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We argue that supersymmetric grand unification of gauge couplings is not incompatible with 
small a., even without large GUT-scale corrections, if one relaxes a usual universal gaugino mass 
assumption. A commonly assumed relation Mz E rn;/3 is in gross contradiction with aa x 0.11. 
Instead, a small a, favors Ms >> rn? If this is indeed the case our observation casts doubt on 
another commonly used relation MI N 0.5Mz which originates from the same constraint of a common 
gaugino mass at the GUT scale. One firm prediction emerging within the small as scenario with 
the unconstrained gaugino masses is the existence of a relatively light gluino below - 200 GeV. 

PACS number(s): lZ.lO.Dm, 12.6O.J~ 
I. INTRODUCTION 

One of the testing grounds for various models of grand 
unification is calculating the strong coupling constant 
a.(mz) using, as input, the experimental values of the 
electromagnetic coupling constant a and sin’ Bw, where 
0~ is the Weinberg angle. These calculations have been 
repeatedly carried out in different models and under dif- 
ferent assumptions (for recent reviews see, e.g., Ref. [l]). 
It has been shown, in particular, that the simplest grand 
unification based on the standard model (SM) and SU(5) 
gauge group leads to too small a value of the strong cou- 
pling constant ol.(mz) = 0.073 i 0.002 [2] and is, thus, 
ruled out [3]. In contrast, supersymmetric models geher- 
ally predicted oi.(mg) in agreement [3] with experimental 
data available at that time. 

A straightforward supersymmetrization of SM gives 
rise to the minimal supersymmetric standard model 
(MSSM) [4]. Actually, to fully specify the model one 
has to make an additional assumption about the pattern 
of supersymmetry (SUSY) breaking. The most popular 
mechanism is that of soft breaking in which one adds 
to the Lagrangian all possible soft SUSY-breaking terms 
and treats them as independent parameters. Such terms 
arise, e.g., when the MSSM is coupled to supergrav- 
ity [5]. This mechanism of generating soft terms is so 
deeply rooted that quite often in the current literature 
no distinction is made between the MSSM per se and the 
MSSM plus the assumptions of the minimal supergravity- 
based SUSY-breaking. In fact, an overwhelming major- 
ity of papers devoted to even purely phenomenological 
studies of the MSSM assume some (but typically not all) 
relations stemming from minimal supergravity, e.g., the 
relation between the mass parameters of the gauginos of 
SU(2) and U(1). 

Encouraged by early studies [3], many authors (see, 
e.g., Refs. [6-g]) then studied unification in the context 
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of the MSSM coupled to minimal supergravity. The set 
of SUSY-breaking terms generated this way is quite re- 
strictive. In particular, in the context of minimal N = 1 

supergravity the masses of all gauginos, gluinos of SU(3), 
TV-inos of SU(2), and the B-ino of U(l), turn out to 
be the same at the Planck scale. Similarly, the soft 
mass parameters of all squarks and sleptons are equal 
at that scale. In this restrictive model, which was called 
constrained MSSM (CMSSM) [8], one assumes univer- 
sal masses for all the gauginos (ml/z) and all the scalars 
(mo) at the grand unified theory (GUT) scale, and of- 
ten additionally imposes a mechanism of radiative elec- 
troweak symmetry breaking (EWSB) [lo]. Accepting 
these assumptions one arrives at quite definite predic- 
tions for the spectra of masses of the model at the weak 
scale and for a.(mz). For example, the gluino turns 
out to be roughly three times heavier than W-ino [4]. 
Furthermore, a.(mz) generally decreases with increas- 
ing rnllz and mo. Restricting m1/2 and mo (or alter- 
natively all the masses) below roughly 1TeV leads to 
a.(mz) 2 0.12 [S, 21. For example, an updated analysis 
of Ref. [ll] quotes a,(mz) = 0.129 f 0.008. The theo- 
retical error here is mostly due to uncertainty associated 
with the so-called threshold corrections at the GUT and 
low (SUSY-breaking) scales and higher-dimensional non- 
renormalizable operators (NRO’s) in the GUT scale La- 
grangian. The above prediction for a,(mz) was consid- 
ered as a great success and the strongest evidence in favor 
of the MSSM in light of the fact that, as was believed, 
the direct measurement of the strong coupling constant 
at the CERN e+e- collider LEP and SLAC Large Detec- 
tor (SLD) yields a,(mz) = 0.125 i 0.05 [12]. 

Recently it has been pointed out, however, that QCD 
cannot tolerate such a large value of the coupling con- 
stant [13]. A wealth of low-energy data indicates that 
a.(mz) must be very close to 0.11 [14], three standard 
deviations below the alleged LEP or SLD value. A the- 
oretically clean method of determining a. by extract- 
ing a. from deep inelastic scattering (DIS) [15] gives 
a.(mz) = 0.112 f 0.005. Another reliable approach is 
using [ZO, 211 (Euclidean) QCD sum rules. The observa- 
tion of Ref. [13] motivated a new analysis of the T sum 
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rules 121) claiming the record accuracy achieved so far: 

a,(mz) = 0.109 f 0.001. (1)’ 

Similar values are obtained in lattice QCD: cra = 
O.llO;tO.O06 (cEspectrum) [IS] and 0.115f0.002 (bb spec- 
trum) [li’]. The apparent clash between the low-energy 
determinations of the strong coupling constant and those 
at the 2 peak may be explained (see, e.g., Refs. [18,19, 
34,131) by contributions going beyond SM which were 
not taken into account in the global fits. It should be 
stressed that the two scenarios, large ab versus small a,, 
cannot coexist peacefully, as it is sometimes implied in 
the current literature. Our starting point is the assump- 
tion that the large a. option [22], inconsistent with cru- 
cial features of QCD, will eventually evaporate and the 
value of the strong coupling constant at rnz will stabilize 
close to 0.11. (In fact, in Ref. [23] it has been argued that 
the systematic error usually quoted in the LEP number 
is grossly underestimated, and that at present LEP ex- 
periments can only claim 0.10 5 a,(mz) 5 0.15.) 

The question arises whether grand unification within 
the framework of the MSSM can accommodate small 

a, a 0.11. This study addresses this question. Our task 
is to sort out assumptions (sometimes implicit) which aire 
inevitable in analyses of this type and to find out which 
assumptions of the CMSSM absolutely preclude one ~?om 
descending to small a.(mz) and, therefore, have to be 
relaxed. 

There are several possible ways to reconcile the pre- 
diction for a,(mz) in supersymmetric grand unification 
with a,(mz) x 0.11. One is to remain in the context of 
the CMSSM with strict gauge coupling unification but to 
adopt a heavy SUSY scenario with the SUSY mass spec- 
tra significantly exceeding 1 TeV. This scenario would not 
only put SUSY into both theoretical and experimental 
oblivion but is also, for the most part, inconsistent with 
our expectations that the lightest supersymmetric parti- 
cle (LSP) should be neutral and/or with the lower bound 
on the age of the Universe of at least some 10 billion 
years [S]. Another possibility is to invoke large enough 
negative corrections due to GUT-scale physics. The issue 
has been reanalyzed very recently [ll, 2&26]. Under a so- 
called no-conspiracy assumption it was found in Ref. [11] 
that a,(mz) > 0.12. Relaxing this assumption one Can, 
in principle, construct models of the CMSSM with large 
negative contributions coming from GUT scale tbnsh- 
old corrections and the NRO’s which could decrease the 
value of a,(mz) by N 10% 111,241. (Alternatively, one 
can entertain the possibility of an intermediate scale [27] 
around 10” GeV whose existence is motivated by other 
reasons. In this case, however, many more unknowns af- 
fect the running of the gauge couplings and one cannot 
really talk about predicting a,(mz).] Although it may 
well happen that the GUT-scale and NRO corrections are 
negative and large, the guiding idea of grand unification 
becomes less predictive. Indeed, by appropriately com- 
plicating GUT-scale physics one could, perhaps, achieve 
gauge coupling unification even in the standard model. 

Below we want to point out an alternative mecha- 
nism of lowering aa( which does not require GUT 
scale corrections abut does not exclude them either. We 
will adopt a down-to-earth, purely phenomenological at- 
titude, with no assumptiops about mechanisms of SUSY 
breaking. We do not assume N = 1 supergravity, nor any 
mass relations associated with this scheme, for instance, 
the equality of the gaugino masses at the GUT scale. In 
the traditional approach, one does assume not only the 
existence of an underlying GUT gauge group but also a 
rather specific mechanism of generating soft masses by 
coupling the MSSM, or its parent GUT model, to N = 1 
supergravity where local SUSY breaks via a gaugino con- 
densate in the hidden sector. In this scenario gaugino 
masses at the GUT scale are equal. This mechanism 
may be considered by some as most attractive but it is 
certainly not the only one possible. In particular, one 
can imagine breaking SUSY in the visible sector below 
the GUT scale, in which case the gaugino masses at the 
GUT scale are zero and at the electroweak scale they 
are a priori unrelated [28]. If no theoretical scheme for 
the mass generation of SUSY partners is specified one is 
he to consider any values of these masses. Our task is 
to try to find out what pattern of masses may be pre- 
ferred by phenomenology. We consider the MSSM and 
limit ourselves to a ‘minimal set” of assumptions: (i) all 
gauge coupling constants are exactly equal to each other 
at the GUT scale; (ii) the SUSY-breaking terms do not 
significantly exceed 1 TeV. 

We will show that by relaxing the CMSSM to the 
MSSM one can easily descend to u,(mz) z 0.11. The 
only effect which is actually important in dramatically re- 
ducing the minimal value of a,(mz) is untying the gluino 
and W-ino masses. One tim conclusion is a relatively 
light gluino (in the ballpark of 100GeV and typically 
below 200GeV) and a relatively heavy W-ino (at least 
a few hundred GeV), i.e., a relation opposite to the one 
emerging in the CMSSM and, more generally, any see- 
nario with universal gaugino masses. This summarizes 
our main results. 

II. CALCULATING a&&) 
FROM GRAND UNIFICATION 

A. Procedure 

The procedure for predicting as(m.z) assuming gauge 
coupling unification has been adequately described in the 
literature (see, e.g., Ref. [S] and references therein), and 
we will only summarize it briefly here. The strategy is 
simple: the coupling constants (~1 and a~ (which are 
known more accurately than as) are evolved eom their 
experimental values at mz up to the point where they in- 
tersect (which thus defines the unification scale Mx and 
the gauge strength ax). At that point one identifies a, 
with 01x and runs it down to mz, thus predicting the 
value of a,(mz) as a function of input parameters. One- 
and two-loop corrections are taken into account. 

The renormalization group equations (RGE’s) for the 
gauge couplings are given by 

dcq 
dt = &f + two loops, 
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where i = 1,2,3, t = log(Q/mz) and al G $a,. The one-loop coefficients bi of the /3 functions for the gauge couplings 
change across each new running mass threshold. In the MSSM they can be parametrized as [6,29,8] 

(5) 
In Eqs. (3)-(5)_H stands for the (mass degenerate) 

Higgsino fields, W for the W-inos, the partners of the 
SU(2) gauge bosom (rn@ = A&), and c stands for the 
gluino, all taken to be mass eigenstates in this approxima- 
tion. Also, in this approximation Hz stands for a heavy 
Higgs boson doublet, as explained in Ref. [S]. (The full 
two-loop gauge coupling fl functions for the SM and the 
MSSM which we use in actual calculations can be found, 
e.g., in Ref. [30].) 

Equations (3)-(5) represent so-called leading logarith- 
mic approximations and involve some simplifications. 
However, as we will argue later, it will be sufficient to 
present the basic points of our analysis and answer the 
question how low one could descend in the values of 
cr,(mz) assuming only strict unification of the gauge cou- 
plings in the MSSM. 

The prediction for a,(mz) depends on the adopted 
values of the input parameters: a, sin’Bw(mz), and 
mt. It also receives corrections from the two-loop gauge 
and Yukawa contributions, scheme dependence [modified 
minimal subtraction (MS) versus dimensional reduction 
with modified minimal subtraction (m), mass thresh- 
olds at the electroweak scale and, finally, the GUT-scale 
mass thresholds and NRO contributions. We will discuss 
these effects in turn now. 

The input values of al and az at Q = mz can 
be extracted from the experimental values of cr(mz) 
and sin’ Bw(mz). For the electromagnetic coupling we 
take [31] 

a(m) = 
1 

127.9 f 0.1’ 

Recently, three groups have reanalyzed a(mz) 1321 and 
obtained basically similar results: a(mz)-’ = 127.96 zt 
0.06 (Martin and Zeppenfeld), 127.87 f 0.10 (Eidelman 
and Jegerlehner), and 128.05 f 0.10 (Swartz). Adopt- 
ing even the largest (central) value of Swartz would shift 
a,(mz) up by only 0.001 [ll]. 

The range of input values of sin’Bw(mz) is rather 
critical. This sensitivity is due to the fact that m(Q) 
does not change between Q = mz and the GUT scale 
Q = Mx as much as the other two couplings. Thus, a 
small increase in sin’ &(mz) has an enhanced (and neg- 
ative) effect on the resulting value of a.(mz). Following 
Ref. [ll] we assume [33] 
sinsOw = 0.2316 f 0.0003 - 0.88 x lo-‘GeV’ [rn,’ - (160 GeV)‘] (7) 
Moreover, the global analysis of Ref. [34] implies that 
in the MSSM mt = 160 i 13GeV. Recently, both the 
Collider Detector at Fermilab (CDF) and DO Collabora- 
tions have reported discovery of the top quark and quoted 
somewhat higher rnam ranges: mt = 176 f 8 i 10 GeV 
(CDF) [35] and mt = 199 f 20 f 22 GeV (DO) [36]. Such 
high (central) values of mt would lower Sin2 6’w(mz) and 
increase a,(mz) by 0.002 and 0.005, respectively. 

Including the two-loop terms in the RGE’s increases 
a,(mz) by about 10%. There are two types of contri- 
butions to a,(mz) at the two-loop level. Pure gauge 
terms yield Aa, = 0.012 if one assumes SUSY in 
both one- and two-loop coefficients of the 0 function all 
the way down to Q = mz. This is the most impor- 
tant correction to the one-loop value of a.(mz). If, in- 
stead, the two-loop coefficients of the pure gauges part 
are changed to their SM values at Q = 1 TeV, one finds 
an additional shift Aa. c 0.0007. Since this shift 
is negligibly small we keep the two-loop coefficients SU- 
persymmetric all the way down to mz. Corrections due 
to the Yukawa-coupling contribution to the RGE’s are 
also small, although negative [ll]. In the limit of large 
top Yukawa coupling (ht N 1, hb N 0 N h,, as in the 
small tanP N 1 scenario) one finds Aa, = -0.0015 
while even in the extreme case of the large tan@ scenario 
(ht N hg N h, N 1) Aa. = -0.004, in agreement 
with Ref. [ll]. 

Above Q = 1TeV we also change from the conven- 
tional MS scheme, that we use throughout this paper, to 
the fully supersymmetric i5ii: scheme. The corresponding 
shift in a.(mz) is about 0.0002 and is negligible numer- 
ically [2,8,29]. 

Before proceeding to discussing in more detail the con- 
tribution from one-loop threshold effects, a remark is in 
order on possible corrections from the GUT-scale mass 
thresholds and NRO’s. Since in this paper we look for 
an alternative way of lowering ol,(mz), we switch off 
all corrections fram the GUT-SC& physics whatsoever. 
As was noted previously [29,2,24,11] they are GUT- 
model dependent and, in principle, can be sizable. For 
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instance, according to Refs. [2,11] the corresponding ef- 
fect in or.(mz) can be as large as N 0.008, a factor of 2.5 
larger effect is needed, however, to ensure a.(mz) e 0.11. 
Building a fully elaborated and phenomenologically ac- 
ceptable model of this type seems to be a task for the 
future. 

What remains to be done is to explain our treatment of 
the mass thresholds at the electroweak and SUSY scales. 
We use the usual steplike approximation in the coeffi- 
cients of the p function, Eqs. (3)-(5). In the one-loop co- 
efficients the jumps occur at the positions of the mass,es 
of the individual particles while in the two-loop coeffi- 
cients it is sufficient, to our accuracy, to consider one 
jump at a common SUSY scale, as explained above. As 
a matter of fact, with no loss of accuracy, we take this 
scale in the two-loop coefficients to be lower than mz 
so that in our evolution ftom MX down to rnz we.treat 
the two-loop coefficients as fully supersymmetric. Also, 
the t quark is not frozen at mt in the two-loop coeffi- 
cients. It is well known that the steplike approximation 
is not absolutely accurate in the problem of the coupling 
constant evolution (see, e.g., Ref. [37] for a recent discus- 
sion), especially if the mass thresholds are rather close to 
rnz, a is the case with t quark. We find that the other 
thresholds are far less important, since, as we vary their 
positions, the effect of the variation mimics the nonlog- 
aritbmic corrections omitted in the step approximation. 
The error in a,(mz) due to the inaccuracy of our approx- 
imation of the a. evolution at mt is less than 1% and is, 
thus, unimportant. 

B. MSSM with gauge unification only 

The question we want to address is whether supersym- 
metric grand unification necessarily predicts large val- 
ues of a.(mz) > 0.12 as long as a1r SUSY masses are re- 
stricted to lie below 1 TeV. This is indeed the case in the 
CMSSM with additional assumptions of common gaug- 
ino mass and common scalar mass, as described in the 
Introduction. 

In order to track the role of these mass relations we 
begin by treating the masses of the different types of 
states as completely independent parameters. We choose 
to remain open-minded and not biased by any additional 
(even well-motivated) assumptions about the parameters 
involved, other than the basic idea of gauge coupling uni- 
fication. Thus, we assume no relation between squawks 
and sleptons, or between the gauginos. (Actually, the 
structure of supersymmetry alone forces certain relations 
FIG. 1. Dependence of or.(mz) on the mass of individual 
states entering the one-loop thresholds, as in Eqs. (3)-(5). 
The masses of all other states are set to either 100 GeV (dash) 
or 1 TeV (dots) and mt = 160 GeV. Also plotted (thick solid) 
is a?‘“(mz) - the lowest range of a. obtained by choos- 
ing other mass parameters in such a way as to minimize it (as 
in the last row of Table I). 

between sfermion masses and gaugino’ masses, thus dis- 
allowing, for example, very light squawks and very heavy 
gauginos 1381. We will see below that this; will not have 
any substantial effect on our results.) We also do not 
impose a mechanism of radiative electroweak symmetry 
breaking. We will see a posteriori that requiring EWSB 
will not change our conclusions significantly. 

In Fig. 1 we show a.(mz) as a function of the mass of 
each relevant type of state. We assume all other ma.sses 
to be degenerate and equal to either 100 GeV 01 1 TeV. 
Generally, we will treat all squarks and all sleptons as 
mass degenerate. The only exception to this rule will be 
the scalar top states, in and in. This is because their 
masses are typically expected to be significantly different 
from the other squarks and from each other. 

It is obvious from the form of the 0 functions, Eqs. (3)- 
(5), that the resulting value of u,(ma) will most sensi- 
tively depend on two parameters only: the gluino mass 
rn8 and the soft mass parameter Mz of the W-ino. The 
reasons are twofold: not only are their &function coeffi- 
cients among the largest but also they change only one 
out of the three bi’s, Figure 1 clearly confirms our expec- 
tation. Also, Table I shows ol.(mz) for several choices 
TABLE I. a.(mz) for several choices of mass parameters (assumed between 100 GeV and 1 TeV) 
and mt = 160 GeV. Last row displays the case for which the smallest a.(mz) was found. 

Mz rn; mi mi mi, mia 77&g mH1 a.(mz) 

100GeV 100GeV 100GeV 100GeV 100GeV 100GeV 100GeV 100 GeV 0.127 
500GeV 100GeV 100GeV 100GeV 100GeV 100GeV 100GeV 100GeV 0.118 

1 TeV 1Tev 1 TeV 1-v 1 TeV 1 TeV 1 TeV 1 TeV 0.118 
1 TeV 500 GeV 1 TeV 100 GeV 1 TeV 100 GeV 1 TeV 1 TeV 0.112 

1 TeV 100 GeV 1 TeV 100 GeV 1 TeV 100 GeV 1 TeV 1 TeV 0.106 
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of relevant parameters. The first four rows are meant to 
demonstrate the dependence of a&z) on Mz and rna. 

We are interested in the lowest possible values of 
a.(mz) allowed by (strict) grand unification. As it is 
obvious &om Fig. 1, minimization of a,(mz) requires 
minimizing rn,- and rni. while simultaneously maximiz- 
ing the masses of the W-ino, the sleptons, the Higgsino, 
and of the heavy Higgs bosons. We have also verified 
that, in order to minimize a.(mz), one should also set 
rn+ (rni,) at its lowest (largest) possible value. Since 
the “standard” prediction for a.(mz) emerging in the 
CMSSM is quoted above under the assumption that all 
sparticles are lighter than 1 TeV we accordingly restrict 
all the masses to that range. At the lower end we allow 
the masses to lie as low as 100 GeV. (Lowering tbis limit 
down to rnz would not noticeably change a.(mz) [40].) 
In the last row of Table I we show the lowest value of 
a,(mz) obtained by varying all the mass parameters 
between 100 GeV and 1 TeV. Experimental bounds on 
most of those states are still less than,mz. Even for rna 
and the masses of the squarks there are no inescapable 
lower bounds, other than roughly mz/2 from LEP [39]. 
(Very recently, the DO Collaboration [39] has published 
new improved limits: rn5 > 144GeV for any md and 
rn,- > 212GeV for rn? = rn+ Adopting these limits in 
the last row of Table I would increase a,“‘“(mz) by only 
0.002 and 0.003, respectively.) 

We also display in Fig. 1 ap(mz) (thick solid line) 
as a function of the mass of each individual state, while 
setting all the other masses as in the last row of Ta- 
ble I. It is clear that in general one can easily obtain val- 
ues of u&z) small enough to accommodate the range 
a&z) a 0.11 which we favor. Furthermore, cu&~) 
shows little dependence on the masses of the states other 
than the SU(2) and SU(3) gauginos. Therefore one ac- 
tually has considerable freedom in choosing the other 
masses as desired. This justifies our approach of as- 
suming all sleptons to be mass degenerate, and similarly 
with squarks. Furthermore, relatively weak dependence 
of a.(mz) on the mass of the Higgsino (which we approx- 
imate by the Higgs/Higgsino mass parameter p) shows 
that imposing EWSB would probably not lead to any 
strong increase in the lower bound on a,(mz). This is 
because the conditions of EWSB determine p in terms 
of (soft) Higgs mass parameters which influence a.(mz) 
even less. 

It is also evident from the gluino window of Fig. 1 
that the mass of the gluino is strongly confined to rather 
small values in the range of a few hundred GeV only. 
This is a distinctive feature and a strong prediction of 
our approach. The exact value of the upper bound on 
rn,- that one allows clearly depends on how large GUT- 
related corrections one assumes and also how large values 
of a,(ms) one is willing to accept. 

On the other hand, the W-ino mass parameter Mz 

should preferably be larger than rn;, contrary to what 
is commonly expected. This is clearly shown in Fig. 2 
where, in the plane (rn,-, Mz), we plot the lowest allowed 
values of a,(mz) found by assuming all other mass pa- 
rameters as in the last row of Table I. It is clear that 
a.(mz) z 0.11 favors relatively small rn,- and large Ms. 
FIG. 2. Contours of constant a?“‘(me) in the (rn;, Mz) 
plane. All other mass parameters are chosen so as to minimize 
a.(mz) (as in the last row of Table I) and mt = 160 GeV. 

C. Relating gaugino masses 

Among perhaps the most commonly assumed, and 
least questioned, relations are the canes between the mass 
parameters of the gauginos: 

Ml = ; tan’ 6’~ ~‘142 N 0.5M2, (8) 

a2 
Mz = ,ni N 0.37, (9) 

where the SUSY-breaking parameters A&, Mz and rn,- of 
the B-ino, the W&o, and the gluino states are evaluated 
at the electroweak scale. Virtually all phenomenological 
and experimental studies adopt at least the relation (8). 
Strictly speaking, however, both relations are not neces- 
sary in the context of the MSSM. They both originate 
corn the assumption that, in minimal SU(5) N = 1 
supergravity, the kinetic term of the gauge bosons and 
gauginos is equal to a Kronecker 6. Clearly, a priori this 
assumption is not an indispensable part of the MSSM. 

From our previous analysis ,it is evident that any addi- 
tional assumption relating the mawes of the W&o and 
the gluino will have a significant impact on the predic- 
tion of a,(mz). In Fig. 3 we plot am versus rn; 
for Mz = smz. We set all the other masses in such a 
way as to minimize a,(mz), as in the last row of Ta- 
ble I. We also show the lowest allowed a&z) (thick 
solid curve) as a function of rn; only by setting also 
Ms = 1 TeV. It is clear that the usually assumed ratio 
I N 0.3 forces a.(mz) above - 0.120. To be consistent 
with a,(nz) c 0.11 the ratio z > 3 is required. Tbis 

corresponds to Mz 2 9mc at the GUT scale. 
Furthermore, Fig. 3 shows that the mass of the gluino 

must again be rather small, rn,- < 300 GeV, in the ab- 
sence of large GUT-scale corrections, unless one allows 
for the W-ino mass parameter Mz significantly above 
1 TeV. 
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FIG. 3. &“‘“(mz) versus rni for several choices of I as- 
suming MS = sm,. AU other mass parameters are set 
in such a way as to minimize a.(mz) (as in the last row 
of Table I), except mt = 160GeV. For I = 0.3, the 
range rna < 157GeV corresponds to (W-ino-like) chargino 
lighter than about 47GeV excluded by LEP. For I = 3, 
rna < 333 GeV from requiring Mz < 1 TeV., As in Fig. 1 the 
thick solid curve represents ap(ms) - the lowest range of 
a,(mz) obtained by choosing mass parameters, other than 
rn;, in such a way as to minimize it (as in the last row of 
Table I). The value I c 0.3 represents the choice commonly 
made in the literature. 

The above considerations put into doubt also the re- 
lation (8), which has its root in the same assumption 
of the equality of all the gaugino masses at the GUT 
scale. It is true that the rnas parameter of the B-ino 
A41 does not enter Eqs. (3)-(5) and cannot be directly 
related to Mz ‘and rn,-. However, in the CMSSM the 
lightest neutralino almost invariably comes out to be an 
almost pure B-ino [7,8] and rn, N Ml. It is also an ex- 
cellent dark matter candidate. There are also stringent 
limits on the cosmic abundance of exotic particles with 
color and electric charges. Requiring that the lightest (B- 
ino-like) neutralino be lighter than the gluino, and thus a 
likely candidate for the pghtest supersymmetric particle 
(LSP) leads to Ml < SM-2 (or MI 5 $4~ at Mx), thus 
violating the relation (8) [41]. 

Many phenomenological and dark matter properties 
of the neutralinos depend on the relation (8). Relax- 
ing it may bear important consequences for neutralino 
detection in accelerators (42, 431 and in dark matter 
searches [42], as well as in placing bounds on other sparti- 
cles. Basically, the mass of the (lightest) &no-like neu- 
tralino is mx LI M1. Reducing the ratio Ml/M2 leads to 
lighter neutralinos. The region of the plane (p, Mz) (as it 
is usually presented) where x remains mostly &no-like 
actually increases somewhat [42]. Also, even rather light 
neutralinos with mass in the range 3 GeV to a few tens of 
GeV are in principle not excluded and possess excellent 
dark matter properties (&hi N 1) [42]. 

Finally, it is worth commenting that, even in the con- 
text of N = 1 supergravity one can relax the assump- 
tions (8) and (9) 144,451. This can be done by considering 
a general form of the kinetic term of the gauge and gaug- 
ino fields, rather than assuming it to be equal to unity. In 
this case one finds that the gauge couplings at MX need 
not be equal (thus making the GUT energy scale M,y 

somewhat ill defined) and, in general, relations among 
gaugino masses become arbitrary. If, however, one as- 
fumes Mx < mp,a,,~ then one finds, at Mx, mg/cu. = 

-qMz/az+ $MI/al [44]. In the limit in which the gauge 
couplings are only slightly displaced from each other at 

Mx we find (q+‘Gl,, N -4 + $(MI/~2),Mx. 0~5 

solution is the usual rn,- = Ms = MI. But there ex- 
ist also solutions to tbis relation which are consistent 
with small a,(mz), for example (q/Mg)l,, N 0.1 and 

W+W~x N 0.64, in agreement with what we have 
found above. Thus in principle it may be possible to rec- 
oncile a.(mz) zz 0.11 with some nonminimal versions on 
N = 1 supergravity. However, in specific GUT models 
coupled to N = 1 supergravity, it may be very difficult, 
if not impossible, to accommodate such a large nonuni- 
versality of gaugino masses while preserving almost exact 
gauge coupling unification [25,46]. In this type of sce- 
narios (even with general kinetic terms) the mechanism 
of lowering a,(mz) may play at best only a subdominant 
role. 

III. PHENOMENOLOGICAL CONSEQUENCES 

The version of supersymmetric grand unification con- 
sidered here leads to several distinct implications. One is 
the necessary existence of a relatively light gluino below 
N 200 GeV and preferably large W-ino mass parame- 
ter Mz. The likely violation of the commonly assumed 
relations (8) and (9) may lead to many important con- 
sequences for placing bounds on various sparticles and 
to more promising prospects for neutralino dark matter 
searches. 

Below we discuss how the existence of a light gluino 
affects possible solutions to the long-lasting anomaly of 
the Z + b6 width. Fwthermore. a. e 0.11 mav lead to 

I I 

a significant relaxation of the constraints on tanP from 
requiring &r mass unification. We discuss these points 
below. 

A. Consequences of light gluino 

If a,(w) N 0.11 does indeed require the gluino mass 
to lie in the ballpark of 100 GeV, as was argued above, 
the question which immediately comes to one’s mind is 
“what are other phenomenological implications of such a 
light gluino?” 

First and foremost, with this mass, the gluino must be 
accessible to direct searches at the Tevatron. Currently, a 
gluino mass range up to about 200 GeV is probed (391 but 
no firm assumption-independent bounds can be drawn. 
On the other hand, with the Main Injector upgrade, the 
Tevatron experiments will be able to probe rn,- in the 
range up to 300 GeV. If the gluino is indeed found be- 
low some 240 GeV and no (W&o-like) chargino is found 
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at LEP II up to some 80GeV, we will know that the 
relation (9) does not hold. 

Second, light gluinos propagating in loops make the 
corresponding radiative corrections more pronounced. 
They can then become important in understanding sev- 
eral facts where hints on disagreement between observa- 
tions and SM expectations were detected. The most well- 
known example of this type is the problem of cr. itself. As 
was noted in Refs. [47,48] the gluino exchange correction 
to the Zqq vertices is positive so that the gluino correc- 
tion enhances the hadronic width of Z, imitating in this 
way a larger value of a.. Figure 2 of Ref. [47] shows that 
the correction can reach N 0.4% in each quark channel 
provided that rn,- - 100 GeV and rn< N 70 GeV. With 
such a correction the value of a, measured at the Z peak 
slides down by - 10% solving the problem in full. 

On the other hand, it seems extremely unlikely that 
the very same mechanism may be responsible for the al- 
leged enhancement in the b6 channel. Indee{, if we take 
the central value for the experimental Z + bb width, the 
excess over the theoretical expectation amounts to N 7 
MeV [l], a factor of 5 larger than the excess produced by 
the gluino correction above. One would have to descend 
to unacceptably low squark and gluino masses to get this 
factor of 5. Recently, another possible solution of the 
Rb problem was suggested in Ref. [49]. In this work the 
mass parameters of the MSSM were also considered as a 
priori unrelated. It was shown that, in order to induce 
large enough SUSY correction to reconcile the measured 
value of Rb with the SM prediction, a relatively light (be- 
low roughly 80 GeV) Higgsino-like chargino is required. 
The authors also need at least one top squark with a 
significant & component in the same mass range. In 
order to examine what predictions for a.(mz) this sce- 
nario leads to we have set the Higgsino mass parameter 
/I and rni, at mz, and chosen all other mass parameters 
in such a way as to minimize a.(mz), as before. We find 
a.(mz) 2 0.11. 

Another problem where the relatively light gluino can 
help is the deficit of the semileptonic branching ratio in 
B mesons and the charm multiplicity [50]. Theoretical 
calculations of these quantities are at a rather advanced 
stage now. Both perturbative and nonperturbative ef- 
fects have been considered. The most detailed analysis 
of the nonperturbative effects is carried out in Ref. [SO], 
with the conclusion that they can be essentially neglected 
in the problem at hand. As for perturbative calculations, 
they have been repeatedly discussed in the literature. 
(See, e.g., recent papers [51,52] and references therein.) 
The theoretical prediction turns out to be rather sensi- 
tive to the choice of the value of a. and the normaliza- 
tion scale @ relevant to the process. Smaller values of 
p and larger values a, tend to enhance the nonleptonic 
width and, thus, lower the prediction for the semileptonic 
branching ratio. On the contrary, larger values of p and 
smaller cra suppress the nonleptonic width and enhance 
the branching ratio. The theoretical prediction can be 
made marginally compatible (521 with the data on the 
semileptonic branching ratio [53] provided that a. is cho- 
sen on the high side and p on the low side. At the same 
time, if a,(mz) c 0.11 the prediction for B,l(B) does 
not fall lower than 11.5% [54], while the corresponding 
experimental number is (10.43 i 0.24)% [53]. Moreover, 
no reasonable choice of the parameters above allows one 
to eliminate a very substantial deficit in the charm mul- 
tiplicity. 

Both discrepancies evaporate if the B nonleptonic de- 
cays receive a contribution from the b -i s + gluon tran- 
sition, at the level of N 15% of the total width. Then the 
theoretical prediction for B,l(B) shifts down to 10.4%; 
simultaneously, the charm multiplicity turns out to be 
within error bars. As was observed in Ref. [55], in super- 
symmetric models such a transition can naturally arise, 
with the right strength, if the gluino and squark masses 
lie in the 100 GeV ballpark. What is important is that the 
additional graphs giving rise to b + s + gluon transition 
do not spoil the b + s + photon transition. Indeed, the 
ratio of the photon to gluon probabilities is (Q~cY)/(cu.~~) 
where Qd = l/3 is the down quark electric charge, and 
TJ is a numerical factor including, among other effects, 
an enhancement of the b + s + gluon transition due to 
the gluon radiative corrections. According to Ref. 1551 
7 - 2.5 to 3. With ab c 0.11 the ratio is close to 10e3. 
This means that the b + s + gluon transition can well 
contribute at the level of 15%; the corresponding contri- 
bution to the b -i s-y is at the level of 10m4, which is 
quite acceptable phenomenologically [56]. 

B. &r unification 

It has been argued that, in the MSSM alone, with no 
additional mass relations, the requirement of strict b-7 
rnas~ unification can only be achieved in a relatively very 
narrow region of the (rn*, tan@ plane for a wide range 
of a,(mz) [57,58]. However, if a.(mz) is small N 0.11, 
the above strong relation between tanp and 7nt can be 
significantly relaxed provided that strict unification con- 
dition hb/h, = 1 at the GUT scale is somewhat reduced 
(- 10%) [58,59,8]. GUT-scale uncertainties of this size 
are actually typically present in GUT’s [58]. 

We want to stress, however, that the running of ha/h, 

is most sensitive to (Y. at large Q close to the GUT scale. 
In order to relax the relation (tanp-mt) one therefore 
needs smaller values of a. close to the GUT scale. This 
can be achieved by invoking large enough GUT scale cor- 
rections but not by the mechanism considered here. 

IV. CONCLUSIONS 

The observation that the gauge coupling constants, 
which look so different at the electroweak scale, evolve 
and converge at a scale somewhat smaller than the 
Planck mass was crucial in the original idea of grand 
unification [60]. Later on, with more accurate data and 
more precise calculations available, it turned out that the 
gauge couplings do not intersect at one point. The fact 
that we are off by only a relatively very small amount 
is very encouraging and shows that the original idea is 
viable, and only details must be adjusted. This first 
led people from the SM to the MSSM. This work con- 
cludes that, if a,(mz) is indeed close to 0.11, the gluino 
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must be rather light, rn; N lOOGeV, and thus accessible 
to present direct searches. It is also gratifying to note 
that, with the mass of the gluino lying in this ballpark, 
other problems (such as the Ra excess at LEP, a deficit 
of the semileptonic branching ratio of B mesons, etc.) 
might find their solutions as well. Finally, many studies 
of SUSY, including maas bounds on sparticles and dark 
matter searches, rely on the ma~s relations (8) and (9). 
This analysis provides arguments for relaxing them. 
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