SOME THRESHOLD EFFECTS IN GAUGE THEORIES

A THESIS
SUBMITTED IN FULFILMENT OF THE REQUIREMENT OF THE
DEGREE OF

DOCTOR OF PHILOSOPHY
IN
SCIENCE ( PHYSICS )

By
MEROSTAR RANI
bt o S

DEPARTMENT OF PHYSICS
SCHOOL OF PHYSICAL SCIENCES

SHILLONG - 793022
INDIA
1996




Phone

 ’;;\‘.,‘ ‘ﬂ l Tl{ q q a lq fq}sqf:’;]]aq Grams WEHU

h“w
oL i
“‘1 qo o (ata. e, RER-e2zex (=)

E= porth-Eastern Hill UlllVLlalt}

NEHU Campus, Shillong-793022 (Meghdaya)

31 Dec !995

This is to certify that the thesis entitled "Some Threshold

ects in Gauge Theories"™ submitted by Sri Merostar Rani for the
1filment of the degree of Doctor of Philosophy of the
rth-Eastern Hill University, Shillong embodies the record of an
jginal investigation carried out by him under my supervision. He
s been duly registered and the thesis submitted is worthy of
ing considered for the award of the Ph.D degree.

. This work has not been submitted for any other degree to any

sr institution.
&) %4/1: ; ;4_,1

(Dr M.K.Parida)
Reader in Physics
North-Eastern Hill University
Shillong-793022
( Supervisor )

Dr. M. K. PARIDA
Reader in ¢hysics
Netth Eastern Hill University,

Shilloag, .




Acknowmiedgerment

There are many who have encouraged and helped me Inm the

;;ompletion of this thesis. In the tront of all is Dr. H.K. Parida,
BY Supervisor. HIis understanding. continued gulidarce, patience and
»encauraqement throughout the course of this thesis are alwmays 2
ccource of Inspiration to me. It I5 mYy heartiest desire o express
.kere »y deep sense of respect and gratitude {o him.

7 #y thanks alse goes to my parentis, brothers and sister Tor

‘

1their support and encouragement. To then I will always be
:sndebted.

I am also thankful to Dr. MH.K. Parida, Principal Investigator
of the DST preiect #“GP/S2/K-09/917 entitled “Uniticalion et
fundamental Forces......f..” fér permitiing me o iake up certain
parts of the prbject topics for this thesis. I am thank%ul to  the
»Department of Science and Technoloagy, New Delhi fTor tacilities
given through the project.

Special thanks also goes teo H.L. Kynshi, C. Syiem, S.Pohlong,
B. Hongrud, A. Nengnornag. F. Paulrai, G. Kharsyntiewm ard P.Thang-
thiem for their encouragement and help In time of need.

fast, but not the least,51 would Iike to express my gratitude

to all my teachers in Physics Department, NEHU .

Cﬁﬂ%¢7/

(Herostar Rani)




CONTENTS
List of Publications

Introduction and scope of the thesis
introduction

Scope of the Thesis

References

Threshold Effects in Gauge Theories
Introduction

The Origin of Threshold Effects

Threshold Effects in S0(10) Hodel

Summary

References

Caonfronting CERN-LEFP Data. Praoton Lifetime
and Small Neutrino HMasses by Threshold

Effects in S0(10) with SU(E)LxU(l)I x5U (4

IR C

Intermediate Breaking

Introduction
Analvtic Formulas for Mass Scales. GUT

Coupling and Threshold Effects

Page Na.

12
15
17
17
20
23
c4

26

27

27

29



ter 4

ter o

apter &

Hiaags — Scalar Contribution to Threshold
Effects. Proton Stability and heutrino Masses
Threshold Effects at HZ

Conclusion and Discussion

References

Figure Captions

Predictions for Proton Lifetime in Minimal
Mon—-Supersymmetric S0(10) Models: @n Update
Introduction

Computation of Threshold Uncertainties in mu
and NI

Fredictions for Proton Lifetime

Conlusion

References

Radiative Correétions and Uncertainties in
Seesaw Formulas for Neutrino Masses
References

Summary and Conclusion

References

34

41

47

50

58

58

61

77

.73

80

83 -

103

105

108



List of Publications

The following papers have been praduced under this thesis:

. "Confronting CERN-LEP data, the proton lIitetime and small
preutrine masses by thresheld effecis in SOCI0? with

SHO2) xU(E) xZH 4 intermediate breaking", M. Rani and
L I C
IR .

M.¥. Parida, Phys. Rev. D4%9,3704{1994).

= "predictions Tor proton lifetime In minimal non—supersyemeliric
Sgii0) models: An update", Dae—Gyu Lee, R.pN. Mohapatra, HM.E.
Parida and M. Rani, Phys. Rev. D51,Z229(19953) .

3. "Radiative corrections and uncertainties Iin seesawm tormulas Tor

neutrine masses"., M.K. Parida and M. Rani {submitted Tor

publication).

o



CHAPTER 1
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INTRODUCTION AND SCOFE OF THE THESIS

Elementarv particles participate 1in viriually unlimited

umber of processes, all of which are the outcome aof only four
voes of fundamental interactions: strong, electromagetic,weak and
1avitational.Historically the origin of electromagnetic force has
sen first proved to be due to local gauge interactions where
i;oton is the massless gauge boson. The origin of strong and
lectroweak interactions is now proved beyond doubt to be due to

nderlyving gauge interactions also. Whereas the gauge svmmetry Tor

e electramagnetic intéraction is the local asbelian aroup U(l)E 5

m
2ith electric charge as the genérato# and the corresponding gauge
on is the massless photen, the 1local gauge group for the
=lectroweak interaction is SU(E)LxU(1}Y and that for the strong
interaction is SU(S)C. The elecfruweak symmetry which is exact at
mass scales py * ﬂz, undergoes spontansous symmetry breaking to

Jey at =t through the vacuum expectation wvalue of the

z

seutral component of the standard Hiags doublet. s a result,
: +

the theorvy has three massive vecior bosons, N‘u and %u and the

macsless photon. The strong interaction svmmetry SUiE)C has eight

massless gluons and remains unbroken down to low ensrgies. The



metry of the Standard Model (SM}! is SU(Z)L§U(1)YxSU(3)C

The particle representaticns of the &SM are briefly

d below where the transformation properties under 6913 have
shown
ons
(1.1

=2.3 (3 0, 1)+B (1,0.11+G L (1.0.8)
" W

the first, second, and the third correspond o the gauge

of SU(2) U(l)Y‘ and SU(S)C respectively.

L‘.

far three fermion generations have been known to be light.

and the T family repeat with exactly the same transformation

ies under G.,- 23S the electron family:

ﬁeration u r ‘ ve
3 I IR VA2 A (5, =% ehi¥s
e L
uw Y B 43,3 e (1.-2.1)
R - D20 9 R a L ,
i a2 P -2/3.3) . (1.2)

sneration

C b
| S s e HE (2,1, 10,
s J Ll

c;‘y‘b(1.4/3,1), pg(1a=2.1),
s?{y’b(l.—Z/S,S). (1.3)

J



generation

4 t v 1
(25 /55505 (Z2,~1, 1),
4 b L LY

t"é‘y'bu,q.fs,'m, T (152,13,
r.y.b
o (1,-2/3,3). (1.4)
iggs scalars
+
@
¢ = . 2,J375 1/2,1) (1.5
¢

The SM does not have charged Higgs scalars as they are
, +

seorbed as longitudinal mades of W . Similarly the imaginary
sart of the neutral caﬁponent of ¢0 provides the longitudinal

wode to ZG. Only the real part " of the Higgs scalar ¢0 acguires

cacuum expectation value
, 0 '
a¢>=1/42[ ] (1.6}

and appears as the massive physical Higgs scalar. The masses of

the gauge bosons and fermions are.

4+ =80.22t0.26 GeV , M,0=91.187+0.007 GeV (1.7?



i

_ = 100 to 300 MeV, m= 4.1 to 4.9 GeV, m = D.3109 HMeV,

= 105.465 teV, m, = 1.777 G=V {1.8)

= 2Z to 8 MeV, m_= 1to 1.6 GeV, m, = 176 %24GeV, m,= 5 ta 19 HeV

he laboratory limits on neutrine masses are

_ <3.1 ev. mv <0.27 HMeV. mu <31 MeV {1.9)
e u T

=xcept  for the Higgs bosons, all the particles of the standard
odel have been experimentally detected while the signature for
he top quark was found recentlv. All fermions have masses mf{{,
% . but only the top gquark appears to be heavier than F&.

The electrowsak mixing angle between the HuS and %u gauge

C . . O
osons giving rise to the massive 77 boson and the massless photon

is defined as

s
in© { = { *
Sin sw‘ﬂz) E(MZ)/QZ‘MZ), (1.10)

here

Sy G
oM )=t 2 (1.11)

“

= =
P 2
1 lgi+ 95!
and Q4s Qo and e(Mz) are the gauge couplings of SU(Z)L, U(l)Y and
9
ﬁ(i)em respectively. In addition we denote the SU(S)C coupling as

and ai(Hz) = qi(MZ)/4n (i=1,2,3). While improved experimental



theoretical estimation have determined the electromagnetic

-

==tructure caonstant at the Z—-mass to be

: a'lmz)=128.8m.1. (1.12)

EEERN—LEP measurementg'have estimated sinzéw(ﬂz) and a3U47)

accurately,

-
sin @, (M. 1=0.2316£0.000646
Wz

oM y=0. 120,007 (1.13)
32

= electric charge relation in SHM is

=T + Y/2 , {(1.147

=re Q = electric charage, TSL = third generation of SU(2)L and

‘

IY=]3/5(Y/2) (1.15)

= the U{(1) generator of SM when embedded in a GUT. Equations

?14) and (1.15) leads to

5 et | =il

o (HZ) =—s Qy (HZ) + oy (MZ). {1.16)

lso the definition of sin26w . can be written as



N =in‘e,, (M, )= — (1.177

na (1.12) and (1.13) in (1.16) and (1.17) vyields the gauge

nlings of the electrowealk theory at u=Hz ta be,

al ‘{Hz)=0.01é88710.DOG04

1Y
oy (M,)=0,0332240.00020 {1.18)
pu=, the CERN-LEP measurements. have determined the gauge

;ulings of SU(E)L b U(l)Y ‘with high precision although the
j'racy in the determination of the SU(S)C coupling is still to
mproved.

Inspite of its impressive successes, the SM has several
mitations. Ta mention some, it has tco many unknown para@eters,
as the six guark masses, three lepton masses, 3 mixing angles
a phase parametrising weak CP vielatien, three gauge couplings
two bosonic mass scales. Further there 1is a very small
arameter, 8310~8 which describes strong CP violation. It does not
splain the origin of parity(P) and CP violations although the
;Ek CFP viplation hés been ‘sgccessfully parametrized through
sbayashi—-Maskawa mechanism. To be more explicit the SM does not
splain why parity violation is a monopoly aof weak interaction

€

one. There is no understanding of the family replication and the



:-ization of the electric charge. Al though weak énd
~tromagnetic interactions are unified through SU(E)LxU(l)Y far
- 100GeY, this unification is only partial. All the three gauge
plings of the SM are different from one another and the model
never be called a truly unified theory of strong, weak and
ﬁtramagnetic interactinns..élso the gravitational interaction
completely left out of the arena of unification.

. These limitations of SH could be suggesting that the model
lv the first step towards a more fundamental theary of all

- basic forces of nature. There could be a deeper fundamental

gh few steps. The gauge symmetry of such a fundamental theory
3l1d be exact for p >»7 HZ. Extensive theoretical investigations
been carried out to formulate a completely renormalizable

wge theory of the four basic interactiaons with three light

~mion generations but no complete success has been achieved so

Grand Unified Thearies® ° (BUTs) either supersymmetric or non
—upersymmetric pravide an interesting physics beyaond the &M
nifving strona, weak’ and electr?magnetic interactions for u = HU
 1015 GeV. Many interesting extensions of SM 1in the gauge,
srmion, and Higgs boson sectors can be embedded in GUTs. A neat

cediction of non—-SUSY GUTs is the proten decay through p—~+e+n0



de whose lifetime is constrained by the experimental lower

o

0 3z
Tp(p——+e+n‘) > 3x107° years {(1.19)

The Geprgi—Glashow minimal non—-SU8Y SU(3} mcdel3 was the

irst attempt to embed the SM in an underlying grand unified

=imple gauge group, but it has been ruled cut by the recent

3
CERM-LEP data on sin“ewiﬁz) and the experimental lower limit

on the proton lifetime. On  the other hand SUSY SU(S) predicts

-

10¢4 vears through the dominant proton decay mocde p— K+ Vy'

g~
addition one ceould also have proton decay in  the minim=al i
~on—SUSY SU(S5) model via color triplet Higgs scalar exchange with

mass OfF 1011 GeV and via & 'dimensional operators in  SUSY SU(3S) |

model .

Although there are no conclusive proaof of neutrinos having
passes, a number of physical phenomena point to the ‘massive
Leutrinos. The current laboratory limits for the three different

neuirinos are given in (1.9).

Measurement of neutrino flux from the sun carried out by

o

. (<] .
experiments on earth appear to show a 'substantial decrease fram

theoretical expectations by neérly 50%. althouch such experimental
indications are yet to be ceonfirmed universally. Such a deficit in

E—flux is explained by hypothesizing v oscillaticns to other



ries where the oscillation amplitude is considerably enhanced
jhéf mechanism due to high matter density in the interior af
. sun. The explanation of the observed salar neutrina deficit

 MSW mechanism reqguires the following mass differences and

z - ~5 &2 i -2
Ampi=(u.3~1.2)x10 2V Sin ={(0.4-1.2} %10 {1.20)
abatic solution
4
% 2 s -3 2 e
, Amei=(0.¢—3)xlo eV, SinTZ28=(0.6-0.9) (1.21)

reguire much

2 -10 2 . .
Amei=(0.5~1.1)x10 eV®, sin @={0.8-1.1) {

P
[d
8]
—

-
s (1.21)-(1.23), Am_.=(m —m )2 whetre i1=u, T.
ei v v

e i

An apparent decrease in the expected flux of atmospheric v
“iative ta Yo arising from thé decavs of n and K produced in the
mosphere and from the subsequent mucn decays, has been cbserved

three underground experiments, kKamiokande., IMB and possibly



+ 2 . This deficit can be ascribed to neutrino oscillations
» . Combining these and other experimental observations® lead

= following range of neutrine oscillation parameters
e 2 =
fanEO.DOS—O.S eV ,. 51t Be=0.5 (1.23)

Recent observations of the large scale siructure of the
e by the CDBE#J sattelite, when taken together with
wation aof the amplitude of pgimcrdial fluctuations on smaller
ace scales, indicate that the dark matter consists of 30% hot
matter and &0% cald dark matter. Massive neutrinas like Ve

ide the mast plausible hot dark matter candidate 1T

= 7eV £1.24)

The SM and SU{3} predict neutrino mass ta be zero since they
t have the right  handed neutrino in the fermion
sentation.

 50(10) is one of the most interesting grand unified theories
ha=z the potentialities to provide a variety of physical
somena beyond the SM. It has rank 5 and contains ail the 15
mians of a generaticn plus the right-handed neutrino in  the
ale spinorial representation 16. The madel also contains the
—+ight symmetric gaugé group SU(E)L KSU{EER xU(i}B_LxSU(EiﬂxP

y (=6 ) and the Pati-Salam group SUZ2), % SU2Y o

= Bl = 2213P

10



CxP { Q5 = 2R) { 55224P) conﬁalnxng the guark lepton

aQ
unification. S0(10) can be interpreted to contain the P(=left-

Iright discrete symmetry) and C (=charge conjugation symmetry?.
{ﬁs such it has the potentiality to explain the origins of P and CF

violations through spontanecus symmetry breaking . Moreover the

proton lifetime prediction of the model is enhanced by the
introduction of intermediate svametries . The mechanism of
- decoupling the parity.and SU(Z)R breaking can be naturally

%;-mbedded in S0{10) leading to the predictions which can be
. testified by rare decays and n—n ascillations. Using the standard
ktechnique of seesaw mechanism, the intermediate scale in S0(10)
. can be related inversely to the Maiorana mass of the left-handed
eutrinos over a wider range. In addition the domain wall problem
 is alsc solved by the decoupling mechanism. It has also bean
- shown that the second gauge hierarchy in SUSY GUTs is natural in
S0(10) when the Higgs representation 45 is used to break the GUT
symmetry as it provides a natural mechanism for splittiné the weak

- doublet and color triplet masses in 10 of SO10).

11



? SCOPE OF THE THESIS

Model predictions in grand unified theories using one-loop
lutions to the renormalization group equations(RGEs) have been
estigated 1in detail. Although threshold effects in gauge

=ories have been discovered as early as 1980—8f‘, anly over the

=t siu vears detailed calculations of threshald effects have

taken into account to refine SOD(1O) ;:n"el:i:ict:i.cn':'f'2 including
loop. We exploit threshold effects and examine how far SO0{10)
cﬁls with well known specific intermediate gauge symmetries

q%rnnt available experimental limit on the proton lifetime for

{
e+n}. Like SU(3) the grand desert model emerging from the one

= breaking of SO(1D)

M
socionY,  su XU (1), xSU(3)

MZ L

— U1} _ =SU(3)
em

(-

c

ialso ruled out by the CERN-LEP measurements and TD~»EfH0,
less certain artificial adjustments of superheavy gauge bosocns
; Higas scalar near MU are carried out'®>. But it has been noted
jf Tp and sinzew(ﬁz) prediction by S0(19) can be reconciled
all the available data provided the GUT symmetry undergaoes
toe the SM in two steps. In principle, the following gauge

oups can occur as intermediate symmetry in two steps breaking of

{10)




SU(2) »(1) x8udy_ (= 6 1

L Iin C 214

SU(2) =SU(2) xsum‘)c %P &655,p7 (g5 =GoR? e

SU(2), XSU(2) oxSU4) o (; Bong) (Op ®0ng!:

SU(E)L xSU(z)R xU(l)B_LxSU(S)CgP (EGZZISP) (92L=QER),
SU(Z) x SUR) o xU(D g xSU3) o (=655 (G #ang)
SU2Y, xuu)ISR xU(LY g | % SUCS) =6,

Recently in a detailed two-loop calculation of the 8010}

‘model, Deshpande, Keith, and pai*®

have ruled out the model with
6914 o 82113 occuring as single intermediate symmetry. In the
third chapter of this thesis we demonstrate how the model with
6214 intermediate symmetry 1is consistent with all the available
data when threshold effects are taken into account. In fact for
certain values of superheavy Higgs scalar masses, we show that 1t
iz impossible to rule out the model.

4

Deshpande et al.** have also concluded that B is barely

224pP
acceptable, and any improvement in proton lifetime measuremnent is
very likely to rule out the model. In the fourth chapter of this
thesis we carry aout a detail analyvsis of the model and find that
when threshold effects are included, the sinzeu(ﬂz) value from
CEREN-LEF is consistent with the wmodel predictions and proton
lifetime predictions are several orders of magnitude larger than
the experimental lower limitf

Including threshold effects due to Higgs scalars near the

intermediate and the GUT scales, the §S0(10) madel predicticns on

13




£ G G ccocuring as single

;Tp are updated with & 524 Booyzpo 2213

2258pP°
intermediate svmmetries.

L In the fifth chapter we examine radiative corrections on the

. coefficients of the seesaw formulas faor neutrino masses invalving

- Dirac masses of guarks. For the first time we derive uncertainties

_in the cpefficients due to the input parameters. We find that the

coefficients in formulas for m, and m have large uncertainties
2 . e M

campared to their central values. In this chapter we also derive
for the first time radiative corrections and uncertainties in
the coefficients of seesaw formulas inveolving Dirac masses for
the charged lepton. The uncertainties in these cases are found to
be much smaller. The consequences af these radiatively corrected
seesaw formulas on neutrino mass predictions are evaluated
including thresheld uncertainties on the intermediate scale and
the right handed neutrino mass.

Summary and conclusicons from the investigations carried out

in this thesis are presented in chapter 6.
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