses were known with a
trary accuracy. To illustrate this, Fig. 4 shows solutions
tanb as a function of a single varying parameterB0 /m1/2,
with fixed A0520.75m1/2, m1/25400 GeV andm0

2/m1/2
2

50.5 anda3 , mb and mt taking there central values. Fo
B0 /m1/2*20.5, there is always only one solution for tanb,
corresponding to positivem. ForB0 /m1/2&20.7, m must be
negative, with two distinct solutions for tanb if 21.1
,B0 /m1/2,20.7. For the range20.7,B0 /m1/2,0.5, there
are three distinct solutions for tanb, one corresponding to
positive m, and two corresponding to negativem. This is
because different sets of Yukawa couplingsyt , yb andyt can
be chosen consistently with the known masses, with

FIG. 3. The region of theB0 /m1/2 vs A0 /m1/2 plane which al-
lows m,0 is unshaded. Universal gaugino masses are restricte
m1/2,400 GeV and universal scalar masses lie in the rang
,m0

2/m1/2
2 ,1. All values of tanb leading to correct EWSB, pertur

bative couplings up toMU , and charged superpartners heavier th
100 GeV are allowed. Example model lines are shown for vari
values of tanb, usingm1/25350 GeV,m0

2/m1/2
2 50.5.
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choice affecting the running ofb/m. For that range, the sign
of m cannot be unambiguously predicted.

The regions found above can be correlated with particu
models of gaugino mass dominance, depending on the ga
group aboveMU , how the MSSM sparticles fit into repre
sentations of that group, and what other particles are pres
At one loop order in the large-Ma limit, the RG equations for
the soft parameters are

16p2
d

dt
~b/m!54(

a
ga

2Ma@Ca~Hu!1Ca~Hd!#; ~24!

16p2
d

dt
~at /yt!54(

a
ga

2Ma@Ca~Hu!1Ca~ tL!

1Ca~ tR!#; ~25!

16p2
d

dt
~ab /yb!54(

a
ga

2Ma@Ca~Hd!1Ca~bL!

1Ca~bR!#; ~26!

16p2
d

dt
~at /yt!54(

a
ga

2Ma@Ca~Hd!1Ca~tL!

1Ca~tR!#; ~27!

16p2
d

dt
mf

2 528(
a

ga
2uMau2Ca~f!. ~28!

Here the indexa runs over gauge groups with Casimir in
variantsCa for the representations of the indicated field
Now, in principle these equations could be run down fro
the input scale to the scaleMU to get boundary conditions
The resulting one-loop contributions tob/m and af /yf are

by
0

n
s

FIG. 4. Solutions for tanb as a function ofB0 /m1/2, for m
.0 ~solid black! and m,0 ~dashed!. In each case, the boundar
conditions imposed atMU5231016 GeV areA0520.75m1/2, with
m1/25400 GeV andm0

2/m1/2
2 50.5. This illustrates that for a rang

of B0 /m1/2 ~here, 20.7 to 20.5), there are sometimes simulta
neously distinct solutions with positivem and negativem. For
largerB0 /m1/2, m is definitely positive, while for smallerB0 /m1/2,
m is definitely negative.
3-5
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STEPHEN P. MARTIN PHYSICAL REVIEW D 65 035003
negative, implying that at the scaleMU we should be in the
lower left quadrant of Figs. 2 and 3. However, to evalu
these in detail would require a clairvoyant knowledge of
theory above the apparent unification scale. Furthermore
grand unified theory~GUT! models, large representation
generally render perturbation theory invalid belowMP. For
example, the minimal missing partnerSU(5) model gauge
coupling appears to have a Landau pole if extrapolated
two-loop order, and appears to have an ultraviolet-sta
fixed point at three- and four-loop order@25#. The same state
ment holds forSO(10) models with large representation
The true UV behavior of such theories is unknown. Even
models which do not have non-perturbative or Landau-p
behavior in the gauge couplings, it doesnot follow that per-
turbation theory for non-holomorphic scalar squared mas
is reliable. In fact it is commonplace for two-loop contrib
tions to non-holomorphic scalar squared masses to o
whelm the one-loop contributions even if the gauge c
plings remain perturbative. Another complication is th
higher loop corrections are not linear in quadratic Casi
invariants forb/m or af /yf .

However, one can still use Eqs.~24! and ~27! to get a
rough idea of what to expect for the ratios ofaf /yf to b/m at
MU , at least in the limit of perturbative couplings and sm
particle content. For example, if the GUT gauge group isE6
with all MSSM chiral superfields in27 representations, the
one finds thatA0 /B053/2 if one neglects higher loop effect
If the GUT group isSO(10) with Hu andHd in a 10 and top,
bottom and tau in a16, then@26,11# A0 /B057/4. In the case
of SU(5) with Hu andHd in 515̄ and standard assignmen
for MSSM quarks and leptons, there is a different ‘‘A0’’ for
top and bottom and tau, with@26,11# A0t /B052 and
A0b /B05A0t /B057/4. The model dependence tends to ca
cel out of those ratios even beyond leading order. For o
non-unified gauge groups, one can make the approxima
that the gauge couplings and gaugino masses aboveMU are
nearly the same. ForSU(4)3SU(2)L3U(1)R , that would
imply A0 /B0523/8. Similarly, with the MSSM gauge grou
SU(3)C3SU(2)L3U(1)Y , with all gauge couplings and
gaugino masses taken as equal aboveMU , one would find
A0t /B0523/9 andA0b /B0522/9. This naive estimate from
counting Casimir invariants actually agrees reasonably w
with values obtained atMU for the slightly different situation
depicted in Fig. 1~b!, in which all couplings were assumed
run up toMP independently according to their MSSM R
equations; there I found numerically at two loops th
A0t /B0'A0b /B0'2.6. Although these ratios can be mod
fied by many model-dependent effects, one can t
them as suggestive scenarios; respectively, ‘‘E6-like,’’
‘‘ SO(10)-like,’’ etc. Summarizing:

~A0t /B0 ,A0b /B0!55
~1.5,1.5! E6-like

~1.75,1.75! SO~10!-like

~2.0,1.75! SU~5!-like

~2.56,2.44! MSSM-like

~2.88,2.88! SU~4!-like.

~29!
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These considerations are compared to the preceding ge
results in Fig. 5, which divides theB0 /m1/2 vs A0 /m1/2 plane
into three regions. In the upper unshaded region includ
A05B050, the sign ofm is definitely positive. In the lower
unshaded region, the sign ofm is definitely negative. In the
intermediate shaded region, the sign ofm can be either posi-
tive or negative, depending on the values of supersymme
dimensionless couplings. The extent of this region was ma
mized by scanning over the full allowed range of top a
bottom masses and QCD coupling, as in Eqs.~17!–~19!, as
well as including allm1/2,400 GeV and 0,m0

2/m1/2
2 ,1.

~The region will grow very slowly as the maximum allowe
m1/2 is increased.! Also shown are lines corresponding to th
boundary conditions of the different types of models as
scribed above. In the MSSM-like andSU(5)-like cases,
A0t /B0 andA0b /B0 andA0t /B0 are slightly different, so the
more important factorA0t /m1/2 is used. We learn the follow-
ing general lessons. First, if theMX→MU corrections are not
too large, thenm must be positive in all cases. Second,
models with larger corrections, gauge groups in which
top and bottom quarks are in larger representations than
Higgs fields require positivem, while the highly unified
groupsE6 and SO(10) can sometimes allow either sign o
m.

Someday, the top-quark mass will be better known, and
relation to the top Yukawa coupling in supersymmetry mo
accurately computed. Furthermore, measurements of
sparticle spectrum will enable determination ofm1/2,m0.
Figure 6 depicts how the situation will improve, now assu
ing as fixed the present central value for the top quark m
with the one-loop supersymmetric corrections, andm0

2 equal
to 0.5m1/2

2 . As shown, the region in which the sign ofm is

FIG. 5. The B0 /m1/2 vs A0 /m1/2 plane is divided into three
regions, according to whetherm must be positive~upper unshaded!,
m must be negative~lower unshaded!, or m can have either sign
~shaded!. The top and bottom quark masses anda3 are allowed to
vary over the entire ranges indicated in Eqs.~17!–~19!. Universal
gaugino masses are restricted bym1/2,400 GeV and universal sca
lar masses lie in the range 0,m0

2/m1/2
2 ,1. All values of tanb lead-

ing to correct EWSB, perturbative couplings up toMU , and
charged superpartners heavier than 100 GeV are allowed. For c
parison, the approximate boundary condition ratio predictions
various model frameworks as described in the text are indicated
lines.
3-6
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not determined byA0 /m1/2 andB0 /m1/2 shrinks significantly
in this case compared to Fig. 5. It will shrink even more
tanb is measured. This represents a concrete benefit o
accurate measurement of the top-quark mass and coup
in testing our ideas of high-scale physics.

The fact that them-term is apparently of the same order
magnitude as the supersymmetry-breaking soft terms
major puzzle within the MSSM. Therefore one should qu
tion whether the origin of theb-term might be qualitatively
different from that of the other soft terms, so that the bou
ary conditionB050 should not be applied. However, th
origin of the b-term cannot be completely arbitrary, or el
one would expectCP-violating couplings in the neutralino
and chargino sector. In any case, with a theory for the or
of the b-term one can simply look at the plots above w
B0 /m1/2 displaced by the appropriate amount.

One general strategy for solving them problem relies on
replacing it by the VEV of an additional gauge singlet fie
@27#. This allows all dimensionful parameters to be bann
from the superpotential, which now includes instead of
m-term:

W52lSHu
0Hd

01••• ~30!

where the ellipses may refer to a self-coupling ofS and/or
couplings ofS to other non-MSSM fields. The correspondin
supersymmetry-breaking Lagrangian is

2Lsoft52alSHu
0Hd

01mS
2uSu21•••. ~31!

Consider the limit of smalll, so that the resulting theor
describes a nearly unmixed singlino and MSSM neutralin
Then whenS gets its VEV, one has effectively

m5l^S&; b5al^S&. ~32!

So all of the above analysis can be repeated withb/m re-
placed byal /l. The RG equations for the scalar cubic co

FIG. 6. As in Fig. 5, but now taking the top quark mass fixed
its central value, andm1/25400 GeV withm0

250.5m1/2
2 . The upper

unshaded region requiresm.0; the lower unshaded region require
m,0; the lighter shaded region allowsm of either sign; and the
black region at the right allows no solutions. This shows the
provement that could follow from knowing the top quark mass
curately and the sfermion masses with reasonable precision.
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plings are given by adding a term 2all to each of Eqs.
~20!–~22!, and replacing Eq.~23! by

16p2
d

dt
~al /l!56g2

2M21
6

5
g1

2M116atyt16abyb

12atyt18all ~33!

where the effects of other couplings ofS on its anomalous
dimension are omitted. The last term is just a damping te
and cannot change the sign ofal /l. In the limit of weakly
coupledS, the additional terms are inconsequential and
preceding analysis goes through without change. Of cou
one must still look at the details of the particular model
decide whether it can be viable.

The above results were obtained assuming that gau
masses are unified to a common valuem1/2 and that scalar
squared masses are unified tom0

2. The dependence on th
latter assumption is not very strong, as the non-holomorp
scalar squared masses mainly enter into the determinatio
the sign ofm through their influence on tanb, and all values
of tanb were considered. The assumption of gaugino m
unification is stronger, since non-unified gaugino masses
affect the running ofb/m andaf /yf in different ways. How-
ever, gaugino masses can be reconstructed with good a
racy from future measurements of gluino, neutralino a
chargino masses, so a similar analysis can be repeated fo
case that gaugino mass unification is badly violated. The
and bottom Yukawa couplings may well be modified fro
their extrapolated behavior at high mass scales, but the
pendence of Yukawa couplings on the RG evolution com
mainly from lower scales anyway in models of gaugino ma
dominance.

After the discovery of supersymmetry, it will be an im
portant challenge to connect measured properties of the
perpartners to candidate theories of supersymmetry break
In fact, there are already a couple of weak indirect hints fr
experiment which may suggest that if superpartners are
too heavy and gaugino masses have a common phase, thm
should be positive in the standard convention. First, it
often easier to accommodate constraints onb→sg within
simple model frameworks ifm.0 @28#. Second, the recen
measurement@29# of the muon magnetic dipole moment als
favors this sign@30,31# if tanb is not too small and super
partners are not too heavy. While caution is certainly cal
for before hailing the muong22 discrepancy as evidence i
favor of supersymmetry, it should be remembered that m
models withm,0 are ruled out by the data at a far high
confidence level. In any case, these considerations high
the importance of understanding the sign ofm as a conse-
quence of theory, rather than merely an input parameter.
have emphasized in this paper, the theory of the mechan
of supersymmetry breaking can predict the sign ofm in ad-
dition to the more obvious mass hierarchies in the spart
spectrum.

This work was supported in part by the National Scien
Foundation grant number PHY-9970691. I thank Grah
Kribs, Martin Schmaltz and James Wells for helpful conv
sations.
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