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We describe two Monte Carlo algorithms for simulation of QED ra-
diative processes in deep inelastic e¥p — e* X scattering. One of them,
implemented in the program LESKO-F, includes O(a) QED radiative
corrections. The other one describes multiphoton leptonic radiation in a
framework of the Yennie-Frautschi-Suura exclusive exponentiation pro-
cedure and is a base of the program LESKO-YFS. Some numerical results
of the above Monte Carlo prograins are presented. We also comment on
including QCD effects and hadronization in the both programs. Next,
we discuss a problem of unfolding QED radiative corrections from the
data. We present two methods of reducing hard photon radiation effects
in the low z region. In one of them tagging hard radiative photons almost
collinear with the incident electrons is used to estimate a non-radiative
cross section. Experimental aspects of photon tagging are also discussed.
The other method exploits information from a measurement of both fi-
nal state electron and hadrons energies and angles to tag and reject hard
initial radiation photon events. Some toy models of eleciron and hadron
detectors are considered in this study. Both methods allow to reduce sig-
nificantly QED radiative effects and can be used to extract the proton
structure function at HERA. Finally, we argue that an effect of a reduc-
tion of an effective electron beam energy due to hard initial state photon
radiation can be used to measure the longitudinal structure function at
HERA. Results of a Monte Carlo siinulation including statistical accuracy
and systematic effects are presented.
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1. Introduction

High energy lepton scattering has been crucial in the development of
our understanding of nature. Starting from J.J. Thompson’s discovery of
the electron [1], and Roentgen’s discovery of X-Rays [2], via atomic energy
quantization by Frank and Hertz in 1914 [3], to wave-particle duality in the
interference experiments of Davison and Germer in 1927 [4] and the estab-
lishment of quantum mechanics. Subsequently the first precision measure-
ment of the charge radius of atomic nuclei by Hofstadter in the late 1950s
[5], the observation of scale invariance in the deep inelastic fragmentation
of the proton at SLAC in 1970 [6], its interpretation in terms of quasi-free
parton constituents by Feynman [7], the first direct observation of elec-
troweak phenomena in the form of the observation of weak neutral currents
[8], asymptotically free QCD motivated by the observation of scaling viola-
tion in deep inelastic lepton scattering in the 1970s [9], have all shaped the
form of modern particle physics. The large storage ring HERA (Hadron-
Electron-Ring-Anlage), which has been completed at DESY in early 1992,
is supposed to be the next significant step on this way. It is the first electron
proton storage ring ever built. Electrons and protons of nominal energies
E. = 30GeV and E, = 820 GeV collide head on. The centre of mass en-
ergy is /s = \/4E.E, ~ 314 GeV. This is equivalent to an electron beam
of 51 TeV incident on a stationary target. The beam energies can be varied
within the following limits: E, = 10-35 GeV and E, = 300-1000 GeV. The
design luminosity is 1.5 - 103! em 2571, The total luminosity accumulated
per year could thus reach 100 ph~!. HERA is also designed to produce lon-
gitudinally polarized electron or positron beams. A very detailed discussion
of physics expected at HERA can be found in Refs {10] and [11].

One of the most promising possibilities offered by HERA is a mea-
surement of the proton structure functions in completely new kinematical
regions. Such a measurement can be performed with respect to the Bjorken
scaling variable z down to z ~ 10~% and with respect to the momentum
transfer Q2 up to Q2 ~ 4-10% GeVZ2. A great interest focuses on the low z
(z < 10™2) region, where some new phenomena may appear [12, 13].

QED radiative corrections are well known to be a reason of significant
distortions in distributions of observed physical quantities in high energy
physics experiments. This phenomenon was seen in older deep inelastic
experiments {14], and the corresponding QED corrections for HERA were
estimated first in Ref. [15]. The complete O(a) electromagnetic and weak
corrections have been calculated independently in Refs [16, 17] and in Refs
[18, 19], see also Ref. [20]. In both approaches bremsstrahlung photon is
treated totally inclusively and cross sections are calculated from initial and
final lepton momenta only. Similar calculations were performed in the lead-
ing logarithmic approximation [21-24]. All they show that radiative correc-
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tions in deep inelastic ep neutral current scattering at HERA are large, even
of order of 100% and more, when cross-sections are evaluated only from the
lepton momenta. They are dominated by QED bremsstrahlung from the
lepton line and vacuum polarization corrections to the photon propagator
{25, 26]. While vacuum-polarization corrections, in principle, are rather
easy to estimate (they enter into normalization), the bremsstrahlung con-
tributions depend strongly on the experimental (complicated) set-up (cuts,
angular detector coverages, selection criteria, resolutions, etc.). Further-
more, at HERA they may depend significantly upon an assumed shape of
the structure functions in the kinematical domain that has not been explored
by the previous experiments [27]. It is impossible to implement all those
complicated assumptions in an analytical calculation. The only tool that is
able to deal with them is Monte Carlo event generator which simulates ep
scattering process directly.

Monte Carlo (M.C.) techniques have proved to be a valuable and even
indispensable tool in high energy physics experiments. Monte Carlo event
generators are used to simulate explored physical processes and their detec-
tion both at the stage of the planning of the experiment and in the actual
analysis of experimental data. In general, Monte Carlo generators can be
divided into two classes: (1) event generators simulating physical processes
(based on theory) and (2) detector simulation programs which model de-
tector behaviour. The former ones are plugged in as a first step in (usually
larger) detector simulation programs. Also additional event selection crite-
ria used in the data analysis (all sorts of cuts, triggers) can be introduced
in the M.C. simulation in the same way as in the real data analysis, 2.e. by
rejecting some of the M.C. events.

The first M.C. event generator for a study of radiative correction in deep
inelastic ep scattering at HERA, called LESKO-C, was written by Jadach in
1986 [21]. This program, based on the initial collinear bremsstrahlung ap-
proximation from the lepton line, was used in the analysis of the influence
of QED radiative corrections on the data for the HERA Workshop 1987
[10], see e.g. [28]. LESKO-C hecame also the starting-point for developing
the program LESKO-F [29] which includes the whole O(a) QED brems-
strahlung from the lepton line. The program allows for a nonzero lepton
beam polarization and apart from bremsstrahlung it takes into account the
vacuum polarization corrections. The non-deep inelastic region (low Q?)
is excluded from an event generation by imposing a lower cut-off of the
hadronic transverse momentum py. It ensures that the transfer momentum
squared Q? is greater than some sznin S p,%‘min (the program allows also to
impose the cut sznin directly). The pp-cut seems to be a natural trigger for
deep inelastic events in a real experiment [28]. Such a trigger is especially
desirable in the presence of leptonic bremsstrahlung when the true Q2 may
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be much lower than one obtained from the lepton momenta. Implementa-
tion of such a cut-off in the very early stage of the M.C. program improves
significantly an efficiency of event generation. At present, there is available
another version of the LESKO program, called LESKO-YFS {30}, which in-
corporates multiphoton radiation from the lepton line. It is based on the
Yennie, Frautschi and Suura exclusive exponentiation procedure [31].

The M.C. algorithm implemented in the above programs may be charac-
terized as an individually adapted Monte Carlo (IAMC) algorithm [32]. the
main feature of IAMC algorithms is that they are constructed and optimized
individually for a given process. They are based on a detailed knowledge of
generated distributions and therefore they are usually much more efficient
than ones employing general purpose generation procedures.

Both LESKO-F and LESKO-YFS simulate the ep deep inelastic scat-
tering in the framework of the quark—parton model. The hadronic part is
described in terms of parton distribution functions. The above programs
provide the hadronic final state at the parton level. Parton fragmentation
can be done, however, with the help of the program FRANEQ {33], which in-
terfaces both LESKO-F and LESKO-YFS with hadronization routines from
the Lund programs LEPTO 5.2 [34] and JETSET 6.3 {35]. It also includes
QCD radiative processes described in the framework of the parton shower
picture.

Other M.C. programs for the HERA purpose including radiative cor-
rections are: HERACLES by Kwiatkowski, Mohring and Spiesberger [36)]
and KRONOS by Anlauf et al. [37]. The program HERACLES is based on
the calculations of the O(«a) order electroweak radiative corréctions of Refs
[18, 19] and employs the Monte Carlo integration algorithm VEGAS by P.
Lepage [38]. The event generator KRONOS includes higher order QED ra-
diative effects in the leading logarithmic approximation. It is based on the
M.C. algorithm for parton cascades as it is done for quark fragmentation in
QCD [35].

As it has been mentioned above, QED radiative corrections will strongly
distort the distributions of the observed quantities at HERA. Their size
depends in the complicated way on the experimental conditions, such as
triggers, cuts, angular detector coverages, detector resolutions, capacities
of the exclusive measurement, efc. All those requirements can be fulfilled
only by the use of the Monte Carlo simulation methods. An effective M.C.
event generator is, therefore, a very helpful tool for an analysis of radiative
corrections under the realistic experimental conditions. It can also be used
to work out efficient methods of eliminating radiative effects from the data.
With the help of the program LESKO-F two methods of reducing radiative
effects at HERA were developed and tested. The first one is hbased on the
leptonic momenta measurement and tagging part of the hard radiative pho-
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tons by means of the luminosity monitors. The method has been proposed
in Ref. [39], whereas in Ref. [40] it has been checked against the realistic
experimental conditions. In the second method, proposed in Ref. [41], the
QED effects are significantly reduced when the simultaneous measurement
of the leptonic momenta and the longitudinal hadronic energy flow is per-
formed and some rejecting conditions are applied. It was tested with the
help of the program FRANEQ including QCD effects and using toy models
of the detectors.

In contrast to the above methods, where the QED radiative effects are
eliminated from the data, in Ref. [42] we propose a method in which they can
be utilized to extract some physically important information. The emission
of the photons collinear to the incident lepton leads to a reduction of the
effective beam energy. This effect is proposed to be used to measure the
longitudinal structure function at HERA. The method has been analysed
and tested with the help of the programs LESKO-C and LESKO-F.

This work, in general, is based on Refs {29, 33, 39-42], but we do not
attempt to reproduce all the results of the above papers. We rather con-
centrate recalling the main points of these references, drawing up essential
conclusions as well as discussing those topics which were not fully covered
in these papers. A completely new topic introduced in this work is the
implementation of the Yennie-Frautschi-Suura exponentiation in the M.C.
simulation of deep inelastic ep scattering.

The outline of the article is the following. In Subsection 1.1 we give the
lowest order formula for deep inelastic lepton proton scattering. The prob-
lem of radiative corrections is discussed in Subsection 1.2. Section 2 contains
descriptions of the Monte Carlo algorithms employed in both LESKO-F
(Subsection 2.1) and LESKO-YFS (Subsection 2.2) programs, some numer-
ical results obtained from those programs (Subsection 2.3), and finally some
details on including QCD effects and hadronization (Subsection 2.4). In
Section 3 we discuss the unfolding procedures for radiative corrections at
HERA, while in Section 4 we describe the method of determining the lon-
gitudinal structure function from the radiative events, and Section 5 sum-
marizes this work.

1.1. Cross section and structure functlions

The lowest order deep inelastic neutral current scattering process

I(p1) + p(P) — (p2) + X(px), I=e*, (1)

where [ denotes electron or positron, p proton and X a hadronic final state,
is illustrated in Fig. 1(a).

For the overall event kinematics there are only two independent vari-
ables and thus measuring the energy ( E2) and the angle (82 — with respect
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Fig. 1. Basic diagrams for deep inelastic lepton proton neutral current scattering:
(2) in general, without assumption about the structure of the initial proton and
the final hadronie system, and (b) in the quark-parton model.

to the incident lepton beam) of the scattered lepton, all other variables can
be calculated. The total center mass energy squared is

S = (pl -+ P)2 o~ 4E]Ep . (2)

In the neutral current processes the interaction is mediated by vector bosons
v or Z which carry the space-like four-momentum ¢ = p; — p;. We define
the momentum transfer variable Q?,

il

.o 8
Q% = —¢* = —(p1 - p2)® ~ 4E, Epsin® '23 , (3)

which obviously is positive. The commonly used scaling variables, Bjorken-z
and y, are defined as follows

Q? EyE;sin? & @)
z = ~ ,
2P-q  E,(E, - Ecos? %1)
P.q 2P.q E;-Ejcos?%
Y= = ~ 2., (5)

T P.p. s E

It is obvious from the above definitions that these variables are always in
the range 0 < (z,y) < 1. Finally we define the invariant mass W of the
hadronic final state

sz(q+P)2:Q21 +mg, (6)

where m,, is the proton mass. This variable is important for hadronization.
Since for the fixed energies of the incident heams there are only two degrees
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of freedom, for description of the process (1) one may use only two of the
above variables. The most commonly used pairs are (z,@?) and (z,y).

Within the quark-parton model, where the proton is composed of almost
free partons (quarks and gluons), the deep inelastic ep scattering process
is described through elastic scattering of electron on quarks, Fig. 1(b). In
this picture the Bjorken scaling variable 2 can be interpreted as a fraction
of the proton momentum which is carried by the struck quark before the
interaction. This picture is not valid when QCD corrections are taken into
account.

The differential cross section for the process (1) can be written as follows

dzaNc 2ra

dz dQ? - zyQ

where

2
;Y4 F2(2,Q%) T Y_2F3(2,Q%) - v* Fi(=,Q%)],  (7)

Yi=1%(1-1v)?, (8)

and
fL(z,QZ)=f2(m$Q2)_2xf1(er2)' (9)

The form-factors Fy, Fa, F3, Fr, are the structure functions of the proton.
If only 4 exchange is assumed then they are equal to the conventional elec-
tromagnetic structure functions Fy, Fy, F3, Fj, (this is good approximation
for low @2, and hence low z). The structure functions of Eq. (7) include
electroweak coupling constants and the lepton polarization. They can be
evolved as follows

Fia= Y, xH@X Q)N - PLAY)FY,, (10)
i|j=7rz

Fs= > x(@OF(Q)N - PG FY, (11)
i,j=v,Z

where P, is the degree of longitudinal polarization of the lepton, and

QZ

X' =1, x%(Q%) = m (12)

The electroweak coupling constants

A{,ij = v}v} + a’}a;,

/\fj = v}a'} + a}vj; , (13)
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are expressed in terms of the vector and axial coupling constants v} and aj,
of the fermion f to the neutral currents

If - as2 Q
7= - z_3 " “Twef
Vg = Qf5 Vg 25 Cw s
z f
a}:O, af: 3 s (14)

where () ¢ is the charge of the fermion f and I3f its third isospin component
while sy = sinfy, cw = cosfw, and Oy is the weak mixing angle [43]
which is determined by the gauge bosons masses

Mw
cw =cosby = —. 15
w w =31, (15)
As long as the W boson mass is not very precisely known, it is better to
parametrize the Z coupling constants in terms of the p decay constant G,
[44]):
TQa 1

2
w = TF 2 ’
V2G, M7 1 - Ar

where Ar includes higher order corrections (in the lowest order expression
Ar = 0).

In the quark-parton model, Fig. 1(b), the proton structure functions
can be expressed through quark distribution functions

(16)

siyc

F(2,Q%) =2y l45(2,Q%) + (=, @*)NY, (17)
f
Fi(2,Q%) = Y las(2,Q%) - 44z, Q*)NSY. (18)
f

From the Callan—Gross relation [45], 22 F; = F3, which holds for massless
spin 1/2 partons with zero transverse momenta, the longitudinal structure
function vanishes

fL(IB,Q"’) =0. (19)

The above relation is violated by QCD effects!, which make Fi, nonzero
and proportional to a,. This can be neglected to a good approximation
except the very low z region. At the low z region the longitudinal structure
function is dominated by the contribution from gluons and its measurement
can be used for the extraction of the gluon distribution function [46].

! It remains valid still in the QCD leading logarithnic approximation.



QED Radiative Corrections ... 1237

1.2. Radiative corrections

The formulae in the previous Subsection are given at so called “tree
level”, i.e. they do not include quantum effects?. The quantum effects,
usually called radiative corrections, which enter the formula for the cross
section can originate from both electroweak and strong interactions. In
this paper we do not deal with QCD (strong interactions) effects, however
some remarks on this point we give in Subsection 2.4. Electroweak radiative
corrections in deep inelastic ep scattering can be calculated on a perturbative
way (order by order) in the framework of the Standard Model for electroweak
interactions [43] following Feynman diagrams rules. The perturbative series
is, in such an approach, expanded with respect to the fine coupling constant
a. Corrections Oa) are usually calculated first. It seems to be justified
since the fine structure constant is numerically small (a ~ 1/137) and higher
order corrections are expected to be small. Various kinematic effects may,
however, cause that certain classes of radiative corrections are numerically
much more significant than others, and that even higher orders corrections
are important.

As it was mentioned in the Introduction, the O(a) electroweak radia-
tive corrections at HERA are dominated by QED effects. Genuine weak
corrections, i.e. without the vacuum polarization, reach maximally 2% [26].
Then, among QED corrections, the most significant in the wide range of the
kinematical domain is bremsstrahlung fromn the lepton line. It may reach
even 100% or more in the region of low 2 and high y (16, 18, 26, 27]. The size
of this effect can be reduced by the simultaneous measurement of leptonic
and hadronic momenta, but, unfortunately, it is not possible experimen-
tally in the whole kinematical domain, particularly in the low-z range —
where corrections are the higgest! The similar correction to the quark line
is much less important. Its leading logarithmic terms can be absorbed into
the proton structure function likewise as QCD effects [47, 48]. The remain-
ing non-leading corrections are negligible if an experimental aceuracy is not
better than 1% order [25, 26]. The second numerically significant correction
is one due to the vacuum polarization. It modifies the exchanged photon
propagator and can be taken into account by the use of the running fine
structure constant (or the effective fine structure constant)

a(Q?) = 1 T (20)

2 In fact, they include leading QCD effects absorbed into the hadronic structure
functions which, as a consequence, feature scaling violation behaviour (Q?
dependence).
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It includes contributions from all possible particles that couple to the pho-
ton, but practically is dominated by fermion loops. While the leptonic
contribution can be calculated analytically [49], the hadronic one has to be
taken from the experiment via dispersion relations [50]. At Q% = M% the
value of I, is about 0.06.

T @ W © @

Fig. 2. Diagrams for numerically most important O(a) radiative corrections at
HERA: a) the vacuum polarization, b) the photon lepton vertex correction, c) and
d) real photon radiation from the initial and final lepton states, respectively.

It has been shown that for the accuracy of a few % it is sufficient to
take into account the leptonic QED corrections and the vacuum polarization
functions as in Eq. (20) [25, 26]. Diagrams for these processes are presented
in Fig. 2. The diagram in Fig. 2a represents the vacuum polarization. The
bremsstrahlung processes with the additional photon in the final state are
represented by the diagrams in Figs. 2c, d. In the calculation of the cross
section they have to be combined with virtual photonic correction to the
vertex function, Fig. 2b, in order to cancel the infrared singularity. To ensure
gauge invariance the contributions of the diagrams in Figs. 2c and 2d have
to summed and squared. It is not possible to treat the initial and final state
radiation separately because of the interference terms which also contribute
to the cross section. Classification of hremsstrahlung as radiation from the
initial or final states has only conventional meaning. It can be done by
looking at the photon emission direction. Theoretically, such a distinction
is meaningful in the leading logarithmic approximation only.

The most recent review of radiative corrections at HERA as well as
presentation of programs for calculating them can be found in Ref. [26].
The magnitude of the first order leptonic bremsstrahlung corrections in-
dicates that higer orders may also be significant. Including higher order
contributions following the Feynman diagram rules is usually rather dif-
ficult. Because of this it is profitable to exploit certain approximations.
One of them is the leading logarithmic approximation. In this approach
one takes into account only leading logarithmic terms ~ In(Q2?/m?) cor-
responding collinear peaks in the photon—fermion angle. It is possible to
sum those terms even up to the infinite order. A recent excellent review
of leading logarithmic calculations for QED one can find in Ref. [51]. In
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such calculations one misses all subleading terms which may, however, give
a non-negligible contribution. The second order leading logarithmic QED
corrections at HERA was calculated in Ref. [52]. It has been shown that
they are generally small, except the low z and high y region.

Another approach to QED calculations is so called ezxponentiation. A
strict and physically well founded prescription for exponentiation was pro-
posed by Yennie, Frautschi and Suura in their classical work of Ref. [31]. The
main idea of this scheme is to rearrange the entire QED perturbative series
of any process in such a way that the infrared (IR) singularities are factored
out, summed up to the infinity and properly canceled. The remaining, not
exponentiated, IR finite series can be calculated perturbatively (exactly or
in the leading logarithmic approximation). This procedure, usually called
the exclusive YFS exponentiation, offers a well defined recipe for Monte
Carlo applications. It has been extensively used for M.C. simulation of the
ete™ processes at LEP/SLC, see Refs [53, 54] and references therein. It
has been shown that the exclusive YFS exponentiation is the most effective
way of including higher order effects and it offers a faster improvement of
an accuracy than traditional QED calculations (order by order) [51, 55].

2. Monte Carlo simulation of QED effects

In this Section we shall present the Monte Carlo algorithms imple-
mented in two programs for simulation of deep inelastic scattering at HERA
including QED radiative corrections. The first one, implemented in the pro-
gram LESKO-F, is based on the exact O(a) calculation for QED leptonic
bremsstrahlung and the other one, implemented in the program LESKO-
-YFS, simulates multiphoton radiation from the lepton line according to
the exclusive YFS exponentiation procedure [31] in the O(a). We are not
going to describe a general framework of the Monte Carlo techniques, this
is beyond the scope of this paper. The readers interested in this subject we
can refer e.g. to Refs [56, 32, 567]. Both M.C. algorithms to he presented
are individually adapted to the undertaken processes, i.e. they take into
consideration specific features of these processes. Such an approach in con-
structing the M.C. generators provides the most effective solutions of the
simulation problems.

Random numbers needed in the M.C. simulation are generated in both
programs by the use of the switchable generator VARRAN which chooses
among two good quality random number generators RANMAR [58] and
RANECU [59]. The algorithms of the programs LESKO-F and LESKO-
-YFS are built on the base of the differential cross sections for deep inelas-
tic neutral current ep scattering including appropriate QED corrections.
The event generation is steered through a set of input parameters which
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have to be set up before running the program. In general, the programs
run in three steps — all of them in a single task. In the first step (ini-
tialization mode) the input data are transferred to the program through
the steering parameters; it is obligatory. In the second step (event gen-
eration mode) a M.C. event is produced according to the employed M.C.
algorithm. Each event is expressed in terms of flavours and four-momenta
of final particles at the parton level (hadronization is not performed). The
third step (post-generation mode — optional) terminates generation and
provides some useful output corresponding to a generated sample. The
programs LESKO-F and LESKO-YFS are restricted to the deep inelastic
scattering domain by introducing low Q2 region cuts. They allow to chose
among two triggers, the minimum of the momentum transfer Qmm and the
minimum of the hadronic transverse momentum py min. The latter is more
convenient from experimental point of view. It ensures that Q2 > P'r min
even in the presence of leptonic photon radiation. The hadronic part of
the process is described with the help of the parton distribution functions
which have a scaling violation behaviour, i.e. they include leading QCD
effects. The programs are interfaced with a large package of older and re-
cent parton distribution functions parametrizations, called PAKPDF [60].
More details about them one can find in Ref. [60] and references therein.
The parametrizations of the parton distribution functions are provided to
the programs through external routines, so they can be easily replaced by
any other ones. The programs can produce both weighted and unweighted
(w = 1) events according to the option chosen by the user.

2.1. Single leptonic bremsstrahlung

The program LESKO-F simulates the deep inelastic neutral current
electron scattering process which includes the single photon radiation from
both the initial and final states. The kinematics for the process

I(p1) + p(P) — Up2) +7(k) + X(P'), =%, (21)

is schematically depicted in Fig. 3.

The process (21) is described within the quark-parton model, i.e. the in-
coming lepton [ scatters on the point-like quark inside the proton which
carries the four-momentum ¢; = 2P, where z is the Bjorken scaling vari-
able. After the collision, which is mediated by the electroweak neutral
bosons (v and Z) with the space-like momentum g, the outgoing quark has
the four-momentum g,. The rest of the proton (proton remnant), which
is not scattered, has the four-momentum P’ = (1 — z)P. The bremsstrah-
lung photon v emitted in the scattering process from the incoming/outgoing
leptons carries the four-mnomentum k.
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P'=(1-z)P

Fig. 3. The kinematics of the deep inelastie neutral current electron-proton scat-
tering process including single photon bremsstrahlung from the lepton line.

Apart from the O(a) leptonic bremsstrahlung the program includes also
the vacuum polarization correction and the correction Ar to the muon de-
cay constant [44]. The latter is used for calculation of the weak coupling
constants. The program LESKO-F is described in detail in Ref. [29]. In this
section we shall present the main points of the Monte Carlo algorithm em-
ployed in LESKO-F. The recent version of the program, unlike the previous
ones, gives the possibility to generate weighted events, not only events with
the constant weight, w = 1.

The total cross section for the process (21) can be expressed in the
following compact form:

30 27 2

1 1 1
_ d¢ i ,22,6,9),
o= / d[t‘O/dz'/ 0/d210/d2~/ o(t, z, z1, 22,6, )

|tlmin

Y

0
g(t;z’ 21’22:¢’ ) qu T t) pq(t»mazla32,¢)¢) SMC(p% Q2,'k),(22)
‘1

30=(P1+P) (P1+<11)2s 31=(P2+92)2,
t=qz=—02:(p1—pz~k)z, pi=pi=ml, @4=ml, (23)

where p,(t, 2, 21, 22, ¢, ¥) is the differential cross section of the lepton-quark
(lq) scattering including the single photon emission from the lepton line; the
index ¢ denotes the quark flavour.

The variable ¢ in formula (22) is a trivial azimuthal angle around the
beam (+z axis along the electron direction) and % is the azimuthal angle
defined in the rest frame of (p; + k) with respect to the plane defined by
the incoming electron and outgoing quark momenta (p3, ¢2) with the third
axis pointing in direction of the incoming electron.
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The last two variables used in the above formula are defined as follows
;= 2(kp1) 2 = 2(kp2)
|t] +2(kp2)’ | t] +2(kp2)

The area covered by these variables almost coincides with the unit square
0 < z; £ 1. More precisely, the z-variables satisfy the conditions

z (24)

81(z2) < z1 <1, 62(z1) < 22 <1, (25)
where ) )
m m ¥4
61(22) = l_t—lizz(l - 22), 62(21) = ]t_lll _121 . (26)

The essential property of the z-variables is that they have a rather simple
meaning for hard collinear photon emission. For hard collinear emission
from the initial electron state, z, is simply the fraction of the incoming
electron momentum carried by a hard collinear photon (z; =~ 0). While for
hard collinear emission from the final electron state 2; is the fraction of the
momentum of the dissociating quasi-real electron carried by a hard collinear
photon (23 = 0).

The function g4(z,t) in formula (22) is a distribution of the quark ¢
inside the proton. The program allows to use various parametrizations
for the quark distribution functions, e.g. those collected in the package
PAKPDF described in Ref. [60].

The function Eyvc(p2, g2, k) in formula (22) imposes the trigger condi-
tions (defines the available phase space) used in the M.C. generation. The
present version of the program includes two options for DIS trigger:

ZMmc = O(pr — Pr,min) (27)
and
Emc =0(|t| = |t |min)- (28)

The former corresponds to the lower cut of the final hadronic (quark) trans-
verse momentum (in our case p2 = (¢3)? + (¢%)?) while the latter to the
lower cut of the “true” Q% (i.e. on the hadronic side). The recent ver-
sion allows also to impose additional lower and upper cuts on the hadronic
z, Q%, y. Any other user’s own trigger Zexp can be simulated by rejecting
some generated events.

From now on we always assume p} = pZ = m} = m? | t | and
¢? = ¢2 = 0. The differential cross section pg of Eq. (22) is divided, as

usual, into two parts corresponding to soft and hard photon radiation.

pq(ta z,21,22, ¢, ¢) = 6(21) 6(22) quOft(t’ z, ¢, 71[’; 2)
+@(Zl/€1 + 22/62 - 1) pl;ard(t, z, 21,22, ¢) ¢) ’ (29)
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where X, defined by
-+ =<1, (30)

is a boundary between the soft and hard bremsstrahlung regions. The in-
frared singularity (for z; = 22 = 0) is cancelled in the standard way by
adding the virtual photon contribution from the vertex function (regular-
ized by a finite photon mass) inside the boundary ¥. The boundary ¥
which splits the phase space into the soft and hard bremsstrahlung regions
is defined in terms of the z-variables. Such an approach is much more useful
for our M.C. algorithm than the traditional way of imposing this cut in the
laboratory frame on the photon energy E.. Our boundary must, however,
satisfy the condition that in the “soft” region (z1/€; + z2/€2 < 1) radiative
photons have the energy below some value E:‘i“, which should be as small

as possible. Smallness of Ef;‘i“ is required both by a reliability of the soft
photon approximation and by experimental resolution criteria (E.'Y“i“ should
lie below the experimental threshold E™i®). On the other hand, if E;“i“

exp
is too small, the “soft” contribution p*°f* in (29) might become negative,
which is not convenient in the M.C. algorithm. In general, it is possible
to use in the M.C. simulation negative distributions, but in such a case
generated events have to be weighted with the appropriate negative weight.
It is impossible, however, to turn those variable-weight events into more

useful constant-weight events. Therefore, one should take care for p;°“(27)

to be positive3. We have found that the choice of ¥ with ¢; = 10~* and
€2 = 1073 is acceptable for HERA. For the above houndary radiative pho-
tons with the energy above ~ 0.05 GeV are not distorted by the “soft” cut.
Although the “soft” and “hard” contributions to the cross section separately
depend on the choice of the boundary X, their sum should not depend on
it. With help of the M.C. exercise we checked that the program fulfils this
requirement for the wide range: 107% < ¢; <1072 and 1073 < ¢ < 1072,
The “soft” part can be calculated analytically and it reads

PEM(t, 2, 8,9 B) = Dyg(s,t) A% (t; 2),
A% (1 B) = 27 6(9) (1 + bsore(5)) (31)

where

[t 1. ,¢ =2

t
6soft(2) = %{ (Inl-n—;—zl—l) ln(61€2)+%ln?—§ In . —6"—2} (32)

3 The real solution for the problem with the choice of the boundary T is to
avoid it by exponentiation [31].
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Dy4(s,t) in (31) is the differential cross section do(s,t)/dt for lepton-quark
scattering (s = spz), given explicitly in Appendix A.
The “hard” part of the cross section can be expressed as follows

4
hard T It hard |2
Pq (tvxazhz%éad))”_?“ 2(1-—'22)2 tha {
X z

9( 1~ 51(22)) @(22 - 52(21)) ’ (33)

where | Mg‘“d | is the matrix element of the lepton-quark neutral current
scattering with the single hard photon emission from the lepton line; it is
given explicitly in Appendix A.

Fig. 4. Scheme of the Monte Carlo algorithin. Generation of the indicated variables
and other operations are depicted by boxes and the return loop represents rejection
of events (in the case of unweighted event generation).

Having defined all the ingredients in the master formula (22) we can now
describe in more details the M.C. algorithimn used to generate the differential
distribution p. A schematic diagram of this algorithm is depicted in Fig. 4.
The variables ¢, z, z;, 22, @, ¥ and the type of the scattered quark ¢ are
generated from top to bhottom of the diagram. The return loop in this
picture represents the rejection procedure in the M.C. algorithin in the case
of unweighted event generation. In the case of weighted event generation
there is no rejection and each event is accompanied with the appropriate
weight w. If one wants to have results of the M.C. program in terms of
“physical” events, one has to use the rejection technique which provides
unweighted events (w = 1). The rejection technique, in general, consists in
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replacing the distribution g to he generated by the distribution g; which is
simpler than ¢ and therefore easier to generate. The “crude” distribution
g1 ought to be as close as possible to g. In the first step we generate the
distribution g3 and for each event we calculate the weight w = p/p;. This
weight is then compared in the next step with a random number 7 € (0,1)
and if r < w the event is accepted, otherwise it is rejected and the procedure
is repeated. This way, the accepted events are distributed according to the
desired distribution g and we deal with events with constant weight w = 1.

In order to obtain the distribution p; we make two simplifications in
the formula (22). First we perform the replacement

83 —— 5 = spT. (34)

In such a case the function Epmc(p2, ¢2, &) takes a simple forn,

81 mintt
Sxolpa gz, k) — 0 (& - 2ml). (35)
where
()= —1t8 (36)
$1,min =TT 5 -
| t | —p'zI‘,min

Apart from simplifying the distribution g such a change enlarges somewhat
the available phase space. Next, we replace the hard bremsstrahlung matrix
element M;“"' 4 by a new one which is much simpler for the M.C. generation,
but, at the same time, close to the original one. The new distribution can
be then written as

81 mint?
e1(t,z, z1, 22, 6, ¥) = kO (‘” - __1_;1_(_)) A(t,21,22) ), Dig(s02,t)gq(25 ),
q

(37)
where
At 21, 22) = ((¢, X) { 8(z1) 6(z2) As°h(t; x)
21 22 hard
+@<——+——-—1) A (tazl’z2;2)} (38)
€1 €2
and
: 1
APT(4 20 20 ) = O(z — 61(22)) Oz2 — Ba(21)) = ——,  (39)
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while As°ft(¢; X) is defined in Eq. (31). The factor {(¢, £) in Eq. (38) ensures
that

1 1
/d21 /d22 Aty z1,22) = 1. (40)
0 0

Due to the above nice feature of the function A(¢,z;,2;) the variables
(t,2) can be generated independently of (z;, z2). Thus, instead of the six-
-dimensional distribution g we obtain a product of maximally two-dimension-
al distributions which can be generated independently of each other. From
the integration in Eq. (38) over z; and 2z, we obtain the factor ((¢,%) in
the form

C(t’ Z) = {1 + 6int(t)2)}—1 ’

Oint(t, &) = -:—:- (%ln %Z—I— —In(e1e3) — 2) . (41)

It is easy to check that at HERA energies and for our choice of the infrared
boundary ¥: 85 < 0.13.

The generation of the variables used to parametrize the differential cross
section is performed in the following way. The angles ¢ and v are chosen
uniformly from the range (0, 27). The variables (t, z) are generated accord-
ing to the distribution

f(t,:l}) = ZQq(t,f‘«')qu(sow,t) (42)
q9

by the use of the two-dimensional M.C. sampler VESKQ2, developed by
S. Jadach [61]. This sampler at the first stage (initialization mode) sets up
a grid of cells which is more dense in regions where f(t,z) is higher and less
dense in the rest of the integration domain. In a procedure of generating
the pairs (t,z), first the cell is randomly chosen, and then the pair (¢,z)
is generated within the cell (by means of rejection) precisely according to
the distribution f(t,z). In order to eliminate from the generated distri-
bution the leading singularity z~1(M? — t)~2, where M is the exchanged
boson mass (M = 0 for v), the following change of variables is done in the
integration over t and z

ftimax Tmax 1 1
dit| dzf(t,z) = [ da | dBg(e,B), (43)
[ eetenr= [

Itlmin Tmin
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where
—_ Tmax (I t I +M2)2(| t |max - | t |min)
g(aaﬂ) — f(tw'c)zln (mm;n) (l i lmax +M2)(} t }min +M2) ) (44)
— (l ¢ lmax +M2)(l ¢ lminf +M2) 2
= e e M2 = (1 € v = 1 i) (45)
2 = oy ehhax - (46)

Apart from removing the leading singularity of the integrand the new vari-
ables satisfy the requirement a,3 € (0,1) of the sampler VESKO2. At the
final stage (post-generation mode) the sampler yields the value of the inte-
gral (43) with a good precision as well as its relative statistical error. These
values are needed to evaluate the total cross section o.

The values (z1, z2) are generated according to the distribution A(t, 21, 23)
when t is already known. This generation is rather easy to perform by the
use of simple M.C. methods as described in Ref. [32]; for detail we refer the
reader to the source code of LESKO-F.

After generation of all the needed variables the weight w is calculated
according to

w = Q(t,:L’,Z],Zg,¢,¢)/91(i,$,21,22,¢,¢). (47)

The dummy parameter & in the formula (37) is adjusted?* such that w < 1.
For the basic process (21), a numerical experiment or an inspection of rele-
vant formulae shows that one can set k = 1.13. The total cross section (22)
can be estimated from the relation

g =0 (w) ’ (48)

where (w) is the average weight taken over all generated events®. The
approximate cross section

o1 = /dltl de dzy dzp dd dip 01(t, , 21, 22, 6, )

30 1
=k / djt] / dz qu(t, z) Dig(soz,t)A(t, 21,22) (49)
|tjmin "l,min/"O 1

4 The parameter x is dummy, i.e. none of the numerical results should depend
on it (within a statistical error).

5 For the generation of the unweighted events (w) must be taken over all the
accepted and rejected events.
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is calculated by the sampler VESKO2.

For the weighted event generation the weight w is provided for each
event through an appropriate event record. In the case of the unweighted
event generation the rejection technique is employed. All accepted events
have, therefore, the constant weight w = 1 and they can be viewed as the
realistic physical events. The rejection rate of the .algorithm is reasonably
small, usually less than 20%. The example distribution of the weight W =
kw is shown in Fig. 5. It is very regular, without W < 0 and W > Wyax
events, where Wiax = 1.13 is maximum weight used in the case of rejection.

wF : S - e
Wi LESKO-F | ]
Q? > 1GeV?
3.0-108F 3
2.0-10° F ]
1.0- 108 ]
0.0 i L._r—-""Jl— |l N s

. 0
-0.5 0.0 0.5 1.0 W =gw

Fig. 5. The distribution of the weight W = kw for the example run of the program
LESKO-F. The result comes from the Monte Carlo sample of 5 - 10® events for the
KMRS-B0 parametrization [62] of the parton distribution functions. The maximum
weight Wiax = 1.13, used for (eventunal) rejection, is marked with the arrow. There
is no events with W < 0 and W > W,,,,,.

Having the variables ¢, z, 21, 22, ¢, ¥ one can calculate the momenta of
all particles in the final state. They are also needed to evaluate the weight
w according to Eq. (47). The type of the hit quark ¢ is picked up according
to the probability

Qq(w» t)pq(t> Ty 21, 22, ¢, 1/")
g(t,fB,Zl, 22, ¢a ¢) ’

Pq = (50)

where g and p, are defined in Eqs. (22) and (29). After this generation step
each event is fully characterized by the momenta and flavours of the outgoing
particles, but yet at the parton level. In order to obtain the physical particles
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the quark fragmentation must he performed. This problem will be discussed
in Subsection 2.4.

2.2. Multiphoton leptonic radiation

In the previous subsection we have described the Monte Carlo algorithm
for deep inelastic lepton proton scattering including single QED bremsstrah-
lung from the lepton line. Now we shall present the M.C. algorithm which
allows for radiation of an arbitrary number of photons. It is based on the ex-
clusive exponentiation procedure proposed by Yennie, Frautschi and Suura
(YFS) in Ref. [31]. In brief, exponentiation is the method of summing
up to infinite order the contributions fromn soft virtual and real photons. In
Ref. [31] all the soft photon contributions/divergences are carefully analysed
in the standard Feynman-diagrams based framework of QED, taking care of
renormalizibility (ultraviolet divergences) and gauge invariance. This pro-
cedure represents the ezclusive ezponentiation because isolation and sum-
mation (to infinite order) of the infrared divergent contributions is done on
exclusive differential cross sections (in fact on scattering amplitudes) with
an arbitrary number of real and virtual photons. The remaining nondi-
vergent parts are calculated perturbatively (order by order). For a more
detailed explanation of many aspects of exponentiation we refer the reader
to Ref. [63]. Monte Carlo implementation of the YFS exponentiation was
started by Jadach and Ward in Refs [64] and [65], and the first M.C. pro-
gram, including the YFS exponentiation, was published in Ref. [563]. The
first implementation of the YFS exponentiation for a t-channel process was
described in Ref. [66]. All the above prescriptions were intended for ete™
scattering at the LEP/SLC energies. They are, however, more general pur-
pose in the essence and can be applied to other processes with charged
particles as well, e.g. to deep inelastic ep scattering at HERA. The main
profit of the use of the YFS exponentiation, apart from having the correct
soft photons limit, is that the order by order convergence of the integrated
cross sections and differential distributions is usually better than in the non-
exponentiated version of calculations, see e.g. Ref. [67]. In the following
we shall describe an implementation of the exclusive YFS exponentiation in
the Monte Carlo algorithin for deep inelastic ep scattering at high energies.
It is based essentially on the algorithm developed for the Bhabha scatter-
ing process at low angles, employed in the program BHLUMI {54}, which
includes the YFS exponentiated O(a) QED matrix element. However, in
order to adapt it to deep inelastic scattering some necessary modifications
had to be made.

The complete master -formula for the O(a) exponentiated total cross
section for the process

I(p1) + p(P) — I(p2) + X (P') + ny(k;) (51)
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within the framework of the QCD improved quark-parton model can be
written as follows

Rt 92 Pz (1) _ _ _ .
o= / E_ ~ / ] —=68Y(p1+q -p2—q E k;)
A

2 1==0

Xey(n,Pl,m)/H

k =1
ﬂé,)(Q,p]aPZa q1, q2)k ))

x( 2(Q,p1, P2,41,42)+Z Sor.pa k)
1, P2y M

X ¢q(2, @%)EMc(Pis ¢ir k;) » (52)

3
ki -
.0 S(p1,p2,k:)(1 — O(R; k)

where g1 = 2P is the four-momentum of the quark in the proton to be
scattered and g2 is the four-momentum of this quark after the collision, while
the non-reacting proton remnant has the four-momentum Py = (1 — z)P.
The sum ) q in the above formula stands for summing over all the quark

flavours and ¢4(z, Q?) is the quark distribution in the proton.
Other components of Eq. (52) have the following meaning:

2
G o 2! P2
yP2, k) = ~| —5 7T T I
S(p1,p2, k) (47(2) (km kpz) (53)
is the real photon infrared factor, and

Y (2,p1,p2) = 2aB(12,p1,p2) + 2a Re B(p1, p2)
1 A P1 p2 \?
= —-20 8_7('3 k° @(.(2 k)(Z‘;J; e E)

4, _ _ 2
dk z)(2p1 k 2p2 k) (54)

t2aRe | S B \ s — 2 Zhpy — B

is the standard Yennie-Frautschi-Suura form factor [31]. It is infrared finite,
and O(f2,k) = 1for k € 2 and O(N,k) = 0 for k ¢ 2. The infrared region
12 includes the infrared point k = 0 and its definition may implicitly involve
the dependence on lepton four-momenta p;. But none of the physically
sensible results depend on the choice of the 2!

The perturbative O(a) QED matrix element is located in the 3’s which
have the form:

ﬁ_(fo)(Q,Ptha q1, 92) = BS?J(Q,PLP%QI, 92)(1 + 60) 3 (55)
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2
6o = 2Re F1(Q%) ~2ReBQ7) = 30, Au=22 (10 Lr 1), (56)

1

Ef(l?o)(QaPlaPZ»Qh‘IZ) = —-—D(O)(Q P1,P2:q1,92) (57)
= 2a2 a
ﬂ.(,fl)(QaPhP%qhqa) =5 1z Df,fl)(Q,px,pz,ql,qz,ki)

- 5(171,102,ki)ﬁg?g(Q,p1,pz,Q1,qz), (58)
t=Q%= P2+Zk -p)?, tp=-2pip2, (59)

$=2p1q1 =230, $1=2p2q2, u=-—-2p1q2, u3=-2q1pz, (60)

and sp = (P + p1)? ~ 2p; P. The terms D( 3 and D( 1) are contributions
to the matrix element of the lepton quark scattermg subprocess including
multiphoton radiation from both the initial and final lepton states. They
are given explicitly in Appendix B.

The function Zmc(p:, i, k;) defines the phase space for M.C. event
generation. The present algorithm gives two possibilities for the phase space
cut:

-—MC(P:, q” ) 0(1”1‘ pT,min)1 (61)
or -
Emc(pir i k) = O t | = | t |min) » (62)

where pr is the hadronic transverse momentum, pr = 1/(¢3)? + (¢3)?. As

discussed in the first part of this section, the former is more realistic from
the experimental point of view (it can be used as a trigger for deep inelastic
events). The user’s own experimental trigger Zexp can be imitated by the
rejection of some generated events.

Having defined the cross section for the process (51) we can describe
the Monte Carlo algorithm for the event generation. Constructing such an
algorithm consist, in general, of two steps: (1) a choice of proper integration
variables and (2) simplifications of an integrand which are later compensated
by appropriate rejection. To each simplification corresponds a well-defined
multiplicative component in the rejection weight. The variables convenient
in simulation of QED bremsstrahlung were invented during the construction
of the program LESKO-F and they are described in the previous subsection,
see Eq. (24) for the definition. Their generalization to the multiphoton
radiation case was done in Ref. [66]. In the new variables® the phase space

6 In fact, they are a generalized variant of the Sudakov light-cone variables
introduced in Ref. [68].
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together with the infrared singularities due to real photons appears to be

treatahle by the Monte Carlo methods. Following Ref. [54] we introduce
them through the identity

d3q, &3 -
/ =& p2 —2 8Pt —p2r—g2 = Y ki)
Q2 Pz .

/H —-~5(P1,P2,k')(1 ~ O3 k))

ESCTBVC

- /0 fi.‘_sﬂzww/i:ﬁldw, !

lt‘min

which holds up to m?/|t| terms. The bremnsstrahlung integration elements
dw; can be expressed in terms of the new variables:

=301 _ = 173, 2 .
dw; = 2 a_,,@z(l .-@‘(n‘l))daﬂ.{ﬂz‘) , 5p — Ln_l__, 0<d;pB;i<l1. (64)
T (di + 6pPi)2(Bi + 6pi)? | tp |

The variables a;, /37, are deﬁned in terms of the corresponding t-channel rest
frame QRS,, where p] = py = E, and pj + p3 = 0, as follows

k? = (a; +ﬂi)Ep’ k? = (—a; + ﬁi)Epa
k: = kycos ¢;, k? = krsing;, kp=2E,\/a;0;,

—1

- 5 = - . pP1p2
a; = a; Kp, B;=BiK,, K,= (1 - ,6') = ,
i 14 py ? P Y4 J—_—Z:l J PI(P2 + E?:l kj)

(65)

see also Ref. [66] for more details. The condition @(s;) in Eq. (63) prevents
from negative values of s, t.e. outside the phase space, which may formally
appear for some high values of &’s and 3’s.

After a transformation to the new variables the master formula of
Eq. (52) takes the form

1

pfess ]

0 t mm

2
dge¥ (/1)

¢

n
x/Hdw,-@(s;)_,?“qq(r,i)sMc’ (66)
=1
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where Eg‘“ is an abbreviation for the perturbative part of Eq. (52). The
soft photon region f2; and the corresponding YFS factor Y({2;) is defined
as in Ref. [54], i.e. £2] is a rectangle in terms of the Sudakov-type variables,

max(d;, 5;) < A, (67)
and the YFS form factor reads

2 2
Y(ﬂl,pl,pz):%{2<ln ’:lf"—l) InA,+1ln 252—1}, A, =K,A.

l l
(68)
Having the cross section expressed in terms of the suitable variables we
can use it in the M.C. generation. The variables describing the M.C. event
should be generated according to the differential distribution

1, dit " .
dpg = adqb—‘:s—-‘—ey(nl) H dw; 0 (s, )ﬂg'” . (69)

=1
In order to do this we replace dpg by the appropriate “crude” density dpg

which is easier for M.C. integration and generation. All effects of such a
simplification are then removed by rejecting events according to the weight

W= gﬁg . (70)
dpg

The accepted events are thus distributed according to the true density dpq
and have the constant weight equal to one. One may, however, work with
the weighted events as well. In that case rejection is not performed and each
generated event is accompanied with the appropriate weight W, according
to Eq. (70). In both cases the total cross section is given, up to a statistical
error, by

1 oo
o= (W)og = (W) Z/d:c Z /dpgqq(:c,t), (71)
q 9 n=1

where the average weight (W) is calculated numerically and the “crude”
cross section og is known semi-analytically”.
The simplification dpy; — dpg is done in the M.C. algorithm in a few

steps. To each step corresponds the appropriate correction factor W(¥)
which enters the total weight W,

4
w=[[wh. (72)
k=1

? The most complicated two-dimensional integration in o involving the proton
structure functions is performed by the sampler VESKO2 [61].
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In our case there are four main stages of the modification of the differential
distribution:
1. First, we perform the simplification in the integration element dw;. It
is done by the following replacements

2
5y — 7—':—’ =4,, (73)
_ difi a1, |l o (74)
(as + 6,8:)(B: + 6pa;)

The above simplifications lead to

e ﬁ dw; — ﬁ doi, dwi=2 @(di.— 2)0(8: - A)d(.iidﬁi
t i=1 i=1 T (ai + 63ﬁi)(ﬂi + 65“1')
(75)
and the corresponding “mass weight” reads
w - |t 1"-[ w0 o GPiG 8B(Bi t8,G)
tl " ' (a; + 8p8:)%(Bi + bpai;)?

2. Next, in order to get rid of the complicated dependence s;(s,t, d;, 8;)
we set
O(s;) — 1, (77)

and the corresponding weight is
W = 0(s). (78)
3. For the same purpose we simplify the YFS form factor:

Y(ﬂl)“’"’YA="29‘1¥1531nA=29~1n%1nA, (79)
iy n ml

and the corresponding “form factor weight” is
W) = exp(Y (1) - Ya). (80)

This replacement fixes, in addition, the normalization of the average
total weight (in our case it is chosen such that (W) ~ 1).
4. Finally, we replace the series included in 43! by the Born-like distri-
bution: _ R
2+1 - 52(3» t) = é—w—th(s’t)’ (81)



QED Radiative Corrections ... 1255

where D, is the differential cross section for the process lg — lg, given
explicitly in Appendix A. For this substitution we have the important
“model component weight”

Pa__ (82)

The “crude” Monte Carlo cross section resulting from the above simplifica-
tions takes the form

oo = Z/ldz Z: /dpgqq(x,t)@(z ~ Zmin(t))
‘Z/d’cz ~ / diti't'/dqs Ya

'tlll!!ll

X / H d&ibg(s, t)qq(:c,t)@(:c - mm;“(t)) s (83)
i=1

where zin(t) = [t]2/s0(]¢| _p’%‘,min)' Since [dw; = 2(a/7)Iné,InA we
obtain the results

/ dz / dlti——b"(s £)4q(2, )0 (2 — Zmin(t))

gy =
[tlmin
80 1
= / d|t| / dz Z Dig(s,t)qq(z,t), (84)
fthnin ~ Zmia(?) 9

where the last two-dimensional integration is rather complicated because
it involves the parton distribution functions. It is performed by the two-
dimensional sampler VESKO2 [61].

Apart from the evaluation of the integrated “crude” cross section o the
differential distribution dpg is used to generate randomly the phase space
points (t, z, ¢, @i, Bi, ¢;) and the type ¢ of the hit quark. The pair (t,z) can
be generated independently of the rest of the variables which, in turn, can be
generated independently of each other! The M.C. generation is performed
in the following way. First, the pair (¢, z) is generated with the help of the
sampler VESKO2 according to the distribution

fz,t) = Zqu(s’t)qcz(I’t)' (85)
9
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Fig. 6. The distribution of the total weight W for the multiphoton generator
LESKO-YFS. The result comes from the Monte Carlo sample of 1.5 107 events
for the KMRS-B0 parametrization [62] of the parton distribution functions. The
maximum weight Wy, = 3.06, used for (eventual) rejection, is marked with the
arrow. The events with W > W,,,«, not visible in the plot, represents the fraction
(1.89+0.05)-107% of the total cross section. There is no events with W < 0. (The
highest bin containing events with W = 0 extends to 8.7-10%.)

Then the flavour ¢ of the hit quark is picked according to the probability

_ 4q(=t)

The other variables are generated according to their partial distributions en-
tering dpg. When all the needed variables are chosen they are subsequently
translated into the final state four-momenta ps,qz,k;. Then, the distri-
butions dp, and dpg are evaluated for the picked out quark flavour ¢q. In
parallel to generation of the variables the component weights corresponding
to each simplification step are calculated, and finally the total weight W is
obtained according to Eq. (72). In order to get the variables distributed pre-
cisely according to the original distribution of Eq. (52) the rejection method,
as described in the previous subsection, must be applied. An example dis-
tribution of the total weight W is shown in Fig. 6. It is regular, without
W < 0 events and with a totally negligible tail of W > Wi ax events (their
fraction of the total cross section is less than 2-107°%), where Wyax = 3.06
is the maximum weight used in the case of rejection. In fact, the maximum
weight depends on the phase space cut value |t|nin (0T pp min) — increases
with decreasing |t|min (OF pr min) — but it is automatically adjusted by the
program.
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The Monte Carlo algorithm described above is implemented in the pro-
gram LESKO-YFS which is one of the parts of the M.C. package LESKO-E
for deep inelastic electron proton scattering at HERA including QED ra-
diative processes. Its detailed descriptions will be given elsewhere [69].

2.3. Numerical results and comments

S —
d?c b .
dodQ?| 316GeV? < Q2 < 1000GeV?
[nb-Gevi] | Pr210GeV oo Do, 1A 3
.,, —— LESKO-F
4-107*F 3
4
©
2 ° °°o° E
Lo
© oO
&
2-107%F Co E
O
0 ..... ) " 1 1 1alk 1 .,
-3 -2 -1 1ng T, 0

Fig. 7. Distributions of differential cross section z,d?c/dz.dQ? obtained from
LESKO-F (solid line) and from analytical calculations: in the Born approximation
(s00¢) and in the leading logarithmic approximation (....) for the Duke & Owens
parametrization (set 1) [72] of the parton distribution functions.

After constructing a Monte Carlo events generator it should undergo a num-
ber of various tests. In particular, when a very high precision is required this
ought to be done with a great care. A sort of tests the M.C. generator must
undergo depends, in general, on many aspects of a simulated process. A de-
tailed treatment of this subject is beyond the scope of this article. In a case
of QED M.C. generators it is analysed e.g. in Refs [70, 67; 71]. Usually, the
M.C. generator is checked against analytical (or semi-analytical) calcula-
tions, if possible, and/or compared with other equivalent, but independent,
M.C. generators. Comparisons of existing M.C. generators and analytical
programs for radiative corrections at HERA are presented in Ref. [26]. The
program LESKO-F was checked in a wide kinematical range against an-
alytical calculation in the O(a) leading logarithmic approximation (LLA)
including initial leptonic bremsstrahlung. The results for one QZ2-bin are
shown in Fig. 7. The final state radiation in LESKO-F was treated calori-
metrically, 7.e. the four-momenta of the photons emitted close to the final
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electron directions (within the angle 0.1 rad) were added to the electron
ones (“dressed” electrons). As one could expect, the results from LESKO-F
agree with the O(a) LLA analytical calculation within the accuracy of a
few per cent of the Born cross section®. This means that the major part
of QED radiative corrections is included in the leading logarithmic terms
(~ In(Q?/m?)). From this fact one may expect that even higher order LL
terms are non-negligible, especially in the regions where the first order cor-
rection are large (low z). The program LESKO-F was also compared with
the event generator HERACLES based on the completely different simu-
lation method [36]. The comparison was done for distributions of various
kinematic variables in two phase space regions defined by 1073 < z, < 0.1
and 0.1 < z, < 0.5. The result are presented and discussed in Ref. [26].
They show a good agreement of the both programs at the achieved statistical
precision level which was determined mainly by the results of HERACLES
(~ 4-10° events in each of the above z.-ranges).

[Ty T eeT T T T TR T T YT TR Y T T T T T YT T

T T T
ze.d?o | 8GeV? < Q? < 16GeV?
dz. dQg pr 2 2GeV o000 Born
[nb- GeV-Y sesse “dressed” electrons

—— “bare” electrons

1.0}

0.5

0.0 ;
R T R

Fig. 8. Distributions of differential cross section z.d?c/dz.dQ? obtained from
LESKO-F in two cases: (1) the radiative photons are not detected at all (solid line)
and (2) they are detected together with the electrons when they are emitted within
the angle 0.02rad according to the electron directions («ses). They are compared
with the results in the Born approximation {sces). All the distributions are done
for the KMRS-B0 parametrization [62] of the parton distribution functions.

In Fig. 8 we show the effect of the calorimetrical treatment of final

8 Roughly, one can expect that the subleading corrections are smaller than the
leading ones by the factor ~ In(Q?/m?), which for the considered phase space
region is ~ 20.
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state radiation (“dressed” electrons) obtained with the help of the program
LESKO-F. The final state electrons were assumed as “dressed” with the
photons emitted close to their direction (within the angle 0.02rad). Those
results are compared with ones where the radiative photons are not detected
at all. This analysis is done for ideal detector, no experimental effects (reso-
lutions, misidentifications, etc.) are taken into account. From these results
one can see that the calorimetrical treatment of the final state electron
reduces partly the size of QED radiative corrections (final state radiation
effect). This will be important for “unfolding” procedures to be discussed
in the next section. '

The program LESKO-YFS includes multiphoton radiation from the ini-
tial and final electron states described in the framework of the Yennie-
Frautschi-Suura exclusive exponentiation including the O(a) hard brems-
strahlung matrix element (see the previous subsection). This program was
compared? with the program LESKO-F including single bremsstrahlung.
The results for two Q2-bins are presented in Fig. 9. For reference we also
show the results in the Born approximation.

4GeV? < Q? < 8GeV? 30GeV? < Q? < 60 GeV?
T d20 T 2’ T 2 LJ T T T
Led 0, Q*>1GeV
doedQel ... LESKO-YFS 1 ot ]
["b/GeV?}}  — LESKO-F ' ¥
QO
sob > Born o&’ b<>° ] }
............ '
""" ¢ g °o°
20 %1 005 |, A
§ ° % ©
< - .0
10} : 3 o
o]
0.0 VN 1 1 L 0.0 p| N N |
-5 — - ) — —
4 3 10810 T, 4 3

0 N log;q 7,

(a) (b)

Fig. 9. Distributions of differential cross section z.d*c/dz. dQ? generated by the
programs: LESKO-YFS including multiphoton leptonic radiation described by the
Yennie-Frautschi-Suura type exclusive exponentiation (sses) and LESKO-F includ-
ing O(a) leptonic bremsstrahlung, and obtained at the Born level (oo00). All the
distributions are done for the KMRS-B0 parametrization [62] of the parton distri-
bution functions.

One can see from Fig. 9 that higher order corrections included in the YFS

" ® The first results from LESKO-YFS were presented in Ref. [73].



1260 W. PrACZEK

exponentiation procedure give positive corrections of the size up to a few
percent with respect to O(«) distributions in the low z and high y region.
The exponentiation diminish negative corrections in the range of high z and
low y, i.e. it gives the correct soft photon behaviour. A similar effect was
obtained by Bardin et al. in Ref. [74] as a result of including soft photon
exponentiation proposed in Ref. [75]. As one can see from the comparison
of Fig. 9(a) and Fig. 9(b) higher order effects decrease with increasing Q2
(the distributions from LESKO-YFS get closer to ones from LESKO-F). It
has been shown in Refs [51, 67] that the O(a) YFS exclusive exponentia-
tion includes the major part of higher order corrections. Thus, the program
LESKO-YFS seems to give a sufficient QED precision for the HERA pur-
pose.

2.4. QCD effects and hadronization

In comparison with fix target DIS experiments HERA offers a much
better possibility to observe the final hadronic state. The measurements of
the hadronic flow can he used to determine the phase space variables z, Q2
and y, in some regions in parallel to the electron measurement, and even
there where latter is not possible [76]. The hadronic measurement is also
important from the point of view of radiative corrections unfolding. The
hadronic variables are much less affected by radiative corrections than the
leptonic ones, see e.g. Ref. [26]. This problem will be discussed in more de-
tails in the next section. The hadronic final state in DIS provides also a rich
field for the study of various phenomena related to QCD [77]. Therefore,
having as complete as possible description of the hadronic part is a strong
desire. This problem, unfortunately, has not been ultimately solved so far.
There exist several theoretical models dealing with it in different ways, see
e.g. [77]. They are implemented in a number of Monte Carlo generators {78]
which were checked against existing experimental data [79]. Most of those
programs, however, do not include QED radiative corrections. On the other
hand, programs for QED radiative corrections, as LESKO-F and LESKO-
-YFS, provide the hadronic part at the parton level only, 1.e. in terms of the
scattered quark and non-reacted proton remnant which are not the phys-
ical states. Both these programs do not include explicitly QCD radiative
effects; they are included only implicitly via the scaling violating parton
distribution functions. It was shown that QCD effects may significantly
modify the hadronic final state at HERA [80, 79]. Because of this we have
developed an interface, named FRANEQ [33], for the above QED M.C. gen-
erators and routines from the program LEPTO 5.2 treating QCD radiative
effects in the framework of the parton shower (or parton cascades) picture,
i.e. in the LLA approximation, and performing hadronization with the help
the Lund string model [81] implemented in the M.C. program JETSET
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6.3 [35]. The LESKO programns provide the input at the parton level to
the program FRANEQ (in fact, it consist of partly modified routines from
LEPTO 5.2 and some completely new ones) which subsequently generates
initial and final state parton showers and turns the final partons into real
physical particles. More details about dealing with QCD and hadronization
one can find in Ref. [34]. The program FRANEQ is described in Ref. [33].
A similar interface for the program HERACLES (36], called DJANGO, was
developed by Schuler and Spiesherger [82]. In order to have a good control
of many aspects of the hadronic final state, interfaces to other M.C. pro-
grams including QCD effects and hadronization are needed'®. This is the
thing to be done in the near future.

3. Unfolding of radiative corrections

As it was pointed in the previous section a dominant contribution to the
electroweak radiative corrections in deep inelastic lepton proton scattering
is due to hard photon radiation from the lepton states. The size of this
contribution depends on the experimental set up and the method of mea-
suring the kinematics of the deep inelastic scattering process. In the early
deep inelastic electron scattering experiments at SLAC and DESY as well
as in the later muon scattering experiments at CERN and FNAL the event
kinematics has always been reconstructed from the initial lepton energy, the
scattered lepton energy and its angle. In the above measurement method
the reconstructed leptonic (m[,Q}") can be, due to leptonic radiation, dif-
ferent from those characterizing the exchanged vector boson and used to
specify the z and Q? dependence of the structure functions. As a result
the differential cross section d?¢™¢/dz; dy, measured in the point (z;,y;)
depends on the whole domain of # > 2; and y < y;, what symbolically can
be written as follows

1 Y

d2 gmeas d?.o.Born(z y)

—_— = dz dyK(z sx,y) ——— 87

dz; dy // Ay (znys2,y) de dy (87)
z; 0

where the kernel K (z;,y);z,y) is the kinematical factor corresponding to
the hard photon ermission; its analytical form can be found e.g. in Refs [16,
18]. The integration in Eq. (87) involves the structure functions and thus the
measured differential cross section for a given (2, y;) depends on the shape

10 An interface, named KROWIG, for the program KRONOS including higher
order LLA QED corrections [37] and the program HERWIG [83] performing
QCD effects and hadronization has recently been developed by T. Ohl [84].
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of the structure functions in the wide kinematical range. The dominant
contribution to the measured cross section comes from some narrow path in
the kinematical domain where the kernel K(z,,y;; ,y) is large. These paths
are often called the “s-peak” and “p-peak” [14] regions because they reflect
the peaking behaviour of the photon angular distribution. Other substantial
contributions in Eq. (87) come from the Compton process [24] (Q% — 0), the
so called “t-peak” [14], and from elastic lepton proton scattering (z = 1)
[27). The last two contributions can be eliminated by restricting the Q2
range to the DIS region, i.e. Q2 > O(1)GeV?2. This, however, requires
additional information from the hadronic side of the process (see Section 2).
A more detailed discussion of the radiative contributions to the measured
cross section can be found e.g. in Ref. [27]. We would like only to point
out that in the low z; and high y; range the most significant contribution
comes from the s-peak region which can be identified with collinear brems-
strahlung from the initial lepton state. Radiation of hard photons almost
collinear with the incoming leptons diminishes the effective beam energy
and, in turn, the s-peak path is pushed towards the low Q? region where the
differential cross section is significantly larger than at Qf Similar radiation
from the final lepton state corresponds to pushing the p-peak path towards
higher Q2 where the cross section is lower than at Q?, and so the contribu-
tions to the integral of Eq. (87) are much smaller than in the previous case.
On the other hand, in the real experiment photons emitted almost collinear
with the scattered leptons are not distinguished from the leptons. So the
lepton seen in the detector is “dressed” with the photons emitted inside a
cone along its direction. As was shown in the Subsection 2.4, such a treat-
ment of the photons radiated close to the final lepton direction, so called
“calorimetrical” treatment, significantly reduces corrections connected with
final state bremsstrahlung. Experimental aspects of this problem are dis-
cussed in Ref. [85].

We can thus conclude from the above discussion that in DIS regime the
most sizable contributions to QED radiative corrections are connected with
radiation of the hard photons close to the initial lepton beam direction. In
the range of small 2z and high y they can reach the rate of 100% or more of the
Born cross section (see Subsection 2.4). Those corrections can be calculated
analytically only when some shape of the structure functions is assumed in
the whole kinematical domain of z > z; and y < y;, where (z;,y;) is the
point where corrections are to be evaluated. There is, however, no unique
prediction for this shape from the theory so far. The structure functions
are usually parametrized in terms of z for some starting value of Q% and
then evolved to higher Q% by the use of the QCD evolution equations,
known also as the Altarelli-Parisi equations [86]. The z-dependence of the
structure functions is based on some theoretical considerations and always
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involves a number of free parameters which have to be estimated from the
experiment. In the region of small z the shape of the structure functions can
be additionally modified by screening effects coming from recombination of
partons [12]. At present there is available a large number of the structure
functions parametrizations proposed by many authors. They agree in the
large z domain (covered by the past experiments) but reveal big differences
for small z. It was shown in Ref. [27] that also radiative corrections may
differ significantly, even of the order of 30%, for various parametrizations.

All the above discussion shows that any model independent method for
unfolding the Born cross section from the measured radiative cross section is
strongly desired. Some kind of such a method was elaborated and employed
in the classical deep inelastic experiments in SLAC. Its detailed description
can be found in Ref. [14], here we only recall its essential idea trying to
employ it to our formula of Eq. (87). Suppose that we want to unfold the
cross section in the point (2, ¥;). The SLAC procedure starts from the
region where the nonradiative cross section is known (in Ref. [14] it is the
pion threshold). Suppose that in our case it is an area of > ¢ and vy < yo,
where zg > 2, yo < y;. Starting from this information and using the for-
mula (87) the nonradiative cross section is calculated for the narrow strip in
the neighbourhood of the above region, and so forth until the cross section
get unfolded within the entire area of z > z; and y < y;. In order to do
this one needs to have as many as possible experimental data points in the
whole area where the cross section is to be unfolded. Apart from it some
extrapolation and/or interpolation techniques have to be used to estimate
the cross section in those regions of the unfolded area where the experi-
mental data are not available (the regions between the experimental data
points). This method was successfully used in the past DIS experiments,
but employing it in the HERA case seems to be impossible. First of all, it
is because of a wide gap between the kinematical domain covered by the
previous experiments and one to he covered by HERA [76]. Furthermore,
such an unfolding procedure would be difficult to control in the regions
where radiative corrections are large, of order od 100%, and change rapidly.
On the other hand, HERA experiments provide unique possibilities to con-
trol experimentally the size of the hard bremsstrahlung corrections. Ow-
ing to almost 47 coverage of the hadronic detection a large fraction of
events containing unobserved hard initial state radiative photons can be
identified on the basis of measured hadron observables. If these events are
eliminated the remaining correction becomes small and, to a large extent,
independent of the assumed shape of the structure functions in the un-
measured region. A sizable fraction of the hard photons radiated close to
the initial electron beam can be detected in the luminosity monitor [87].
Finally, on the contrary to the past DIS experiments, the event kinematics
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can be measured using the hadron detection [76] and, in this case, as was
pointed out in the Subsection 1.2, leptonic hard bremsstrahlung corrections
are much smaller. The measurement of the event kinematics based on the
hadron detection can not be extended, however, to the large y as well as
very small z [76]. In those regions the measurement of the scattered electron
will remain indispensable.

At HERA, the input structure functions will have to be unfolded from
the measured differential cross section by means of an iterative procedure.
It is evident that the presence of radiative processes with hard unobserved
photons leads to large event migrations and hence to limiting speed of an
iteration convergence. In addition, a sizable part of the correction reflects
the assumed shape of the structure functions in the kinematical domain,
which neither has been explored by previous experiments, nor it will be
measured at HERA. It is crucial therefore to provide a method of applying
the radiative correction to the data in which the uncertainties due to the
above effects are minimized. In the following subsections we shall present
two methods for reducing radiative corrections in the data of the HERA
experiments. They have been elaborated during last years, completely from
the beginning, taking into account peculiarities of an electron proton col-
lider. The first one is based on the hard radiative photon tagging with the
help of the luminosity monitor. It can be used in those regions of the kine-
matical domain where only the electron measurement is possible, and also
in the some other ones as a cross-check for other unfolding methods. In this
method information from tagging events with hard radiative photons which
can be detected in the luminosity monitor is used to estimate the total size
of the bremsstrahlung correction. Its great advantage is that no assumption
about the shape of the structure functions is needed! Theoretical foundations
of this method are given in Ref. [39] and some experimental aspects are dis-
cussed in Ref. [40]. In the second method, described in Ref. [41], the hard
initial state radiation events are tagged and rejected from the event sample
on the basis of a mismatch hetween the observed hadronic flow and that ex-
pected from the electron measurement. The remaining corrections are small
and to a large extent insensitive to the shape of the input structure func-
tions. They may, however, be sensitive to a model dependent hadronization
scheme. In this method radiative corrections are performed simultaneously
with the unfolding of the experimental errors.

In the next two subsections we recall the main points of Refs (39, 40]
and [41] and then give some conclusions.

3.1. Photon tagging method

A direct way of eliminating QED effects from the experimental data is
to check whether a given event includes a hard photon close to the elec-
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tron beam direction and to reject such an event from the sample!!. In
both HERA experiments, H1 and ZEUS, there are subdetectors monitoring
photons collinear to the electron beamn direction for the purpose of the lu-
minosity measurement [88]. The polar angular coverage of those detectors
is thus small, up to about 0.5 mmrad with respect to the electron beam direc-
tion. Due to energy resolution limitations photons can be detected with a
reliable rate only when their energy exceeds some value E., which for both
detectors is about 3 GeV.

Let us suppose for a start that we are able to detect all the hard radia-
tive photons carrying the energy above the fraction z, of the electron beam
energy. When we reject the events with such photons from the sample the
large QED corrections due to real photon emission almost disappear. The
measured cross section is still different from the Born one because of con-
tributions from the soft and virtual photons. In the leading logarithmic ap-
proximation (LLA) and neglecting the energy loss of the electrons emitting
soft photons we can derive a relation hetween the Born differential cross sec-
tion gg(ze, Q%) (= d?op/dz.dQ?) and the “cut” cross section o.(z., QZ; z¢)
obtained after rejecting from the data sample the tagged events with hard
photons. It reads

oc(ze,Q%;2) = [1 + ﬂt)(ln z0 + 2)}08(33&(23): (88)

where "
a t
(1) = ;lﬂm—g, (89)
and
- _ @l
zo = ming z., Yo = . (90)
TeS0

Equation (90) results from the observation that emission of photons having
the energy fraction greater than y, is kinematically forbidden. An estimate
of the Born distribution og(z.,Q?) can be obtain from o.(z, Q2; 2.) very
easily by dividing off the soft photon correction 1 + v(¢t)(Inzo + 3/4). The
energy fraction z. corresponding to the low photon energy cut E. = 3 GeV,
required by the detector, is equal to 0.1. This means that the events can
be tagged only in the kinematical range of y. > 0.1, but it is just a region
where the measurement of the electron variables is possible {76].

In the real experiment radiative photons can be detected by the lumi-
nosity monitor however only within a limited polar angular range — up to

1! In our discussion we neglect plotons emitted close to the scattered electron
directions assuming that in the electromagnetic calorimeter they will not be
distinguished from those electrons {see the previous subsection).
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0y ~ 0.5 mrad — around the electron beam direction. This means that not
all events including hard radiative photons can be tagged (only a fraction
of about 30%), and thus the large QED corrections can be reduced only
partly. Although the “cut” cross section o.(ze, Q2; 2¢,80) is closer to the
Born cross section op(ze, Q%) than the fully inclusive one o(ze, @2), the
simple formula of Eq. (88) cannot be used to obtain the estimate of the
Born distribution. However, a very important observation to be noticed is
that for  ~ 103 the “cut” cross section o.(z., @%; z., 69 ) and the inclusive
cross section o(z., Q2) differ significantly. The difference between these two
distributions contains important information about the magnitude of QED
bremsstrahlung corrections. Therefore, it is possible to obtain the estimate
of the Born cross section op(ze,Q2) from the combined measurement of
o(ze, Qz) and o(z., Qz; 2¢,60).

As an illustration of the above remarks let us examine the dependence
of QED correction on the maximal tagging angle §. In the LLA [86] the
“cut” cross section reads

ez @iz 0) = 14 9(0) (1nze + 3 )| n(ees @)
y e
+3(60) [ a2 0 62,07, (91

where z(z) and Q?(z) are easily determined by the collinear kinematics of
photon emission, and

_ a ft]
¥(t,0) = ;r-ll'l W (92)

plays the role of an effective coupling constant governing the strength of this
part of QED correction which is connected with the hard photon emission
(Ep is the initial electron beam energy). For perfect tagging of hard photons
emitted at arbitrary angles ¥ = 0 and Eq. (91) coincides with Eq. (88),
whereas for § = 0 we obtain a formula for the fully inclusive distribution
0(Ze, Q2) in the leading logarithmic approximation. For Q2 =| t |= 10 GeV?
and g = 1073 the effective strength of QED bremsstrahlung, as represented
by 4(t,80), is reduced by about one third with respect to its maximal value
for the fully inclusive case. Summarizing, we are able to manipulate (at least
in principle) the strength of the initial state QED bremsstrahlung at will by
changing the tagging angle. If we know the distribution o.(z., @%; 2, 6o) for
two different values of § we can eliminate the contribution of hard photon
radiation in Eq. (91). In other words, we do not need to calculate the
complicated integral in Eq. (91) which sums contributions from a large
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region in the plane (z,Q?) due to hard photon emission — we know it from
the experiment! It is evident that we should choose 6 = 0, i.e. the fully
inclusive cross section o(z., Q2), and § = g, the angle which is determined
by the size of the luminosity forward calorimeter. In this way we derive the
following estimate of the Born cross section:

(1 - )U(‘ce’ Qg) + Aa’c(‘”e» Qg; Zcy 00)

Te, , 93
where
In <,
A= —er (94)
m ZE

and zg has been defined in Eq. (90). Apart from its simplicity, the most
important advantage of the above formula is that all the distributions are
taken at the same point (z., Q2). There is no need to unfold the structure
functions from integral equations.

12GeV? < Q? < 20GeV?
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Fig. 10. The distributions of the Born cross section a5(z., QZ) (solid line), the fully
inclusive cross section o(z., Q2) (oes0), the “cut” cross section o.(z.,Q2; z., @p)
(sess) for @g = 5-10"*rad and E. = 3GeV, and the estimate of the Born cross
section (....) obtained from Eq. (93) for 12GeV? < Q? < 20 GeV? and the hadronic
pr > 2GeV in a case of the precise hard photon trigger E, > E, = 3.0GeV.
The results are given for the KMRS-B0 parametrization of the parton distribution
functions [62].
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In order to check the efficiency of the presented unfolding method, and
in particular the accuracy of Eq. (93), we performed a Monte Carlo study.
A large event sample (about 4 - 10% events) was generated with the help
of the M.C. program LESKO-F [29] including O(a) QED bremsstrahlung
from the initial and final electron states. The events were generated with
basic requirement that hadronic pr > 2 GeV which corresponds roughly
to @2 > pA = 4GeV?. Photons emitted within 0.05rad cone around the
directions of the scattered electrons were treated in the calorimetrical-like
way, i.e. their four-momenta were added to the four-momenta of the corre-
sponding electrons. In this study we used the parton distribution functions
in the KMRS-B0 parametrization [62]. An example of the results we have
obtained is presented in Fig. 10. It shows four differential distributions
versus z. for one range in Q2: 12 GeV? < Q2 < 20 GeV>. The fully inclu-
sive cross section o{z.,Q?) is denoted by diamonds while the “cut” cross
section o.(ze, Q2; 2, 69), obtained after rejection of the tagged events with
hard collinear photons, by full circles. As one can see, the hoth distributions
agree in the region where emission of hard photons with the energy above
E. = 3GeV is kinematically forbidden, for y. < z. (z. = 0.1 in our case).
Differences between them appear, however, when y. exceeds the value z. (it
corresponds to the low z, region in Fig. 10) and the hard photon emission
becomes allowed. They are significant and rise with increasing y.. The
“cut” cross section, although closer than the fully inclusive one, is still far
from the exact Born cross section (solid line in the picture). However, when
we use the formula of Eq. (93) utilizing the both measured distribution, we
obtain the result (stars in Fig. 10) which is very close to the Born distribu-
tion. The remaining correction are small, of order of a few per cent, whereas
the original one are of order of a few dozens per cent. Estimation of the
nonradiative cross section is better for higher ys where more hard photons
are emitted and hence radiative correction are higger.

In the above discussion we have not taken into account the experimental
effects of the photon tagging in the real luminoesity monitor, as a finite
resolution of the photon energy measurement and contaminations from other
QED radiative processes. Let us first discuss the problem of photon energy
measurement in the detector which is needed to answer the question whether
or not in a given deep inelastic collision there was radiated photon with the
energy at least E.. In the electromagnetic calorimeter the energy of photons
can be measured only with some finite resolution ~ ,/E,/GeV. In the real
experiment this measurement is additionally spoiled by a carbon filter which
is placed on the way of the photon passage hefore the calorimeter in order
to absorb the soft synchrotron radiation photons. Hard radiative photons
passing through such an absorber can lose part of their energy. As a result
the energy measured in the detector can differ even significantly from the
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Fig. 11. The energy distributions of tagged photons in two cases: 1) for the pre-
cise hard photon trigger £, > E. = 3 GeV (solid line), and 2). for the lower cut
(Emeas(Ec)) imposed on the energy deposit in the luminosity calorimeter (os.).

energy of the emitted photon. Therefore, we are not ahle to introduce
the precise trigger E. = 3 GeV for emitted photons, we can only impose
some lower cut on the energy deposit in the calorimeter after the filter.
This cut should be chosen such that it approximates the desired trigger
E, > 3 GeV as good as possible. With the help of the Monte Carlo model
of the luminosity monitor [89] we found such cuts for three values of the filter
thickness: 2.5Xy, 3.0X and 3.5X (X - the radiation length), and then we
used them in the M.C. simulation of hard photon tagging. Fig. 11 presents
the distribution of tagged hard photons in the luminosity counter obtained
for the trigger Eineas > (Fmeas( Ec)) corresponding to the filter thickness
3Xo (full circles). For a comparison there is also shown the distribution of
emitted photons with the energy above E. = 3 GeV hitting the luminosity
detector window. Because of nonprecise energy measurement some photons
with the energy below E. are tagged whereas some others with the energy
above E_. remain untagged.

The next experimental effect which may significantly influence the pre-
sented photon tagging method is a radiation background coming from other
than DIS processes. In high energy electron proton beam collisions the main
source of hard photons which. can be detected in the luminosity monitor is
the radiative elastic scattering process ep — ep + v. The cross section for
the above process is much higher than for the corresponding deep inelas-
tic process. Photons emitted in the elastic scattering process are almost
collinear to the initial electron beam direction (almost 100% within the
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Fig. 12. Photon energy spectra observed in the luminosity monitor in coincidence
with deep inelastic scattering events of ph*¢ > 2GeV: (1) without a background
(deep inelastic radiation only — (e...) ) and (2) when the elastic radiation back-
ground is added (solid line). (Note: A perfect energy resolution of the detector is
assumed for this plot.)

luminosity detector angular range). Part of them, with the energy above
9 GeV, will be used for the purpose of the luminosity measurement. Such
photons can be well identified as coming from the radiative elastic scatter-
ing process because corresponding to them electrons can also be detected
in the luminosity counter {88, 87]. The problem is, however, with photons
carrying energy below ~ 9 GeV which cannot be identified on the base of
the electron energy measurement. Because of random coincidences with
deep inelastic events they can mimic photons coming from the radiative
DIS process and/or give additional energy deposit in the detector. Fig. 12
shows photon energy spectra ohserved in the luminosity monitor without
the elastic radiation background (deep inelastic process only — full circles)
and when the background photons are added (solid line).

One can see that due to the background the luminosity monitor detects
much more photons than are emitted in the DIS process and, as a result,
too many deep inelastic events will be tagged. Is there any way to eliminate
so high background from the data? In our opinion — YES! We have found
such a way and tested it in the M.C. simulation. It is based on a simple
observation that in the DIS process radiation of photons carrying the energy
fraction z. of the initial electron beam is kinematically forbidden in the range
of y. < 2.. Therefore, as can bhe seen in Fig. 10, the “cut” cross section,
obtained after tagging and rejecting hard photon events, should agree with
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Fig. 13. The distributions of the Born cross section ay(z., Q%) (solid line), the fully
inclusive cross section o(z., Q2) (ee00), the “cut” cross section oc(z,, Q3; 2., Op)
(s0se) for @9 = 5-10"%rad, and the estimate of the Born cross section (....)
obtained from Eq. (93) for 12GeV? < Q? < 20GeV? and the hadronic p, >

—_— e
2GeV in the case when the experimental effects due to non-precise photon energy
measurement in the luminosity monitor (in the presence of the 3.0 X thick carbon
filter) and the elastic scattering radiation background (0.5 —9.0 GeV) are included.
The background effects are eliminated from the data by adjusting thé “cut” cross
section to the fully inclusive one in the point y, = z. = 0.1. The results are given

for the KMRS-BO0 parametrization of the parton distribution functions [62].

the fully inclusive one in the above kinematical region. Any differences
between them in that area are the result of the background influence. We
can thus normalize the whole “cut” cross section distribution such that at
the line yo = 2. (or any line yo = z, 2z < z.) it agrees with the fully
inclusive distribution. Results of such a treatment are shown in Fig. 13 for
one Q2 bin; results for other bins are similar. They include also effects of
the finite experimental resolution of the photon energy measurement in the
calorimeter accompanied with the carbon absorber. The estimate of the
Born cross section from the photon tagging in this case is also much closer
to the original one that hoth the fully inclusive and “cut” distributions,
however the remaining corrections are larger than ones in Fig. 10. They
includes part of the background which cannot be eliminate in the described
way. More details about the experimental aspects of the photon tagging
method can be found in Ref. [40].

Let us discuss possible improvements of the presented method. The ba-
sic formula (93) for estimating the Born cross section is derived in the O(a)
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leading logarithiic approximation. One might try to obtain a similar for-
mula taking into account the whole O(a) QED calculation. This, however,
cannot be achieved without integration involving the structure function. In
the contrary to Eq. (93), such a formula could not be applied directly to
the data, but it would require some assumptions about the shape of the
structure functions in the unmeasured area. A better way to improve the
physical accuracy of Eq. (93) seems to be inclusion of the O(a?) leading
logarithmic corrections and/or the soft photon exponentiation which, as
discussed in Section 2, is the most effective way of including higher order
corrections. The main uncertainty in this method is, however, of the exper-
imental origin. First of all, it can be apparently reduced if the identification
of the background photons in the lumninosity monitor system is extended
to energies from about 1 GeV up to 30 GeV. The accuracy of the method
could also be improved, particularly at lower y (in our case near the value
0.1) when the photon energy measurement in the luminosity detector is ex-
tended to lower values of the photon energy (less than 3 GeV). In such a
situation the soft photon approximation of Eq. (91) would provide a smaller
uncertainty than in the discussed case, where it corresponds to the photon
energy cut £, = 3 GeV.

We can conclude the above discussion that the proposed method of
reducing QED radiative correction in deep inelastic electron proton scat-
tering by hard photon tagging in the luminosity monitor can be applied in
the HERA experiments, as well as in the eventual future experiments at
LEP/LHC, especially in the region of small £ and high y where radiative
corrections are the biggest.

3.2. Combined electron and hadron measurement

The method presented below exploits simultaneous measurement of the
scattered electron energy, its angle and the longitudinal hadronic energy
flow in order to reconstruct the missing longitudinal energy of the projec-
tile electron. The reconstructed missing energy can then be used to tag
hard photon initial state radiation events. If these events are rejected, the
remaining radiative correction hecomes small, almost insensitive to the as-
sumed shape of the structure functions in the unmeasured region, and large
event migrations are avoided. A toy model of the apparatus has been used
to study the detector smearing and acceptance correction folded with the ra-
diative correction. It has to be stressed that the efficienty of radiative event
tagging is almost uniquely determined by the detector ability to measure
the energy and the angle of hadrons in the wide angular range.

The emission of photons in a direction close to the incident electron
can be interpreted as a reduction of the effective electron beam energy. The
effective ‘electron energy E.g (or the missing energy Enis = Eo — Eeg),
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where E, is the nominal energy of the electron beam, can be calculated
from the scattered electron energy E., the angle 6, and from the hadronic
momenta p; and the angles 8, (+2z axis of the laboratory frame assumed
along the proton beam), in the following way:

Ye ~ ¥

Enis = E, 1— y: ) (95)

where E 0 )

—1_ e 20 -
Ye = 1 Eo SII;I 9 H Yt 1 + %sinz 92—e ’ (96)
and

U= %Sh(Eh —_phcoseh). (97)
Note, that the E,,;s can be equivalently expressed by the y. and yjp (the

Jaquet-Blondel variables [90]) as
Epnis = Eo(ye - yJB) . (98)

For the Born events one expects E,,;s = 0, whereas for the radiative events
with hard unobserved photons emitted collinearly with the incoming elec-
tron F,is is equivalent to the sum of the energy ., of these photons. For the
finite pr photon emission the condition Ey,; = E,, is fulfilled approximately

as the emission angle is small ( of the order of \/m./E,).

Once the effective electron energy is known, each deep inelastic scat-
tering event can be characterized by the initial state radiation independent
variables

Te= . ey’
Ep(Ey -~ £y — Eesin” %)
Ee o 2 9e
-1 = ,
Y Eo — E,Y sin )
2 2 fe
Qi =4FE.(E, — E,) cos 5 (99)

With Ep we denoted the energy of the proton beam. The later variables
have to be used to describe the interaction of the virtual photon with the
hadronic system and they enter as arguments in the structure functions. If
one defines z as P B

o — Ly

z = —— 100

‘Eo 3 ( )
one can write simple relations between the ahove variables and the corre-
sponding variables determined from the electron energy and angle

TeleZ _Yetz-—1

Q? = ZQg ’ Ty = Yt

= —, 101
Ye +2—1 z (101)
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Using both sets of variables, the initial state radiative events can be tagged
as those where a significant difference between the reconstructed z¢, ye, @2
and the corresponding z,y;, Q% is observed.

In order to find out to which extent the radiative corrections can be
reduced by applying the presented above reconstruction method with the
radiative events tagging, we performed a Monte Carlo study with the help
of the event generator FRANEQ [33]. This generator provides the Born as
well as radiative events with real photons in the final state. The hadroniza-
tion of the quark final state is performed within the Lund inodel using the
JETSET 6.3 routines [35] and QCD radiative corrections are described in
the framework of the parton shower picture. A sample of events correspond-
ing to the integrated luminosity of 40pb™! has been generated. We have
decided to consider 64 bins which cover in the z range from 10~ up to 102
and in the y range from 0.1 up to 0.9. Both in z and y the bin sizes are
greater than 20 of the detector resolution. Thus, migration of events from
one bin into another due to apparatus effects should be small. In order to
increase the efficiency of the generation we required the pr of the hadronic
system to be larger than 2 GeV. The 2 and y can be either 2z, and y. or
z; and y; depending on the reconstruction scheme applied. If the electronic
ones are used, then the pp cut rejects a small fraction of hard photon ra-
diation events, which have migrated from the low f region to the bins
considered in this analysis. In order to control this contribution we have
used the HERACLES event generator [36], in which events are generated
in the electronic variables. Two sets of the parton distribution functions:
the MT-S set [91] and the HMRS-E set [92] have been used in the event
generation programs.

In a real experiment, the reconstructed energy E., will be distributed
around its true value but with large tails extending to large E. values.
This is due to experimental errors in the measurements of energies and
angles, and due to the beam hole in the direction of projectile electron. As
this effect can mimic an initial state radiation process it has to be studied
simultaneously. In order to perform such a study we have smeared the
kinematic variables according to a toy model of the detector in which hadron
energies are measured with the resolution od 0.55 V'E, the electron energy is
measured with the resolution of 0.15v/E, the angle of particles is measured
with the resolution of 10 mrad up to the angle of 175 deg (with respect to
the proton beam). For each generated and smeared event the electronic
variables z., Q2, y., the “true” variables z, Q?, yi, and the E. were
reconstructed. The energy of all radiative photons emitted in a cone of
100 mrad along the scattered electron direction was added to the scattered
electron energy prior to the event reconstruction. Then, the differential cross

sections (dog" /dzdy) for the generated Born events, (dof:)/dzdy) for the
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Fig. 14. The radiative correction (do®; /dzdy)/(dos,,/dzdy) (eeee) and the total
acceptance correction (do2®/dzdy)/(do%sr/dzdy) (.es.) as a function of y, for 4-
107 <z, <8-107%,

generated radiative events, (da}%':fr /dzdy) for the smeared and accepted Born

events and (dal‘_’l’j /dzdy) for the smeared and accepted radiative events were

calculated in each 2., y. bin.
In Fig. 14 we show the comparison of the radiative correction fac-
tors (dol5)/dedy)/(dok, /dedy) and the total acceptance correction fac-

rad
tors (do®P3/dzdy)/(dogo /dzdy) plotted versus y, for one of the z. bins.

The z., y. dependent total acceptance correction factors include both the
effect of radiation and the effect of the detector smearing. In a method of
simultaneous unfolding detector and radiative effects, the measured cross
section values in each bin have to be divided by these factors in order to de-
termine the Born cross section values. It is clear, that the total acceptance
correction is large and dominated by the radiative correction, the effect of
the detector smearing being visible only in the large y, region.

In Fig. 15 the generated and reconstructed spectrum of radiative pho-
tons are shown for a (z,y.) bin. The peak at E, = 0 corresponds to
the Born contribution (including final state radiation events with photons
collinear to the outgoing electron), whereas the peak at F, = y.E, corre-
sponds to the low Q? hard initial state photon bremsstrahlung events. The
events hetween these peaks are coming from two sources: from the initial
state medium energy photon emission, and from these out of the Born events
in which high momentum hadron (hadrons) were emitted in the direction
of the beam hole in the electron hemisphere.

On the hasis of the above plot we can now tag the hard radiation events
and reject them from the event sample. A value of E ., above which all
events are classified-as “hard initial photon events” has to be suitably cho-
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Fig. 15. The generated (solid line) and.the reconstructed (e...) spectrum of the
energy of radiative photons for 4 - 107* < z, < 8-107* and 0.5 < ¥, < 0.6.

sen and is different for detectors having different angular coverage of hadron
energy measurement (the E.,; value chosen for the (z., y.) bin shown in
Fig. 15. was 6.5 GeV). If too low value is chosen thé Born events are often
classified as radiative. In this case the radiative correction is significantly
reduced, at the expense of a systematic uncertainty in the E.-tails estima-
tion. In this estimation one has to rely on a fragmentation model in order
to evaluate the energy of hadrons emitted into the beam hole. If, on the
other hand, too high value is used the uncertainty due to hadronization is
avoided, but the radiative corrections remain large. The detailed discussion
of systematic uncertainties in the total acceptance correction as a function
of the E, cut chosen, is beyond the scope of this note and will be reported
elsewhere [93].

One can also identify and reject hard initial state radiation events on the
basis of the differences between the reconstructed (“true”) and electronic z,
y and Q2. We have found that the efficiency of radiative events tagging using
these variables is similar to the one based on the reconstructed energy E..

The -effect of a reduction of the total acceptance correction owing to
tagging and rejecting hard initial state hremsstrahlung events is shown in
Fig. 16. The acceptance correction becomes small and independent of y,.
Similar effect is ohserved in the other z bins. In addition, as it is shown in
Fig. 17, the total acceptance correction hecomes independent of the shape
of the structure funections used in the generation of the deep inelastic event
sample.

Finally, it has to be stressed that by tagging and rejecting hard ini-
tial state radiation events one becomes insensitive to an assumption of the
structure functions shape in the low-Q? region. This is illustrated in Fig. 18
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Fig. 16. The total acceptance correction (doo%/dzdy)/(dok,./dzdy) for 4-10~* <
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z, < 8-107% plotted versus y.: no cut on hard radiation events (.ees), E, cut
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Fig. 17. The quark distribution parametrization dependence on the total accep-
tance correction (do2/dzdy)/(dof./dzdy): HMRS-E set of parton distributions,
no hard photon tagging (ecae}, MT-S set of parton distributions, no hard photon
tagging (eess), HMRS-E set of parton distributions, hard photon tagging (cess),
MT-S set of parton distributions, hard photon tagging (ve..).

where the ratio of the differential cross sections for events restricted by the
condition Q% > 4GeV, to the fully inclusive sample (no restriction on the
Qf value) is shown as’a function of y. at a fixed z.. If hard initial state
radiation events are not rejected, the contribution of low Q? events may be
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as large as 20 % in the large y. region.

We have demonstrated that the identification of hard initial state ra-
diative events is feasible at HERA. If these events are rejected from the
bulk of observed events the radiative corrections are drastically reduced,
and become almost insensitive to the shape of the input structure func-
tions. It has to be mentioned, however, that the above method may be
sensitive to the model dependent hadronization. In addition it requires a
fairly good understanding of the resolution tails of the longitudinal hadronic
energy flow measurement. The method presented here should then be con-
sidered as complementary to the method based on fully inclusive electron
measurement.

Ratio
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Fig. 18. A fraction of observed events in the z.,y. bins which migrated from the
region of Q7 < 4GeV — (do®P% /dzdy)(Q? > 4)/(do?3/dzdy)(all).
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3.3. Concluding remarks

In the above two subsection we have discussed two methods for reducing
QED radiative corrections at HERA.

o The first one is based on the final electron momenta measurement and
tagging events including hard radiative photons with the help of the
luminosity monitor system. In this method the size of QED radiative
corrections is determined directly from the data, no assumption about
the shape of the structure functions is needed. It can be applied in the
phase space area of y > 0.1 and it is especially suited for those regions
where the hadron measurement is limited [76]. The main uncertainty of
this method results from the subtraction of the radiative elastic scatter-
ing background. We have proposed to reduce the background effects by
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normalizing the tagged events at low y where no hard radiative photons
from the deep inelastic process are expected. Further improvement can
be achieved only if the identification of radiative elastic scattering pho-
tons in the luminosity monitor system is extended to lower energies, of
about 1 GeV. The accuracy of estimating the nonradiative cross section
can also be improved, especially at lower y’s (in our case for y near 0.1),
if the lower cut E. of the photon energy measurement in the luminosity
detector is lowered.

¢ In the second method presented in Subsection 3.2 radiative corrections
are treated simultaneously with the unfolding of experimental errors.
The radiative events with the hard photon emitted by the incoming
electron are identified and rejected from the event sample by means of
measuring the hadronic energy flow associated with the scattered elec-
tron. When such events are rejected from the sample the remaining
corrections become small and to the large extent insensitive to the as-
sumed shape of the structure functions. The efficiency of this method
depends crucially on the angular range in which the hadron energy
measurement can be performed. It may also be sensitive to the used
hadronization scheme. As there is not a unique model to describe the
hadronization process at HERA, this method should be tested for var-
ious hadronization schemes.

It is evident that the above methods have different sources of the sys-
tematic errors. Therefore, it would be good if each of them is applied to
the data. They can be used to make the first estimate of the nonradiative
cross section at HERA. In order to unfold the structure functions from the
measured differential cross section, a self-consistent iterative procedure will
have to be applied. The estimates given by the presented methods can be
used as good starting distributions for the unfolding iterations. The iter-
ative procedure should be stable numerically as well as quickly convergent
because the remaining corrections of the starting distributions will be small.

In Ref. [94] the authors describe an iterative method of determining
the Born cross section from the fully inclusive radiative cross section when
only the scattered electron is measured. In this method, which has already
been applied to the data of several fixed target deep inelastic experiment,
radiative corrections are estimated and then subtracted in a way of subse-
quent iteration steps, where as a starting distribution the radiative cross
section is used; for details see Ref. [94]. It has been shown that the iter-
ation converges if the measurement of the radiative cross section is made
over all the kinematical domain. This is, however, not the case at HERA
where a wide range of the z., Q2 plane will remain unexplored [76]. The
uncertainty inherent to this method is thus proportional to the contribution
to the radiative cross section coming from the unmeasured region. As was
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shown in Ref. [27], this contribution can be large, and thus the unfolded
Born cross section can be significantly distorted if a wrong choice of the
input structure functions is made.

4. Determination of the longitudinal structure function
from radiative events

In the early deep inelastic experiments, the measurement of the longi-
tudinal structure function established the fact that the charged constituents
of a nucleon carry spin one half. HERA provides a unique opportunity of
extending this measurement down to the low-z region of z ~ 10™* where
new phenomena may appear [12, 13]. In QCD, the presence of gluons in-
teracting with quarks leads, predominantly in the low-z region, to a sizable
value of the longitudinal structure function [62]. Its measurement can thus
serve to constraining the gluon distribution function, as was discussed in
Ref. [46]. :

- In order to separate Fi,(z,Q?%) from F(z,Q?) in the cross section for
ep — eX, it is necessary to measure the variation of the cross section with
the center-of-mass energy. Emission of photons in a direction close to the
incident electrons can be interpreted as a reduction of the effective electron
beam energy. This effective beam energy can be determined from the energy
of hard photons observed with the help of the luminosity monitor of H1 or
ZEUS [88]. From the study of radiative corrections to deep-inelastic electron
proton scattering at HERA it is known that especially at small = the cross
section for radiative scattering is large and can reach the order of magnitude
of the lowest order non-radiative cross section. We therefore propose to use
the process

e+tp—e+y+ X (102)

with a hard photon in the electron direction as a means to study the longi-
tudinal structure function at HERA.

We will show below that the spectrum of bremsstrahlung photons in
the electron direction is sufficiently hard, so that enough statistics can be
reached also for small effective beam energies. Moreover, we will present
results of a detailed investigation of some experimental problems to be faced
at in the real measurement. We find that corrections due to a cut in the
transverse momentum and bin size corrections can be quite large for small
Q? and large photon energies. However, these corrections are determined by
the 1/Q* falloff of the cross section and depend very little on the structure
function input. Therefore they can be reliably estimated. We also studied
systematic effects coming from the reconstruction of the photon energy in
the forward calorimeter and from the photon background of Bethe-Heitler
quasi-elastic electron proton scattering ep — epy. It was shown that these
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latter effects do not introduce systematic uncertainties which exceed the
statistical accuracy. More detailed discussion of the experimental aspects
of the presented method can be found in Ref. [42].

4.1. “Radiative” reduction of the beam energy

We start with a discussion of the cross section for the emission of hard
photons. Since we are interested in events where the polar angle 6., of the
bremsstrahlung photon (measured with respect to the proton beam) is close
tow, T — 64 < 1 mrad, it is justified to use the collinear approximation in
the following discussion. We use the common kinematic variables

Qz P(pe - p;) 2

2P(pe — 1) 1 Ye = Ppe s Qe =zeleS.

(103)

Here, p. (p.) and P denote the 4-momenta of the incoming (scattered)

electron and of the proton and § = (p. + P)?. Emission of a photon with
4-momentum k leads to a shift of these variables to

2 '
Q% = —(pe —p. - k)*, 2= Q , , y=———~——--—P(pe Pe — k)
2P(pe ~ p.. — k) P(pe — k)

(104)

These latter variables have to be used to describe the interaction with the

hadronic system and enter as arguments in the structure functions. The

definition of y in Eq. (104) is appropriate for the description of initial state

radiation. In this case, i.e. for collinear photons & || 7. it is also suitable to
parametrize the photon energy E. with the help of

E. - E,
‘T TE.

Q% = —(pe—pe)?, ze=

(105)

where E, is the energy of the incoming electron. Using this definition, one
can rewrite Eq. (104) as

Qz'—“ZQz, r = TeleZ :ye"‘z“l

2 .
= , Q% ==zyzS. (106
i e o1 Y - Q* = zyzS. (106)

(Note: The above variables corresponds to Q%, z, y:, described in Subsec-
tion 3.2.)

The differential cross section for the process ep — ey X, integrated over
the photon emission angle inside a cone 6, > 7 — 6, reads

1+ (1- 515)2
zQ4

d3o
dz dQ?dz

= a®P(z) [Fa(2,Q%) - (1 - €)FL(z,Q%)], (107)
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where _ _

1+ 2% In E262 __z
1-2 m? 1-z

-y _, 2(e=-%)

€ = =2z
— )2 2

P(z)= s (108)

and

(109)
S

is the polarization of the virtual photon exchanged in the process. In the
derivation of Eqs (107), (108) from the exact cross section for ep — evX,
all infrared and collinear finite terms have been neglected. Also terms of
order O(m?2) are neglected and Eq. (108) is valid for not too small angle
cutoffs, i.e. for 8, > m./E.. Since we are interested in low Q2 we restricted
ourselves to pure photon exchange.

It is common to relate the structure functions to cross sections o¢ and
oy for the scattering of transversely and longitudinally polarized photons:

2

F, = 43 G(UL + or),

2
2
FL = oy . (110)

472

In the following we are interested in the ratio

R=2t, (111)

ogr

Using these definitions, the cross section can be written in the form

ddo
m = FO‘T(I + GR) (112)
with
2\ 2
@ 1+ (1- %)

The allowed range for z is Q?/zS < z < 1. Since only photons with an
energy above an experimental threshold E., i, can be observed, the upper
limit of z is restricted:

E. .
2< Zpax = 1 — —2?—'3 . (114)
[
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Fig. 19. Dependence of ¢ on z for various photon energies with fixed Q? =
22.5GeV>.

dot 11 F e - R
rAlcdls 0, > 7 - 0.5mrad 3
95k pr 2 1GeV

15GeV? < @Q? < 30GeV?

2.0 06:10%<zx<1.2-107°

1.5

1.0

0.5

L

1 1

0'?).0 0.25 0.50 0.75 1.0

Fig. 20. The differential cross section do/dz for initial state radiation with 6, >
7 — 0.5 mrad integrated over 15 GeV? < Q? < 30GeV?, 0.6-1073< 2 < 1.2-1073,
Additionally, a cut pr > 1 GeV was imposed.

Eq. (109) is a consequence of the rescaling Eq. (106) of the electronic
variables to their true values due to photon emission. It is seen from this
equation that at fixed z and Q?2, € is a function of z and thus varies with the
energy of the bremsstrahlung quanta. In Fig. 19, ¢ is shown as a function
of z for various photon energies for a fixed Q% = 22.5 GeV?. Here we used
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E. = 30GeV and E, = 820GeV. It is seen that at large z, very hard
photons are needed to reach a sufficiently large variation of €. Since the
cross section decreases strongly with increasing photon energy, it will be
more difficult to extract Fy, at large z than at smaller z. The low photon
energy cutoff z < zy,ax restricts the range of z where a measurement of Fj,
could be possible also from below by 2 = Q%/y25 > Q?/zmaxS.

Fig. 20 shows the spectrum of bremsstrahlung photons do /dz for 8, =
0.5 mrad integrated over the range 6 - 10074 <2<12-1073,15 GeV? <
Q? < 30 GeV2. These results were obtained from the Monte Carlo LESKO-
F [29] which is based on the complete O(a) cross section for ep — eyX
including also non-logarithmic terms. We checked that the collinear ap-
proximation of Eqs. (107), (108) indeed describes the cross section with
excellent accuracy. With an integrated luminosity of [ dt£ = 200 pb~?! one
expects about 12,000 events with 6, > 7 — 0.5mrad and z < 0.75 corre-
sponding to £, > 7.5 GeV.

4.2. Statistical accuracy and systematic effects

In order to study the statistical and systematic accuracy for a possible R
measurement which can be reached in a realistic experiment, we performed a
Monte Carlo study with the help of the event generator LESKO-C [21]. This
version of LESKQ® is based on the collinear approximation for initial state
radiation as described above in Eq. (107). We assumed that the geometrical
acceptance of the luminosity monitor is described by a constant value for
0, = 0.5 mrad. If not stated otherwise, we used the KMRS-B0 parametriza-
tions for the parton distribution functions [62]. As input for the longitudinal
structure function Fy, we assumed Fy, = R/(1 + R) - F; (corresponding to
Eq. (111)) with R = 0.3. Recent structure functions parametrizations pre-
dict R to be in the range R ~ 0.3 — 0.7 (62, 91]. Statistical errors given
below are for an integrated luminosity of [ £dt = 200 pb™! corresponding
to one year of running HERA with the design luminosity. The generated
events were collected in a number of bins whose ranges have been chosen in
view of the following considerations:

e A minimum energy for photons required in the luminosity counter of
E, > 7.5 GeV limits the range in = from below.

o The trigger rates require a minimum transverse momentum pyp. This
limits 2 from below by 4p%/S. A value of Pr,min = 3 GeV should be
comfortable for both Hl and ZEUS. Also Q? is restricted from below
by a minimum py.

s A precise determination of R can be expected only if a sufficient number
of events carn be collected over a wide range of € which extendsalso to
small values. As already discussed, this excludes large values of z.
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s The bin sizes should he chosen such that the number of events is big
enough and approximately equal in each bin.

We decided to consider 9 bins which cover in & the range from 6.10™% up
to 2-10~2 and in Q2 from 15 GeV? to 120 GeV? (see Table I). In the photon
energy, events have been collected in the following bins: E, =(0—-5.0) GeV,
(7.5 £ 2.5) GeV, (12.5 £ 2.5) GeV, (17.5 + 2.5) GeV, (22.5 £ 2.5) GeV, and
(27.5 + 2.5) GeV. The resulting central values for ¢ depend of course on z
and Q2. The first bin (0 — 5) GeV is interpreted as containing those events
which cannot be distinguished from non-radiative events and the value for
¢ for this bin is derived from Eq. (109) with E, = 0 (i.e. z = 1). Both in
z and Q? the bin sizes are larger than 3o of the detector resolution. Thus,
migration of events from one bin into another should be small.

1 _d% ' T ! T
TdzdQ? o, _ | input 0.3
{nb/GeV?] or { fit  0.36+0.06
7-108F ' ]
bt
6-10° ]
500 F. 15GeV? < Q* < 30GeV?
06-1073<z<1.2-107
pr 2> 0.1GeV
4103 :

0.0 025 050 075 _ 10

Fig. 21. Simulated measurement of (d’c/dz dQ?)/I" and a linear fit to the Monte
Catlo points for 0.6 - 1073 < z < 1.2-107% 15GeV? < Q? < 30GeV?, and
pr > 0.1 GeV. Only statistical errors for [ £dt = 200 pb~! are shown.

Fig. 21 shows the results of our simulation in the bin 15 GeV? < Q* <
30GeV? and 0.6-1073 < z < 1.2.1073. The figure contains the simulated
values for a measurement of o + €0y, as a function of e. The error bars
represent the statistical accuracy. We also show in this figure the result
of a linear fit which resulted in R = 0.36 £ 0.06. We conclude from this
that considering purely statistical errors, a measurement of R is indeed
promising. However, this figure does not contain any systematic effect which
we are going to discuss now.



1286 W. PEACZEK

The number of events N; in a given hin 7 is determined by

N; = / dz dQ?dz I'(z,Q?, z)(or(z, Q%) + eor(z, Q?)). (115)

binz

In Fig. 21 it was assumed that this can be approximated by

Ni~ Az AQ? AzT(z¢, Q2 z.)(01(2c, Q2) + €cor(ze, Q2)), (116)

where I'(or + €01,) is evaluated at the bin center z., Q2, ¢.. The error
introduced by this approximation can he estimated if some sensible assump-
tion about the dependence of the cross section on z and Q? is available.
Since the variation of the cross section is dominated by the 1/Q* behaviour
due to the photon propagator, a reliable estimate can be obtained already
without good knowledge of the structure functions. We calculated the er-
ror on I'(or + €oy,) resulting from the finite bin size by reducing Az, AQ?
and Az until no dependence on the bin widths was ohserved anymore and
corrected the results accordingly. The correction is typically of the order
of 10 % (maximally 20 %). It was found that it is insensitive to variations
of the input for parton distribution functions. Moreover, the correction
depends only slightly on ¢ so that the cross section in each bin receives a
correction but the fitted value of R is changed only very little. In order to
estimate the systematic effect introduced by the fact that at the time when
the correction is calculated the structure functions are not precisely known,
we calculated the bin size correction using the parton distribution functions
from Ref. [72] (set 1) whereas the events have always been generated with
input from Ref. [62] (set BO).

In order to reach a high trigger efficiency and to reduce background
from photoproduction and beam-gas as well as heam-wall events, it is nec-
essary to apply a cut on the transverse momentum. In our Monte Carlo
simulation we chose a cut of pg = pfl‘. > Prmin = 3 GeV which means also
that we required always the scattered electron being observed in the detec-
tor. This kinematical restriction leads to an additional limit for ¢. From

pr = vV Q*(1 - y) and using Eqs (106) and (109) one finds

e 14+ V1 —¢?
QZ Z P:;‘.minw__f‘—’ . (117)
This means that in bins with small € the allowed phase space is restricted

at small Q% and consequently the number of events is reduced. This would
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lead to a steeper dependence of the cross section on € and a larger value for
the fitted R. By choosing a sensible extrapolation of the cross section to
lower Q2 this reduction can be corrected for. We applied this correction in
the results to be presented helow. The correction factor for each bin was
determined from the ratio of events obtained in our Monte Carlo simulation
with a cut pp min = 0.1 GeV and pr min = 3.0 GeV. For pr min = 0.1 GeV,
the restriction Eq. (117) does not reduce the event number anymore in the
bins we considered. The correction factor was in the worst case 2.1 (in
the bin with smallest z, Q% and ¢) but the typical magnitude was 1.1, and
for € > 0.9 no effect is observed (see Eq. (117)). We checked, that this
correction does not depend strongly on the input for the structure functions
or the input value for B. Changing from MT-S parton distribution functions
[92] to HMRS-E distributions [92], the correction changed by at most 3 %.
Onmne should keep in mind that HERA itself will provide information on the
correct structure functions and we believe that at the time the analysis
can be performed one will have a much better handle to determine this
correction. Again, we applied the py cut correction to our simulated data,
using DO-1 [72] for the determination of the correction but KMRS-B0 [62]
for the simulation itself, introducing this way a possibility to estimate the
corresponding systematic effect.

In Fig. 22 we show for the same hin as in Fig. 21 the results of the
simulation but now including the corrections from bin size effects and from
the pp cut. The results including bin size and py cut corrections for the
whole set of hins we have heen considering are collected in Table I. Except
of two bins, the values for the fitted R and for the input of R = 0.3 agree
within statistical errors, showing that no large uncertainty is introduced by
bin size and pp cut corrections. We would like to stress that if the structure
functions during such an analysis are precisely known, the latter uncertainty
can be reduced and the agreement of the fitted R and the input one will be
better.

The separation of oy, from o requires an efficient tagging and recon-
struction of initial state radiation events. For this purpose one can use
the luminosity monitor placed in both H1 and ZEUS experiments about
100 m downstream the electron direction. This photon calorimeter accepts
photons emitted within an angular range of 0 — 0.5 mrad [88]. A detailed
discussion of the experimental aspects of the photon energy measurement
is beyond the scope of this article, the reader interested in this subject we
refer to Ref. [42]. We have found that the systematic effects introduced
by the detector parameters and the quasi-elastic background are less than
0.2 in R. When data are well understood, most of the systematic effects
could eventually be corrected for with the help of a detector Monte Carlo
simulation and applied as a correction to the measured data.
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Fig. 22. As Fig. 21 but only events with p, > 3 GeV were used and the data points
have been corrected for the reduction of the event rates due to this cut and due to

the finite bin size as described in the text.

Results of a linear fit to the Monte Carlo data including bin size and p, corrections

as described in the text.

Qz[GeVz] z R=oa,/0q
15 — 30 0.6-10"% —1.2-1078% 0.27 4 0.05
1.2-107% —2.0.-1073 0.38 + 0.24
2.0-107% — 4.0-10"8 0.24 4+ 0.10
40-10"%3—180-10"% 0.31 +0.18
30 — 60 0.7-107% —2.0-1073 0.43 +0.08
20,1073 — 4.5-10"8 0.42 + 0.06
4.5-107% — 1.0-1072 0.42+0.16
60 — 120 15-107% —50-10°3 0.37 + 0.06
5.0-10"% — 2.0-10"2 0.29 + 0.05

In conclusion, we have shown that the initial state radiatior
inelastic electron proton scattering should provide a means to measure rx.
We considered the kinematic range 15 GeV? < Q2 < 120GeV? and 0.6 -
1073 < 2 < 2-1072 and found a statistical accuracy ranging from 0.05 to

4.3. Conclusion
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0.25. Systematic shifts due to finite bin size, pr cut, E, resolution, quasi-
elastic background and E., miscalibration have been discussed and were
found to be of the order of 0.2 in R.

Compared to the potential R measurement by reducing the beam ener-
gies [46], the proposed method should be considered as complementary. At
the expense of larger uncertainties in the ¢ measurement, our method is in-
sensitive to the precision of the lumminosity measurement. It has in addition
the advantage that the measurement can be performed in parallel to the
planned physies program at HERA. We also hope that such a measurement
will be possible in the future LEP/LHC experiment.

5. Summary

In this work we have discussed the problem of QED radiative correc-
tions in deep inelastic e¥p — e* X scattering. The discussion has been
concentrated on the Monte Carlo treatment of QED radiative processes in
the HERA experiments. In the first part of this article we have described
two Monte Carlo algorithms for the simmulation of the deep inelastic neutral
current (7 + Z) electron proton scattering process including QED radiative
effects. The older of them, which was constructed completely from the be-
ginning for the HERA purpose, includes O(«) leptonic bremsstrahlung and
has been implemented in the program LESKO-F [29]. The other one de-
scribes multiphoton radiation from the initial and final lepton states basing
on the Yennie—Frautschi—Suura exclusive exponentiation method. It was
originally developed for the low angles Bhabha scattering at LEP /SLC [54]
and then it has been adapted to the deep inelastic scattering process. The
perturbative series of the Yennie~-Frautschi-Suura type exponentiation for-
mula includes O(a) QED matrix elements which means that the emission of
maximally one hard and many soft photons is well described. As was shown
in Ref. [55], such a prescription apart from giving the proper soft photon
limit and the full O(a) hard photon description includes partly higher order
leading corrections. Its QED precision is determined mainly by the second
order subleading corrections, which seem to he unimportant at the HERA
experimental accuracy level. This algorithm is a basis of the another Monte
Carlo program for the HERA experiments, called LESKO-YFS1? [30]. Both
algorithms allow to generate weighted or unweighted (weight = 1) events.
The latter, which represents the physical events, are obtained by the use
of the rejection technique. In order to avoid contributions from the low

12 Both programs, LESKO-F and LESKO-YFS, are put together into one Monte
Carlo package for QED radiative processes at HERA, named LESKO-E [69],
and can be chosen by setting an appropriate steering parameter option.
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Q? region and restrict the event generation to the deep inelastic scattering
domain, the lower cut on the hadronic transverse momentum, pr min, is
imposed!3. This means that events are always chosen from the range of
Q% > p?r‘min. Further restrictions of the kinematical domain can be intro-

duced in terms of the hadronic (quark) z, Q2, and y. The main variables
used in the event generation are hadronic (quark) z and Q? for which ra-
diative corrections are moderate and negative. This ensures the rejection
rate to be relatively small. Radiation of photons from the initial and fi-
nal electron state is generated with the help of the Sudakov-type variables
which were adapted for the Monte Carlo purpose. All the variables needed
to describe the final state particle are generated in several steps of the M.C.
algorithm from probability distributions corresponding to a simplified dif-
ferential cross section. For each simplification step an appropriate weight is
calculated. As a result, the generated event is accompanied with the corre-
sponding weight and it can be turned into the unweighted event by means
of rejection. The presented algorithms are stahle and efficient in the whole
HERA kinematical domain.

We have also presented some numerical results from testing the above
M.C. programs. The results of program LESKO-F were compared with an-
alytical calculations in the leading logarithmic approximation. They agree
within ~ 5% of accuracy what means that the major part of O(a) QED
corrections is properly included in the Monte Carlo. The differences should
reveal the size of the subleading O(«a) contribution. The program was also
compared with the equivalent M.C. generator HERACLES [36]. The results
are presented in Ref. [26] and show a good agreement of these generators!4.
The new program LESKO-YFS we compared with LESKO-F. The results
presented in this article show that the Yennie-Frautschi-Suura O(a) expo-
nentiation diminish negative corrections in the soft photon region (low y
and large z) and increase slightly (up to a few per cent) positive corrections
in the hard photon region (high y and low &) with respect to the O(a)
results. The differences between the YFS and O(a) distributions decrease
with increasing Q2.

The programs LESKO-F and LESKO-YFS provide the hadronic final
state at the parton level, i.e. in terms of the scattered quark and the unre-
acted proton remnant. For many practical reasons, however, it is desired to
have the final state expressed fully in terms of physical particles. Therefore,
we have developed an interface of the above programs to the hadronization
routines. The interface, named FRANEQ [33], is hbased on the program

13 The programs include also an option for lower Q2 cut.

4 HERACLES was shown to be in a good agreement with the O(a) analytical
calculation [26].
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LEPTO 5.2 [34] and apart from hadronization it includes QCD radiative
effects generated explicitly in terms of parton cascades. The quark and

diquark fragmentation is covered by the Lund model implemented in the
M.C. program JETSET 6.3 [35].

In the second part of this article we have discussed the problem of the
unfolding of radiative corrections from the experimental data. We have pre-
sented two novel methods for reducing QED radiative effects at HERA: 1) by
hard photon tagging and 2) by mixed electron and hadron measurement. In
the first of them information {rom tagging events with hard photons close to
the incident electrons is used to estiimate the total size of the QED radiative
correction. Hard photons emitted almost collinear with the initial electron
beam are proposed to he detected in the luminosity measurement system.
We have derived a simple formula in the leading logarithmic approximation
which allows to make a good estimate of the Born cross section from two
differential distributions: the fully inclusive cross section (from the electron
measurement only) and one obtained after the rejection of the tagged hard
photon events. The accuracy and efficiency of this method was tested by the
use of the M.C. program LESKO-F. The important experimental systematic
effects, as the photon energy smearing in the luminosity monitor (due to the
E. resolution and the presence of the carbon filter) and the influence of the
quasi-elastic radiative hackground, were also considered. We have proposed
the effective way to deal with them in order to minimize their influence on
the results. The quasi-elastic background which produces the major effect
can be subtracted without measuring it by normalizing the tagged events
at low y where the emission of the hard radiative deep inelastic photons
is kinematically forbidden. We have shown that the proposed method can
be applied at HERA in the kinematic region of y. > 0.1, in particular at
small z. The great advantage of this method is that it needs no assump-
tion about the shape of the structure functions in the unmeasured region.
In the second method radiative corrections are treated simultaneously with
the unfolding of the experimental errors. The hard initial state radiation
events are tagged and rejected from the event sample on the basis of the
mismatch between the observed hadronic flow and that expected from the
electron measurement. We have proposed three observables which can be
used to identify the radiative events. The method was tested with the help of
the program FRANEQ connected with LESKO-F. The experimental effects
were simulated by smearing the kinematical variables according to the toy
model of the detector. The results show that the remaining contributions
to the acceptance corrections are small and to a large extent insensitive to
the shape of the input structure functions. The efficiency of this method
depends, however, on the angular coverage of the hadronic detector and the
understanding of the resolution tails of the hadron energy measurement. It
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may also be sensitive to the model dependent hadronization. Since, as it is
evident from the above, the proposed methods have different sources of the
systematic uncertainties it would be profitable to apply each of them to the
data.

Finally, we have described the new method for determining the longi-
tudinal structure function at HERA. We have shown that the emission of
photons collinear with the incident electrons leads to the reduction of the
effective beam energy which is sufficient to be used to measure the longi-
tudinal structure function. The method was tested by the Monte Carlo
simulations with the help of the programs LESKO-C [21] and LESKO-F.
For the integrated luminosity of 200 pb™? the statistical accuracy of the lon-
gitudinal and transverse cross section ratio R was found to be in the range of
AR~ 0.05-0.25for 6-1074 < 2 < 2-102 and 15 GeV? < Q% < 120 GeV?2.
The energy of the radiative photons was proposed to be measured in the
luminosity monitor. The systematic shifts due to the E, resolution, the
quasi-elastic radiative background, the [, iniscalibration as well as the fi-
nite bin size and the pyp cut were also analysed. They were found to be
of order of 0.2 in R. The presented method can be considered as comple-
mentary for the potential longitudinal structure function measurement by
reducing the heam energies [46]. It may give larger uncertainty in the €
measurement but it is insensitive to the precision of the luminosity mea-
surement. In addition, its great advantage is that the measurement can be
performed in parallel to the planned physics program at HERA.
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Appendix A
Matriz elements for lepton quark scattering

In the following we give explicit formulae for matrix elements of the neutral
current lepton quark scattering process hoth at the Born level, i.e.

I(p1) + a(q1) — U(p2) + q(g2), [=e*, (118)

and including single hard photon radiation from the lepton line, 7.e.

I(p1) + a(@1) —— Up2) + a(g2) +y(k), [=eF, (119)
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which are implemented in the algorithm of the program LESKO-F [29].
The differential cross section for the standard neutral current Ig — Ig
scattering reads

Dyy(s,t) = 505 3 {(47(s*+u")+ BY (s~ u)) QI Pi()P;(1)}, (120)
1,7=v,2

where s + t + u = 0 (in the ultrarelativistic limit).

The matrix element for the process (119) which includes O(a) hard pho-
ton bremsstrahlung from the initial and final lepton states can be written,
following Ref. [95], as!®

* Mzmrd i:»:z M?ard ¥2 T iM;\md ﬁp’ (121)

ml
where
3
a o ) g
| M;“"d 12.,= ey Z (47 (s? + 82 +u? +uf)+B;J (s +s% —u? —u?)]
1L,j=v,2

X0t SRR (22)

is the matrix element for massless spinors, and

I Mhard IZ — _(_Xi Z [Azj ( 2 2 Bil (42 _ 42 m?
q dp~ g (1 +up) + BY (s ul)]—”—k 2
ar Li=72Z ( pl)
2 2 2 2 mll 2
+[A;J (S- + u-) + B;J (S' — 'lt')]w}Qz’Pi(t) PJ(t) (123)

is the correction from the finite mass of spinors (m; # 0).
The kinematical variables used in the above equations are defined as
follows

s =(p+a), t=(n-g¢), u=(p-e),
51:(P2+Q'z)2, tl“-:(Pl"P'z)z, U1=(p2——q1)2. (124)

They obey the relation

s+t+u+sl+t]+u]:4(m%+m3). (125)

15 In fact, Ref. [95] provides the matrix element for the Bhabha process, but it
translates into the lepton quark scattering with rather minor changes.



1294 W. PrAczEK

The factors A;j and B;j in Eqs (120), (122) and (123) are combinations of
the fermion-boson coupling constants for the electroweak neutral currents

] lij lij %]
AY = (Ay7 = e A ALY,
iy Lii Vi o
By = (A —ex7 A4, (126)

where € is the longitudinal spin polarization of the initial lepton while the
quark is assumed to be unpolarized, and

)\{/” = 2(vjvy — aja}),
Ai” = 2 (vja) - a}v}). (127)
The quantities
’U} jrned —Qf ) a} = 0 )
3 .2 3
o7 = 2wl oS
f 2Qswew s 2swew’

are the neutral current coupling constants, where @ y and I} are the electric
charge and the weak isospin projection of the corresponding fermion fr g
(f =1, q), while sy = sinfw, cw = cosfy, where Oy is the weak mixing
angle (called also the Weinberg angle). In the minimal Standard Model of
Electroweak Interactions {43]

M2,

2
s;v-*:l——-—~2,
A/[Z

(129)

where My, and Mgz are the masses of the weak intermediate bosons W and
Z. Thus as an input set of parameters in calculation of electroweak coupling
constants one can use a, My, Mz. As long as My is not enough precisely
known a better choice for the input parameters is the set o, G,, Mz, where
G is the well measured muon decay constant. The weak coupling constants
can be calculated now from the relation

pie 1

V2G,M% 1~ Ar’

2 =

(130)

where Ar includes higher order corrections to u-decay. The programs
LESKO-F and LESKO-YFS include options for the both input parame-
ters sets. The formula for Ar is taken from Ref. [96]. It includes a mild
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dependence on the top quark mass m; and the Higgs mass My which must
be taken as the additional input parameters.

The P; ;(t) in the formulae (120), (122) and (123) are the v and Z°
propagators,

1
P = L)
P2(t) = ;=5 (131)

where I, (t) is the vacuum polarization correction. The leptonic part of
II,(t) is taken from Ref. [49] and the hadronic one is calculated using a
dispersion relation from Ref. [60]. This takes into account the vacuum po-
larization corrections up to the leading O(a?) order, as pointed in Ref. [97].

Appendix B

Contributions to O(«) YFS matriz element for lepton
quark scattering

Contributions to the O(a) matrix element of the Yennie-Frautschi-Suura
type formula (52) located in the functions 8’s and defined in Eqs (57) and
(58) reads as follows

(o) _ ¢t
Doo = 1o 2
Pii=v2z

{A;j(s2 +u? + S% + ’uf) + B;j(s -+ -91 - U] }Ql t)P (t), (132)

(1) t
D)= ————
o1 7 16(kp1)(kp2) Z

L1=v.Z
{A”[

kpy 2 kps
>(1-2%p2)+<~+ (-
m

(s
A L kp:
{ e 1_ 25%2) i (s - u;)(l } zaﬁ)] }Q?Pi(t)Pj(t),
5(‘—‘- ¢ (133)

where the factors A;j and B;j as well as the y and Z propagators P,(t) and
Pz(t) are given explicitly in Appendix A.
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