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ABSTRACT.

An accurate investigation of electromagnetic and finite width effects for
Bhabha séattering near the Z, pole is presented. Analytical expressions
are given which contain all finite first order corrections as well as soft
photons  effects resummed to all orders. Weak interactions are only con
sidered to renormalize the mass and the width of the vector boson, So-

mie niimerical results dre also presented.

. Experimental investigation of electroweak effects in high energy ete” annihilation will pre-
sent-a crucial-test for:the standard model of weéak interactions. Cqmparison with experiments,
However, requires -an accurate evaluation of radiative corrections which play an importantrole,
as previously remarked by ‘many authors!! "3). The reaction ete” - ete” is particularly inter
esting for its large cross section providing a direct monitor of the beam luminosity. So far a
complete calculation of weak and electromagnetic first order radiative corrections to this proc
ess, in the framework of the Weinberg--Salam model, has been performed in ref. {2). The vali
dity of this calculation, however, does not extend tothe energy range around the neutral vector
boson pole since finite width effects were not-taken into account. Furthermore weak corrections
were shown in ref,(2) to.play & minor rele as compared to pure electromagnetic effects below
and not too fa.rf beyond the Zg resonance,

The aim of this paper is to discuss IBh’abyha geattering in this energy range by improving the
treatment of pure electromagnetic effects given in ref. (2} and properly taking into account the
finite width of the vectdr boson along the same lines of ref, {3). As discussedthere for the re-

action efe” «» y,"’,u", this kind of corrections are of primary importance and can sizably change
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the naive expectations. The most relevant weak corrections can be absorbed into a redefini-

tion of the mass and width of the Z,, as suggested in refs, (4,5), The left over terms, of or-

der %m (—i,;) , which are negligible for s ~M? and very cumbersome to be treated ané].yt_i

cally, will riot-be considered here,

Soft photons effects are resummmed to all orders, with no restriction on the relative mag

nitude of the energy resolution 4@ and the Z, width I'. Hard photon effects, other than the

tail effect, are not ihchided.

We give a brief account of the derivation of our formulae. The relevant virtual graphs

are shown in Fig, 1.
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‘With the same notation we have

M(s,t) = MSED(S){1+sQED(s)].- MSED(t)[1+GQED(t)]

(1)
RES i RES W W QED :
e 1t ()] - i [1en] ) - W,
where
QED _e? . QED _e? -
Mg (s} = 7 Ju(s)au (s) » M (t) = % Ju(t)‘]u (t)
WRES (6) = =S 60 (5)+F,A ()] [F, 9 (s)+F A ()
0 - S-Né[Vu Ay J[-Vu A n ]
wie) = —So [F 3 (t)+f, A (t) [f IV (L) +f A‘(t)]
o] T ot-M2 Vi Apt SV Alpt o (2)
22 [ , s , .
WD (s) = 22 T )0y () (Vi()4TV,(8D)4A (5, (5) Ay (5)#1A5(5))]
QED 1y . 262 [ (1) v . o))
WD) = 25 [, (809 (N, {0+ iVa(00)4A, (A1) (A (0] +iRLED) |,
with
3,(s) = Vlky)y ulky) J.(s) = ﬁ(ql)YPV(qz)
A(s) = W)y vsulky) AL(s) = d(ay)v vsvian)
- (3)
J () = a(ay) v ulky) (L) = Plky)v v(az)
Au(t) = ﬁ(‘h)YuYsu(kl) ’ AL(t) = V(kz)Yust(QZ),
and
4sin2e -1
fy * e o > fa s 4sin<_3]c’ose ’
sing cose W W
GW being the weak mixing angle,
Moreover the following notations will be used
s = (kytk,)? = 4E2°, t =(ky-q;)% = - s (J-cose)



8.
z=cose,a-s1n§, b—~cos§
24 s 4o 2
Be_T(“mz—” i Bint w My
A= AEE = fractional energy resoliution

. 2 2 i
The weak boson is taken a resonance of mass M and width I, with MR = M” - iMI' and
mr

P
M* g .
The radiative factors d's in eq, (1) are defined as follows (see Fig. 1)+

phase shift dg(s) where tgop(s) =

8 {x) = Zév(x)+6“(x) {x = s,t)
RES RES . :
(s) = 25 (s)*rs ~(s) o : : )]
oy - oos (0y.da, 2, | 26, M
s (1) = 26v(t)+ﬂ2n b-an Tt i2a g¢n : + 6box‘(t)

where the 7-7Z box diagrams contributions égis(s) andl‘ 6V];/0X(t) are giver in eqs. (9). The

vertex and vacuum polarization parts in eq, (4) are
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1 2E 2a 2F a1 s (3
av(t) = -5 B n o - ¢na ‘en = + E(f >= &N F)
3 a3 ~on2 2 Tif 1
+839+"(2 Lna-n a)+",(]2 4)

and(x)

(x) 'The hadronic contribution to'the photon self-energy has been computed with the "effective"
light quark masses introduced in ref. (4) by using dispersion relations,



5 (s) = ‘5‘:(35).”3}35) D S I CURE- S P T DR
i=g,q m3 3 i=0,q '

. -t 5
5,08) = 37 1 0i20m (G- )
i=2,q i
with
4 1
2 - 2 . 2 = -
Qz = 1,02 = 3 (up), Q% = 3 (down)

The QED box diagrams contributions are

: oy R 2E. gn?a . an2b, gna_ anb
“Vi(s)y = - 8an g T -2 ( bt gE )+b2 ~7 =
= L ogen 2 2E f
= - Ban ¢ oan t Vi (s)

Vo(s) = Zn[:ZR.n % - -;- z %&*‘ﬁ%‘b) - :z’z‘] | 0
Ails) = -z (R0 - M)+ A5 e A
() = or[- 2 -2 g ]
and
Vi{t) = 8 2n b an %F + 8 ana an b+ %; (1-b%) + 1;2“ en?a
+ (1-b*) znz% + %;-mn ataZen = = 8an b an %& + Vf(t)
Alt). = - %2 (1-b%) ’+ (l—t";%i)‘znzab-» (1-b%) ﬂ,n’?% + %ékna-a%n % (8)
Vz(t) = 4w n %F +m [%zna + l%%i 1Q§ + Eﬁéﬂl = 4 2n %? +V§(t)



Finally the py-Z box diagrams terms 655{8(3) and 6\2,()x(t) appearing in eqs. (4) are giv
en by
(M2-5)2 -
RES 20. 2 R e .l_ 2 _l- 23 . 2 + zb
dbox (s) = = [zn n Mﬁ 7 +;25p(a ) 2Sp(b )=an“aten :
(9)
ég (ty = 2 [LQLna gnb + 24n2b-sp(b*) + TEw2+21n(a2+1)(1n+2£nb)m
oX e J
and
X
dt
sp(x) = = J %? gn(1-t)
)

Let's briefly comment the above formulae, Most of the results in egs.(4-9) a»ré already
known and can be found in the 1iterature(1’ 3). In particular they include vertex corrections,
vacuum polarization parts and box diagrams in-the s-channel, The contributions of QED box
diagrams in the t-channel were previously given(m, at the level of cross section, for Bhabha
scattering including & pure vector resonance in the t-channel, We give in egs. (2-8) the full
amplilude which is needed in the most general case. Finally the y-Z box diagrams in the t-
channel (FFig. 1d) have been computed in the approximation of retaining only "QED-like"
terms. That means we have not included those contributions which are of the same order of
magnitude of the left over weak corrections and which vanish in the limit of k -» 0, k being
the photon internal momentum. This is exactly the same approximation used in extracting the

resonating part inthe ¥-Z s-channel box diagrams (Fig, 1b), This amount to approximate

‘m)x“') as
W (t) = Mw(t) 2 [Qn i't+MEli {(iv+2 2nb)+22n2b-sp(b2) -
box 0 " 1 M2 o n ckn p(b%)
(10)
YA s+M2
- dgna unb + 3 m2 - sp (—ﬁ3-)}
9
and in the limit s ~N~
R P 26 26, W00 '
Mbox(t) = .-16(1:) [4 - enb gan — t 120 en )‘+5box(t)} (11)

Now we turn to discuss the ‘contributions ‘of the real photon emission diagrams (see

Fig, 2).



_FIG 2 - Bremsstrahlung diagrams,

The first order bremsstrahlung contributions, in the soft photon approximation, can be
grouped, following ref, (3) in three different classes: "QED-like" termis, pure resonant terms
and-interference with the resonating amplitude. To this aim it i& useful to definé the various

lowest order cross section-as follows :

do [r(s),v(s)] = & (1422) = do_(1) (12.1)

4o, Lrs) ()] = - 32 2 U222 < g, (o) (12.2)
a2

do, Tr(0)sv(0)] = §5 rrogyz [(1+2)244] = do (3) (12.3)

da Dv(s),2(0)] = = $5 2R' () (1+2)2(£3+£3) = do_(4) (12. 4

do Dv(t),2(8)] = %= 2 ot (0)[(F2482) (142) 240 (52 2)|=do (5] 12.5)

7 D1 2(0] = 5 g5 20 (0| (Ffr]) (142 2ea( 362 | 2do (5) (12.5

do [Z(t Z(t)] = h«; 2R'2(t)[(H-z)2[(.f:\'l-+fi\)2+4f‘f2]

(12.6)
+ 4[’(,f§+f,§ )2- 4f2f2]J a (6)
duc_[jZ(s),v(s)] = 7&? 2R" s)[fV2(1+z2)+f§2z] = dc°(7) (12.7)
) - . az ' (]+Z) f2 2 _
doo[_Z(s),y(t)] = -5 R (s) N (F2+f ) z do (8) (12.8)
do [Z(s),2(%)] = - %%‘R'(s)ZR'(t)(1+z)2[_(f\2,+f3)2+4f2f2] =de _(9) (12.9)
) o2 ] 4f5f§
do’O['Z(S)’Z(S)] = -4—g ER'2('$)+I"t(S)J(f\ZI*'f/z\)z[]'f'Zz'i- W 22]
(12.10)
= do_(10) »
-and
R'(t) = %W}_—t s R'(s)+i1'(s) SfM (12. 11)



Then in terins of these elementary cross sections the bremsstrahlung terms read as

o, O L nt, o o (11467 (1y)do (10) )
do(ly) = 6 (i) T do (i) + 6" (W) § do ()" (Iy)do (10) »
i=1 i=7
with
QED 1 = (23 +28 yan as + (23‘ +28 ) wn oA
8 (Ty) = (28 %26, )00 e “Fint
| (14.1)
- g2y + 22 F (a,b) |
'XT“ m
int 2E ¥8 ) an b
3 (1y) = (28e+281'nt) an == (Bw'int Be
is_ (s) ,
e 'R A
e +e an — ) 14,2
+ Re cossR(s) (Be Smt,) (1+§—3 emR(s)sins (s) ( )
Mr R
- 22 g(n2) + L2 F (ab)
m ™
RES, ‘ 2E S .
8 (1y) = (28 _+2¢ nt)“ T tBg A Ba6(s,am)cot 5R(s)
) ) , (14, 3)
) ‘ A o g1
+ (B, + 28, Jan - \ - = B(m2) + — F (a,b},
e int 1 bs emR(S)siné (s) L L
Mr R
and
n? S 1 s
B{m2) = 3 - en 0z + 7 n? o7
(15)

F(as;b) = 2 2n2a+sp(b?) - 2 wn2?b-sp(a?)

§(5,0w) =arctg ¢a +arcty (pb
N '(‘?’39/§+M2-'s)_ _ s=M2
*a Mr Ty T Ty

By adding the virtualland real corrections and by exponentiating the soft 'pépts as 'in ref. (3)

we obtain the final result,
+ N 10
(e e ~ee) =13
i=]

(1) ; (1) (16
doy . Ciorra do (1) Di+Ct ] )
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. (28 +28. .)
() Ly & Tint (i=1,....6)
infra
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a |[n? o . W
Cl(:G) = % B " %—r— [%— + ]ﬂ + %‘i E— 9,na--2,n2a] + ZW—O-L- F(a,b} + ZRe(sbox(t)) (18.8)
2 ] . I I
R i Rl OREACRE o D
(18.17)
- ‘ f2(1422) + f2 22 .
i I'(s) o A v I'(s) (s
o (W R Vz(s)] Yo TN 7T 2 [Al(s) *rs) Pels)
-, .
030 5 o2 Bmd 2o
(18.8)
(8] f ' :
+ [vf(t) + Al(t)] + ;Ei; ?"; [\Iz(t) v OAL(t) + 3{]
27 » 1 W
Cég) = -32- By * ZT“ E—i - —12—} + %‘5 B sLna»!mza] + -i— F(a,b) + Re(sbox(t))
(18.9)
v i et o)
(10) _3 20 fn2 1 ‘ : (18. 10
G _2ﬁe+nL\3 2] : (18.10)

By taking into accourt all the above corrections we can define the total radiative correc-

lion . through the relation

dOTOT = dUO [1+<ST] . (1.9)
where

10 .
dao =¥ do(])
i=1  ©

This completes the discussion-6f our formulae.

For numerical calculations we have used the presently accepted value of the weak mixing
angle sin20W~ 0.22, and using this we get from the results of ref.(4) a renormalized neutral
vector boson M= 93.2 GQV(*). |

I ref, (5) a detdiled calculation of one loop corrections to the leptonic width of the Z, has
been presented, A direct extimate of the corrections:to the full width can be obtained however

in more direct way. Indeed one can replace in the zeroth order relation

(%) In ref. (4) a careful analysis of the uncertainty associated to this exiimate is given.
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2]

M3
= F 0’.... ; < 2 29N N :
ro(20+a.11) oy ver {[H(l 4sin ew) ]\NZ+2N\) +

|\:‘

(21)
o 8 . ~ i 4.
+ 3[1+(1-3 s1rn29~w)2]Nu+3‘[‘l+(1-§ smzew)z]’Nd]

the bare mass M, with the renormalized one, This gives for sinzgw 20,22 a "renormalized”
width I'~2.92 GeV.

in Table 1 the percentage radiative correction é‘T to the lowest order cross section for
efe” —» ete~ is presented in the energy range around and not too far beyond the Z, pole. At
low energy the resulis are almost identical to the ones obtained in-ref.(2) where also weak cor
rections were explicitly included. In the energy range reported in Table 1 these results are now
substantially improved due'to finite width and radiative tail effects.

Tinally, if one defines

4060 te L ete” ‘3 (1) (1) | (1‘)'_\ (22)
G (ee »ee) = Z.::.Ic'iana doo L’HCF |

we can introduce a guantity éw through the relation

_ 4QED ¢
doror = 9° [“‘Sw] (23)

15% L GW /60 GeV

T

10%

90 GeV
5%

 FIG. 3 - Percentage deviation
Oy from QED at intermediate
50, : energy as a function of the
-5%, ‘

- ‘ ; scattering angle.
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This quantity can be of some interest at intermediate energies since at Eqpy = 50 GeV the
deviation is about 6% for scattering at large angles. Moreover éw presents a characteristic
angular behaviour which could be observable, This is shown in Fig. 3, where we plot 6W as a
function of the scattering angle, at intermediate energies.

To conclude we have presented a detailed study of electromagnetic and finite width effects
for Bhabha scattering near the Z, pole, Weak interactions have been only considered to renor

malize tha mass and the width of the vector boson.,
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