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Astrant

EFFECTS OF HEAVY PARTICLES AT LOW ENERGIES
. by

v
Aleksandar Sokorac
Adviser: Professor Rabindra Hath Mohapatra

In this thesis we discuss the low-energy effects of heavy parti-
cles in contex{ of the quantum field theories with Jocal gauge invari-
ance and in general. We present the evaluation of the one-locp heavy-
particle contribution to a low-energy relation valid in the SU(5)
grand unified theory of Georyi and G1ash6w. The calculation shows that
heavy particles decouple (i.e. have negligible effect) in agreement
with the decoupling theorcm conjectured by Appelquist and Carazzone but
broved only in a simple gauge wmodel with one mass scale. The decoupling
theorem is confronted with the recent counterexamples in literature and
their difference with grand unified theories is stressed. Me propose
the more precise version of the decoupling theorem valid in a general
case. As a byproduct of our calculation we obtain the heavy-particle
contribution to sin®® in the SU(5) theory which together with the exi-
sting light-particle calculation agrees with the pioneering result of
Georgi, Quinn and Heinberg obtained by the renormalization-group method

and assuming the validity of the decoupling theorem.
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1. Introduction

During the past decade the standard Heinberé~$a1am 1 unified gau-
ge model based on the spontaneously broken SG(Z)LXU(1) 2 group and
Quantum Chromodynamics 3 (Qcn) based on the unbroken SU(3) gauge group
establishod Lhomqo1ve, as the most promising cand1uaL0° for a theory of
electro-weak and strong interactions respectively. It was a natural
‘qtcp further LO unnfy 4 a]] 1 se 1nLera(t1ons w1th1n d s:mp]e gauge
group G wh1<h will contain °U(°) %U(2)>U( ) as a subgroup. In these, so
called grand unified theories, we have one free gauge coupling constant
instead of three and quarks and leptons are put into the same muiti-
plets so that many parameters which would be otherwise unrelated in the
SU(3)x5(2)xU(1) model are now related or fixed {finite fixed s1n2€3 -
various relations between quark and lepton masses, explanation of char-
ge quantization etc.) The price we have to pay is the introduction of
new interactions that have not yet been observed in Nature. Namely,
quarks and leptons being in the same multiplets can convert one into o-
thers via new kind of gauge mesons - “"lepto-quarks" now necessarily pre-
sent in the theory (in addition to the "ordinary" gluons, W, Z mesons
and photon) thus violating the experimentaly cstablished baryon and
Tepton conservation laws. In order to suppress the unobserved interac-
tions these exotic gauge mesons have to get ihe enornously Targe masses

through the spontaneous symmetry breaking of G -~ SU(3)xSU(2)xU(1). Na-
30

mely, the present lower bounds on proton lifetime 'Cp 7 107" years imply
the existence oflmlwu1(ﬂ4~10]6 GeV mass scale. The ordinavy W, 7, gauge

mesons get their masses m|f~"lO2 GoV at the second stage of symmetry

breaking SU(3)xSU(2)xU (1)~ SU(3)xU(1) (with gluons and photon remain-

21



ing massless.

The probleom fmmidiately arises as to whether these superheavy par-
ticles manifest themscelves at ordinary energies so they might spoil Lhe
well known Tow-energy phenomenology. Working within an unbroken non--Abe-
Tian gauge theory with massive (heavy) fermions Appelquist and Cava-

zZzone 5 considered the effects of heavy particles (fermions) in process-

es involving Tight particles (in this case the massless gauge mesons) at

-~ low energies. Using the Tormal power-counting arguments they were able

to Qstab]ish the following fact for the 1PI (one-particle-irreducible)
graphs with external mesons of momentum k which is much smaller than
mass m, of heavy fermions in the internal Jincs. If the subgraph with
heayy fermions is convergent it will be suppressed by factor k/mH rela-
tive to the graph with the same external lines but without internal he-
avy fermions. On the other hand, if the subgraph with heavy fermions is
primitively divergent by adjusting the accompaning counterterm so that
the normalization mass is of order of external momenta k the effects of
heavy particies will he absorbed into the coupling constant and the
field strength. They conjectured that the so called decoupling theorem
applies to any renormalizable theory with different mass scales. The de-
coupling theorem asserts that in a theory with heavy (mH) and light (mL)
sector in which the light sector is rcnormé]izab]e itself the heavy sec~
tor will have the vanishing effect O(mf/mﬁ) on 1ow~ener§y (E'“IHL) pro-
cesses of light particles appart from the possible dependance of coup-
Ting constani on heaQy mass (m“).

The theorem has immidiately heen applied 6

to a unified gauge the-
ory in order to cxplain the widely different strengths of strong, weak
and eleclromagnetic interactions at low energies. The renormalization

D



effects responsible for that disparity werc calculated under assumption
that the effective coupling constants of the "observed" SU(3)xSU(2)xU(1)
group obey their own venormalization-group equation, i.e. that the su-
perheavy particles which are the only-communication between the above
groups effectively dccoup]e; In such a way the grand unification mass
scale (at which all three coupling constants become equal‘to the symme-

14100 Gev

tric limit) Was easily found to be consistenp withlmiﬂJIO
~obtained from proton-decay estimates. Also sin2§9 was found to be 0.2
at low energies consistent with experiment.

Another question raised in context of the grand unified theories
was validity of large yauge hierarchies Pﬁlﬁpnlf Namely, it was ar-
gued / that the radialtive corrections may destroy the gauge hierarchy
established at the trece Tevel. Subsequent investigation 8 showed that
higher order corrections in perturbation theory do not spoil the desi-
red hierarchy when certain conditions are met. Finally, Weinberg 8 has
shown using the effective field theory based on the decoupling theorem
and the rcnormalization-group arguments that a full theory can have a
large gauge hierarchy. Therefore we see that the decoupling theorem
plays an important role in understanding a possible unification of ele-
mentary-particle forces.

9 simultanc-

Recently it was pointed out by the different authors
ously that in some cases in the spontaneously broken gauge theovries the
heavy particles could manifest themselves at low energies contrary to
the decoupling theoren, Namely, the important feature of these theories
is that the gauge invaviance (or sometimes a discrete symmetry) may eli-
minate some of the tree level divergences so we do not have for every

higher order divergence the corresponding counterterm to remove the in-
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finily. These divergences must now cancel between the different graphs
because the theory is renormalizable. In this case the contribution of
heavy particles can not be absorbed into a counterterm as argued hy
Appelquist and Carazzone and we will have a finite physical efféct which
grows with heavy-particle mass. |

ATl thcsé examples ? against the decoupling theorem were not, ad-
mitedly, given in context of grand unified theories where, as we stre-
ssed above, it's validity is of the great importance. In view of that,.
we have undertaken 10 an explicit calculation involving superheavy par-
ticles in a grand unified theory. In this work we present the outcome
of our analysis. We will work within the SU(5) theory of Georgi and
Glashow 1 which is one of the first proposed realistic grand}unified
theories. 1t is a minimal theory that contains SU(3)xSU(2)xU(1) as a
subtheory, it needs relatively simple Higgs sector and serves as a pro-
tdtype of more general and more complicated theories. de have evaluated
one-loop corrections due to heavy part1c1e§ to the expression:

My ~ M o’ Q

AE-——- -;;"’“"‘"""" (].])

My

which vanishes in their model at the tree level in the 1imit of infini-

tely heavy particles:

0l ot €
- ¥ T .
A = My, M5 m?j o e (1.2)
~o 02 nal )
Mw H

(L,H stand for light and heavy particles respectively and index d deno-
tes the bare values). The expression ASO in (1.2) was already used in
literature 12 in context of pure Weinberg-Salam model (where it vani-

shes exaclly) to caiculate heavy-particle effects. Nawmely, due to the

high level of divergence of W and Z propagators (quadratic) used to cal-

l -
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culate mlf‘; and mi in A\ (1.1) the dominont cffects Vinear in mﬁ/mi are
expected (and obtained in Vilevrature ]2) because there is no counterterm
coming from (1.2) to absorb it. Let us only mention that cosz@ calcu-
< Tated from dimension]ess‘wave function'rcnormaliza%ion constants
(sin263'=‘02/92) can give only 1n(mﬁ/mf) Lerms.

Let us emphasize at this point the difference between a) the thé~
ories with examples against the decoupTing theorem which happen to be
'with one basic-mass scalc.vo and - b) the .grand. unified theories with two .

mass scales v‘2>v0. In the case a):
Vﬂl" ~t G\!O ' ,vm‘. nS CVQ (].3)
while in the case b):
My ~ av + bvg | Wy o~ 0V (1.4)

where a,b,c are some coupling constants of the theory.
In the case a) the hierarchy “Wl$7"i is achieved by b® ¢ so the

eventual heavy-particle effect in A (1.1) will be of the form:
(R .
D ot o~ B (1.5)
W,
where B is some constant dependent on h/c 3»1.
In the case b) the hicrarchy Ny 2>, is achieved by v Vo and

the heavy particles will cventually give the effect in A (1.1) of the

form:
- 2
My v
N o e~ ) e B
W Vo (1.6)
or Lhey decouple if:
A=86 =0 (1.7)



Now we expect qfo by the more gencral princiﬁ]e of U(1) gauge invarian-
ce. Namely, after the First stoge of symmetry breaking (vi0, v0=0) vhen
the SU(3)xSU(2)x(1) gauge invariance remains, W and 7 mesons are mass-
less and they can not get wass radiatively from v2 contributions of he-
avy pariicles in (1.4). They will remain massless as a consequence. of

the ordinsry U(1) gauge invariance. Only after the second stage of sym-
metry hreaking'(vo#o) when W and Z pick up the tree level mass they caﬁ
o contributions of heavy par-
ticles in (1.4). Therefore the validity of the decoupling theorcm alone

get mass radiatively corrected from the v

e

depends on the B term in (1.6). We have calculated both A 13 and B terms

in (1.6) and obtained that the heavy particles do decouple at Tow ener-

gies, i.e. (1.7) holds. '

We find that there is a good reason not to be suprised at the de-
coupling of superheavy particles: it is the SU(Z)LXU(1) gauge invariance
of the light-par11c1e sector al the stage when heavy particles get
their masses. In grand unified theories (case b) above) that happens
after the first stage of symmetry breaking (v#0, v0=0)..In the previous-
1y found examples 9 of the low-energy manifestation of heavy particles
(case a) above) the gauge invariance of the light-particle séctor gets
broken at the stage when heavy particles gel their masses because there
is only one basic inass sca]g_vo. In such cases the heavy particles will
not necessarily decouple. In Chapter IV we discuss this in detail by a-
nalysing most of the found examples of heavy-particle effects at low
enefgies. Hq also draw the parallel with work described in this thesis
by putting the special emphasis on the gauge invariance of light sector
of the theory. We do not offer any general proofs but we believe that
our remarks do have a general nature since thoy seem to be applicable

-



in all the known éases.

As a byproduct of our calculation we obtain the heavy-particle
contribution to §1n2(3 in the SU(5) tﬁeory which is needed together
with already found 1 lTight-particle contributien in the Weinberg-Sa-
~Tam model to make sin26) finite at low onergics.-Thérefcre our work
also serves the purpose of demonstrating explicitely how the renormali-
Czation works in a complicated gauge theory. The net finite result for
ﬂsin?fa eyrees exactly with pioneering result of Georgi et al, 6 who
used the renormalization-group method and the decoupling theorem. There-
fore this resu1£ can be viewed as an additional confirmation that the
heavy particles decouple at low cnergies.

The rest of the work is organized in the following manner:

Chapter 11 is used to review some of the relevant properties of
the SU(5) model of Georgi and Glashow and to establish the notation. We
followed c¢losely the work of Buras et al. 15 but we also included the
full physical spectrum of the theory compieted by us and which is needed
for our computation.

In Chapter III which presents the main body of our work we desciri-
be our computation. We also discuss some of the aspects of the renorma-
Tization program in the t'Hooft's.gauﬁe (us{ﬁg’ﬁﬁaihChsﬁaﬁal regulariza-
tion) which we employ in the paper.

Chapter 1V is devoted to the analysis of the previously found ex-
ampies of the 10W~energy manifestation of heavy particles. The more pre-
cise version of the decoupling theorem is offered.

He conclude with Chapter Vo in which we summarize the results of

the work,



In the Appendix we give some properties of the SU(S) group and
the Feynman rules for the SU(B) theory of Georgi and Glashow which are
nceded Tor our calculation. Many of the details of the straightforward

but tedious calculation necded in Chopter 171 are given.

Qe



I, SU(5) Grend Unified Theory of Georgi and Glashow

et us now consider some of the propertics of the SU(H) model ",

]5. Included is also,

We will follow closely the work of Buras et al.
for the First time the full physical sbcctrum of the theory which is
necded for our computation. |

There are 24 gencrators Ia = 1/2 ?ba (a=1,2,...24) (sec Appendix

- A) of the -SU(5) group which satisfy the following commutation relations -
EIQ,ICI'] = ‘:Uru-(.rc:(« (a|€"cs"....z,-'3 (2.])

where fnbcls arc totally antisymmetric in a,b,c indices (see Appendix
[¢

A). We normalize the generators I, so that:

Tr IQ Ie, = —.";" . (2‘2)_

The SU(5H) group with the bare coupling constant 93 contains the
Tollowing subgroups: colour SU(3)C group of strong interactions (with
I],...IB) generators and the bare coupling constant gg), SU(2) (with
12],122,12355'T],T2,T3 generators and the bare coupling' constant gg)
and U(1) groups (with I24 = T0 generator and the bare coupling constant
g?) of the weak and electromagnetic interactions. The invariance under

SU(5) group implies that:

97 = 95 = 99 = Ju (2.3)
IT the charge operator 0 of the theory is given by:
Q= Ty - KTy (2.4)
the hare cha;gc coupling constant ¢, is determined by:
,.L:(: i -'*"';'T& + 4---53;-‘- _ (2.5)
e gs 99

-9



so we can indentify Lhe usual SU(2) and U(1) coupling constants:

. o ’ (f?
%U & ?} ) 30 = '“(",, (2.6)

, K

and the bare mixing angle 630 is defined by:-
* iz
. Co ﬁu ’ '

I e s T ey (2.7)

Jo (JO 4 c(O I+ i

j.e. is a Tixed constant for the group. In any representation of SU(H)

we have from (2.2) and (2.4):

-

LR
Te Q7 e (ta KZ) Tv Ty . e (2.8) S
so that using (2.7) and (2.8):
T
.2 TP T; E TZV\
Anw @, & o oz R 2,
s - &% Q2 (2.9)

"

where the summation is over all members of any given representation of
the SU(5) group.

The pure gauge meson Lagrangian of the theory is:

Loy = - 5 T Fuy ad (2.10)
where: . _
Fo = —5«7 (L., Dy ] (2.11)
Dy = S - 09, R, (2.12)
and 24 :
Ap e 5 Ta A (2.13)
er

i.e. adjoint 24 representation of the SU(5) group. We can write expli-

citely in a matrix form:

4

-10-



O+ {2 p2 T
( Vo ! {ls ia | Xp o \
1 e )
X L3 ....’-—- n’-‘ - }-- 00 \’\j+
\ o = / S \IIO 7
Y t - o 3 "'_L N ©
k f‘-’/" Wﬁ" . \r:,;. F)/g, - \’lo n/,q

(2.14)
where Agis 3x3 gluon matrix with SU(3) colour indices, i.e. it is for-
‘med of a=1,2,...8 terms in (2.13) (which is not involved in our caléu-
lation), 1 is 3x3 unity matrix and: ;

,.5,; ( yl//i ' \?’/u X‘.An 3

. (2.15)
Z/l. = ( Y'/A ) Y7/A ' \/:‘ A )
where:
:.t 4 . ¢
XP e & (A " ente)
. Z ) (l"l.’t:’\ (2.16)
£ . 134 21 . l'~1-r'z')
YC - ‘(_'Z ( ,') ;- ¢ F)
are the ‘gauge mesons with Q= r-g-, T3-1 ;_ and Q= '-’-'%, T3= IC% respectively
and . .
—~..,_____ f")"’l'~7'>
Woem (AT 0h (2.17)
are the gauge mesons with Q=%1, T3=3:1, while:
A,z PV . P, & P . (2.18)

are the gauge mesons with Q=0, T3=0.

Now we can find sin2€50 using in (2.9) the gauge mesons (2.16),
(2.17) and (2.18) of the adjoint representation {gluons do not contri-
bute because they have Q=T, 30)

. LN 5 4% .
Gitg, . L(EY r T3 v g (2.19)
78 (3\ o+ 2 "( ) ¢ 2t 8

1=



The SU(5) group is spontaneously broken in two stages: first sue
perstrong1y‘down to SU(3)xSU(2)xU(1) hy the adjoint 24 representation |
2 and then weakly down to SU(3)xU(1) hy the spinorial § representa-
tion ¢ (as in NeinbergLSa1am mode1).

At the first stage, the mest general Higgs potential (dmposing a
discrete 2 = « 2 symmetry for simplicity) is:

V (LQ,\ z - -é-/m’l Te L2,° + L'T a (Tv.f?..")’z + —_-2 ¢ v L(?-J'I"

,(2.20).
where: | 24
\]—?: L = 23 IQ\Q;Q S (2.21)
[«
or in a matrix form:
(erIJg + {%? g 1 Q2?>c | 5£§~q \\ |
, + W 7:: 3
(2 = L2y 7 i Mo 2
1-
0 O R YN i 3
(2.22)

where LIQ,B js 3x3 matrix formed of a=1,2,...8 terms in (2.21) (not in-

volved in our calculation) and simmilary as for gauge mesons:
.‘— o}~ o+
(ﬂ,;' y {2, ’ -O'X:s>
)
o + + )
L()*‘ - ('Q74 ) ﬂ')’z )'(27’3

3

(2.23)

vihere:



s
t

_— T Lo’ Sl e g
£z e (L2 AN o} ) (G=1?§.‘z 1z)

¢ E |
¥ 1 ML RR T it e 4 ! T o~ ..’,)
LO-! Ye z. "\;‘-};—" ( .(? . 4+t S ) ( Q b 3 I'} - Ty

!.

0F Lok (A E ‘Qfm') (Q=%1r , Tzg=21 (2.24)
o)

AR
The vacuum expectation value which gives the desired symnetry

$e

) o . . .?(7 \ vy
W2 i ) y (. = LQ. ( &=0 , Ty

breaking SU(5) - SU(3)xsU(2)xU(1) ds:

cAY
O RN
L Z
where
V'?.
/ﬂ’: (lSck+'7€) e (2.26)

and the condition for winimum is b>0, a>(-7/15)b.

At this stage the exotic gauge mesons X% and Yi get superlarge

Masses:
™ 2 2 p ’LV'Z
s W = c?w
W Y & (2.27)
T
as well as J2,,.fb3, &740 Higgs scalars:
2 . ' y
Mapr = \’\/\1,;13 = 106 VZ‘
' (2.28)

s
M}@ z (w1k+763V ® %ﬂ?

while the rest of particles remain massless.
If we now “switch on" the weak breaking ¢ we add to the Higgs

potential

V(P) =-d9dth o 2 (¢7e) (2.29)

~13~



term, where .
( ¢7 )

&
b = - py . ' (2.30)
d)'i*

s, © * 0"
\i{'_;_:((p’c-' lcbz) J

+ : .
and where cp~% have Q=i§] T.,=0, qﬁ'have Q=11, T.= %— and b

—— ' O
3" '3 3 1,2
havemQ=O,_T3;”s %‘and,thevvacuum_expcctation}va]ue giving theﬂSU(S X

xSU(2)xU(1) == SU(3)xU(1) breaking is:

o \

0
Y - 9]
REOE (2.31)
0
N\
L {Z
o
where
. s :
2V = 2V (2.32)
and
Vo &KV (2.33)

Now we must allow the couplings between 2 and q> so that the

full Higgs potential includes the
N'(22,4) = @') T + @67 2% © (2.34)

picce respecting the gauge and the discrete 2 = - {4 symmetries
which in return induces the change in the vacuum expectation value

(2.25):

~10-



(S’L) — ,<fl> < | "’%(‘546'\ . (2.35)

vhere
L ) -
e = BN Lo l(.v.}iy-]
206 VU vt
1 . . 1 Vo
ﬂ};(mn+7€}%w+(w+%%JV° + O(Vo va> (2.36)

) T

\%

2 1 9 . T
Nz gavg v (15 L4-3es) + 0 (Vo VLB

compared to (2.26) and (2.32).

-

. X
Now the ordinary gauge mesons W -~ and

Ze Ay om0y - No by (2.37)
get masses:
Vo
7 | 2z 1€ 2 .
Wi = ’(""'go Vo O(V" y?
I (2.38)
Vm T - ..L. ..._.._9—2«.\.!..?..-.
2 Yo% 0,
while
A Aysin0e + Aol (2.39)

is photon.

From (2.38) we see easily that the relation (1.2) holds:

. L ‘
nip, - My A0 vt
[ad - ﬂ ()
At = 0 -;J—:;) (2.40)

K4
Q
VV,‘& W

1w



where we explicitely put o index for the bare quantities in (2.38).
Also the wrotic Xi and Yi gauge mesons get the Vo contribution

to the masses so that (2.27) becomes:

2 AT ' M X©

. , (2.47)
ve oz
V\/,;:I' = fl;.. (J\: \17' [ 1 - (|...¢}TJ )(7‘] |~ C)(MA\&.; X‘()
where | = ' -
P ARV Vu
: G T o @) s
and ‘ 3/
8[ =0 ﬁ
He.- (2.43)
From (2.38) and (2.41) we sec that:
Wiy ' |
X 2 e (2.44)
Wﬂx
and we will need from (2.41):
a .
ME- mE o e (1-25) + 0 ( #ux*) (2.45)

In the Higgs sector the mass matrix will consist of the following

terms:
.}- -~ )
1 (i, O 2y, (2.46)

(where 0 means zeoro and the swmation over i=1,2,3 is understood)

. "

+ . . - ‘
2) (‘QJ‘I\' ) 4){:> M Mx Ly + O(Wu::: Xz)
Mx M (1-35,%x%) || %
. (2.47)
where & L
M= - @§,V R (2.48)
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) (O, @) W (e B mEx Y [
( | ( 3 W N O(m:xz)

b B L.
-V F X s ] @ (2.49)
where
- ‘
M, #1086V < . (2.50)
4) ,(Q’f-’u_fn-’,ol CP?> , (H (“‘.“"” ) Mi&ox (L(?‘}.\ TR
:/\_. o - M+ M % X K2
M, 8% g 87 % Mo b ©
f
y |
+ O My x*) (2.51)
where i
My 2 (1Sa + 'f_/@‘)\;&
2
Mo 2 3 Ve , (2.52)
. N1§ 33 0o
S, =
2 ISe + 76-
and finally
5) = d> O c‘) - (2.53)

From (2.46) and (2.47) we get the following Goldstone bosons
(necessarily present in the t'Hooft's gauge which we employ):
-t ks
(7}?( e xy

- . (2.54)
G):"‘ = (l ';"‘ LCZJ}: - X Cf),: + 0 (X‘t’)
t
with charges Q* '%-d“d ()= *l respectively while the orthogonal coumbhina-
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Lion:
..'.

x Ak s _ )
Hye = (1= 3) @ o xQye o+ 0(xF) (2.58)

with charge Q=i%~ has the mass:
\'V\.z“.{ M l |+ (l-—’.ﬁc’)‘,) >(7“] R ()(b‘u),:',' x'L> ' (2.56)

From (2.49) the Goldstone hoson is

- ‘
3, t -, O . ‘
6ts (1 2x) @t e 5x 07 1 004) @
with charge Q= £1 while the orthogonal combination:
: T - + -
HE = (1= Zx)@” - 5xe” + 0 (x*) (2.58)

with charge Q=21 has the mass:
- ' -
V"ﬁ,-{ =M ! [ I "sl" &) (‘—f‘ 3:\.\ X’L] + O(an‘v X1> . (2.59)

From (2.51) we get the following neutral (Q=0) physical eigensta-

tes:
s¢ 0
Hy = (1= 80 2+ 00 Ly + Bxe? ¥ 003)

1 .
Ho = (1~ %~X1> (2o o+ O(XOL(L-S T O(x3)

ERE T 2

L

-1
) &+ 0,
" = ["* "L'{J"x"] ¢7 - Ty - Txllg + O("z)

(2.60)

with masses:.



< . . “ i ]
wﬁ,s = 1, [ RN (1+35,) >;‘J -0 (v, x’)
"l. 8.7. 7) ' " it B ),7‘5 - )
L'A”O = f’jz ( ‘+, e X 1 O( W X ' - . (?.6])
, z 2 o
V"”E‘z © Mo o~ MK - M By X+ O (WX )

while from (2.53)

o e |
G° = &, | (2.62)

is the neutral (Q=0) Goldstone boson,

We will also need the couplings of the Tight fermions with the
exolic superheavy -gauyge mesons. The fermions are accomodated 1 in the
spinorial 5 representation and the antisymmetric 10 representation (ob-

tained Trom 5x5=15+10) of SU(5):

(0, (o Wy -Ug ~U, -d‘.\

d, | T S VS PR
L | .
21 dy | BT u cul 0w —dg 2.63)
e’ W, U U V) -gt
. _ |
k ¢ § d, ds dg e’ 0
R J L

where ui’di are up and down quarks with i=1,2,3 colour indices, et ,Q’g
are positron and its neutrino, superscript ¢ denotes charge conjugati-
on, subscript L,R denotes Teft- and right- handed éomponehts of the
fermion fields:

| ¥ &5
\lU by 1 T e LI’ (2 . 64)

oy
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and we neglected the Cabbibo mixing for simplicity.

15

The relevant couplings ave 7

S, . (

(IF < .\.:fj% \(/‘, (C'JK ;(L'b// (; jL + d X’"C+> 1+ G.C |

o (2.65)
0 - = . ,

\;”"" Ilt}w ( G“‘,;l( (’"t((:[_ z//v (’l‘d.l. - "L b/, IR .'— ‘l( d/‘\)l(\) + 0 c

where 1,3,k=1,2,3 are colour indices,



111, Calculalion and Comments

Let us now turn to the calculation itself. As we prowmised in the
Introduction we will consider the one-loop corrections due to the heavy
particles in SU(5) to the expression:

2. 2 1.
Myy - Iy 07370

A = (3.1)

w5

which vanishes at the tree level in the 11mit of infinitely heavy par-

ticles:
kA o T CoN.
AL Wiy, - L ent@ .0 VAL (3.2)
0o = el ‘T
ol . . VM*

where L,H stand for Vight and heavy particles respectively and index o
denotes the baire quantities) so it is calculable in that Timit. (Note
that 2\ o in (3;2) is exactly equal to zero in pure Heinberg-Salam mo-
del). |

The connection between renormalized and unrenormalized (bare) qu-

antities is:

2 1 T
My = WS, + 0m,
2 7 - 2
Wi, = W% B v, (3.3)

(‘A';]'L@ z WZ{LQQ + S.C/MTO

We have by substituting (3.3) into (3.1) and using (3.2):

- 1 (3 .
. S Sw., Jun'o
. ,I- ] - - - e s s At e 3 LA
A Lo z i ANe) (3.4)
\4h 7 O
W -

to the one-loop level. We will further neglect Zﬁc)and all quantities

-]



of order‘o(mz/mﬁ) since they mean the decoupling by definition,

The squavcd-mass shift Eﬂnz arce determined from the polarization
tensors (see (C.4) in the Appendix).

We define sin®@ as:
C;L(O\

O = ‘
: | 3.5
- %ow (1) ' (3.5)

where e(0) (called e afterwards) is the renormalized (physical) elec-

San =

"tfomagnetic'coUb]ing'conStant’(e]eCtric charge) ‘evaluated at subtrac~
tion point M%=0 ( & (0) = ¢%(0)/4T = 1/137) and g, yy(m,) (called g
afterwards) is the renormalized weak coupling constant between neutri-
no, electron and W mesonveva1uated at f&2=mﬁ. Notice that g(mw), the
way we define it, can be determined from [>or M decay once m, is

16

known'precise]y . In the renormalizable R gauge of t'Hooft, which we

. 2 .. .
employ, the renormailized charge squared e~ is given by:

—_ ) —, (A
< 2 Z
67”: Co e K ’ (3-6)
Z 2.
Ieeh

where e, is the bare charge and the renormalization constants 23,22

and Z; are defined in the Appendix C by (C.5),(C.73) and (C.85) respec-
tively. Notice that in R gauge 21%# 22, i.e. the Ward identity does not
18 5.5

L
defined in the Appendix C by (C.85) and (C.73) respectively; see (C.78)

~hold 17 (although it holds for the parity-violating pieces

and (€.90)) and the A-Z mixing is to be included in calculation of
Meen 17, Using the definitions (C.5),(C.73) and (C.86) we can write
(3.6) in the form: -

1 1 T
e = (o + Or (3.7)

-92.



where:

- z o L @) L ()
80"z eq (= 2Z ppp + 22y 4+ Py } (3.8)

The renormalized coupling constant squared 92 is given'by:

- (&) - Y ()

0 .. . ZZL.R LR 3. . ]

97 g, - (3.9)
élc\)\t\/ '

where 9 is the bave coupling constant and the renormalization cons-

tants Zy,Z, and 2& are defined in the Appendix C by (C.S),(C.ZBf and

(C.87) respectively. Using the definitions (C.5),(C.73) and (C.88) we

can write (3.9) in the form:

W1 1. <
g = Go *+ 8 . (3.10)
where:
a2 e) o) o)
58’2_; g: (M Zzlc\)\u + 22‘-\!\ + -&Z(..K + ‘23 > (3.]])

Now using (3.5),(3.6) (3.7),(3.9) and (3.10) we can express sinf@  dn

the Torm:
S 141 0 - S»«'J;l Qo + S =n O

(3.12)
where 2
se 24

DEt0 = O, (""T“'“' ("> (3.13)

er 92

or using (3.8) and (3.71):
. T2 L2 B )
Ssan 0 ¢ Hur Do [‘?” (Zieow = Zrecn) ¥ (272 = Zaun "'Zzt.r()
) . m\ __.’(w)
+ (Zy - ¥y ) (3.14)

4

Finally using ‘8t05269= - Fsin%0 we get from (3.14):



Swar' o . . ) (e) o (N
e U Lﬁ) 0o [2. (Zieaw - i’men} + (227. - Tuw " zzc.r{\
Cri By

b (28 ey o (3.15)

Before we stort with the resulis of our calculation let us make

few remarks. The tree Tevel relation:

<.
: a
ol. 01 1. 1‘ L )
, . ! - 3 ———
Wiy = mal, oo O = O(my e ) (3.16)
L H

“in (3.2) is the consequence of the SU(2) symmetry bréaking by”ﬁartiCUL
lar Higgs mechanism. The heavy particles thaf could -correct this rela-
tion are in the SU(2) multiplets (with equal masses) before the weak
symnetry breaking. Suppose that they, after the SU(2) symmetry break-
ing is "switched on", "approximately" rvemain in the SU(2) multiplets
(i.e. their masses can be set equal up to the terms we neglect in our
approsimution). Then such particles "don't know" that the SU(2) -symme-~
ihy is broken and therefore we should expect them not to correct A o
in (3.2), i.e. their contribution to A in (3.4) should cancel.

2

Consider, for example, the q°- dependent terms of the polariza-

(M,Z,A)
M
Since ve put q2=m§ (M=W,7,A) ~ mf the masses of the heavy particles

tion tensors | ] (g) which have the dimension of mass squared.

mentioned above can be set equal (corrections are of order O[mf(mf/mﬁ)])

Therefore the contributions of these terms to f5m5 7 and Zgw’A) in A
LK

should cancel. In order to check that explicitely lel us write A in

(3.4) in the form:

. _‘ T . 73 ._ 2. . - "

A (6'1\"&- g“"’z.) | ( S oW, ) ['(« S e 9) ( S'cmO)']
R RS R ol B i el I ) | ——

lM& W";. Q V."iL,: 144.2’" ] N ey 0o /o a0t

(3.17)
-24-



where subscripts o and T, as cxplained in the Appendix € by (€.55), de--
’ . n
signale the ferws calculated from Bé“) ahd Hsh), i.e. q°=0 and QZ#O
. ~t A ,(I’q) ? . gn .12 T ¢ - L343 (-“_2 ? N gy b
terms of Y/ (4*) respectively. The quantities ()mm/mmlo y are already
]

defined by (C.63) and (C.G4). Using (5.15) we define:

5@?0.‘ o ) te)) N O
ool Y 2 (@ - % v (22, - 7 Ze ]
w0 90 [ ( 1w ve¢n3 (224 ' ST S cu()
(3.]8)

and ) ;

SU‘\YJ.&G)‘ L 3 A e .

_— . - tag'@ Pow o= T
unt 0o - B 0o [z S ) (3.19)

since 21529 constants in (3.18) are calculated for q2=0 as discussed in

C.II1. and z, constants in (3.19) are calculated from B%M) (see (C.69)),

3
i.e. q2¥0 terms.

Now as we discussed above the "qz—dependent" terms should cancel
in & (3.17),4.e.:

r-
D Wiy owz

2
W - W

i
&)

(SMG . | (3.20)

Realy, from (C.66) and (C.68) we have:

-2, 1 ys |
< . Slm Y —-—- H -
( 0 Wiy - Z) = -...—-——30 (....L- Ax + =~ [)H . vy -~ ‘I'I )

Wik wr et V& 8 "o
(3.21)
while from (C.70),(C.71) and (3.19): |
o w
CARE A LA RIS
(3.22)

0
where we used tg“(}oms/s. From (3.21) and (3.22) we see that (3.20) is



satisfied as we expected.
Let us calculate the rest of terms in (3.17). From (C.65) and

(C.67) we have:

< » £ 2 “T 1. . i

..--,_:z.,-. . ..._......;... . s . »___.__; .z;ﬁ Js) sy
f" . N .
Wi wmt ‘o 16

P ) - T ()]
b6 [T, () - T ) 2 T 00y = T ()] (aa
N

X
Vonr [T W) - T O ) - T (012) T (0, 2) - 7, ¢ )|
CE ne -1 )]

and from (3.]8),(C.77),(C‘79),(C;84),(C.89)-and (C.91) we have:

1 . *
SU\\?‘Q_ .. N L b x (3.24)
g z 6
(Voo 9() o '6‘3’{

We see that (3.24) cancels the first term of (3.23) in 4 (3.17).
This can be explained simmilary as the cancelation of qzwdependont terms
(3.20). Namely, zy and z, constants in (3.18) are dimensionless and as
discussed in the Appendix C.III_and C.1V we put My & Ny SO the particles
X,Y "don't lknow" that the SU(?2) symmetry is broken. The corresponding
contribution in (3.23) is the first term which comes from San in (C.67)
and is calculated from diagrams in Fig.2 with heavy particles Y,CY,GY
of the same mass My o ity contributing to B(Z)(qz). Again, the diagrams
with one mass only "don't know" about SU(2) symmetry breaking and above

cancelation is expecied.



So finally we have from (3.17),(3.20),(3.23) and (3.24):

8 ¢ B poa o -
A= 20 LS T () - T, (k)]

\Ln‘? g

- G [ T, (~(..y} w T, (><.~().4- T, (%, Hy) - Tz (Y, ny)] + . (3.25)
..( ’

i '(',f;;"" [? 1 (“' \A") - J (},4',“) ‘I (“1 .Z‘) + I' (“312) - ’I: ("31\,\]):}

%

Y

t‘\x ~

—

- ['.r (n(,,z) T (Ho MJ
Wy

Thc qUan‘1t1es I /m (whex( I1 is defined by (C 27)) of the first

row and the 12 quantities (defined by (C.38)) of the sccond row in
(3.25) arc dimensionless. Since m$ - mi "’mﬁ (see (2.45)) they.cancel
in the Timit m,-» 0 so for a finite my the correction is of order
O(mﬁlmi) vinich we neglect in our approximation. .

The simmilar argument holds for the third and fourth rows in
(3.25) where I, terms cancel in the Timit m”-* 0 and for finite My the
corrections are again negligible of order O(mw/mi).

Therefore we have for the one-loop heavy-particle contribution

to
d 2N
My = Wy, @ oy _
AN ( - = 028 (3.26)
WA W/ H V\~1‘LH

In conclusion, we have shown that the superheavy particles in the
SU(5) theory do not manifest themselves at low energies in this parti-
cular relation which we believe is a more general result. We will dis-
cuss our findings in detail in the subsequent section.

As a byproduct of our calculation we can'get the contribution of

. , 9
the heavy particles to sin @ in the SU(2) thcory. Namely, from the
definition (3,14) and using (3.18),(3.19),(3.22) and (3.24) we get:

-7



v Do sy -
.1 5 1) Sfj v . .
Saen) - 300 (.ﬂ_ Oy - 2 + L 9 4 S i

( A IH 8 -‘G_nz 77 X /)H 24 ”Y 12 (3.27)

where we put u;plicite1y sin2<90§3/8. Using the definitions of A quan<

tities (C.51) in (3.27) we have Tinally:

P ' ‘
6ot 3 do £ 109 : -
ofiu O R A T A LS T G R RV P A
4-19-,mu4 4 -~emu L Cuwa o2 ) .

The coefficient of the infinite tevm is equal and opposite in

X one-loop con-

sigﬁ to the same coefficient for the light particles
tribution to sinzC) as it shou1d'be (i.e. the totd] one-loop contiribu-
tion is finite since sin® O is calculable in the SU(5) theory). The

noteworthy feature of this result is that the vaiue for sinzC) abtained
in Ref.14 and here is éxact1y equal to the pioneering result of Georgi -
et al. 6 who used the renormalization-group methods and decoupling the-

- orem. Tharefore this result can be viewed as an additional confirmation

that the heavy particles decouple at low cnergies.

o)



IV, Decoupling Theorem and Heavy Particles al Low Lnergies
2 q

In the previous scction we have seen how the superheavy particles
in grand unified theories decouple at Tow energics. The reason, we be-

lieve 19,

is ihe gauge invariance SU(Z)LxU(l) of the étandard model
vhich femains unbroken at the energies of ordor'of the superheavy par-
ticles masses. Here we discuss in detail how the lack of the gauge inva-
riance leads to the physical low-energy effects due to the heavy parti-
cles which would apparently invalidate the decoupling theorem.

The first discussion of the heavy-particle manifestation at low

. . . ' - 12
energics is, we believe, due to Veltman "~. He has calculated the one-

u

Toop contribution of the heavy fermibné to the relation Z&
(ms - m%coszéﬁ )/mﬁ (the same relation that constitutes the main body
of this worlk) and found in a manner simmilar to ours the effects pro-
portional to heavy fermion masses. Let us discuss, briefly, his results.
If we have two fermions in a doublet representation of the standard mo-

del, then one can show that they Tead to the following expression for

Z& (see formula (C.27) in this work):

Ge ey W .
A = ; ["" L. 0m "‘%(WT*'”:>J d:ﬂ(hZB

— ‘ o 2
HEZHE b oyl Wi,

The abave expression is actually qufte general. Namely, its form haolds

true for any two particles in a doublet, in particular if such particles

are ﬂiggs scalars as shown by_Toussaiﬁt ? and independently by us 9.
Obviously if we taPe a)ln <<nb in (4.i) we gel: ’

C{ 2

- a) JANE- S }72;7[ W, _ (4.2)

-?29..



j.e. the heavy fermions do not decouple at low energics since A in-
creases with their masses. fow if the gauge model is of the sequential
Weinberg-Salam type then without this doub1etvthe theory would he re--
normalizable. Does it me ean. that the rosu]t (4.2) violates the dOCUUp11nq
theorem of Appelquist and Carazzone 5 The answer would be yes if we
interpret thé decoupling theorem as origina11y‘stated§ if the light
subtheory is renormalizable then the effects of heavy particles vanish
in the Timit of their increasing mass. However, the above fatoment 1s
obviously not,comblete1y precise sincé (4.2) v1o]a1es it. The pownt is
the following: if the heavy fermions are superhhavy, i.e. their mass is
many orders of magnitude bigger than s then we expect them to get the
mass at“the Tevel when the low ehérgy gaJQe group is still unbroken. In
such case b) Am = My = Mo & My (i=1,2). It is casy to see that (4.1)
then rveduces to the following expression (see (C.32)):
T

b) A oS L) (4.3)

AT RN
which means decoupling. What happened then in the case a)? Well, in
this case the mass of a heavy fermion must be of order m, since other-
wise SU(Z)LxU(1) would he too strongly broken. Tn other words, when he-
avy fermion gets mass, SU(Z)LxU(]) gets also broken - there is no Tight
gauge invariance preserved which would make the cffects small as in
(1.3).

Alternatively in the case a) we could consider particle with mass
my to be "he?vy" and the other onc with mass my to belong to the Tight
sector. Then, of course, the 1ight subscctor is not renormalizable by
itself and so the decoupling theorem is not applicable anyway so we
have the heavy-particle effects.

~3()-



Let us illustrate the above point in wore detail. Let us concen-
trate on a Tour-quark Weinberg-Salam model. We will consider up and
down quarks as Tight and charm and strange quarks as hcavy. The theory
with only up and down quarks is, of course, renormalizable. A particu-
larly interesting example of the heavy-particle effect was devised by
Collins et al. J who found that the axial isoscalar current UXMB’SU +
Eg;hg'sd (which is forbidden at the tree level) gets a contribution of

~the form:

5 2 e .
) O g e 4.4
j,vs e~ 5 Y s ( )

which indicates the strong dependancg of the heavy-quark masses ( OKS
is the strong coupling constant). Again in this example SU(Z)LxU(l)

is broken at the level of m. and m, or otherwise we vould have

m, - m$<3fmc which we know is.not true (or if it is, hypothetically, we
would expand 1n(mc/ms) = 1n(1+-AnVng)::‘ngug and get decoupling simmi-
Tary to (4.3)). What haﬁpens is the following: now we have the hiérarchy
of masses: mC.\> ms>> My~ 0, But Vobviously then there is an intermedi-
ate stage where we can ignhore ng compared to m.- At this stage mg would
belong to a light sector and as we know , the 1ight subtheory would not

be renormalizable. That prompts the following necessary requirement for

the decoupling of heavy particles: al ecach stage of symmetiry breaking

the 1ight subtheory has to be renormalizable. In other words, whenever

we isolate the heavy scctor of the theory, the Qauge invariance of the

reﬁaining light sector should not be broken. Then in any weak multiplet
Om <« m and so the heavy particles decouple as explained above. This

is exactly what happened in the case of superheavy particles in SU(5)

as discussed in Chapter 111,



1t is obvious that the reguirement of the light unbroken gauge
invariance is necessary. He were not able to show that it is also suf-
ficient, although the previous examples and our new calculation indica-
te so. The problem stems from the fact that in such cases élmev m
(L,H stand for light ang heavy particles respectively) where é&nw‘is
the mass diference of hcavy particles in some weak isomultiplet. We do
not see why the expressions which are of order mL-do not pick up any
- contr1but1on of-order Ay but rather negligible contr1but1ona of order -
(Aan) /mH S1ncc the decoupling theorem was proved r1gorously only in
the simple case of massive fermions coupled to a non-Abelian massless
gauge field in which case such a problem will not appear since mL=O to
all orders in perturbation theory, we believe that a more general proof
should be offered which would guarantee the decoupling of heavy parti-
cles when two or more mass scales exist as in the case of the spontane-
ously-broken gauge theories.

Let us comment on few other examples of heavy-particle effects
-discussed in literature. One is the decay of Higgs boson into two glu-

20

ons discussed by Wilczek The process is possible at the one-loop le-

vel through the quark loop. He observed that the process is independent

of the internal quark mass mn_. Namely, 1/mq from the internal propagati-

q
on gets canceled by the Yukawa coupling which in the standard model is
gmq/mw. Again we have the contradiction with the decoupling theorem.

However the explanation is the one given above: the Yukawa coupling is

proportional«to m_ only if the heavy quark gets the mass from the same

q
Higgs scalar that breaks SU(2 )LxU(l) symmetry. In this case, there is

again no unbroken light gauge finvariance and the decoupling theorem does



not apply. 1f on the other hand the quark is superhecavy, i.e. mq*};)m“J
so that VM s sti11 massless when the quark gets the mass then 1/mq will
not gel killed and such superheavy quarks then decouple at low energies

21 of the axion

Simmilar cxample is provided by the calculation
mass which is proportional to the number of f1avors; so that the heavy
quarks contribute as mush as 1ight ones. Again the explanation for the
decoupling is exactly the same as in the above example (it has nothing
~ to do with the axial anomaly as is commonly thought). |

Finally, we would 1ike to emphasize that the exainples discussed
above are genuine of heavy particles which can not be absorbed in the
renovmalization of the coupling constants of the theory. It is maybe
worth noticing that the effects of heavy particles to the coupling-con-
stant renormalization may sonetimes be physical the best example being

. 2~ C s . . .
provided by sin"© 1in grand unified theories. The same will be true

whenever some couplings arve fixed due to the symmetry of the theory.



V._Sumpary

Let us now summarize our results. Our ucin achievement is the ex-
plicit computation of superheavy-particle _effecfs oh a low-energy re-
lation which is directly experimentally testable. As wos expecioed, hut
not proved before, they decouple, giving us practically vanishing con-
“tribution at the ordinary energies much below their thresholds. This re-
-sult is somewhat negative since their low energy-effects will be only =
welcomed. Namely.. the main problem in the unified gauge theories stems
from the fact that the superheavy particles which the theories predict
are not observable due to their decoupling. The possible exception seems

22

to be the proton decay "~ , which although cxtremely slow, appears to

23. tle would definitely

be in the reach of experimental verification
prefer a situation in which the superheavy particles give also nonegli-
gible contributions in the usual weak or strong interactions which would
cenable uswto test the grand unified theories more preciscly.

Admitedly , we have checked only a particular relation. A more ge-
neral result would be desirable since the decoupling theorem was proved
only in the case of one mass scale with unbroken gauge symmetry. As we
discussed at length in the previous section the governing principle
seems Lo be the gauge invariance of the light subsector of the. theory.
When it is preserved at the. energies of the heavy-particle masses then
the heavy particles decouple whereas in the opposite case they do not
decouple, That explains why the superheavy particles in the grand uni-
fied theories decouple: at the unification scale we can ignore the bre-

aking of the 10w~eﬁergy gauge group SU(S)CXSU(z)le(l); Therefore the
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superheavy-pavticle mass differcnces in the weak isomultiplets are
extremely small (fvuuw) compared Lo the masses itself which in turn is
responsible for their decoupling. ‘

The particular relation 4 which e analyzed was chosen for its
hiQh level of divergence of individual contributions. That makes the
effect of superheavy particies rather Tikely so we believe. that our re-
sults have more general natuve and that they confirm the decoupling of
_superheavy particles in any grand unified theory (the SU(5) theory was
chosen for its simplicity). The Tast statement still needs a proof.

Our result probably did not come as a suprise to the rcader but
we believe that the more formal arguments 5 are not completely justified
in. a complicated gauga theory with two widely different mass scales. If
anything, our calculation should serve thg“purpose of demonstrating ex-
plicitely the renormalizability of such a theory. Also, the computation
of the heavy-particle contribution to sin2€9 éomp]etes the previous
program of calculating sin269 in perturbation theory. The result is
completely in agreement with the pioneering work of Georgi, Quinn and
Weinberg 6 who used the renormalization-group arguments and assumed the
decoupling of the superheavy particles in the renormalization-group eq-
uations. Our result can be viewed as an useful check and confirmation

of such a progranm.
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where:
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Structure constants fabc (a,b,c=1,2,...24) different from zeoro:

f123°F(21) (22) (23)]

Fra77F1s6=F19012)™ F1 (100 (11) "1 (15) (1)~ F1 (16) (17) " F2a6™F 2577
“Tao(11)°F2010) 12)"T2015) (17) T2 (16) (18) 3457 T30 (10) T3 (15) (16) ™
=T367°T3(11) (1 )='f3(17)(18) Fag(14)*-Ta(10) (13)°Ta(15) (20)°
=Ta(16)(19)750(13)*T5(10) (14)*T5(15) (19) *T5(16) (20) “T6 (1) (14)™
=T6(12)(13)"76(17) (20)="T6(18) (19)"T7(11) (13) "7 (12) (14)*T7 (17) (19) ™
“t7(18) (20) "9 (15) (22) =" To(16) (21) " Ta(10) (23)"F (10) (15) (21)7
‘f(1o)(16 =fan(2)23)*F ) (7e2) > Fy sz =F12) (18) (22)°
*fli2) (17 “F13)(18) (23)%F(13) (19) (22)7"F(13) (20) (21)"
= (14)(19)(21)’f(w)(16)(23)=f(17)(18)(23)=

—4,

20)

)(22
) (21
14)(20) (22
(

)
)"
)
*T(19)(20) (23)"!

(A.8)
fa50=Fora™ V3/2
fa9(10)~f8(11) (12)Fa(15) (16) T8 (17) (18)=1/23
fa(13) (14)"8(19) (20) = /3

forro) (1) =F D) (12) (20) 7T (13) (14) (28)7F (15) (16) (24) =T (17) (18) (24) 7
=f(]9)(20)(24)""(1/2)((3/5)

whe\*e'c/s = \JS/B from (A.3)
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B. Feynman Rules

Notation:

1. Colour indices: i=1,2,3 ; éijk - totally ant1 ynunetmc tensor I

2. Lorentz indices: 4,3, 5 00m,Y ,...50,1,2,3 3 Gy ~ )
&.s&sin@o=J§7§, cacos@o=v5/8.
4.X?nmhn

5. ,,l any(P1spasp3) = (py-py)y g.a,s Hpp-P3)a 9py +(p3 Pp 9y -

6. Dapys = 9un 9y5 - 1/2(3ay 95 + 9us Ipy)-
7. &= 3(/4b 3 §,=(J15/2)(3p +10¢4 /15a+7b) .
8. L= (1/2)(1-¥5) » R = (1/2)(1+)g) .

9, Trilinear couplings:

A3
T - E -iggagan,
P Pz
A, > & A,
10. Quartic couplings:
G l)z
/ = -Zig(?;l).lbsz

40~



I. Trilinear Couplings

. Table I.1

: 4 + : .
Heavy gauge mesons X7 (Q=f:93-) and Y%‘ (Q=1’]§) (and corresponding ghosts)

a, = i rdp/w (p‘)P'-'-)r'):!) | (CX,, = P'/M)

v vt .

“T ﬂz F’B A, 'Q:x

-L -
(Cx.') ( c‘!;') I ﬁ
‘ ks T
Xia X o
(Cx‘-) (Cx‘-) t
+ Y -Z/u .E_
Yo Yo
€x A ~c?
(th') (CY;')
i pre .
X(‘J‘ Xl(.;- Ll
(cx) (Cxo) A < 3
st ¥ M
Yei Yiu .
3

(C‘ic\ ( C‘t.’\
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"Heavy" Goldstione bosons GX (Q=% 4)

GY (Q=% %& and heavy Higgs sca-
lars: H (Q‘ )
= - ( Pz- Pt)/w
+ o .
Gxe Gv | . - g XE
. -
Gy Hy | 7 =
t -
Gx; Gy: o
t - T [ A
Yo 67; 7 ’ s -C + z X .
ot pr -M c L T
H‘h‘ Hy‘- ' S - .é. X
r T t
GY;‘ H\h -":l' X
+ = “
Gx¢ GXT 3
+ "'_ J—
Gye Gyi | Am s 3
% - 1
Hy.  Hy, 3 N
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Table 1.3

Heavy gauge mesons Xi and Yi mixed with "heavy" Goldstone bosons GX
' i

G, and heavy Higgs scalars Hy .
v, and Y,

0v1 - - 9//1\)
H' 12 : 93 0-7_ 'Q3
6o YL | my (1-25%x%)
- t - .
Gy, Xiw | W& "IL"Z: | my [+ 2x4(5-1)] |
z +
Hy; Xiun Zwmx X
Gre X, o
X¢ i
—r - .
Gy, Y% Zﬁii % MY(—J+xf)
X ¥
Hy.- \/'I“‘ My X
X ¥ Y
o X Av S L
£ -~
GYt \/‘/: "é" My
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able ._,‘._4_

.'.
"Light" Goldstone bosons G~ (Q=I1),G°(Q‘—-O), hcavy H't (Q=i]),|13(0=0),
I-IO(Q=O) and Tight 47 (Q=0) Higys scalars.

o, =1t (PZ"-PD/M

A, Py oAl ar. | og
6= & [+ (8- 8]
G* H =
3 = YR
ol S ’
G o E 87_)\
tr - . 2.t
Go W " +(-—"2-:(|-—-.3_—6‘,x)
I ” z L 5.
. TE‘ ‘
: H3 "‘ri (|"‘"‘S|X1’
+
- Ho 0]
T & + L
H (o] - ‘{,z_: SIX
G- + -1 4 et +Jz-a“,7'xz
tH* c*- L 5rx?
z
t HE L
G | 7, N z i1 X _
C
Mmoo G o[- xt (st 5]
H3 Go .".'."“z“ 01X
Ho Go i’i" Oy X
G* G* !
- Ry S
HE  HF |

-44-




Table 1.5

Fermions with heavy gauge mesons Xi and Yi'

A

£ fa
a-( - - X/‘
'5:1 £a A A A
W Ux N t € L
et d¢ ” V2 [
d; Q.; € L
- | ,
+ ) i — i
e u.(, Y(/“ ‘{"Z"‘ L
Ve d¢ R




I1. Quartiq Couplings

Table II.1

Heavy gauge mesons Xi and Yi‘

A, A As Ay i Gz”w €3
B T e ————
Xei’ sz W xr W;F ("-{l'z:)z l
&, = (Aa,s;;s + A.lgpé’)
vi vz [ wi wi ﬂ (=) |
Gi= Bapys

X;t X(-—*.’ | “ . o
,\/fg' YE Zy Zs (+) ey
ch X“E Ay Pg & (%)z
You Yoo (%)°
X;i (? o
‘ch :ZE; Py 25 E? __é_cz

G-




"Heavy" Goldstone bosons GX.’GY
i

Table 11.2

1

“ and Higgs scalars HY .
.i

&, =~ Qv
A AL | Py Pyl By b3
Gy G z
_G\,‘“". Gy, | we Wi (ﬁ)z : (1-x*)
Hy  Hy: | +x?
Gr: G- o
,Gi Gy Ly Zp (=) ¢ 5%
Hic  HY: (577 + 5
GE  Ga (#)°
Gi Gy Ay Pp s .(éy.
H;% H§? (%; ¢
Gue G °
G’y{—- Gy 2y A % ’é—cj‘
Hye  Hyr '73‘52
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...
"Light" Goldstone bosons G",Go, heavy ”2:’H3’ H0 and light M~

Higgs. scalars.

6‘1 - 9/‘“’
-0 [ Q‘L’" {.)3 {:),1. . 61 @3 .
L G L (14 57X?)
pi ¥ |- % 5.'2’(2
Tt W owe | ey | ED zal- 5]
Hy  Hs oM \z 2(1~ 2 67x7)
Ho Ho L alx*?
Go Go £l
Gt + , !
2
HTY H* Ay 9” S. l
Gt GY (-g+ )" S35X7
Ht HF o Y
M M N2 -Lll—""'(é-:l‘*‘a—zl)]
Zv Z/“ ('é") ]
Hi H1 %{53 X
Ho Ho T’i &}X?
. L.
Go Go q
Gl ¥ < -—'-+cz+-z£'&t)<z
‘ . 7.-\) 9,«» ’E- N t,?
Hi H* et -FaX




C. Calculation of Self-Enerqgy Functions and Vertex Functions

C.I. Introduction ) : . | .

Consider a theory with two widely different mass scales mL<:<m}i
(L stands for light and H stands for heavy): for example the SU(5) the-

ory W1th m &V and mHa»v where Yo é<v we W111 be ca]cu]at1ng the d1-

0.
mens1on1ess quantities A for wh1ch we have the expans1on of type
) “ﬂt
H ~ Ao + Q — t .. , (C.])
my

type:

and the quantities B with the dimension of mass have the expansion of
: m
me:[ea-" @.

My \?
r N G0 IR R
We will calculate only ao,bo énd b] terms of the above quantities
since their presence or absence means coupling or decoupling of heavy
particles in the sense of the Appelquist and Carazzone's theorem. -In
order to avoid the proliferation of symbols O[mE(mL/mH)] and O(mL/mﬁ)
which mean decoupling by definition, its presence should be understood

in the subsequent calculations.

C.II. Vector-Meson Polarization Tensor

The po]ar1zat1on tensor r1 M)(q) of the vector meson M is defi-
ned as (-1) t1mes the sum of all proper Feynman diagrams with two ex-
ternal vector-meson M legs only and where these legs are amputated. The

general structure of the polarization tensor js:

-9



(m(q.) (H)(% ) 3/-4\) v C (MS(C;?.) 9,«?\’ (C.3) '

The squm*ed-mass'shift Smﬁ1 and the vector meson wave function

)

renormalization constant’ Z(M are then given by

Sty = B"”(Q)[ - (C.4)

Q'W’H‘

( ‘m).
Z.:) ez

= |+ dq‘ (C.5)
e shall present in some detail the evaluation of the one-loop

‘heavy—particle contribution in the SU(5) theory to the F7(5 (q) where
M mesons will be W,Z mesons and photon A. Qur calculations are perfor-
med in the t'Hooft's R gauge using n-dimensional regularization.

Let us consider first some typical integrals which appear in cal-
- culation of a general T](M) in a general gauge theory. For that
purpose.let us introduce two arbitrgry particles 1 and 2 with masses

mi and m, contributing in a closed loop.

1). The trilinear-coupling diagram with gauge mesons 1 and 2 in

a loop (for example Fig.la with 1=X and 2=Y) gives up to a specific

factor the integral:
Topp (K -%-4,9) redy («+q,-K, -9)

m d"K
v (11214 2) = J(zsr)"’ (k% wmt) [(4+9)" - ""’;]

.(C.6)
Following the usual sequence of steps: using Feynman parametrization

forimula:

' !

| dx —
al § [wx + e -x)1" (C.7)
shifting the integration variable k=Q-qx, performing some algebraic ma-

nipulations (respecting the rules of the n-dimensional algebra) and the

~50~



symmetr1c 1ntegrat1on Qum Qu-+(Q /n)qMo we end up with:

2 4"& AW L
(s'z 0;\ SMJ(—U—)»[@} - (r"l‘)] {6,(1 .«)4 T

+(q"9ﬂv-‘i,».9v3[f""4’* V] # Guau (N e} (c.8)

where

Cm("“‘f“) = T+ (W)"“ M,)X + 9 X(X 3 ' -(C.g)

' 2) The quart1c coup11ng d1agrams w1th gaqge mesons 1 and 2 in
a 1oop (for examp]e F1g 1b w1th 1=X and 2 Y) glve respect1ve1y up to a
specific factor:

I ot P (20 e
l\ ‘) j'd K [ M y J‘

T ) = S T T () o)t wr ]
= d/x du & I e & NG
£ (=" Lo cncx.qf\]"{ (-8 gpv = (1) G Gpuu (x-)" +
£ () iG] (c.10)
and .
e - (| (L] (7)
v (T (T WwE (" (W ot ) [(%+ )% “”:J
= : dv& | : - ) . 2 .
5&0(5(’1“\“ [9\1._(:‘1 ()(',q.‘)]l {’(“’BG 2/uv (n ‘)Q 9,“‘,)(:. )
C.11

+ (”I-l\ M;Lg/,.v }

3). The contribution of ghosts C] and 02 up to a specific factor

(for example Fig.lc with 1=Cy and 2=CY):

(=) q2) = [4'¥ ~ (K9 K
Joo (17197 = I(m)“ («=w7) [(k+q) —‘”t]

4“8 n | |
f S("M“ (& -Ce (519 )TL { -5 Qg +Z¢Z/A(1'Vx("x)}

4). The graphs_that mix Higgs scalars H] and gauge meson 2 and

(C.12)

Higgs~sca1ar'H2 and gauge meson 1 (for example Fig.ld,e) give typically

~51-



(‘ﬁ dui -"3{-9/“\"
Hiy2 09,
( t) q \) J(?H)" ( MM.){(K‘*‘I) ‘W’ZJ

(C.13)
d* 8 l : |
I _(.(.z")v\ ’_& — Cuz (x q'z)']’t { “ %9/4\’} |
and
'j( He '3{, “ 2 o
119 (v 9 ) ‘(('w) (u W’") [("‘“‘13 w"z] (C.14)

(ZY [Q*- Cung (xig1)]? X G
: respectwe'ly vhere my and m are ‘masses of H] ‘and Hz and X, -ac are
1 2
some parameters with dimension of mass squared.

5). The trilinear-coupling diagrams with Higgs scalars H] and H2

(for example Fig.1f) give typically up to a factor:

(s'\ g (zn+q),. (2urQ)v =
HiHe “ T 2 )
(Huhe; g3 = f(m (Wimi) [(x+9) =iy, ] - 018)

dud. 4 'z
5 S(-m)w (8- Cnme g0 { + 4.9 (zx-1) } |
6_). The quartic-coupling diagrams with Higgs scalars H] and H2

(for example Fig.lg) give typically up to a factor:

(a\(n) q O 4 “Ou [ - ]
' (’llf)" Kv—-W!;;", (7n)h (“1 Mu,)[(“*q")?" W’i:;_]

fd/x avd |
@ 16 Gy, (xiqt )]’

1

D A SO

(C.16)
and
(G\(l 3 ;gd‘*u *3»9 Id"u - QY (“"W’H:) -
/“V 11 (‘zﬂ)"\ u*. W’ ('ln) (K"—W)J',) [(“*‘1) "M;{Lz]

SN NP R
( {0. Cu.tucx’l)] . (C.17)
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Let us consider the several combinations of the above integrals
which we will nced for the subsequent calculations:

i) First consider the contribution of gauge mesons (C.8),(C.10),

(C.]]),,ghbstg (C.12) and Goldstone bosons mixed with gauge mesons

(c.13),{C.14) (for ekampie Fig.1la,b,c,d,e) up td’specific factors:
Y

<), gent) = A \ <) _
g;/' j/f\) (4.(:‘1, ) = :]/4(\, (1,7)97—) + :)/4\) (l\ + .J/:n) (z) .;..(C o)
(3301,(1\;.7()(“2'144” 1)4_-/” ('Z'W';,(Z") ,

,(8)

: where we remind the reader that in J/uo integrals Goldstone bosons in

t! Hooft s gauge have masses of corresponding gauge mesons, i.e.

=My, my = mz'and the coupling masses are ¥ = m? 0 = mg.
1 2
Now we have from (C.8),(C.10),(C.11),(C.12),(C.13),(C.14) and

(C.{B):

dye ! "o R
2 ° 0t - f ()" [6° - Cra(x:97)]" fe)am

My

tv,

[(3-2) 6 ¢ w2 ] (490 4.00) OV # o] =

(N B [0 ] 40 [ Cax 20 (1]}
(C.19)

Since in the calculations we will put q2=

mﬁ nva ve will expand in qz
and keep only zeroth and first order terms'in q2 due to the discussion
in the Introduction of the Appendix C. Using the expansion:

1 ' 29 X (X1)

~

’[—TO:L" Cvz,(x'o..l)—l?. " [Q'L - G ('ﬂ]z [ Q"L- Cin (X)].L (COZO)‘

where C]Z(x;qz) is defined by (C.9) and we put:

C (X) 2 Cuz (?‘30) 2 /W:L + (‘M’:‘" Hﬁ})X (C.Z])
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we obta1n

| . { kA ‘2 * )
44Q o) Gy [(&-2)Q + ml+ wr ]
Z: (t,z.t;) _f j(-,.,)uf ( ~ +

[ ‘- Cez ("‘)]2
(o 9,“,-7,‘,%) [(x-2Y"+ (xﬂ“)] (u-1) 9 ow [(x-1Y° + X ] \

o
(€ -Ceen]®
. z 227
+ .
[Q:l- C;z(xyjz [Qz" C\z(X)]g
[0.1- C\z(%’\] 3 .
The zeroth-order term in q2 gives: '
Yy .
M z : ¢
‘Z;‘ Y (uz; ?)[.'30 = —(n—ﬂgl-,,.u G I‘((.23 | (0'23)
where we defined:
y 7 2 T C
“ (——-—z)Q + w4 My
T,0.:2) = 6 fd,xj Lo ~n o ~ (c.21)
(2)’) [ Q - Ci (’0]
The integral 11(1,2) is evaluated via the known formula 24:
. e )
446, o ] C(-0) Cr-m+% F(ve2)M(m-r-2)
zt) (- )™ [6a™)a
S (00" 7 TR re)
~ (c.25)
and using the expansion of r(Z—n/Z) around n=4:
n
M(z-) -4) (c.26)
where ¥ is Eu]er's constant we get the finite result:
MI\1 W\—L . W\-L ’
I, ( 7) ALY L (wtr M;) (C.27)
u/\l - MZ M:‘ . 2



so finally we can put n=4 in (C.23):
B _
(\
2 ' (I'qu/)‘
[ ]

We will encounter two possible cases for the relation between ma-

. 2)  (c.28)

sses m]'and i, which will also simplify the calculation of the integ;
rals: , ) ‘

a) \m',’" - m}_ ~ mf-‘. (= v.?,) (c.29)
- in which case it wi11:ﬁurn out from the_Feynman,rules,that\wewcad negﬁ _"

lect qz-dependeht terms in Quf approximation sd that (6.28) becomes:
. " \ . . |
(
_2 :! (||2lq) = ""'"'"' g/‘" ZI ("2) (c.30)
L=y

2 1 .
b) MmT-m, & m; (¢=1,2) (€.31)

j.e. m? - m§4~;mf and|n$ru mﬁ (i=1,2) in the notation of the Introdué-

tion C.I. In this case we get from (C.27):

(my-m7p)" ‘ :
] < .-
I| ('IZ) Lad 6 Mz hannd O . (c.32)

(where m]c:mz..m) in our approximation so we drop such terms from the
forthcoming expressions. Now the only contribution will come from q2-

dependant terms of (C.22) and we get using (c.25) and (C.26):
! (\ 10 ‘
¢ ]
Z: ("2 q ) IGJT.L (q g,u CZ/u- %") { ( n-y —2-,2’ -
[y ]

- bz{w + m) - é‘} (C.33)

ji) We.will need the contribution of graphs that mix Higgs sca-

lars with masses m, and mH2 with gauge mesons with masses my and m,
(for example Fig.ld,e) and where = mzrv mf and X= -3¢ . We have
from (C.13) and (C.Id):
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“ (Hi,2 W, 4r) + j,f@(a Hei -5 9 )

W (c.34)

~l 48 | o :
R dx | o -
g/v'\) (S,‘ (zyr)h { [Qz-* Cz (X'.‘I‘YJZ. [ Q- C”,,Z(X':‘T‘Y]l}

. . 2 . . ~7 2 . .
which neglecting q - terms in view of m ~ m becomes in our approxima-

tion:
‘ d“ &
- Wh g .J - (C 35)
4 (2"3"{ (&% - Cuyz m]’» [a —c.,, (x)] 5
"Fmal]y using (C '25) and (C 26):
~
(qw(Hn,Z, ,‘1)“' [' HZI ,lq"‘):
. , (C.36)
ey B [ Ta (02 - Ti (1010)]
where ( :
Iz ("z) = S@V\ Cn (X) 0‘0( .. (C.37)
‘ 2 A .
and C]z(x) is defined by (C.21). We get:
I z) mE buin® - ml Ln wag- 1 .
2 (1 W~ lM.Z' . (c.38)
2 2 2.
In the case b) my - Wy & my (i=1,2) 12(1,2) becomes :
T, (12) = enw® (C.39)

(where my 2 mzczm) in our approximation.
iii) Consider finally the pure contribution of Higgs scalars with

masses iy and m, (for example Fig.1f,g):

6 : ‘
Q)

-Z;’ Ty (12i97)

‘s .

~ We have from (C.15),(C.16) and (C.]Z):

('2 ‘i) ,w (J+J (z)cz;o)

R\



' . , (
2 q (u.z',c;"’) = fd/x 4-8

tee ‘ i . 0 (zu)vr [Q - C.z(x qr_)]m : (0.41‘)'

,{[ ,z)Q +M,'}W ]9/“\’ f-q q\,(zx :} -—q gmv [(x—:) + X J}

The simmilar considerations as 1n the case i) give:

u\ . | :
2 \,(l'l'q)! ——TE}—;(}/\,QI (1, 2) | (C.42)
_and again we have cases a) m - mg nrm (i=1,2) whenf(q,42)]peqomes;_ju
6 : .
3 .
iz?; (nz;9 ) lfﬂ" 3,,.0 I,(0 ’Z) (c.43)

and b) m? - m§<K|n$ (i=1,2) when (C. 41) becomes:

NG
2 T (nmigt) = - s 2(7 9w - Guv) § -4 (Sbr +dy -
- bzl + &ma,} - (C.44)

. Now we will present in.some detail the eva]uafion of the one-loop
heavy-particle contribution in the SU(5) theory to rl(w)(q)

i) The contribution of gauge mesons xi’Yi (Fig.la,b), ghosts Cxi,
CYi(Fig.lc) and Goldstone bosons that mix with gauge mesons (Fig.ld,e)
is: 3 1 ! ((‘> : (4) “@

“59 1 E L (XY198) - YT (XY ww , q*) *
FYs, j/f:? (%Y i v, gt - 49, Jff;'w(x.v , Wy, 9 (€.45)
where we put 1=X and 2=Y in definitions (C.8) - (C.14) and (C.18).

i) The graph thqt mixes physical Higgs scajar H*i with gauge me-

son X, (Fig.ﬁe) gives:

= g4t H(:',) (x, Hv,m.?J M?") . (C.46)
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Since in (C.45) we have case b) (C.31) because "‘3 - m§ <<m ,m$

see (2.45)) we can sum'up (C.45) and (C.46) using (C.33) and,(C.36) to
get the contribution of heavy gauge mesons, ghosts, Goldstone bosons

gy

and liggs scalars mixed with gauge mesons to nm)

-.ﬂié{(q"‘gﬂ\, ,qﬂqu)['ﬁ( r--'-()’ ém(" +emww)

l6n*

-3+ ZWw G v ] T.(x. Y) - Tz (X, ”v\‘] (c.47)

iii) The contmbut]on of Goldstone bosons and H1ggs scalars. mth o

charges Q= ig,t; only (which be]ong natura]]y to the X Y system) to

l'] (w) is (Fig.17,q):

miy s viqr) + 2 :f‘; ”(xw e)
‘zﬂo{('—m;)‘é (X 9 v

(c.48)

'~ where we put H] = X, Hé = Y for Goldstone bosons and Hi = X, H2 ='HY
for Goldstone bosons mixed with Higgs scalgrs in (C.15) and (C.16) (re-
member that maéses of GX,GY Goldstone bosons are equal to the masses of
corresponding X,Y gauge mesons). First term in (C.48) satisfies the ca-
se b) (C.31) and second term in (C.48) satisfies the case a) (C.29) so
we have using (C.43) and (C.44) the contribution of the heavy Higgs |

scalars and Goldstone bosons with charges Q —«3,1'], on]y, to n(w)(q)

l6ﬂ7'3 5(6}9/"“"%“6;)[——-(1401 éx'ewzﬁ'*e"‘w”‘)

1 W'w ' .
+ g (X, Hy) gpev | ~(c.49)

[ )

The simmilar but more tedious calculation gives the contribution

of heavy Higgs scalars alone and mixed with 1ight Higgs scalars and

Goldstone bosons with charges Q =£1,0 only, to ﬂ},“{,’(q) (Fig.1f,g):
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'{ “"(q ﬂ/“’“‘baq \(;;";,‘ rly- enzVir 4 (ynwm} +

|6n"

L [T () T (W) ¢ T (0 2)] g (€50

Sy mw ) }
. Yy wme I
At this point let us introduce the notation for the infinite qu-

antities which will ‘frequenﬂy appear in the subsequent expressions:

Ax = =12 (g r gy - 02w ppwy)
Py = %(—“*-‘é’ &wzr+lnwu;) - (c.51)

Puy 2 2 ( ;'-_-;4- +L.y- bur{g + Lu WIH.,)
where the numbers in front of parentheses are characteristical for the
particles given by indices. |
 So finally we have from (C.47),(C.49) and (C.50) the heavy-par-
ticle contribution to ﬂ(w)(q) in the SU(5) theory:

w)
@], = 2 (§9m-990) (§ 007 An 1) -

-%T_lw. {ZTJ; T\ (X.Hy) + 6 [zz(x,v)- Iy_(x.Hv)] + (C.52)

i
+ Om—
q-————u'd; [ T.(Hs,W) + I, (Wha) + T, (% 2)] + o I.(Ho,w)}
where subscript H denotes the heavy-particle contribution.

We will only list the results of our calculation for Z meson

(Fig.2):
(ﬂ(@” . rc_%_{(qﬁgﬂv.- qfqu)[ [F)x-rhn) +—-—-Auy +--] +

v 3o wmig . px -0 wig AR T m - c[rz(v v)-
jent 6 16n ~

-Il(v.nv)] F 2 [zz (H*w) T, (H;,Z)]
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and photon A (Fig.3):

ln\ _ % . 12,
,uv (9)] = ;‘1“’1 (Qg,w 9.9 3(“‘“ Nx + 2 3 F)H + l)uy 2
H (C.54)

we will need only B(M)(q ) ~terms defmed by (C.3) from: n(M (q)
in order to calculate SmM and Z(M) accordmg to (C.4) and (c.5). For
the convenience of calculation we will write B(M)(q ). in the form (ne-

glecting 0[(q2)2]'terms in our approximation):

. B(#‘D (%1.) ~ B(Vh(o) 4 _d__; B{'O(q") 2z -_-__; S
4 90 (C.55)
= (n\ N B(u\qz

and present all the subsequent resu]ts in such a form: divide q2=0

" terms and quo terms.

We have from (C.52),(C.3) and (C. 55)~

R D ) 6 [Te txir) - T G+
1631 (C.56)

['[ (H3, w)+I(H "1)*:( (H z)] + TT (Ho,w)}

Sy

Ym
and

+

(w)
B, "= lwz (-’-ﬁxf%):w\ (C.57)

From (C.53),(C.3) and (C.55) we have:

B(Z\ IC" ;-é—-/.),(-—w - {——-'I (‘IHy)+€[Iz(Yﬂ
(C.58)

AV R —-—1—- [21‘ (wtw) + T, (H3,2)] + I(no z)'}
and . 1

o
B,z) = IGn [3‘(9)(*9»)* 'O Any *-%—] "(C.59)
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From (C.54),(C.3) and (C.55) we have:

gl - | - (C.60)
and |
(" . 17 A 3 . 17
B |55;7- ( Ax + ﬁu ' 2‘1 AHY =z ) .(C.G'I)
Now we can calculate B'mM/mM-quantities defined by (C.4):
Sw»: _ S'M: a‘wf;' ) '
S a——— = +
wmy wy o wl b (C.62)
“"where in view of (C.4) and (C.55):
' (1)
Bowy, ReBo (c.63)
wy o Wy
" ()
h) . res” (c.64)
wi |, ‘
We have from (C.56) and (C.63):
Swy’vl; Jo- ¢ 3 N '
.-\4—4.{-\ - - Ic_ 2 {Z -L—I'(XfHY)""G[TZ(X,Y)- Iz(XpHY)]’,"
0 a Wy :
w (C.65)

g %

U x

. a 8‘
+.§_'-,: [I,(H;,w) + 1.(H+’Al) +T,(H* 2)] + — T, (yo,w)}
.and from (C.57) and (C.64): '

S.WI\':. 9: 1 3
w2 la: I6nt (7'/9’_( rAnT (C.66)
Also, we have from (C.58) énd (C.63):
“ 1
EEA_E. N LR P {__._I(y,y\,)-f-G[Tz(Y.ﬂ' ,
mZ lo it 6 IGJI" (.67)

Ty (YHv) ] + W) + T, (n5,2)] + qi‘} T)(Hoi2) §

and (C.59) and (C.64) we have:

Fwny Y o o Y 5
—_—1 - [ ry ( Ax "'/m) * Yo Any + 'i,—] (C.68)

1 -
wy |y 16t
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We will finally need Z(M)

-quantities calculated from BgM) using
~the definitions (C.5) and (C.55):£ | o

¢ e
2 . IZa,'_0 N " (€.69)

We have from (C 57) and (C 69)

N SRS .
z, ) - ‘6"1 (Z Ax + Ay + l> ~ (c.70)

and from (C.61) and (C.69) we have:
m) 9 (w7 hx + 30 +_9 r 1z o (e.7)
163t ( 7_11 X E— " r A HY BT 2 SR :

C.III. Fermion Self-Energy Functions

The self-energy function ZE:(f)(a) of the fermion f (where
a E.q,,)%*) is defined as i times the sum of all amputated proper Feyn-
man diagrams with two external-fermion f legs. The general structure of

the fermion self-energy function in a theory with parity-violating in-

teraction is 24:

ZH)(é) - 2‘*)”"\;) + B(‘f)(é‘_w,*) + C'(:!'\(é\_ W:}‘)'t_,_

(C.72)

(4) 2

"9{4\‘7b’5‘ - € %’S(‘i MJ‘)”‘"-

The left-handed (right-handed) fermion f wave function renormali-

zation constant is defined by:

#) )
ZZL.\R (14 Zz(t\n) ('*8“)*6{) (ra™1ta)s=

\ \ (C.73)
= Zu ZH)S s (1 2—{: )(:+2M ) :
i.e. explicitely: ,
2_{:) . BH) , ??(‘ﬂr .t/-){")' o
. (C.74
() Ny ) #s
Zan G a0, r 2, |

62+



The only contribution to B(f) and A(f) from heavy particles con-
sistent with our approxmatwn comes from heavy gauge mesons X and Y
(the couplings of the h‘ght fermions which we only consider to the hea-
vy H1ggs scalars are supressed by factor mL/m{) Since B(f) and A(f)
are dimensionless quantities of type A (C.1) where we ca]cu]ate on]y
a, term in (C. 'I) we can put my o2 (remember that ms. - m)2(~ ms~0), |
fermions to be massless and q2=0

 Now it is easy to find p(¢7€")

tron (positron) (Fig.4a):

(ce¥) | So o2 (C.75)
5 'len’-( y % ;3
S et)
ple ™ oo+ 22 Ax - --) _ (c.76)
lEn" ('z |
" so using the definitions (C 74):
(6)
2. = Lopx + ~) . (c.77)
)6371 ( v
me 9o (—'—Ax - _3;_) : (C.78)
lent \ 12 3
1
ey do A 3 (c.79
Zan * ent G Ax * t«> )
which now hold for both electron and positron (e).
4 (4 . .
Also we find B(\) ) and A( V,Y) constants for neutrino (anti-
neutrino) (Fig.4b): . '
) e —-—-F)x N >
g - e ( (c.80)
‘BNNQ-. (+ Lpy + 3 ) (c.81)
6312 S )
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so using the definitions (C.74):-

&

) 9o '
ZN = —--—--Ax + .
¢ 16t ( ) o (c.82)
)
R E(:\s - 30 ( ﬁx o+ —--) : Co (C.83) -
'6371 '2
U P Do (L, _§_> ' ©(c.84)

which now hold for both neutrlno and antineutrino (0 ).

C.IV. Vertex Functions

Consider the proper vertex Feynman diagram VeeA(ql’qZ) with elec--

trons e " (q,),e (g,) (positrons e (q ),e(q,)) and photon A(€ ) as ex-
1 2 1 2

terna1.11nes. Then the vertex-renorma11zat1on constants Z]eeA and

Z5

leeh ére defined by:

\’eeg(%l)‘lz) l%‘giz =WC I Thacd q.z_ -

(c.85)
IR (DL 72 [Z\ten * (Zleeﬁ) Is —;]Q(@}
Again we will define:
Zicen = 1+ Zrees (C.86)

S N 5
:Z:een =1L+ Zieep
For the proper vertex Feynman diagram Veovﬂq],qz) with electron

(positron) eL’R(q]), neutrino (antineutrino) \)L,R(qz) and w(eyw) meson
as external 1ines the vertex-renormalizaticn constant Z]e\)w is defined

by:
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VCNN(%t'q;)‘q 2w, ql-o. 4= 9 (C.87)
il e E(9.) % (Z o0 1) 22 v 18.)

and we define also:

Z'-lcQW E 1+ Zieow ' (6'88.)
Since the vertex-renormalization constants Z]‘are dimensionless
_ the same approximation aé for self-energy constants B and A applies for
the1r ca]cu]at1on |

| Aga1n 1t is not d1ff1cu1t to get from (F1g 5)

. 8\ - '
2'ui'e/; - '6”7_ (" ) (c.89)
i A . .
s . o -3 (€.90)
Z'BCF) - -'—G—JTZ- (E"‘ 9’( 8\ .
and from (Fig.6):
g" ! 3 |
Ziow © Ten? (-4Ax+ 71-) (c.91)
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Fiqure Captions:.

Fig.1

(a),(b)

(c)

(f):(q)

Fig.2

Fig.3

The one-1oop heavy-particle contribution to the W-meson pofa-
rization tensor - r7(%)(q) (i=1,2 3)

The pure contribution of heavy gauge mesons X (Q~*4/3) and
Y (Q=21/3);

The contribution of ghosts CX. and CY H

i .
The. graphs that mix "heavy" GX (Q= 4/3) Gy (Q-*]/B) Go]dstone_,

bosons ‘and the heavy Higgs scalar H (Q= *1/3) with X and Y"
. 1

gauge mesons.

The set of diagrams With Higgs partic]és only. G stands for
GX s GY and the "1ight" 6 (Q=11), G (Q 0) Goldstone bosons,
H stands for HY , the heavy H' (Q=%1), H3(Q =0) and Hy (Q=0)

| Higgs scalars and 41 for the 11ght Higgs scalar. The set con-

sists of all the d1agrams consistent with charge conservation

and with at least one heavy Higgs particle.

The one-loop heavy-particle contribution to the Z-meson pola-
rization tensor r1$%)(q).(For the explanation of the particle

content see Figsl.)

The one-loop heavy-particle contribution  to the.photon A-and
A-Z mixing po]ar1zat1on tensors r7( (q) and r7(A Z)(q)

(For the explanation of the particle content see Fig.1, except

.note that G and H particles do not mix when coupled to photon;)
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Fig.4

Fig.5

- Fig.1 and Fig.4 ) =

Fig.6

The one-1oop pontribution of heavy gauge mesons Xi and Yi to
the (a) electron (positron) and (b) neutrino (antiﬁeutrino) ;

self-energy functions. u and d stand for up and down quarks.

The one-loop contribution of heavy particles to the VeeA ver-
tex. The blob on the A-Z line stands for all éuch graphs depic-

ted on Fig.3. (For'the‘explanation of the. particle content see

[}

The one-loop contribution of heavy géuge mesons Xi and Yi to

the V vertex.

ev W
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