0GbeANNEHNBIR

NHCTHTYT
, AAEPHBIX
R} I MCCABAOBANNA

AYGN2

E2-86-596

O.M.Fedorenko®*, T.Riemann

ANALYTIC BREMSSTRAHLUNG INTEGRATION
FOR THE PROCESS c*e -~ u*uv
IN QED

Submitted to "'Acta Physica Polonica'

. Dept. of Physics and Mathematics, State University
of Petrosavodsk, USSR.

1986



1. INTRODUCTION

; . . 4~

One of the most important reactions observed in e e -storage

rings is the muon pair creation, or, generally, the creation of two
fermions:

ee’ — [ (1)

This process provides a unique possibility to study the gtandard elec-
troweak theory v over & wide range of energies. Taking into account
radiative corrections of order ¢%3 , it is unavoidable to study in
parallel the process

e —> f*,rg“, , (2)

where the fermion pair ¢ 2ated is accompanied by @ bremsstrahlung
photon. The anelysis of (1) heavify relies on the differential cross
section d&/dcos® with respect to the scattering angle @ . For
unpolarized beams usually one determines the total cross section,

+4
G = fdoase 08 , (3}
tot 1 dws e

1d the forward-backwerd asymmetry,

[
1 6
1 6 [dwso 25 _[. @
AFB = G [ [dcosedcoig . dcos®
ot 0o -1

The total cross section GL* is sensible to the C -even con-
:ributions, and the charge asymmetry AFB measures the C -odd

@ITS .

Here, we start a spe<cialized study of the bremsstrahlung contri~
wations (2) to the observablss (3, 4) withethe standard electroweak
sheory. We obtain analytic expressions for d6/dcs®, AFB and G‘%ot’

where the bremsstrahlung integration has been done over the complete
photon phase space, beginning here with the QED corrections most
easily being obtained.

There are two extreme approaches to hard bremsstrshlung problems.
One is the consequent numeric integration of the squared matrix ele-
ment by Monte-~Carlo (MC) methods as has been highly developed by a
large theoretical collaboration/z/. With no doubt, MC-integrated
cross sections are of great value for applications due to their flew
xibility concerning experimental cuts. The value of analytic results
(the other extreme) is two-fold., Of course, it is desirable to get
analytic results on simple processes even if they are not simply to
be obtained. PFurther, one mAy use the analytically integrated hard
bremsgtrahlung and subtract by MC-iutegration the not needed phase
gpace regions to get a completely independent theoretical prediction
for cross sections with realistic cuts. Analytical integrationus have
been done by several groups. The first tesult on dG/dcos® is
in/3/. Aiming at expressions being applicable over the whole relati-
vigtic energy range including the region of the 2 ~boson pole, he-
re we mention where several digtributions have been presented but
not the ces® - spectrum, anéS/ where the problem raised here has
been studied but not succeeding in a compact analytic expression.

In the present article, we derive analytic results on the pure
QED bremsstrahlung, Pig.2a, in connection with the Born cross section
of the standard electroweak theory, PFig.1. Adding the QED virtual cor-

‘rections of Fig.2b we get a gauge invariant infrared finite set of

diagrams, Inclusion of the fermionic¢ vacuum polaerization would comp-
lete the QED radiative corrections, The region of applicebility of

-our approximation is defined by the relative magnitude of the two

Born disgrams as functions of § . It
ig well-known that at PETRA-energies
the electroweak radiative corrections
and the genuine ¥ -boson exchange
Born cross gection are quite small with
the exception of QED correctious. So,
for § € 1600 GeV® the dominant contri~
butions are included.

L3 B e »
L] z°
> : ; : Pig.1. Born diagrams for e'e” 3 f'g”
e o * ¥ in the electroweak standard theo-
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Fig.2. Gauge invariant end infrared finite set of QED bremsstrahlung
{a) and one loop diagrams (b). .

As already stated above, we also assume £hat
The article is organized as follows. In Section 2 we introduce
the notation and analytic results, Section 3 contains pumerical re-—
sults, and in Appendices A-C some formal intermediates are presented
which are of interest also for the derivation of expressionsfor
interference and pure weak integrated photon Bremssirahlung.

2, ANALYTIC RESULTS

The cross section for (1) together with (2) is in the adopted
approximation:

d& ot

deos B <5

%
{Qz[qu; + ;}r(g+aﬁ+&§,) +55,]

(5)
$2R Y10 [veV (#raste) + 2a.0 osO]

+ - [N}m;‘)(v‘m‘) (4+cos®®) + 8 V,q,Va Case}} .

Here, s=4e? , and © ig the emission angle of the created fermion
+  with respect to the @ ~beam axis in the cma, The @ , v
a are the charge, vector and axial vector couplings, respectively

{ Q}w = -1):
V =./1—“'3:’|Ql‘ O~=4- (6)

The relative weight of prnotow and Z ~boson exchange is

i
m_: 3 m{ 3

*

M3s
S-M2 s (7a)

__1 S 46 1. .
X=Toga m = wg b [ erioed]

1 G M32s (1v)
a0 O
X LT $-M2 4

where AT=X/AN is taken from[é,?] . The definition of X deserves
some comment. We use the on mass shell renormalization framework of
$1r1in{7,8] , where

2%
sEeA-c = site, = 4= My M2 &)

As hes been discussed extensively in the literature [9] y the defini-
tion {(7b) ls preferred by eeting some large virtual radiative correcs
tions and will be used here. The complex parameter M? ,

Mz’”‘:“‘rsz, (9)

contains the physical mess and width of the Z ~-boson, In the frame-
work chosen, ME 1s determined experimentally while Q ig predicted
by the theory [10] « To be definite, in the following we use Mz =93 GeV,
the t-quark mass M, = 40 GeV, and Higgs boson mess My = 100 cev.
This, together with the feinstructure constant o and the muon decay
Permi constant G, allows to calculate MW = 82.0 Gev, 8in? By =
= 0.222, T, = 2,17 Gev + LM , L#) being the partial width for
the T —~quark chennel. The integrated bremsstrahlung and virtual ED
correction are contained in the oo
_ i
= FRimd + Ry (10)
wt
E; = Fbox + Fbc ! (11)
f
= Ro) o+ R

K3 (12)

The virtual corrections are well-Imown (see .pp.A). The initial
( Fb: ), interference ( F':t ), mnd final ( be ) bremsstrahlung
contributions are derived in Appendices B and C. The compaCt final

result ig:

Foz = fo,z (cas®)  + 7(;,7. (- cos8), (13)



E - gcme) - f, Geose), (14)

£ = %[% +2le-Lp-L 4 ch_l__]
2
vl BL et s 20 )= 2]
2 N (15)
vE[- D gl +fl gl 2L

rER[ L, R - B(O)]

f, =304l +3L - 1c - Lilcr]
+Q_[6+3f’“/3 +Le + L ﬂZL*L.]’ (16)

{.‘L = 4“%(:2, an

The following abbreviations are used:
S,
e 2 - S,
Le eh'ﬁgej L{ = éh'/Mﬁg’
C+ = ’%(/”‘COSQJ = cas‘lg . C’_ = %(4-&::8) E SI‘B"-:—_ :
. (18)
Ly~ e’ | = thsin® L= Ao dan®],
1
30~ - [t on (4-xt),
ot

Finiteness snd integrability of (10~12) are ensured by the following
modification near the end points cos @ = + 1 {@ee App.B):

2
Cos® —> cos (O%4 4m/s) | (19)

The initisl redietive correction F, is dependent on § s Mg, ”¥

and € , while B and §, are functions of the scattering angle on-

ly. Integration over cos @ allows to obtain analytic expressions for
G and A '

F8
2 ot tetet 3o
e, = %J% [Ql(d-r;—‘r Btz Q@ E7+35 Er)+2&1’li§|v¢v (20)
+ 1012 (Wrad) Ve ],
(21)

2 2
A =2 %Trd [@34;? FM+3£12¢2’1&)Q3Q+317” Vevqeaj,

ot +1 ’
Fo,l = %_de E,g) (22)
1 -
3

e
ot z 1 (24
R AL ’

2
PRl 3-F + 362 -2al =-45%, (25)

ot

4ot
The Fo2 are first derived in[?] » Concerning (15~17), we took ad-
vantage from a contact with the authors 0f[7] for an understanding
of the partial disasgreement with their eq.(14).

3. NUMERICAL RESULTS
Baged on the parameters chosen, it is for § in GeV2 .
X = -4.49 x 10775/(1 - 5/8649). (27)

The width of the 2 ~boson may be neglected in the energy range of
interest here. As long as 8§ £ 1600 GeV®, the Born interference
contribution doesn't exceed 15% of the photon excheange Born cross
gection and the pure weak contribution 1s quite small.@dihough in the
numerics we will include it).

The pure QBED radiative corrections (with exception of the vacu-
um polarigation) are contained in the 5 , €98, (10~12). The depen~
dence of the E on the scattering angle is shown in Fig. 3. The a
and 5. are smooth over the complete kinematical region, whearess
ﬁ (initial state radiation) has sharp peaks of order S/mi times
logarithms at the end points, cos & = 1-2 mg/s. These peaks are
due to the well-known fermion mass singularities. PFig.4 shows the
differential cross section, The QED Born cross section is symmetric
and, in the normalization chosen, independert of the energy. The
Born cross section of the (wS-theory is asymr:ziric in cos @ (shown
here for § = 1600 GeVe). The inclusion of tne total Bremsstrahlung
discussed here leads to & coasideravle modification, especially at
the end points,.
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Fig.3. The QED o> correctipns

of Pig.2 ss defined in
(10~12) ae functionsof cos &
with paremeter ¢ .

Fig.4. The differential cross
gsection o®/d cos 6.

It is well-known that the total cross section &f4 of the GWs-
theory in Born epproximation is very near to G;t of QED for mixing
angles around 0.25 since then the vector couplings of leptons become
small: Ve=Vu w 0.01 for gin® 6 = 0,222 as chosen here. Thisg may be
geen in Fig.5. The QED bremsstrahlung correction to SL*_ is congi-
derable due to F  and becomes much smaller if @ cut on cos & is ap~-
plied.

The integrated forward-backward asymmetry AFB as function of
$ is shown in Pig.6. In Born approximetion, A;' is negativé and
nearly linearly rising with 8 in the depicted energy range.
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Fige5s The toial cross section Fig.6. The integreted forward-back-
@, as function of § ward agymmetry Apy as func-
(6, =Born cross section; the tion of §
slasﬁed and slashed~dotted lines
are radiatively corrected with
cuts as explained in the text).

The bremsstrahlung correction QP ab* ig positive and constant. Cor-
respondingly, its reletive Influence diminishes with rising & .+ In
real experiments & cut is applied on the scattering augle, e.g.{cos d
< 0.8 + 0,9. The result of those cuts is shown, too. ILike for @4,

the correction becomes much smaller, Interestingly, the corrected AF&
is closer to its Born value for lcos 8l¢ 0.y than for lcos Qf< C.8.

This is due to a mismatch of the tendency of ﬁ to add larger conw-
tributions to AFB from scettering angles near }cos Gi= 1 against the

peaking of F in the same points influencing the demominator of Afs
in opposite direction.

We are very much obliged to Dr. D.Yu.Berdin for stimulating and
fruitful discussions and for cooperation in the first stage of the
work. We would like to thank Prof. F. Kaschluhn for interest into our
work and support and the orgenizers of the IX Wersaw Symposium on Elew
mentary Particle Physices in Kezimierce (1986) where we had the oppor--
tunity to present our results.

APPENDIX 4

The QBD vertex correction is in the approximation of small fer-
mion masges and in the normalization adopted here:

1 2 2
E‘Cmi)z-Q(Lf-”CPR'&‘;@*)'2+%JT +%.Lf~% L{, (A.1)

the ’i(”b) being defined analogously. The contribution of the two
QED box diagraems is:

Faue = Trox (@30 = £y (-c059), (a.2)

” 2 2., 2
froe = §UA+Cs™®) L_.(g,(—a.-?h sl +2 QL+—,ZC_(L_+£+)‘(

The vacuum polarization is

A.3)

hadron s
2
F = lghu Ql. F;P(ML) + er , (A.4)
2 g;fg‘
Fv’(,,;. —%Q-g?gz-pgg.(uz—;'-}&}:ﬁ ) (4.5)
L2 s
Fpms ~F +3 Lo (mies), (A.6)

A = S*-4m’s,

In the numerical results we do not include the E¢ . Thia causes a

shift for QQvt compared to a complete QED one loop calculation.
9
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APPENDIX B

Here we scetch our derivetion of & soft photon contribution to
the bremsstrahlung cross sectiou:

€0g) + e') —> £7Cp) + [T(R)+ Y Op). (3.1)

we start with

hﬁé? - 940 "(12,

(B.2)
M, =58 Tk P ulk) TR Pr UCP) 5.9
fR (e - 2ke) s a2 - 2e)
P z 2 v (B.4)
The = , £ and wv , V are the fermion propagators,
-2k pr V- 2he P (B.5)

Formally neglecting the photon momentum everywhere but in the deno~
minators of ‘ﬁa , we introduce the

. 2 R -
ZAT{ Zns ]Mj P— TA(X,‘U - B (t19r2| V‘V), (B.6)
* 2+ G-t
-rA X"’H = ——ST""" s
— t .t -§_£::'_*) a{.f“_m" _5_) (8.7)
8% (- edg) + o5 rav my e ()
Here,
T L 2 2 ¢cosB '
+ = "2;‘2.?; = i__gg)/sdmd.s ‘/x'%‘ls ! (B.8)
t= X C. (B.9)
x= - 2p, (k) = 278 p7, (B.10)

where p; is the energy of ;* i tne cms: X € (0, § ). For scatter-
ing angles with cos 6 very cluse to £1, the approximation (B.9) is
too crude and has to be replu-ed oJ

tof(1(-2)ase] = 5 [4-@s (o™ wele)”]. (B.11)

10

The integration over the photon phase space has been performed with
the method developed in " , 1.e. using dimensioual regularization

and the R -gystem, the rest system of (f" ): ':R + f)’ﬂ = 0,
We write the soft bremsstrahlung contribution to (10-12) as follows:
S Born
& 40
de | & JS,# (B.12)
o as® doso I !

S0 17(w)
JS“:’*‘ ):dw “ (B.13)

» vk

b H
n 2 . ex
I(m)=m) i‘ (Mf) !d&’,'{di (-2 LECN f),

(B.14)

E3

e aaDT T YI:(A.;,T)”' i (4B 1)° P (4-p 8> (B.15)

N + . _ s-1 _ s L_ 2[_!%'} S -4
" kg FATT  poZ 4, TP M ko (440 j Pae (4-pp, )? " Pes u-A P v

Bﬁuf)=[;

R
= Co3 6, = Ko + py(4-)
S S . Pt 2 pl ’ (B.16)

Ky = KR+ Ky O-a) Py = Kt ps (1=} |

and ﬂ. are the velocities corresponding to gﬁ&iin the R ~gystem.
In deriving {(B.12-B.15) one tekes advantage of the fact that T Alx,t)
does not depend on the photon angles and that all momenta used may be
chosen to depend on only one of the photon angles, cos QQF » The
Feynman parsmeter integral over & heas been introduced to simplify
the dependence of numerators on the photon momentum. Egs.(B13~B.14)
have been obtained after integrating over (n -3) angles in the n -
dimensional space-time and after restricting the photon momentum RF
to be smeller than the infinitesimal paremeter &

o « My Mo S (B.17)

This, in term, leads to the restriétion for X to the interval

X € (S-EMfc":; , 8 ), containfng at X = S the infrared singularity
and allows to separate the Born cross section factor. In fact the
integral over GO is the limited by & X -integral (see Appendix C),

11
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Some more detsils on the method used may be taken fram/11'13/. The
kinematics is the same &as in/13f. By straightforward integration one
gets

JSoff = (P\vz + ?’“%zg> &os + ‘”Jf,
Jas - __2(4-1_8) + %] L{ - QQZU*L{)I

»

515 = [_ Ig’.,. (+Le) (Lo+lf +L*+L..) + 4L~ %Lj}

2 _ x? (B.18)
-20L, L, + @ [14L, - LF - % |
4
P -5 * ?,% _en (2)7).
APPENDIX C

br
The metrix element MP corresponding to Fig.2 ia the same as
in/13{ and has been integrated as follows:

by 3 — by
.d_s_ =L—— dr Z. iMp "2' (0.1)
dcos® wis Sping !
s 4 Rf' 2
2 S-x d JdF
T X €030,
Idr c"q,_s_ gxdx Vﬂ'(s—x+m{‘) 24 g ° L (G.2)

Because of the iufrared singulerity we cut the X -integral into two
parts: ¢ « (O, S- 2"’4“5) . A= (S-2m B S).
In App. B we split up the singular part of the sguared matrix element
and integreted it over 4, . What remains is

far Lz;;m;‘l’ - cw‘rx.f)»s’“] + far [SV'T'(M) 8 '*]’ (.3
(£,442) «)

where 'TA and B® are defined in (B.7). The first integral over the
unrestricted phase space ig finlte. The second one isg finit too and
even well-defined in the limit U -» o with the exception of terms con-
teining the numerator (8-X) for which the exclusion of {& is
important:

S~ QJH{(»

3
dx P e'b =« Ca
A QM‘Fw (Cad)

Bffectively, one may use {C.1~C.2)} and take into account {(C.4) whe~
never necessary. This heas Seen done using the system of analytic ma-

12

nipulation SCHOONBGHlF/14/, heavily relying on apggoximﬂtions of
calculations and tables of integrals described in . The result is

be X
dée o d5eem %% Jsagt + dShmd |

d 0059 o cose d cesb (c.5)
dert Wt e g (C.6)
dooso | 25 T Hard
C’:‘M bt (;_“u: + de + & J_‘“l
i M 28
d;“: (0s0) .—.{"‘]—9 1r-;iLe + (L,-ﬂ%»cos‘e) -% _&T‘.ﬁ " Lf) (c.8)
2
St e el ot [Lle -2l -§()] -3 L-* 5L
+ 54_(.;‘ L2 4 i{;: [sL_-"%Z +%L‘+% L{]} + [coseﬁ—mo]‘
o ~(.2en@~+zl_ -3+ 2+ 3L
+ 3L +cos©- (3+3 +4L) } - [m;ee~rase]" '
25 k 3 1—12 ’
Jf (w6)={4+(44w’9)'[f+l?)&;,}'+%-iL; ¥l ,}]} (€.10)
furd

+.Ead94~"“5eg.

from the sum of 6341 (with Born factor) and g, one gets the
cut-off independent Fb: , &= 4 , int, f , the IR-singularity
of which will be compensated by the corresponding virtual corrections.
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AHanmuTHUYecKoe BhMHCJIEHHe IuarpaMM TOPMO3HOI'O

HanyueHnss B nponecce ete -utuTy B pamMxax K3[

E2~86-596

AHANMMTHYECKH BBIYHCIIEHN pubbepeHUMHANBEHOE CeYeHHe aHaIrpaMM
TOPMOSHOI'O H3JyuyeHHs GOTOHA U 3apALOBAS aCHMMEeTDHA A pp B TpO-
neccax ete” -aHHUTI'HIIALAK B ABa depMHoHa M ob6CYXOAOTCH B paMKax
eKTpocnaboil CTAHHAPTHON TEOpPHH.

PaBora BunonHeHa B JlaGoparopuu TeopeTHuUecKo# dumauku OHAH.

IIpenpunt O6benuHeHROr0 MHCTHTYTa AgepHsix uccnenopaHuid. [lyGra 1986

Fedorenko 0.M., Riemann T.
Analytic Bremsstrahlung Integration
for the Process ete~»u*u~y in QED

E2-86-596

The photon bremsstrahlung correction to the differential
cross section and to the charge asymmetry Appg of ete™—annihi-
lation into two fermions has been integrated analytically over
the complete photon phase space and is discussed in the context
of the electroweak standard theory.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna 1986



http:Comp.Phys.Com

