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Higher Order Corrections to Electroweak Processes
1. Introduction
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particularly large for ¥ and i; is non—~existent, in practice, for 4,, due to
an accldental cancellation.
Deviations frowm the tree lavel pattern ave very small for the
coefficients Vi,u,d and Cu,u,d of eq. (3.1), but are slzeable for Au, d. From

able 2 one can extract the ratfio, which vanishes at the tree level:

[}

Av -+ Ad '
AU T AY L n.05 : o
A - Ad 0.0 : (Le1)

It is intevesting to determine the valud of sint 8 (%), in order te compare with

the prediction of grand unified theories. In e fivet approximation, this cen
be obtained by fitting the SLAC data on deep inelastic electron scattering on
£

deuterium [2] with the tree level formula. One obtains in this way oin? 0
3

(p = 1.4GeV) = 0,224 % 0.020 and the applicatlon of the correction glven Ly

B

(3.12) gives sin?0(M%) = 0,217 £ 0,020, which iz in very good agreement
with the prediction of grand unified theories. Mowever, the value of sinZa(y)

can be shifted upward by the effect of the strange quark sea and, although Ils

N

unlikely that ite contribution could be large at such low g%, more precise

data, where the strange quark disptribution ls directly disentangled from the
data, are éettainly neededs

Preliminary results are available from CERN NA4 experiment [3] on deep
inelastic muon scattering on nucleons, which are relevant for the experimental
investigation of the neutral current structure and for a check of the
predictions of the Salam-Weinberg—-GIM model. Measurements of the charge and
polarization asymmetry, corresponding to a simultaneous reversal of both the
helicity and the charge of the muon, depend on the vector and the axial-vector

couplings of the muon to the neutral vector boson. The authors of ref. [3]

find a preliminary value of gin?6(p = 7.7 GeV) = 0.26 * 0.09 and the applica-




3
tion of the correction (3.12) gives us a value of 0.2¢1072 for the difference
A D fart 10 ,
between sin0(7.7 Gev) and sin®6(M*}{24]1. A complete calculation of the

orie~loop correctione to the charge and polarization asymmetry in pF(EX) + N »

wF(EA) + anything, cen be found in ref. [4].

There arve two classes rithunically enhanced corrections which

i

. e £

have potentially large coefficlents, such as to compete with the fu —
b

enhancement. For reactlons not completely inclusive, such as the SLAC
asymmatry, the infraved virtual diveugencies assoclat -ed to the vanighing photon

mass cancel with the corresponding real pheton divergencies, leaving

] .

logarithmic mass singularities, f.e. terms of crder aﬁu[igﬁs m being a lepton
. m-

or quark mass. These corrections can be cemputed in a way gimilar to that

followed in ref. [5] for neutrino processes. They are needed for & ccmvlﬂ*
analysis of sin®6, but we may observe that, unllke the renerma112ﬂ'109 of gin
these correcticns are not additive in quark and lepton flavour, so that we way
expect them not to change significautly the. results on sin?B(M* Y.

s ) K
g L

A part of the remaining (l.e. with no mass singularity) correcticns i
actually of order oy = olein®)”2 = 56, In ref. [1] they were computed in a
simple wafg by taking the limit sin?6 + 0, oy fixed (see Appendix F). These
corrections alter significantly the leading legarithmic result, eq. (1.13, |

ice. upon including them, one obtains:

Au + Ad .
IR 0.10 (1.2)

On the other hand, the aunalysis of gin?0 is essentially unaffected by such

correctionse.

e e e men . -y -
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In the case of the angular distributlon asymmetry of the muon pair in the
8 i ¥ P

e N— ws " -~ .
cannihilation e'e » u+u . the influence of the strong iﬂt&ldhtLCﬁb turng oul

to be particularly suppressed. In fact, thers are no leading corrections of
Mx2 '

i i 1% ) . 1y R FI .
the form (afu mmgﬁ’a (ms fu mm;} , for m = 1,2 and n positive integer.
pe 1~ 2 ;
. i AV b o R )
Therefore 1t 1g me aningjul to compute the (o fLu "”Ew)m correction. In rvef. [6]
H

/1
these corrections plus the whele of the order @ corrections have been computed' /.

The order o« correctlon were already computed nuwerically in ref. [8]; in ref.
[6] the analytic expression of the correcticn Is reported. The order o

ey

corrections are glven in the kinematic region w’, u? < |s|,|t],|u] << w28

where m, | are the electron nﬁd muon masses and M, M, are the masses of the vector

'O

"F‘n.

bosons; the Invariacts s, t, v are defined in Appendiwn A.' A cnmmlﬁm ntary
region 1600 GeVZ € g € 190600 GeV?% is considered in ref. [2] where the radiative

corrections to polarized e'e”

annihilatdon are computed In the gtandard model.
The asymmetry, defined in eq. (5.2) below, is given by eq. (5.18) where
the correcied values of the coefficients al$2<@s} are expressed by eqs. (541
and (5.40). The virtual one~loop correctlons, after the renormalization of
the UV divergences, still contain the IR ones. Incjudiﬂg the Bremsstrahlung
corrections, In the soft photon approximatibn, one verifies that the IR
divergence cancels out. Still missing is the analytic enpression of the
hard photon correcticns, which however are free from UV and IR divergence,
well~defined and num”rically calculable by integrating cver the characteristice

te s T “case, these corrections do not

of the experimental set—up. In the e
affect the dominant part of the order « real corrections, namely the mass-—
sing&lar terme, which diverge in the limit of vsnishing lepton masses.

The thesis 1s organized as follows. In Sect. 2 we sketch the theoretical
framework. In Sect. 3 we present the structure éf the legding corrections and

discuss the strong interaction effects. Sect. 4 is devoted to determine the

e —
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b

corrections in the casesof slectrou~deuterium asymmetry and of charge and

. . +o . e
polarization asymmetry in puo N deep inelastic scattering; 1In the case of the

. ! ES [ . Mo am .
backwavd—-forward p asymmetry in a{e = uiu we determine the leading

correction up to the second order in «. In Szct. 5 the order o corrvections to

B

+4 ;

the e"e” + u'u asymmetry are considered. There ave six Appendices: Appendix

4 contazing the conventbions and notations; in Appendlices B and C denalls on
the virtual ovder ¢ correction, and in Appendix D the finlte part of the goit

Bremsstyrahlung, are fllustrated for the ete™ » uy” asymmetry;  Appendiz E

containg the Feyr for the SalamWelnberg Lagranglan; Appendix F

contains an evaluation of the order a, corrections to the weak hemiltonlan, in
2 3 * ] '
the limit o + 0.
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2. The Salam-Weinberg Theory of Electroweak Interactiong

The main feature of the Salam-Weinberg madelilﬁj

g the venormallzabllity
of the resulting theory that was conjectured and realized by the authors by
means of the Higgs mechaﬁiams We will assume ag a background for this chaptar
the notlon of the spontaneous symmetry breakdown of non-abelian gauge theorvies
and the Higgs phenomencie

In the original model the gauge group ls éU(?}L ) U(1)ys each leptom and
1ts neutrino transferm as a spinoral represzentatlon of the weak feoapin groop

SU{Z)LE

‘Q‘i ne (zé) ’ 1. =R, W, Ty ecce

RN

1 s X 1/ . . i o i
wvhere vy = z{l+yr)v and Ly = E{L+y§)£ are the lefi~handed components of the
e pe .

lepton spinor fielde; their introduction is natural bacsuse the wea

paast

: inter-

actione dnvelve conly the projections xirh positive chirallty. Let t =

1 2 3
(tlgtzytg) be the weak isospin quantum numbers and W , W, W, the Yang-Mills

ATOTAT
fields representing the gauge vector bosons; they velong te the zegulaer repre-
gsentation of the SU(2)y group and transform as a triplet. The vector field BA

and the quantum number Y of the weak hypercharge which together with the third

component of the weak ilsospin defines the electric charge operator Q =tz +

%Y, are associated to the gauge group U(l). By means of the previous defini-
tion of the Q operator we can reconstruct the quantum numbers of Table 1,
where eR, Bg represent the ri ghtmhandeé components (defined by giR = %(lmys)zig
1 = e, B eo.) which are SU(2); singlets ybt enter the definition

0of the e.m. current because the latter conserves parity. In Table 1 appeavrs
the ﬁiggs field ¢ intreduced in order to give a mass to the particles of the

theory. Let us suppose to spontaneously break the SU(Z)L gymmetry preserving

the symmetry of the gauge group U(l)Q associated with the electric charge; the

U(I)Q magsless vector fleld, namely the photon field Aks is expressed as a



: g
3
. v 3 iy ;
linear comblnation of N> and H}, while the orthogonal combination MA indlcates
: Y .

a spin—-l neutral massive partlcle:

3
- B 3 + e W
Ay T e I T B
w’ Bt e ' (2.1)
Jk Bg By ge¥k )
where s, = gin€ , ¢, = cos® and 6 1s the mixing angle between the neutral
] Wh 76 W W

fields. In additvion we definea:

3

1,01 ;
7 e wef §F oo A ]
W 2(13 L£A>

M:::;--m-." AT - 7.7
1% (hk iWl, ) (2.2)

T,

.§, .
wk and W} represent spin~l charged massive particle.
i

The coupling of the SU{2). x U(l), vertor hosons to leptone is glven by
A Iy & & p & P

L

2
“ 11 ] Y
T B A e?\
¢ iZ]_ (J}\l)) 2 & J)\ B)\ (2.3)

3 Y
J)) ang J are the
(Y

1
. '“ﬁ:' . - -
where g, g° are the coupling constants and J, % {J )

A 2 T

currents associated to the SU(Z)L and U(1), subgroups; they obey the relatlons:

Y

Ja¥x jo(x} =t

Jadn 3 Y =y

Using the (2.1) in the (2.3), the latter becomes:

fat e A+ P PR S 5
BUINWy TN WD+ (gegd) 8T egly) Ay F (gegdy
1, Y o :
-y 8agly) Wy _ (2.4)

The e.m. interaction is:

Lg%y,

3
Cellle "
A e(JA + , A)”A

e JX )

where e 1s the proton chargee.
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Comparing with (2.4) we get:
e = g8, " g ¢y : ' (2.5)

and the Salawm-Weinberg angle appears to be nothing but the inverse tangent of
the singlet and triplet coupling constant vata.

By meang of (2.2} and (2.5) we can give to (2.4) the form:

eoifie N + g, B0
A ERg JW., 4+ I w - N
edy T Ay T E Gl L) cg E
3 2y i 2 3
b4 1 ¥ , & oM 1 .Y
T e v J B ! =] : _xb.j» . J s \} o are Tie
where J, CGJA S € Jk . Jk IA LT, A a3 JA are the

weak neutral current, the wealk chavged curvent and the e.m. current; thelir

expressions in terms of the Jlepton flelds look like:

2 . 2 . ;
o) epYpep T o8g egryeg Trile - w)

—

JZ P

L
o2
1

o 1

2
e Ya Ver " 3 (8078

= :{veyx(i+y5) Vg b @YK(V6“YS>@§ + (e + u)

+":3 .};.. ar " e o }-’- o et o S\
J e)\\leyg) v, uYA(lﬁXS)JU

A 2 p 2
€ alile - m'"' N e .
JA # eyke uxku
bei = 4 2 1
g pg v6 = SG o

Let us now conslder the complex scalar fleld:

H+VZF + 1¢3
Y o “%f‘( 1 , v Pl i¢ )|
Y2 —¢c + i
whose vacuum expectation value <O[WIO> produces the spontaneous brealkdwon of

the symmetry; 1t 1g a multiplet with isospin %'and hypercharge 1 which coupleg

LeR and “LMR

By making use of these assumptions one finds the relations MWCGMO between

to the quantities e in order to give masses to the charged leptons.
the Wt mass and the W® mass. The H field represents a spinless neutral Higgs
particle, while the fields ¢i(1ml,3) are the would be Goldstone boscons
assoclated to the longitudinal component of the propagators of the fields

i ’ 0 £ o
wk(iﬂl,3); we define ¢ =¢3, ¢ m~7§m (4! F 1¢%2). In the quantization procedure



)
. . . prd
we fix the gauge by introducing a tc;m Fugofe In the Lagrangian and at the

gsame time introduce the Faddesv-Popov ghost flelds h 4=0,1,2,3 having a

e
éynanicr described by the Lagrangian “ghost. We make the choice:

£o” 8
1 \ g ,,, 0.2
&(ig fo = = m( 3 w + g ) (9 B e MG )
u 7 U L
which corvesponds toe the particular renormalizable gauge usually named
[

Feynman~'t Hooft gauge.

Ly defining

. 3
YA = &0 X 4 CBX
. o 3
‘?L =i S@}F '}' C(; X-
X o »w}:w (X'F 4iX )

V2
, 0
we can wrilte down the complete Lagrangian in terms of the flelds wpr A‘

W, Hy ¢ , ¢ and the ghost fieldea:

;Z% w‘é? M{ﬁ el %;? +0,
YM & gef e fermlons ghost

where@%xvm ig the gum of the free Lagranglan of the Yang-Mills ficlds ﬁk and

the one of the BA fields

Z &

?2 3 (.ﬁp
SN
Y EM ys W)

1
v AT A YM

X (ﬁ Ve
The Lagrangi&n for the ¢ field also containg the Higgs-lepton couplings that

we systematically ignore go ag we possibly do for the the fermion mass term

The expression of elsin terms of diagonal fields reads:

In fermiong®
ezm W Who = O W = A W, = A 0
‘ 41\75 f“&v /@XF& 7, [.,y /iN 7 C{%\J%“J/&,
;:, . . R .




e%& {:’ éﬁ;\% \ér K? gih'ﬁw €’! . pa 8 l‘i@a é :} (G
o O T T I d - RN £
it Py = O = QY LB - £ B G- S HH
Lo l”/ é} Q% i g }j« i "'sf-’jv"(ﬁrm
é

o £, +
SERL EONIC B .
ol /A - Ay Wy, N RN Wl BRI Tl
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g

w2 AW WSS ] o e 2
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eG4 2R i £ A
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v o - ey O .
- MR g
&%
9, X)o (2.6)

We defined x " = 3QX’ % yb = x&yb - bea and, according to ref. [8],
b

‘ A 2 2 2
M o= e Fy o= s B =y + AF MH = 4oM ; A, p are the parameters entering
VZ g .
the definition of EZ?:

oD oyt - uete - 2 a2
Ty = =0 000~ ugTe - A9

B T T L R f -
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In eq. (2.6) we have to associate a factor g to each term containing three
fields, a factor g? to terms with four fields and a factor g} to term with

just one field,

.

Tn Appendix B we write explicitly the Feynman rules for the Lagraugian
(2&6)@

So far we described a theory for weak interactlons between leptons;
s
2

~¥5 - . ; -
= WEWWﬁs to the lepton wealk fLscspin multiplets

o
N
Q

4

! . 34 u N
introduce hadrons we muet add quark deoublets (d)L = (d) together with th

L-vyy
singlets: u, = ——"u, d
5 R T

previously defined . The doublet fields ave mirxed unitavily with fields of
higher masces by the matrix of the genevalized Cabibbo angles. In the
following we ignore the effects o

L}

Also, the strong interactions between quarks are described as gauge

the mixing. ‘g

interaction based on the gauge group SU(3) this symmetry 1ls not

colour’
gpontancously broken and therefore there are no new Higes flelds. Taking into
account all gauge interactions one ends with a unified gauge theory based on

- " T a .
the group SU‘“)coi % MU(Z)L x U(l)Y

€

3. Leading Logarthimic Corrections to the Weak Leptonfc and Semi~Leptonic

Low-Energy Hamiltonian

In this chapter we restrict ourselves to that part of the weak

hamiltonian which leads to detectable weak-electromagnetic interference

effects:
H m-;%%M [Sy,rse (V Jivgn + ¥ G y,u vy dY,d)
. + gyxe(AuEykysu + Au GYAYSU + Ad EkaSd)
+ ;YAYSG (CM ;YAYSN + Cuaykysu + Qdaykysd)] (3.1)
M}“ L
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where G is the Feyml constant te be taken from wuon mean-life and p is glven iIn

: . " R : Ko
terms of the Salam-Weinberg parameters, defined at an energy scale M md(h,ﬁg)

s

of the ordey of the vecter hoson massges

P pa 2 & i
M cos 6(M )
o

The hamiltonian (3.1) gives rige to the following cffects: i
1) The parity-violating asymmetry in the deep inelastic scattering of ﬁ

polarized electrons [2]:

e + N+ e + anvthing
P &

R, “R,L

determined by the couplings A and V. ..
u,d u,d .

T

¥

11) Parity violaticns in atoms [11]}, related to the same couplings.

iif} The backward-forward p¥ asymmetry [12,13] in ete™ » T related to ;
the coefficient CU in ego (1) ‘
iv) The chgrge and polarization asymmetry in the deep Inelastic scattering :
of muong [14]:
woF (EX) AN o p(EX) 4+ anything
wheré A 1s the u~ 1ongitudinal polarizaﬁion;'thié effect lg related to the

couplings Au and C Following ref. [l] we want to compute the leading

N u,d’

1ogarithmic corrections to all weak processes involving charged leptons only;

these are the correctione which logarithmically diverge in the limlt
M, Mo + ooy G = const.

What happens to the theory when we make arbitrarily large the W-masses? In

-

this limit, as a consequence of a well-known theorem [15], the vector bosons

decouple from the other particles of the theory and all possible diagrams in

which the W's are exchanged give no contribution to the correctlons; we are |

left essentially with a four—fermion interactions plus the e.m. corrections
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which are U.V. divergent, as a congequence of our choice of infinite valuss
& % }

for M2, Mie The higher order correctlons to the four fermlon interactions

or

Wili be'éemput@d with 2 U.V. cub—off A to be identified with the ratio between
Cthe vector boson mass scale M = 0(HM, Ma> and the momentum scale | where ouvr
experiments are measured. The renormalization group equaﬁi@n@ allow us to
compute the corrections to the bare hamiltonian in terms of the anomalous

dimensions of four fermion operators. We can rewrite the uncorrected

hamiltonian relevant to cur problem as:

2 Z .;%fm p L] e
= 5 J JM + pLu\H\A‘Wr

B,

4+ u,d + ¢, 8 + t,b}

where the total neutral weak current JZ reads:

s Lo o - o
= 4Qain®6(M*) + CEYS]f

In the fermion matrix space Q is the eleckric charge and T3 is twice the weak
isospin of the left~handed component of the fermion (ise. tg = +1 for
up~quarks and g = -1 for down-quarks and charged Jeptons). From eqs. (3.2)

and (3.3) we find the uncorrected values of the coefficients in (3.1

v(O - [1 - tsta?en)] V0 =y - 4 etaZole)
(Q) P - 2 k3 (O> - - 2 YN
Au [1 -~ 4sin 6(1%) ] Aq = Ty [1 - 4sin (1) ]
o) oy clo) . o ¢
H _ q 3

We expand both the bare hamiltounlan H(O) and the renormalized hamiltonian H

into a3 basis of four fermion operators:

ple) . ) C§O)Oi
i i

(3.3)
H = § CiQi(”)
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where, ag we have indicated explicitly, the operators in H are renormalized
. ) @
in such a way to have matrix elements equal to thogse of the bare operators, at

a momenitum scale of order Y.

The coefficients of eg. (3.3) obey the renormaelization group equation:

r"‘“\
ozla2
[

A4 g L. = A 3.4
ﬁ T Jo  + Oy = C (3.4)

5

B} ”
where £ = In (ﬁzﬂ and ' 1s defined by:
H

unren i
QUITED o (g 4 T, 1nA?)0

i iy il ]
’ unren . -
which velates the wovenormalized operatore Oi to the corrvected ones. For

non-leptonic operators, I coutains terms of order ogs for leptonlc and semi-

leptonic operators I' ls of order a. UWe define: !
»;« ) e . N
= (a0 B o= (BB)
, N ) ) '
and let a(t) be the solution of the equation:
dg +
- a o
i ijo‘,(ﬁi)] » (3.5

which fulfills the condition (o) = %. Then, by using the identity:

@« ) = B[]
s

we can give the expression of the solution of (3.4):

o =l = o, £(6) ] [Fexp £tdt’F(§(ﬁ‘))]ki | (3.6)

we have indicated by T the anti-ordering operator in the t variable; in a
matrix product T prescribes to order the matrices in such a way that the
corresponding values of t decrease from left to right.

First, we neglect the strong interactions; thus, in the one~loop

approximation, the following expressions hold:

T
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eer T

In eqe (3.6) we can now neglect the T operator

) C'LEO)[“ = 0, B(e)][exp [ o(cty de'),
‘ > |

£ = K3
i i

Recalling eq. (3.5) we can rewrite the exponential factor of eq. (3.7

[s ¥ @25 “ e 3
exp f alt')y di' = exp [ PPN I {j L oin [&U

o alp) Bla) q alu)

We have, up to the second ovder in o:

: , 9 9
[ Yo e f A Y Gy 2 o (MY
exp [ aletly det = 1 + 250 1 [d‘l_)} L ‘“zy 1m¢[a(h )]
o bQ alul 2y ol
Q
From (3.5) we haves .
do _ PQ 2
dg 3w
pM& . MZ |
Integrating between the values 1n(m§ﬂ = 0 and ln(mg; = ¢ we get
M U

olp) = (i) 1

bt
G
% Yot
1+ afr ‘)jTr

We expand the logarithm of eqes {3.7), up to ierms‘[@(mk)]zz

v CZ(M}%‘) o= bQ v ME - 1 bq, '
lnﬂ&fﬂjm] &= §§ﬁd(m )[l i’ﬁ%ta(h )}

and obtain:

b
exp f alt’)y de’ = l +oya(MF)e + “ﬁ (Mﬁ)t (Y "ﬁgy)

(3.7}

i3

(3.8

Recalling eqss (3:7) and (3.3) we write the first order and the second order

leading logarithmic corrections as:

oW - c§°’vij 0, (it
@y - o,

(u) = Qwij S ga” are)e?



18-

I 2R S VOT R R VNEPCH S PUIS PP WS Spu SUp ey SR BRI IS S S S Lt

In order to determine the leading logarithmic corrections upP Lo the second

order we just need to compute the rencrmalization of the whole hamiltounlen up

.

to the first leading logarithmic order:

(03
i

! /y(c y = C

(u}

O(M”)1m(~m~)
3 Ll

Indeed, by applying again the first oxder correction o ege. (3.9):

1, wle) (0,
g oL@t oN] = ¢y 0 0
" Y an‘
where £ 5 (M%)l gmw;} & can expressg (he cecond order correctlon gs
M ,
(2) P DU () I Po 1, (o)1 2
BO(n) = Eé[goLh ] - Fo RER G

We now compute the divergent part of the one photon correctlon to H(O

—~
Lad
L]
jXe]

[

eqe

(3.2). The relevant classes of dlagrams are illustrated in fige 1y for the

charged current contyibution te H(Q)s only the diagrams of fig. lb are

present. The diagram of fig. la gilves a correction to H(O) proportional te a

sum quark and lepton flavours:

(6)y _ GCp , .z .2z Cp o 2
5,177y = =B g (G300 - B S np" [~ 4(by - b

o/5 A H M oy Q

g GeMegZ
H

2
sin” 0 (%)) ]

(3,11}

1
where b, = ZET3Q“ On the other hand, the change of H(O) under a varifation 5s”

of s5in%6 is:

€ollle ,Z

sle)y = L2(-456%)a J
zfi H B

Therefore, the correctlons of fig. la are equivalent to a shift of gin?6 in

(o) v(c) (o) (o)

the coefficlents V 5 Au y Aq by the amount:

2 2 . 2. .
sin“0(p) = sin O(1*) = 3;‘[t? - thin BCI“)]

(3.12)

LUOURE IR DIV TURPT SRS -1

I N
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where we have defined:

2 1
=
&

i

. } [
The sum is entended to all fermicns; ﬁi = ]y
I\F ‘k . . ’ s,
LHQWWjO 1f m,» pe It dis inte vesting te note that by ewtrapol-
IS . .

m t
i

el

-~ 1f the fermicn exchanged hag

My <y oand Ei

ating the running SU(2} coupling, oy, below the W and Z mags, dropping thus
the contribution of W and % but keeping the contribution of light fermlions fo
the p~functlon, cne would get preclsely eg. (3.12). Using the quark wags

} on = 0] y = {} 5 e ERL N § ] ard b
values (in GeV) 4 Dolby m .25 m, 1.8, m = 5.0, m, 20, and the

medasuraed » masses we finds
gin?6(1.4 GeV) = sin?0(t = (710772 : (3.13)
sin?6(1MeV) ~ ain20(M*) = 0,9,1072 (3.14)

for sin?® between 0.21 and 0,22, The value in eg. (3.14) is relevant for

parity vieclaticn in atoms.

Corrections from the diagrams of figs. lb,c ave summarized in table 1.

T

Strong interactions modify the contribution of the diagrams of figs. la.b
in the case w‘ e quarks run intoe the loop, as we will see later. Let us tuin

now to consider eqe. (3.6) in presence of strong Interactlons. We have now, in

the one—loop approximation:

S

Defining:

- t
. = - v '
Ug(t,o) Texp é dt as(t )YS

and e;panding eqe (3.6) up'tc second order in o and in the leading logarithmic

approximation in ag, one gets:

M %
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ey, c ' ..
c, = C‘*>[G (t,0) +a f quUa{tfﬁe)YUa(ﬁ”?Q}

i 4 g o
2 .t ! '
SO B AR B LR N D MU CRRARD MUK CAMN DY I
o o G 8 8 L1

and, recalling
» g

mGw) = ol _(e,00]; RO fﬁdm:g@[z;rg<m!}YUQ(tfmijc;js:p}
o g
2 (o) b ¢! (3:15)
+ gaﬁi“'{é de? g ae' U (e, yU (t‘ ef )y (et ]ij j(wﬁ
In the end, we ghall be interested in the semileptonic snd leptonlce componentes

of H{y), so that we may replace U; by one, whenever it acts on the 0, (u)s thus

o (3.15) simplifics to:

IR AU € P ST
H(p) = B°7 + oCy [é ae U8<L$ig)jijv 10 ()
(3.16)
0’,” L}) tY
[ S . f - §f { " y (3K
b oGy [£ ‘é dett U (e,et vy (el e )jij /510 (1)

This equation can be interpreted as follows. We must let the effective

hamiltonian evelve from M® to u' under the influence of the strong

1% {C e : )
interactions (t' = 1n¢TE} Then the leectromagnetic interaction acts,
W

traﬁsfcrming for instance nen~leptoniec into semileptonlc operators. Let again
the strong interaction act between u' and p'' and so on, at the various orders
of the eranaioa of eq. (3.16). The final result is obtained by integrating
over all the intermediate variables t', t'', ¢vo « We can already draw some
conclusions from eq (3.16):
i) We may divide H(0) into a non-leptonic and into a leptonic and
gsemileptonlc part. The contribution of the latter to eqe. (3.16) is
free from strong interaction effects, in the first order |

approximation in o,




e
St

ii) The matrix vy desc?ibeﬁ the exchange of one photon, f.e. it can
change only one quark pair into a lepten pair.e Therefore, in compu~
ting the 1eading‘loﬁarithmie corrections of the first order in « to

' | any purely lepteonfc process, non vanlshing contributions are obtained
only by starting with a semileptonic or purely leptonic four fermion
operator: in the calculation of purely igptanié termg we may thus
drop the non~leptonic part froﬁ H(0> and the result is not affected

by the strong Inte

actione, which enter only to order [oinﬁ*7]2u

iid ¥rom the above observation iﬁ'&lso follows that we may obtain
semileptonic operators from the non-leptonic tevms, to first leading
logarithmnic ovder in a»/but the lepton palr wmust ba in a vector
state; therefore only A, and Ay afe influenced by the strong
interactions.

We may alsc develop Uy in powers of ag. Flst-order terms
describe the contributlion to H from the non-leptonic operators
obtained by applying first—order QCD correcticns to H(O)n The latter
operators are products of quark cclour octet bilinears. Since the
photon ig a colour singlet, it cannot produce a lepton pair from a qg
pair of tﬁe same bilinear. It thus follows that:

iv) Correctlions proportional to a sum over quark flavours are not
affected by strong interactiocns, to first order in mslnM*Ze
Defining u(x), d(x), s(x), c(x) to be the parton densities in the proton

and u(x), eee, c(x) the corresponding antiparton densities, and setting:

-



22

alx) = ulx) + d(x) + s(x) + ()

- , 8 .
D) = uwlsx) + dalx) + ulx) + alx) #-m[a wy + u{x}] + g{c(x) + c{x}}

#

-, 3 . - 3 - L
g(x) + qlz)y - E{S(R} + s(x)l + g{c(x} + c(x}] : (3.17)
we can write the flavour non-changing, parity-viclating part of the
non~leptonic hamiltonian as follows:

rled. . C”f (1 o

» ~ 2sin’ @(M»);cw Y5 TGV T4
NL st R
+ 251000095 ¥oT,047,0 = 9T, Yot qq7 it
R TREAN, Tetaaar @ T AT st T T
1 1 ) ’ -
ST VE T, qu; Ty ] (3182

The last two terms correspond to the charged current hamiltonian. We will

‘consider the two extreme cases of four and six quark flavours and we will find
that the results are vevy similar, indicating the the b and © contributions
are ilrrvelevant. In this siwplified case, the four~fermlon operator basis Is
fixed once for all, and we may directly use the results of ref. [16] for the

. - - .
anomalous dimension matrix. Let us define 0(4A,B) = QYUY5AQQY‘BQ* where A and

B act on flavour and colour dndices; the four~fermion operators of the basis

are.
L ) A A
roy w1 0(1,1)y 1 A AY _o(eT e
OB\'L} [O{T T) - T ] + TE[O(TL ;T — l]
A A
0(1,1) 1 A o™t
0,(r) = [O(T ) =T 1 [O(rt T Ay 4 - 1~w]
TooqL,y o, oty 0(ty,1)

A A)

SICN ,  0(,ty) o, ole ,%Bt



[aN
ha2

(5]

. 5 . A
where 7 = T,, T v.,,. the colour matrices ave iundicated by t gummation over
1 23 ,;;ii $
A is understood and n = & or 6 is the number of quark flavours. In the n = 4
case the operator GS{T) trangforme accovrding to the "84" representation of
SU(4), the aperator 0x{T) according to the "20" representation, the operator
N e ’A A i 3 . . IS . e oy e vy e 3 g I
0(1l,1} and 0(t",t") according to the singlet representation and the last four
operators according to the regular vepresentation. The anomclous dimepaion
matriz is block disgonal in the set of the basis operators and so is the

matrir U.{t.o), which can be explicitly written asg:
[ ¢ I} J

T
U_(t,0) = Texp f @E(t’}Yadte =
G & WP

In the basis given ahpve the matrix & is given by (see [16]):

[a ¥
i
i

o

o

T I g | e o 120 -~ &
ST e Ky A 'OL!

s s oty e e

R 66 = hn

(=9

bssm

The expansion of (3.18) into the basis i1s:
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(o) . .52 (1 - 2 w b Y 4 |
Hpo o = v {(L =~ 2ein%0{*)} O (ag t Q[Oﬁchl ¢ Gg(rz)}

‘ , 1e
XA - Taint @{MEY)(C P W R I I S e T
(1 - 26502608)0, (r3) + 210, (7)) + 0, (%,

A2
3 A A
- ZSinZQ{hf)}fméamwmwwmﬁéi T e G A D I B
A(n? -~ 1 ’ 2 = 1) : /]
¥ (
- geinfe(i%) o 0(1g,10} % N ci*”oi
K i

The correction of order o in eg. (2.16) can now be expr ressed ag:
1 g ((}\)vr N 0
o =) C; (@u (3.19)
gy +
M2 | .
wvhere 80, = oy, 0 inf~——) is the result cf the insertion of ¢, into the
i ik uz i :
diagrams of figs. la,b (with A% replaced by F42Y: the ¥ matrix is given by
1 o (15D 5

[ w agt e
S é [> &p‘?

’?

with t' = 1ﬂ.(mww)p and can be computed numericslly, recalling that:

U
o (1) 33 ~ 2n k2
OL (T} o+ .,,,Wl 2.M — og (Ll 3 Ll’l("""“")

p
Inserting the cperators of the basis Into the diagram of fig. la and according

to eq. (3.19) we find

- ba 5 Lo 2 5 .
A BE e - - - AR Y - e T o T4
63(Aq) 3ﬁA(L2 gin oM )LQ)T3 i I {Ssin a(M*)
(3.20)
- TN . N , 2 .
pE, — (&, = itQ) o [Bsin?6(rF)Ty + C(1 + = - ZginZB(M%))]}
with:



A B e e

. W}:wmv L5 A o — 3 vn I EET Y . 3 v

C = SR [ﬁxn l}AS {n + l}h& (n })&kl;lz in(al}zzj
- £7

D= Gy g

In eg. (3.20) the bar indicates that quark countribution only are retained.
For compariscon, we recall that the previcusly found coentribution from quark

loop diagrams of type a was (see eqe. (3oll):

- b . .
) Pt w0l T 2 O Mg ol
6&(Aq, R e eln® oM LQ)T3 (3.21)

) o ~ ¢ -
In estlmating the vallie of 5W(Aq} in eg. (3.20) we have to use, for consistency:
€

M*2 . o ) ML
t, = Lo(~=) § 70,7, = 5n ln(—)
2 u?_ : 1 (A5 3L 8 M
Toe 1y v 2 e 2y aadED
LQ In( 5 é Qi e Inf 2}
pe g 1

A numerical evaluation of the relevant matrix elements of X gives, for T
26eV4, ag(u) = 0.7 and four (six) active flavours:

A = 1.033 (1.041) s B = 0.007 (0.010)

"

0.004 (0.004)

i

C = -0.021 (-0.025) , D
The smallness of (41}, B, C gpd D reflectes thelr vanishing to first order In o
that we anticipated in the remark 1iv) for eq. (3.16) and can be now explicitly
veriﬁied‘by the expression of A, B, C, D glven above. After the redefinition
of sin26 according to eqe. (3.11), we are left with negligible corrections ({.e.
smaller than 1073). 1Indeed, to all practical purposes, we can identify the first
term in éqa (3,20) with the ag = 0 coantribution (3.21), so that eg. (3.12) is
uninfluenced by leading logarithmic strong corrections. As for the second
term in eqe (BQZO),.it glves a contribution less than 1073 to Aq and can be

safely neglectede.
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Ingerting the operators of the basis into the diagram of filg. 1b leads to
the correction:
5, (k) = 7 »}n(ﬁsz [~ 2001 = 41026 (4%)014) - g}« g

}i‘:;

1. A o /
+ R oe o0{1l = ow 2pint 0y - Zetns 0k -
B 3Q{ 5 2eint QM%) 5 in% 6 (M*)QT, }

N
L2
L]
Ny
3%l
g

where Q = TlQTl = (- Ty and with:

n ; 16
w0 ), )
2(n? - }){ 1721 3 1 22]
N %
T o= e L (Y e .}L,@, 4
Pl = {090 pdy g g {GR) B
In the limic oy = 0, B = 1 and B = F = ¢, while with the zame assumptions asg

before:

H o= 0.395(0.,318) , Bo= 00127 (0.122) . F o= 0,136 (0151}
Therefore the strong intevactions replace Gb(Aq) ?ﬂ table 1, with the
expresaion in ege. (3.22); we have reported in table 2 the numerlecal evaluation
of the corrgctLong to V( ) and A()S induced by tﬁe renormallzation of sin?0

u,d .

eq. (3.12) (second column) and by the other corrections (third to fifth columns),

with or without strong intervaction effects and with the assumption p = 1.
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4o Physical Applications of the leading Correc tlonge

We begin by consideving the.electron-deuteron lefi-right asymmetry that
can be expreseed [17] in terms of the parton densitles and of the
coefficlents of eg. (3.1) .as follows:
dop = doy c : 1 - (] - v)2
I lmwmwmw{&ix) & - ( V’z b(x) | (4.1}
e oo . i e )
doy + doy 7 e )

variablea and we define:

alx) = S . (42}
£, (0Q
- i
L {;»p Q, '
by = L 4.3)

ff(w) 1s the denslty of the partons of type 1 in the target, and the sum runs
over partecns and antipartons. Recalling the definitions (3.17) and asouming
u, d = ¢, s universality, we can express a and b in the case of

electron~deuteron deep inelastic scabtering according to:

o 2V _ -~V ol . -
WY W 25 d _e(x) + s(x) = clx) = clx) & 1y
aCx) = 5[~ D 52V )]

bx) = m{q(X) ; q(v)c?A 3~ Ad) _oelx) - s(x) ; elx) + o(x)

It is re&éonabla to assume s(x) = s(xy and, in discussing the SLAC data, c(x)
= c(x) = 0. Furthermore, as it follows from the previous chapter, most of the
leading corrections are accounted for by the use of a running gin?0(u). This
ig certainly true for Vu,d and to a lesser extent, for Au,dw Therefore it

1.
33

should be quite adequate to fit the experimental data with eq. (he1) and wit

e - e e



An estimate of sin20{y) and thevefore of sin®0(}%) can be achieved by evaluating

a(x) at large x. The SLAC data have been analyzed under the additional hypote~
sis e(x) = ¢(x) = 0. TIn vef. [2] one can fiod the one standard deviation

contour in the ab plane. In the Salam-Welnl

theory, b is small and it has
the same sign as a. Lf one imposes the latter constraint on the data, a
rather precize evaluaticn of a is obtalned, ylelding:

gin?6(1l.4 CGaV) = 0,224 & 0.020

-

v k]
From eq. (3.13) we get:

sinZ (M%) = 0,217

in good agreement with the prediction of grand unfed theories [18, 197].
However the importance of the previocus result is lessen by a certain amount of

uncertainty in ite

1) " To gee if s(x) is reasonable, we have examlned the CDHS data on
neutrons scattering {20}« For 0.1 < % € 0.2, which is the same range

‘ag in the SLAC data, they find:

b8+ 5 .o . 1072
5D (1.6 + 2.6) 16

Taking a mean value of 2.107% this would correspond to a shift of

sin%6(p) of + 0.0l and a similar shift for sin20(M*). It has to be

i stressed, however, that this estimate is rather pessimistic in that one
expects a conslstent decrease of the strange seca from CDHS (-q2 = 10
GeV2) to SLAC (~q2 = 2GeVZ): a factor of 2 to 3 would not be
"(. i ‘.;‘ ~

© g g ot e e 2o
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unreasonable. Of course, in uetlng the CDHS data, one should be avare

that the strange sea for deep inelectric scattering of pelavized

9

electrons way differ conegiderably from the strange sea in neutrinc

a

scattering even at the same ¢, lLecause of corrections of order Gg

tiwes the gluon density (ses ref. [21]).

i1} The effect of the satlausrh ses (o F 0) amounts to changing the
1 '] f&=]
5l the decreasing

the valug of

929 = 0.6
q * g
. [
: and, in cory: & from fige 2 of ref. [2], with

s(x) = a(x) = 0, a shifc of = 0.004. As in the case of
bl

the strange ses 1), this should be congldeved 28 an upper bound to
the effect.
ii1) The modification of the value of s1n20()) obtained by taking

into account the radiative corrections of the lagt three columns of
table 2 as well as the correction computed iu App. P, eq (¥.5),
amounts o less than 0.002.

Summarizing, we cen say that the larges@ uncertaintles arise from the
strange and the antiquark sea: more precise data on deuterium asymmetry are
clearly ﬁeeded to clarify the iwportant issue of the precise value of sin26(M%),

Next, we turn our attentlon to the deep inelastic muon scattering on

nucleons. The charge and polarization as&mmetry is defined by the expression

L 4ot = e - () ,
B()) = dcﬂ‘(‘"h) +odo -~ (A) (4,/;)

-



where A is the longltudinal polarization of the

incident muon and

do¥ are the

differentiel inclusive cress sections of the processess
PFCELY + W o+ uT(EX) + anything
Uging the quark-parton model and the Halam-Weinberg medel the

for an isoscalar ‘cet, can be expressed as (see re

0 G

W72 owa

B{A) =

where qz iw muon momentun transfers

owrd oo

vector and axial=vector neutral couplings of the u~

vector coupling of fthe parton of type A; to the %

coefficients of eqe (3.1), we have:

= P G op L= (1 = y)& o ? o
BOO = B ——f g2 2SS0 () 4 b)) (4.5
B 2\)/?. To 1o+ \l 4 y><;
“withe
LE ()AL Q
b(x) = ,.—a;m.imwﬁm{g
ENC,
g £,(x)C,Q
g(x) = S

Recalling the definitione (3.17), we obtaint

the coeffileciente g

asymmetry (4.4)

fo [1

i i
L
o and g°  are the
Y &A, ;
Y [yl ,i :
to the 27 g, is the axdal-
In terme of the



= 2[Ga - day 9l mal) 2, g

e T3 T T

s(x) ~ 5(x) = () - fmJ

D) :
(4,6)

g(x) = 9;'(2(, 1{; v g(3) =~ alx) (Qn . 1. )
: B e e S e 84 =l
" .";)L 37w d’ D(a«) 37w 374
Q(}ﬁ’) R ('}’“ b (‘(1&) ve rﬁ(\}')_—]
D(M}
To teke dnte account the corrections discussed in the previous chapter we have

Lo use a running

with [24]:

g {x)

where ©

2 ray ki £ o 2, e N - o
sin®0(p) and fit the experimental data with ege (4.5) and

y 9 * g2
-2{[l’m bsin?6(yu) + &T(%i.+ o e 30gin? 6(u) In ii:m
5 272  p i )qﬁl
3 ¢ x) - 1 1,39 134
2 Ww} 3( )D(:§<)} . [3(1 - Qin2&<u)) ;7C§i -~ $¢ﬂ Eluy)
Wﬁ}} Lﬁwm,+ 9 %;j s(x) - 8(x) ~ e(x) + E(x)} (5‘73
lg?] 16w Dix) Y
M2
g{[ bl bein®0(u)) (- Ly ii-ﬂin’@(u}m 11-wwmw
5 Z2 9 |q [

M) ICLE DN L€ R JE P D I 2+ 261n20(u))

16 = D(x) 3
@y W29 Oy s(x) = 5G) - el + ()
Ll - g2 16 = ] D(x) ¥ (4.8)

w= a(sin?0)72 = 5q,
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We recall wvhat we stated in the intradue

P4
o 1m-l$;i<(m

of the Pﬂh&f

of order

analyols ially lavge corrections

have not been computed; these

estimate of sin®6(M%*). The preliminary valus

26(7.7GeV) = 0.26 * 0,09

sin

belng a lepton ov guark wmazs) are needed for

contributions are not ex

tion, nawely that centributions

a complete

te the ccefficlents (4.6), and

pected to affect the

from CORN NA4 experiment [3]:

should be shifted by the amount 0.2 ¢ 1072, 1In fact, using the sawe quark
mags values as in computing eqe. (3.13) and (3.14), end the mezsured le on
masses, we findg
sin®0(7.7GeV)  gin?8(l4%) = 0.2 « 1072
for sin®0(*) LQLDWJF 0.21 and 0.22. ¥rom eqs. (453, (4e7), and (4.8) we
obtain:
- . w32 0
BO) = & —E I‘z G U+ (- dstn?oq)
2 2nal3 ¥
1 4 3 Gy (}’)ﬁ(ﬁ) L.y L
= 7T ﬁwap 6<J>)M%XI£ZT 16 7 DY [ A
. sin? <24 20in2e())Y 1n L L 9 Sy s00mE(x)-eGta(x)
sin“0(u))( C + 23in G(u))w in 162[ o | 1)
4 117 8 o, ME 3 ay
- laind Yo el e S ain? \ LR T AL
+ A[(l hsin Ggm, 4 55 (5 5 30sinc0 () )= 1ir lq T
9Ge)-q () - hein? w138 134 L oo e M*
BIeS) ( (1 = 4sin®0(n)) + 573~ = —5sin 6(1)) In 7]
9 %y s(x)=s(x)te(ed-e(x)
* 1 %—J D(x) ]}

Taking p = 1 and assuming the so~called valance quark approximation: a(x)

m'a(ﬁﬁ = 0, we evaluate the asymmetry at X

=5

)

c(x
-1, as a function of q2 and y:

y)?

2 - wom
B(~1) = ~1,62 « 107k lq J 1 (}
GeV4 1 + (1 -
G M#*
+ = 1n @
T Tq7]
?8 3
st 0]+ 2 ot YL
;?

« {2 — 2
Y {2 tsine0(p)

11

[ = dstn?e(00G ~ FeinZoqu)) + FGE - 10

2
(4.9)
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where we assume for the Fermi constant the value € = 1.165 ¢ 1079 GeV™2, If

iw

¥
60 GeVe, the percentage

-

‘ - o [Pp— 9
we take sin?@ = 0.22, M¥ = 10%GeVe, o = Y Iq‘

13

;*..‘)

corrections to the asymmetry are of order of C.0%. MNotice that the effect of

the antiquark sea {q % 0} would be si to introduce in eq. (4.9} an overall

. gix & 4 Ay iy, 7 0
factor —bomreient without changlng the percentage correctlion.

2

We conclude thisg chapter by discussing the muon back

rd-forward symmetyy
A g e . - .

in e'e™» p'uT . In thie case the influence of strong intevactiouns turns ocut to

be particulavly svppressed and therefore it i s meaningful to cowpute the leading

S 3

logarithmic covrec

ong up to the second eorder in o; we will consider also

the whole of the ovder o corrections. We will devote Secticon 5 to the latter
teplce . :
The wvncorrected hemiltonian relevent to ete™ + w7 is (compare with eq.

(3.2))¢

k-d
h

(o)

]
4

SREAT (ho10)

7 1
1t SR - A (= < )
v Z [Tt pA fﬁél'éuﬂ )
where =
_ by G _— I
K= = (2u)d=— I = YMCWQSLﬁd@khﬁ>m+'T3 + t3Y5)

W2

Let us neglect for a while the strong interaction and consider the

electromagnatic correctione to diagram (4.10):

g("\v/ {\v”

/\\ 4
i, (4.01)
T - 7/? X%G { ‘
+ ¢ 2T 1 +2
o UV NEE v
. POy /{;/r\—{\ * '

where the trace is carried out in the fermion space. The factor of 2 takes

.

inte account that in closing the fermion lines of (4.10) one has two choicgs

which give the same result. We show explicitly how the simple computation of

the correction (4.11) works:

S RO



R S~ Y
\gifﬁ~ . :wa$%
/)’«Y‘\R\ //i”’i%{\n

N .
L Ny
f/lﬁv;ﬁhﬁ PN

The total contribution of the box diagraus

,7’:2
3eyrgnel) 4 M K
"2 puooom ¥

where we introduce the current:

b ':3-? -w[c.*‘?— e o K
Ju quQ( isinc0(M*%)Q + T4 + T3Y5)y5f
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»4
b

b

D

contribution of the diagram containing the fermion leoop st

% Co (M e
CY e e (g®e™ >Q (= 4sin? @(F*)F” + ngmil ) jq B 5
ﬂ%‘ 3 B W u

4 Ty :

Qelle

where Ju = fQy f3; taking the trace in the fermion space, one gebs

M

C.umv.} '\@(i ) 1 {h/
M b} 2

Trg Cﬁ - M{b - §m2@(h*3b )(T

The current Ji ig defined as:

J = fy (& 4sin?8(MF)Q + T 0

% T |3} WaYs v{',%gz
\NfiEerff - K(M (J@aan )gigmi‘ln MEe
e N ¥ T 2

T 1
where:
(] - :
;ﬁ/ = fyu{(wésinze(mﬁ)q + Tq)2 + 1]Qf

So, the leading logarithmic first order correction reads:

[ I

sul® = »-i[w 50, J ) é{b ~ 84020 (if* )b )(Je°m°J )

2 H

et 5 s a(MF) M2
- w-J In
( u ) 2

Specializing this equation to our particular process we find:

. B M,
| st = K(—‘%)(Qsinzﬁ(M“) - )“( WA ;E{YUY5XYUY5)

e I

(4.12)
(4.13)
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Recalling eq. (3.10), we can now, by lteration determine the leading

oae”

k3
1

- ' ) «
jogarighmic second order corrvection l2 (u); we nead only to rencrmalize the

ontributing to eq. (412} We explicit sy notice thet the

o

currvent prod
renormallzation of the cuffent products of eq. (4,123 due to penguin—diagrams
(the last two diagrams in eqe (4.11)) 1s negligible, because at the end these
diagrams give the product of some curvent times the electromagnetlic current,

1
and the latter doszs not contain Y‘y rarms {(se

w
)
oy
o
el
o
o
=
1%,
~
2

By applying the

correction due to one pheton exchange betwecn each current pair in eqe (4.12)
and speclalizing our formulae to the case e'e - pfu”, we obtain {escaping

Intermediate

5 o N . R )
s[enl®y = K[3 - 2(4sinte(e) = 1)k, - sln?00s)b)
. P s Q

1 - ((M'ﬁ‘) M‘."/’: -
Bt Y 20 A% o 2 b VRSV
+ g(hein?a(er) - 12 ][5-5 In 113] 1 Y57, Y5)

Recalling eq. (5.10) we get:

_K
A

H(2>(u) { ~ 2(4sin?0(M*) =1)(b, - sinze(Mk)hQ)

Nﬁ \J‘I

52
(.ﬁinzﬁ(ﬁ*) ~1)2(1 + 2b ) ]e® (%) 1n? Jiw Y55, Ylf
Q ”2 5

It is convenient to express H(Z)(p) in terms of a{o) which is the directly

\
measurable quantity: B

o = g“EiEEEKO) (137, 03604) 1 (4olh)

The relation:

alu) = ao)

2
) ] @G 25
- T < ; 2
' 1.
where my are the fermlon masses fulfilling the condition my < i on which the

sum is carried, leads to:



(22 LIy AN I PN 20y 4 Loy 245
BTG =l gl Qlrgy — AepQy) gyt ?‘gQiM
! 3 . .

(4e15)
' - o s l 2 9 . 2 2 .
where we introduce the notatlon s, = sin“C(i®), ey 7 coa=G{M*), Vg ® &s@ - 1.

2

6
{edy B e

In the first order correcticn 6(H %/}, the coupling constant o can be expressed

as olo) without any modification on ege (4.13), because the difievence between

the vavicus cheices of a, Is of ovder (e1nM%? )%, The numericel L& of
the correcticnz (4£.13) and (4.15) ig dewanded to the next sectilon
Let us consider now the influence of strong Intevactions Tt follows from

. s b o o

remark 11) after eq. (3.16) that the first leading logarithmic crder correction
\":(Q\ ' n o K . - T 1 q

(VYY) is not affected by leadlng logarithmlce g ceowractiong. 1o tae el
second order in o, we can obtain leptenic opervators starting from nomn- leptonic
terms, but the two lepton pairs which are obtained In this way must be both in
a vector state and their contribution to the correctlon i1s proportional to
yMxy" and independent from the kinematic invariant s, t, u: therefore its

. L MEE
effect is completely neglibible (see next section). Thug, the order (almm—=)

pé

Z

correction will be obtained stavting from a vector which has no component in
the non-leptonic vector; then, similarly to the case of 6(3(0)) we can argue
that the correction (4.15) 1s free from leading logarit hmic strong corrections.

. . m
The influence of strong iInteractlouns is limited to o terme {(with w positive

. M2 M e MR2 ME2
integer) on aln “;mcarrections, and to aolnm 1(——5) on ogzlnz-*—-:;correctionae
ue ¥ - {1

Indeed, a diagrammatic analysis of these corrections shows that the strong
interactions enter only through the vacuum polarization diagrams, such as for

instance the diagram:
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TR E ORI S 0 PR WV & SO KON P SR

N e Y /’
w“\g’ﬂ‘—g‘v }m et {’ﬁy

TEN

N, e

where the strong intevactions dress the quark loop by means of gluon

exchanges”

ey e e fress LA e W

P

wde
terme of the ratlo betwesn €' e

w

gle e =+ hadrons) X

e e

’ -:}n -
cle e + uu)

A simllar problem, in a different context, ig discussed in ref. [221.

3 st a2 i ferna A 2k o 8 R
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Yo U+R:s

@
®
A4

5. One=-loop corrections te the u" agymmesry i

We now discuess all the order « corrections to the backward-forwazd

agymmetry, in the hypotesisg:

~

v, p? << el, el lu] <« Mzs Hg

ey

where m, 1 are the electroen and mucn masses and M, M, ave the masses of

0

vector boscons: the invarisnts s, t, u are defined in Lppendix A. Th

asymmetry is defined as:

do(8g) da(n ~ 04)
~ ‘d(cosby) - d(cosby)

~
ol
9]
fod
]

where 64 1s the scattering angle. The transition amplitude of the pr

o)

ete™ + ptu” 2 )

shown in fige 2 can be eupressed in the following genaral way:
7
o= M 4+ M + M+ 8M
,zf:%ﬁ/ I%a dea, be él”b
et

In this formula M, and My, are the tree ampllitudes corresponding to the

diagrams in

fig. 3; they are gilven by:

2
- P S LI

M= (2m)tigtoT vy

: . i ! 1

W= m(2ﬂ>kigzm;-.niw{vzy“xy“ + Y‘Y XYMYH)

b ) 0 5 5
16c M2
6 o

(5.1)

the

(5.2

(5.3

(5.4)



&0
. 1 .
In eqe (5.5) we have neglected terms proportional to levuyq or YWyoy¥s im
fact they give a vanishing contributicon to the physicel effeact which we are
interested in, since the asymmetry (5.2} 1s pavity conservinge

6M, is the pure QED correcticn to ¥, and My the full one-loop correction

a

to Mpe The expressions of M, and &M, will be given later; for the time being
b a b 4

. . 1

we just remark that they are respectively of order gt ¢ = and gV < e
M
0

The differential cross sectlion can be divided iInto two parts containing
respectively, the tree level value plug the virtual correcticns, and the real
corrections:

vV R

dag o i do L, __dag ¢ (5.6)
d(cos@s} d(cost_)  d{cosb ) o
Ag for the virtual part, we have:
\f ‘o
da" L1l y I (5.7}
d(coa@s) s 32u 4 8.68,5,6 (ZW)QiE )
1727574

. -
where sy and sy are the spins of the Incoming e’ and e , respectively, and 57,
s4 are the spins of the outgoing u+ﬁp”~ The contributicns to the differentisl

cross sectlion we are interested in arise from the interference tevrm:

2 5 %
b X8 3 B i 4+ GF S @ b o : Y
“Re[M () o+ GM) 1 CM&] | (5.8}
. 1
In eq. (5.7) we shall neglect the contribution of the term :ﬁMb + 6Mbi2 since
it is of order-gt while the interference term (5.8) is of order-ige
‘ M M
0 0

Being the fermion masses much smaller than the W masses, the theory has

an approximate chiral symmetry, so that terms different from products of the

2
M™ £ 4 ey
type VV, VA, AV, AA appear in the amplitude only wvith a factor fqémigg or
’ M
w
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W ‘ |
MMﬁgiﬁiﬂﬁ,&ﬁﬁ can be neglected. Neglecting the parity viclating terms; wa can
write:
el L 1 nw TR
Mb + M, = =(2m)Figs em—— om0 YUY RY Yo b CoY XY ) (5:9)
b 2 271 2 5 Z
16e’, M
¢ o]
2
5o U Y oM 3
G = (2m)*igh—(ny Yoy g ¥ by xY) (5.103
The coefficients n and E are of order g2, while cj and ¢y are given by the sum
of their tree parts plus the corrections:
= e rj.. 3,
e 1 61 (5.11)
= (5.12)
c, = Vg 2 5.12
where &y and 89 are of order gza From eqs. (5.6)+(5.10) we obtain:
2
- V In s ?
ag et AN A kv g w ol o oE0N L, G2 oL
d(cost ) 1287 2 2{<l * As)bl (L 23 k “QZ)CZ ‘ ”[qe‘ ‘a}
a c, M 8
8 o
N e NI R re g 2251
" s g2 » g g s T2
Using eq. (A.l) we have:
' 2
\Y y S
do _oomgt e 1 1 ) 9 .
d(cosBS)_ 128% cz Mz{coses Cl(es) + 2<l + cos Gs} CZ(CS)
h e o (5.13)
+ [v2c038 + i{l + cos26 )] ¢ n(B_) + [cosb_ + v i{l + cos26 )] « £(0)}
e 5 2 $ ] g 8 2 8§ 8

where we expliciltly indicated that the ccefficlents cp, Cp, W { depend in

general upon the scattering angle 05 (besldes, of course, the dependence from

the centre of mass energy).
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From eqs.(5.2) and (5.13) we obtain the following (virtual)
<3

Lo

contritution 4o the backward-forwerd esymmetry ol the gngular

-

distribution:

0{@’7‘3’5\} - e’ (- @ g% b‘é g ](Lmq 35\)4‘ ¢, (- 99‘}

G’{ (&"3 @6) m( ( 4 %ﬂ é},‘i’;é’;} ‘Z"; }?’& & e
o B0 g AT o L (0 cs'ty)-
2

J el ol %), ur 5(0) w; -0), 100=10-%)] I 5

N <
Tet us meke a remark about &g (5.74) .The CFOL&?CTFP“'ﬁf@UI
arises from two photon exchenge diagrams S50 that, by charge
conjugation invariance, } is gymmetiric under G-~ @ . Thus
only the sum,ﬁiwwg) %ﬁ fﬁ contributes tc ewa( 14\a Furthermo -
re, since only the difference wwﬂ_ D) < hﬂ@Q} enters eq.(5 .04},

we may drop all the contribubil gnﬂ to €, (@) which are indepe-

o wn

rQ" - . - . -
ndent from U, (suoh as, for instence, these coming lrom the

w

Y - We mixing diagram).
We shall consgider the real corrections to the cross gecti-
on. in the soft photon approximation. Therefore we cen writes
()
dei(e) - b(8) oo (6
i((-«i‘"}x>
ols ®(6y).
where W?TW?TTLb the tree level value of the differential cross

section:

Ao o) -5 s | 1
= —~—-- Cos@ + UE L vt ‘
Ad(@05) — dezgm MO (i &7 ( “sl] (5.16)

The real contribution to the angular esymmetry is, then:

g{(@*/z(@g) _ @!{%;"'Q(W_mg)s)m B %,4’" .S"% ol L L 93)+ n*v@*)

-«..‘..~

(?’{(Qn@s) @l (@,0s) B &G ¢ ﬁ“
+ 28 (/"é Cos LS) ‘!)(QS) !3' '(95) ‘1 ( 1

2 2 -

Ui
. oy
e
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Collecting together eqs.(5.,2), (5.6}, (5314}, (5.I7) we can

=

Tinally express the asymmetry in the following way:

%ﬁ Q é‘ J
v ’ o {\ / Y ’ o) 3
{C/ﬁ(} ’;a,! (9) ( ) é:g{f@s}] (5.18)

where 44,0, are given, up te orderel, by the expressions:
192 H § e

)= a@r ) S0 L(n0) , of 00 HoLHTE)
: :

wmz ““““““““““ 7 (519)
9«?)‘, G0 w-0 'Z (/ﬂ*‘} o O .
@{2( @( — m”i( .)A) t’/( S) :;E,::;L gk‘} b ).1‘/ ‘l ’U‘ (@ L(:;T ‘(ﬂc) (5 02{}.}
‘. Pl 8
To compute the coefficients in egqs.(5.9), (5.I0) we use
the method of dimensionel regularization [zgj The two infini-

te parameters A, ﬁ&wg ?&ﬁ?@%éﬂtimg the UV and IR divergence,
¥ .
heve the common expression, in terms of the pole %:ﬁ{L%G
N i =
y . _
Ase =2 4 TV = burr
<
where n is the space-time dimensionality and 7' (x) is the deri-
vative QT the Euler function.
We refer to the Appendix B for the individual valuﬁﬁ of
the diagrams contributing to 5V&ﬁ Summing up eqs.(B.1), {(B.2),

we get eq.(5.10) withs

152
g = ".32..;? {4(?&% + .f}. 4- (-* Am”fm‘f‘"# '&4" [&n

e ) gl EL- ) (e )0l (2]

ZolE BN p2f5) - Bt e )]
MR- WG e S [ 5]

= L[ ) e £) ] EFEAE (00 2

Recalling qu(A@I) we have, then:

OIS, %{@m+&4w;&na&%uf5+i&f;+
o, L 5 [&ifes w,l |
40 &‘?i' Loy 3 [&E 5] (5,24)

iw<{*‘
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N e &1 ! ‘:) 4
m}_{ﬁ ) {(.‘-—gé’{ﬁ&!}g“g“’gﬁi {?f.t‘;:j*bl) 2—6:17 ‘

V«P\vs i

o,
o~

I e A G B el e B G

It MY IS R

Y= (BN e o S b o Te el il pr - ceshyT
{l%) 1,\' E}},, T lixse’a“i“"l i ety ( 7 ))jtp

‘¢*D--~- f{’ (MM'LP K3

ZC“};I {= :bj

We can divide the corvecticonsz 1o f%,ih three classes co~

ntaining the self-encrgy di the vertex diagrams and the

oy e

box diagrens. We call respecti

P S b
Ed A N - .

% . éﬁﬁ % the contributiocns
s Y ;

to the correction & in eq.(5.77) which come from these classes,
and similarly for é o In fig.4 we sketch these classes of dige

gramsy they rvepresent the sum of the graphs listed in Appendix

C. pdding egs. from (C.T) to (.6} we obtein the following co=-

P (%4
ntributions i ﬁﬂz to the cervections appearing in egs.(5.I1},
(5.12)¢
S B N .
8}# 0, + (')1 ¢ U, z U, {{2»;*4».‘:)(f3~5 e \fuzg” r:'-L (’mc
bnt i
. T
- R (M mgmwngﬁme) 1
¢t H(ng% T T s [l e e ).
st y p 25 X . ‘, e
(g ) B R (500,
/ A /
. 594
3 . 1 =
eg&%i%%(ﬁh%ﬁmé&ﬁw%mj . (5.24)

o B YA
’ z g . ; y
0 = S@ = 4 . 455 Vg lut .(Kf\l. A2 Bul T A VRS W o
g Ié_n.L W iR “ Vs &

The corrections (5.24) and (5.25) are divergent éimce they are
expressed in terms of the bare parameters. The renormalizabi-
lity of the Salam-Weinberg model allows us to absorb all the
UV infinities into the definition of the renormaligzed parame-
ters: g, Sg ¢ M o When Qgﬂéﬁmwg_howeverﬁ it is easy to see that
in our case all the UV infinities are removed by a single re-
normalization, namely the rencramalization of the FPermi con~
stant G; taking the muon mean-~life as the experimental input

to fix the one-loop corrected value of Gs



45

S where ¢ is the bare :@rmx constants

The correctlon & has the form {22}%
{
L

t , Ty e
F= 8 ({20 )0t Amticts i Ly (D de 2 o R IS I S Y
er® "t NS T A = MR CE T
where
P oge Lae 220 B (5.26)
H 8 ‘,’\f.v PASY

Ve

and M. iz the mass of the Higgs article, Adding To 5% the dn-
) L4 roiat [ ’1

finite e@uriaﬁkarm\§$ we obtaint

¢ & |
& (8) = Uﬁ’“\ ® ‘ 1'{’* b (b L5 # foter ('”"T&}ﬁf f;:éfzfc "f

E.u e gxx{ l)

I?

%
(5.27)
with
R N SO o Wt S AT NS B N .
g.)(x:)-- T §é¥(fi L-&AC&«# {cf, l} .A.«BJ
L
[
As for Oy ¢ we have:
o Z
8, =&, = 5 25 [zw;gwc_ggéﬂ (At 34 b Bt -
o {Costly 7
(5 .2
w afouls] ) ¢ FOE 4 gw[mol] (5.28)

Tn the last passage of eqs.(% 27 )ﬁ (3@48} we have made use of
. QQa(AeI)G
By putting together eqs.(5.I1), (5.12), (5.27)s (5:28)

we find in ceonclusions

c(65)+ € (7-6) i
Nimmma s Z.:; [44 (.[;m ¢ b f“‘)(g*rfyfz -!)+

k4 £ T a T % T
+ 6uR B [stbs]y 2802 R R LA PN ﬁuﬁﬁz..:zu;-

je oA

) L, «) ,¢£é+ﬁ.&c;p'p(ﬂi) (5.29)
P AR L St R Y
0s)-¢, (w0 - 4 : . | D) o

SO L) o Lzl (o et b obi) (5.30)

Substituting euqs.(5.21), (5822)g (5.23), (5.29), (5.30) into
eq.(5.I4), one determines the contribution of the virtual dia-

grams to the angular asymmebry A
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Note that : ,e0,(5.27), goes to a finite limit as S§W%Q
with fimed g. Indeed (see Appendix ¥) it is possible to obiain
diirectly the value of 5;_in this 1limit, that is not so fer froum
the physical situation (ﬁwm“% 027 o

The IR &ive?g@n@eﬁ of the virtual part of the covrections

-

are removed by the inclusiocn of the bremsstrehlung of a soft

d»

(ice. with an eﬂ&TﬁW'lféﬁiﬂﬁf) photon by the cxternal lines.

The amplitude for the process eketched in fig. 5 is

P

en

where B represent the contribution of the shaded region in fig.

5 and €(k) is the polarization of the emitited phofon. Us

the transversality condition:
K8 = 0O
we haves

L = aE(Eﬂéft w(p)

2Pk
The soft photon approximation congi in neglecting (gl ) with
respect th (pee). This is reasoneble because: iYthe term we
retain is by itself gauge invariant, so that no cancelletion
is expected to occur with the contributicn from higher energy
photons: ii)we obtain in this way the dominant real corrections,
namely those terms which are gingvlar in the Llimit m;m - O, dro-
pping terms of the tvpccém yeiﬁzlnmz or definitely of orderel,
In the following we compute first the divergent part of
the correction due to emission of a soft real photon and then
determine its finite part using the minimum detection energy
OQ the photons as a cut-off. As expressed by eq.(5.I5),the
emission of a soft photon modifies the total transition pro-
bability by a factor:
b= Iy [ Tt - L Bee  het )

(zv RE Bk RET RTRI =

ra b Ae LB 26t L 2(nty)
ar? z [uw GR T Tl (g9 (s w9

i

- ?(F ﬁi) 2 (6 3) 7(?;‘!"1,)_ Lo lz)
(f' itk EEeR T {0, 9p%) (h”(&“bl f(i(!&-.)
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We have introduced here & Tunction f( o) which represents the
probability thet a photon with an absolute value of the space-
momentum eqgual to I?E is not detected. The. function F{k,) repre-
sents appr z%atelv the resolution of the experimental anparatus
and, for the mcment?we are interested only in its proverties:

) £(0) = I £(eo) = 0 (5.31)

Then it is easy to see thatb:

T(q)= [dk i 5, 30
9 (’hr [z M;%Nk)’ \( = T O({f (3e3€‘«
/Su', ’, 2 3 — .
Ig (‘? , :&; j(%; E iLw‘- - fe)= - //fp [ A{:‘“L 1)4 of1) (5 033
1 i ey

where O(I} indlcates terms that are regular in the Limit £-+0

and depend on the details of f(iﬁ}g in the abeve expressions we

1
asaume ¢ !
4
q, 79,
and:
02, _ mZ,
4,2 7 1,2

5.T))¢
|20a, ca o nfy nf

(]

with the condition (see eg.l

The IR divergent part of the b coefficient is thens
f T
bt & ( )gm‘s”"f ) B ' (5.34)

Recalling thet @gw@Tngtc@”“ sponds to tépu, we have:

S
by (8)4 by (7-0:) ; '
HUARE zz_??'(,_‘uﬁi))‘{\m ) (5.35)
M!‘Wu%): 2 P - tosly )‘A‘ﬁ (5 036)
2 i 1+ @O

From eqs.(5.I8}, (5.19), (5.20) and from the expressions (5.21),
(5.22), (5.23), (5.29), (5.30), (5.35), (5.36) we see that the
complete asymmetry has no divergence anymore.

. We Tefer to Appendix D for the computation of the finite

part of b(f&)g If £(k,) is approximated by a step function:

£l) = O (- K

we obtain (see ¢qe(D.18)):
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oﬁ%l:&ﬁffuw zzfﬁ-ahz)@%ﬁﬁguma_&/fﬂéug)+

3 i 7 7t : (/5037)
o505 T ]
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where the function (a{x) fs given by eq.(D.I9) dn an integral form.,
By substituting eqs.(5.37), (5.38) into eq.(5.17) one can
obtain the comtribution of the soft real corrections to the asy-
mmetry. Thus, in the one~loop %pn;owimaumeﬂ? the coefficients
aﬂ;ﬁ(%%} that enpear in the asymmetry (5.18) bave the following
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divergent in the limit M 0 Mg%eag ¢ = const. The divergent term
from eg.(5.39) can be seen to be:

8, ozt —%a@%&ﬁt

PLEEE
1 RS e oo o

G vt
which agrees with eq.(4.I3).

The inclusion of the leading logarithmic second order corre-
ction is straightfibrward because the form (5.I8) of the asymme-
try does not change and the contribution (4.I5) simply adds a >
term to the coefficient d,, with respect %o c0.(5.39) . We obtrin,
in conclusion: |
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up to corrections of owrder Uﬁnlumﬂ) included,
Putting in egs.(5.41), (5.40), (5.I8) the values:

s = 1000 Gew , f= T Gev , 1" = 107 GeV , 8% = 0,22

To7642 GeVi , my, = m, = 0,04 GeV , m = 0.25 GeV' ,

= 1.8 GeV' , m = 5.0 GeV , my = 20 GeV

we get the three plots in figg. 69 6y Te They represent the be-
haviour of & (&), 4,( &), A(H) for 40940, £T140°, The two inte-

grals of eq.(D.I2) have been eveluated numerically,
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Mo = 90 GeV , My = 200 GeV' , mg = 0.0005TT Ge¥ , m. = 0.10566 eV

is given by eq.(5.40)
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In erder to show the order of magnitude of the different co-

ntribuﬁi@na to'd1(G*) we calls
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The two latter equations show that & cne-~loop order computation
. . . - e Lz . , .

of d4 is incomplete in the sense viat d, ig two times biggex

. LL . .
:than‘dq o At any rate, both corrections are beyond experimental
reach, for the time being.

Finally we show in fig. 8 the behaviour of what we can call

the genuine wealk correction:

(5.471)
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APPENDIX A
Following [#) and referring us to fig.% we use the following notations.
[
‘» We choose as positive the incoming momenta and adopt a metric such that the
: square of a time-lile 4-vector be negatjve:
i
.
{
1 pkz & pa} =~ m? s Df - pu’ = -yt
| )
: ! Ve define the inveriants:
/; 5=~ ( Pt DZ)Z = (px+p~.)2
y } t==~(p‘+pg)‘a»(pz+p,)"
3
$
u==(p o+ p)t ==~ (p+p)
i
|
1 . :
They are not independent variables:
3 3‘ .
i
: s+ t+u = 2m + 240 .
. 3
Our computations are discussed in the region: .
s>0 , t<0 , ug<o
but the results can he analytically continued.
If E is the energy of the incoming partvicle in the centye of mass syst :
A
of the two incoming particles, then }{
¢ 2 N .
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APPENDIX B

We list the diagrems providing the pure QED corrections to the graph- &
of fig. &:

' +
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The blcb in the graph QED 9 represents the sum of all possible particlez o

of type
i, each having an electric charge Q and a mass ml, which can go round the loop.
The disgrams from QED 1 to QED 6 have amplitude proportiona) to "m i by edding
their contribution we get:
(o) T Y-
(@{'D k m‘_.n[;,(&{'& v()MS (’J\lﬁ" ({),a-.m_ml %Z.Mmﬁw (B.1)
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Tne sum of the box diagrams gives:
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The photon self-energy diagrams are proportional to ’}’?’ta‘ and from their sum we

gat:
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- APFENDIX C

In the following we give the list of the diagrams symbolically represanted

in fig. 4 and the corresponding contributions to the quantities 6, and §,,

Self-energy diagrems of the Wo:
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nishing momentum transfer:
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where R,H(x) is given by eq5.26]; M’H represents the Higgs boson mass. The ex~
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Appendix B

From the lagrangian (2.6) cone gets the Feynman rules reported here. In
ete™ + p+u; as well ae in any process lavolving nc external vecior line, the
coupling of the Higgs particles U, ¢°, @ﬁ ta a fermion current iﬁvproportional
to the ferﬁian mass and is then suppressed by a factor-%(wlO“S) for the elasctron
and %{*lbwg) for the muon; these éouplings are negligible. The vertices rele~

- RO JS T
vant for the one-loop computation in ete” & By aret

SR L. L, o
N S Y (1)
: adg P ’
[ 7 \j\\ | Nee
\Y
/“/ tor o
RS S mméwo \({ ({n{) é”‘?}
A S heo T
| PN
ﬁ
e o ELQX(‘%K‘) o AT 5 LG
Vi Ok A A
I AN “
{



P A e R

o «’6;
amnwmwamumw{f
4] %
W NE
N S8
b
Y
£
H,ﬁ?fq
. , [r‘
emm—
/ ¢;“ N
i %
[+]
¥
v q
rd
r
—
» -\‘
W @:‘\‘f\j“
¢ L
EQ
- ’f'
mm-amwm{\

L 0.8 N
L i) %‘%" @/u;

2
(2] C;.;’} v .,ggi ( o C‘i
d 2Cq ¢ )/&’



67

g}.&r\?

wWE
AN



\\z\z
YN

698




VISP SR TE T PUDS SV R SN S oL AU IO S

[SEANRT pendui e

69

. &
' 4

N

,l

/£

,[“

\\\

%

%

of
‘\;
)
"y tea‘ d \UVAS
A {;zgf e }/«
F
¥
N2
\\ ,{ft
Y
5
%

e

PRIV SIS RS O S B Y

‘f’
\x:'
£

¥ %%{}A

i
op
{n

<@

~\'§’U

e o an Eaimiat




EN

— ES)

RIGRARIINGS mﬁ

(5 fﬂ,{l

= 2 (T B B )



\VJ?

&
v /i

-

W &

v7§

‘,?: |
=& %0 w %@ &’f“ GF?A ~ X"% ém}

. ‘?,.,,??— R \
G M(@ Ui wﬁ%}) {g}j x""‘?% %m%* &y {SD:E}

I

o
%
25
v

A faéEor_(Zn)ni must be Introduced for each vertex. The combinatory facters

each Faddeev-Popov ghost loop.

have been explicitly indicated. It 1s necessary to associate a mlnus sign to
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where m, is the lepton mass (m,=0, me= m, mﬁxf4)§
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Aopendix F

In this eppendim we evaluate e particular class of non-
logarithmically enhanced cor?ecti@ 15 to the effective hamilton-
ien, eq.(3.I), namely those correcctions which do not vanish in
the limits |

A~ O, SLn{}wa oy == mﬁﬁ; fixed, | (F.I)

Sk
and neglecting strong interactions. In this 1limit, the Salam—
Weinberg theory simplifies considerably, in thet:
i) the photon coincides with the U{I) gauge boson, and it deco-
uples from the other particles:
ii) neglecting Higgs boson couplings to the fermions the theory
SU(2

has an exact, global 2 symmetry:

L
1ii) the Z-bosdén coincides with W, , its mass being degenerate
. o
with the W mass.,
Under these conditions the zeroth-order low energy weak harm-

iltonian telkes the form:

e F.2)
H V«:w | 3}/ v‘/& | (P 2

where ¢° is the bare Permi constant and

Se 2Ry 1
(L=left-handed).

First—order corrections to eq.(T.2) arise from W-exchenge

dlagr%mb and, because of *he SU(?) symmetry9 have the form:

( v
5'7['{ = }/*G;' [E /A A g‘z:y J/'/(D} (}93)
where we have intraduced the is 1nglet current:
M)
P AL
€i'has both divergent and ilnlte contributions which, however,

need not to be computed since they can be entgrely absorbed into

the definition of the renormalized Fermi coupling:

G =G (t+e,)

£, is finite and, in fact, it receives contributions from box dis-

crams only, where two massive W's are exchanged between the fermi-
. § i

on lines. A simple computation gives:




~ (5 R (Y (Fe4)
é;,” l°2)baﬂ" i T

We note that the correction £, is well defined, provided one
uses the Fermi constant ¢ as one of the parameters which define
the theory. Fufthermoregsim@e G, ag taken f?emvﬂfdecayﬁ is una-—
ffected by correcticns of ovder olIn Mz? the use of G agrees with
our philosophy of defining the parameters of the theory from
amplitudes at a mass-scale M.

Eqéa(?aB)g (Fo4) give for the coefficients in eq.(3.I) the
correcﬁiémﬁﬁ

SVQ$ XAg;:m 0Cy = J , = 0,006 (Fe5)

[ 16T
. 20 . . W - ,
for sin‘= 0.22. These corrections have to be added ta the last
three columms in table 2.
L )

We notes
i) the corrections (F.5) are of the same ovder as the leading
logarithmic curreetionSSL?qXL; their inclusion increases the
r.hegse 0F eqo(T.T) to 0.T0, eq.{T.2);

ii) ag discussed in section 4, the effect of (F.5) on the dete~

. . L2 0, -
rmination of sin®v is smally
iii) since o & 5«, the corrections (1.5} are expected to give
the largest part of the entire first order correction ©o eqe(3.I)

(with the exception of the mass-singular terms) .
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corrections are not given in ref, [81

corrections one can see reft, Cﬂ o

Xﬁﬁéifg‘because they do not contrubute to the asymmetry (see

section 5).

Table Captions

Table Ty Leading logar
bhe effective

in &D&pmee af

table have to

rithmic corrections to
hemiltonien from the

%,

strong interactions,

be multiplied by % &wm
I

L

the s
di ag pagstits

mh@

1%

trie charge of the quark, T, =+, -1 and

and &,

Table 2¢

respe

- R A W
ively: s*= sin O(™).

enitries of

efficients

of

of Tigge. T

e
¥

¢ We neglect, here and in the following, paritywviolaﬁing terms

b,

Uncorrected values of V; and Ay and leading logarithmic
? Ci &) 1S

corrections, without (third column) and with (fourth and

fifth caluan)

strong interaction

effects., A

bar

indi-

. , ]
cates a correction of absolute value less than T0



P P R S S e e e oo A e+ et e B 2 e @ o e i e § 4 s o 4 . . [ - e e e e e e a mca e it e deni o b o 3 Ao i

T

: . §
Figure Captions L
fig., T: Exemples of disgrems contributing to the leading e.me ;
corrections., The wavy line reépresents a photon. / ' :

13
=
e

- . , ' . de o de o
fige 2¢ diagremmatic representation of the process @'@"ﬁ/ﬁfke

. . o . - 4 - i
fig. 3: The diagrams contributing to the é?eowfzjﬁ CToEs Sec-— :

tion, at the tree level.

o
b

fig. 42 The cne~loop diagrams contributing to the corrections 64
G.(5.1IY) and ég (eqe(5.I2)), They represent the sum of the
graphs listed in appendix C.
¥
fig. 5¢: Bremsstrahlung of a soft photon by an external line for

the process of Tige L.

fig, 62 Plot of d4 given b eq.(5.41) ag a function of the scatte-
4 ¥

ring angle, fiwing the values of the parameters as indicated in

section H,
fige T: Plot of d,(¥s) given by eqe(5.40).
fig, 8: A ma a function of U5 as stated in eq.(5.18).

. . . . WE .
fig. 9: Behaviour of the genuine weak correction d; (@3) given

by eq.(542)
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“TanLa
&, 5
v, (1 ~4s% Mi—4s%)
A ~4g(1~4s%) 1on(1—4sh)
4, i1 —~4s%) HIET T
., 2 .
Aq “"%Q(l"’“!{?‘fzx)”‘gg(} 10(n~40s%)
G, 0 —1(1—45%)?
Co 0 ~ 1005~ 457 0)1 ~ 45%)
Tesre
Uncorrectad value sin ¢ Others
(sind 6 54 = 0.220) renormalization a, =0 4 fiav, 6 [lav,
¥, 0.413 ~0.018 0.002, 0.002 0.002
Vy -0 HYT 0.009 - — -
A, 0.120 -0.027 0.010 0.010 0.010
Ag -G.120 0.027 e 0.003 0.004
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