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Abstract. We discuss recent contributions on threshold effects in grand unfiied theories
including minimal SUSY SU(5), non-SUSY modifications of the grand desert in SU(5) and
SO(10), and SO(10) with single intermediate symmetires. Consequences of theorems on
vanishing GUT-scale corrections to sin® 8w in SO(10) with SU(2); XSU(2)r XSU(4)c
(g2 = g2r) intermediate symmetry are discussed and vanishing corrections on the inter-
mediate scale are explicitly demonstrated where predictions are more precise. Threshold
and higher dimensional operator effects in SUSY SU(5) recently derived by a number of
authors are presented.

1. Introduction

Experimental measurements at the CERN-LEP at the Z-peak and improved estima-
tion of the finestructure constant have rpovided more precise values of sinfy , as
and a1,

sin@y = 0.2324 + 0.0006
a_, = 012 £ 0.01 (1)
a = 1279 £ 02

leading to very accurate determination of the standard model gauge couplings,

a1 = 0.016887 x 0.00004
az = 0.03322 3+ 0.000025 (2)
az = Qg

at the Z-mass. These have revived interests in grand unified theores [1] resulting in
more precise predictions than before[2]. In addition to one- and two-loop contribu-
tions to the gauge-symmetry-breaking scales threshold [3] and higher dimensional
operator effects [4] have been estimated and their impact on GUT-prediction on
sin? fw ,as, proton lifetime, and neutrino masses have been calculated. It has
also been found in a class of GUTs that in addition tot he vanishing of multi-
loop corrections at high mass scales, the unknown uncertainties on sin®fy and
the intermediate scale due to threshold and higher dimensional operator effects are
absent leading to more precise predictions[4-6]. The purpose of the present talk
is to review these works and other corrections obtained in SUSY and nonSUSY
GUTS. In addition we demonstrate explicitly the stability of the G224p-breaking
scale under threshold and higher dimensional operator effects leading to a more
precise predictions of degenerate and see-saw contributions to neutrino masses in a

class of GUTs.
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The plan of the talk is organised in the following manner. In Sec.1 we obtain
generalised formulas for mass scales and threshold effects. In Sec.2 we discuss in
detail the threshold effects in modified grand desert models such as SU(5) and
SO(10). In Sec.3 we derive threshold corrections in modified grand desert models
[7,8]. In Sec.4 we estimate threshold effects in SO(10) with G224y intermediate
symmetry. Threshold effects in other single intermediate scale models of SO(10)
are summarized in Sec.5. Section 6 is devoted to discussions on corrections in SUSY
SU(5). We provide a brief summary and conclusions in Sec.7.

2. Generalized formulas for mass scales

Although minimal nonSUSY SU(5) is ruled out experimentally, the modified grand
desert models based upon SU(5), SO(10) and others with light degrees of freedom
are consistent with all the available data. Evidences on neutrino masses would
rule out SU(5)-based modifications of the grand desert, but a number of other
GUT would survive. In the absence of theoretical formulas for the mass scales or
sin? B it might be still possible to study the unification constraints by plotting the
coupling constants numerically, but accurate estimations of the model predictions
including experimental and theoretical uncertainties analytic formulas are essential.
Such formulas can be obtained more easily for single step breaking of any GUT to
the standard with or without SUSY[9,10]. We derive here generalised theoretical
formulas for mass scales for modified grand desert models and two step breakings
in GUTs. These formulas contain explicitly the loop contributions to each order
although at present contributions upto two-loops only are calculated. More impor-
tant is that the formulas have analytic expressions for different types of corrections
arising at the intermediate or the GUT-scales[4.7,8,13].
At first we consider the following class of models,

(a) 50(10) 2% Gy 22 G4

where Ga13(= SU(2)L XU(1)y XSU(3)c) is the standard model (SM), Gi3 =
U(1)emXSU(3)c: and the presence of light degrees of freedom corresponding to
additional Higgs scalars or fermions has been assumed. We also consider the fol-
lowing class of models based upon SO(10),

(b) S0(10) X2 G; X5 Gu13 M% Gs

where G = SU(2)L XU(1)1, XSU(4)c(= G24)[12], SU(2)LXSU(2)r X SU(4)c
(= G224,92L = 92R), SU(2)L XSU(2)r XU (1)1 XSU(3)c (= G2213, 9oL = g2r)[11],
G2213p(= G2213X P, P = Parity = Left-right discrete symmetry, gaz = g2r), G224p
(G224X P, ga1 = gar). It may be noted that SO(10) also permits the left-right dis-
crete symmetry to be broken at a higher scale without breaking SU(2)r XU(1)p-L
or SU(2)r X SU(4)c which can survive down to lower scales as in the cases of G913
or G224. In such a situation the parity and the SU(2),r-breakings are decoupled
[11].

In models of the type (a) or (b) the renormalisation group equations (RGEs)
for the gauge couplings of G213 or G can be written in the following manner in
the two mass ranges,
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Mz <p< My
1 _ 1 a; MI PI L{
ai(Mz) — ai(Mi) T Mz 11 I Tor ®)

In model (a) M; = degenerate mass of additional degrees of freedom in the desert.
Mr < < My

1 1 My PV LY
—_ _1 el ; i
a,(M;) + 2r M, + 127 (4)

where ag is the GUT—couphng constant and the two-loop contributions are repre-
sented by terms containing P;-functions,

(M
Pl = T;BinZGs . By
. (M
o= T Bty . By = b/q

In (3)-(5) ai(bi;) and a}(b;;) are the one(two)-loap coefficients of the S-function in
the two mass ranges. The A;-functions in (3) and (4) represent threshold effects
due to heavy or superheavy particles whose masses are of the order M; or My . But
as these masses are unknown theoretically, the threshold effects due to heavy or
superheavy particles whose masses are of the order My or My . But as these masses
are unknown theoretically, the threshold effects contribute to the uncertainties of
the model predictions on the mass scales, sin? 6y , and ag etc. For u = M of My,
the general expression for A;(z) in nonSUSY theories is[14],

Li(p)

bi;/a;

(3)

Tr(thy) + di(p)

(6)
Xi(p) = =21Tr(t3 In—'—) + 8Tr(t? In—L) + Tr(td In—'-

where t;v,t;p, and t;s are the generators in the representations of the heavy or
superheavy gauge bosons(V), fermions(F), and scalars(S), respectively. In our no-
tation

M= M(p=Mp), W == My) (7)

Physically the first two terms are the vacuum polarisation contribution of the heavy
gauge bosons(V) and the next two are similar contributions due to fermions(F) and
Higgs scalars(S) in the theory. Using (3) and (4) and suitable linear combinations
of the SM gauge couplings we derive and following generalised formulas for mass
scales for models(a) and (b),

M,
In—j\i =[(LsBr - LoAr) + (J2Br — K2 A1) + (KxAr — ABr)}/D ®)

M
in3ge = (AuLe = BuLs) + (KzAu = J2By) + (1nBu = KaAu)l/D - (9)

where

1 3
D=AyBy—A/By . Ls = % (a_;l - —8-0—1)
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In (8) and (9) the first, second, and the thrid terms represent the one-loop, two-loop
and the threshold contributions, respectively and the values A;, B;, J; and K; differ
from one model to the other,

MODEL (a)

Ar
B
Ay
By
J2

Ko
Ja

K

MODEL (b)

5 8 5 8
asr + 3oy ~ §asc — (ah + §ay — §ayc)
5 / ]
5(‘“’ —azL — ay +ay
! 5 1 8 7
a3 + 3%y — 383¢

%(“3' —ay)

(1) G1 = Gaz4 or Ga2ap

Ar
By
Av
By
J2

K3
Ix

K

il

10

3((PiL + 3P — §P3c) + (P + 3P — § Pic)) o
§(PY — PiL) + 3(PY - Pp1)
§(Lap + 3LY - 3L3c
(LY - L3}
$asc — aaL — Say — 20 + aly + ahp
3(aar —ay) +ayp + 3aic — 3ay,
2ayc —ay — a%p
385 — GhR — 304

(11)

3(Pip + 3P} — §Pic) + 3(Pi + Pip — 2P(;)
§(Py — Pjp) + 3(Pik + §Pic - §P3L) |
§ (LY + Lip — 2L%c) + (L3, + 51% - $L¢)

§(Lip+ 3L - 3L + (LY - L)

(ii) G1 = Gans or Gansp
Generalised formulas for mass scales are obtained from (11) of model (b) (i) by
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the replacements,

200 — g"gc - galBL ) %“'40 - %“%L
81U 27U 25U 2
2L — 3L3c - §L%. . 3Ll — iLGL (12)
U 8 pU 2 2 2
2P — 3$Pic - 3PRL , 3P — iPE

(iii) G = Ga1a = SU2)L XU (1)1,, XSU(4)c
Generalised formulas for wmass scales are obtained from (7), (8) and (10) by
replacing
G3r — 61 = 4y,

Pijp — PR, LYy — LYy (13)

(iV) G] = G2113 = SU(?)LXU(1)13RXU(1)B_LXSU(3)C
The generalised formulas in tais case are obtained by combining (12) and (13).
Before closing this section it is worth pointing out that other corrections due to
Yukawa couplings, top quark mass, higher dimensional operators etc. can be derived
following the same procedure as threshold effects with appropriate replacements of
the A-functions.

3. Threshold effects in modified grand desert models

It has been found that the SU(5) model with additional light degrees of freedom
corresponding to fermions or Higgs scalars is consistent with the CERN-LEP data
and proton lifetime for the p —s e+ x° mode [8,15-160,

(Tp)gzpt. > 3 X 1032 yrs. (14)

The added presence of new degrees of freedom such as the Higgs scalars signifi-
cantly below My needs additional finetuning of parameters which is not natural.
In order to keep this unnatural act to a minimum we have successfully implemented
new minimal modification of the grand desert which needs only one additional SM
irreducible real scalar representation transforming as ¢(3,0,8) and needs only one
additional finetuning of parameters [7]. Moreover the model has been implemented
in SU(5) and the popular GUT like SO(10) thereby accounting for the CERN-LEP
data, the proton lifetime and small neutrino masses necessary tc explain the solar
neutrino flux and the dark matter of the Universe in the latter case. The additional
Higgs scalar ((3,0,8) C 75 of SU(5) and 210 of SO(10). Thus the implementation
needs the Higgs representations 24, 5 and 75 in SU(5) and 45, 126, 10 and 210
in SO(10). Thus keeping Mz < M = M, < My and evaluating the coefficients in
(7)-(10) yields the following analytic expressions for the mass scales.

I"% = G- %gﬁ +8in® fw) + 15 [S(PY + P§)
- 3(PY +PH)-L(PY + PO+ 555 (Tn (15)

+ 9 —16)3) + &
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I"% = 1a5;(15 - 22 4 634in’ bw) + 2 [16(PY + P§)

- B(PY+ Py - B(PY + P+ h(25M-48),  (16)
L = &+ @FEC + 150 21sin’ bw) — 5535 [932(PY + F§)

—  945(PY + P§) + 1135(PY + P{)) + sz (11350, — 9452, (17)

+ 932)g) + L35

where the invrse of the GUT-coupling constant ag' has been derived from the
finestructure constant relation,

1 5 1
= + 18
a(Mz) 301(Mz) az(Mz) ( )
and the RGEs for the gauge couplings. Clearly the threshold effects are,

Ay = AlnfE = Z5(Th + 92— 16)s)

A¢ = Alngt = (25X - 48); — 23)3) (19)
Ag = Aa"'G = p5(1135); — 945); — 932)3)

where A; = AV which are evaluated using the decomposition of the superheavy
components of the Higgs representations under Ga;s.

3.1 The SU(5) model
24 O Dy(3,0,1)+ Dy(1,0,8)

é ) C(lr_%s:;)
3 D El(la 13':3)+E2(2’ 3,3)+E3(411__ 3)+E4(2 _%73)

+ Es(2,-5,8) + Ee(2,5,6) + Ex(1,0,8)

Defining 7; = In—:-{{—;, extremisation of Ay requires

D, = NE, = NE, = NE, = g, = 1) = £inf
Nc = Np, = NE, = NE, = NE, = 7\7) = Finf
leading to
3795
Ay = $038Inf, A = 210Inf, Ag = +——Inp (20)

Here the significance of 8 is that the superheavy scalar components can have a
mass My (My/B),8 = 1 — 10 in analogy with the standard model Higgs boson.
Without threshold effects the solutions are,

MY = 10107%06 M0 = 105%02Gev | o7 = 300507  (21)

214 Pramana- J. Phys., Supplement Issue, 1995



Threshold effects in SUSY and non-SUSY GUTs

The coupling constant trajectories have been plotted in ref.[7]. The trajectories of
a~li(u) are prevented to cross below the unification mass because of the presence of
Cat M) =M = 1019-2203GeV which changes the slopes of a5} (1) and a3/ (u) for
p > M. The unification mass has been increased by almost an order of magnitude
increasing the proton lifetime consistent with the experimental limit. Inlcuding
threshold effects the values of mass sclaes and coupling constants are given in Table
1. Clearly the model predictions with 8 = 10 saturates the Suprkamiokande limit
for p — et + x°.

Table 1. Threshold effects on mass scales, GUT coupling and proton lifetime predic-
tions in the de; eneute(ng and nondegenerate(ND) cases of superheavy scalars in
nonSUSY SU(5) with modified grand desert.

B M Mg My/M§ DoG' /7S

-1.0 +.08 2.9 +.30

. +2.
10(D) 10*10  10-02 19 10-98

~1.7

5(ND) 10+2.2 10i.29 10:!:.92

+1
e

-3.6

IO(ND) 10+3.0 10:!:38 10:&1.52

+
g

3.2 The SO(10) model

One important advantage of SO(10) over SU(5) is the generation of Majorana
neutrino masses over a wide range of values. The real scalar ¢(3,0,8) C 210 of
SO(1). The implementation of the modified grand desert model in SO(10) requires
the Higgs representation 10, 45, 126, and 210 although the model also works by
replacing 45 by another 210. The superhevy components are identified in each
representation. Then following the procedure explained for SU(5) we obtain(7},

+.44
Ay [~.64]ing

i

(22)

-2.37
Ar [+2.:65)InB

Numerical values on threshold effects on mass scales, GUT coupling contants and
proton lifetimes are presented in Table 2 in the degenerate (D) and nondegenerate
cases for # = 5 — 10 where 8 = M;/My.M, being the superheavy Higgs scalar
masses. It is clear that for superheavy masses differing by a factor 10(1/10) from
My the increase in the proton lifetime could be as large as 50 times the uncorrected
value and the model can not be rules out by the planned experiments in near future.
The Majorna netrino masses in the jodel can arise in various ways. For example
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the induced contributions[7] may be made to dominate giving rise to,

m,, = A <¢° << AR > /ML, i=epT (23)
with
m,, = (25x107% —— 25x1074)eV
m, = (15x107* —— 25x10-2)eV (24)
m, = (Tx10"2 —— T)eV

where AY is the neutral comonent in Ag(1, 3, 10) carrying B—L = 2and A.(3, 1, 10)
is the corresponding left-handed triplet. Both are contained in 126 of SO(10). Here
¢° is the netural comonent of the standard doublet C 10 of SO(10) and A(h;) is
the Higgs quartic (Yukawa) coupling between 126 and 10. Here we have used
h; < ¢° >= my,. It is evident that while m,, and my,;, are compatible with the
solar neutrino flux n,_ value can be made to be consistent with the dard matter of
the universe. The model can be also modified slightly to produce degenerate and
see-saw contributions{17-18].

Table 2. Same as Table 1 but for nonSUSY SO(10).

B M /M My /Mg Aag! /T8

+.85 -.02 -12.0 —.24

10(D) 10-°°  10+° 300 10+

+2.4 ~.46 +4.5 -1.7

5(ND) 10-%¢ 10+30 _72 10%08

+3.6 +6.8 -.57
10(ND) 10-37 1058 -10.0 10+l

Although corrections to the intermediate mass M, is quite significant that on
My and hence on 7, are small. Such results have been also obtained[8] in computing
threshold effects in SU(5) with split multiplets[16]. We observe from these analyses

that the presence of G313 below the GUT-scale reduces uncertainty on the proton
lifetime prediction.

4. Threshold effects in SO(10) with intermediate scale

and theorems on vanishing corrections

Here we discuss threshold effects in SO(10) with Ga24p intermediate symmetry in
detail and breifly mention the results with other intermediate symmetries.
(a) G224p Intermediate Symmetry
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With the choice of minimal Higgs representations 54, 126, and 10, we have
= (11/3,11/3,-14/3), Ay = -50/3, By = 50/9

Ay = -17/3, By = -53/3

584/3 3 765/2
B, = | 3 584/3 765/2 (25)

153/2 153/2 1759/6

Using these in (8)-(10) we obtain,
Ay = —Z5(-9MR+ BN - SN 25)
~1504 — AL + 135040)
1 W w 4 2

Ar=—ge(ar = Xp +X51 + 343 -"\ ¥) (27)

It is lmportant to note that the presence of L-R symmetry for g > M; demands
A% = MY, which leads to vanishing GUT-threshold corrections on Aj or equiv-
alently on M. This is a manifestation of theorems on vanishing corrections on
sin? @ to be discussed a little later.

We make the simplifying assumption that all the superheavy components beling-
ing to a single GUT representation have the same mass. Also we use My, = M
and Mg = Mg leading to 0L, = nr,nR, = "R,

Ay = 1i5(11754 — 88n126 — 44710 + 119 — 13175 + 1897;)
(28)
AI = 2—12(97}12—107}{,)

(a.1) Theorem on vanishing corrections on sin’® 8y

It 1s important to note that the GUT threshold contributions such as 10, 1754
and 7,26 are absent in Ay. Also the contributions of two loop functions P.yL, P.Zt
and P in A; cancel out. These are due to theorems proved recently in SO(10)
with G224p intermediate symmetry occuring at the highest intermeidate scale[5,6].
Theorem 1 In all GUTs where the Go24p symmetry breaks at the highest interme-
diate scale (My), the GUT - threshold contribution to sin? @y vanishes(5).
Theorem 2 In all GUTs where the Ga24p symmetry breaks at the highest interme-
diate scale (M), the gauge boson renormalization to every m - loop order (m > 2)
in the mass range M; — My has vanishing contribution to sin? fw .
(1.2) Vanishing corrections on Aln(M[/Mz) and precise ptediction on neutrino
masses

In ref[5] it was shown that all perturbative and non-pertubative corrections
including gravity-induced higher dimensional operator effects occuring at the GUT
sclae also have vanishing contributions on sin?  making the intermediate scale
M; quite stable. Here we provide a proof on the stability of M against all such
uncertainities. Since left-right symmetry is restored in the presence of Gaa4p, We
have

dy = g, My = Mg, CiL = Cip (29)
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where C},CY and CY; are all other corrections including multiloop effects and
contributions due to higher-dimensional operators. The corrections to the coupling
constants at 4 = My can be written in the form

1 1 W+

= (Mo) = w12 i=2L,2R,4AC

Then all the formulas derived so far hold hold if we replace AV — AV + C¥. In
eq.(9),

Ay = 2(ayc —ay),
By = %(‘1’21, - ayc),
A = ga;;c - aar — %ay ~ 2Aale —ayy),
(30)
B = %(“u —ay) - %(aizL - ayc),
o= (A8 +CoL -2 - C),
K = 300 +Ci-2,-C5).
which by virtue of (29) lead to
AY =0 (31)

This can also be verified through eqs.(17) and (29). It is to be noted that (31)
holds irrespective of the nature of the correction arising at the GUT scale and it is
indevendent of the presence or absence of supersymmetry. The cancellation occurs
for any possible nonperturbative contributions also. Thus the G2z4p -breaking
scale is not affected due to any corrections emerging from the GUT-sclae although
the GUT-scale itself is affected by the corrections. In the absence of threshold

corrections we obtain .
M((,]r — 1015 0.25Gev

M? = 10136%02Gey (32)

agz! = 40.6%0.2
where the uncertainties are due to those in the input parameters.

The threshold effects are computed by extremising Ay or Ay while taking into
account the parity restoration constraint for u > My with

ULSO,URSO’ ')¢S0

Numerical values of corrections are given in Table 2 for 8 = 5 ~ 10. Predictions for
proton lifetime for the p — e+ #° is amde using[21]

2
5 [ oSU® R M, 4
0 _ G 29% 7 U
Tp = § [;—g—OTlT) x 4.5x 10 (m) Yrs. (33)
For # = 10 the model predicts
T o= 144 x 10315721 0% 9y (3)
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where the first. second and third uncertainties are due to matrix element, input
parametrs, and threshold effects. It is clear that the maximum value for 7, exceeds
the current Super-kamiokande limit by almost one order. Thus, as against the
conclusions of ref[19], this model can not be ruled out by any improvement on
proton-lifetime measurement.

Table 3. Threshold effects in SO(10) with G334p intermediate symmetry.

B Mi/M} My/M§ Aag' m/r8

-.20 —.30 ~1.4

5(ND) 10%2 102" 402 10%!2

-.30 —.44 -2.0

10(ND) 10+4  10+40 102 10%!7

Threshold effect on M; shown in Table 3 is due to that at the intermediate-scale
boundary only.
log,o(M1/M}?) = +0.4

The higher-dimensional operators scaled by the Planck mass do not modify the
intermediate scale. Also imposition of a horizontal symmetry does not change the
scale unless additional light scalars are introduced below M;. Even if the left-
handed triplet is not given a VEV explicitly[28], it can be induced[29,30],

7%% = (2 - 200) x 10202204 ey

™ = (0.5—800)feV, (35)
where we have evaluated[30]
vy 10fA/B%, B=0.1-1,
f(X) being a Yukawa(quartic) coupling. The see-saw contributions are,
m,, = 5x 10710624y
m,, = 1.6x107362%4y (36)
m,, = 0.5x10~5+2% 4y

These neutrino masses are capable of explaining the solar and the atmospheric
neufrino oscullations while offering neutrinos as strong candidates for the dark
matter of the Universe. In addition the degenerate neutrino mass for v, could be
confirmed by the neutrinoless double-beta decay experiments.
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5. Threshold effects with other single intermediate symmetries in SO(10)

Threshold effects in SO(10) with G; = G224 or G313 without parity (g2L # g2r)
have been extensively discussed in ref.[3]. Although larger undertainty was noted
earlier[22] allowing for parity restoration and hence complete SO(10) symmetry at
p > (10 — 30)My, it has been found in ref[3] that the imposition of the parity
restoration constraint at the GUT-scale can reduce the uncertainties significantly.
Among the two the models, the one with Gy = G334 appear to be more favoured
for explaining the solar neutrino puzzle.

For G = Ga2213p the threshold effects have been computed in ref.[20] and for
Gr = G214 they have been computed in ref.[12]. The computations in all cases
can be made following the methods outlined in Secs.2-4. We summarise the results
without going into details in Table 4. The predictions on the proton lifetime in
different cases with 8 = 10 are given below for extremised Ay

Table 4. Threshold effects in SO(10) with single intermediate symmetries: G224 (model
A), Ga213 (model B), Gaz1ap (model C), and G234 (model D) for 8 = 10 in the
nondegenerate case.

G224  Gana Gansp Gana

4 B (© (D

+3.60 +. -.15

3
M]/M;’ 10—0.07 10 1 10:!:.1 10t+45

0.13 +.2

+ +.66
MU/MZ{ 10-1.24 10-.5 10143 10-.20

.8 +2.6
Tp/T; 10—5.0 10--2.0 10:&:1.7 10—0.8

(A) G = G224 .
o = 144 x 10374 7E1055y g

(B) Gr = Gans

T = 144 x 103778 TR 94Ty
(C) G1 = Gansp *

T, = 144 x 103424 72 8417y
(D) G] = G,‘,14 i}

T, = 144 x 10298+ 78838y

Some comments and conclusions are in order. Including threshold effects we find
that even if # = 7 the model (D) is consistent with the available experimental limit
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on proton lifetime. As against the conclusion of ref.[19] the model is not rules out.
If 3 is permitted to be sufficiently large (8 = 30) it is extremely difficult to rule out
the model in near future on the basis of the proton lifetime measurments.

6. Threshold effects in minimal SUSY SU(5)

Two different appraoches have been adopted in the minimal SUSY SU(5) model
(MSSM). In one approach the superpartner scale has been introduced at Ms which
is expected not to exceed few TeVs. Below Mg global SUSY is assumed to have bro-
ken down but the effects of superpartner masses is taken into account by threshold
correction at that scale,
(i) SU5) x SUSY Y% Gy3 x SUSY 5 Gys X2 Gys In the other case it is
assumed that SUSY survives down to Mz and the effects of superpartner masses
are taken into account through threshold effects at M.
(i) SU(5) x SUSY X% Ga13 x SUSY 22 G5

Threshold effects due to superheavy masses are estimated at My and the cor-
rections due to the top quark is computed as in the SM at Mz in both cases.

6.1 Threshold effects on Mg

With the chain(i) the generalized form of eqs.(3)-(5) and (8) - (9) apply with M; =
Mg but different numerical values of the coefficients for ¢,5 = 1,2, 3

33/5 7.96. 54 17.6
a; = 1 b(-j = |18 25 24
-3 22. 9 14
and with
LY /120 — AY . LI/12x — AF
where

AV = APNY 4 AfH (37)

The first term in the RHS of (37) represents conversion from DR to M.S scheme
and the second term includes the superheavy particle effects near My . In order to
find the latter, it is noted that the scalar multiplets have the components,

24 = M,(1,0,8) + M,(3,0,1)+ My (2,5/6,3) + My (2,~5/6.3) + Mo(1,0,1),

b Muc(1,1/3,3)+ Myo(2,1/2.1),

5 = My.(1,-1/3,3) + My, (2. - 1/2.1).

At first evaluating only the GUT-threshold corrections to the gauge couplings by
using the superheavy-particle - one-loop S-functions yields

- - M

oyl = aG: + %g-un-g-; +indx — 3inde — InTgfe] + L[Ps + Py
+& — A3

a;' = o'+ E[-Bin¥s 4 3n ML _dnMe] + L(P, + P
+& - A3

6x 3

ail = a515+ A[-SinMs 4 Tindx _ 2inBe) 4 L[P; + Pj]

"Al
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The superheavy-mass contributions to the corrections are given in Table 5. Using
(38) and the standard procedure gives

Inffe = T(7+7" - B)+ %G (PI+ P)+ 3(P3+ Py)

—-(P' + P3)] + 5U

lﬂ%‘:‘ = %%%(1 58 + 70 ) - 19[5(P1 + Pl) - 12(P2 + P2) (39)
+7(P} + P3)) + 6s

o' = g+ yas(¥+ R - 146:7)45(P{ + Py)

~51(P} + P2)] + 25(P4 + P5)] + 65

Table 8. Threshold and 5-dim. operator contributions to the matching functions [9].

AC'NV AL ASH A§—dim
A0 i SinMey L otsn
Ay - Findpr ¥y linMu 0429
Ay - nfr -2y limiiz
+2L'1n% —.0289
fu = Hls(aY + A7)+ 3(aY +A3) - 3(AF + A3)] )
s = Z[5(AV +A%)-12(AY + AS) + 7(AY + AF))
b = 1_9[45(/3'{ + A7) - 5(A% + A7) + 25(AF + AJ)] (41)

Ignoring all threshold corrections except ANV and using the input parameters
from eq.(1) in (38)-(40) gives

M) = 10'81%599Gey, M2 = 10745185GeV, oz =265+.3  (42)

Two loop contributions which were ignored from M2 estimation in [24] is found to
be comparable to the one-loop contribution in In(M2/Mz),

In(MJ/Mz) = —2.53 4 3.66 + 4.26 (43)

where the first, second and the third entries on the RHS of (43) are the one-loop,
two-loop, and the input-parameter-uncertainty contributions, respectively. The
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GUT-threshold corrections are

fu = fylnie - HiniE

- M M
s = Biniz - Sink= (44)
¢ = (48R - 2uniE

The GUT-threshold effects are estimated in Table 6 in the degenerate(D), and
nondegenerate(ND) cases assuming the superheavy masses to vary between My /8
and BMy with 8 = 5 — 10 where, as per the conclusion of ref.[24], the uncertainty
in Mg is of the order 10%12 for 8 = 10.

Table 8. GUT-threshold effects on the unification mass and superpartner scale in MSSM
in the degenerate(D) and nondegenerate(ND) cases.

B My/Mg Ms/Mg

5(D) 10! 10t
10(D)  10¥%1  10%6
5(ND) 10%33  10%¢6

lO(D) 10:!:.47 10:&:1.26

6.2 Constraint on superheavy masses from the CERN-LEP data

Hisano, Murayama and Yanagida [25] have observed that the combination p/a; +
g/a2+ r/ag is dependent only on the Higgs colour-triplet mass(My.) if (p,q,7) =
(~1,3,-2). Similarly the other combination (5,~3,—2) depends on My and Mg
leading to,

. - 1 [12 Ms
(—2031 +3°‘2 1 — o 1) = -2; [?I"(MHC/MZ) - 21”@]

(45)

2
(a7t - 305" — 2a51) = 51; [manVME +81n&]

M3 Mz
Incorporating A} effects leads to the replacements of second terms in the RHS of
(45) by the logarithmic functions of super partner and the second Higgs-doublet

masses [25]. Restricting the model to the minimal supergravity SU(5), the particle
spectrum and the CERN-LEP measurements impose the following constraints on
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the colour troplet mass and the effective unification scale (M3 Mg)'/3,

22x 103GeV < Mp, < 2.3 x10'7GeV
(46)
0.95 x 10'%GeV < (MZMz)'/® < 3.3 x 10'GeV

for the gluino mass 100 GeV - 1TeV.
6.3 Higher-dimensional operator effects
The effects of the 5-dim. operator,

Ui
2Mq

Tr[FuZ(24)F*] (47)

on the MSSM predictions have been analysed by Langacker and Polonsky [9] and

Hall and Sarid [26]. The analytic expressions for the strong interaction coupling
and My_ are [26],

a = .132{1- 0240 — 02n[u¥/ My*/Mz] + 025in[5 ]
~.0259(1 — .1a)(my o/ Mz)~2/%%a=1/2} (48)
Mg, = (3% 10GeV)As(1 — 10)A70 3 (my o/ Mz)~2/°

where Mg = (87Gn)~!/? = 2.4 x 10'8GeV, My, = second Higgs doublet mass
my/2 = universal gaugino mass, p = two-doublets mixing parameter, o = (s —
.2326)/.008, and A5 and \j4 are the trilinear couplings in the superpotential,

W = A5I_{52H5 + %,\24tr(23) + ...

It is clear from (48) that ag increases with logarithmic increment of the colour
triplet mass when 7 = 0. Due to gravitational smearing (e.g., n = —1 to +1) the
allowed region in the a, vs. My, plot is found to be enhanced and blurred.

6.4 Threshold effects through effective mass parameters

Using the symmetry breaking pattern(i) Langacker and Polonsky[9] have computed
SUSY particle threshold effects near the boundary Mz, in addition to the GUT-
boundary corrections{9] by parametrising these corrections in terms two separate
sets of effective masses. The RGEs for the three gauge couplings can be written as,

1 1 e, My, 1,
aiMz) = ag Taxm, T @A (49)

The correction term A; iccludes several contributions,
A; = AV + AP 4 A+ AY 4 AL

where AY is the same as (37), Af is the anlogue of AJ but evaluated at the bound-
ary Mz, and the others are the Higgs(ho), the top quartk(t), and the Yukawa
coupling(Y) contributions evaluated at the boundary Mz. Using the RGEs and
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following the standard procedure it is straightforward to derive the following ana-
lytic expressions which are independent of the GUT symmetry but only dependent
upon the grand desert hypothesis. We furnish analytic expressions on threshold
effects for one set of predictions,

Infge = 2x(3a”'-8ag')/F— (5P{+3P;—8P;)/(2F) + éu

S*(Mz) = sin®0,(Mz) = [3(a} - a5) + (a] — ay)a/a,]/ - 5ef(a; - a5)P}
+(a3 = a1)P; + (a1 — a3) P3]/(4xF) + &,

ag' = [-3aba" +(5a] +3a))a}")/F + (5P + 3P))aj
—(5a} + 3a3)P3]/(47xF) + bg
(50)
The threshold corrections are given below which can be computed numerically from
the Tables given in ref.[9],

fu = AlndE = 2x(54,+342+8A3)/F
62 = Asin?8,(Mz) = 5ef(a) ~ ay)A; + (ai — a})Az + (a} — ay)As)/F
bg = [(50’1 + 30’2)A3 - (5A1 + 3A2)0£,]/F
F = ba}+ 3a) — 8aj
(51)
Using a~}(Mz) = 127.9,0,(Mz) = 0.12 gives

My = 10'%°GeV,az! = 23.5,sin’6, = 0.2335.

Table 7. The top quark and the Yukawa coupling corrections. Here m. 18 in GeV and h,
is the Higgs-top quark Yukawa coupling [9).

Top quark corrections Yukawa coupling
corrections
A;  —.15+ .13In(m;/138) + .15(m,/138)? 17h?
A, —.25+ .065In(m,/138) + .025(m,/138)? .20h?
Aj .04 4 .105In(m, /138) 13h2

The top quark and Yukawa coupling corrections which are the same as the
Standard Model are given in Table 7[9]. The corrections at Mz-boundary due to
the SUSY particle masses have been parametrized in terms of three effective mass
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parameters (My: M2/, Ma/).

¢ SUSY SM
.EL M( _ a" - a" Mg o 2
¢ 21171 (_M,) = In (—M,) ;1=1,2,3 (52)
where a?USY = aﬁ,ag is the analogue of a; but for particle ¢ only, and M is the

mass of (. Using the SUSY particle spectrum [27] the effective mass parameters
have been evaluated : for example a possible solution is

my = 160Gev , My = 261Gev , My = 207Gev , Mz = 352Gev

For evaluation of threshold effects at My a parametrisation similar to (52) has also
been suggested,

¢ matter

a; , M a] ,

Liln— = 2 D g =
2(2‘.1’ an My i=123

where { stands for superheavy particles near the GUT-scale. The prediction for
sin® fw (Mz) turns out to be [9],

+.0013
sin? fy (Mz) = 0.2334 £ .0025 £ .0014 £ .0006 —.0005 +.0016 (53)

To predict (53) one starts with the input parameters as(Mz) and a(Mz). One
can start with the parameters sin? 8y (Mz) and o(Mz) to predict as(Mz), My
and agl9],

+.005
as(Mz) = 125+ .001+ .005 £ .002 —.002 +.006 (54)

The first number on the RHS of (53) or (54) is for m; = 138GeV. The second
entry in (53) ((54)) is due to the uncertainty in the input parameter as(sin” ).
The third, fouth, fifth, and sixth entries are due to SUSY threshold. m,; and mp,,
GUT-threshold and 5-dimensional operator effects. Predicted values of My and ag
with uncertainties are given in ref.[9].

7. Summary and conclusions

We have discussed threshold effects in modified nonSUSY grand desert models
with SU(5) and SO(10) GUTs, single intermediate scale models of SO(10), and in
the minimal SUSY SU(5). We have also estimated neutrino masses predicted in
nonSUSY SO(10) with G224p intermediate symmetry where vanishing corrections
on the intermediate scale has been explicitly demonstrated. We conlcude that

1. A minimal extension of the grand desert by the introduction of a single real
scalar ((3,0,8) makes SU(5) consistent with the CERN-LEP data and the
proton lifetime measurment. In addition SO(10) can account for small neu-
trino masses needed for solar neutrino oscillation and the dark matter of the
Universe. Also the model has the potentiality to provide degenerate neutrino
masses.

2. When the GUT symmetry breaks down to the SM gauge group in one step
threshold uncertainty appears to be smaller on the proton lifetime prediction.
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3. Certain models appearing to be ruled out by two-loop calculations could sur-

vive when threshold and 5-dim. operator eflects are taken into account. It
is essential to include such effects while questioning their survival against the
CERN-LEP data and the proton lifetime.

. Including threshold effects alone the SO(10) model with G314 intermediate

symmetry is consistent with the CERN-LEP data, proton lifetime and small
neutrino masses.

In a number of GUTs with G224p intermediate symmetry we prove explicitly
due to high-sclae-loop effects, GUT-threshold and higher dimensional opera-
tor effects with

M; = 101364028045,y

leading to more precise values of degenerate and see-saw values of neutrino
masses needed to explain the solar and atmospheric neutrino oscillations
and the dark matter of the universe. The degenerate mass predictions,
m,, = 0(1)eV, could be confirmed by the neutrinoless double beta-decay
experiments. This prediction is universal to a large class of grand unified the-
ories such as SO(10), SO(18), SU(16), Es SU(8)L x SU(8)r and all SO(2N)
with N > 5.

As shown by Hisano et.al. [25] the Higgs-colour-triplet mass and the effective
unification mass in MSSM can be constrained by the CERN-LEP data.

. There could be gravitational smearing effects in MSSM on «, prediction due

to 5-dim. operator effects[26].

. There threshold uncertainties on MSSM predictions can also be parametrised

in terms of effective mass parameters[9).
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