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We make a complete analysis of radiative symmetry breaking in the MSSM and {& 8ktensions
including low- and high-energy threshold effects in the framework of the two-loop renormalization group. In
particular, we considaminimal SU(5), the missing-doubleSU(5), a Peccei-Quinrinvariant version of S(5),
as well as a version with light adjoint remnants. We derive permitted ranges for the parameters of these models
in relation to predictedrs and M values within the present experimental accuracy. The parameter regions
allowed under the constraints of radiative symmetry breaking, perturbativity, and proton stability, include the
experimentally designated domain fag. In the case of theninimal SU(5), the values ofeg obtained are
somewhat large in comparison with the experimental averagemi$ging-doubleSU(5), generally, predicts
smaller values ofr. In both versions of thenissing doubletthe high-energy threshold effects eq operate
in the opposite direction than that in the case of the minimal model, leading to small values. In the case of the
Peccei-Quinnversion, however, the presence of an extra intermediate scale allows us to achieve an excellent
agreement with the experimenta} values. Finally, the last considered version, with light remnants, exhibits
unification of couplings at string scale at the expense, however, of ratherdargmues.
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PACS numbefs): 11.10.Hi, 11.30.Qc, 14.80.Ly

I. INTRODUCTION pling ag and the unification scalM, as well as the com-
plete spectrum of new particles. The predicted strong
Supersymmetric unification, in the framework of super-coupling values can depend strongly on the high-energy
symmetric grand unified theorigSUSY GUT’s [1], or su-  thresholds. Thus, our analysis discriminates between the
perstrings[2], is in good agreemenit3,4] with the low-  various GUT models.
energy values of the three gauge couplings, known to the Our basic low-energy inputs are the boundary values of
present experimental accuracy, as well as with availabléhe gauge couplings in the dimensional reduction with modi-
bounds on the stability of the proton. The effective low-fied minimal subtractionDR) scheme8] a;=a1(My)|or
energy theory resulting from such a framework is a superand a,=a,(M;)|gr. Their values can be determined in
symmetric SU(3)x SU(2)_ X U(1)y model with softly bro-  terms of the Fermi consta@g=1.1663% 10° GeV 2, the
ken supersymmetry. The simplest model of that class is th&-boson masdV;=91.1884+0.0022 GeV[9], the electro-
minimal extension of the standard mod®ISSM) [1]. A magnetic couplmgaE,\,I 137.036, the bottom quark mass
most appealing feature realized in the MSSM is the breakingn,=5 GeV, the tau mass,=1.777 GeV, and the top quark
of the electroweak symmetry through radiative correctiongnass. We can write down the formulas
[5]. The Higgs boson mass squared parameters, although

positive definite at high energies, are radiatively corrected, as ~, 3 Mg

can be most easily studied by the use of the renormalization a, :gaEMCOSZ‘9 1-A,+ 2_| (Mz) Y

group, yielding a negative mass squared eigenvalue at low

energies which triggers electroweak symmetry breaking Ms

[6.7]. by '= aglsi?o| 1- A+ M| ( ) )
In the present article we study the radiative breaking of 27 \Mg

electroweak symmetry in the framework of @) SUSY

GUT’s. In addition to the standard low-energy inputswhereA,=0.0682+0.0007[10] includes the light quark and
(agm, Ge, Mz, ...) and thesoft-breaking parameters lepton contributions, and thHBR mixing angle is given by
(Mg, My, Ap), we have the thresholds of the superheavy

particles parametrized in terms of at least two more param- 172

ters My, M ). Ouroutput includes the st i?6 1|1 1 A @3)
eters Ms, My, ...). Ouroutput includes the strong cou- sifrf=-11—|1—
¢ 2 V2GeMZ(1-Ar)
*Electronic address: adedes@cc.uoi.gr The quantityAr will be given below. The scal® g appear-
Electronic address: alahanas@atlas.uoa.gr ing in Egs.(1) and(2) is not a physical scale but a conve-
*Electronic address: rizos@susy.he.sissa.it nient parametrization for the contribution of all sparticle and
$Electronic address: tamvakis@cc.uoi.gr heavy particles\,t,H "), defined as
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|
An additional useful parametrization scalés, relevant to a;(Mg)=a,(Mg)=ag(Mg)=ag. (10)

the strong coupling constant, is

2/37p 116y n 116, 1 1/3 1 1/3 1 116\ 1116y 1 1/3 1 1/3 2
Mg= MM M M, M “i,szl Mp, Ma, M di,zMg
<=
M%l/?:
(5
The quantityAr appearing in Eq(3) can be written a§11]
agm. Ms Hz7(M3)  TTyw0)
Ar :A,y_ _In_ 7 2
27 M; M2 M
+ Agy+ 8pQCP+ spHiss, (6)

IT,, andIl, stand for thez andW self-energies calculated
using dimensional reduction. The quantitysy stands for
standard model vertexbox corrections and is given By 2],

_ agy Incoséy,[7 5sirféy
AS"\"_4qrsin20[6Jr sifby |2 2
, 3cog by
_S|r129(5—m)H. (7)

In the last formula, by definition c88,,=M3/M2. The
pole mass ofV-gauge boson in Eq4) is related toM; by
M?Z,=M2pcos 6 where thep parameter is given by,

MMy Tz(M3)
Miy M3

p=1
+2—Iloop finite corrections.

8

We have explicitly written in Eq(6) the two-loop correc-
tions due to QCD and the Higgs calculated in Hé8].

Note that when we depart from the minimal supersymmetric
extension of the standard model and considef5%@xten-
sions of it the effect of the superheavy particles with masses
around the unification scaM ¢ has to be taken into account
in the evolution of the gauge couplings.

The soft supersymmetry breaking is represented by four
parameterdly, M5, Ay, andBg of which we shall consider
only the first three as input parameters and tiegl;), as
well as the Higgs mixing parametgr, as determined by the
one-loop minimization equations

2Bu

m+ma’

sin2B8=—

11

L M2, (M2 _ mi—matart 12
5[ ZH 1 z4( Z)]_W' (12

wherem?=m, +u?+3(AVy 000/ dv{, Note that cases in

which the above two equations are not satisfied, and thus

radiative symmetry breaking does not occur, are rejected.

The parametep=tan (v,/v,) is defined atM,. M in

Eqg. (12) denotes the experimentatboson mass. Thus, su-

persymmetry breaking is parametrized with the input param-

etersMg, My, Ag, B(Mz), and sgm(M;). We shall take

the simplest of boundary conditions ktg, assuming uni-

versality,
mi(Mg)=My, Mi(Mg)=Myp, Ai(Mg)=Aq. (13

We shall employ the full coupled system of two-loop renor-

malization group equationd 5] evolved fromMg down to

low energies. Since our purpose is to study the effect of

The low-energy value of the strong coupling constanthigh-energy thresholds in various extensions otSUt will

considered as an output is given by the forml4],

aglza;l(Mz)W_s:&;l(MzﬂﬁJfE—ZMM—Z-

9

The current experimental values of at Z pole extracted

be sufficient to obtain the parametéis; andM g, appearing

in the boundary values of the low-energy gauge couplings,
by calculating the spatrticle masses in the step approximation
[16]. However, we shall introduce finite part contributions
whenever they ara priori expected to be largel 7], such as
QCD caorrections to the top quark and gluino masses for in-
stance, etc.

from QCD experiments with various methods are presented Following the Particle Data Grou®], our basic experi-
in Table I[9]. R refers to the ratio of cross sections or partial mental constraints on supersymmetric masses as well as
widths to hadrons versus leptons and the values of strongliggs boson masses are shown in Table Il. These limits im-

coupling are in modified minimal subtractiddS renormal-
ization scheme. The average valueaqfgiven in Ref.[9] is
ag(Mz)=0.118+0.003.

pose stringent bounds on the extracted values,0f,) and
on heavy high-energy masses as we will see later.
The purpose of the present paper is to analyze the effect

The valueq1) and(2) will serve as low-energy boundary of high-energy thresholds on unification predictions in the
conditions for the corresponding two-loop renormalizationvarious SU5) extensions of the MSSM. Our goal is to com-
group equations. As high-energy boundary conditions for thelete previous existing analyses which either have not incor-
gauge couplings we shall impose unification at a scalgorated the constraints imposed by radiative symmetry

Mg:

breaking or have not considered the full range allowed for
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TABLE I. Values of (M) extracted from QCD experiments. TABLE Il. Experimental bounds on supersymmetric particles
and Higgs Bosons.
Process as(Mz)
- - - Particle BoundGeV)
Deep inelastic scattering 0.1120.006
R in 7 lepton decay 0.122= 0.005 Neutralinos
Rin Y decay 0.108+ 0.010 m,o (LSP) >23
Event shapes ie"e”~ annihilation 0.122 0.007 M9 >52
QQ lattice 0.115- 0.003 m,Q >84
Fragmentation 0.122 0.012 m,o >127
Jets at HERA 0.12t 0.012 Charginos
R in Z° decay(LEP and SLG 0.123+ 0.006 mye >45.2
Deep inelastic at HERA 0.126 0.014 mye >99
Sneutrino
ms >41.8
GUT parameters. In our consideration of supersymmetric Charged sleptons
versions of Sb) we have to take into account the con- Mg 2,7 >45
straints imposed by proton decay int§*v, through Squarks
dimension-5 operators. Assuming that this is the dominant mg >224
process, the proton lifetime [48-2Q Gluino
ma >154
— Higgs bosons
T(p—K v m >44
=6.9x10°" yr ma >24.3
. - 5 my >40
0.003 GeV0.67si2B)My_Tev™*
X = ,
BrAs(1+y™*)10" GeMVf(U,d)+f(U€)] IIl. MINIMAL SU (5)
(14
The standard superpotent{@1] in the minimal SY5) is
where My, is the effective color triplet mass in GeV, 1

1 _ _
B,~(0.003-0.08 GeV?, [1+y%[=04, and Ag  WTZMiTMED+ M THE) +MeHH +AHEH
:[al(Mz)/%(MG)]7/99[a3(Mz)/a5(MGUT)]_A/Q- The

17

function f(x,y) is defined as
X2 2 2
n _2)_ zy 2|n(y_2) .
mg/ y°—mg \mg SU(5) is spontaneously broken to SU(8BU(2)xU(1)
(15  when the adjoint Higgs bosor, develops a vacuum
expectation value (VEV) in the direction (3)=
VDiag(2,2,2;-3,—3). The resulting superheavy masses are

i — Loy .
+ﬁv;’d)wi¢jH+ZY'gu)«piqf,—H, ij=1,....,3.

1

f(XaY):mVNVXZTyZ m

and masses are in GeV. The current experimental limit is

MV:595V, MHC:5)\2V, ME:5)\1V (18)
m(p—K*v,)=10% yr. (16)
We have imposed the wusual fine-tuning condition
,=3\,V that gives massless isodoublets ldfH. The

In what follows, we choose the most conservative values OMassMg stands for the mass of the surviving color octet and

tK . .
Bn and|1+y'| which are 0.003 Ge¥and 0.4, respectively. isotriplet parts ofS. The leading contribution of these

An additional constraint that_W|II b_e imposed IS the ab- 1 asses to the8 function coefficients of the three gauge
sence of Landau poles on the dimensionless couplings of th

i 1dt=a3(b: . 2 = —
theory, or equivalently, the validity of perturbation theory Ié:lt)(tg/lmgi ?bgl /gt bg)l ib('jgtl)')g/;g i'sl L3t
(perturbativity of those couplings abovi®l g and up to the G/ AN3,F2 1 o
Planck scale. Although this is, in general, not a severe con- _ 2_M2)+ 2 w2y 2 a2
straint, it should be taken into account in the cases of ex- Abs=30(Q"=M3)+0(Q MHC) 46(Q°=My),
tended versions of SB) because of the existence of a large (19
number of massless particles abavig; [see, for instance, _ 2 1a2 2 .2
Fig. 3(c)]. This constraint is implemented through the nu- Ab;=26(Q°~M3)—60(Q°—My), (20)
merical solution of the one-loop renormalization grdiR) )
equations for the Yukawa couplings of 8)aboveM (see _c 2 n2 0y 2 n2
Appendiy. Aby =z 6(Q°—Mpy ) — 106(Q°~My). (21)
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Demanding perturbativity up tMp/\87=2.4x10"® GeV Minimal SU(5)
for the couplings appearing in Eql7), we are led after M.=M.. =max(M.M. M.}
numerically integrating the coupled system of (Slrenor- — M :

malization group equations, to the inequalities w-0sey
0.1335 4750 Gev 7
anB=2.5
My=2x10" GeV
N<1l4, A,<15, Y<1l5, Y,<14 (22
0.1325 |
at M. Note that although, in general, _ MSSM /s e
EN M, =(80-180) GeV ¢
F 01315 | ]
Mg=maxMy My Ms}, (23 \
/{
only the caseM ;=M can be realized under the combined 01305 |/ 1
constraints in our analyses. The case in which all superheavy 7
masses are equal, although allowed by the bounds given in myT T Proton decay bound i
Eq. (22), is the well-studied case of the MSSM. In the con- 0~12952; 31 33 39 13
text of the SW5) this requires the couplings; »,9s5 to be @) ' M, (10" GeV)
fine tuned according to E{18).
Our standard outputs are the values of the strong coupling Minimal SU(5)
as(M;) and the scaléM s where the couplings meet. The M, =M, ;=max (M, M,,.M_}
input values ofMgy, M4, and A, are always taken to be | ‘ ‘ ,
smaller than 1 TeV. It must be noted that in the figures we hoZuo0 Gev ey maonved by experimentalfimis
have chosen input values such that the acceptable region in  0.1325 —fo;§b5cﬁv
the (as-Mg) plane is the optimum one in the following Mﬂf=3}1§”§i@v
sense: We vary one parameter at a time while we keep the g

others constant. This is done for every input parameter, until

we reach the maximum acceptable area. In the figures _ o.315 r

shown, we have adopted for the mass of the top quark anz,

average value of the Collider Detector at Fermil@DF) 8

and D0[22] experimental resultay, =180 GeV. Note also

that variation of =5 GeV in m=180 GeV results in 0.1305

+0.0005 and+0.08<10' GeV on ag and Mg, respec-

tively. In addition, a variation of+0.0007 in the central

value of A, gives variation of+ 0.001 and+ 0.5x 10'® GeV

on as andMg, respectively. 01295 ; : : ” 5 "
The shaded areas of Figsaland Xb) represent the al- (b) M. (10" GeV)

lowed parameter space for the outpatgM,) andM . The o

results do not depend significantly &, andAy which have

been chosen to have the representative values shown. The :

allowed area shrinks with increasing ubecause of the Uvely, are varied.

proton decay bound. For smaller values the allowed area

shrinks because of the perturbativity\3{ M g) and the con- 1. MISSING DOUBLET MODEL

straint from radiative symmetry breaking. In Fig(al

we have .chosen a charac'Feristic value fg while we known as the missing doublet model. This mof&s], con-
have variedMy, through its allowed range of values g cted in order to avoid the numerical fine tuning required
(1.8-4.6X 10" GeV. Analogously, in Fig. () we have in the minimal SUS5), has instead of the adjoint GUT Higgs
taken My =3X10'® GeV, while we have variedMs field, a Higgs field in the75 representation as well as an
through the range of valug®.1-2x 10'® GeV. The values extra pair of Higgs doublets in thBO+ 50 representation.
of ag obtained are, in general, too large in comparison withThe superpotential is

the average experimental value. Making a parameter search,

we conclude that the lowest possible value that we can reach 1 .

in this model is close to=0.13Q. Nevertheless, therg are W=M1Tr(22)+§A1Tr(23)+)\2HE®+)\2HE®
processes$Table ) whose determined agrees in a limiting

sense with the smallest values in Fig. 1. It should be noted

that the effect of high-energy thresholds has made the access 1. B _

to the smaller values af, worse than that in the case of the +M,00 + ZY'(JU)\Ifi\I'jH + \/EY'({”‘P@J-H

MSSM. The general dependence @f is that it increases

with increasingMy , while it decreases with increasing

Ms . ij=1,...,3.(29

Region not allowed by proton decay bound

L L I

FIG. 1. (a), (b) ag(M,) versusMg when My, My, respec-

Let us now consider an extended version of the(3U
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Since the®,0 do not contain any isodoublets, only the col-

ored triplets obtain masses while the isodoubletd jH stay
massless. The vacuum expectation vadMEV)

1

238 = V| (3)R(3e)8 +2(8wR(Sw)E~ 5

5253—((%0)}
(25

leads to the masses

5. 4 Ms
M(3,1,§)=§M2, M(8,1,0)=?, M(8,3,0)=M2,

2 2

for the remnants of 5. The assignment of the quantum num-
bers refers to the group SU(I)SU(2)xU(1). We shall
assume that the parametdr, is larger than the GUT scale,

possibly of the order of the Planck mass. Otherwise, pertur-
bativity, as can be easily seen, cannot be satisfied. The

charge—3 color triplets inH,H and ®,0 will give one su-
permassive combination of maM;HC,=O(M2) and a light

combination of mass

9

32,0,
MHC—m( )(

2
32z &)
M

M, (26)

The mass paramet® s is related to the vector boson mass
through

My 5M; _(10/3)>\1_5\ﬁ(ﬁ) -
My 2155V 21555 3 V3l0s/’

The modifications in thg8 function coefficients are,
Aby=—46(Q°~MZ)+96(Q*~ M%)+ 6(Q?~ 0.8M%)
+1060(Q%—0.4M3)+36(Q?—0.2M3)
TO(Q?= MR )+ 6(Q° = M§ ) +346(Q*~M3),
(28)
Ab,=—66(Q?— M) +160(Q*—M3)

+66(Q*—0.£4M3%)+350(Q%—M3), (29

Ab;=—106(Q*~ M2)+100(Q?— 0.8M2)

2
+100(Q?—0.4M3) + g49(Q2— Mﬁc)

2 173
+50Q*=Mi )+ = 0(Q*-M)). (30

Perturbativity aboveM g, as in the case of minimal Sb),
leads us to the extra constraintsMg
N1<0.18, VY;<1.6,

Y,<1.5. (31
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Missing Doublet Model
M =M ;=max{M,,M, M.}
0.107 T T
n>0 GeV
A,=400 GeV
M =750 GeV
tanP=2.3
M,=10" GeV
0.106
~
g
=
0.105
Proton decay bound :
I
0.104 ! : : L
37 4.0 43 4.6 49
( M,,,(10" GeV)
Missing Doublet Model
M =M, =max{M,,M,.M;}
0.107 T T T
u>0GeV
A =400 GeV
M,=750 GeV
tanf=2.3 y
0106 L Ma=3r10"Gev

Region not allowed by experimental limits on
SUSY particles

N
2 0.105 ]
=
. M,,=(80-110) GeV
M =(0.05-0.19)x10" GeV
0.104 X i
Proton decay bound
0.103 ! L !
4 5 6 7
(b) Mgyr (10°° GeV)

FIG. 2. (a), (b) as(Mz) versusMg when My , M5, respec-
tively, are varied.

In this model, we obtain a stronger constraint »op and,
consequently, oMy , because of the fact that now we have
a larger-dimensional representati(fb).

Note that the model as it stands does not contain @ny
term. We assume, however, that a term is generated
through an independent mechanig24].

In Figs. 2a) and 2Zb), it can be seen that the values of
ag obtained are much smaller than the average experimental
value. We should note thats is pushed towards smaller
values because of the splittings withid that give a large
correction in the opposite direction than that in the case of
the minimal mode[23]. The maximum value ok that we
are able to obtain in thenissing doubletmodel is approxi-
mately =0.106. As we can see from Table I, there are still
QCD processes where the valuesxQfare in agreement with
the results of the missing doublet model. The heavy masses
My, and My are constrained to be in the regions

(2.6-5.0x 10" GeV and(0.05-0.19x 10'® GeV, respec-
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tively. Because of the fact that the extracted values oin Bounds, which come from perturbativity of couplings in
MSSM are greater than 0.13%or the inputs of Figs. @)  this model, are numerically similar to those of the previous
and Zb)], we do not display in Figs.(d) and Zb) the cor- one (see Appendix The extra coupling\3 obeys the con-
responding MSSM plane. Experimental limits on L8e  straintA3<2.7 atM.

Table Il) puts a lower bound on the universal soft gaugino It is evident from Fig. 3 that the values af, obtained for

masses such thal ;,,=80 GeV. the case of this model are in excellent agreement with the
experiment. The range of these val§6sl07-0.14Dcovers
IV. PECCEI-QUINN SYMMETRIC MISSING the experimental average value @f and lies between the
DOUBLET MODEL gap of theminimal SU(5) model and themissing doublet

model. This model possesses an additional parameter, the
The problem of proton decay through=5 operators, intermediate scalé,; which increases the values of;
that is present in the minimal §8) model, provided strong f

motivation to construct versions of $&) with a Peccei-
Quinn symmetry[25] that naturally suppresses these opera
tors by a factor proportional to the ratio of tReccei-Quinn
breaking scale over the GUT scdlg6]. A Peccei-Quinn
version of the missing doublet $8) model requires the dou-
bling of 5+5 and 50+ 50 representations. The relevant su-
perpotential terms which must be added to the previous s
perpotential are

when it takes lower values. The allowed range of values for
My, has been increased now to 730 GeV or 900 GeV in
Figs. 3a) and 3b), respectively. For this model the allowed
range forM, can be extended to lower values. Figurés) 3
and 3b) have been obtained fdM ;=300 GeV. Note, how-
ever, that stillag does not depend significantly diy. In
Lf:}ddition, taB can practically now take much larger values,
as large as tgh~40. Figures &), 3(b), and 3c) have been
obtained for an intermediate value s 10. The allowed

)\2H2®+)\2H2+A§H’E’+)\§H’E@+M2®@ range of values for the intermediate scaM is
e _ (1-450x 10 GeV . Similarly, 5><1ol4<|v|Hc<|v|G and
+M20'0+rPH'H'. 32 7x 10**<My<15x 10" GeV. Note, finally, that the grand

P stands for an extra gauge singlet superfield. The chargeusnlflcatlorl scale can take values as large as the “string

under the Peccei-Quinn symmetry are W(af2), &(812), Scale” for rather large but not excluded valuesaf.
H(—a), H[—(a+p)/2], O(a), Ol(a+pi2], O'(-a),
O'[—(atp)/2], H'[(a+pB)/2], H'(a), P[—(3a+pB)].
The breaking of th€eccei-Quinrsymmetry can be achieved Recently, there has been some activity around models
with a suitable gauge singlet system at an intermediate erwith gauge groupGx G with intent to bypass the known
ergy (P)=My, /\s~ 10'°-10"* GeV. AssumingM,,M} to  problem ofk=1 superstring constructions where no adjoint
be of the order of the Planck scale, we obtain two massivéliggs field can appear in the massless specfifh Vector-
pairs of colored triplets with masses vector Higgs doublets present in the spectrunGof G can
break it into Ggiag- An SU(5)xX SU(5) model with Higgs
representationsZ(5,5) +Z(5,5) can have renormalizable
couplings only of the typabZ;Z{=®Tr(Z2) to a singlet

@, in addition to self-couplings of singlets. Thus, we could
somewhat below the GUT scale. Note tha,=215g5sV.  construct an analogue $8) GUT with superpotential:

In addition, we have two pairs of isodoublets, one of which
is massless while the other pair receives the intermediate
massM HY- The modifications in the renormalization group

B function coefficients are

V. A VERSION OF SU(5) WITH LIGHT REMNANTS

V2 — V2
MHfSZ?\z?\éM—Z, M =32\ 507 (33
2

Ao

A3
5 P03+ 207, (37)

A
W= 7<D1Tr(22)+
whereZ, is the adjoint andb,, ®, are singlets. This super-
Abz=—-460(Q*—M32)+96(Q*>—M2)+ (Q?*—0.8M3) potential is invariant unde®,— — ®,. The F-flatness con-

ditions give, apart fro{3)=VDiag(2,2,2;-3,—3),
+100(Q?—0.4M3)+36(Q?—0.2M3) M)

A
+6(QP— M3 )+ 6(Q2—M?), (34) ¢§=—i(3w2), ®,=0. (39)

Ab,= —66(Q%— M\2,)+16¢9(Q2—M§) With the above superpotential the remnants2gfa color

5 b 5 ) ’ octet and an isotriplet, stay massless. Nevertheless, non-
+66(Q°—0.4M5)+ 0(Q°— MH;), (35  renormalizable terms such as

Ab;=~106(Q*~MY) +106(Q*~ 0.8MS) AW= AT + 2T P (39

2
2_ 2\, 25002 M2
+106(Q 0'42'\/'2)4'5‘9(Q MHC) can, in principle, induce a mass of ordé(V?/M)

=10" GeV or smaller, depending on the actual values of
N4 and As. A higher order nonrenormalizable term would

)- (38 induce an even smaller masg¥/M?~102 GeV. The

2 3
- 2_ M2y " 2 a2
+56(Q MHC)+50(Q MH

’
f
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Missing Doublet Model+ Peccei-Quinn Missing Doublet Model+ Peccei-Quinn
MV=MGUT={MV‘MHC‘MHF’M):} MV=MGUT:{MV’MHC’MHF‘ME}
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/ : k{— ‘/\( symimetry breaking
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1 3 5 7 9 11 1.5 35 55 75 9.5 11.5 13.5
16 16
(a) Mgy (107 GeV) © M, (10 GeV)

Missing Doublet Model+ Peccei-Quinn
M, =M ={My;My,, My, M;}

7 T
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0.124 r 4400 Gev
M,=300 GeV
tan[i:]jo
v
0.121 | M:=10"Gev

0.118

o (M,)

Region not allowed by
i experimental limits on -

0.115 -
i SUSY particles

0.112
Proton decay bound

0'109 L 1 L 1 \ Il i
1 3 5 7 9 11

(b) M, (10" GeV)

FIG. 3. (a), (b), (c) ag(M2) versusM ¢ whenMHfr, MHC' andMy , are varied.

light % in this model could allow for a larg® s close to a The low-energy precision data in conjunction with the exist-
string unification scale and thus in such a model there wouldéhg experimental bounds on sparticle masses are known to
be no string unification mismatch. impose strong constraints if radiative breaking of the elec-
We shall, therefore, investigate the effects of stMl on  troweak symmetry is assumed. There exist several detailed
as andMg. In order to obtain acceptably small values of studies in the literature in the framework of radiative sym-
as, we choose as input value bfy, the smallest acceptable metry breakind6,7,10,11,16,1] which, however, have not
one as it is shown in Figs.(d and 4b), since an increasing considered in detail the effect of the superheavy degrees of
My, tends to increasers. When we varyMy from 10"  freedom included in unified schemes. In SUSY GUT's there
down to 1683 GeV, we can achieve unification at are additional constraints one has to deal with such as the
Mg=5X 10" GeV = O(Mgying . DecreasingMy further to- experimental bound on proton’s lifetime, the absence of Lan-
wards the intermediate scale leads to even larger values U poles beyond the unification scale, and the appearance of
as. However, the values ofes are still rather large heavy thresholds which influence the evolution of the cou-
(>0.131). This excludes this particular version at least inPlings involved. All these affect the low-energy predictions.
this simple form. The existing analyses in this direction on the other hand
[18,19,23,20,26,27 have not systematically taken into ac-
count the effect of the low-energy thresholds at the level of
accuracy required by low energy precision data as was done
In this article we have studied various supersymmetridn the previous references. Our analysis combines both and
extensions of the standard model based on the groyp)SU takes into account high- and low-energy thresholds at the

VI. CONCLUSIONS
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SU(5) with light remnants those obtained in the MSSM and the minimal(Slversion.
At the same time, wheM ¢ increases the allowed parameter
0.135 , space shrinks considerably. Proton decay along with pertur-
150 bativity requirements seem to put a stringent constraint on
M0y [ both minimal SW5) and missing doublet mod¢MDM). In
003 [ W82 SOTparides ] the MDM the large splittings withir75 give a high-energy

threshold effect oreg(M5) in the opposite direction than
that in the case of the minimal model leading to small values.
This is also the case for thBeccei-Quinnversion of the

o MDM. However, the presence of an extra intermediate scale
T ameliorates the situation allowing one to achieve an excel-
lent agreement with the experimental valuesxgfM 7). The
grand unification scale can take values as large as the string
scale at the expense, however, of having rather large values
of the strong coupling constant not favored by all experi-
Region not allowed by proton decay bound ments. If we consider the range for allowed values of
ag(Mz), the minimal SU5) lies always above 0.130 while
0.130 o8 0.028 0.048 0,068 0,088 MDM lies below 0.106. The intermediate range between the
(a) M; (10'° GeV) two can be covered by th@eccei-Quinnversion of the
MDM and coincides with the allowed experimental range.
SU(5) with light remnants Fir_la_llly,_the last co.nsidered \_/ersion, with light, exhibits
unification of couplings at string scale but the valuesagf
obtained are rather large, although within the errors of some
w>0 ' ' ’ experiments.
A =400 GeV
TR tehers 1
My =3x107GeV ACKNOWLEDGMENTS
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APPENDIX: RGE’'S ABOVE Mg
Region not allowed by proton decay bound The renormalization group equatiof®GE'’s) for the
L oos Py Yo oes o088 gauge and Yukawa couplings fromMgyr tO
® ' M, (10" GeV) ' ' Mp/\/8r=2.4x10'® GeV in the case of minimal S1B) are
[19,20
FIG. 4. (8), (b) agandM ¢ versusMy in SU(5) model with light dg 3
remnants. — - g3 (A1)
dt (47)% %5
accuracy required by precision experiments. In particular, we
have focused our attention on the extracted value of the dh\y N (63, ) 5
strong coupling constart(M), the value of the unification qt () 5 M+383— 3005, (A2)
scaleMg, as well as the restrictions imposed on the heavy
masses in some unifying schemes based on th¢5)SU dn N 21 53 08
Sample results of our findings have been displayed in Figs. d_t2: ﬁf(g)‘% 3)\%_ €g§+3Yf+4Y2),
1-4.
In the case of the minimal §8) we found that the values (A3)

of the strong coupling constant obtained are somewhat larger

as compareq.to Fhe average prerimental valugsom z) . ﬂ: A 2(£‘x§+ 9Yt2+4Y§— %g§> (A4)
Also, the unification scal# s differs from the string unifi- dt  (4m)°\5 S)

cation scale by an order of magnitude if the lower values of

as(M2) obtained are assumed. Access to small values of the dy, Yy (24, ) , 84,

strong coupling constant is more difficult than that in the W‘W E)‘2+3Yt+10Yb_§95 . (AS)

MSSM exhibiting the influence of the superheavy degrees of
freedom in a clear manner. The rangeMf;_allowed in this  wheret=In[Q/(Mp/\87)].

model is somewhat limited. Thenissing doublet model The modification of the above system in the case of the
seems to favor small values a@fs(M;), in contrast with missing doublet model is
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dg 17

d—fzwgg- (A6)
dx A 50
d—ﬁzﬁ(?sm?—wé)- (A7)
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compared to the missing doublet model is the one for the
gauge coupling which takes the form

dgs 18
ar ng (A8)

The other two equations for the top and bottom Yukawaln this model we have an extra coupling whose running is

coupling are derived if we set,=0 in the Egs.(A3) and

(A4) of the minimal model. Because of the fact that we have
an extra pair of Higg® and5 in the Peccei-Quinn version of

the missing doublet model, the only equation that changes

given by the following renormalization group equation:

d\s A3 5 5
ot (477)2(3%‘ 59/

(A9)
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