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Abstract

The proton structure function F has heen extracted from data which was taken by the ZEUS
experiment at HERA during 1993, The analysis extends to values of Q2 up to 2000 GeV?2
and o down to 2- 107" The event kinematics have heen obtained from different reconstin-
tion methods. the data has heen hinned in (. Q?) and (y.Q?). and the structure function has
been unfolded iteratively and by matrix inversion. Results for the different analysis methods
are found to agree. Reconstruceting y from the hadronie final state and Q2 from the seattered
clectron allows to connect the measured phase space with results from fixed target experiments

Zusammenfassung

Die Proton-Strukturfunktion F, wurde ans Daten extrahicrt. die 1993 mit dem ZEUS Ex-
periment am HERA Speicherring genommen wurden. Die Analyse erstreckt sich in Q2 zu
Werten von bis zu 2000 GeV2. in 2 zu Werten bis herab zu 22 1071, Die Ereignis-Kinematik
wurde aus verschicdenen Rekonstruktions-Verfahren bestimmt. die Daten wurden in (2 003)
und (y. Q%) gebinnt. und die Strukturfunktion wurde iterativ und durel Inversion der Transfer-
Matrix entfaltet. Die aus den verschiedenen Analysemethoden gewonnenen Resnltate stinmen
miteinander iiberein. Wird y ans dem hadronischen Endzustand vekonstruiert wnd (2 iiber
das gestreute Elektron. so kann der gemessene Phasenranm an Resultate aus Fixed-Target
Experimenten angeschlossen werden.
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Chapter 1
Introduction

If anyone docsnt understand o pussagqe.
all he necds do s read it alowd.

James Joyce

The idea that particles are built from smaller constituents has heen developed in along interplay
of theoretical predictions and experimental observations. which can be fraced hack as far as the
famous experiments and the atomic model of Ernest Rutherford. Tt cnmulated in the electron-
protou scattering experiments at SLAC and DESY and the cmergence of the gquark-parton
model in the sixties. followed by the (ongoing) development and experimental exploration of
Quantum Chromodynamics.

The compositeness of nucleons is described by structure functions. Their asymptotic behaviour
inx — 0and Q% — oo reflects the nature of hoth the partons and their interactions  the
self-coupling of gluons and quark pair production at low values of . and asymptotic freedom.
or possible new layers of compositeness at high values of >,

The precise knowledge of the nucleon structure function is an cssential ingredient for the analysis
of particle reactions involving high transverse momenta. The dominant (hard) process may he
calculable at parton-level. but it still has to be folded with the probability for the occurence
of a certain parton within the hadron. Absolute values of strueture functions can presently he
determined only from experiment. owever several theoretical concepts are at hand to make a
QCD cvolution of the strncture function in # and Q% and interpret their shape,

With the advent of the HERA experiments. the kinematic region of struetnre fimetion mea-
surements has been extended by two orders of magnitnde towards lower values of o and higher
values of Q2 The initial measnrements were hased on 200h=" of data taken during fall 1992
(H1 93a. ZEU93d]. They reported for the first time a vise of the strnctnre fanction towards
lower values of . as it hias heen predicted for a Lipatov-like ghion distribution. The rise of
Fy has been confirmed by the subscquent measnrements hased on e twenty-fold statisticos
collected during 1993 [H1 95 ZEUY5¢].

Tu the 1993 data taking period. abont 1.1 million events were vecoded for stroneture funetion

studies. providing comfortable statistics for an Iy amalysiss and focussing the efforts on Sys-
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CHAPTER 1. INTRODUCTION

tematic studies of the analysis method. This thesis extracts the proton structure function.
Fy(r.Q?). from the data which was taken with the ZEUS experiment during 1993, Special
cmphasis is put on the methodology: the event kinematics are reconstructed from different sets
of measured quantities. the data are binned in different kinematic variables. and two different.
approaches are used for unfolding detector effects from the observed event distribution. The
structure function is extracted for all these methods. and the results are compared.

The thesis first summarizes some experiments and concepts which led to the present nnder-
standing of deep inelastic scattering and gives a brief introduction to QCD (chapter 2). followed
by a short description of the experimental setup, HERA and ZEUS (chapter 3). Chapter 4 dis-
cusses in detail the different procedures involved in extracting Fo(x. Q%) from the data. and
chapter 5 presents and compares the resulting structure functions. The thesis is concluded by
a brief summary (chapter 6).

Chapter 2

Nucleon Structure from ep Scattering

Work without Hope draws nectar v a sieve.
but Hope without an object cannot lioe.

Samuel Taylor Coleridge. Work without Hope

2.1 Early Results

Based on Rutherford’s [Rut11] famous work. which led to the discovery of atomic nuelei. a-
Particles were scattered off gold atoms [GM13]. Because the nuclens is so small. the cross
section in these experiments is to a good approximation given by clastic scattering of charged
particles from the potential of a point-like source (Z = 1). In the non-relativistic case. for
Z =1 of both the projectile and the sonrce.

do o? 1

LI 9
Q) App)2sint (2.1)

[SIES

where pis the momentum of the projectile. 8 its scattering angle. both measured in the Tabo-
ratory frame where the target is at rest.

Mott [Mot29] caleulated the cross section for relativistic clectrons seattering off a point-like

target.
da o? cos’
Q2 st 4B sin?

where the different terms arise from Rutherford scattering. the target recoil. and the spin of
the clectron. B is the energy of the electron. M is the target mass.

&
[SIES

[0
(83

[EIES
—
e

e

[t
z
e

wis

In the case of non-point-like targets. cqu. (2.2) has to he modified by a form factor F(q) which
acconnts for the extended charge distribution.

da da p—_— .
rm - IE i ”| (’I)| ' (2.3)

i
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N Blei
Quadrupolmagmte (O 1 -6 /
\,\ ] Avienkmaancte (1 nay OBERE LAFETTE
- D Abschirmung C = Cerenkovzinler
< (Pb, Beton) S = Szintillationszahler

e yi

Figure 2.1: Schematic view of a onc-arm spectrometer. The clectron hits the target (left)
and is detected with the spectrometer arn. Q and M label quadrupole focusing and dipole
bending magnets. C are Cerenkov counters. and $1-S6 indicate scintillator counter-hodoscopes

[B*67. Hah89).

where ¢ is the four-momentum transferred from the clectron to the target. For static spin-less
targets. the form factor is the Fourier transform of the spatial charge distribution p(z).

F(q) = /113;1‘ " p(r). (2.4)

For ep scattering. however. equ. (2.3) is still not suitable. hecause it ignores the proton spin. A
sceond form factor is required to account for the proton’s anomalous magnetic moment. The
calenlation has been first performed by Rosenbluth [Ros50]

{l—(7 = {l_n Gk + TG +27G2, tan? A (2.5)
dQ dQ) o L 147 M e
where 7 = —¢2/4M?. Thus. the clectric and magnetic form factors Gg and Gy can be measured
by plotting %’I versus tan? g

Fig. 2.1 shows a onc-arm spectrometer. which is a typical sctup of a first-generation fixed-
target ep scattering experiment. An incident electron beam hits a (liquid hydrogen) target
and is monitored downstream with a Faraday cage. Scattered clectrons are detected with a
movable spectrometer arm. The clectrons are tagged in scintillator counter-hodoscopes and
diseriminated against mmons and hadrons with Cerenkov counters. A sequence of bending
dipole and focusing quadrupole wagnets is used to analyze the electron’s momentun,

The first relativistic op scattering experiment has heen carried ont at. SLAC in 1953 [FHM53]
The measurement of the elastic cross seetion for different incident clectron energies at different
seattering angles gave the fiest experimental evidence for a finite size of the proton [HM55.
CH56]. With more accurate data. phenomenological fits were applied to the measnred form

2.1. EARLY RESULTS 5
1.0 T T T T T T T T T T T T
G ]
TM $  Verschiedene Gruppen p
¥ Cea ]
§ e * F 21, 1.Generation 1
0.1 E_ * F22.2 Gcner‘alion \ -
L i G [
r L] V¥ 0m ]
0.01 @ .
___..q? .
2 4 6 8 [Gevic)?] 10
1 = L | n " 1, 1 i (S L

20 40 60 B0 100 120 140 160 180 200 220 240 (TRl

Impulsubertrog

Figure 2.2: ¢2 dependence of the maguetic form factor Gy, obtained from experiment. [Hah89).

factors. and the ¢2 dependence of the clastic form factors was parameterized by [B+70. B*79).

oo GU(GP) L GY (g2 1
Gl(¢?) = r.;1(‘/ ) ~ Gulg) - — (2.6)
&1 -1 (1 + n.nqc-«\":)

N

thus explicitly introducing a length scale (cf. fig. 2.2

For inclastic ep scattering. and expressions for the cross section which is similar to cqn. (2.5)
has been obtained by extending the concept of single virtual photon exchange to those Processes

[DWG64).

d’c a? cos? 8 : [
_— = ——=2{Wo(1r. Q%) + 2W, (1. O?) tan® = . 2.7
(I/E’tlﬂ)q‘_”_\. 4F? sin" g { ._(l (.,) ) + ](l (2 )' Ul 2} ( i)

where B and E' are the energics of the incident and scattered clectron. The inclastic form
factors. Wy and Wy, are related to their counterparts in clastic scattering. Gz and 7. They
arc functions of two invariant variables!. 1 = pg/M and QF = —(k —~ I')2 which refer to the
energy and momentum transfor, respectively. In the target rest frame.

v = E—F. (2.8)
-4 = (22 = 'lEE’Sill2

[SVRIES S

(2.9)

Bjorken has introduced a dimension-less variable o o mvestigate the strneture funetions W,
and Wy in the limit v, ()2 — o, 17/(Q% fixed 2

(23
o= = (2.10)
2M
"The Kinematic variables used in lepton nneleon seattering are smmmarized in e o 220 Tere po boamd
Kare the fom-momenta of the tar st the incident and the final electron, and \f s the tareet nriss
& \
<< owith e =1 for elastic seattering,
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In this Bjorken limit he predicted the strncture funetions to tend to functions of the vatio o
only [Bjo69). ic

1
@
1
?

lim MW, (1. )% Fi(x) + O(=). (2.11)
)l

lim 1 Wo(r. 0?) Fao() + O(—). (2.12)

This scaling behaviour has first been observed by experiments for o around the value 1 and

3
(Q? R 4 GeV? [Tay75. A*76. B¥79).

Scaling is characteristic for scattering off point-like objects. Henee at high values of Q2. ep-
scattering can be interpreted as an clectron scattering off point-like objects within the pro-
ton. These so-called partons were soon related through Feynman's quark-parton model (QPM)
[FeyT2] to the quarks which were predicted by Gell-Maun [GMG64] as constituents of the nu-
cleon. The QPM succeeded in attributing the inelastic form factors to the distributions of the
quarks within the proton.

Combination of data from different scattering angles 6 at the same values of v and (Q? allowed
to separate Wy and Wy [A169]. The data was compatible with the Callan-Gross relationship
[CGO9].

20F(x) = Fy(x). (2.13)

which holds only for spin-1 partons.

With more precise inelastic data covering a larger range in  and Q2 evidence for scale breaking
was found. At low values of z (z < 0.3) F, is observed to rise logarithmically with increasing
()% while at high values of = F, decreases logarithmically with Q2. By mere coincidence the first
F5 measurements at SLAC were carried out in the region of & where the variations of F, with
(% are small. Scaling violations are expected from QCD processes. ic gluon bremsstrahlung
and quark pair production.

2.2 Calculation of Cross Sections

2.2.1 Kinematic Variables in Lepton Nucleon Scattering

The diagram for deep inelastic lepton-nueleon scattering in lowest order of «v is shown in fig. 2.3.
An incident clectron. b = (E. k). is deflected by a nmeleon target p = (M. p) of mass M and
is observed at an angle 8 with & = (E'.k.). The nucleon transforms into a hadronie final state
X with invariant mass squared W? = M2 = 92,

Table 2.1 swmmarizes the kinematic variables used in lepton-nucleon deep inelastic seattering
(DIS). Q% and 1 arc Lorentz scalars which refer to the momentum transfer and energy loss of
the incident Tepton. s the Bjorken scaling variable. and y is the fractional encrgy transfer to
the nneleon in the target rest frame.

2.2, CALCULATION OF CROSS SECTIONS T
ko = (E.ke) Lvector of incident cloctvon
K= (E'.K}) d1-vector of scattered electron
p = (E/" p) d-vector of initial proton
Py o= (E,.p) d-vector of hadronic final state
qg = k=N d-vector of virtual photon

= ];’ -p
E = cnergy of incident clectron (HERA frinme)
E, = cnergy of incident proton (HERA frame)
E = cnergy of scattered lepton (HERA frame)
f = angle of scattered electron (Iah* frame)
M mass of target nueleon
W2 = (p+q)? inv. mass of hadronic final state
= ]:’2
Q7 = >0 T
= 4EE'sin?§
v = (p-q)/M
s = (k+p)? CMS cnergy squared T
= J4FE, (HERA frame)
r = Q%2Mv Bjorken scaling variable
= 1 for clastic scattering
y o= (p-a)flp-k)
Q> = sy (high E limit)

Table 2.1: Kinematic variables in DIS (* in the HERA frame. 8 is measured against the direction
of the incident proton).

2.2.2 Cross Section in Lowest Order QED

Using first order perturbation theory. the amplitude T; for electron-proton seattering in the
one-photon exchange picture is

) - g
Ty = =i /‘,',,—-T./",/“r. (2.14)
o q-
Jp and J¥ refer to the clectron and proton current. and ¢ is the four-momentum of the exchanged

photon (cf. fig. 2.3. tab.2.1).

Juo= =k )y, (ke R (2.15)
& —(‘W(Il()l”"ll(/l)e‘l(’/”l']'. (2.16)

Il

The proton conpling differs from the electron hecanse it is no point particle. Thus. similar to

the Rosenbluth equation (2.5). the proton straetnre has to he parameterized in 1 (ef. [HIMS81])
2 N o

O AN AN O e -

I Fy(go)y" + 2A}\11_(4/ Jia"y,. (2.17)

where wis the anomalons maguetic moment. However, eqns. (2.16) and (2.17) hold only for

clastic seattering. Tn case of inclastic scattering the proton breaks up. and the final state
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o F
F
= :‘ ,’r:asoncmce
u produclion
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Figure 2.3: Left: Diagram in lowest order o and kinematic variables used in deep inclastic
scattering (Note that in the HERA frame 6, is measured against the direction of the incident
proton.). Right: Phase space available to lepton nucleon collisions (Resonances in inclastic
scattering correspond to lines parallel to the clastic line.).

x
M pi ——

M p)

Figure 2.4: Hadronic tensor W, and Thomson amplitude T, are related through the optical
theorem.

consists of several hadrons which can no longer be described by a single Dirac fermion spinor
u(p). Thus. for QED-like calculations of the cross section. usually the hadronic tensor W, is
paramcterized instead of the proton current .J*. The hadronic tensor is related to the Thomson
amplitude (2.14) through the optical theorem (cf. fig.2.4).

1
W = 4—7rlm T,.. (2.18)

I terms of lepton and hadron tensor. the cross seetion for deep inclastic electron proton seat-
tering reads

Pa 2 E "
dE'dQ = ()T 219
<’lE1'/Q>,,.—. % " E (L))" i (2.19)

(L))" s the clectron tensor which is known from QED. After having swmmed and averaged
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over the spins.
(L) = 207" 4 b — (W — m?) g"). (2.20)

W, is a second rank tensor hecanse the current operators are four-vectors. It can depend on
G- Py and gy, 7y, is not included in W, as the cross section has already heen summed and
averaged over spins. Parity violating terms Spope "7 canmot. ocenr because the currents are
polar vectors. Anti-symmetric terms need not he mcluded to W, because they don't contribute
to the cross section due to the symmetry of (L™ Thus. exploiting the continuity equation

Q=0 = qW,., = Wit = (1. (2.21)

the most general form of the hadronic tensor can be written as
Gyl 1 Py Py 5 o
W = Wi =g+ 2~ |t Wer—s o ——5 0. ) [ -S540 ). (2.22)
(I A1 q- q-

where Wy and Wy are scalar functions which can depend on the Lorentz scalars which can e
constructed from the kinematic variables at the hadronic vertex.

Contracting (L) and W, yiclds

(LY W, = 4W, (K -k — 2m?) + 2W,

2z 0K 1) = MG = )] (2.03)

Including the flux factor and neglecting the clectron mass gives the expression for the cross
section which was already given in the previous scetion.

[SIE

(SRS

g 0 Q%) 4 W1 0?) 2.24
TB) . T A TE MO @uls e

[SIES

Comparison with the Rosenbluth cquation (2.5) suggests that the structure functions can he
intuitively related to Gg and Gy in case of inclastic ep scattering.

With the help of the formulace of section 2.2.1 the cross-section can be written in terms of the
Lorentz-invariant variables . Y. or ()2,

( Ao )
daed()? P

( o )
or s -
durdy i X

In an alternative approach [DW6 1 HanG3]. the cross scetion (2.5) is related to the absorption
cross sections for transverse and longitudinally polarized virtnal photons. oy and o,

Ao _ 02 N 1 ar+eap (207
dEGQ) T AT = 4 -

{(1 =Py + P Fi(n)} . (2.25)

{(1 —y)Falr) + .,»,,‘3/?1(.,-)} , (2.26)
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with
im 197ul (2.28)
= < —3 Z ). bd
a A,[Z t/l
W2 — M? ()?
[ = —m— —— = - —. 2.29
K oM YV il

-1
€ = (1— (HQ—) .ng) ; (2.30)

where € is a polarization paramcter. or and o are related to the structure functions via

4’
= —W,. 2.31
or % Vi (2.31)
42 V2 ;
o, = N [(1+Q_2> WZ—WI] . (2.32)

or in terms of the dimension-less structure functions. Fy and Fy. and using that v/Q? > 1 in
the phase space accessible to HERA.
4’
or = —F. 2:33
r = Th (23
430 [F’)
oy = —5
L Q? |2

The latter expression is used to introduce the longitudinal structure function. Fr. which vanishes
for spin-1 partons.

Fl] (2.34)

F, = F-2%F,. (2.35)

In the literature. also the ratio R = o /ot is used.

2.2.3 Exchange of Weak Bosons
Neutral Current Deep Inelastic Scattering.

. 2 ; i ; ’
At high values of Q*. Z exchange has to be included in the cross section for ep scattering. The
neutral current then becomes

»NC bood 1 ¢ 3
e = AR = k). (2.36)

cy- and ¢y are the electro-weak coupling constants of the electron as defined in the Standard
Model. The lepton tensor hecomes

L = B 0 Ly N T (1."'1.'—‘/!12)]4—
l/l"‘{l,,,l,,,li' Al (2.37)

Thus in case of weak currents. anti-symmetric componeuts contribute to the cross-section.
and ¢"W,,, no longer vanishes since the weak current is not conserved. W, needs now to be
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Figure 2.5: Amplitude for forward 4*p scattering. € is the space-time separation of the two
current operators.

parameterized in terms of six structure functions [Nac91]. three of which can be dropped when
exploiting CP invariance and neglecting the lepton mass [Roh9o].

The resulting cross section can be written similar to eqn. (2.26).

d?o 4r ’ y?
= 5 {(L=9)F(e) + ey Fi(e) £ (y — S)eFa(a)p . (238)
dady sa2y? 2 '
Y] et paex !

However. compared to equ. (2.26) the structure functions F, now parameterize the exchange
of photons. the exchange of Z-bosons. and the clectro-weak interference. Factors containing
the coupling constants and Z propagator are absorbed in the Fy's. The additional structure
function F3 parameterizes the anti-symmetric. parity violating contribution of the Z to the
cross section.

The structure functions have to he evaluated within the quark parton model (seet. 2.3) or
perturbative QCD (sect. 2.4.2). The expressions are discussed helow (eqns. 2.52. 2.53). where
it is demonstrated that Fy(x. Q%) can be neglected for this analysis.

2.3 Quark Parton Model

The observation of scaling suggested the existence of point-like constituents (partons) in the
proton. The quark parton model (QPM) [Fey72. Jaf85] treats hiph-cnergetic hadrons as “jets”
of fast parallel-moving partons which share the nucleon’s three-momentum. An incident probe
is supposaed to sce a “frozen” snapshot of the hadron and interact with one of the partons.
which in this model are treated as quasi-free particles. Cross seetions for hadronic processes
arc obtained by taking the clastic cross section at parton level and then sunmming incoherently
over all the partons which are involved in the interaction.

2.3.1 Light Cone Dominance

The basie assumption of the parton model is that hoson-parton interaction takes place at shorter
time-scales and distances than interactions between the partons. Tt is therefore approximated
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by clastic scattering on a quasi-free parton. The hadronic tensor W, can he written in a form
which is similar to current-cnrrent. interactions in QED.

1 1 7 117/1,,
W = 4 = (5 Z) / I;Il (2E:,(27r)3) X
Yo <p sl IFHONX >< X1, (0)p.s > (270)'8 (p + ¢ — S pa). (2.39)

n

The expression [HM84] includes a sum over all N-particle states X into which the proton may
break up. Using the optical theorem and closure.

W,, = 112/,/*5(."1-5 < ps| THELO)p.s > (2.40)
7r R

where the delta function of (2.39) has heen written as an exponential. and € can be interpreted
as the space-time separation of the absorption and re-emission of the virtual photon (cf. fig. 2.5)

The integral can be analyzed in the target rest frame with the negative z-axis collincar with

the virtual photon. Then.
g = (l/. 0.0.—\/1? + Q:')

limg;

2 (1.0.0. -v - Mx). (2.41)
Using light cone variables. ¢* = (¢° + ¢%)/V/2. the scalar product in the exponential becomes
q-&=qY¢ +¢7€*. Since g and € are conjugate variables. it follows from general theorems on
Fourier transforms (cf eg [Jaf85]) that in the Bjorken limit. ic. Q% — co. r fixed.

g~ o0 = (Y= (2.42)
T 2

and ¢t = % = If" < Mi (2.43)
T

The integrand of eqn. 2.40 is singular at £+ = 0 since it must vanish for €2 < 0. Again. it is
taken from theorems on Fourier transforms that in the Bjorken limit W, is dominated from
the behaviour of the integrand around singularitics. ic at Y.

Causality requires €2 to be positive. forcing €2 — 0 in the Bjorken limit. The limits on €+ and
& imply both

]5”[ < ML: and ],53] < ML, (2.44)
Henee in the Bjorken limit. DIS takes place “on the light cone™. and all components of € (except
£7) vanish. justifying the assumptions of the QPM that time scales and distances of parton
processes are shorter than those of strong interactions. In the small-x limit. however. both time
scales and distances can become very large [Jaf85].

2.3.2 Naive Quark Parton Model

Iu an infinite momentum frame. neglecting parton transverse momenta. the momentum of the
ith parton is p, = & p. where pis the nueleon’s threc-momentum and the &osum to one. For
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Figure 2.6: Deep inclastic scattering at parton level. The electron scattors clastically off a
quasi-free parton. exchanging a virtual photon.

. . 2 b 4 o . .
clastic scattering. W2 = (p + ¢)2 = M2, hence by comparing the expressions for a proton and
an on-shell parton with zero rest mass.

proton: 0 = ¢> 4+ 2Mp. (2.45)
parton : 0 = %+ 2(p, - q) )
= ([2 +2p - q. (2.16)
Q?
= —— = 247
= ¢ S @ (2.47)

the Bjorken-scaling variable. . can be interpreted as the fraction of the proton’s momentum.
€. which was carried by the struck quark (cf. fig. 2.6)

The cross section for clastic scattering of electrons on spin-1 s

do —_dmo? (0 Q7 1 (Q%) :
a2~ o (1—7+5<7) ) (2.48)

with s" = rs. Using the parton distribution ¢, () which specifies the probability for finding
a parton of type i. charge ;e and momentnm fraction . the cross secetion for deep inclastic
electron-proton scattering at parton level hecomes

2
Ao o’

u? )
= — — — E crgla). 2.4
dard()? 01 <1 "+ 2 ) ) iy

Comparison with cqu. (2.25) gives expressions for the strnetnre funetions at parton level and

yields the Callan-Gross relation (2.13) [CGG69).

] 5
Fi(r) = 321711,(‘1') (2 50)
) = Zr‘l_).l't/,(‘l') (2.51)
= 2rl(r).

Verification of the Callan-Gross relation by experiment [BE79] has shown that the partons have
ol
spin

3
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FZ (x) qq sea 2
¥ ,—— Q%-100Gev

nucleon

Nr resonances
elastic peak

quark (size 1/Q"'<1/Q) quark (size 1/Q) +

Figure 2.7: Left: nucleon constructed hicrarchically from quarks [KS74]. Right: Evolution of
the structure function as predicted by QCD [Tay91].

2.3.3 NC DIS Cross Section

In a less naive version. the density of anti-quarks. gg(z). is introduced. and Z exchange is
included. Eqn. (2.38) becomes [IR89. Rob90)

S AQ) [ras(e) + a7y (0)]. (2.52)

f=ud.s.c

S BHQ?) [wgpla) — a7, (x)] - (2.53)

=u.d.s.c

Fy(x) = 2aFy(x)

I

xFy(x)

The parton distributions g7(x) and gz(x) refer directly to quarks and anti-quarks of flavour f.
The flavour dependent coefficients Af(Q?) and By(Q?) contain the vector and axial coupling

constants for clectrons and partons®. r"'l] and (::f. and the propagator terms Pz.
2 2 e f ¢ 2 2y f2 f2\p 2 -
Af(Q7) = ef = 2epcei- Pz + (" + ) (e + ey )Pz (2.54)
Bs(Q?) = —2(:,(::‘(:‘!41’2 + 41-(.f-{4(-fj‘(:ﬁPzz. (2.55)
Q?
with r;, = ——. 2.56
: = Fii (2.56)

At small values of Q2. the propagator Pz can be neglected. The tables in the appendix show
that for this analysis. contributions to the cross section due to Z exchange are negligible except
for the highest values of Q2. where they are somewhat less than 5%.

2.3.4 Limits and Success of the QPM, Scaling Violations

Data from the carly fixed-target experiments provided an overwhelming evidenee in support of
the quark parton model. Bjorken scaling had been established. the Callan-Gross relationship

Yol =T =20 sint By r'|/ =T}, where T is the thivd component of the weak isospin and ¢, the charge of
fermion ¢
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was found to hold [BF79]. and a comparison of structure functions from clectvon and nentrino
seattering was compatible with fractional quark charges [EMC81. CDIHS3).

The parton model has heen formmlated covariantly by ~putting it on the light cone™ [LI’72]
but it still cannot be derived from fundamental principles [Nac91] which is an obvious flaw
of the model [Loh92]. When interpreting experimental data. however. the parton model often
provides a unique link between theory and experiment. The QPM has been applicd successfully
to other processes like clectron-positron annihilation into hadrons (eg [WW79]). or lepton pair
production in nucleon-nucleon collisions (Drell-Yan process. [DY70. DYT71]).

The QPM is based on two fundamental assumptions. which at the same time define the Tinits
of the model. The assumption of time-scales and distances heing shorter than in strong in-
teractions is valid only in the Bjorken lmit. that is in an infinite momentum frame where the
parton transverse momenta are negligible. The approximation of clastic scattering on quasi-free
partons requires the intermediate physical states to be on-shell. whichi is of course wrong as
quarks are confined to the nucleon via glion exchange.

According to the present understanding. the confinement of quarks in the nmeleon via ghion
exchange is deseribed by Quantum Chromodynamics (QCD). In QCD. a quark can radiate
a gluon. which in turn can split into a ¢g-pair. Thus an initial quark is able to share its
momentum fraction 2 over several subsequent steps via a cascade of glion emission and quark
pair production. and a nucleon can be pictured as bemg constructed from quarks. which are
constructed from “smaller (2)" quarks. and so on [KST4|(cf fig. 2.7. left).

The level of partons which is probed in an interaction depends on the resolution provided by the
incident photon. The resolution of a virtual photon is proportional to 1/¢). henee the parton
densities become functions of both & and Q2. and they lose their status of heing unambiguously
measurable gunantities with an intuitive physical interpretation. Partons with small values of
2 are likely to have originated from a guark-gluon cascade. leading to an increased mumber
of partons towards smaller values of . At low & the parton density should also inerease
with increasing Q2. because “small”™ quarks arc hetter visible with high-resolntion (ic high-()?)
photons (cf fig. 2.7. right [Tay91]).

2.4 QCD Corrections

Quantum Chromodynamics (QCD) deseribes the strong interactions of quarks and glions.
At sufficiently high Q2 the vunning coupling constant. o ((Q?). sets small cnongh to allow
perturbative calenlations. The quarks hehave like free particles (tasymptotic freedom™). The
following sections bricfly introduce some hasic concepts of QCD (ef ep [Pen83))
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2.4.1 Gauge Invariance, Running Coupling Constant and Renormal-
ization Group Equation

The success of QED for clectromagnetic interactions suggested to construct a similar theory
for strong interactions. Pauli’s exclusion principle conld be maintained in the baryon decuplet
by introducing three strong “colour” charges. henee colour SU(3) was a tempting gauge gronp
for strong interactions. However. requiring local SU(3) gange symmetry yields a non-Abelian
field theory. which leads to fundamental differences between QCD and the Abelian QED.

QCD Lagrangian and Gauge Invariance.

The QCD Lagrangian is

.
. 1

L= 2 gnD" —mg)g - 5GG". (2.57)
f=1

q5 quark spinor. flavour f =1... Ny

o

where D is the covariant derivative. and G#¥ the gluon tensor.

D" = 9" —igT,A". (2.58)
GI" = Q"AY = Q"A' + gfu AL AV, (2.59)

Al gluon vector field. colonra =1...8

The theory has two ficlds. ¢ and A%, and one coupling. ¢. It is assumed that myg = 0. The
operators T, represent the gluons and form an SU(3) algebra. They are related to the Gell-Mann
matrices. T, = %/\,,, and define the structure constants of the group.

(T..T,) = i fu.T. (2.60)
The commutator is the source for interactions among the gauge bosons. In an Abelian theory
(like QED) the commutator vanishes. and photon-photon couplings are impossible: in QCD it

describes the gluon-gluon interaction.

The Lagrangian is invariant under a local SU(3) transformation.
U = @ioT"l0)
= 1 +ige, ()T, e,(r) infinitesimal. (2.61)

if the ficlds are transformed accordingly. ie

g — :/’[ =qy— iT"qg¢, (2.62)
T — Gy =y g1, (2.63)
1
Al — AV = AN+ e Al — =0V, (2.64)
q
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Figure 2.8: Expansion of the quark-gluon vertex. T0:2) up to onc-loop diagrams. Renormal-

ization of the coupling. o (Q?). requires evalnation (measnrement) of the rhs at a specifie seale
. 2 . .

Q% = 2. C and T denote Coulomb and Transverse gluons.

Running Coupling Constant «(Q?).

The coupling. g. which was introduced in(2.57). is the bare coupling. while the (uantity cx-
perimentally accessible is the effective coupling . Fig. 2.8 defines the effective coupling 7 (or
T2 see below) up to one-loop contributions.

Fig. 2.8 can be used to evaluate § [Pen83. Roboo)].

5 3 ( 2 -, ( 2
Q) = g- o lu—%+0(.{rhr L) (265)

3272 n K2

fo = %(33—2N/). where Ny specifies the number of contributing flavours. and # is an unphysical

ultra-violet cut-off parameter which was introduced to avoid divergences from imtegration over
. MY ; . S

loops. It results in an explicit Q? dependence of the effective coupling g. which is referred to

as the running coupling.

g is an example for a divergent bare Green's function. However. if the coupling can he specified
. 2 2 . - 2 . 18 .
for a given valuc of Q% = p%. then it can be expressed for any (% in terms of the finite g(p?)

o 9 3 b ()2 -, 0?2
W) = 308 - 2P vo (e L), (2.66)
3272 & i

or. using the geometric series and defining o, (Q?) = L7207 .

2 {v\(,lg)
o (Q7) = : = (2.67
L+ 201 - 2N ) I % )

The coupling is rendered finite (ic “renormalized ™) and independent from the nltra-violet ent-off
w for the price of introducing the renormalization scale pwith the dimension of a mass.

(%) is called the “tnnning coupling constant”™. At high () the conpling is small. quarks
and gluons behave like quasi-free particles (so-called asymptotic frecdom). while at low (97 the
coupling will hecome large and quarks and gluons are strongly hound into hadrons (cp. [1TMSH]).
A scale paramecter Agep is defined to mark the boundary hetween these two seenarios.

2 - N . 968
Aben = proexp (33 —2N,)0. | (2.68)
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5 4
(") = ——————y. (2.69)
(11 - ;N,)lu%
Aqep is a fundamental parameter which has to be determined from experiment. It is fonnd to
he i the range of 200 300 MeV([AIL92].

Renormalization Group Equation.

The previous discussion can be generalized [Pen83]: a theory defined in terms of bare fields and
couplings will have divergent Green's functions T (p. go. #). Renormalization scales the bare
ficlds and couplings by appropriate factors Z and thus turns them into physical values. but at
the same moment introduces the renormalization scale. ji. into the theory.

The renormalized and the bare Lagrangian describe the same physics. therefore the bare and
the renormalized Green's functions are related by

'™ (p.g.p) = Zl‘g")(]).gg.h'). (2.70)

where n. the number of external fields. specifies the order of the Green's function. The Green's
functions now depend on the renormalization scale p. which is an arbitrary scale. On the other
hand. the Green's functions correspond to observables. which must not depend on the choice of
pr. This is stated by the renormalization group equation (RGE) [SP53. GML54. Cal70. Sym70).
In QCD. the RGE for coupling n 4 gluon ficlds to ng quark ficlds reads

0 1] b)) A
/"07 + /3(!1)0—!] = nava(g) —nrye(g) + 5((1)(—92} ey g o €) = 0. (2.71)

where € parameterizes the gauge and

) (2.72)

0
/Ia—“g(/l)

90~

Ya.r(9) (2.73)

0
1— [In Z,.l F
. o [ ]
0.5
The 4 function determines the asymptotic behaviour of the coupling. and the anomalous di-
mensions y4 g determine the precise high energy behaviour of the Green's functions.

Evaluation of the RGE for four independent: Green's functions yields the four functions f3(g).
v4(9). 7r(g) and §(g) [Pen83]. Caleulating the quark gluon vertex. T2 up to leading order
(one-loop diagrams) and inserting it into the RGE gives

G(O? g(1°)
9(Q°) = [ .) .
\/TJ" 1(;;:32(/12)111 E’L )

which after expansion of the square root reproduces (2.66). The RGE has re-ordered the
perturbative expansion of G such that the first term now contains contributions from an infinite
set of diagrams of the former series. and it has the offect of stimming the leading logarithms.
Perturbative caleulations in QCD are therefore in terms of the ranning conpling o, (Q?). and
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Figure 2.9: Hard-scattering cross sections are factorized into the ~hard” parton-level cross-
section & and the “soft™ parton distribution f¢. p is the momentum of the initial hadron. &p
is the momentum fraction carried by the parton which contributes to the hard scattering. and
q is the four-momentum of the incident probe. The factorization scale o separates short- and
long-distance contributions to the cross section.

they are expected to be reliable if o, (%) is small. whercas expansions in terms of loops wonld
require both a,(42) and a(;%) In % to be small [Rob9o].

@y(Q?) has been calenlated next-to-leading order (NLO) by including O(¢°) contributions to
the quark-ghion vertex. ') [Cas74. JonT74].

) dm
LO ()2 -
Q%) = —0r. 2.75
' /3 In 5{— ( )
: 2 Am A1 Inln @
NLO 1 z
Q) = T [1-F— |- (276
/f[,ln_%, [ o In'{.—; )
where flg = 3(33 = 2Ny) and ) = 1(306 — 38N).
2.4.2 Perturbative Calculations
Cross sections for hard-scattering can be factorized into a ~hard” cross section for the parton-

level process. 4. and a probability for finding a certain parton inside a nueleon. f. The cross
seetion & can be evaluated perturbatively. while the parton distribntion funetions f have to
be measured experimentally. However, the f's obey an integro-differential evolution cquation
which can he approximated by methods of perturbative QCD. A factorization seale. g fixes
how the finite contributions to the cross section are shared hetween @ and f (fig.2.9). To avoid
confusion. it is common to choose the factorization scale cqual to the renormalization scale,
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Figure 2.10: The Kwiccinski plot (left) and Martin's road-map to DIS (right) illustrate domains
and effects of different evolution equations.

The generic lepton-hadron cross-section for the process IN — [hX. where N is the target
nucleon and A is either an identified final-state hadron or null in case of an inclusive process. is

1
ox-mx(00) = 3 [ AEFEE 1)ramnla by cr). (2.77)
where a identifies the partons inside N. This factorization theorem is valid to all orders of «,.

The cross section. o is independent of the choice of renormalization scheme and factorization
scale. which however are needed to define . Thus. scheme and scale dependence must be com-
pensated for in the parton distributions. J%. which are therefore scheme- and scale-dependent
themselves. Truncation of the perturbation series spoils the compensation and introduces ar-
bitrary scheme and scale dependence to QCD predictions of o [0OT92).

Leading-order (LO) calculations use trec-level (parton model) 4. one-loop «v,. and parton dis-
tribution functions (PDFs) from onc-loop kernels. As & has no y dependence. o acquires a net
scale dependence through $+ Next-to-leading order (NLO) calculations use NLO 3. two-loop
5. and two-loop evolution kernels. All three contributions now have unambiguous meanings.
and the net scale dependence is greatly reduced as the variation of one factor s compensated
for by the others. given all of them are specified in the same renormalization and factorization
schemes.

The following scctions introduce the evolution equations and review the approximations relevant,
to structure function measurements at HERA. A survey of the approximations together with
their different domains in phase space is given in fig. 2.10.

DGLAP Equations.

By following throngh the different steps of a cascade. an ovolution cquation for the quark
densities can he obtained. A quark ¢ of momentum + can be ercated cither from glnon pair
production or from a quark redneing its momentum by radiating a gluon. In hoth cases the
momentun of the iuitial parton had to he larger than 2. The probabilitics for hoth PLOCesses
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PQG(Z) pqu(z)

qu(z) = Peq(1 _2)

Figure 2.11: The splitting functions Pyi(z) give the probability for an incident parton i to split
into partons f and & with fractions z and (I = z) of the momentum of 7.
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Figure 2.12: Example for the representation of a parton cascade by a ladder diagram. A low-r
quark is produced via repeated gluon emission and quark-pair production. The probabilities
at each vertex arce caleulable through the splitting functions.

should in leading order be proportional to @ (Q?) P, (2). where P,i(z) parameterizes the prob-
ability for an initial parton 7 with momentum fraction ¥ to produce a final quark ¢ with a
fraction z of the initial momentum. ic » = zy. 0 <z < LI (e Q) and g(r. Q%) specify the
number of quarks and glions. then

dq(x. Q%) o (Q?) iy & s & s .
e = o ./J!—/[1’,,,,(;)!/(!/.(2)+P,,.,<;>!/(!/-(._) )} (2.78)

The evolution equation for the quark density is accompanicd by a similar cquation for the gluon
density.

dg(r.(Q?) o (Q%) iy it " r .

; - = — | P,y | - () J L oM 2.79
dlog ()2 2 / v "\ BT E Z, "\ At 27) e
The two equations are known as the DGLAD cquations [Dok77. GLT2 APTT] The evolution
kernels. Py, are the splitting functions. which in LO are

m

Fulz) = —- (2.80)
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Puz) = 3 [240-27. (281)
[)fly(:) = G<1i7+1:z+:(1_':)>- (2.82)
P(2) %1 t-zp (2.83)

Fig. 2.11 shows the diagrams which are contributing to a parton cascade and defines the splitting
functions Pj(z). fig. 2.12 illustrates how a low-u quark is produced via a “parton ladder™.

When solving the DGLAP equations. it is convenient to define singlet and non-singlet distri-
butions.

o

g (€. Q%) = qp(x. Q%) +7y(x. Q7). (2.84)
a0 (0. Q%) = qp(a. Q%) = Gyl Q7). (2.85)

The singlet distribution mixes with the gluon in two coupled integro-differential equations.
while the non-singlet. (or valence) distributions decouple from the gluon. each of them obeying
a single evolution equation. It should be noted that the evolution cquations fix only the ()2
dependence of the parton densities. but neither their absolute value nor their z-dependence.

N>

t

When calculating cross sections. ie integrating (2.78). every parton subprocess contributes by
a factor

/c’(o') k2 o, (k3)
A2 k2 2

to the parton density. These integrations become nested if the phase space is required to be
“strongly ordered”.

P>k, >k, > >k

(2.86)
where 7 counts the parton processes along the cascade (fig. 2.12).
Structure Function Formulae. Renormalization Schemes.
In LO?
Fy(2.Q%) = :I'Zlle(//(.l'.(zz)‘ (2.87)
f

henee LO DIS probes quark densities. and the gluon enters only through the quark evolution
equation. However. in NLO the glion enters divectly into the eross-section via

Fa(r Q%) = > cqqp(ar Q%) +
¥

muf)bjffww+(¥@y}. (2.88)
f

"For brevity, anti-quarks are assmed to be inclnded in the Havonr index. f.
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Figure 2.13: Ladder diagrams representing the LLA (a) and DLLA () contributions to /.

where @ indicates convolution in x. and the (5 ave coefficient. functions which are caleulable in
QCD. Equ. 2.88 is in the MS renormalization scheme®. The entive NLO term can be absorhed
into the LO quark term. thus modifying the meaning of ¢f and maintaining cqu. 2.87 through
all orders of «,. The scheme is called the DIS scheme. and by definition ¢5™% =0 [BBDM78
AEMTS].

Comparison of equs. 2.87 and 2.88 yiclds transformation cquations for parton densitics in the
DIS and MS scheme. Since the gluon density does not oceur in Fa. ¢PS()2) is defined to
preserve the momentum sum rule.

Q) = (140 ()T ) +
ﬁwwmmaﬁ (2.89)
P = 1= Q0™ e g™ -
(vs(()l)Z('ngS ) (;?‘E. (290)
f

To follow the convention. the formulac in this thesis are specified in the DIS scheme.

Leading-Log Approximation (LLA) and DLLA.

Dokshitzer has shown [Dok77] that in an axial gauge ladder-type diagrinms are the sonree for
the leading log (F contribution to the parton densitios. The Teading log, () approximation staits
evolution from non-singlet parton distributions which deconple from the glion. The relevant

"The NS seheme s defined by a certain preseription to caloulate pertnebative matrix elements [BBDNS]|



24 CHAPTER 2. NUCLEON STRUCTURE FROM EP SCATTERING

LO GLAP cquation is

dq™S(x. 2 o (Q? dy Ll PP 2
el bgrz)/,.]_'/ﬂ,.« )(l'\s(!/-Q‘): (2.01)

dlog Q* v " \y
It describes the generation of a low-a quark via repeated emission of glions (fig. 2.13).

[t is useful for the analysis to take moments of eqn. (2.91). since it factorizes nested integrations
over momentum fractions. and represent the quark density in terms of the Laplace-Mellin

transformation [DKMT91].

\ Udx 5
M.(Q?) = /‘)Tf;,-"q(a~.(g-). (2.92)
q(2.Q% = ﬁ/jlx(II:,J‘_"M,,(Q"’). (2.93)

The differential equation for M, (Q?) obtained from (2.91) can be solved to

QZ 'lr,""

Mn((22) = ¢y (lOL’; F) ’ (291)
where A, is the n-th moment of the splitting function P, (z). b = (11 — %Nf)/éhr. and ¢, must
be determined from experiment.

ing £ = : e v expanded i NI — 2 .
Using € = explog€. M,(Q?) can be expanded into a power series in 52 log(log 9\)—) the i-th
term of which can be identified with the contribution of an i-rung ladder diagram to the parton
density in a region of phase space where longitudinal momenta are ordered and transverse
monienta are strongly ordered [Mar93] (of fig. 2.12a).

Q*> k>, > . o>k
Y@y > XBpog >

ic M, (Q%) is cquivalent to a sum of the leading log Q% contributions. The quark distribu-
tions obtained from M, (Q?) via (2.93) are the leading-log approximation (LLA) of the GLAP
cvolution equations.

At small values of = quarks predominantly originate from pair production. and structure func-
tion measurcments in this region are dominated by the asymptotic behaviour of the gluon
density. An estimate for this hehaviour at small values of 2 can be obtained by dropping the
quark distributions and using P,,(z) = 6/z. The relovant GLAP cquation and its solution arc

dg(r. (%) 3o, Yy 5
—_—— = — - «O7); 2.95
Tlog ()2 - / uy(y. Q) (2.95)

3. 1. (7
exp (z\/iw' log, ~ log %,) . (2.96)

(2.95) deseribes the generation of low-. partons via repeated gluon pair production (fig 2.13D)
and predicts the glhion distribution. and together with it the strueture function Fy. to rise faster
than any power of lup,% with decrcasing values of .

v

rglr. Q%)

2
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Figure 2.14: Representation of the BFKI, equation through a ladder diagram.

Equ. (2.95) gives the gluon distribution in the so-called double leading-log approximation
(DLLA). zg¢(x.Q?) can be expanded into a power series in %/()_{/;’lug (7 [Mar93]. the i-th
term of which corresponds to an i-rung gluon ladder in a region of phase space where hoth
longitudinal and transverse momenta are strongly ordered (of fig. 2.13h). ic

P> k3, >k, > > k1.
YTy > o> > .

BFKL evolution into the small-z regime.

In the DLLA expansion into the small-z regime. the Togarithms of @ are accompanied by factors
of log Q2 duc to the constraint of strong ordering. To evolve the parton densitios into the HER A
domain at small 2 and relatively low Q2. the ordering of momenta within the ladder needs to
be dropped. and the integration has to he performed over the entire phase space.

The integration receives contributions from a whole sct of non-planar diagrams with vertical
ghion lines. however it can be represented in terms of ladder diagrams (cf fig.2.14 [M:u'!).’i])A The
result is the BFKL cqnation [BL78. KLF77]. a recursion relation in terms of the nnintegrated
gluon distribution f(.r. k).

2 2 ’l", ’ 127 ’ ’ ” -
Fulw ) = / 7',-/,//\-7-/\(/.»-, W) o (12, (2.97)
= Nioof,_. (2.98)
) Q2 X
rglr. ()%) = —L (k) (2.99)
| e
with [(rk7) = 57 f,(r43) (2.100)

=l
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The hat in cqn. 2.98 indicates a convolution in both .« and k3. K (kg. k%) is the Lipatov kernel.
which includes contributions from real and virtual gluon cmission.

In the BFKL approximation transverse momenta are no longer ordered along the ladder. hence
inner gluon lines might contribute with values of k%, < Q3 which are below the infrared limit
of perturbative QCD. This problem can be avoided by concentrating on high-Q? cvents with
a high-cnergetic jet (“trigger jet™) at k%_w =~ ()2, as those cvents have Q2 k2 > QF. ic both
ends of the ladder are at a sufficient distance from the non-perturbative region [Mue90. Muc91].

The BFKL cquation can be solved analytically for fixed . It predicts the gluon distribution
to behave at small z like

rg(x. Q) = (2.101)

9 2
y oo 2@ o (2.102)
™

2

For typical values of « the exponent is X = (0.4,

Marchesini Equation.

Marchesini. Catani and Fiorani have obtained a recurrence relation in terms of a multi-gluon
integrand f{®(k; ... k,). The integrand corresponds to a configuration R of r real and n — 7
on-shell virtual gluons. f(®) is computed iteratively from f,(,frl) by adding a softer real or virtual
gluon &, to R in all possible ways. The relation can be used to derive the GLAP evolution
cquations for large = and the BFKL cquation for small = [Mar92].

Recombination Effects. GLR Equation.

The gluon distribution zg(x. Q?) cannot. rise indefinitely with decreasing = as predicted by the
BFKL cquation. The Froissart bound [Fro61] constrains the total photon-proton cross section
to

g1 (Y'p) <K 7r1?,,.2 In?s. (2.103)

where R, is the radius of the proton. The cross-scetion is given by eqn. (2.33). In the BFKL
approximation. the parton density increases at small & like 27%00+(@Q) (¢f oqn 2.101). Inserting
the BFKL result for Fp. the constraint from the Froissart bound becomes

4200 (Q?) :
——aéithmW” < 7R (lns). (2.104)
where o has been replaced by, (Q?) since the probe can also be a virtual gluon (Levo2). It
follows that the Froissart bonnd would be violated if o assumes values helow ;. where

1 Ifin In? s

1
l s = ] y ) 5 r
”k.‘.m T og () (2.105)

!
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Figure 2.15: (a) Basic diagram for gluon recombination. (h) Visualization of shadowing in the
nucleon (ref. text). (¢) Example for a non-planar ladder diagram responsible for shadowing s
described by the GLR equation.

Eqn. (2.105) can be interpreted by a classical argument: An incident photon with momentum
Q% resolves partons at a size of 7, = 1/Q. With the number of partons increasing as » decreases.
the proton fills up. and at some x5 no more space is available for additional partons inside
the proton. The partons overlap (“shadowing™). and parton recombination processes damp
the growth of the parton density (fig.2.15a.b). As higher-)® photons are probing for smaller
partons. T4 decreases with increasing Q2.

It has been attempted to include recombination effects to the parton distributions by adding
non-lincar terms to the GLAP equations [GLR83. MQ86. BR91]. Shadowing can be ascribed
to the contribution of non-planar diagrams becoming significant at small values of » (cf fig.
2.15¢). [GLR83] estimated shadowing under the assumption that the conpling of n ladders is
proportional to the single ladder coupling raised to the power of nand were able to deseribe it.
by an additional quadratic term in the BEKL equation which snppresses the growth of g (. (%)
at small values of 2.

Of (. k%)
Dlog 1

L)

‘smjhdh“ﬁk%]' (2.106)

= Ko f-—-+5
COS - Toreg

Obscrvation of shadowing wounld allow to determine the pavamceter It from (2.106). 10 1 assiumes
the value of the proton radins. the proton can he pictured as heing filled with glions. whereas
smaller values of B would indicate that the phions cluster within the proton in so-called Lot
spots [Mue90. Muc91. BBRKO1].
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2.5 Parton Parameterizations

The factorization theorem. (2.77). illustrated the importance of parameterizations of parton
densities as an input for quantitative QCD caleulations. The evolution equations fix the Q?
dependence of the parton paramecterizations. but absolute values and dependence have to be
determined from experiment at a given value Q2.

2.5.1 Extraction of Parton Densities from Experiment

Parton parameterizations obtained from global QCD analyses have to describe any experimen-
tal data which is sensitive to parton processes. Such data include direct structure function
measurements. which in LO are sensitive to valence quarks and sca quarks: measurements of
Fy/Fy. which dircctly probe the (a)symmetry of the u and o sea: collider data on prompt
photons as a measure of the gluon distribution via g¢ — ¢y: Drell-Yan production of lepton
pairs in pN collisions. which are predominantly produced by annihilation of a valence quark
with an anti-quark from the sea: or measurements of W and Z cross sections whicl are sensitive
to individual flavour distributions.

The approximations referenced in the previous sections suggest asymptotic forms for large and
small z. Taking eg sca quarks. their distributions should vanish at = ~ 1, while at small z the
BFKL approximation may be used as an estimate for the rise of their densities. Hence

rqp(x. Q) = Ap(1 —agr)ra=, (2.107)

where f stands for the different flavours. can be used as a naive ansatz for sea quark dis-
tributions. Different parametric forms have been used to extract parton distributions from
experimental data. most of them being of the type

xqp(r.Q3) = A,(l—n,a')?n:""’[’,(:)‘)‘ (2.108)

where Pp(.r) stands for a function of z. Typical choices for Ps(r) are sccond order polyno-
mials modified with logarithmic or /7 terms. Recent analyses. which evolve partons into the
kinematic regime of HERA. are introduced in section 2.5.3.

The parton distributions are constrained by sum rules. The three most relevant sum rules ave
the momentum sum rule. the Gottfried sum rule. and the Gross-Llewellyn Smith sum rule.

1
Lisp = A dr :r(qs‘(:r)+g(:l')) = (2.109)
Tdr 1
- = [P ) = TN = = :
Igsn = A —[FY) = Fy(o)] = 5. (2.110)
1y ;
Voron = A %..4/?3(..-):3(1 —”7‘ +) (2.111)

The momentum sum rule (2 109) gives a relation between the amount. of gluons and quarks
in the proton. Its valne has to be determined by experiment. The amonnt of glnons in the
proton has to he determined by experiment. The other two suim rules can be obtained dircetly
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Experiment, heam target measurenients " 0 [(h-\']] publication
BCDMS NA1 It C Fs 0.25...0.75 25...260 [BCDST:]
H,. Ds B R 0.07...0.75 7...260 (BCDIO)
BEBC  WA25 12 D> Fr.aFy 0.028...0.7 0...64 [BEBS5)
WA21 | v H, 0T 0.1...07 | 86...142 (BEB9O]
CCFR v Fe Fy.nFy 0.015...0.7 1.3...200 [CCF92)
CHARM  WAIS 12 CaCOy Fo.xFy. Fy 0.02...0.4 0.8...18.9 [CHASH)
CHIO v H,. D» F. R 0.0005...0.7 | 0.2...80 [CHITY)
CDHS WA1 12 Fe F>.rF3. R 0.015...0.65 | 0.5...200 [CDHS3)
CDHSW WA1/2| v Fe Fp.xFy. FL.@” | 0.015...0.65 | 0.19...200 |  [CDH91]
BFP I Fe Fy 0.08...0.65 | 5.5...220 [BFPSG]
EGG5 It Hy. Ds. A F> 0.0009...0.37 | 0.2...65 [E6694)
EMC NA2 I Fe F> 0.03...0.8 2...250 [EMCS0)
Hs. D» F> 0.03...0.75 7...170 [EMC87)
EMC NA28 n D> F> 0.002...0.17 [ 0.2...8 [EMC90)
NMC NA37 It Ho. Da. A F> 0.006...0.6 0.8...75 [NMCo1}
Ho. Do A | Ky /FYFFY | 0.003...0.7 | 0.17...100 [NMCo1;
SLAC c Hs. Dy F. R 0.07...0.85 0.5...20 [WRD+92]

Table 2.2: Survey of some pre-HERA fixed-target experiments. The table lists name and type

of experiment. the measurements which were performed. the maximmm extension of phase space
. : 2 - .

which was covered in 2 and Q2. and a recent publication. A and A’ stand for nuclei other than

Hy and D,. eg He. Li. Xe. Fe.

from the QPM: the Gottfried sum rule (2.110) fixes the valence quark flavours of the nueleons.
assuming ¥ = d. and the Gross-Llewellyn Smith sum rule (2.111) evaluates the quark singlet
distribution ¢! = ¢ — 7 to determine the number of valence quarks in the nueleon.

Several sets of parton parameterizations have been created using different approaches to the
input structure functions. The most recent. give a good deseription of data available from the
pre-HERA era. but show sizeable differences when extrapolated into the kinematic region which
is probed by the HERA experiments. The parameterizations and the experiments on which
they are based are briefly introduced in the following sections.

2.5.2 Pre-HERA Experiments

Table 2.2 gives a survey of stracture function measurements which were performed hefore HERA
data taking started. In all the experiments a lepton heam and astationary target was nsed.
Most of them use g or v heams.

The first generation of parton parameterizations has been obtained from measnrenment s of the
carly 19805, They were followed by more aceurate data from the “classicnl” decp inelastic
non-seattering experiments (BCDMS. EMC). and by neutrino data (cg, CCFR. CDHSW).
Recently. the NMC collaboration has extended the measnred phasc-space to smaller o and

provided a high-statistics measurenment of the ratio FYJEY by comparing data from 1y and 1),



30 CHAPTER 2. NUCLEON STRUCTURE FROM EP SCATTERING

targets. [BCKKIL. Vir92] review the experimental sitnation hefore HERA data taking started.

In some experiments nucleon structure functions have also been determined from heavy-nuelei
targets. (A). It was generally expected that such structure functions would differ only slightly
from those measured with hydrogen targets. (D). hecause structure functions deseribe small
distance scales.  However. the EMC collaboration [EMC88h. EMC88a] and later BCDMS
[BCD87H] and SLAC experiments [WRD*92] found the ratio

A
F{M (. Q)
D
F7(2.Q?)
to vary between 0.8 and 1.1. depending on 2. The ratio reaches its minimum for @ = 0.3...0.8.

implying the relative importance of valence quarks being degraded in a nucleus compared to
the free nucleon [Rob90]. This result became known as the "EMC cffect”.

2.5.3 Some Recent Parton Parameterizations

Three groups have emerged which obtained parton parameterizations from global NLO QCD
analyses and made predictions for the parton densities in the HERA regime. The analyses
of the CTEQ collaboration [CTE93] and Martin. Roberts and Stirling (MRS) [MRS93b] start
from phenomenological ansatzes for the x dependence of the different valence and sea quark
distributions and the gluon distribution at a given Q2. which are then evolved in Q2 using the
NLO DGLAP cquations. Gliick. Reya and Vogt (GRV) [GRV92] fix boundary conditions for
anti-quarks and gluons at a very low Q% = ;2 = 0.3 GeV2. use an MRS parameterization for
the valence quarks at Q2 = 4 GeV2. and “radiatively gencrate” parton distributions through
the RGE. In addition to the NLO analyses. CTEQ and GRV provide LO PDFs to reduce

computing power requirements when making estimates for future experiments.

The following sections briefly introduce the analyses of the different groups. The parameteri-
zations which are used for the analysis of the 1993 HERA measurcinents are characterized in
table2.3. Up-to-date parton distribution functions (PDFs) are kept in a database at CERN
and can be accessed through the PDFIib programme package [PB93].

CTEQ Collaboration.

The CTEQ collaboration® obtains parton distributions through a global NLO QCD analysis
of data for various hard scattering processes. The hard cross-sections of all processes included
in the analysis are caleulated in pQCD to NLO in o, [CTE94]. The individual partons are
parameterized at Qg = 1.6 GeV. which is taken to be the charm threshold. and are evolved
in Q% using the GLAP cquations with two-loop expressions for the splitting functions and the
running coupling. The caleulations are performed in the MS scheme.

The CTEQ PDFs are updated whenever new data become available. CTEQ PDFs are labeled
CTEQnX. where o denotes the generation of the PDF and X identifies the constraints and

“The work of the CTEQ collaboration continues previons analyses from Duke and Owens [DDR83. DO84Y]
and Morfin and Tang [NTO1].
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CTEQ MRS GRV T
INPUT DATA “"T"
DIS BCDMS Fi7 Fy7 BCDMS Fy7 R FY" Ry o
EMC F}" JFy" EMC FI7 (:0.07)
NMC F§* Fy FY" JFY” NMC FY . FY RS Ry
H1.ZEUS Fy" (1992) SLAC Fy". Fy!
CCFR FyY.aFyY CCFR Fy N aFyY T
CDHSW Fy~ . pFy~
prompt y WATO WAT0 a o
E706
UAG
Drell-Yan  EG05 EG05 EG05 T
CDF
W/Z prod. CDF T
UA2
BOUNDARY CONDITIONS AT ;.2 o
w2[GeVE 256 4 0.3 (2 203 cp) T
wg(x. ji?) Ax(1 = x)?
x7(x. p1?) Ale'(1 = )
zd(z. ) o %)
IS(;E./I.Q) %(.'I.'T_I.(Zlﬂ /l."’) + ;rr—l(.r. /1.2)) }(:rﬂ(.r. //2) + J'r_l(.la /1.2)) 0
ze(x. pi?) 0 0 0
INPUT PARAMETERIZATIONS AT 32 -
Q3[GeVE] 256 1 1 -
xf(x. Q3) A{,:z-"f(l — )Y x Aparbr (1 — ) x Apabr (1 — o) x
(1+ Afz) (14 4/ + pr) (14 65/ + )
f=u..d,.. %(ﬂ +d).s f=u.+d..d.S f=u. +d,..d,
xg(z, Q?‘,) Agy:"f(l - _r)‘g x A!,.‘Hb"(] =) x
(14 Agrt) (14 y,1)
aA(. (}(:;) AJ:::‘*IM (1 =)t A (1 =)
(1+ A7 /x + Ajx)
CONSTRAINTS

2d =045 + A
2 =045 - A
bs = /),,
RESULTING SETS OF PDFs o

2M: best fit. A] = =026 S: 8, =0.7=4d HO: NLO QCD evolution
2MS: A{ = —% Db, =07 #d LO: HO terms dropped
2MF: A] =0 D™ 8, = —da#d
2ML: Al = 220MeV  D3iowea R = 5. 2GeV ™! o
Ao
ALLp[MeV] 235 215 + 60 200° .
AGep[MeV] 139 153"
AGep[MeV] s3°

Table 2.3: Overview of parton distributions nsed for the 1993 analysis of HERA data (¢f text)
A parameterizes the favonr-SU(2) asymmetry of the sea. A = d = 7. Parameters marked with
an asterisk () were fixed for the analysis.



32 CHAPTER 2. NUCLEON STRUCTURE FROM EP SCATTERING

assumptions which have heen imposed on the distributions. So far. CTEQ has performed
three global analysis. The CTEQL analysis [CTE93] was based on structure functions and
cross-sections for Drell-Yan aud prompt-y production obtained by pre-HERA experiments.
The CTEQ2 analysis was made available after the initial structure function measurements at
HERA had been published [H1 93a. ZEU93d]. It was widcly used for the analysis of the 1993
HERA data and is characterized in table 2.3.

The CTEQ2 analysis has been published together with the most recent CTEQ3 analysis
[CTE94]. which also incorporates novel data on the asynunetry of Drell-Yan production from
proton and neutron targets from NASL and on the lepton-asymmetry in W production from
CDF. The CTEQ3 analysis requires 15 independent shape parameters

Martin, Roberts and Stirling.

MRS PDF's arc obtained in much the same way as those from CTEQ). however the analyses differ
in the type of input parameterization, the sclected input data. and the relative normalization
of the different input data sets. MRS paramcterize the partons at Qo = 2GeV. which is
expected to be sufficiently large for the pQCD evolution to be valid. Again. the Q* dependence
is established through the NLO DGLAP equations. and the PDFs are fit to experimental data
on hard scattering processes.

Before HERA data taking started. MRS PDFs [MRS93b] were based on structure function
measurements from fixed-target muon and (anti-)neutrino scattering and on cross-sections for
Drell-Yan. prompt-y. W and Z production. The sets D° and D~ label PDFs with a flavour-
SU(2) asymmetric sea (ic @ and d D’ ifferent) and flat (Regge-type) or singular (BFKL-like)
gluon distribution at small o, respectively. The set S? indicates Regge-type gluons and an SU(2)
symmctric sea (ie 7 and d the “S"ame). For studies of DIS at HERA. additional D- sets are
provided assuming GLR-like shadowing for R = 2GeV™! and R = 5GeV~!. The MRS PDFs
have been updated once [MRS93a] (S°°. D*". and D7) when more precise data from COFR and
NMC became available. The analysis is characterized in table 2.3.

The initial F3” results from HERA measurements have been incorporated into the unpublished
set MRS(H). The most recent analysis. MRS(A) [MS94]. is tuned to include the asymmetry
measurements from NAST and CDF. and an EMC Fj mecasurement from the process pN —
ceX. The latter leads to a modified treatment of charm compared to the previous analyses. It
is now assumed that the charm distribution e(x. Q) = 0 for Q% < m? Massless NLO GLAD
evolution then results in e 2 0.1s at Q2. where s is the strange distribution.

Gliick, Reya and Vogt.

Contrary to the other two analyses. GRV make assumptions on the nature of the valence (uarks.
- > 5 .

shions and sea quarks in the proton at very low 02 = 42, thus they only need to fix the valence

quark distribution at a given (2 to nniquely determine individual parton distributions.

GRV assume that the proton consists at Q2 = 2 = 0.3 GoV? = 2/\'("2(.1) cntirely of valenee

2.5. PARTON PARAMETERIZATIONS 33

quarks and “valenee-like™ gluons [GRVI0]. ic they postulate

2 n, .
rglaeopm) = —3’ (.ru,.(.r. 12) 4 d (o, /12)) (2.112)
aqlap?) = 0. (2.113)
The index v indicates valence quarks. ¢, = ¢ — g and n, =2 connts the mumber of gluons.

Thus the nucleon can be pictured to consist of three valence quarks and two constituent gluons.
Two gluons can combine into a colour and spin singlet. as recuired for the nueleon. Tn a more
recent publication [GRV92]. GRV relaxed the houndary condition to acconnt for the NMC
measurement of F3"/FI" by allowing finite light sca densitios at Q% = ;2 and they now
parameterize

wg(e. )
2T (. //2)

A (1 —r)’ (2.114)
A (1= )" = (. p?). (2.115)

Il

Once the boundary conditions at ;2 are fixed. only the valence quark distributions have to
be parameterized and fit to experimental data. The glion and sca quarks can he uniquely
determined from QCD evolution through the RGE. GRV use KMRS-B~ [KMRS90] partons
to paramcterize the valence quarks at QF = 4GeV2 Sinee the contribution of the valenee
guarks becomes small with decreasing . GRV partons arc uniquely determined althongh the
experimentally measured phase space is rather limited towards small values of . GRV provides
PDFs in the kinematic range 107% < r < 1. 0.3 GeV2 < Q% < 108 GeVv2,

2.5.4 Results and Expectations from HERA
Phase Space Covered by 1993 HERA Measurements.

With the beginning of HERA data taking the kinematic region of structure function measnre-
ments has been extended by more than two orders of magnitude towards hoth lower values of
and higher values of Q% The HERA experiments have for the first time scen an merease of the
structure functions with decreasing @, By shifting the nominal collision vertex the accessible
kinematic domain has been further extended to overlap with fixed-target data of pre-HHERA
experiments.

With an integrated luminosity of 0.54 ph-! during the 1993 data taking period. the ZEUS
collaboration published 56 data points for Fa(.Q?) in the region 0.0003 < » < 0.1 and
8.5 < Q2 < 2000 [ZEU95¢].  Similar results have bheen presented by the HI collaboration
[H1 95]. Fig. 2.16 shows how the measured phase space is extended by the present HERA
experiments.

Small-r Behaviour of [,

At very low values of . shadowing offects are expected to dimpen the vise of the strneture
function. GLR-type shadowing is estimated to becone significant for o values helow r,,, =2
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Figure 2.16: Phase space so far accessed by HERA experiments (solid line). The lower limit is
due to the beam-pipe opening in the detectors. the upper limit results from the cross-sections
becoming too small. The shaded areas show the kinematic regime covered by pre-HERA fixed
target experiments. The dashed lines are lines of constant y (1. 0.1. and 0.01).

O(107*). assuming R =3...5GeV~1. A MC study [GKR94] investigated whether such effects
will observable by the HERA experiments. It turned out that recombination effects can be ruled
out if they do not exist in the HERA x domain. however their presence will not be quantifiable
if they exist.

Shape of the Gluon Distribution.

The small- behavionr of the structure function is directly linked to the glion density at small
+. So far. the gluon density has bheen extracted at Q% = 20 GeV by using (N)LO approximations
of the evolution equation for the structure function [Pry93. Pry94. EKL94] and by performing
a full NLO QCD simultancons fit of the ZEUS and NMC data [ZEU95a).

For increased statisties corresponding to an integrated himinosity of £ = 20 ph~" it has been
proposed to measnre the longitudinal structure function Fr from radiative events. and to nse
Fr to extract the gluon density [CSDL91].
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Flavour-Asymmetric Sea-Quarks. Valence-Quarks.

[t has been pointed ont that valence and sca quark PDFs can be unfolded from HERA mea
surements if the machine is run in e™p and e*p mode and both NC and CC cross sections are
used [IR89]. Currently. valence quark distributions are obtained by measnrements of the 1
production cross-scction in pp collisions (u. ) and from the difference of structure functions
from neutrino and muon scattering (s).

Assuming massless quarks. the light sca is expected to be flavonr-SU(3) symmetric. Neutrino
di-muon data. however. indicate that the strange sca. 5. is suppressed by a factor of £ compared
to 7 and d. Recent measurements of the asymmetry in W-hoson production and difference in
Drell-Yan cross-scctions for protons and neutrons indicate that also Havour-SU(2) symmetry
of @ and d is broken. The most recent PDF analyses impose § = (7 4 d) /4 and parameterize
(d — ).



Chapter 3

HERA and ZEUS

3.1 HERA

HERA! the world’s first clectron-proton colliding facility. is located at DESY in Hamburg.
Germany. HERA provides clectron-proton collisions at a design CM energy of /s=314 GeV.
The first collisions were observed on October 19, 1991, at V/5=152GeV. Operation for physics
measurements started in spring 1992 at a proton beam energy of 820 GeV and an electron beam
cnergy of 27GeV. yielding /s=298 GeV.

The HERA accelerator is accommodated in a 6.3 km long underground tunnel.  About one
fourth of the tunnel runs under a populated arca. the remainder surrounds a large recreation
arca. Four large halls are constructed around HERA's four interaction points. offering room
for HEP experiments. Two halls are occupied by the experiments H1 (north hall. [H1 93b])
and ZEUS (south hall. [ZEU93a]). which are running since HERA first delivered luminosity.
The remaining two halls are allocated to the experiments HERMES (cast hall. [HER90]) and
HERA-B ([HER94]).

Fig. 3.1 shows a bird eyc’s view of DESY (with the airport in the background). Dashed
lines show the locations of the HERA tunnel (10m-30m undergronnd) and the older PETRA
accclerator. which swrrounds the site of DESY. capital letters indicate the location of the
experiments.

3.1.1 Machine Layout

Figure 3.2 shows a schematic view of DESY s accelerator complex. Lincar aceelerators (linacs)
are used for the mitial acceleration of clectrons. positrons® and protons. A positron mtensity
acenmulator (PIA) helps to increase positron heam currents. The beams ave further aceelerated

Yabbr for “Hadvonen-Elektronen Ring Anlage™. hadvon electron ving acceleraton
“Positrons have been nsed in pre-HERA « F “-colliding experiments at DESY and were used at HER A
instead of electrons during the second half of the 1994 data taking period.

36
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Figure 3.1: Aecrial view of DESY in Hamburg, The dashed lines show the location of the
PETRA and HERA colliders. The ZEUS experiment is located in the HER A south hall (S).

in the synchrotrons DESY-1I (¢%) and DESY-III (p) and the PETRA? accelerator. which was
used for e*e collisions till 1988 and then modificd to become a pre-aceelerator for HERA.

PETRA accelerates electrons and protons to an energy of 14 GeV (12 GeVin 1993) and 40 GeV.,

*abbr. for “Positronen-Elcktronen Tandem Ring Anlage™. positron clectron tandem ring accelerator

P 39m
! Volkspark-
+ stadium

protons East Hall
HERMES

South Hall
ZEUS

Figure 3.2: Schematic view of DESY s acceleraton complex (ef text)
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clectron ring  proton ring

circumference

filling time

injection cnergy

beam energy

cnergy in CMS
magunetic bending field

no. buckets

no. bunches

no. particles/bunch
beam current
current/bunch

-

Or

T

bean crossing interval
beam crossing angle
Inminosity

specific Inminosity
polarization time

6336 1m
15 min 20 min
14 GeV 40 GeV
30 GeV 820 GeV
314 GeV
0.164T 4.682T
220 220
210 210
0.8- 1013 2.1- 1013
60 mA 160 mA
0.3mA 0.8 mA
30 mm 440 mm

0.264 mm 0.300 mm
0.017 mm 0.095 mn
96 ns
0 rad
1.5-10% cim—2s~!
3.3-10% cm~ 2%~ mA 2

25 min

Table 3.1: HERA design parameters.

respectively. To achieve optimum luminosity in the HERA collider. first the proton beam is
injected. ramped to its nominal energy of 820 GeV. and stored in an orbit which is well-separated
from the interaction points (IP). Then the electrons are injected and ramped to their nominal
cuergy.  The electron orbit is fixed. and the proton beam is directed into the orbit of the
clectrons at the IPs.

While circulating. the electron beam may become transversely polarized as the electron spins
predominantly adjust anti-parallel to the magnetic bending ficlds [ST64]. Specially developed
spin rotators are foreseen to turn the electron spins to become (anti-)parallel to the orbit at
the interaction points. The theoretical limit for the degree of polarization is Py = 92%. so far
70% have been reached. Table 3.1 summarizes the design paramcters of HERA.

3.1.2 Physics Potential

Lepton-quark collisions at high energies involve a variety of processes which are snitable to
probe different physies aspects within the Standard Model (ef cg [RosO4. Par94]) or beyond.
The physics which can be studied at HERA is extensively disenssed in [HER87. HER91] and
is briefly reviewed ineg [Wol94]. Some topies are highlighted in the following paragraphs.
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(a) (b)

N >

(c) (d)

(==

Figure 3.3: Examples for processes which contribute to the photoproduction cross section: (a)
basic diagram. (b) VDM: basic diagram. clastic scattering and hard interaction within VDM.
(¢) direct processes: BGF (left) and QCD-compton (right). () quark or glion from a resolved
photon.

Deep Inelastic Scattering.

Deep inelastic scattering and the opportunities it offers to study QCD at low o have already
been discussed in the previous chapter. although the disenssion was limited to wnpolarized
beams and neutral current exchange. Since the experiments measure the entire final state.
other fields of rescarch include jet studies and hadronic energy flows. which can he nsed to test
QCD and derive the running coupling constant. «v,. and to test fragmentation models. Other
topics are the study of diffraction and measurements of heavy-flavonr production in DIS

Charged currents lead to the production of a final state nentrino and allow a measurement of
the clectroweak parameters of the SM. The first measurements [H1 94, ZEU95L] demonstrated
the influence of the W opropagator on the cross section. The TIERMES collaboration [HERO0]
will measure the scattering of polarized clectrons from the HERA clectron heam off a polarized
SHe targoet.

Photoproduction.

cp collisions can be related to (virtnal) photon-proton interactions. where the clectron heam is
simply responsible for the presence of the virtual photons (fig. 3.3a). The total photon-proton
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(o) (b) (c) (d)
e e e v e eV e e
=
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Figure 3.4: Lowest order diagrams for NC (a) and CC (b) interactions compared to s-channcl
production of lepto-quarks (¢) and lepto-gluons (d).

cross section. o, can be extrapolated from the structure function. F. for Q* — 0 [Lev9s)

4 4111;‘2,;1:2 +Q?
Q1 1-

an (W) Fy(2.Q?). (3.1)

using W2 = (L - 1)Q? + m?.

The bulk of interactions at Q% & 0 can be described by the vector-meson dominance model
(VDM). The VDM assumes the photon to fluctuate into a vector meson (p. w. ¢). which then
interacts with the proton. It thus relates photoproduction to hadro-production cross sections
(cg m*p. K*p. pp). Consequently. the VDM predicts the total photon-proton cross section to
be almost independent of W.

Contrary to vector mesons. photons also have a point-like coupling to quarks. which leads to
diagrams beyond the VDM. QCD Compton (QCDC) and photon-gluon fusion (BGF) arc called
direct processes (fig. 3.3¢). since they are due to the dircct coupling of the photon to a quark.
Fig.3.3d shows examples of resolved processes. in which partons cmerging from the photon
couple to partons in the proton.

[nitial measurements of photon-proton reactions at HER A energies (H1 93¢, ZEU92a] indicate
that the cross section receives both VDM-like and hard contributions. Studies of final-state
transverse momentum distributions and observation of di-jet events established the presence of
hard processes and identified both direct and resolved processes.

Measurement of phiotoproduction of jets is sensitive to the photon structure function. Exclusive
measurenients of heavy flavour production. which proceeds predominantly via the BGF process.
are sensitive to the glion density in the proton. and allow to scarch for rare decays as a possible
indication for physics beyond the SM.

Searches for Exotic Particles.

Extensions which have heen proposed for the SMinclude lepto-quark (or lepto-gluon) reso-
nances resulting from a new interaction of a lepton and a quark (ghion). Compared to other
experiments. HERA offers a complementary search possibility for lepto-quark (LQ) production
in the s-channel. cq = L — 1'¢". of fig. 3.4,

3.1. HERA 1

(o) (b) (c)

Figure 3.5: Some diagrams for the production of excited electrons at HERA: (a) hasic diagram
for ep — ¢* X (b) t-channel contribution of . (¢) s-channel coutribution.

Lepto-quarks would be signaled by a peak in the distribution of the invariant mass of the final
clectron-quark system. M.,. or cquivalently. in the = distribution at rg = 711?_()/.9. where myy,
is the mass of the lepto-quark.

The cross section for lepto-quark production is given by

aleq — LQ) = :—qg;gtl(:4x'[,. Illi(!). (3.2)

where g = /g% + g%. gr.p are the left- and right-handed couplings. and ¢ is the quark density.
The cross section is of the order 100 pb for lepto-quarks of myg=100GeV and g of the order of
the standard gauge coupling. HERA is expected to be sensitive to leptoguarks of masses up to
200 GeV and couplings as small as g = O(10=3,,,) [BRW8T].

Excited fermions. f*. would indicate a new substructure in leptons. At HERA. they conld he
produced via e¢p — * X (fig. 3.5). They would decay into ey, ¢Z. or ¥W. The cleanest signal
can be expected from the ey decay channel. corresponding to a relatively quict event. with a
wide-angle clectron-photon pair [BDK93).

A signal for e*-production would be observed in the distribution of the invariant mass of the
clectron-photon pair. M,.. The major backgronnd from wide-angle QED Compton cvents can
be suppressed by requiring M., > 90 GeV. the mass limits for excited clectrons obtained by

LEP.

The cross section for e*-production would he of the order of Lph or less [HKZ85] for excited
clectrons with masses above 50 GeV., Requiring at least ten observed events, for a compositeness
scale of O(1TeV) HERA would he sensitive to e with miasses up to 160 GeVoat an itegrated
lnminosity of £=200ph=" [BDK93].

3.1.3 Operation in 1993

In 1993 HERA delivered Tnminosity for physics measnrements from the end of June fll the
end of October. Not all of HERAs design values have already heen veached during tis pe-
riod. The electron heam energy was linited 1o 26.67 GeV sinee some super-conducting cav
ities were not yet installed. The achieved maxinnmm hiinosity was £ = 0.7 10" ey s !
with typical heam enrrents of 10-15 mA. however the maxinm specific Tmninosity of £,
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Figure 3.6: Integrated luminosity (left) and luminosity per day (right) for 1993 HERA data
taking period.
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Figure 3.7: Buueh filling scheme for 1993 HERA data taking period. The histogram plots the

nnmber of DIS candidate events observed by ZEUS versus the bunch nmmber. Bins with more

than 103 cntries correspond to colliding bunches. while bins with about 102 entries indicate
pilot hbunches (ef text).
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Figure 3.8: Three-dimensional view of the ZEUS detector (of text).

2 2

7.5 102 em™ 27 TmA 2 exceeded the expectation by more than a factor of two. The integrated
luminosity observed by ZEUS was 550uh=" (ef fig. 3.6). which is about twenty times higher
than the lnminosity collected in 1992.

Fig.3.7 shows the bunch configuration of 1993. The machine collided 84 electron hunches on 8.4
proton bunches. with an additional 10 (6) unpaired clectron (proton) bunches for backgronnd
studies (so-called pilot hunches). The colliding bunches traveled in groups of ten. being sepa-
rated by gaps of 14 buckets. The clectron pilot bunches were placed in two subscequent. buckets
in the center of the first five of these gaps. while the proton pilots traveled as a train following,
the last four colliding bunches.

3.2 ZEUS

ZEUS [ZEU93a] is a collaboration of more than 450 physicists. engineers. and technicians.
coming from 51 different institutes of 12 nations. The ZISUS collaboration constructed a mnlti
purpose magnetic detector for one of HERA s inferaction vegions.

Fig. 3.8 shows a three-dimensional view of the detector The electron heam enters the detector
lal
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Figure 39: Schematic views of the ZEUS detector: Cross seetion (top) and lTongitudinal cut
(bottom). The different detector components are explained in the text)
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from: the left. the proton heam from the right.  The interaction point is surrounded by a
tracking system. whicl sits inside athin super-condne ting solenoid producing a magnetic ficld
of up to L54T to deflect charged particles. A high-resolution nraninme-scintillator sandwich
calorimeter absorhs the final state particles. The detector is encapsulated i an iron return
yoke for the magnetic ficld. which contains a backing calorimeter and has chambers for mmon
detection mounted on its inner and onter sides. The setup is completed by a forward' mmon
spectrometer. a veto-wall which indicates that particles which were produced upstream of the
interaction point enter the detector from the back. and some detector components close to the
beany axis to catel particles which escaped the main detector through the heam-pipe openings.

The following scetion gives a brief overview of the major detector components. Fig. 3.9 shows
a longitudinal cut and a cross section of the detector and indicates the location of the different
detector components. The major characteristios of the detector ave stunmarized in table 3.2,

The trigger and data acquisition system is deseribed in a separate section.

3.2.1 Detector Components
Calorimeter.

The ZEUS calorimeter is designed to give the hest possible resolution in the measurement. of
hadronic jets. to have a good resolution for clectromagnetic showers. and to give a uniform
response over as much of the solid angle as can be covered by detector material, 1t consists
of a high-resolution inner calorimeter (CAL). and a lower-resolution outer backing calorimeter
(BAC). The high-resolution calorimeter is described in detail in [D*91. ZEU91a. ZEUY3a)

The backing calorimeter consists of proportional tubes. which are interleafed with 73mm thick
iron plates of the return yoke for the magnetic field. The ten layers of iron correspond to a
thickness of 4.3Xg. where )y is the hadronic interaction length.  The purpose of BAC is to
tag jets which leak out of the high-resolution calorimeter. Its hadronic cnergy resolution is

oW/ E % 100%/,/E[GeV].

The high-resolution calorimeter is realized as a uraninme-scintillator sampling calorimeter, It is
mechanically divided into three sections: the forward calorimeter (FCAL). the barrel calorime-
ter (BCAL). and the rear calorimeter (RCAL). The barrel calorimeter surrounds the contral
detector region and the solenoid and consists of 32 wedge-shaped modnles with typical dimen-
sions of 3mx0.5mx1.7m. FCAL and RCAL arc made from (quadric modules of 20 e width,
which are arranged to form walls perpendienlar to the heam axis at hoth cnds of the BCAL
The heights of the FCAL and RCAL wmodules are varying from 220 cn to 160 cmdepending on
the module’s distance to the heam axis. moduale depths vary accordingly from 117 e to 153 ¢
in the FCAL. and 69 cm to 87 em in the RCAL. Fig. 3.10 shows the largest FCAL modnle

The solid angle coverage is 99.8% in the forward hemisphere.and 99.5% w0 the vear. The pola

"The coordinate svstem aligns the c-axis with the proton heam divection. The o axis points to the center of
HER A the 4 axis points upward,
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Vertex Detector (VXD)

active radius 106.5-142.5  mn
active length 1590  mm
polar angle coverage 8.6° — 165"
Lorentz angle 59
position resolution 35 pm
Central Tracking Detector (CTD)
active radius 190-785 mm
active length 2024 mm
polar angle coverage 159 — 1649
max. drift time 500 ns
Lorentz angle 45"
position resolution 100-200  pm
z resolution (stereo) 1.2 mm
z resolution (timing) 3 c¢m
two-track resolution 1.6 mm
dE /dx resolution =~ 5% (¢7)
a(p)/p at 90° 0.0021p [GeV/c ™) @ 0.0029
Forward/Rear Tracking Detectors (FTD1-3.RTD)
active radius (FTD) 180-1085 mm
(RTD) 220-495 mm
polar angle coverage (FTD) 6" — 28"
(RTD) 160° — 170°
single wire efficiency 97 %
position resolution 120 pm
double track resolution 2 mm
Supercondncting Solenoid (COIL)
radius (coil/cryostat) 925-957.1 (860-1110) mum
length (coil/cryostat) 2460 (2800) mm
nominal current. 4987 A
max. B field 1564 T
High-Resolution Calorimeter (CAL)
active radius (BCAL) 1232-2296 mm
maximum depth (FCAL) 1525 (7.1) mm (Ag)
(BCAL) 1059 (4.9) mm (Ag)
(RCAL) 870 (4.0) mm (Ag)
polar angle coverage (FCAL) 220 — 39.9°
(BCAL) 36.7" — 129.1°
(RCAL) 128.1" — 176.5"
cnergy resolntion (hadrons) 35/VE[GeV]I@2 %
cnergy resolution (clectrons) 18/VE[GV] @2 %
time resolntion 1.5/VE[GeV] & 0.5 s
r-position resolution (hadrons) 6.5/VE[GeV]  em
y-position resolution (hadrons) 6.7/\/E[GeV] cm
a-position resolution (clectrons) 5.4/VE[GeV]  em
y-position resolution (clectrons) 1.4/\/E[GeV] em
Backing Calorimeter (BAC)
cnergy resolntion (hadrons) 100/ \/E [GUW %

Table 3.2: Major characteristios of the tracking system and calorimeter of the ZEUS detector.
The values ave taken from the references quoted in the text and from [ZEU93a).
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Figure 3.10: Largest FCAL module.

angle coverage of the different calorimeter sections is

FCAL: # = 2.2" 39.9",
BCAL: # = 36.7"...129.1".

RCAL: # = 128.1"...176.5".

The depth of the calorimeter is chosen to contain at least 95% of the energy for more than 90%,
of the hadronic jets having the highest energy which is kincmatically possible. This encrgy
varics from 800 GeV in the very forward region to 200 GeVoin the harrel and 30 GeVoin the rem
calorimeters. The corresponding calorimeter depths are 7A;. 50, and 4\, in FCAL. BCAL.
and RCAL. respectively.

The CAL modules consist of alternate layers of depleted nranimm (DU) and seintillator (Sei)
with 1.X, sampling. A unit cell of =8 mm depth is common to the entire CAL to cnsure a
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homogencous response. It contains a 3.3 mm (1.X,) DU plate. a 2.6 mm Sci plate. and an air
gap to avoid pressure on the seintillator tiles. The unit cell dimensions achieve compensation®
above 1 GeV.ie equal signals from clectromagnetic and hadronie particles of the same energy
(¢/h = 1). Compensation yiclds optimal energy resolution for hadronic jets. in case of ZEUS
[D*91. ZEU914]

oW R = 35%/ /E[Gl'V]- (3.3)
o' /E = 18%/\/E[GeV]. (3.1)

These resolutions have been demonstrated in test beam measurements [Kla88).

The calorimeter is read out by the standard technique of wavelength shifting and light guiding
using wavelength shifter (WLS) plates. The light is then collected by photo-multiplier tubes
(PMT). the signals of which are passed to the electronic read-out. The readout via PMTs
cnables an accurate time measurement with a resolution of

o = (1.5/\/E[G0V]€BO.5) s, (3.5)

The basic readout cell is called a tower and has a typical cross-section of 20 emx 20 cm. Each
tower is longitudinally scgmented into an clectromaguetic (EMC) and hadronic (HAC) sections.
FCAL and BCAL have two HACs. while the RCAL. which is hit by lower encrgy particles. has
only one HAC section. The EMC is further segmented into strips of 5(10) emx20 cm in the
FCAL and BCAL (RCAL).

The active area of each WLS tile is clad in a reflective aluminum foil. An individual pattern of
black stripes is printed on each foil to correct for different light yiclds of the scintillator plates
in a given tower, for variations in the thickness of the DU plates. and for variations in the light
collection cfficiency within a scintillator plate.

The DU plates are clad in stainless steel of 0.2mm (0.4 mm) thickness in the EMC (HAC)
scctions. The stainless steel cladding is used to reduce the signal from uranium decays (uraninm
noise). and at the same time provides a fire protection.

The calorimeter has been calibrated in test heam measurements at CERN prior to installation
in the detector. Several calibration tools have been developed for an in-situ calibration:

o The DU activity gives rise to a constant level of light in the scintillators. The signal is
integrated over a few ms (so-called dark current). The dark current is used to adjust
the PMT gains to specific currents (156 nA. 838 nA and 1106 nA in the EMC. HAC1 and
HAC2 sections). Monitoring the dark current. is accurate to 1%. the rms value from the
uranium noise corresponds to 15 MeV (25 MeV) in the EMC (HAC) towoers.

"Typically. calorimeters are wnder-compensating. e o/h < 1.5, and both the hadronic signal has to he
enbanced and the electromagnetic signal needs to he suppressed to obtain compensation.  Enlancement of
the hadvouic signal can he achieved by over-efficient detection of the neutron signal in a hadronic shower.
or by detecting photons from nuelear de-excitation processes [\Wig88. BABSS]. The electromagnetic signal is
suppressed by choosing a heavy absorher material
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o Stainless steel tubes with an onter diamcter of 2mm are attached to cach side of each

tower. A “Co-sonrce fixed at the tip of a piano wire can be moved within the tubes to
survey the calorimeter response.

e A fiber-optical system allows to inject light from a dye laser or from distributed LEDs
into the transition picces in front of cach PMT to calibrate the PMT response. The light
pulse gives a PMT response similar to a signal generated by a particle in the ealorimeter
(M*93].

e The front-end and digital clectronics can be calibrated independently of the optical read-

out by a charge injection system which allows the injection of specific charges into the
inputs of the analog cards.

Two (one) layers of 3emx3em silicon diodes are forescen to be inserted into the FCAL
(B/RCAL) after 6X,y and 3X, (3X)) to improve clectron and hadvon identification (hadron-
clectron separator. HES). The RHES is already instrumented and has been successfully used
for the study of NC-DIS [Flc94. Ohr96).

Tracking System.

The tracking system consists of a forward tracking detector (FTD). the central tracking detector
(CTD). the rear tracking detector (RTD). and the vertex detector (VXD). A transition radiation
detector (TRD) is interleafed with the FTD. FTD and TRD together are referred to as the
forward detector. FDET. The tracking system has been developed for track reconstruction.
particle identification. and cvent triggering. It provides charged particle tracking for polar
angles in the range of 7.5" < 6 < 170"

The FTD consists of three sets of 18-layer wire chambers (FTD1.2.3) with 64+646 scnse layers
arranged at 120° sterco. They are interleafed with four layers TRD for clectron identification.
The RTD is a similar 18-layer chamber at the rear. Both FTD and RTD were not fully
instrumented and hence unavailable for the 1993 data taking period.
The CTD covers a polar angle range of 15° < 6 < 164", It reconstrnets tracks. delivers dE /da
information to improve particle identification. and locates the interaction vertex along the beam
axis as part of the trigger. The major tasks of the CTD are [ZEUS9]

e to measure charged tracks.

e to measure the charge of muons unambiguously for p, up to 150 GeV /e,

e to provide good tracking in dense jets.

e to offer a good double-track resolntion

o to allow an casy resolution of left /vight ambiguitics,

o and to deliver fast signals to avoid confusion hetween subsequent huneh crossings
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Figure 3.11: Cross scction of an octant of the CTD (cf text).

The CTD has been realized as a multi-cell stereo superlayer chamber [Sax88]. Its wires are
organized in nine superlayers. which are constructed from cells of eight sense wires cach. with
alternate superlayers being rotated with stereo angles of £5°  Superlayers 1. 3 and 5 are
equipped with special electronics to measure the longitudinal coordinate along a wire by the
time difference of signals at the two ends of the sense wires. An accuracy of 200 ps corresponds
to a resolution of 3cm in space [FT93]. Fast signals are obtained by choosing a fast drift gas
(50 ynn/ns) and a short maximum drift length of 25 mm. A double hit resolution of 1.6 mm is
achieved by using digital filtering techniques. Fig. 3.11 shows the layout of one octant of the
chamber.

The vertex detector (VXD) is a 1.59m long cylindrical drift chamber which consists of 120
radial cells of 12 sense wires cach. The cells are pointing to the beam pipe center. The
VXD is operated with dimethyl ether at atmospherie pressure. It has an active radial area of
106.5mm < r < 142.5mm and covers the polar angle 8.6° < 6 < 165°. It is designed to achieve
a spatial resolution of up to 35 m [A*91].

Luminosity Monitor.

The himinosity measnrement is hased on the Bethe-Heitler Bremsstrahlung process. op — ¢py.
The Bremsstrahlnng photou is captured in a lead-seintillator calorimeter placed in the clectron
beam direetion at a distance of z=-106m from the IP [ZEU92L. PZ94]. An additional clectron
calorimeter at z=-3bm tags clectrons from photoproduction. Fig. 3.12 shows the sctup of the
luminosity monitor.
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Figure 3.12:  Setup of luminosity monitor [ZEU92bL].  The y-calorimeter (y-det) tags
Bremsstrahlung-photons from the Bethe-Heitler process ep — epy. the clectron calorimeter
(e-det) tags photo-produced clectrons (¢/). Q and B label quadrupole and bending magnets of
the collider. The solid lines show the nominal ¢ and p orbits. The Cerenkov counter in front of
y-det (open box) has been removed after the 1992 data taking period.

Other Components.

A detailed description of the ZEUS detector covering layout and performance of all its compo-
nents can be found in [ZEU93a]. Components which are not introduced above (eg the different
muon detection systems) are of minor relevance to this analysis.

Two components which were incorporated in the trigger are the veto wall (VETO) and the C5
counters. The veto wall is located behind the RCAL and is used to tag showers originating from
upstream beam-gas interactions which enter the detector from the hack. The C5H counters are
scintillator ring connters which are mounted on the beam pipe and resolve the heam structure
and other beam properties.

3.2.2 Online Data Acquisition

The trigger and data acquisition (DAQ) system of the ZEUS experiment is a highly parallel
distributed veal-time system. It consists of several independent veadont systems and three
trigger Tevels for online data selection. Collider perfornianee, detector Tayont. and off-line
computing capacitios define the conditions under which the trigger and data acquisition system
has to operate:
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Figure 3.13: Layout of the Trigger and Data Acquisition System of the ZEUS experiment: on
the right side. the data thronghput at the different components of the system are shown.

o The short interval hetween heam crossings of only 96 us requires a front-end trigger data
iput rate of 10.5 MHz.
e More than 250.000 readont channels produce an initial raw data rate exceeding 10GB /s,

e The readout data rate has to be reduced by a factor of at least 10* for data recording,.
reconstruction and analysis.
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The subsequent seetions desceribe DAQ system operation and shortly introduce its major compo-
nents. The layont of the trigger and data acquisition system and the nominal data throughput
at its components are shown in fignre 3,13, It is global strategy to store all the threshold
values and algorithms which are required for trigger decisions in software processes to keep
them exchangeable. This way. triggers can e developed and simulated off-line, hefore they are
incorporated into the trigger system and may be even migrated down to the first level

DAQ System Operation.

The ZEUS detector comprises several independently operating detector components. cach of
them equipped with their own so-called component subsystem (CSS). Component subsystems
contain the “front-end™ clectronics required for the component control and readont. They
interface to two levels of global trigger processors and the Eventbuilder. Most CSS are based
on custom built VME-compatible transputer boards [Gin93. BHV94].

Once a detector component has been read out. the data are stored in a 5.0 prs fivst level trigger
analog pipeline and analyzed by a local first level trigger processor. The results of the different
component subsystems referring to the same beam crossing are input to the global first level
trigger (GFLT). which computes an overall first level trigger decision. The maximum rate of
GFLT accept decisions is designed to be 1kHz, Up to the GFLT both the trigger and readout,
are dead-time free.

On GFLT accept, data accepted for further analysis arc copied to asceond level trigger pipeline.
A GFLT accept rate of 1kHz and a “copy™ time of 30 prs result in 3% dead-time. This is the
only source of dead-time provided no buffer full states occur. A second level trigger processor
local to the component subsystem computes a trigger sub-decision. which is forwarded to the
global sccond level trigger (GSLT) and used to compute an overall second level trigper decision,
The GSLT is designed to accept about 10% of all GSLT accepted triggers.

In case a component subsystem receives a positive GSLT decision. the corresponding data are
assigned a "GSLT decision number™ and transferred to the Eventbuilder. The Eventbuilder
combines and formats all the component. data carrying the same GSLT decision number into
one data set. This data sct is called an “event” . and its GSIT decision number is also referred
to as the “event number™.

Once an event is complete. it is input to the third level trigger (TLT). The TLT is a processor
farm consisting of six branches of a total of 36 processor nodes. It performs the global event.
reconstruction and a final filtering and is designed to accept up to 5 events/s,

Global First Level Trigger (GFLT).

The GFLT receives for each hunel crossing fifty-one 16hit data words from the FIT Processors
which are local to the components. The data is subdivided into cight categories (eg cnergy
tracks) and correlated within cach category to obtam yes/no bits. Logieal operations are
performed on these bits to obtain a subtrigger decision for cach category, A logical =or™ of e
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dividual subtriggers yields the final trigger decision.

The GFLT implementation is based on memory lookup tables (MLTs) and Xilinx-chips. The
MLTs are used for comparison of the incoming component data with threshold values to obtain
the yes/no bits. The Xilinx chips perform the logical operations on these bits. thus allowing to
casily update or modify the trigger logic.

Global Second Level Trigger (GSLT).

The GSLT is based on transputer hardware in a VME environment. It consists of eight input
modules. up to cight subtrigger modules. a central trigger module. and a control and switch box
[Uij92]. The trigger modules are implemented with a custom made VME module housing two
transputers and a 512kB triple-ported memory (TPM). which can be accessed simultancously
via both transputers and the VME bus [NIK90].

The input modules obtain data from the component SLT processors and distribute it to all
subtriggers participating in the GSLT. The subtriggers can run independent. trigger algorithms:
their results are combined and evalnated by the central trigeger module. The data transfer
from the input modules to the subtriggers uses transputer links. the subtrigger decisions are
forwarded to the central trigger module via the VMEDbus. while the final GSLT decision is again
made available on transputer links.

Eventbuilder (EVB).

The Eventbuilder [BFHV92. BHV93. BHV94] merges and formats the data flows originating
from the various detector components into a single event record. It is implemented as an
asynchronous real-time parallel packet-switching transputer network. The EVB is subject to
the highest data rate within the ZEUS data acquisition system and can handle a bandwidth of
24 MB/s. It has been modeled. verified and docnmented with structured development tools.

Due to its connections to almost all parts of the data acquisition system. the Eventbuilder is
also an important tool for system analysis and diagnosis. The monitoring capabilities of the
Eventbuilder were especially beneficial during the commissioning phase of the data acquisition
system [Sch92¢]. resulting in the proposal for the construction of an expert system to evalu-

ate the monitoring information and support the operators which are running the experiment.
[BFH92. BFHO94].

Third Level Trigger (TLT).

The thivd level trigger is built of a farm of RISC workstations which ran asubset of the off-line
reconstruction software.

3.2. ZEUS o

3.2.3 Event Reconstruction and Off-line Analysis

Event reconstrnetion and physies analyses are performed in a distributed UNIX-hased client-
server enviromment which incorporates desktop computing facilities (workstations and X-Terminal
central computing services. and hierarchical mass storage. About 300 user end-stations are con-
nected via several Ethernet segments to an Ethernet/FDDI/HIPPI network backbone, Two
multiprocessor UNIX machines are nsed for event reconstrucetion and as a central bateh facile
ity. The data is stored in tape silos and tape robots. which are supported by about 100GB of
permanent disks for fast data accesses [Man94].



Chapter 4

Extraction of F2

It is a capital mistake

to theorize before one has data.

Insensibly one begins to twist facts to suit theories.
mstead of theories to suit facts.

Arthur Conan Doyle. A Scandal in Bohemia

4.1 Event Signatures

4.1.1 DIS Event Characteristics

DIS events are uniquely characterized by the scattered beam electron in the final state. In
the QPM picture the hadronic final state consists of the current jet and the proton remmnant.
Fig.4.1 (top) shows such a “typical” DIS event. Q2 is large. and the clectron is scattered
under such a large angle that it can be detected in both the tracking system and the barrel
calorimeter. At lower values of Q? the scattering angle decreases. and eventnally the electron
can no longer be spotted by the tracking system and has to be reconstructed from calorimeter
information only (fig.4.1. hottom).

Since gluon radiation in the hadronic final state produces more than Just the one jet which
is expected from the QPM. and interactions between jets soften the stencture of the hadronic
final state. it is difficult to derive a unique signature for DIS from the hadronic final state.

A useful quantity for discriminating DIS cvents against background is 6. It is obtained from
conservation of energy and longitudinal momentum. Writing the four-momenta of the initial
and final state clectron and hadron(s).

ko= (A4.0.0.=4). i =(E.DP.,.DP,,.D.,). (4.1)
P =A(P0.0.P) 0 = (Ey. Doy Py Py, (4.2)
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Figure 4.2: 6 = Y, E; — P., for MC DIS cvents. The distribution is expected to peak at twice
the clectron beam energy (explanation in the text).

yiclds from

energies: P+ A=F, + Z Ey. (4.3)
h
longitudinal momentum : P-—A=P..+ Z P.,. (4.4)
h

where the sums run over all final state hadrons h. or
6 = Z E, - P.;
= 2A. (4.5)
The sum runs over all final state particles 7. including the scattered electron. A and P are
the clectron and proton beam energies. In case of initial state radiation (ISR) the expression
modifies to & = 2(A = E,). where E, is the energy of the radiated photon. Henee for genuine

DIS events the é-distribution is a Gaussian centered at 24 which has a width of twice the
cnergy resolution at A and a radiative tail towards lower energies.

Fig. 4.2 shows the 6 distribution for a sample of MC DIS events which have been subject to the
full detector simulation. Fits of a Gaussian to the high-energetic edge of the spectrum and a
Gaussian plus an exponential to the lower edge give 49.1 GeV for the central value and 2.6 GeV
(7.8 GeV) for the width towards higher (lower) energies. The shift of the peak is due to inactive
material in front of the calorimeter.

4.1.2 Events with a Large Rapidity Gap

Among the DIS candidate events. a class of events has heen observed in which no hadronice
activity is detected in the forward region [ZEU93¢). The polar angle 6 of a final state hadron
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Figure 4.3: Neutral current DIS event with a large vapidity gap (LRG). The event is due to
diffractive scattering where the proton escapes undetected down the heam-pipe.

rapidity gap

L
p dE/dn

Figure 4.4: Schematic diagram for NC DIS events with a Targe vapidity gab. Diffractive dis-
sociative scattering is assumed to be dne to the exchange of a pomeron carvying the quantum
numbers of the vacuum. The right side shows the energy flow in the final state of LRG events

is measured in terms of the psendo-rapidity 1.

f .
o= —lntan =. (1.6)

2
Events with no activity in the forward vegion have an anpopulated avea in thein rapidity dis
tribution and arc hence known as Lage-rapidity-gap (LRG) events. The events are dne o
diffractive dissociative seattering. which is assimmed to be mediated via pomeron exchange
Fig. 4.3 shows an example for an LRG event. fig. 14 sketehes the seattering mechanism and
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Figure 4.5: The 1,4, distribution shows a clear excess of DIS data events with large rapidity
gaps compared to a CDMBGF-MC sample. Data and MC have been normalized to the same
luminosity.

illustrates how pomeron exchange is linked to a large rapidity gap in the energy flow of the
hadronic final state!.

An cevent is considered to be an LRG event if the pseudo-rapidity of the most-forward energy
deposit in the calorimeter is 1. < 1.5, The fraction of DIS events with a LRG exceeds
the prediction from MC siniulation.  This is illustrated in fig. 1.5 which compares the 1,
distribution from data with & CDMBGF MC simulation. A clear excess of data events with
thax < 1O can be seen. Properties of DIS LRG events are heing studied [ZEU94c].

The rapidity gap is a property of the hadronie final state only. hence DIS LRG events can
be treated like ordinary DIS events as long as they are reconstructed from the electron only.
Fornmlac including the hadronic final state vemain valid only if they are constructed in such
a way that they are independent of fragmentation processes. In this respect. DIS LRG events
offer a unique possibility to investigate the model dependence of an analysis.
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Figure 4.6: 6 = 3, E; — P.; for photoproduction (MC. left) and DIS (data. right) cvents. The
peak at twice the clectron beam energy is due to DIS. the rise towards low energies is due to
(misidentified) photoproduction events (explanation in the text).

4.1.3 Background from Photoproduction

Photoproduction events are characterized by values of Q2 close to zero. For such events. the
scattered beam electron escapes undetected down the heam-pipe. However in some of these
events. soft pions are misidentified as the scattered heam clectron.

Background from photoproduction events can be suppressed via the § distribution. In photo-
production. the contribution from the undetected beanm electron is missing. henee & assmnes
values below 24, Fig. 4.6 shows the d-distribution from a photoproduction MC sample (left)
and the ¢ distribution obtained from data (right). Photoproduction cvents are scen to peak
below 30 GeV. In the distribution of data cvents. the peak at 45 GeVois due to DIS. and the rise
towards lower energies is due to photoproduction background. The majority of photoproduction
cvents can be suppressed by requiring that a DIS event has § > 35 GeV.

It should be noted that a sclection cut on & also removes radiative events from the sample (of
seet. 4.4.3). From eqn. (4.5) follows that requiring & > 35 GeVoimplicitly removes events where
the initially radiated photon has an energy above E, > 9 GeV.

4.1.4 Beam-Induced Background

Events from beam-gas or heam-wall interactions are accepted due to their high cnerpy deposits
in the calorimeter. where isolated deposits in the vieinity of the heam pipe are taken to he the
scattered beam electron. Beam-induced backgronnd events ave characterized by high activity
of both the calorimeter and the tracking systen An example for a heam-sas event is shown in
fig. 4.7.

"The proton escapes undetected down the hean-pipe
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Figure 4.7: Beam-Gas intcraction: the incoming proton collided upstream of the nominal
teraction vertex with a gas nucleus inside the beam pipe.

Beam-gas cvents can be identified from the calorimeter timing. While in an ep collision final
state particles are cmitted from the IP and arrive at the calorimeter at time ¢ = 0 ns. beam-gas
events which ocenred upstream of the detector deposit their energy about 10ns early in the
RCAL. In the FCAL these events are again in time. but plotting freapL versus tpcar — trear
clearly separates beam-gas events from gennine ep collisions.

4.1.5 Other Backgrounds
Cosmic and Halo Muons.

Cosmic muons or muons from the beam halo may cause calorimeter signals which resemble
those of an clectron. however most of these events are characterized by a relatively quiet (ie
few GeV) calorimeter and a correspondingly small value of d. Topological algorithims have
been developed to identify muon events (ALHALO [Pri93]). MUTRIG [Ban93]). They explore
the property of cosmic mmons to canse calorimeter signals which align with hits in the muon
chambers. or of halo mmons to traverse several adjacent cells of the barrel calorimetor.

Fig. 4.8 shows a cosmic muon. High cnergetic cosmic muons can trigeer the detector. if the
8 )
pass close to the forward region. They can produce complicated events by high-cnergy knock-on
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Figure 4.8: Cosmic nmon in the RCALL.

clectrons. bremsstrahlung. or direct pair production with subsequent showering. Fig. 1.9 shows
a muon running parallel to the proton beam. which traverses the calorimeter

Sparks.

Occasionally events are observed in which a single calovimeter cell deteets a large energy deposit
These events are due to a sndden discharge of the static charge hetween the respective photos
multiplicr and its shiclding. The events ave referred to as sparks.

Sparks ocenr mostly in the BCAL EMC section. as in the forward and rear calorimeters the
PMT shicldings arve put on high voltage. Spark events are characterized by o large imbalance
in the readont of the respective calorimeter cell as only one of its photoanultiplicrs prodices
a signal. They oceur at random times wrt the heanm erossings and ave casily recognized from
their event topology.
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Figure 4.9: Halo-y traversing the barrel calorimeter

4.2 Electron Identification

Several algorithms for electron identification have heen developed by members of the ZEUS col-
laboration. For the analysis of the 1993 data. all of them are based exclusively on calorimeter
information. however they implement different methods to solate the signature of an clec-
tron. The following gives a brief overview of different approaches to electron identification and
compares their performance.

4.2.1 Overview of Algorithms

Algorithms for clectron identification are characterized by the variables they use, Simple al-
gorithms rely on variables which are obtained diveetly from the detector readont. while more
sophisticated algorithims compute so-called features, which combine several readont variables to
only few quantitics from which the clectron signature can be isolated. Some of the algorit s
introduced helow are also deseribed in [ZEU93(].
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Figure 4.10: Methods nsed for electron identification: condensates (a). islands (b). and cones
(¢). The grid shows the tower structure of a part of the calorimeter. the numbers give cnergy
deposits in arbitrary units.

Cell-Based Calorimeter Objects: Condensates and Islands.

Adjacent. cells with an cnergy deposit above a given threshold are combined into so-called
condensates. where two cells are called adjacent if they share one of their sides (fig. 4.10a).
Purely electromagnetic condensates have to exceed 100 MeV. while purely hadronic condensates
or condensates of mixed energies have to have at least 200 MeV.

The first algorithms which became available for clectron identification (LXELID [Whi92].
HEBBES [1]92). BEAMELEC [Doc92]) were simply looking for calorimeter condensates which
could be ascribed to an clectron. where the decision whether a condensate is due to an clectron
is compnted from the number and types of cells contributing to the condensate. and from the
fraction of clectromagnetic to total cenergy for the condensate or part of it

If more than one condensate in an event, is found to originate from an clectron. some physics
argument is used to pick the scattered heam clectron (e the highest energetic condensate.
highest P condensate).

A similar algorithm has heen developed for the HES [Fleod]. Tt first creates condensate-like
objects from HES diodes having signals above a given threshold. Then. it computes the cnergy
deposits (in mips) and positions for cach of these objects and correlates them with cnergies and
positions obtained from calorimeter signals to decide whether a given HES object is due to an
clectron.

The ISLAND [Wai93] algorithm assigus a-pointer to cach cell which specifios its highest-
energetic neighbour having a higher energy deposit than the cell: if no sueh neighbonmr is fonnd.
the pointer aims at the coll itself (fig. £.101). Al the colls which Tie on paths leading to the same
sclf-pointing cell can then he merged into an island Islnds can be used for electron identifi-
cation similar to condensatoes. They have the advantage of heing able to separate overlapping
objects,
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Islands and Cones.

More sophisticated algorithims than those described hefore ereate variables which are indepen-
dent of the calorimeter geometry to identify the scattered clectron.

The cone algorithm (fig. 4.10¢) maps the calorimeter cells on a sphere. It starts by identifying
sced cells. which are EMC cells with energy deposits above 1 GeV. If two such cells are sep-
arated by less than 12°. only the higher-energetic of the two cells is considered further. The
clectromagnetic and hadronic energies and their ratios are calculated for (inner and outer) cones
surrounding the sced. and a probability for the seed being due to an electron hit is calculated
from these variables and some propertics of the seed cell.

The first cone-based algorithm was ELEC5 [Rep92]. using cones of 5° and 17.2° for EMC
cells. and 11.5° and 22.9° for HAC cells. If more than one electron candidate was found. the
algorithm sclected the highest-Py candidate as the scattered beam clectron. The algorithm
was slightly modificd and tuned to improve angular resolution and the quality of the sclected

sample (EEXOTIC [CR92)).

The performance of the cone-based finders made those based on the calorimeter geometry
obsolete. except for the HES finder which is a valuable tool for systematic studies as it is
considered to be independent of the calorimeter-based finders.

Neural-Network Approach.

The cone-based algorithms follow the classical approach of pattern recognition. which trans-
forms the measurement space containing all available raw data into a relatively low-dimensional
feature space on which the actual recognition is performed (eg [BFH92)). The feature extrac-
tion. however. is theoretically not yet well-developed. and it embodies the danger of dropping
relevant input data when computing the features.

A possibility to avoid such dangers is offered by feed-forward neural networks (NN). NNs can
be trained on the entire measurement space and subsequently be cither used for the pattern
recognition process. or be evaluated to extract the relevant features. An clectron identifica-
tion algorithm (SINISTRA. [ACS95]) has been developed following the first approach. nsing a
software implementation of a NN.

4.2.2 Comparison of Performance

The performance of an clectron finder is measured by its efficiency in identifying a scattered
beam electron. e and by the purity of an identified event sample. p. Both ¢ and p are determined
from MC events. The efficiency is simply the fraction of DIS MC events in which an clectron
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Figure 4.11: Efficiency (¢) and purity (p) of different electron identification algorithms. The
values on the abscissas were taken at MC generator level, The HES curves drop at # = 110" as
1993 the HES was installed only in a part of the RCAL.

has been identified?.

no. identified ¢ o
no. generated DIS events

For the purity. the algorithin is run on a photoproduction MC of the same Tminosity to
calenlate the fraction of gennine DIS events among the events which were seleeted from hoth

“For the HES finder. the generated electron was recuired to pass throngli the active area of the HES
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samples,

no. identified ¢~
p = : = == = ; 3 (4.8)
no. identified DIS events + no. mis-identificod Y'p events

Fig. 4.11 plots the cfficiencies and purities against energy and angle of the scattered electron for
the four different clectron finders which were introduced in the previous sections. Only events
with 35GeV< 6 <60 GeV were selected. as this ent is imposed on the data prior to electron
identification. It should be noted that e and p can be further improved by additional sclection
cuts.

Efficiency and purity are close to 100% for clectrons above 20 GeV. At lower cnergies. € and p
decrease duc to selection cuts internal to the finders which are needed to diseriminate against
soft pions. The NN-based finder. SINISTRA., lies with both € and p between the cone-based
finders EEXOTIC and ELECS5. In 6. € and p approach 100% in the vicinity of the beam-pipe
with a slight decrease towards larger scattering angles®. The decrease can be explained with
the non-projective RCAL geometry. The HES finder operates only in that part of the RCAL
where the HES was installed.

4.3 Event Selection

Events which are observed with the ZEUS detector arc filtered by a three-level online trigger
system before being written to disk (cf sect. 3.2.2). After complete reconstruction. the data are
subject to an additional DST* filter. which identifics global event properties and stores them in
a keyword to case data access. Events passing the TLT are written to cartridges. while events
which pass the DST sclection are held on fast disks. Trigger rates are designed to meet with
bandwidth and disk space limits.

For the 1993 data taking period. the TLT output data rate for NC DIS candidate events was
designed to be 1Hz for a specific luminosity of 10% cm?s=!. The disk space allocated to NC
events amounted to 600 events per nbh=!. The ZEUS experiment collected a total of 6.1 million
cvents. corresponding to a luminosity of 554 ub=!. About. 1.1 million of the events were recorded
for structure function analysis. about 330k events were kept after the DST filtering.

4.3.1 Online Filters
First Level (FLT).

The first level trigger consists of trigger processors which are local to the mdividunal detector
components (subtriggers). and of a glohal processor (GFLT) which evaluates the different sul-
triggers. A total of 64 subtrigpers contribute to the GFLT decision. For NC DIS. however. only
those from the calorimeter (CAL-FLT) arc relevant.,

YElectrons emerging down the rear heamline have o seatterig angle of # = 180",

'DST: Data Sunmman Tape
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Quantity Ewi  Er P™ Egve  Eppuc Erexce Enevicn
Threshold  [GeV] | 15 115 10 10 3 2 3.7

Table 4.1: CAL-FLT thresholds for 1993 data taking period. Not all the friggers were active
for the entire data taking period. The PP trigecr contains an upper it and was changed

during data taking [Tok93).

At CAL-FLT level. the ealorimeter is organized into so-called trigger towers, A trigger tower
provides the sum of the PMT signals of an entive EMC or HAC section of o given calorimeter
tower. The signals are used to compute the total energy in the calorimeter, o the transverse
energy. By, the missing transverse momentun,. P and the total energies of the BCAL EMC(,
Eggyie. the RCAL EMC. Ergyve. and the RCAL EMC except for the towers next to the
beam-pipe. Ergaen,.

After suppressing noise by excluding trigger towers with less than 464 MeV. cvents were ac-
cepted if one of the above quantitics excecded a pre-defined threshold (ef table 4.1). While an
excess over the EMC thresholds snggest the presence of an clectron. the F, threshold selects
events with a high Q2. The P jg actually an upper limit: exceeding it indicates CC-cvent.
A concise definition of all subtriggers. their thresholds, and their activation periods can e

found in [Tok93].

Second Level (SLT).

During 1993. the SLT was used to suppress obvious hackgronnd cvents. It ran a spark iden-
tification algorithm. and it wsed calorimetor timing information to suppress hackgronnd from
bean-gas events hy accepting only cvents with [tFcar] < 8ns and ['rear] < 8ns. or events for
which no timing information was available.

Third Level (TLT).

The TLT is a global trigger processor which applies the same selection algoritlis to all events.
Events were aceepted for structure function studies if the FLT found an clectron-type energy
deposit in the RCAL or the BCAL. or if the transverse energy of the event. 1y exeecded 40
GeV. however they were rejected as backgronnd if they had an extreme valne of & = =D At
the TLT. both 6 and E7 were calenlated from calorimeter deposits. assuming the event vertox
to be at z = Ocm. In particular. the TLT accepted events according to one or hoth of the
following two sclection mechanisins [GNS94):

I e the BEMC. REMC or REMC threshold hits were scf by the FLT (see alove)

o SH2EMM 5 90 GV, where Elwiig (e cnergy measnred i the photon ealorimeto
of the Toninosity monitor which cnsnres radiative events hemg inclnded in (e
selection: and
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o & < 100 GeV. where EF™i has heen exeluded to not reject NC'DIS events with
bremsstrahlnng overlays.

2. e Er > 10 GeV. and

e 4 has the same properties as in 1.

Events which were selected by the first criteria have the scattered beam clectron in the RCAL or
the BCAL and are referred to as normal events. while the sccond criteria identify very-high-()?
cvents.

4.3.2 DST algorithms

The DST filters are part of the ZEUS off-line reconstruction programme ZEPHYR. They are
applied when the reconstructed vertex and calibrated calorimeter energies are available. The
result of the DST algorithms is encoded into the bits of a dedicated keyword® which is later
used for easy access to events. For brevity. the different selection algorithms are referred to as

DST bits.

Events suitable for structure function studies can be identified by bits 9 to 15 [GNS94]. DST
bits #9 and #10 arc global bits which arc used to tag an electron or a reconstructed vertex in
the event.

#9 Scattered beam clectron identified
Any of the four electron finding algorithms ELEC5. EEXOTIC. LOCAL and SINISTRA
has identified at least one electron with E. > 4 GeV.

#10 Reconstructed vertex available

An event vertex has been reconstructed from the VXD.

DST bits #11-15 arc reserved for NC DIS candidates and require an event to have been aceepted
as normal or very-high-Q? event by the TLT. Bit #11 is sct after some stricter background
rejection.

#11 NC DIS candidate

~ the TLT has aceepted the event as NC DIS candidate. and

~ the timing obtained from the calorimeter is within the hounds

[th] < Ons.
[te] < 8us.
|tF —tp| < 8us.
llg] < 8us.

and

“The vesult of the DST selection is stored in the word ZDSKEY tstamil. vef [ZEU93D).
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Quantity — Definition

A cnergy of electron heam o

P energy of proton ben

E! cnergy of scattered beam electron S
0 angle of scattered beam electron

F cnergy of hadronic final state

5 cuergy-weighted hadronic angle (angle of struck quark in QPM)

Table 4.2: Definitions used for reconstruetion of kinematics.

= the topological algorithms MUTRIG [Ban93] and ALHALO [Pri93] have not fornd

any cosmic muons or muons from the beam halo. and

the algorithm RMSPARK [Sch92h] did not identify the energy deposit in the calorime-
ter to be due to a bad channel in the calorimeter or a sparking photo-multiplicr. and

-5+ 2E_I""'"i > 25 GeV. where the event vertex is foreed to z = 0cm.

The timing cut is used to reject heam-gas background events. while the d-cut reduces con-
tributions from photoproduction (ref sect.4.1). Bits #12 to #14 require bit #11 to be set
and implement increasingly stricter cuts against background. selecting 1.1, 0.8. 0.4 and 0.2
events/pb~! respectively. Bit #15 flags LRG cvents by requiring the FCAL cnergy to he less
than 10 GeV.

Events which have both DST bit #9 and bit #11 sct were kept on a fast disk. The event
sample amounts to approximately 320000 events and is veferred to as the miniDST. The events
i the miniDST were scanned and stored in a column-wise ntuple data structure [App92].
Further backgronnd rejection was imposed on the data using the algorithms ISTTAMU [ADr92)
and COMCOS [Tsn92] to reject cosmic and halo muons and QED Compton cvents.  The
routine EVTAKE [Sch92a] vetoed events which were recorded when the detector was not fully
operational. 308796 cvents were stored in the ntuple.

4.4 Kinematic Reconstruction

4.4.1 Observables in DIS

DIS can be deseribed by four primary measured variables. the encrgies and angles of the seat-
teved lepton and the hadronie final state (B2 6. F and ;. of table 1.2). Measurement of the
clectron variables is straight forward as they are obtained from a single particle. whereas the
hadronic variables have to be taken from the complex hadvonie final state,

In principle. Fand 4y, can he obtained from a jet-finding algorithin. The encergy flow of the
hadronic final state however depends on the fragmentation process. For an inelnsive measine
ment it is unacceptable for the kinematic vaviables to depend on the hadronization henee
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it is necessary to construet model-independent hadronic variables for the use for kinematic
reconstruetion.

Fand y, can be shown to be fragmentation-model independent and insensitive to the loss of
particles down the heam-pipe [Ben94] if they are calenlated from Dy and &, = E), — P. .

P2, + (B - P.,)?

F = — "~ 7 4‘]
2Ew - Pr) ()

P? —(E, = P.,)?
cosyy, = w (4.10)

2 2
iy + (Ey = P.y)?
The subscript b implies summation over all final state hadrons.

The observed variables are constrained by energy and longitudinal and transverse momentum
conservation,

tP+A = E+F. (4.11)
2P —A = Ecos+ Fcosv,. (4.12)
Esinf = —Fsinqy,. (4.13)

. . e b A

Using the conservation laws and the definitions of . y and Q% in terms of the lepton and nucleon
four vectors. it is possible to write the kinematic variables in terms of any two observables.
Generating the explicit expressions for z, y and Q% is an algebraic problem which has been

solved using the program MATHEMATICA [Ben91].

4.4.2 Reconstruction Methods

Reconstruction methods caleulate the event kinematics from primary measured quantitics. Fig.
4.12 shows the isolines of the four primary measured quantitics of DIS. In regions where the
isolines are narrowly separated the respective quantity is especially well suited for kinematic
reconstruction since small variations in the kinematic variables correspond to large changes of
the measured quantity.

Several approaches exist to kinematic reconstruction. Energy and momentum conservation
yield six generie reconstruction methods which combine any two of the primary measured
variables. . They include the two classical methods which rely on the clectron or hadrouic
variables only. Regarding the over-constraintness of the measurement. a third quantity can be
introduced into the reconstruction to calenlate the cnergy of the initial heam electron and thus
hecome insensitive to initial state radiation. Additionally. fig. 4.12 snggests that combinations of
kinematic variables which were reconstructed from different methods can improve the kinematic
resolution.

The following sections introduce different reconstrnction methods. Equations are given for two
kinematic variables. the third is to be determined through the relation )2 = 4APry. Fig.4.13
illustrates resolution and hias of the reconstruction methods.
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Figure 4.12: Isolines for the four primary measured variables El 6. F and y,. In regions
where the isolines are widely separated the respective variable is well suited for kinematic
reconstruction.

Electron-Only Method.

Reconstruction of kinematies from the clectron only has alrcady heen mentioned in table 2.1,

At HERA.

g = 1- 2:f1(1—f»(,.\-ﬁ). (414)
Q3 = 2AE (1 4 cost). (1.15)

The vesolutions of gy and Q2 can be written explicitly

5()2 S F ]
'Q{ = '[, i tan 5 06 (1.16)

Ay _ i 1 oK i & ” (117
3 = - . 5 ifrco 24 . )

The resolution in Q2 is of the order of cnergy and angular resolntion of the apparatus, while
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the resolution iy is only for high values of g of similar qnality and deferiorates towards lower

¢ 1 F = y due to the factor of y=h
%1 0 e
S0’
1ok Hadron-Only Method (Jacquet-Blondel Method [IB79]).
10 Exg : : : : : .
e e il .].:u:(lnut‘ and Blm.ulvl have (lvvulnp(-('] a reconstruction method which (-xpl(.u-t.s only the hadronic
1080 0307 10 102 10° 10 10° final state. It relies on the assumptions that the transverse momentum of forward hadrons and

the energy and the momentum of backward hadrons are negligible. The kinematic variables
arc calculated by summing energy and momenta of all final state particles h.
gy = =B =P
iz = 2A
= _)—A(l—('()ﬁ')‘;,). (118)
10 _x“umJ—|3|||||uj—|2|nu|l~|‘|m 10 { ,;uuﬂ_sumLL:mm g R (3 PT.I.)Q
10710710710 1 10 10° 10” 10" 10 Qi = T
N — B
N T : F2 o,
= — S~ ). (1.19)
1=y :

where (£, Proa)? = (), Pos)? + (5, Pyn)? The expressions in terms of Fand 7y, show that
the Jacquet-Blondel reconstruction method is independent of the fragmentation processes in
the hadronic final state. The Jacquet-Blondel method is the only recoustruetion method which
is also applicable for CC DIS events.

R 1 . The resolution in y shows that y;p is a particularly good estimator for i since the resolution is
g10 of the order of encrgy and angular resolution of the apparatus independent. of 4.
L -2
o (S'/ oF I
-3 — = — ®cot — by, 4.20
10 ) 7 Dot 5 om (4.20)
-4
10_5 g i _JEuE The hadronic angle. 7,,. can be expressed in terms of yyp. which links the resolution of 7y, to
10 ;d.:}:i:guﬂ.__u;ﬂ_:#m 10 - Uul‘_lslllllul-lzlIIInJ_L]llu the resolution of Yin.
10 10 10 10 10 1 10 " 10 " 10 1

(Z0 Pra)’ - 44%3,
(S0 Pra)’ + 4A%y3,

cosy, = (1.21)

Double-Angle Method.

4Bl il ol v
10*%10%10%10" 1 10 102 10° 10* 10

5 The DA method relies on 8 and v, to reconstruet event kinematics. Both angles are obtained
from the impact positions of the clectron and the final state hadrons on the face of the calorime-
ter. Impact positions of particles are measured by determining the center of energy deposit
from the calorimeter cells which were hit by the particle. so they are insensitive to inactive
material in front of the calorimeter,

Asiny, 4 sinf + sin(f + )

€ = &= ; 1.22
o P sincyy, + sinf —sin(f + v) ( )

; E
ol vl ol 1 ‘os
101 -5 -4 -3 _2 _1 L e e s e ) 2 .3 4 5 3, = lAzf—f—EMvu;, (1.23)
0710 10 10 10 1 10 10 10 10 1 10 10° 10 10 _10 Dx siny, + sinf — sin(d + )
10G Xen 109 Ygur log Q% '
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The energy of the scattered beam clectron can be caleulated from the angles.

Qba
2A(1 4 cosb)
siny,
2A . :
siny, + sin @ — sin(6 + )

ED‘-\ =

Il

(4.24)

[t should be noted that Epy > E! since the angles are insensitive to inactive material in front of
the calorimeter. and Epy therefore reconstructs the entire energy of the scattered clectron while
the measured E. is smaller due to energy losses of the clectron before entering the calorimeter.

Mixed Method.

The previous paragraphs have shown Q3 and y;p reconstruction to be limited only by the
resolution of the detector. hence it is tempting to obtain the kinematics from

Ymix = YIB. (425)
(v)lznix = «2~l‘

L Method [BB94].

The £ method® is to first order independent of initial state radiation (ISR). It is constructed
by exploiting encrgy and momentum conservation, equ. (4.5). to climinate 24 from the de-
nominator of (4.18). Q2 is then calculated from the expressions for y and Q% at the clectron
vertex.

ye = —B (4.27)
1 =ya+
E?sin?6

Q%
s I-ys

(4.28)

Initial State Radiation Corrected Method.

Since the measurement is over-constrained. two kinematic variables and the energy of the
incident beam electron can be caleulated from any three measured variables. The measurement
of the hadronic encrgy has the broadest resolution. hence E/. 6 and 7, are chosen. yicelding

Yyrc = Ypa. (4.29)
5 » (sinf + siny, — sin(f 1 4 cosé
02 E'_(xm + siny, — sin(6 4 v))(1 + cos#)

sin -y,

Il

. (1.30)

The method is insensitive to initial state radiation (sce below).

“The quantity & was labeled € by the authors of the S method
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Figure 4.14: Radiative corrections to the Born diagram (a): photon hremsstrahlung. ie initial
state radiation (ISR. b) and final state radiation (FSR. ¢). vertex correction (). self energy
terms (e). two-boson exchange (f). and gauge sclf-conpling (g). Corrections originating from
the lepton line can occur at the parton line as well. which is not separately shown (b.c.d.g)

4.4.3 Radiative Corrections.

Radiative Contributions to the Cross Section.

Fig. 4.14 gives an overview of radiative corrections in lowest order. Their contributions to
the cross section are classificd according to their type as weak or purcly photonic. Photonic
contributions are labeled wrt their origin as leptonic. partonic. or lepton-parton interference
terms.

The weak contribution is small and can be neglected for this analysis. Its dominant term is
the fermion-loop contribution to vacuum polarization which reaches 6% at ()2 = M2: the other
contributions stay below the 1% level [Hol87).

Photonic contributions are discussed extensively in [MTG9]. For leptonic radiation. they can
reach 200% and more in the high-y region if the kinematios are reconstrueted from the final-state
clectron [S*O1]. An incident heam electron can lose enersy due to photon radiation prior to the
interaction. thus deercasing its initial cnergy. A4 -« A = A - L0 Sinee the photon is emitted
almost collinear with the electron. it escapes nndetected throngh the heam-pipe opening. and
the initial heam energy. AL is used to reconstruet the event kinematies. The obtained ()% is
larger than the Q7 at the hadronic vertex. and sinee the differentinl cross sect o1 1s proportional
to Q' radiation off the initial heam clectron enlianees e observed eross seetion at high values

of Q2.
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Partonic contributions are suppressed wrt the electron due to the higher masses of the quarks?
[BLi90]) and lepton-quark interference terms stay below the 5% limit [Hol87]. Therefore. the
discussion is lmited to leptonie photon radiation.

Radiative Correction Factor SRC-

The cffect on the observed cross section is quantified in terms of a radiative correction. épe.
which is defined by

(IQ(Y dz” orn
T = (14 fre(ey). (431)
dady dxdy

where the Born term labels the cross section in the one photon exchange picture. Since the
effects of radiation are different for the different measured quantitics. dre is a function of which
variables are chosen for the kinematic reconstruction of the event.

Leptonic Radiation.

Photon radiation is described by two splitting functions Pss and P, ;. which give the probabili-
tics for photon bremsstrahlung from a fermion (f =e... .. u.d....). and for the fragmentation of
an initial fermion f into a photon [Blii90]. They contribute to ége by bremsstrahlung from the
clectron line. and by collinear fragmentation of an initial quark into a quasi-real intermediate
photon. which then Compton-scatters off the electron. The contribution from bremsstrahlung
Is (;"} ln((‘_)z/-m}). where ef and my are the fermion charge and mass. The contribution from
Compton scattering gets significant in the phase space region of low 2 and high y.

Unless the radiated photon is experimentally scparated from the final state. the differential
cross section has to be integrated over the phase space which is available to the photon. In
the LLA. the above contributions to ére can be identified with different regions of phase space.
Bremsstrahlung comes from regions where photon emission is nearly collincar with the initial
of final state lepton. The corresponding diagrams arc called initial state radiation (ISR. fig.
4.14D) and final state radiation (FSR. fig. 4.14¢). The contribution from Compton scattering
gets large in the region Q2 — 0 [S*91].

Compton scattering is a dominant source of nncertainty in calenlations of radiative corrections
sinee it requires knowledge of the structure functions at Q% — 0. a region which is not covered
by most of the available PDFs. However. it has a clean experimental signature, hence its
magnitude might he directly accessible to measurement at HERA.

*Sinee quark masses are not experimentally accessible parameters. no attempt is made to isolate the partonie
contribution to &pc. Commonly. they are absorbed in the quark densities. g(a. Q). leading to a modification
in the splitting fanetions (2.80) (2.82) [Hol87). The contribution due to radiation from the outgoing parton
vamishes [B1190).
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Figure 4.15: Left: Differential cross section for ISR which is observed (solid cireles) in the
luminosity monitor compared to an absolute prediction from the HERACLES MC (shaded
histogram). Right: Comparison with the cross section at gencerator level (open histogram)
illustrates the acceptance of the Inminosity monitor.

Magnitude of Radiative Corrections.

Several analytical programs exist for calenlating the magnitude of radiative corrections for the
different reconstruction methods. They are reviewed and their results are summarized in [S to1].
It follows that radiative corrections can become huge for the lepton variables. hut remain at the
level of 10% for hadron variables. For the electron-only method. Spe exceeds 50% at low .+ and
high y and reaches even more than 200% for = < 107 ' > 0.9. The correction can. however.
be drastically reduced to helow O(40%) by imposing a sclection ent on 6 = E - .

Simulating Radiative Corrections.

In most cases the final state photon of a radiative cvent is not. experimentally observed. In
case of ISR. it escapes undetected down the beampipe opening. while for FSR so far no special
attempt is made to identify the photon. hence it s cither absorbed in the electron signal or
ascribed to the hadronic final state. The extraction of Fy therefore depends on radiation heing,
accurately simulated in the MC.

A possibility to check the simulation of radiative events is offered by the nminosity monitor.
which has a limited acceptance for bremsstrahilung photons. Fig. .15 (left) compares the
observed photon spectrum with an absolute prediction from the HERACLES MC and the
full detector simulation. The spectra are in good agreement. justifying the confidence in the
MC simulation. Fig. .15 (right) compares the measured spectrum with the spectrum of the
generated ISR photons to illustrate the aceeptance region of the luminosity conunters,

Two quantities are used to estimate and control radiative effeets in the data sample. The initial
clectron energy. AL is reconstrneted from measured gquantities. A — A(E 6 4;,). to reduee the
mismatel of the reconstrneted kinematics. and momentum conservation. d.is nsed to suppross
events with very encergetic initial state radiation. Both quantities allow to reconstruet the
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Figure 4.16: Generated encrgy of ISR photon., E,. compared to E, reconstructed from measured
quantitics (left) and E. reconstructed from & (right.).
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Figure 4.17: Generated energy of ISR photon. E. plotted versus the observed energy in the
luminosity monitor (left. only events with E_‘l"'-'\” > 0.35GeV are considered) and versus E,
reconstructed from measured quantities (middle) and from 6 (right).

energy E. of the ISR photon.

E(ElL6.v) = A—A(E.0.v,). (4.32)
and E.(5)

L.
A - 3{5‘ (4.33)

Figs. 4.16 and 4.17 illustrate by the MC simulation how accurately the initial state photon can
be reconstructed from those quantities. The reconstructed energy is seen to be slightly larger
than the generated energy. This is due to final state particles depositing some of their energy
i inactive material hefore entering the calorimeter. leading to hoth E! and & being measured
slightly too low. The correlation hetween E- () and E. however. is accurate for £, (8) > 9GeV.
whicliis used as acriterion to suppress hackground events from the DIS sample.
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Figure 4.18: Monte Carlo simulation of the ZEUS experiment. Events are generated according
to a MC model and subjected to the full detector simulation. MC and data cvents are {hen
passed through the same event reconstruction softwarc.

4.4.4 Monte Carlo Validation

Resolutions. biases and kinematic acceptances for the reconstruction methods can be obtained
from MC simulation only. hence the MC needs to be validated before the structure function
is extracted. The following sections introduce the MC generators which were used for ovent,
generation. compare spectra and scales from data and MC for the primary measured quantitios.
and determine their resolution. Special attention is paid to the electron encrgy scale. which is
discussed in a separate section.

Event Generators and Detector Simulation.

To investigate migration and resolution effects and to determine the kincmatic acceptance,
NC DIS events were gencrated with a lower limit of (2? > 1GeV using the HERACLES MC:
program [KSM91b. KSM91a] with the parton parameterization MRSD-" HERACLES includes
clectroweak radiative corrections to first order. The hadronic final state was simulated nsing
the color dipole model (CDM) [AGLP89] including hoson-gluon fusion (BGF) as implemented
in ARIADNE [Lén92] for the QCD cascade. and JETSET [Sji86. SB87] for the hadronization,
The events are referred to as the MC sample and correspoud to an integrated Inminosity of
738 ub~t,

[t Las previously heen established that the ARTADNE model gives the hest available overall
deseription of the hadronic final state as it is observed in DIS [ZEU93c. ZEU9 ). Effects of
variations in the structure function have heen investigated by reweighting the MC events to
the MRSDO". GRV(HO) and CTEQ)-2D" scts of partons. To study the effeets of large rapidity
gap (LRG) events on aceeptance and event migration. the POMPYT [BI93] and N7 [N792]
models have been nsed. hoth of which give reasonable deseriptions of the data ('/,I‘IU?JH)]‘ The
photoprodnction background at high valnes of g has been ivestigated using the PYTHIA MC
prograni.
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Figure 4.19: Distribution of the interaction vertex for 1993 data taking period. The MC vertex
(shaded histogram) has been reweighted with the observed distribution (crosses). Some early
runs (#< 6300) with a slightly wider vertex distribution have been removed from the sample.

The MC events were subjected to the full detector simulation and then reconstructed exactly
like the measured data. The MC simulation of the ZEUS detector is based on the GEANT
[B*87] program package. The detector simulation program. MOZART [ZEU93a]. incorporates
the best knowledge of the apparatus and is tuned to reproduce test beam measurements. The
trigger is simulated by the program ZGANA [ZEU93a]. Fig. 4.18 summarizes the MC simulation
of the ZEUS experiment.

Primary measured Quantities used for Kinematic Reconstruction.

Fig. 4.19 shows the vertex distribution of the data and the MC DIS candidate events. The
vertex has been determined from the tracks reconstructed in the CTD and the VXD. If no
tracking information is available. the event vertex is estimated from FCAL timing. If both
tracking and FCAL timing are unavailable. the event vertex is set to the nominal interaction
point (IP). z,.

Vertices are reconstrueted from the tracking detectors by first fitting the individual hits to
tracks. which are then fitted to a common vertex. Cuts on the y? of the individual tracks
cnsure that only well-reconstrneted tracks contribute to the vertex fit. Fig.4.20 (left) shows
the resolution of the vertex fitting package.

Insome events the particles cmerge nuder very small angles and henee hardly cross the tracking
systen Inosuch cases the event vertex is estimated from the FCAL timing (cf fig. 4.21). The
timing of the PMT signals is adjusted sueh that for events which ocenr at the 1P the signal
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Figure 4.20: Resolution of the tracking (VC. left) and calorimeter timing (CT. right) vertex
finding packages. The left histogram compares reconstructed and generated vertices (MC). the
right histogram compares vertex positions from calorimeter timing and tracking. both obtained
from data since the MC simulation of calorimeter timing was not satisfactory for the 1993 data
taking period.

FCAL RCAL

e—bunch p—bunch

Figure 4.21: Vertex determination from timing measnrements with the calorimeter. The nom-
nal interaction point (IP) is at zo. Particles from interactions oceuring upstream of the 11
arrive at the calorimeter by At = 71_(2 = zp + s — s9) carlier than those from the IP (ef text)

arrives at fpeyp = 00 For events which ocenr at a distance (2 — =) upstream of the 1P, the
signals arrive carlier by a time difference At

B o= ST (1.31)

The first term acconnts for the interaction ocenring carlier than interactions at the 10, the
second term s due to the shorter travel distance of the cmitted panticles (of fig 1.21). Fo
particles which hit the RCAL close to the heam-pipe both contributions cancel. The resolntion
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Vertexing Efficicney (in %)
Package Data  MC
Tracking 97.5% 99.4%
CAL timing 99.6% 99.7%

none

Table 4.3: Efficiencies of the vertex finding packages.

of the vertex from calorimeter timing is shown in fig. 4.20 (right). Table 4.3 swmmarizes the
efficiencies of the different vertex finding packages.

The MC vertex distribution has been generated using a parameterization of the event vertices
observed in non-diffractive photo-production. Some carly runs (before 6300) had to be excluded
from the data sample as at that time the 208 MHz system in the HERA p-ring was not operating
and the p-bunches had a different rms. The figure shows that data and MC simulation are in
good agreement. The secondary peak at +60 cm originates from proton satellite bunches.

Fig.4.22 compares the electron and hadron variables from the data sample which are used for
reconstructing the event kinematics with different MC samples. The MC simulated electron
cnergy has been corrected to match the obscrved energy spectrum (see below). Data and MC
have been normalized to the same luminosity and are shown at an arbitrary scale. The data is
bracketed by the MRSDO' and MRSD—/ samples and is in good agreement with a MC sample
that has been rewcighted to the structure function which is obtained in this thesis.

Fig. 4.23 quantifies the capability of the MC to reproduce the observed data. Since the measure-
ments arc over-constrained. each observed quantity can be reconstructed from any other two.
Thus plotting the ratios E!/Epy. 6/85p. ¥4 /7q and F/Fpy allows to compare the cnergy scales
and the inter-calibration of the calorimeter modules of data and in the MC. The figure shows
that the MC reproduces the data with an accuracy of better than 1% except for the hadronic
energy where the difference amounts to 6%. For the purposes of this thesis. this difference can
beignored. as F' is required only for the Jacquet-Blondel reconstruction method. which is used
only as a cross-check to the other methods.

Electron Energy Scale.

The distribution of the clectron energy obtained from the detector simulation program® used
for the analysis of the 1993 data does not agree with the data. The MC simulation of the
calorimeter has been tuned to reproduce calibration data which were recorded at test heams
at the CERN PS and SPS [ZEU91D] prior to calorimeter installation. Therefore differences in
the energy scales of data and MC have to originate from differences in the experimental setup
at. CERN and at HERA. Possible reasons which were considered for the mismateh include
miscalibration. wnder-cstimation of the amount of inactive material in the MC. offects from the

*The ZEUS data which was taken during the 1993 running period is analyzed with the versions NUNI0V3
and NUNIOV Y of the ZEUS detector simmlation program MOZART.
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Figure 4.22: Distributions of clectron and hadronic variables which are used for kinematic
reconstruction. Data (crosses) are compared to a MC which has heen reweighted with the
MRSD-". MRSDO™ and GRV(HO) parton paramcterizations (cf chapter 2) and to the structure
function extracted in this thesis (ZEUS1993)

maguetic ficld or from adjacent modules. which were hoth not, present at the heam tests. or an
erroncous geometry description of the calorimeter [CCG*94).

Monte Carlo studies indicated and recent updates of the program confirmed that the deseription
of inactive material in front of the calorimeter close to the heam-pipe was still incomplete in
the MC versions nsed for the 1993 analyses. The offect becomes visible when comparing the
measured encrgy of the seattered clectron. B to the same quantity reconstructed from the
donble-angle reconstruction method. Ep .

The ratio of the two quantitios,

my = 5 (1.35)
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Figure 4.23: Ratios of measured and kinematically reconstructed values of the four primary
measured quantitics (cf text). The MC has been reweighted to the structure function which is
obtained by this analysis.

can be used as an estimator for the amount of inactive material in front of the calorimeter.
As E, and Epy can be obtained for both data and MC events. rpy allows to cross-check the
detector deseription used for the simulation program. Plotting rpy versus the scattering angle
of the electron. 6, reveals that the energy scale mismatel of data and MC is significant at large
valies of 6, ic in the vicinity of the beam pipe (fig. 4.24. left). Thus the MC-predicted values
of E, have to be modified by a correction function depending on 6,.

Assuming missing iactive material in the MC desceription to he the only reason for the dis-
crepaney. the energy dependence of the energy correction can be obtained from calorimeter
calibration measurcments performed at CERN prior to installation of the calorimeter in the

ZEUS detector. Fig. 4.25 (upper left) shows the decrease of the calorimeter response.
s Pl 1
@ Eeas
xp T (4.36)

Ell‘ll' )
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Fignre 4.24: The ratio of the clectron energy as obtained from measurement (E,) and double-
angle reconstruction (Ep,). plotted versus the electron seattering angle ©, (Left: no energy
scale corrections have been used. Right: The MC simulated measured energy has been rescaled
to the data.). .

for clectrons which traversed n = 1.2 or 3 radiation lengths of inactive material before entering
the calorimeter. The solid lines show a lincar approximation of 7%, for electron energics hetween
5GeV and 30 GeV. which describe the data reasonably well.

The lower left plot of fig.4.25 shows the ratio r¢ /r%  for m > n. which can be used to
correct MC simulated energies for missing inactive material in the detector deseription. It is
parameterized empirically by

,_r\n ( ) ( ) ”(m.u)
AY m.n mn 3 B
= = 0B ey e (1.37)
T Xo Xo

Fig. 4.25 (right) shows the spectrum of E, for different paramcterizations of the nucleon strie-
ture function. Ounly events with a reconstructed electron which was found outside a box of
16cm radins around the beam-pipe and with a value of & between 35 GeVoand 60 GeVowere
taken®. After imposing an additional eut of 20GeV? < 0%, < 100GeV2 within one FWHM
the spectrum hardly depends on the stracture function chosen for the nueleon.

The MC simulated clectron energy E! can be adapted to the data by multiplying it with a
function of the form specified in (1.37). Since additional material in front of the calorimeter de-
tertorates the energy resolution. an additional term u,/\/ﬁ multiplied by a Gaussian random
nnmber has to be added to eqn. (1.37).

The parameters o, can be determined from a fit of the MC spectrmn to the data, Fig. 121
indicates that the fit has to he performed for separate intervals of #. where the choiee of the

"The selection criteria are disenssed in section 1.3,
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Fignre 4.25: Upper left: Influence of inactive material in front of the calorimeter on the cnergy
deposit of clectrons in the calorimeter. The data points have been obtained in test heam
measurements at CERN (cf [ZEU91D. Krii92]). The abscissa shows the cnergy of the incident
clectron (beam energy). the ordinate the ratio of measured and incident clectron cnergy. The
lines are lincar fits to the data for incident clectron energics of 5 GeV< E. <30 GeV. Lower loft:
The ratio of the measured cnergies from locations with different amonnts of inactive material
i front of the calorimeter with an empirical parameterization (of text). Right: MC predictions
for the measured energy of the scattered clectron. E,. Different structure functions have heen
simulated by reweighting the MC events. The spectraare normalized to the same luminosity.
Location and shape of the kinematic peak (within vertical lines) arve independent of the nucleon
structure funetion.
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Figure 4.26: Encrgy spectra of scattered beam electron for DIS candidate and MC generated
events. The labels ©7 refer to bins in theta (explanation sce text).

intervals is limited by the statisties of the data sample

The intervals chosen for this analysis are defined in table 100 which also lists the resnlt of
the fit. According to fig. 1.25. the 2 for the fit has heen calenlated only within one FWIM
Fig. 4.26 shows the B! spectra from data and MC for the different 6 intervals, fig. 127 shows
the same speetra after the MC has been adapted to the data, The right plot in fig. 1221 shows
the vatio rpy after the MC energy has been modified. Data and M agrec within 2%.
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Figure 4.27: Encrgy spectra of scattered beam clectron for DIS candidate and MC generated
cvents. The energy of the MC events has been corrected nsing a sccond order polynomial in
E. with ©7 dependent coefficients.

Encrgy and angular dependence of the correction function are plotted in fig. 1.28. Comparison
of the encrgy dependence with the test heam measurement (fig. 4.25) shows that the shape of
the correction function is compatible with the assumption of missing inactive material in the
MC description of the detector. The angular dependence of the energy correction reveals the
arcas in which the deseription is incomplete,
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Figure 4.28: Encrgy dependence (top) and angular dependence (hottom) of the clectron encrgy
correction. The solid lines are splines which are drawn to guide the cye.

Figs.4.29 and 4.30 verify the MC energy corrections. Fig. 129 compares the energy seales
of data and MC by plotting for cach kinematic variable the ratio of the values reconstructed
from EY and # (subscript ¢) and from 6 and 7y, (subscript DA). The energy seales apree within
two pereent. Fig. 4.30 shows the reconstructed o and (2 speetra for data and MC. The MC
sample has heen reweighted to the MRSDO™ and MRSD-" parameterizations and to the strueture
function which is obtained by this analysis. For the Iatter. data and MC agree within 1%.

An alternative approach corrects the measured cnergy of the scattered heam clectron back to its
frne value [CCGHOH]. Data and MC events from the kinematic peak are compared in different
regions of the RCAL. and the position of the mean value in the measured distribution is used to
estimate the amount of inactive material in front of the RCAL face at the respective location.
Tu this way the inactive matevial in hoth the detector and the MC deseription of the detecton
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ID Oin Buax a1 o a1y y %
O, 174 176 0.001 0.95 -0.2 0.28 .416
O, 172 174 0.001 0.95 -0.1 0.21 2.1
O3 170 172 0.0005 0.94 -0.4 0.21 1.41
O, 168 170 0.002 0.9 -0.20.14 0.632
®; 166 168 0.002 0.92 -0.1 0.14 0.84
O 164 166 0.001 0.95 -0.2 0.14 0.338
O; 160 164 0.001 094 0.1 0.14 0.756
Qg 150 160 0.001 0.95 -0.2 0.21 0.552
Oy 140 150 0.001 0.95 -0.1 0.07 0.405

Table 4.4: Paramcters of the correction function for the MC simulated clectron energy of
scattered beam electron (explanation in the text).
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Figure 4.29: Comparison of ratios of E.. x. y and Q? obtained from clectron-only and double
angle reconstruction for data (solid circles) and MC (histograms). Only events which are in
both the electron-only and the double-angle sample were taken (cf text). Monte Carlo events
have been reweighted to the measured structure function (dotted line). and the MRSD~ (solid)
and MRSDO (dashed) parameterizations. Data and MC agree within 2%.

can be catalogued.

The observed energy of the scattered beam electron is now modified for both MC and data
events according to this map and the impact position of the clectron on the RCAL in the
following way: The encrgy loss of the clectron before entering the calorimeter is caleulated
from a paramecterization of the energy loss of clectrons in dead material which was recorded
during the calorimeter calibration at CERN.

Compared to the previons method. this approach has the advantage that its absolute values
can be verified from data events only [ZEU95c]. For comparison. fig. £.31 shows the data and
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Figure 4.30: Comparison of & and Q2 spectra obtained from clectron-only and donble angle re-
construction for data (solid circles) and MC (histograms). Only events which are reconstrueted
within the bins for which Fy was extracted were taken (ef text). Monte Carlo events have heen
rewcighted with the measured structure function.

MC energy spectra corrected with this method in the bins of the previous correction method,

4.4.5 Kinematic Acceptance

The phase space which is accessible to DIS measurements is limited by the resolution and the
acceptance of the detector. Detection of the seattered heam clectron is limited towards Jow
values of Q% by the vear heam-pipe opening. which prohibits measnrements above! 6 = 177.1"
Due to the forward heam-pipe opening final state hadvons which are cniitted helow o= 16"
escape undetected. Towards low valnes of 4 the acceptance is limited due to the resolution

" The angles stated are wrt the nominal interaction point (1),
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Fignre 4.31: Encrgy spectra of scattered beam electron for DIS candidate and MC generated
cvents. The energy of both MC and data cvents has been modified according to a map of the
inactive material in front of the calorimeter.

in . which is in many cases proportional to =1 At high v the measurement is distorted
by background from photoproduction. which “fakes™ electrons in the forward region of the
detector.

A set of selection cuts is imposed on the data to retain ouly well-measured events for the
analysis. In particular the aims and the corresponding requirements are

14

KINEMATIC RECONSTRUCTION

05

Variable Lower Limit - Upper Limit A o

suppress background from B T

E-P. 35 GeV’ 60 GeX" suppress 5 * p and ISR o any event
Yel 0.95 remove events with fake FCAL electron any event
cusure reliable electron identification i
LOAL-YOAL -16 em 16 em containment of em shower in CAL any ovent
E! 5 GeV reasonable purity of electron finder any event
cnsure applicability of electron energy corrections )
S\priex =20 em 20 em correctuess of 6 dependence E!
E! 8 GeV’ correctness of EL dependence E
[ 140 availability of cnergy corrections E!

suppress effects from calorimeter noise

A 0.04

exclude events with low hadronic :n'li\'i!T

Ih

Table 4.5: Sclection cuts which are imposed on the data to retain only well-measured events,
Some of the cuts are globally applied to any event. while others are specifie to certain re
construction methods. In the latter case. the “target™ column specifies which variables are
improved by the cut.

no y. cut y.>0.02 y»>0.04 y»>0.08

r meon 0.065| I mean 0.065 | [ mean  0.078 mean 0095

= rms 0281 [ rms 0283 rms  0.289 (rms 0304
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6Q°u / Q' 6Q%, / Q% 6Q% / Q' 6Q' / Q'

B mean -0.231 | mean -0.112 | |- mean ~0.02 r meon  0.036
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Suppress background from photoproduction

The majority of photoproduction events can be suppressed by requiring § = E — P. to
be in the range of 35 GeV to 60 GeV (of seet. 4.1.3). For some events. fake clectrons
are identificd by the clectron finding algorithms in the vicinity of the forward heam pipe
opening. These events are removed by requiring yg < 0.95.

Ensure reliable identification of scattered beam electron

Electron identification is considered reliable if the clectromagnetic shower which is due
to the clectron is fully contained in the calorimeter. and if the purity of the electron
identification is of O(50%) or better. Containment. is achieved by requiring the impact
position of backward clectrons on the face of the RCAL. (apear. Yrea)- to lie outside
a box of 32cm width which is centered around the beam-pipe opening.  The purity
of the electron finders is established by a fiducial cut on the electron cnergy. requiring

E; >5GeV (cf sect. 4.2).

Ensure applicability of electron energy corrections

If reconstruction of the event kinematics makes use of the measured energy of the scattered
beam clectron. EY. special care needs to be taken to ensure that the energy correction for
the MC simulation can be used. The energy corrections were obtained in bins of 8. A
fiducial cut requiring the interaction vertex to be within 20 cm of the IP ensures that the
measured clectron angle 6 is compatible with the binning. Since the energy corrections
are obtained only for # > 140°. electrons below this angle are not considered for the
analysis. As the fitting of the cnergy spectra was limited to one FWHM of the spectra.
a fiducial cut of E. > 10GeV is imposed on the data.

Reduce effects which are due to calorimeter noise

At low values y;p the resolution of ;5 deteriorates because the signal from the hadronic
activity becomes comparable to the uranium noise (cf fig. 4.13). Since the hadronic angle
¥ is directly linked to y;p via eqn. (4.21). a cut requiring ¥y > 0.04 is imposed on the
data if the event kinematics are reconstructed using 7,. Fig. 4.32 illustrates the cffect of
this cut on the resolution of the double-angle variables.

The selection cuts are summarized in table 4.5.

4.5 Unfolding the Data

Reconstructed event distributions are smeared due to initial state radiation (ISR). limited
detector resolution. energy losses in inactive material. and particles which escape undetected.
Figs. .33 and .34 illustrate the migration effects for the different reconstruction methods before
and after the kinematic selection cuts have heen applied. It can be seen that migration cffects
arc stll present in the selected data sample. althongh they have been drastically reduced by
the selection ents,

An extraction of Fy requires unsmeared event distributions. henee the data have to be unfolded
first. The problem of wnfolding can be generalized to an mtegral equation.

M(r.()?) = / da’ dQ¥ T(r Q% " Q¥ YN(+'. ¥y, (4.38)

4.5. UNFOLDING THE DATA 97

®

LEERARLL |

AR

T

DL IERTT| B AR UTTY BT eTT A EEDL RTINS RT T tod
—4 o - —1 - = . o
10 107 10 10T 0t 10t 0t g0
mixed

103 1031
102 102} {xre
£ 2 L s s 2755 qorpiia
L S ‘;-‘%5»
- P78 -
10 10 = s -
,V £y ———
, B — R
DL, WUV B AT R R ST R EOL YTV B IS AR T T AR T I
—4 - = —1 — - - =
10 1070 102 10 5 10 10 6?0 )
ke 4 ke 4
10 5 107 RC
103? 103?' o e e
E F Cre maglpe
102 102
- A :
'/:K 284
10 3/‘3;,:5 10
: f{,‘%“
L T S T
10" 107 10?2 g0 10 10 102 g

X

Fignre £330 Migration of events due to kinematic reconstruetion for different reconstmetion
methods. The arrows point from the generated to the reconstreted (. (0?). No sclection ents
Liave been applicd.



98 CHAPTER +. EXTRACTION OF F2

k. ko)
10°:  pa
103k 4.‘,111
E WL AnE e
s 03 et g—
- L e < g @
1021 At
F 4 peEm—
5 + st — .-
r ree—
——— o—— -
T 10 g
AT S B A T AT
e o - -1 —4 =3 =2 =1
[ ST A T L A 10 10 10 16
T, 4 T 4 .
107 uB 107E  mixed
i r T
3 v 3 .
103 . 103} ANl
3 JhT E K55 40 e
F Vi F ’)
: 7= i
i 74 s - [ - ein g2 A
1021 G900 102 2 Eile=
JP P
'/Jﬁ//////,v' 2/‘2”}”.‘,“:‘
. = S
0 o KSR
=5 7 E P K
2T F=>
L el weiond vl 40 tefvnd ool vl gy
= = = o —4 =3 =2 -1
(AN TR [ L T A 10 10 10 16"
ke s)
10°k R
103 S e
F v v ek e—
F ¥ e
i o e
2 -
10 E _:,.,
E ¥ .u-"'
: Va e
10 W= s 2
E E s
Cefovonl oeffd vl 0ay L iefvinml el ool 00y
= 3 = <A —4 = - o
100 10 162 16" 10 16° 167 g

Figure £.34: Migration of accepted DIS events due to kinematic reconstruction for different
recoustruction methods. The arrows point from the generated to the reconstrneted (o ()?).

4.5. UNFOLDING THE DATA 09
range ¢ o A A
Bins in ()° B
10 25 15 0.27 8.1 15
25 55 35 0.3 23.8 30

o

55 12( 65 0.30 390.0 6H
120 240 160 0.32 102.4 120
240 500 320 0.27 172.8 260)
500 2000 1000 0.20 100.0) 1500
2000 10000 5000 0.20  2000.0 8000
Bins in x
0.00030 0.00085 0.0007 0.36 0.00051 0.00055
0.00085 0.00268 0.001 0.39 0.00078 0.00183
0.00268 0.00536  0.004 0.35 0.00280 0.00268
0.00536 0.01414 0.008 0.34 0.00544 0.00536
0.01414 0.05656  0.04 0.30 0.021400 0.04242
0.05656 0.22620 0.1 0.22 0.04400 0.16964

Table 4.6: Binning used for systematic studies. The table lists for cach hin the lower and the
upper limit. the central value at which Fy is extracted (¢). the resolution at the central value
(6¢). the width of the bin (A). and the minimum bin width corresponding to twice the detector
resolution (A™).

M counts the munber of events which are reconstrncted at - and Q2. and N is the theoretical
distribution. ic the number of events originating from o/, Q. T is the transfer function which
describes the detector response!® as the probability for an event originating from (/. Q%) to
be reconstructed at (x. %), T combines kinematic acceptance and migration probabilities. In
practice. an additional term e(a. Q%) has to be added to the rhs of equ. (4.38) to acconnt for
the statistical uncertaintics of the measurement [Blo84).

If the data are binned in a total of n bins in o and 2. the arguments of cqn. (1.38) assume
only n different discrete values. In this case. M and N hecome veetors of dimension v, and T
becomes an n x n matrix (transfer matrix). The unsmeared distribution is obtained from cqn
(4.38) via inversion or iteratively. In case of convergence. hoth methods can be shown to yicld

the same result [Blo84].

4.5.1 Bin Selection

Figs. 4.35 and -1.36 show the resolntions in . and 2 for electron-only and double-anple recon-
struction. The w-resolution is of the order of 30% (37%) for the clectron-only (double-angle)
reconstruction at low valies of Q2 and improves by 5% (10%) towards higher ()2 The ()
resolution is about 20% (27%) at low () and improves to 9% (11%) towards high ()% and high

AN and T depend of conrse also on the primary measared quantities. collider and detecton operation
conditions ete. For the practical purposes of this thesis. however, it is sufficient 1o take the distiibutions to
depend only on the Kinematic variables, ie M (0 Q%) or M(y. (%)
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Figure 4.35: Resolution of o reconstructed from the electron-only and the donble angle method. Fignre 4.36: Resolution of Q? reconstructed from the clectron-only and the double-angle

The histograms plot (g - wye)/rye. where subseript MC refers to the kinematic valnes at method. The histograms plot (Q3) — 03,)/Q3c. where the subseript MCorefers to the kine-

generator levell The two numbers in cach histogram specify the mean (upper) and rms (lower). matic values at generator level, The two munbers in cach histogram specify the mean (npper)

and s (lower).
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Figure 4.37: Distribution of reconstructed events and bins suitable for an extraction of the
structure function for the electron-only and double-angle reconstruction methods. The solid.
dashed and dotted line show values of y = 1. 0.1 and 0.01.

Y.

Neighbouring bins are negatively correlated due to migrations. To avoid numerical problems
while unfolding. the size of a bin in a kinematic variable should be larger than twice its resolution
at the center of the bin. If smaller bins are chosen. the unfolded distribution shows oscillatory
behaviour. Such distributions scem unphysical. and they are difficult to present and to discuss
as they can be interpreted only together with the full crror matrix.

Table 4.5.1 defines a binning which is suitable to investigate the systematics of the extraction
of the structure function. The bins are chosen according to the above rule and are enlarged at
high ? to obtain sufficient statistics per bin. The table compares the chosen bin size to the
minimum bin size required by the detector resolution. For this purpose. the resolution has heen
worst-case estimated by the maximum double-angle resolution at the central value of each bin.

Four quantitics are defined as a measure for the quality of a bin. The smearing s is the
probability for an event to be reconstructed in the bin where it originates. The purity p is the
fraction which specifies how many the of events which are measured in a bin originate from that
bin. The correction factor ¢ gives the ratio of the events originating from a bin and the events
measured in that bin. and the acceptance A is the probability for an event which originates
from a bin to be reconstructed within the kinematic region used for the analysis. The bin
quality can be caleulated from the quantities of equ. 4.38.

s Q) = T(r. Q% %), (-1.39)
- N(r. Q)T (. Q2. 1. ()2

plr Q%) = ( 21\)4(,(::(25) ) (-1.10)

(oY) = N p

o Q%) = MO = 5 (4.41)
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Al Q%) = /./.,f,/(g'-”'r(../.()-”..r.(3-’)‘ (1.12)

In practice the bin quality has to he obtained from MC as all of the quantitics depend on NV
or T The MC sample has to be sufficiently large to keep the statistical nneertaintios of s. p
¢ and A small. Since s and A depend only on the transfor matrix. they are insensitive to the
MC input structure function.

Bins with a small value of s smear their contents over adjacent. hins. while bins with a high
correction factor are flooded with cvents from neighbouring bins. ITn both cases the unfolding
procedures hecome numerically instable. In bins with a low acceptance even small uneertaintios
in the acceptance can lead to large fluctuations when resealing the unfolded distribution Hence
bins were only kept in the analysis if

s > 0.1.
3 > ¢ > 04, (1.13)
A > 0.1.

and if at least 10 events were observed in the bin. Fig £.37 shows the distribution of the
reconstructed events over the phase space and the bins suitable for electron-only and donble-
angle reconstruction. The bins resulting for the other reconstruction methods are similar to
these two methods.

The migration plot. fig. 4.33. shows that migrations are dominantly in the direction of y. henee
binning the data in y and Q2 should reduce migration cffects and thus improve the bin quality.
Compared to the binning in 2 and Q2. it turns out that the region of kinematic acceptance
extends for most reconstruction methods towards lower y. ic higher . Fig. 4.38 shows the
resolutions in y for the electron-only and the double-angle reconstruction. Fig. 4.39 shows the
(y.Q?) bins suitable for kinematic reconstruction for the different reconstriuction methods.

4.5.2 Background Subtraction

Ouly few non-DIS events remain in the data sample after all selection euts have heen applicd.
Tags of the luminosity monitor identify photoproduction events. however the luminosity monitor
cannot be used to quantify the amount of remaining photoproduction events due to its limited
acceptance. Events originating from unpaired clectron or proton hunches indicate beam-gas
background in the DIS sample.

The remaining background from photoproduction has to he estimated from a fit Lo the ol-
served and MC-simulated 8-distributions. The shape of the MC simunlated d-distribution can
be empirically parameterized by a Ganssian with a vadiative tail towards lower energics. The
contribution from photoproduction background. which is present in the observed d-distribution
can be parameterized by an additional Ganssian tail. AMC and Ala specify the simmlated and
obscrved distributions.

2317

o> :5"\][(' o Aexp <~9;ELL>
\MC —
AT = \IC . ; (h=agt" (1-41)
o< ot s O (A =C)exp <-~ e

YT
'(nrl ]
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Figure 4.38: Resolution of 4 reconstructed from the clectron-only
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and the double angle method.
The histograms plot (4 — yye)/inie. where subseript MC refers to the kinematic values at
generator level The two mmbers in cach histogram specify the mean (upper) and rms (lower).
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Quantity Definition T
N N;=N(x.()?) true distribution of events
M M;=M{(x.()?) experimentally observed distribution of cvents

T

Tyi=T (. Q2. . Q"”)

transfer matrix. ic probability of an event origi

107

- i £0°°°%%, e DIS candidates
3 ,. %00 | ° ... ..
0 g oo ° = tagged yp
?a . .. A tagged e"—gas
102 E‘.-_ ' R v tagged p—gas
E*YAY:-‘ ' ;ﬂﬁ < ---- selection cut
++++‘*¢Y*++*¥ bt
o T Ny
:l 1 I 1 l:l 1 I L1 1 1 1 l+ﬁl L l L1

60
E—-Pz [GeV]

Figure 1.41: E — Pz distribution for tagged photoproduction events and beam-gas collisions
from pilot. bunches remaining in the DIS sample.

Admﬂ((g) A']l““(ﬁ) + A«zlma(b-) (4‘45)
ydata (8—bdnray?
AP = “d — (4.46)
6 < s BC + B(A - C)exp (—2(0(;“‘_‘«—-2.-?‘)“.?))
data g (8 — 6FHP)2
Az‘ '"(6) = Dexp (—2—{7[;:? ) ()

Oy is the central value of the peak due to DIS. aq and o4 are contributions to the width
from detector resolution and radiation. The superscripts MC and data indicate from which
distribution the parameters have been determined. A. B. C and D are used for normalization.
The contribution from ISR cvents to the ¢ distribution is taken to be equal for data and MC
and is parametrized by C (magnitude) and U(TI’HI’ (width). The result of the fit is shown in
fig. 4.40.

The mumber of remaining background events. Npg. is obtained by integrating the parameteri-
zation of photoproduction events over the 6 range which is accepted for DIS candidates.

OGY” o wodiar
Npg = /mw ds A (1.48)
However. due to the energy scale mismateh between data and MC. Npg overestimates the
remaining background by

35 Ge V"

s = /

JBIGN = (A1 =gl

dy At (4.49)

The remaining beam-gas hackgronnd is estimated from the pilot hunches. So far. the hunch
nmber has bheen ignored when events were selected for the DIS sample. Now. it can be used

nating from bin (/. Q%) to be reconstructed in

bin (:1".(22)

MC generated distribution of events

MC predicted distribution using full detector

simulation

TMC T,'},](‘:T(J:. Q2" %) transfer matrix constructed from M simulation
(cf text)

NIC T NIC= N (. Q%)
MMCE pMMC=pf (2. (92)

Table 4.7: Definitions used for unfolding.

to determine how many events originate from unpaired clectron or proton bunches. The weight
of these events is determined by the ratio of the heam currents in the pilot and the colliding
bunches.

Fig. 4.41 illustrates the amount of the different types of hackground which is present in the DIS
sample after all the sclection cuts have heen imposed.

4.5.3 TUnfolding by Matrix Inversion

Definitions.

If M labels' an observed distribution of events and N is the corresponding true distribution.
then a transfer matrix 7' can be constructed such that

MT =NT'T <= M,=NT,. (4.50)

where the subscript 7 refers to the -th component. (bin) of the respective quantity. Quantities
from MC-simulation are identificd by an additional superseript M€, VMO g the generated
distribution. MM is the MC-prediction after the full detector simulation has been nsed. and
TMC is the transfor matrix obtained from MC simulation. The definitions are snmmarized in
table 4.7.

If Ti; is non-singular. equ. (4.50) can be inverted to obtain the unsmearced distribution from
the experimentally observed distribution.
- i
N=(T")'M < N=(T;") M, (1.51)

The detector simnlation reproduces the spectra of the primary measured quantities. so it can
be postulated that

pNC .

TN = T (1.52)

"y

P The dependencies on the kinematic variables are listed i table £.7, hut have Been omitted in the cquations
for hrevity,
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and cqn. (4.51) becomes
w-1\T 1oy -1
N:((T“C) ) M = N=(T)" M, (4.53)

Hence an unsmeared distribution can be obtained from an experimentally observed distribution
by inversion of the MC-constructed transfer matrix.

The covariance matrices C* and CV are obtained by error propagation. Their diagonal cle-
ments specify the absolute errors of M and N. the non-diagonal clements measure the corrcla-
tion of the corresponding components' in M and N. CY can be caleulated from the transfor
matrix. T and the crrors of the measured distribution, M. using

e

CV=1-M < c)=Ms; (4
CY = (T VT = Cf =T MTS (4.

4)

5)

e

and assuming negligible background. The correlation of two bins becomes better visible in the
corrclation matrix. R. which contains the elements of the covariance matrix normalized such
that =1 < R,; < 1.

R;; vanishes if the two bins i and j are uncorrclated and becomes 1 (-1) for fully (anti-)
correlated bins.

Construction of the Transfer Matrix.

The transfer matrix is constructed from the MC simulation. First. a binning of n “physics bins”
is defined. The bins are numbered consecutively from 0 to n. where the n-th bin (background
bin) accommodates events which do not fall into one of the physics bins. Next. the MC cvents
arc scanned. and cach event is stored in the one-dimensional histogram N;. where 7 labels
the bin in which the event was generated. and in the two-dimensional histogram T};. where j
identifics the bin in which the event has been reconstructed. Events which fail the selection
criteria are treated like hackground cvents.

After scanning. the bin properties are calculated from eqns. (4.39) to (4.42)™ . and the sclection
criteria (4.43) are imposed on the transfer matrix. Bins k which fail the selection are removed
from the transfer matrix and added to the background bin via

N, — N,+ N,. (4.57)
Tow = Tun + Thyie (14.58)
o= Ta+Thi#k (4.59)
Tyi = T+ Tii# k. (4.60)

YHence covariance matrices are syimmetric,
YA this stase. the histogram T,; is not yet normalized. e its clements still contain XoT.
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Figure 4.42: Numbering scheme for (. 2) hins

The equations state that cvents in bad bins are treated like background events. and that
migrations to and from a bad bin become migrations to and from the background.  After
reduction the bins can be re-numbered. and finally the transfer matrix is normalized via

1

T — T (4.61)

Removing bad bins properly from the transfer matrix is essentinl for the unfolding procedure.
Bad bins must not be simply dropped as they can be sonrces for migrations to the measured
phase space. but keeping them in the transfer matrix usually leads to the matrix bhecoming
singular.

Detector effects are unfolded via the inverse transfer matrix. (7! ),i- which somehow encodes
the probability P;; for an event which is measured in bin J to have originated from bin 7. The
algorithm described above can be used to construct such a probability matrix %, from a MC
sample. but the resulting matrix depends strougly on the MC input structure function. It is
therefore different from the unique inverse transfer matrix and snitable for unfolding only if the
MC model correctly deseribes the measured distribution.

Example for Weakly Correlated Bins.

The bins which were defined in the previous seetion (table £5.1) are nsed to unfold the ZEUS
data taken during the 1993 HERA running period. Fig, 142 defines the hin nnmbering scheme
for reconstruction via the clectron-only and the double-angle method after having imposcd
the bin selection eriteria. Other reconstruction methods have heen used as well, but are not
disenssed in detail for hrevity.

The transfer and correlation matrices for the two methods are shown in fig 103, The abseissa
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Transfer Matrix e’ Correlation Matrix e”
E 10 21 10 9 2 8 2 6 6 10 14 t—) 10 -20 -8 =12 19 =26 1 -7 -5 -5
0 | c -
22 ‘A 9 1 1 3 -10 -5
L e o2 -
8 52 4 8 -1 1 5 -5 -37 -10 =5
7 ' 34 14 7 -1 -9 -37 3
L -
6 1 41 7 7 6 1 1 -2 3 -4 =59 -9 =5 -7
5 51 28 5 5 -2 1 3 -6 1 -59 -1 5 1
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4 20 2 4 15 =10 45 =83 1 -4 1 1 -26
3 3 55 45 1" 6 3 -7 2 =57 -83 -6 3 -1 19
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7 B 8 7 8 4 7 1 1 -4 -28 -4 -2 -3
6 B 2 2 % w0 5 3 6 2 =16 -7 -28 -12 -1 -2
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Figure 4.43: Transfer and correlation matrix for bins in (2. Q?). for the clectron-only (top) and
double-angle (bottom) reconstruction methods. The transfer matrices contain the migration
probabilitics from one bin to another. the correlation matrices show the correlation cocfficients
(both given in %). The diagonal clements of the correlation matrix have been suppressed: they
contain the number of events corresponding to the statistical uncertainty.

specifies the bin (7) in which an event was generated. the ordinate holds the bin (7) where the
event has been reconstructed. The transfer matrices show that most events are reconstructed
i their proper bins. T, = O(60%). except for low values of Q2 where despite the large bin size
migrations are still strong. The latter is also seen from the correlation matrix. which shows
negative correlations of down to O(=70%) for adjacent bins in the lower Q% (< 65 GeV?) region.

The resulting nnfolded distributions are shown in fig. 4,44, The unsmeared distribution. N
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Figure 4.44: Fp(.Q?) nnfolded via matrix inversion. bins of (.. )2).

has been converted to Fp to be comparable with other analyses!™. The crror bars show the
statistical uncertaintics as obtained from error propagation. cqn. (4.55).

At first glance. the structure functions obtained from the two reconstruction methods seem to
disagree. A closer look. however. reveals that the donble-angle data points follow a smooth
curve. while the data points from the clectron-only method are strongly fluctnating around the
parameterizations. The fluctuations oceur in the three lowest 2 bins and are alternating wrt.
the paramcterizations. in accordance with the negative correlations of adjacent hins stated in
the correlation matrix. In this scnse. the fluctuating result obtained from the clectron-only
method in correlated bins is compatible with the smoother result obtained from the double-
angle method in less correlated bins.

A similar analysis has been carried ont in bins of y and Q2. The bin bonndaries in y are at
¥ = 0.02.0.06.0.1.0.4 and 0.9. They have been chosen to yield bins of a width larger than
20 and with sizes similar to the bins in o and Q% Fig. 115 defines the numbering scheme for
the sclected clectron-only and double-angle bins. fig. 116 shows the corresponding transfer and
correlation matrices. Compared to the previons analysis. the accessible phase-space extends
to Tower g for the double-angle method, and the hin quality at low ()2 has mnproved for hoth
methods,

P Conversion of an unsmeared distribution to a stracture funetion is dis nssed i the next section.
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Figure 4.45: Numbering scheme for bins in (y. Q?).

Fig.4.47 plots the unsmeared event distribution. as before already converted to the structure
function F. The clectron data still scems to be wildly fluctuating similar to the (z.()?)-bins.
However. fig. 4.48. which plots Fy(x.y) in bins of fixed y. reveals that the shapes of the structure
function are similar for both reconstruction methods within cach bin of y. The electron data
simply has picked up global fluctuation over entire bins of .

4.5.4 Iterative Methods
The Iteration Procedure.

As an alternative, an iterative procedure can be tried to solve equ. (4.51) (g [Blo84. d’A94a]).
An initial MC-generated distribution is used to produce a prediction for the measured distri-
bution. The prediction is compared to the experimental data and a y2 is calculated for the
two distributions. If the MC-generated distribution succeeds in reproducing the measurement
it can be taken to be equal to the unsmeared physical distribution. Otherwise it has to be
iterated.

If the statistics is low. the procedure can be distorted by bin-to-bin fluctuations. and the
resulting unfolded distribution receives unphysical oscillatory structures. An entropy H? can
be defined as a measure for the smoothness of the unfolded data and can be used to SUppress
fluctnations in the resulting distribution by aborting the iteration for the price of a higher y2.
Alternatively. the solution can be foreed to remain smooth by cither mposing constraints on the
function which updates the MC. or by requiring the resulting distribution to satisfy an a-prion
defined functional form. The latter two techniques are commonly referred to as smoothing or

regularization (cg [Blo84. d'A94a]).

Using the definitions of the previous seetion with additional superseripts ) to indicate the n-th
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Figure 4.47: Fy(x. Q%) obtained via matrix inversion in bins of (y. Q%).
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iteration. the procedure can be expressed formally.

(M.\l(’ r,.)‘)T

2
\/(')

Il

b3

Ar\l(‘

(nee)T T
(A )’

S 4

(1.62)

(4.63)
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qm? 55 wihid. (N‘.\l('(,.) _ Nl\l('(ul)'-’_ (161)
[

NMC(r41) f (N.\I('.(H) MANCLm M) (1.65)
where neigh(s. j) is a function which is one if bins 4 and J share a common boundary and zero
otherwise.

Different iterative procedures have been proposed with different reenrrence relations f for the
updated theoretical distribution. In an intuitive approach [ZEU93f] which has already heen used
for [ZEU93d] the theoretical input distribution is reweighted with the ratio of the experimentally
observed and the MC-predicted distribution of measured events.

n Al‘ “n
NN NMCn), (1.66)

'

M;\lc:(n)

Error propagation relies on the covariance matrix which is not caleulated in this method. Henee
the statistical crror of the unsmeared physical distribution has to be estimated from the st
tistical errors of the theorctical input distribution, NMCO) g]e corresponding MC-prediction
for the measured distribution. MM and the experimentally observed distribution. M. As-
suming the three distributions to be statistically independent’®, the ervor on the unsmearced
distribution is

SNMC 1 1 1
NCT) = N‘xlc'.(,.) + MI.\IC.(") + M

i

(4.67)

Example for Weakly Correlated Bins.

The analysis of the 1993 ZEUS data which was presented in the previous secetion has heen
repeated using the iterative unfolding instead of matrix inversion. The result is shown in
fig. 4.49. which plots the unfolded distributions in terms of Fy. When unfolding. the 2 decrcases
with every iteration and converges to unphysically low values. while the ent ropy. which measures
the smoothuess of the resulting structure function. remains ronghly constant  In this analysis
the iteration has heen stopped if N

2

x° < 1.1
or Ay? < 0.
or A—I{-— < =0.02 and ﬂ < 0.10.
H? y2
Al? )
or e =0.10. (1.68)

The conditions correspond to y? assuming an acceptable value, \? inercasing in subsequent
iterations. or the resulting distribution picking np oscillations which are large compared to the
gain in y2or which are simply too lavge. Typically. it takes two to thrce iterations to achiove
an acceptable value of 2,

Ywhich is not really trae. hut shonld he sufficient for this purpose
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Figure 4.49: Fy(x.Q?) obtained via an iterative unfolding method in bins of (2. Q?). The

unfolding has been stopped after five (two) iterations for the electron-only (double-angle) re-
construction with xZ/ndf = 0.8110 and x3, /ndf = 0.7321.

Figs. 4.50 and 4.51 plot the result of an iterative unfolding in bins of (y.Q%). Again. the plots
show the extension of the accessible phase space towards lower values of y compared to the
binning in (. Q%).

4.5.5 Comparison of Methods

This scetion quantifies the similarity of unfolding via matrix inversion and iterative unfolding.
First. two special cases are discussed in which unfolding reduces to multiplication with a cor-
rection factor. Then. the results of the unfolding in weakly correlated bins are compared. and
finally some consequences of choosing bins of the order of the detector resolution are discussed.

Special Cases.

Iu an ideal experiment migrations are absent. leading to the transfer matrix being diagonal.
The diagonal clements contain the aceeptance. which in this case is cqual to the smearing,.
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Fignre 4.50: Fy(x. (%) obtained via an iterative mnfolding method in bins of (y. Q?). The

unfolding has been stopped after three (two) iterations for the clectron-only (double-angle)
reconstruction with xZ/udf = 0.9723 and y2, /ndf = 0.9008.

E

A; =5, =T and from eqn. (4.50) follows

M,
Insertion into the iteration preseription. (4.66). yields N = N™ e the iteration converges

after one step as expected. Practically. a simple acceptance correction can be used whenever
migrations arc negligible. ic A, = s,. but will be insufficient in any other case.

If the MC input structure function equals the data. the correction factors, e (eqn (1) are
the same for data and MC. and unfolding simplifies to

N, = M. (1.70)
The iteration prescription. (1.66). hecomes N,(”) =, M, again converging at first step
Equ. (4.70) does not require the transfer matrix to be dinconal. but on (e contrary properly
1 | S ¥ proj
accounts for migrations. For practical purposes. however, it has to be nofed that also cvents

originating outside the observed phase space can wiigrate and thuas contribnte to the measured
region. henee equ. (£.70) can he applicd safely only if the equality of data and MC stmeture
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Figure 4.51: Fy(x.y) obtained via an iterative unfolding method in bins of (y. Q?)

functions is guaranteed even beyond the actual range of measurements. or if migrations from
those regions can been excluded. )

The equality of a simulated and an observed structure function can be established only after
the measurement has been analyzed. Thus equ. (4.70) scems especially unsuitable if previ-
ously unexplored regions of phase space are probed. For this reason. the factor method is not
investigated in this thesis. even though the CTEQ-2D" and the unpublished MRS(H) parton
parameterizations are in good agreement with the observed data. Generally. the inappropriate
use of factor methods biases the result towards the MC input (g [Blo84]).

Weakly Correlated Bins.

The previous section presented the proton structure function as obtained in weakly correlated
bins from different. reconstruction and unfolding methods. Figs. 4.52 and 4.53 show a bin-by-
bin comparison of the results for the binning in (x. Q?) and (y.Q?). respectively. Some of the
bins are not accessible by all reconstruction methods and henee have less entrics. Obviously.
the mixed and the £ method extend to the lowest values of y.

In both cases the results of the different analyses are statistically compatible. At low Q2. some
of the data points which were obtained by matrix inversion scem to be incompatible with their
counterparts from the iterative unfolding. however those fluctuations are compensated for by
a corresponding deviation into the other direction in an adjacent negatively-correlated bin. At
high Q2. the results agree within the crrors (ouly statistical crrors arc shown).

The analysis in bins of (y.Q?) covers a larger phase space and yields significantly more bins
than the analysis in bins of (. Q?). It reaches lower values of o and Q2. provides a higher-ir
bin at high Q% and generally extends to lower . At first glance. hoth analyses seem to be of
similar quality regarding bin-hy-bin fluctuations of the result. It has to be noted. however. that
both analyses are presented in bins of (. Q%) whercas figs. 448 and 4.51 have shown before
that the solution in (. (Q?)-hins is smooth within cach bin of 4.

The vesults obtained by matrix inversion are stronger fluctuating than those from the iterative
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data points show the deviation from the GRV parameterization. Only statistical uneertaintios
are shown.
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Figure 4.53: Comparison of Fy(y. Q?) from different reconstruction and unfolding methods. The
data points show the deviation from the GRV paramecterization. Only statistical uncertainties
arc shown.

method. This is due to the fact that the iteration procedure has not heen stopped only after it
converged. but rather when the v was alrcady acceptable. The iteration procedure eventnally
transforms the (smooth) input distribution to the exact (and maybe fHuctuating) unfolded
solution: thus stopping the iteration before convergence as been obtained can e interpreted
as sl incorporating properties (eg smoothness) of the MC ipnt distribution.

Fluctnating solutions have to he analyzed using the correlation matrix or have to e avoided by
further increasing the bin size. On the other hand. it scems plansible for a ~physical” structure
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calc. M**" from (4.62) ~’

1

Lcolc. X" from (4.63) ‘

Figure 4.54: Flow chart for iterative unfolding procednres. The optional smoothing can be
used to suppress fluctuations in the unfolded distribution (ef text)

function to be smooth. and for bins to he of the size of the detector resolntion. Stopping an
iterative unfolding before fluctnations start dominating the result can yield asolution which has
those propertics. The effect can be pronownced by “smoothing™ the input distribution hefore
cach iteration. In any case the validity of the solution has to be ensnred by its y2/dof being of

o(1).

Fig. 4.54 shows a flow chart for iterative nnfolding with optional smoothing. Smoothing involves
fitting the distribution to a theoretical expression (e [Ben94. d°A9L)). thus the nnfolded
distribution hecomes in fact a theoretical enrve smeared with the statistical finctuations of
the measurement. and it has to be checked from the absolute value of (e v whether the
expression chosen for the fit is adequate to deseribe the data. Another eavent lies in hins witl
low statistics: as those hins give only small contributions fo the total v it has to he made
sure that physies signals occmring in those hins are not “smoothd away .

For the above reasons. smoothing algorithms are not used in this {hesis Flnetnations are

controlled by the entropy eriteria for stopping the itcerative nfolding,.
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Figure 4.55: Example for unfolding the structure function in correlated bins. The left plot shows
wnfolding by an iterative method. The initial solution is smooth and picks up oscillations as the
iteration continues. It converges to the solution obtained by matrix inversion (right). although
it underestimates the statistical uncertainties.

Bins According to Detector Resolution.

If the bin size is reduced. migrations increase and the correlations between the bins grow. lead-
ing to even more fluctuating results. An example for an analysis where the data was binned
according to the detector resolution'” is shown in fig. 4.55. which compares structure func-
tions from the electron-only method which were unfolded iteratively and by matrix inversion.
respectively.

The plots show how the iterative method miethod (left) picks np fluctuations while converging
towards the result from matrix inversion (right).  The initial x? is 2.9938/dof. After one
iteration (black dots on the left plot). the solution is still smooth. and x? = 1.1863/dof is
already acceptable. After convergence (open circles. left plot). the solution is wildly oscillating
with x? = 0.2518/dof. Both methods finally yield the same result. although the iterative
method tends to underestimate the statistical uncertaintics.

4.6 Determination of F2

This scetion deseribes how the structure function is extracted from the unfolded event distri-
bution. First. fornmlac are specified which relate the structure funcetion to observed quantities.
Then the analysis software which implements the extraction is bricfly discnssed. and a coarse
data model is used to identify and quantify the systematic uncertaintios of the method.

The analvsis is deseribed in the next chapter. The hins were chosen according to [ZEU95¢].
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4.6.1 Formulae

Two different approaches have heen developed to extract the structure function from the mea-
sured event distribution. The first approach determines for each bin the observed cross-section
and then isolates the structure function by explicitly removing the contributions from Fy. 1%
and QED radiation. The sccond approach uses the unfolded event distribution to reweight the
MC input distribution. F. Fy and radiative corrections are thus performed implicitly as they
were included in the MC simulation. ic are covered by the generated distribution.

The differential cross section for NC DIS has been given in eqn. (2.38). It can e separated
into contributions from F,. Fp and Z exchange.

?a - . _

dzd()? =6 = o(F)+a(FL)+a(F) (4.71)
2na? 32 Y.

= Y, |F—-F+ —uF). 4.72

Q! *( Tyt “) S

Yi = 1+£(1-9)>~ (4.73)

The tilde () indicates that the cross section is directly related to the measured event distribution.

= X (1.74)
oA ‘
where £ is the integrated luminosity of the data sample. and A is the acceptance!. An observed
structure function Fs is defined by

- xQt 1
B = 8 475
2 21?2 Y+ﬂ H4:75])
F, can be derived from the observed structure function Fy via
Fy = Fp(l=6p, +02) (1+onc)(1 + ). (1.76)

The &; are correction factors which separate the contributions due to Fy. Z-exchange. QED
radiation. and bin centering.

6, and éz are obtained from comparison of equs. (4.72) and (1.75). by integrating the corre-
sponding cross sections over the bin. ie

)
o

o, = . (4.77)

S¥S

j\ 3
x

by = 22 (4.78)

Q

"3
(%]

where

a(Fy)

ol b 2ma? 5 3
./‘/1,“."“(2 Q1 Y, Py, Q7). (1.79)

IF the transfer matrix has heen constrneted as deseribed above, the ac eptance has alteady heen corrected
for with the unfolding and A has to he set to one,
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5 2na® )t e
a(Fy) = .//M",/;.-./Q W},LKFL(J.Q ). (4.80)
> 21 YL 5
) = 2d()® Ly, = B OF). 181
a(Fy) A//M",/u/(g g Yy Bt Q%) (181)

Neither Fr nor Fy have heen measured in the HERA regime so far. hencee hoth correction
factors have to be determined theoretically. Fyocan be separated into three terms which arise
from QCD effects. target mass corrections and higher-twist contributions. The latter two terms
can be ignored for this analysis since they decrease as Q2 increases and are negligible in the
(% region which contributes to the measnrement [ZEU93{]. The QCD contribution to Fy is
[Rob90]

5 4o, d Y v, ” o f1d 1 5
FP(z %) = ;—an--/‘_lZ§F2(5‘Q~)+T;,.;m~/, f(1 - 2—”) £9(€.Q%). (4.82)

Fj can be calculated from eqn. (2.53).
Orc is the correction due to QED radiation which has been discussed in seetion 4.4.3.
a

{gnc = - 1. (483)
TBorn

and &y, arises since the center of gravity of the data in a bin. (Taens: Q2,ns)- differs from the
central value of the bin. (2¢,. Q%,). at which F, is extracted.

_ ”(Irlr Q?n) _ y
Ohin = m L. (4.84)

For this thesis. the correction factors are computed from the MRSD-" sct of PDFs.

Instead of computing all the individual correction factors. the structure function can be obtained
by reweighting the MC input structure function with the unfolded distribution of measured
cvents.

Ndam/l:d;nn

Fy(z.Q%) = W

FCz. Q2. (4.85)

The different corrections are now hidden in the generated distribution. NMC. This can be seen
by inserting cqn. (4.74) into (4.85) and then expanding the cross sections using (4.76).

F(r.Q}) = —R'C (1.86)
Tor VP (L= 0p, +02) (14 dpe)(1+ 1) .
= Tmlys w\Lr(' \1:' i[(' IK\l(" I . F-’-\”‘ (1.87)
TV R (1 = 04 8Y) (14 MO0+ )

which solves for 6, = oM As in the first approach. the correction factors are determined by

the input set of PDFs. which again is MRSD-
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Figure 4.56: Analysis procedure for extracting Fo (Data Flow Diagram. DIFD). Donble hars
indicate data stores. bubbles symbolize processes which transform the data. Arrows define the
data flow. ic the direction of processing.

4.6.2 Analysis Tools

A brief description of the analysis procedure suits to swmmarize the extraction of Fy and
identifies the systematic uncertainties of the analysis.

The data flow diagram (DFD') 4.56 summarizes the extraction F5. The double hars symbolize
stores which hold the input. intermediate and ontput data. the bubbles identify the processes
which transform the data according to the previous sections. The arrows define the data flow.
ic the direction of processing. Stores which sit at the root of an arrow contain imput data for
the analysis and are thus sources of potential uncertaintios. Stores at arrow tips contain results
from processing and thus inherit the uncertaintios of their predecessors. Sources of systematic
uncertainties are identified from the data model in the next section.

Raw data from hoth experiment and MC simmlation are stored in coluimmn-wise HBOOK ntuples
[App92]. First. the ntuples are seanned (process 1), At this stage. the energy corrections are
applied. the events are filtered and binned. the measured event distribution is acenmmladed.
and the migrations arc traced. A set of histograms is filled to validate the MC and acemmmlate
different spectra.

After scanning. the é-distributions are used to subtract photoproduction backgronnd from
the measured event distribution (process .2). The migrations are evaluated to obtain the bin
propertics (process .3). and are used to construet the transfer matrix for the good hins (process
A). Obviously. process .2 is excented on the ohscerved data only. while processes 3 and Fapply
only to the MC simulation

"The diagram follows the notations ll’d“”’HT Yonus9|
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Figure 4.57: Data involved in extracting F> (Entity-Relationship Diagram. ERD). Boxes rep-

resent (factual) data objects. diamonds (dynamical) relationships among the data. Arrows can
be read as “is derived from™ (in reverse direction). orthogonal bars as “consists of .

‘migrations

Transfer matrix and measured distribution are needed to unfold the data (process .5). before
finally the structure function can be extracted (process .6). Summary histograms are filled
during the last two stages with contain the bin properties. the observed distributions. etc.

For this thesis. fig. 4.56 was implemented in a stand-alone C-program which is capable of
reading HBOOK-ntuples and provides PAW-compatible output [App92. App93]%°.

4.6.3 Systematic Uncertainties
Sources for Systematic Uncertainties.

Fig. 4.57 shows a coarse data model of the Fy extraction procedure. which can be nsed to identify
sources of systematic uncertainties. The fignre is in the syntax of an entity-relationship diagram

(ERD. cf eg [F1a81]).

Boxes symbolize data objects. which contain the factual data. Diamonds define relationships
among objects. ie they are dynamically established. If establishing a relationship resnlts in
factnal data. a so-called associative object is linked via an arrow to the relationship from which
it originates. Thos the arrow can i reverse divection be interpreted as “is derived from™.

A Unfortunately. physics analvses nsually only agree on input and ontput data formats. From a software
engineer’s point of view. most of the above processes are of general purpose. and once they are organized
properly. ie the enstomization (eg bin or histopram definitions. selection eriteria) is moved to external tables.
they could bhe ve-usable if the data format of the intermediate data (event distributions. transfer matrix) were
fixed.
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parent object

mpact on

determined by

generated events .1 compntation of migrations statistics. impul structure funetion
.3 compntation of bin properties  dto.
-4 computation of transfer matrix  dto.

measured events .1 computation of migrations statistics. scales of primmeas quant.
-3 computation of bin properties  statistics. scales of primcas. quant.,
.2 background subtraction scales of primary measured gquantitios
.5 unfolding statistics

cnergy correction .1 computation of migrations applicability in £ 4

binning .1 convergence of unfolding bin size
.6 bin center correction input structure function

event selection criteria .1 computation of migration fidueial cuts agaiust backeround
.1 computation of acceptance fiducial cuts for better resolntion.

clectron identification.
Fr .6 Fp correction input structure function
radiative corrections .6 correction for QED radiation imput structure funetion

Table 4.8: Sources of systematic uncertainties.

An example clarifies the definitions:

A generated event migrates to the position in phase space where it is reconstructed. Therefore.
generated and reconstructed events are related via migrations (bottom left in fig. 4.57). Migra-
tions have to be stored to derive the bin properties and the transfor matrix. which are therefore
both associative objects to the migrations. The bin properties are (dynamically) matehed to
the bin selection criteria. and only good bins are considered in the transfor matrix  In this
sense. the transfer matrix is also derived from the bin selection eriteria. which at the same time
specify the relation between the bin properties and the transfor matrix.

The benefit of an ERD is that it identifies the dependencies of the different data objects, and
therefore - since associative objects inherit their properties from their “parent”™ objects  an
ERD allows to trace back any possible nncertainty in a result to objects which appear only in
the role of a parent. This can be illustrated with the same example as hefore:

The unfolded distribution will only be correct if the transfer matrix is correct. The clements
of the transfer matrix are constructed from the acemnulated migrations. which are calenlated
from the generated and the reconstructed events

Generated events are only parent object and
thus are a possible source for errors in the transfer matrix. The reconstructed event depends on
the measured?! event and the energy corrections. which hoth are also parents only. Therefore.
any problem with the transfer matrix is cither due to problems with the generated events
(limited statistics. input model dependence). with the measured events (invalid simmlation of
the measured quantities). or with the energy corrections (applied outside valid range).

Fig. L.57 contains a total of seven parent-only objects: the generated events. the measied
events. the encrgy corrections. the binning. the event seleetion eriteria, the lonsitndinal st
ture function. and the radiative corvections. The impact of these objects on the analysis and

2V this case MC simnlated
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purpose quantity nominal  variation
suppress yp backeground Yol <0.95 <0.90

) 35GeV <6 < 60GeV  32GeV < 6 < 60GeV.

10GeV < 6 < 60GeV
validity of E! correction E! cl: > 8GeV > 10GeV
DA: > 5GeV > 10GeV. > 8GeV

containment of DIS clectron  |zcar. yead) > 16em > 14em. > 18cm
reliable vertex measurement, HNiriox el: £20cm £20cm
improve -, resolution YIB >0.04 > 0.03.>0.05

Table 4.9: Systematic checks performed to estimate the sensitivity of the analysis to the fiducial
sclection cuts. The table lists the purpose of the cuts. the quantity on which the ent is per-
formed. the nominal cut parameters. and the range in which the parameters have been varied
(cf text).

the input parameters which determine the properties of each of object are identified in table
4.8. The sensitivity of the analysis to the choice of these input parameters is bricfly investigated
in the following sections.

Fiducial Selection Cuts.

Selection cuts are applied to suppress background events. to improve the kinematic resolution.
or to ensure the validity of the energy corrections. The sensitivity of the analysis to the choice
of a specific cut parameter is checked by varying the parameter and then repeating the analysis.

To estimate the total uncertainty arising from the sclection cuts. the cuts are grouped according
to their purpose. For each group. the maximum increase and decrease of the structure function
is identificd which is due to a variation of one of the cuts of the group. The maximun deviations
arc then added in quadrature to give upper and lower limits for the resulting structure function.

Table 4.9 lists which cuts have heen varied in what range and how they were grouped. Varying
the cuts against yp background is the dominant uncertainty and can amount to changes in the
structure function of up to 20% in the highest-y bins: in the other bins. however, the effect is of
O(10%) at low values Q2. decreasing to the percent level above Q2 of 65 GeV2. If the sclection
cut on E} is raised. the structure function is lowered by a few percent. however this cffect, might
also be due to the reduced statistics and deteriorating bin propertics in the low y bins as a cut
in E7 is similar to a cut on y in this region (cf fig. 4.12).

Modification of the box cut cffects Fy at the fow pereent level. similar to the stricter vertex
requirement. Both modifications do not introduce a systematic shift of the structure function.
Lowering the ent on yyp increases /5 by up to 50% in the lowest-y at high (2. while raising
the ent has no observable offeet on Fs.

Generally. tightening or loosing the cuts leads to a small inerease or deercase of Fy in the
region of phase space which is touched by the eut. Tables listing the variations in Fy due to
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the different variations are listed in the appendix.

Uncertainties in the MC Simulation.

The MC simulation of the experiment has heen extensively disenssed in a previous section. which
verified that simulated and obscrved scales and spectraof the primary measured quantitios agree
to better than 1%.

In principle. the sensitivity of the analysis to the energy scales can be tested by imposing small
scale shifts on cither the data or the simnlated events. For fhis analysis. however. offects of the
MC sinlation are not included to the systematic uncertainty becanse of excellent agreement
between data and MC.

Dependence on the MC input structure function.

The MC calculations required for this analysis bin properties. transfer matrix. correction
factors — have been performed using the MRSD-" set of PDFs. The MRSD-" paramecterization
agrees with the data above Q? 2 25 GeV2, but. overshoots the measnrement. at lower values of
(. Since in this region the data are bracketed by the MRSD-" and MRSD(O” PDFs. the analysis
has been repeated using MRSDO™ partons to test the sensitivity of the analysis to the choice of
the MC input structure function.

It has been argued (and can be directly verified) that the bin properties s and A and the transfor
matrix are independent of the selected set of input PDFs2. henee the dependence on the PDRs
enters through the correction factors. ;. The uncertainty arising from the 8; is estimated by

Aye = 1= 8f, +05 140 1460, (4.88)
ME 1—067 +0; 1+o-0 1406- " '
Fy. zZ RC

hin

where the superseripts " and = identify correction factors which are caleulated from MRSDO
and MRSD-" partons. respectively.

Methodological Uncertainties.

The sources of systematic uncertaintios which were identificd from the ERD cover data quality
aspects. but ignore possible inefficiencies of the analysis procedure itsclf,

The major steps in the analysis are identified in the data-flow diagram 4.56. The crncial
analysis tools nsed in the different processing stages are the clectron finder (process 1), fits
to o-distributions (process .2). and kinematic reconstrnetion and mnfolding algorithms (process
23
D)7

In principle they could also depend on the fragmentation model smee the Kinematic is reconstimneted forim
parts of the hadvonic final state (¢f discussion helow )
HFormally. the DED hLas to e decomposed into a et of sul, diagrams which define the mternal strnctnnge
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Figure 4.58: Fy(x.Q?) from LRG DIS events. The data points have been divided by r. the
ration of LRG events in the DIS sample (cf text).

The sensitivity of the structure function to the different analysis tools is checked by replacing
individual tools by cquivalent algorithms. However. sinee replacing one analysis tool by another
affeets the correlations among the bins. it scems unfair to perform a bin-by-bin comparison
of the resulting structure functions. It has therefore only been checked that the results are
statistically compatible. but obscrved variations in the structure function are not included in
the estimate of the systematic uncertainty.

The different electron finding algorithims which are available were introduced in scct. 4.2, They
have heen exchanged and were found to yield compatible results. The amount of yp-backgronud
i the remaining event sample has heen eross-checked with a mininmm-bias photoproduction
MC. The effeets of different reconstrnetion and wnfolding procedures have heen extensively
disenssed in the previons section.
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4.6.4 Dependence on the Hadronic Final State

Fand 5, have been constructed with the aim that the reconstruetion of kinematics from
hadronic variables becomes insensitive to the fragmentation processes of the hadronice final state,
The requirement is mandatory if detector acceptance and resolution corrections are determined
from MC. and it has heen verified that different MC samples produce similar transfer matrices

[ZEU95¢).

[n an intuitive approach. the sensitivity of reconstruction and unfolding to the hadronic final
state can be estimated directly from the data. The idea is to compare DIS events with a
large rapidity gap (LRG) with normal DIS events. The two classes of events are markedly
different in the hadronic final state. In an analysis limited to LRG DIS events. Iy s extracted
from electron-only and double-angle variables nsing the transfer matrix constrncted from the
CDMBGF MC sample. The transfer matrix for the electron variables should e valid withont
any restriction since the rapidity gap is a property of the hadronic system alone, and hence
should not affect the simulation of the clectron vertex. The DA transfer matrix. however.
depends on the hadronic final state throngh the angle 4, hence the matrix from the CDMBGE
is strictly not applicable. It will nevertheless reproduce the result obtained from the electron
variables if -y, is indeed insensitive to the fragmentation process, ’

LRG events have been selected from the DIS data sample by requiring 5, > 1.5, The fraction
of LRG cvents in the DIS sample. 7. has been measured for events with Wpy > 110 GeV and
Q% > 10GeVZin three bins of [ZEU94¢].

The structure function which is obtained from the LRG DIS events. FIRG is shown in fig. 1.58.
To guide the eye. the data points have been scaled up by the ratio r from [ZEU94c] and are
overlayed with the usnal FJ' paramcterizations. The figure shows that the data points obtained
from clectron-only and double angle reconstruction agree within the statistical uncertainty.
hence 5, is indeed independent of the properties of the hadronic final state.

of cach of its processes. This procedure of decomposition is repeated wntil the processes on the lowest Tevel
diagrams correspond 1o simple algorithms which can e implemented as sl The Towest level set of diagtanis
allows to distinguish I/0 and data formatting, processes from data transforming or filtering processes, the latter
of which are sonrces for methodological nneertaintios.
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Results

This it 1s
and nothing more.

Edgar Allan Poe. The Raven

This section presents the structure functions which were obtained from the different analyses
which were introduced in the previous section. The structure function has been measured in
two different sets of bins: first. it has been extracted in the weakly correlated bins which were
defined in section 4.5.1. then an analysis has heen performed in narrower bins. which have been
used in [ZEU95¢]. The detailed listings of the results obtained from the clectron-only and the
double-angle reconstruction methods can be found in the appendix.

5.1 Weakly Correlated Bins

The extraction of (. Q?) in weakly correlated bins has been extensively discussed in the
previons section. Figs. 5.1 and 5.2 show the results for the analyses where the data was binned
in (r.Q?) and (y.Q%). respectively. The systematic uncertainties were added in quadrature to
the statistical nncertaintios, which are shown as the inner crror hars on the plots.

It lias been argued before that the stracture function shows finctuating behavionr when plotted
against . Plotting Fy for fixed Q2 or fixed . however. yields smooth solutions for hins of
(. Q%) or (1.)?). as the Huctuations are connmon to the entive bin (figs. 5.1.5.4).
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uncertaintios added in quadrature. The inner errors are the statistical nneertaintios only. The . B o o .

data was binned in (y.?) and has heen unfolded iteratively (top) and via matrix inversion Plgme 5'} Fz('r'(")_? in woakly ('”lir,“!m“.(l Vs T e wepwron T s‘,l”‘,v S';l‘]'\‘“"“lll”‘l'| -\')"\"'lllynlu
(bottom). The symbols are the same as those in the previous fignre. uneertaintios added in gquadratirve, The inner errors are the statistical aneertaintios only 'The

data was binmed in (y. Q%) and has bheen unfolded ieratively (top) and via matrix inversion
(bottom). The symbols are similar to the previons fignes
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Figure 5.5: Bins in which F5 has heen extracted.
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Figure 5.7: Fa(a. (Q?) for all the reconstrietion methods which were introduced in the previous

chapter.
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Reconst. Meth, [ DA JB mixd ¥ RC
X7 /dof (initial) | 2.8941  1.5029 3.76200 0.6882  1.0180
v /dof (final) | 1.7626 0.5968 1.0926 /. e

Table 5.1: x?/dof after the initial and the final iteration. The £ method and the method
insensitive to ISR converged after the initial iteration. The Jacquet-Blondel method has heen
removed from the analysis (cf text).

5.2 Bins According to Detector Resolution

5.2.1 Analysis in bins of z and Q?

Fig. 5.5 shows the bins in which this analysis has been performed. The bins are defined in
[ZEU95¢] and are chosen such that the bin widths are of the order of the detector resolution.
At high values of Q2. the bins are larger to account for reduced statistios in this kinematic
region.

The analysis deseribed in the previous section has heen repeated for the narrower bins. Solutions
obtained via inversion of the transfer matrix are heavily Huctuating (¢f fip. £.55) and are no
longer pursued. The result which is obtained from the iterative wnfolding procedure is shown in
fig. 5.6 for the electron-only and double-angle reconstruction methods. and in fig. 5.7 for all the
reconstruction methods which were introduced in the previous chapter. It should he stressed
again that no smoothing algorithm has been used.

All the analyses coufirm the rise of the structure function towards the small-r region. The
clectron-only and double-angle analysis are in agreement with the published work of the ZEUS
collaboration [ZEU95¢] within the errors: The data points of the two analyses agree within the
errors in the medium-Q2 region. which is accessible to both reconstruction methods. Below.
the clectron-only method can reach lower values of o and (? (i higher values of y) than the
double-angle method. and the data points obtained from the two methods are lining up.

The iteration procedure has heen stopped after one ore two iterations. yicelding valnes of x?/dof
of O(1). Table 5.1 lists the values of the x2/dof for the first iteration and for the final resnlt
After Jacquet-Blondel reconstruction. most of the bins had smearings s = O(0.13). thus the
Jacquet-Blondel method has been removed from the analysis,

Fig. 5.8 plots the resulting structure function against Q2 for fixed values of r. At high-r. the
datais in agreement with the PDFs. Tn this region. the PDEFs have heen obtained from strnetnre
functions which were measured by pre-HERA experiments and have then heen GLAP-cvolved
towards higher Q2. At lower values of . the PDFs disagree due to different assumptions on
the w-evolution of the glion density. The data clearly favonr the parameterizations hased on a
Lipatov-like gluon distribution.

Reconstruction via the mixed method. the S method. or the radiatively corrected method can
extend the accessible phase space in the medinm=02 vegion towards ligher values of o thos
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connecting the ZEUS data with the pre-HERA experiments. This is emphasized by fip. 5.9.
whichirepeats the bin-by-bin comparison which was alveady introduced for the weakly correlated
bins (ef sect. £.5.5). The fignre shows that the central region of phase space is aceessible to all
reconstruction methods. and that all the methods yield similar results. while the asymptotic
regions are measured by few methods: the mixed method can be seen to extend to the lowest
values of y.

It should be noted that fig. 5.9 contains also the data points which were obtained by matrix
iversion. although they are in several bins fluctuating out of the range of the ordinate.
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Reconst. Meth. ol DA JB  mixed b _TIE_-i
x*/dof (initial) | 3.6466  1.7677 231040 0.9950 0.6576
x2/dof (final) | 1.2280  0.8098 1.3730 /. /.

Table 5.2: x*/dof after the initial and the final iteration. The 3 method and the method
insensitive to ISR converged after the initial iteration, The Jacquet-Blondel method has heen
removed from the analysis for the same reasons as in the previous section.
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Figure 5.10: Bins in which F, has heen extracted.

5.2.2 Analysis in bins of y and (2

It has been argued in the previous section that binning the datain (4. Q?) reduces the corre-
lations among the bins and thus yiclds both more data points and a smoother result as can he
obtained from bins of (2. Q?) of similar size. Furthermore, it has been pointed out in [BCF91|
that it could be advantageous to extrapolate results from the region of phase space which has
been probed by fixed target experiments to the region which is probed by HERA with a QC'D
evolution in y. which would require a structure function measurement in terms of i and ()2

Fig. 5.10 shows a binning scheme in g and ()%, which has been used for a structure function
extraction. The bins are chosen to he of similar size as the bins defined in (ZEEU95¢]. which
were used in the previous section.

Figs. 5.11 and 5.12 smimmarize the vesult for the clectron-only and double-angle reconstruction
method. and for all reconstruetion methods used in this thesis, respectively, For the same
reasons as hefore. only the iterative nnfolding procedure was considered. The procedure stopped
after one or two iterations with the v /dof s listed in table 520 The vesult is qualitatively similin
to that of the previous section. except for the clectron-only method yielding some additional
data points in the low-0)? region.
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Fignre 5,11 Results of an Fy analysis performed in bins of ¢ and (). The bins were chosen to he
of similar size as the (. Q%) bins defined in [ZEU{)S(‘]. The data has heen unfolded iteratively.
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Fig. 5.13 plots the structure function in bins of fixed y. as it would be required for comparison 1 —A—:—;—-—Q—B‘%%@’ L 4)——'— =St B SeSnne
AKX %

with a QCD evolution in y. The data points are lining up smoothly for both reconstruction

methods. again clearly favouring the PDFs based on a Lipatov-like gluon distribution. ] x=0.01414
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5.3 Connection to fixed target data

2/ x=0.02828
Fig. 5.9 has already shown that the mixed reconstruction method enables access to the lowest E '
y bins. This becomes obvious when looking at the migration plots (fig. 4.34): for the Jacquet- _

: - S . X . 29 x=0.05657
Blondel method. the dominant drift in the low-y region is along lines of fixed v. while for the

. . 5 . . . 2 A . . 1
clectron-only method migrations oceur in the direction of fixed Q2. and accordingly migration P B3 —a—a -
effects can be expected to be very small for kinematics obtained from yyp and (858
2 x=0.1131

Fig. 5.14 shows the structnre function as obtained from the mixed reconstrnetion method in
comparison with the data from ZEUS [ZEU95c¢] and E665 [E6694]. It can he scen that the gap
between the two experiments is accessible via mixed reconstrmetion,

et s s e —a 8ot -

1 10 10° 10° 10° 10°

Figure 5.100 Fy(r. Q%) reconstructed from the mixed method (open squares) in comparison
with the data from ZEUS (open triangles) and EG665 (closed trinngles)



Chapter 6

Conclusion

The structure function F» of the proton has been measured from the data which was taken
during 1993 with the ZEUS experiment at HERA. Event kinematics have been reconstructed
from the scattered electron only. the double-angle method. the Jacquet-Blondel method. a
mixed method (yyp.Q3). the T-method. and from a method which corrects for initial state
radiation. The data was binned in (. Q%) and (y. Q?). and detector effects have been unfolded
via inversion of the transfer matrix. and with an iterative method. The results from the
different methods were compared with special focus on the electron-only and the double-angle
reconstruction and are found to be in agreement. They confirm the rise of F» with decreasing
.

Different reconstruction methods provide access to different regions of the phase space. de-
pending on the resolution and the migrations of the method. Reconstruction from the mixed
method reaches the lowest values of 3 and allows to connect HERA measurements to the data
obtained from pre-HERA fixed target experiments. For the clectron-only reconstruction. bins
in y and Q? arc less correlated than bins in 2 and Q2. thus yiclding more data points and a
smoother solution.

Both unfolding procedures obtained similar results if the bins were chosen to have a width
of at least twice the detector resolution. If smaller bins are chosen. unfolding via matrix
inversion introduces oscillations into the resulting structure function as adjacent bins become
strongly negatively correlated. The solution from the iterative unfolding is generally smoother:
the iterative procedure slowly adapts a smooth Monte Carlo input structure function to the
measurement and is aborted as soon as the measurement is reproduced at an acceptable level.

The clectron-only and the double-angle methods have been used to reconstruct events with
a large rapidity gap. The events were then unfolded with a transfer matrix obtained from a
CDM-BGF Monte Carlo. The results for hoth methods were in good agrecment. whic is taken
as an evidence that the donble-angle reconstruction is indeed independent of the properties of
the hadronice final state.
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Appendix A

Tables

Al

Weakly Correlated Bins

Al WEAKLY CORRELATED BINS

. Q7 [ F2  +stat Esyst | Noww Ny | 0 +stat
0.00070 15 | 0.94840.021+0-139 [ 6520 193 | 16.170+0.357 |
0.00200 15 | 0.67240.014£0581 | 7366 35 | 1.1.81640.308
0.00200 35 | 1.03840.032+0113 | 3100 132 [ 6.180 £0 200
0.00400 35 | 0.790£0.035+0582 | 1580 43 | 3.252 £0.1.44
0.00200 65 | 1.562+0.085+] 1571123 18 | 2.253 £0.122
0.00400 65 | 0.97940.062+5012 | 789 19 | 1.451 40.092
0.00400 160 | 1.426£0.132+£3 758 [ 386 17 [ 0.758 £0.070
0.00800 160 | 0.954:0.079+ 943 | 443 2| 0.862 £0.072
0.00800 320 | 0.999+0.122+0 993 218 6 [ 0.406 £0.050
0.04000 320 | 0.65340.072+5932 | 245 0] 0.526 £0.058
0.04000 1000 | 0.45140.074+5-18¢ 116 51 0.240 £0.040
0.10000 5000 | 0.61940.222+£535 [ 22 0] 0.0514 £0.020 |

In1

Table A.2: Fy(x.Q?) as obtained from an analysis where the data was binned. in @ and ()2,
reconstructed using the double angle method. and wnfolded via an iterative method

z Q° | F2 +stat Esyst | Ny Nowp | @ +stat
0.00070 15 | 1.25240.024+0 7057 | 8826 289 | 24.698+0.468
0.00200 15 | 0.701£0.0163 013 | 5753 0| 17.154+0.380
0.00070 35 | 1.731+0.106+] Ja3 | 747 17 | 3.842 £0.235
0.00200 35 | 1.069£0.032+0 930 | 3317 22 | 7.843 +0.237
0.00400 35 | 0.968£0.043+0938 | 1436 0 | 4.696 +0.208
0.00200 65 | 1.341£0.082+0 930 [~ 767 11 | 2.353 £0.145
0.00400 65 | 1.090£0.067+92 | 832 0| 1.809 £0.116
0.00400 160 | 1.420£0.160+( 7352 | 202 0] 1.251 +0.141
0.00800 160 | 1.035£0.087+0933 | 416 0| 1.121 +0.094
0.04000 320 | 0.584£0.099£5 7% | 84 0| 1.175 £0.199

Table Al Fa(r.Q?) as obtained from an analysis where the data was binned in o and Q>
reconstructed nsing the clectron only method. and unfolded via an iterative method.

x 0? Al ¢ s » fre oRE o, e OF, | Ok
0.00030 0.00085 | 10 25 { 0.66 | 0.96 0.43 0.41 | 1.076  0.953 0.014 _0.076_ 0.000 | 1.000
0.00085 0.00268 | 10 25| 0.76 | 1.24  0.24  0.30 | 2.120  0.749 0.001 0.160  0.000 | 1.000
0.00060 0.00085 | 25 55| 0.53 | 1.38 0.20 0.40 | -0.417 -0.463 0.084 0.017 _0.000 | 1000
0.00085 0.00268 | 25 55| 0.80 [ 0.96 0.56 0.54 | 1.477 1077 0.008 -0.083 0.000 | 1000
0.00268 0.00536 | 25 55| 0.82 | 1.22  0.20 0.25 | 0.567  0.023  0.002 0.042  0.000 | 1.000
0.00127 0.00268 | 55 120 | 0.73 | 1.13 0.51 0.58 | 0.069 -0.205 0.027 0028 0.000 | 1000
0.00268 0.00536 | 55 120 | 0.82 | 0.87 0.42 0.36 | 0.100 -0.096 0.006 0.034 0.000 | 1.000
0.00268 0.00536 | 120 240 | 0.55 | 1.60 0.35 0.56 | 0.431  0.044  0.043 _ 0.023__0.000 | 1.000
0.00536 0.01414 | 120 240 | 0.81 | 0.99 0.53 0.52 | 0.369  0.040  0.009  0.049  0.000 | 1.000
0.01414 0.05656 | 2140 500 | 0.39 | 2.56  0.23  0.59 | 0.862  0.237 0.001 _-0.120_0.000 | 1000

Table A3 Bin propertics for analyses in (r.()?)

method.

bins. using the electron only reconstruction
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T Q? Al ¢ s P bpe OXE  OF, boe OF, | Bweak
0.00030 0.00085 | 10 25 [0.77 [ 1.08 0.39 0.42 | 0.618 0.484 0.014 -0.089 0.000 | 1.000
0.00085 0.00268 | 10 25| 0.84 | 0.89 0.55 0.49 | 2.707 1.205 0.001 -0.114 0.000 | 1.000
0.00085 0.00268 [ 25 55 [0.94 [ 0.91 0.57 0.52 | 1.631 0.882 0.008 -0.087 0.000 | 1.000
0.00268 0.00536 | 25 55| 0.95 | 0.8 0.50 0.49 | 0.921  0.091 0.002- -0.019 0.000 | 1.000
0.00127 0.00268 55 1201 0.92]0.90 0.52 0.46 | 0.248 -0.204 0.027 -0.070 0.000 | 1.000
0.00268 0.00536 | 55 120 | 0.96 | 0.87 0.54 0.47 | 0.236 -0.230 0.006 -0.025 0.000 | 1.000
0.00268 0.00536 | 120~ 240 [ 0.94 [ 0.91 0.51 0.46 | 0.779  0.069 0.043 -0.043 0.000 | 1.000

0.00536 0.01414 | 120 240 | 0.98 | 0.92 0.70 0.64 | 0.566 -0.078 0.009 0.039 0.000 | 1.000
0.00536 0.01414 | 240 500 | 0.94 | 0.90 0.64 0.58 | 0.718 -0.063 0.039 0.017 0.000 | 1.000
0.01414 0.05656 | 240 500 | 0.97 | 0.95 0.67 0.63 | 1.511  0.318 0.001 -0.087 0.000 | 1.000
0.01414 0.05656 | 500 2000 | 0.90 | 1.00 0.69 0.69 | 2.721  0.677 0.009 -0.083 0.001 | 0.996

0.05656 0.22620 | 2000 10000 | 0.93 | 1.07 0.80 0.86 | 2.723 -0.099 0.016 0.051 0.022 | 0.961 T Q* Fy| yal Ol TR E, I | Box] Box] Vix | mis | wp |

0.00070 15 | 0.95 0.05 0.14 -0.12 0.02  -0.01 0.06 0.01 0.05 0.07 0.04

Table A.4: Bin properties for analyses in (x.Q?) bins. using the double angle reconstruction 0.00200 15 0.67 ] 0.00 0.02 -0.07| 0.00 -0.00] 001 -0.02| 000 006 0.03

method. 0.00200 35 | 1.04 | -0.01 0.05 -0.10 | -0.04 -0.06 | -0.01 -0.01 0.0L 0.00  -0.03

0.00400 351 0.79 ] -0.01 -0.00 -0.04 | -0.01 -0.01 | -0.01 -0.01 0.00 0.07  -0.03

0.00200 65 | 1.56 | -0.11 0.08 -0.31 | -0.26 -0.35 ] -0.09 -0.12 | -0.14 | -0.10  -0.11

0.00400 65 | 0.98 | -0.03 -0.02 -0.08 | -0.03 -0.03 | -0.03 -0.03 | -0.03 | -0.01 -0.05

0.00400 160 | 1.43 | -0.10 0.04 -038 | -0.25 -0.16 | -0.08 -0.11 | -0.16 | -0.10  -0.10

0.00800 160 | 0.95 | -0.06 -0.05 -0.10 | -0.07 -0.07 | -0.06 -0.06 | -0.05 | -0.05 -0.07

0.00800 320 | 1.00 | -0.04  0.07 -0.15 | -0.14 -0.22 | -0.02 -0.02 | 0.02 0.02  -0.02

0.04000 320 | 0.65 | -0.08 -0.08 -0.12 | -0.08 -0.08 | -0.08 -0.08 | -0.05 0.01  -0.08

0.04000 1000 | 0.45 0.01 0.16 -0.03 0.00  -0.00 0.01 0.01 0.04 0.01 0.00

0.10000 5000 | 0.62 | -0.13 -0.09 -0.08 | -0.13  -0.13 | -0.09 -0.09 | -0.12 [ -0.09 -0.09

T Q* F | yal b1 M E. 1T E.f[Boxl Box!| Vtx[wiz!| wil Tﬂl)le A.G: Systematic checks for the analysis in (2.Q2) hins. using the double angle reconstrie-
0.00070 15| 1.25 [ 0.01 0.04 -0.13] 0.00 0.03| 0.01 0.00 [ 0.00 | 0.00 0.00 tion method.

0.00200 15070 [ 0.05 0.05 0.07] 0.00 0.05| 0.04 0.07 | 0.00 0.00 0.00
0.00070 35 1.73 | -0.07  0.04 -0.30 | 0.00 -0.09 [ -0.07 -0.06 | 0.00 0.00 0.00
0.00200 35| 1.07 | 0.01 0.01 -0.02] 0.00 0.01 0.01 0.01 { 0.00 0.00 0.00
0.00400 351097 |-0.10 -0.10 -0.09 | 0.00 -0.10 | -0.10 -0.10 | 0.00 0.00 0.00
0.00200 65| 1.34 | -0.02  0.02 -0.11 | 0.00 0.01 | -0.02 -0.02 | 0.00 0.00 0.00
0.00400 65 | 1.09 | -0.10 -0.11 -0.09 | 0.00 -0.10 | -0.10 -0.10 | 0.00 0.00 0.00
0.00400 160 | 1.42 | -0.14 -0.10 -0.26 | 0.00 -0.14 | -0.14 -0.14 | 0.00 0.00 0.00
0.00800 160 | 1.03 | -0.12  -0.12 -0.13 | 0.00 -0.12 | -0.12 -0.11 | 0.00 0.00 0.00
0.04000 320 ] 0.58 | -0.04 -0.04 -0.04 | 0.00 -0.04 | -0.04 -0.04 | 0.00 0.00 0.00

Table A5: Systematic checks for the analysis in (.00%) bins. using the clectron only recon-
strucetion method.
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T Q% T F2  +stat +syst, Nons Npwp | @ +stat,
0.00032 8 | 1.101£0.020£]3% | 8658 0 | 42.179+0.771
0.00057 15 | 1.364£0.022+] 135 | 11822 0| 27.484£0.448
0.00029 15 | 1.303£0.042+33%7 | 2749 299 | 25.13740.806
0.00134 35 | 1.421+£0.030+] %% | 4017 0] 10.190£0.278
0.00067 35 | 1.698+0.073+£)-315 | 1459 46 | 9.080 +0.392
0.00248 65 | 1.406+0.060£0-330 | 1657 0 [ 4.084 £0.174
0.00124 65 | 1.513+0.097+01%2 | 674 14 | 3.162 +0.203
0.00610 160 | 1.242+0.086£333 [ 501 0| 1.722 £0.120
0.00305 160 | 1.446+0.179+932 159 0| 2.077 £0.257

TABLES

Table A.7: Fy(x.Q?) as obtained from an analysis where the data was binned in y and Q2

reconstructed using the electron only method. and unfolded via an iterative method.

z Q- | F2  stat Lsyst | Ny N | @ +stat
0.00032 8 | 0.973+0.021+3320 [ 6031 171 | 33.854+0.723
0.00215 15 | 0.739£0.025+5 %8 [ 2722 14 | 7.019 +0.233
0.00057 15 | 1.05940.01940 223 | 9956 140 | 18.38240.333
0.00501 35 | 0.731+0.041£] 113 [ 962 10 | 2.234 +0.124
0.00134 35| 1.22340.03540:03) | 3926 112 | 7.414 £0.211
0.00067 35 | 1.839+0.071+033 | 2043 198 | 6.980 +0.271
0.00930 65 | 0.743+0.062£0952 | 424 0 | 1.014 £0.084
0.00248 65 | 1.1900.053+0432 | 1607 6| 2.915 £0.129
0.00124 65 | 1.994+0.102+0122 | 1185 31 | 3.045 £0.156
0.02289 160 | 0.752+0.094£39% [ 197 0 [ 0.421 £0.053
0.00610 160 | 1.002+0.070£3:923 | 613 1| 1.193 £0.084
0.00305 160 | 1.6060.134£3357 | 526 27 | 0.913 £0.076
0.04578 320 | 0.473+£0.101£0021 | 75 1]0.115 £0.025
0.01221 320 | 0.9800.105+0 922 | 259 0| 0.555 +0.059
0.00610 320 | 1.369+0.165+5-1%8 | 233 4] 0.421 £0.051
0.14305 1000 | 0.639+0.179+) 188 [ 11 0 [ 0.085 £0.024
0.03815 1000 | 0.435+0.0745035 | 107 21 0.198 +0.034
0.01907 1000 | 0.8940.147£9333 | 115 4] 0.248 £0.041
0.19074 5000 | 0.308+0.139+7 111 15 0]0.028 £0.013

Table A.8: Fy(a. Q%) as obtained from an analysis where the data was binned in g and Q2

reconstructed using the donble angle method. and nnfolded via an iterative method.

Al WEAKLY CORRELATED BINS 100

y o A ; T T T
0.10000 0.40000 G 10 ] 044 1.25 0.32 0.0 [ 2022 1351 0.025 0.137 0.000 | T.o0o
0.10000 0.40000 | 10 25 | 0.76 | 0.87 0.52 0.46 | 1.727 1.010 0.022_ 0.190  0.000 | 1.000 1
0.40000 0.90000 | 10 25| 0.35 | 214 0.25 0.53 | 0.145  0.472 0.132 0.110 0.000 | 1 000
0.10000 0.40000 | 25 55 [ 0.81 [ 0.96 0.59 0.57 | 1.204  0.767 0.019 0218 0.000 | 1000 |
0.40000 0.90000 | 25 55 | 048 | 1.56  0.41 0.64 | 0.251 0.126 0.094  0.053  0.000 Looo |
0.10000 0.40000 | 55 120 | 0.82 [ 0.90 0.61 0.55 | 1.303  0.751 0.017_0.265_ 0.000 | 1.000
0.40000 0.90000 | 55 120 | 0.56 | 1.42  0.46 0.65 | 1.279 0.682 0.084 0.096 0.000 | 1.000
0.10000 0.40000 [ 120 240 | 0.81 | 1.02  0.57 0.58 | 0.530 0.170 0.016_ 0.200 _0.000 | L.000
0.40000 0.90000 | 120 240 | 0.33 | 2.17 0.22  0.47 | 0.590 0.200  0.082  0.079  0.000 | 1.000
Table A.9: Bin properties for analyses in (5.02) bins. using the clectron only reconstruction
method.

Yy Q? Al ¢ s P dRC BRE o, b OF, I’,ﬁ;
0.10000 0.40000 6 10049164 0.28 046 | 1.222 0.607 0.025 0.209 0000 | 1.
0.06000 0.10000 10 25 [0.81{1.03 0.35 036 0739 -0.148 0.001 __0.010 _0.000 | 1.
0.10000 0.40000 10 25087 | 0.86 0.62 0.54 | 1.365 0.779 0.022  0.243 0.000 | 1.0
0.06000 0.10000 {25~ 55 [ 0.94 [ .07 0.43 046 | 0.610 0.158 0.001 __0.016 0000 | 11
0.10000 0.40000 | 25 55 [ 0.95 | 0.92 0.69 0.63 | 1.328 0.575 0.019 0224 0.000 | 1.
0.40000 0.90000 | 25~ 55| 0.70 | 1.26  0.39 0.49 | 0.197 -0.036 0.094  0.022 0.000 | 1.1
0.06000 0.10000 |~ 55- 120 | 0.97 [ 1.07 0.43 046 | -0.203 -0.6564 _0.001 _ 0.051 0000 | 11
0.10000 0.40000 | 55~ 120 | 0.96 | 0.88 0.71 0.63 | 1.499 0.522 0.017 0268 0.000 | 1
0.40000 0.90000 | 55 120 | 0.80 | 1.01 0.50 0.50 | 1.778  0.661 0.084 0.032 0.000 | 11
0.06000 0.10000 | 120~ 240 | 0.97 [ 0.88 0.42 0.37 | -0.310 -0.613 0.001 _ 0.021_ 0.000 | 11
0.10000 0.40000 | 120 240 | 0.97 | 0.94 0.73 0.69 | 0.781  0.056 0.016  0.184 0.000 | 1.
0.40000 0.90000 | 120 240 | 0.89 | 0.86 0.57 0.49 | 1.085  0.116 0.082 -0.031 0.000 | 1.
0.06000 0.10000 | 240 500 [ 0.96 [ 0.72 0.55 0.40 | 0.020 -0.418 0.001 __0.016 0.000 [ 1.1
0.10000 0.40000 | 240 500 | 0.97 | 1.00 0.74 0.74 | 1.682  0.420 0015  0.210 0.000 | 11
0.10000 0.90000 | 240 500 | 0.95 | 0.89 0.69 0.62 | 0.198 -0.358 0.075 -0.039 0.000 | 1.
0.060000.10000° | 500 2000 | 1.00 | 0.74 030 0.23 | 0.237  -0.625 0.000 _-0.095 0.001 | 0.
0-10000° 0.40000 | 500 2000 | 0.95 | 0.98 0.75 0.74 | 1.850  0.501  0.009  0.131  0.001 | 0.1
0-40000 0.90000 | 500 2000 | 0.91 | 0.99 0.76  0.75 | 0.371 -0.312 0.019 -0.085 0.001 | 0.1
0-10000_0.40000 | 2000 10000 | 1.00 | 0.92° 0.92° 0.85 | 2.456  0.182  0.003 -(Llln'“ﬁfri'iwm

Table A10: Bin properties for analyses in (y.(2%) bins. nsing the double angle veconstrndtion

method.
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. ()3 F2  dstat Esyst | Ny, Nph]. a tstat
0.00021 S | 1.426+0.043£0 182 173282 16 | 11.930£0.146
: 0.00042 8 | 1.06420.030+014% | 4045 0 | 12.2314+0.312
Y Q] FElyal &, [E T E.f]Box] Boxl]| Vix | vl vl 0.00042 12 | 1.55120.048%0 0% | 3330 8 | 8.158 £0.251
0.00032 8| 1.10] 0.13 012 0.06] 0.00 0.13| 025 0.14]0.00 ] 0.00 0.00 00015 1‘31&0‘”5&3%23 672135 | 5459 L0538
0.00057 15 | 1.36 | -0.04 -0.04 -0.09 [ 0.00 -0.04 | -0.04 -0.05] 0.00 ] 0.00 0.00 0.00085 15 | 1082200414003 | 235 0| 4.486 0.169
0.00029 15| 1.30 | 0.29 049 -0.15| 0.00 0.35| 0.28 0.31]0.00| 0.00 0.00 000042 25 | 1.80320.1210000 | G20 oo I.0E
0.00134 35 | 1.42 [ -0.13 -0.13 -0.14 | 0.00 -0.13 | -0.13 -0.13 | 0.00 | 0.00 _0.00 0.00085 25 1-3~Ili0-063i8:?§§ i385 5| 5308 40100
0.00067 35 | 1.70 | -0.02  0.11 -0.23 | 0.00 -0.08 | -0.02 -0.02 | 0.00 | 0.00 0.00 0.00085 35 | 1458£0.08620 108 | 567 TART TR
0.00248 65 | 1.41 | -0.18 -0.19 -0.17 [ 0.00 -0.18 | -0.18 -0.18 | 0.00 | 0.00 _ 0.00 0.00155 35 | 1217007620008 | 700 o | Lo6t +0.104
0.00124 65 | 1.51 | 0.03 0.10 -0.14| 0.00 0.00 | 0.03 0.03|0.00| 0.00 0.00 0.00268 35 | 1040006420038 | 836 o | 1916 S0017
0.00610 160 [ 1.24 | -0.20 -0.20 -0.21 ] 0.00 -0.20 [ -0.20 -0.20 | 0.00 | 0.00 _ 0.00 0.00085 50 | 1615013020 108 17 1212393 20103
0.00305 160 | 1.45 | -0.10 -0.05 -0.30 | 0.00  0.00 | -0.10 -0.10 | 0.00 | 0.00  0.00 0.00155 50 | 1.30740.103%(0%3 | 464 0] 1.181 £0.093
~10.2 - .
Tnl)l('.A.llz Systematic checks for the analysis in (y.Q?) bins. using the clectron only recon- 88833? gg iﬁ;giii(l)géi;’:iég jz; :; :;;g ig(l);l,
struction method. 0.00155 65 | 1.483%0.142%0 321 | 325 5 [ 0.900 £0.036
0.00268 65 | 1.135£0.101+{ 994 | 336 0] 0.819 +0.073
0.00465 65 | 1.064+0.103+)122 | 328 0| 0.829 £0.080
0.00155 125 [ 1.045+0.154%3220 | 118 2 [ 1.066 £0.157
0.00268 125 | 1.436+0.125+0922 | 374 3| 1.246 £0.109
0.00465 125 | 1.047+0.003£) 021 | 382 0| 0.841 £0.075
0.00775 125 | 1.170£0.105+0 338 | 392 0| 0.965 £0.086
0.00775 250 | 0.445£0.081£03% | 91 5| 0.247 £0.045
y Q* | yal 1o T E.1 E.f]BoxI Box]| Vitx |yl vi | 0.01414 250 | 1.21740.137£0289 | 223 01]0.983 +0.111
0.00032 81097] 010 0.19 -0.08| 0.09 0.08] 021 0.10] 0.13] 0.12 0.08 0.02828 250 | 0.5310.085+001% | 111 0| 0.363 £0.058
0.00215 15| 0.74 [ -0.04 -0.03 -0.10 [ -0.04 -0.05 | -0.04 -0.08 | -0.04 | 0.07 -0.03
0.00057 15| 1.06 | 0.02 0.08 -0.15| 0.01 -0.01| 0.02 -0.00| 0.01| 0.05 -0.01 Table A.13: Fy(x. Q%) as obtained from an analysis where the data was hinned in o and ()?.
0.00501 35 0.73 [-0.03 -0.03 -0.05-0.03 -0.03 | -0.03 -0.03]-0.03| 0.12 0.01 reconstructed using the clectron only method. and wnfolded via an iterative method.,
0.00134 35| 1.22 [ -0.01  0.04 -0.00 | -0.02 -0.04 | -0.01 -0.01 | 0.02| 0.02 -0.04
0.00067 35| 1.84 | 0.02 0.26 -0.29 | -0.20 -0.12 | 0.04 0.01| 0.02| 003 0.02
0.00930 65| 0.74 { -0.07 -0.07 -0.07 [ -0.07 -0.07 | -0.07 -0.07 | -0.03 | 0.06 -0.12 A.2 Bins According to Detector Resolution
0.00248 65| 1.19 | -0.03 -0.01 -0.08 | -0.03 -0.04 [ -0.03 -0.03 | -0.01 | 0.01 -0.06
0.00124 ~ 65]1.99 | -0.17 0.11 -0.43 | -0.43 -0.20 | -0.15 -0.19 | -0.25 | -0.17 -0.17

0.02289 160 | 0.75 | -0.14 -0.13 -0.13 [ -0.14 -0.14 | -0.14 -0.14 | -0.10 -0.10 -0.13
0.00610 160 | 1.00 | -0.03 -0.02 -0.07 | -0.04 -0.05 | -0.03 -0.03 | -0.01 -0.01  -0.05
0.00305 160 | 1.61 | 0.02 0.23 -0.34 | -0.28 -0.14 | 0.05 -0.02 -0.19 | 0.02  0.01
0.04578 320 | 0.47 | -0.04 -0.03 -0.06 | -0.04 -0.04 | -0.04 -0.04 -0.00 | 0.01 -0.03
0.01221 320 | 0.98 | -0.08 -0.06 -0.16 | -0.07 -0.08 | -0.08 -0.08 | -0.03 -0.06  -0.09
0.00610 320 | 1.37 | -0.04 0.11 -0.18 | -0.24 -0.12 | -0.03 -0.04 | 0.01 -0.03  -0.03
0.14305 1000 | 0.64 [ -0.21 -0.20 -0.23 [ -0.21 -0.21 | -0.21 -0.21 | -0.23 -0.21  -0.25
0.03815 1000 | 0.43 | 0.02 0.06 -0.00 | 0.02 0.02] 002 0.02] 0.02 0.03  0.02
0.01907 1000 | 0.89 | -0.08 0.39 -0.21 | -0.18 -0.27 | -0.01 -0.0G -0.06 | -0.06  -0.06
0.19074 5000 | 0.31 | 10.02 -0.02 -0.03 [-0.02 -0.02 | -0.02 -0.02 ] 0.01 -0.02 -0.02

A.2.1 Analysis in bins of (z, Q?)

Table A12: Systematic checks for the analysis in (y.02%) bins. using the double angle recon-
struction method.
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- Q7 F2 +stat Esyst | Noww Ny | 0 +stat
0.00775 500 [ 1.0150.195+0200 | 03 1| 0.186+0.036
0.01414 500 | 0.726£0.134£)18 | 89 1| 0.17940.033
0.02828 500 | 0.73640.137+)91% 87 0| 0.19640.036
5657 [ r 024.0.048 7( V& 3.
p P F2_Zotat Zoyst [ Now Ny [0 Eoiad 0.05657 500 ().Glloi(],1~3:t8}jg 79 0| 0.17340.034
0000 12 | 11102000200 T 5010 45 T5210 50,155 0.11310 500 | 0.333£0.1065 140 | 27 0 | 0.095+0.030
D ) g - R - ’ 0.00775 1000 | 1.358+0.717+0 791 15 0] 0.027+0.014
0.00085 12 | 0.807+0.029+9%2 | 2500 29 | 4.409£0.159 b1
o . 0.01414 1000 | 0.969+0.246+0902 | 45 2| 0.12740.032
0.00155 12 | 0.69940.032+)9:¢ | 1458 3| 3.267£0.151 Diaor -
8106 0.02828 1000 | 0.646:£0.215+5180 | 35 5| 0.048+0.016
0.00085 15 | 0.969+0.040+3 7% | 1865 25 | 3.452+0.143 ol .
000LG5 15| 0.7570.03820000 | 1omg 5 | aoagn 110 0.05657 1000 | 0.438+0.155+0 0% | 25 0| 0.046+0.016
et Inaliibanteigy 4 {1 PSS 0.02828 2000 | 0.623+0.333£02% [ 11 0| 0.036£0.019
0.00268 15 | 0.660£0.036+5:219 | 983 26 | 2.659+0.146 ) .00 )
g0 0.05657 2000 | 0.359£0.169+910 13 2| 0.030£0.014
0.00085 25 | 1.154+0.058+] 953 | 1244 13 | 2.519£0.126 0093 :
9.105 0.11310 2000 | 0.948+0.445+0933 18 0] 0.035+0.016
0.00155 25 | 0.862+0.052+8:8%3 | 920 30 | 1.501£0.090 011310 5000 T 05392035120 I8 T 17 Tt
0.00268 25 | 0.730£0.044£J988 | 844 5 | 1.624+0.099 ' 2 2 70040 - —
0.179 o
0'0046‘:’ 2‘:’ O'GZGiO'Omig-? x 411 6 1'702:‘:0'13‘? Table A.15: Fy(x.(Q%) as obtained from an analysis where the data was hinned in o and (2,
0.00085 .35 1.474:!:0.084:!:3‘2 o | 9N 24 | 2.198£0.125 reconstructed using the double angle method. and unfolded via an iterative method (cont’d)
0.00155 35 | 1.117+0.074+3:083 | 763 8 | 1.308+0.086
0.00268 35 | 0.837£0.055+39% | 765 15 | 1.29440.085
0.00465 35 | 0.726£0.056+0-328 | 493 0 | 1.12840.088
0.00085 50 | 1.797£0.126+0330 | 649 33| 1.895%0.133 . : — =
0.00155 50 | 1.376+£0.105£4%22 | 539 10 | 1.08840.083 a Q Al e s » | fre BRE br bar bk, | Bek
0.00268 50 | 1.028+0.0794+0982 | 544 2| 0.958+0.073 0.00015 0.00030 | 7 10 [ 0.46 | 1.16 0.21 0.25 [ 0457 0.805 0.068 0.0 0.000 ] 1.000
£ 0.0 , 0.00030 0.00060 | 7 10 | 0.54 | 0.92 0.21 0.19 | 1.190 1.041 0.013  0.001 0.000 | 1.000
0.00465 50 | 0.892+0.077+J 332 | 414 0| 0.840+0.073
0.00775 50 | 0.6640.069£0:460 | 262 0| 0.687+0.072 0.00030 0.00060 | 10 14 [ 0.69 | 0.84 0.26 0.22 [ 0.761 0.685 0.026 _ 0.041__0.000 1,000
0.00155 G5 1_50&0'13&81% 162 12 1076920067 0.00030 0.00060 | 14 20 | 0.60 [ 1.17 0.27 0.32 [ 0.015 0.088 0.041 _0.030 _0.000 | 1000
= . 0.029 0.00030-0.00060 | 20 28 [ 0.40 [ 2.07 0.22 0.46 | 0.249 0.202 0.127 _ 0.067__0.000 | 1000
0.00465 65 | 0.939+0.093+392 | 318 0 | 0.606+0.060
0.00775 65 | 0.711£0.076+0933 | 272 0 | 0.489+0.053 0.00060 0.00120 | 20 28 | 0.76 | 0.95 0.33 0.32 | 0.718 0.578 0.022  0.036  0.000 | 1.000
0.00155 125 | 2.036£0.202£0532 | 360 14 [ 1.091£0.108 0.00120 0.00200 | 28 40 [ 0.82 [ 0.88 0.33 0.29 | 0.733  0.525 0.011  0.020 0.000 | 1.000
. . 0272 | &o o . 0.00200 0.00360 | 28 40 | 0.81 | 0.88 0.24 0.21 | 1.0S5 0.585 0.003  0.004 0.000 | 1.000
0.00268 125 | 1.352+0.110+3:2:2 | 521 8 | 0.92440.075
0.00465 125 0_946:{:0_087:&8-8%} 372 1] 0.654+0.060 0.00060 -0.00120 40 56 | 0.51 [ 1.51 0.34 0.51 [ 0.838 0.458 0.101 0.038  0.000 [ 1.000
0.00775 125 | 0.9650.000+3912 | 375 0 | 0.688+0.064 0.00120 0.00200 | 40 56 | 0.81 | 1.09 0.41 0.44 | 0.609 0.386 0.024  0.028 0.000 | 1.000
0.01414 125 | 0.61840.055£99% | 38 0 | 0.787+0.070 0.00200 0.00360 | 40- 56 | 0.80 [ 1.03  0.30 0.30 | 0.657 0.364 0.007 0.014  0.000 | 1.000
98 125 | 0.593+0.079+0-339 ) " 0.00360 0.00600 | 40 56 | 0.83 | 0.98 0.20 0.20 | 1.036 0.482 0.002  0.006 0.000 | 1.000
0.02828 125 | 0.593+0.079+0332 | 144 0 | 0.985+0.131
00465 250 | 1.430£0.187£0.204 D) 0.00120-0.00200 | 56 80 | 0.78 [ 1.09 0.40 0.44 | 0.415 0.132 0.042 _-0.003 0.000 | 1.000
0.00465 250 | 1.430+0.187+] 253 | 221 7 [ 0.323+0.042
0.00775 250 | 0.848+0.12049021 | 159 2 7540.0 0.00200 0.00360 | 56 80 | 0.84 | 0.90 0.40 0.36 | 0.452 0.193 0.011  0.011 0.000 | 1.000
).00775 25 8 120£3923 | 15 0.275+0.039
01414 250 | 0.6740.0844+0031 | o olo 0.00360 0.00600 | 56 80 | 0.80 | 0.91 0.25 0.23 [ 0.710 0.313  0.003 -0.000 0.000 | 1.000
0.01414 250 | 0.6 0849934 2 ).373+0.046 0|
0.02828 250 05025&0-0791318;? 201 6| 0.3114+0.041 0.00120 0.00200 80 160 | 0.35 | 1.91 0.23 0.44 | 1.550 0.446  0.178 _ 0.025 0.000 | 1.000
0.05657 250 | 0.39940.077+0-197 68 0| 0.33540.064 0.00200 0.00360 [ 80 160 [ 0.72 | 1.18 0.42 0.49 | 0.991 0.539 0.047 0.052  0.000 | 1.000
0.020
0.00360 0.00600 | 80 160 | 0.83 | 0.92 0.37 0.34 | 1.052 0.738 0.013  0.028 0.000 | 1.000
Table ALk Fy(.Q?) as obtained from an analysis where the data was binned in @ and 02 0.00600 0.01000 | 80 160 | 0.84 | 0.85 0.25 0.21 | 1424 0.68 0.004 0.012 0.000 1.000
reconstructed using the donble angle method. and nnfolded via an iterative method. 0.00600 0.01000 | 160 320 | 0.56 [ 1.20 0.31 0.38 [ 1.387 0.941 0.016 _ 0.045 _0.000 | 1.000
0.01000 0.02000 | 160 320 | 0.67 | 1.16  0.28 0.32 | 1175 0.796  0.004  0.012  0.000 | 1.000
0.02000 0.04000 | 160 320 | 0.74 | 1.19 021 0.25 | 1.0G9  0.338 0.001 -0.01.4  0.000 | 1.000

Table A.16: Bin properties for analyses in (.0%) bins. using the electron only reconstiuction
method.,
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T Q7 Al ¢ s ) ne ORE bR, Betr Ok, | Oweak
0.00030 0.00060 | 10 14 [ 0.78 | 1.06 0.24 0.25 | 0.258 0.175 0.026 _ 0.045 0.000 | 1.000
0.00060 0.00120 | 10 14 [ 0.83 | 0.77 0.33 0.25 | 1.299 0.645 0.005 0.012 0.000 | 1.000
0.00120 0.00200 | 10 14 | 0.76 | 0.88 0.26 0.23 | 1.836  0.544 0.001 -0.003 0.000 | 1.000
0.00060 0.00120 | 14 20 [ 0.91 [ 0.89 0.32 0.28 [ 0.288 0.004 0.008 -0.014 0.000 | 1.000
0.00120 0.00200 | 14 20 | 0.94 | 0.85 0.35 0.30 | 0.705 0.083 0.002 -0.018 0.000 | 1.000
0.00200 0.00360 | 14 20 | 0.83 | 1.19 0.32 0.39 | 0.776 -0.118 0.001 -0.024 0.000 | 1.000
0.00060 0.00120 | 20 28 | 0.89 [0.94 032 0.30 | 0.735 0.371 0.022 _0.031__0.000 | 1.000
0.00120 0.00200 [ 20- 28 [ 0.95 | 0.83 0.33 0.28 | 1.166  0.488 0.006 0.028 0.000 | 1.000
0.00200 0.00360 | 20 28 | 0.94 | 0.94 0.38 0.35 | 1.378  0.326 0.002 0.011 0.000 | 1.000
0.00360_0.00600 | 20 28 | 0.74 [ 1.61 0.26 0.41 | 1.675 0.039 0.001 -0.006 0.000 | 1.000
0.00060 0.00120 | 28- 40 [ 0.86 | 1.03 0.31 0.31 | 0.553 0.236 0.046 _ 0.007 0.000 | 1.000
0.00120 0.00200 | 28 40 | 0.95 | 0.86 0.34 0.30 | 0.837 0.339 0.011 0.019 0.000 | 1.000
0.00200 0.00360 | 28 40 | 0.96 | 0.85 0.46 0.39 | 1.103  0.394 0.003 0.017 0.000 | 1.000
0.00360 0.00600 | 28 40 | 0.94 | 1.11 041 045 | 1.264 0.158 0.001  0.004 0.000 | 1.000
0.00060 0.00120 | 40- 56 | 0.75 [ 1.20 0.23 0.28 | 0.799  0.260 0.101 -0.012_0.000 | 1.000
0.00120 0.00200 | 40- 56 | 0.93 | 0.99 0.33 0.32 | 0.866 0.337 0.024 0.019 0.000 | 1.000
0.00200 0.00360 | 40 56 [ 0.96 | 0.88 0.44 0.39 | 1.053 0.321 0.007 0.014 0.000 | 1.000
0.00360 0.00600 | 40- 56 | 0.97 | 1.01 0.40 0.40 | 1.279  0.231 0.002  0.012 0.000 | 1.000
0.00600 0.01000 | 40- 56 | 0.93 | 1.25 0.42 0.52 | 1.335  0.030 0.001 -0.003 0.000 | 1.000
0.00120 0.00200 | 56- 80 | 0.94 [ 0.86 0.38 0.33 | 0.718 0.200 0.042 -0.024_0.000 | 1.000
0.00200 0.00360 | 56- 80 | 0.97 [ 0.85 0.44 0.37 | 0.641 0.086 0.011 0.011 0.000 | 1.000
0.00360 0.00600 | 56 80 | 0.96 | 0.94 0.39 0.37 | 0.883  0.055 0.003 0.005 0.000 | 1.000
0.00600 0.01000 | 56 80 | 0.96 | 0.89 0.43 0.38 | 1.342  0.116 0.001 -0.004 0.000 | 1.000
0.01000 0.02000 | 56- 80 | 0.79 | 1.80 0.31 0.57 | 1.212 -0.342 0.000 -0.037 0.000 | 1.000
0.00120 0.00200 | 80-160 | 0.67 [ 1.18 0.28 0.34 | 1.613  0.208 0.178 -0.012_0.000 | 1.000
0.00200 0.00360 | 80 160 | 0.95 [ 0.96 0.42 0.40 | 1.317  0.435 0.047 -0.006 0.000 | 1.000
0.00360 0.00600 | 80160 | 0.96 | 0.87 0.51 0.44 | 1.474  0.566 0.013  0.026  0.000 | 1.000
0.00600 0.01000 | 80-160  0.97 [ 0.92 0.48 0.44 | 1.406  0.355 0.004 0.015 0.000 | 1.000
0.01000 0.02000 | 80 160 | 0.96 | 1.05 0.53 0.56 | 1.887  0.417 0.001  0.008 0.000 | 1.000
0.02000 0.04000 | 80 160 | 0.72 | 2.54 0.22 0.57 | 1.976 -0.271 0.000 -0.032 0.000 | 1.000
0.00360 0.00600 | 160-320 | 1.00 [ 0.82 0.53 0.43 | 1.492 0.3d1 0.058 -0.015 0.000 | 1.000
0.00600 0.01000 | 160 320 | 0.93 | 0.89 0.56 0.49 | 1418 0.514 0.016  0.011 0.000 | 1.000
0.01000 0.02000 | 160 320 | 0.97 | 0.92 0.62 0.57 | 1.526  0.557 0.004 0.012 0.000 | 1.000
0.02000 0.04000 | 160-320 | 0.98 | 0.80 0.56 0.45 | 1.788  0.507 0.001  0.016 0.000 | 1.000
0.01000 0.08000 | 160 320 | 0.81 | 2.04 0.27 0.55 | 1.515 -0.092 0.000 -0.036 0.000 | 1.000

Table A.17: Bin properties for analyses in (.Q%)

method.

bins. using the donble angle reconstrnetion

A.2. BINS ACCORDING TO DETECTOR RESOLUTION
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- K Al ¢ s » ORe AE T bp, Bave Oy | O
000600 0.01000 | 320 640 [ 0.86 [ 0.97 041 0.39 | 3.605 0.898 0.078 0,043 0000 0.
0.01000 0.02000 | 320 640 | 0.94 | 0.99 0.58 0.57 | 1773 0.563 0.016  0.015  0.000 | 0.«
002000 0.04000 | 320 640 | 0.96 | 111 0.50 0.56 | 1.320  0.231 0.003  0.005 0.000 0.4
0.04000 0.08000 | 320 640 | 0.95 | 1.07 0.51 0.54 | 1.381  0.241  0.000  0.010 0.000 | 0.«
0.08000 0.16000 | 320 640 | 0.84 | 1.52 0.32 0.48 | 0.820 -0.170 0.000 -0.043 0.000 | 0.«
0.00600 0.01000 | 640 1280 [ 0.60 [ 0.56 0.20 0.1 | 1.879 0392 0.245 0001 0.000 10
0.01000 0.02000 | 640~ 1280 | 0.87 | 130 0.62 0.80 | £.797  0.534 0.075 -0.029 0.001 | 0.
0.02000 0.04000 | 640 1280 | 0.95 | 0.78 0.67 0.52 | 1.757  0.241 0.012  0.047 0.001 | 0.«
0.04000 0.08000 | G640 1280 | 0.96 | 0.92 0.65 0.60 | 1.386  0.176  0.002  0.010 0.001 | 0.
0.02000 0.04000 | 1280 2560 [ 0.60 | 1.00 0.40 0.40 | 5.301 _0.842 0056 0.035 0.005 | 0.«
0.040000.08000 | 1280~ 2560 | 0.94 | 1.38  0.50 0.69 | 1.774  0.468 0.008 -0.005 0.005 | 0.0
0.08000 0.16000 | 1280 2560 | 1.00 | 1.00  0.20 0.29 | 1.345 -0.218 0.001  0.028 0.004 | 0.«
0.08000 0.16000 | 2560 10000 | 1.00 [ 0.43  1.00 0.43 | 2.557 0.083 0.000 0.007 0022 [ 0.0

Table A.18: Bin properties for
cont’d).

method (

: oy g . .
analyses in (2.Q?) bins. using the double angle reconstruction

Table A19:

struction method.

T Q] Byl b M TE 1 B f]Box] Boxl] Vix |yl v |
0.00021 81143 1-0.06  0.07 0.11[0.00 001[-0.07 011]0.00] 0.00 0.00
0.00042 8| 1.06 | 0.09 0.08 0.07]0.00 0.09| 0.15 0.10]0.00] 000 0.00
0.00042 12| 1.55 | -0.08 -0.05 -0.29 [ 0.00 -0.07 | -0.08 -0.06 | 0.00 | 0.00 000
0.00042 15 | 1.32 | 0.14 023 -0.18 [ 0.00 019 | 0.14 015 0.00 | 0.00 _0.00
0.00085 15 ) 1.08 | 0.02  0.01 0.01| 0.00 0.02] 0.02 0.01]0.00] 0.00 0.00
0.00042 25| 1.89 [ -0.08 0.09 -0.31[ 0.00 -0.20 | -0.08 -0.08 | 0.00 | 0.00 _0.00
0.00085 25| 1.34 | -0.02 -0.01 -0.09 | 0.00 -0.01 | -0.02 -0.02 | 0,00 | 0.00 0.00
0.00085 35| 1.46 | 0.03 0.09 -0.13[ 0.00 0.05| 003 00 ]0.00 0.00 0.00
0.00155 35 | 1.22 | -0.02 -0.02 -0.02 | 0.00 -0.02 | -0.02 -0.02 | 0.00 | 0.00 0.00
0.00268 35 | 1.04 | -0.08 -0.08 -0.08 | 0.00 -0.08 | -0.08 -0.08 | 0.00| 0.00 0.00
0.00085 50 [ 1.62 [ -0.01  0.11 -0.24 | 0.00 -0.01 | 0.01 -0.01 | 0.00 | 0.00 _0.00
0.00155 50 [ 1.31 | 0.03  0.04 -0.02 | 0.00 0.01| 0.03 0.03]0.00] 0.00 000
0.00268 50 | 1.52 | -0.24 -0.24 -0.22 | 0.00 -0.2¢4 | 024 -0.24]0.00| 0.00 000
0.00465 50 | 1.02 | -0.13 -0.13 -0.11 | 0.00 -0.13 | -0.13  -0.13 | 0.00 | 0.00 000
0.00155 65 | 1.48 | -0.05 -0.02 -0.20 [ 0.00 -0.06 | -0.05 _-0.05 | 0.00 | 0.00  0.00
0.00268 65 | 1.13 | -0.03 -0.04 -0.02 | 0.00 -0.03 | 0.03 -0.03 | 0.00 | 0.00  0.00
0.00465 65 | 1.06 | -0.14 -0.14  -0.12 | 0.00 -0.13 | -0.14  -0.14 | 0.00 | 0.00  0.00
0.00155 125 [ 1.04 | 0.12 022 0.00 | 0.00 0.6 | 0.12 012 | 0.00 | 0.00 000
0.00268 125 | 1.44 | -0.08 -0.05 -0.21 | 0.00 -0.03 | 0.08 -0.08 | 0.00 | 0.00  0.00
0.00465 125 | 1.05 | -0.04  -0.04  -0.03 | 0.00 -0.04 | -0.04  -0.04 | 0.00 | 000 0.00
0.00775 125 | 117 | -0.24 -0.25 -0.23 | 0.00  0.24 | 0.20 -024 | 0.00 | 0.00 000
0.00775 250 | 0.45 ] 0.21 021 0.15 | 0.00 0.21 ] 021 021 000 | 000 000
0.014114 250 | 1.22 | -0.30  -0.30 -0.29 1 0.00 2030 | -0.30 -0.30 0.00 0.00 (.00
0.02828 250 | 0.53 | -0.02  -0.02 -0.02 1 0.00 0.02 0.02 0.02 1 0.00 .00 .00

Systematic checks for the analysis in (o (27) bins. nsing the election only recon-
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x QF Bl yal b [ E.1 E fi[Box] Boxl| Vtx|wisl vl
0.00042 12| 1.11 | -0.03  0.07 -0.24 [ -0.04 -0.08 | -0.03 -0.03 | -0.03 -0.01  -0.03
0.00085 12 | 0.81 | -0.02 0.03 -0.14 | -0.02 -0.03 | -0.01 -0.04 | -0.00 0.02  -0.04
0.00155 121 0.70 | -0.02 0.00  -0.08 | -0.02 -0.02 | -0.01 -0.07 | -0.01 0.06 0.08
0.00085 15| 0.97 | -0.01 0.04 -0.17 | -0.02 -0.04 | -0.01 -0.02 [ -0.02 0.01 -0.04
0.00155 15| 0.76 | -0.01 0.01  -0.10 | -0.01 -0.01 | -0.00 -0.03 | -0.04 0.04  -0.02
0.00268 15 [ 0.66 | 0.01 0.02 -0.04 | 0.01 0.01 0.01 0.01 0.02 0.14 0.00
0.00085 25 | 1.15 | -0.02  0.04 -0.18 [ -0.04 -0.07 | -0.01 -0.02 -0.00 | -0.01 -0.02
0.00155 251086 | 0.03 0.07 -0.05| 0.02 0.02 0.03 0.03 | 0.03 0.05 -0.01
0.00268 251 0.73 | -0.00  0.01 -0.06|-0.00 -0.01]-0.01 -0.00 0.02 0.09 -0.01
0.00465 25 1 0.63 | 0.00 0.01 -0.03| 0.01 0.01 0.00  0.00 | -0.01 0.18 0.00
0.00085 35| 1.47 | 0.01 0.17 -0.21 | -0.09 -0.17 0.02 0.00 | 0.07 0.02 0.01
0.00155 35 | 1.12 | 0.02 0.06 -0.07 | 0.01 -0.01 0.02 0.02 | 0.04 0.03 0.01
0.00268 35 ] 0.84 | 0.01 0.03 -0.03 | 0.01 0.01 0.01 0.01 0.03 0.05 -0.03
0.00465 35(0.73]-0.01 0.00 -0.02(-0.01 -0.01]-0.01 -0.01 -0.01 0.13 0.00
0.00085 50 | 1.80 [ -0.00 0.24 -0.37 [ 0.00 0.00| 0.01 -0.03 -0.10 0.00 -0.00
0.00155 50 | 1.38 | 0.01 0.07 -0.12 | -0.04 -0.10 0.01 0.00 | 0.02 0.02 -0.01
0.00268 50 | 1.03 [ -0.00  0.01 -0.04 | -0.01 -0.01]|-0.00 -0.01 0.06 0.00 -0.04
0.00465 501 0.89 | -0.01 0.00 -0.01 | -0.01 -0.01 | -0.01 -0.00| 0.02 0.07  -0.02
0.00775 501 0.66 | -0.00 -0.00 -0.02|-0.00 -0.00 | -0.00 -0.00 | 0.01 0.17 0.00
0.00155 65 | 1.51 0.05 0.25 -0.19 | -0.15 -0.27 0.05 0.04 | 0.05 0.05 0.05
0.00268 65| 1.06 | 0.00 0.03 -0.09 [-0.01 -0.02| 0.00 -0.01 0.01 0.01 -0.03
0.00465 65 | 0.94 | -0.01 0.00 -0.03 | -0.01 -0.01 [ -0.01 -0.01 ]| -0.01 0.03 -0.06
0.00775 65 [ 0.71 [ -0.01 -0.00 -0.01 | -0.01 -0.01 | -0.01 -0.01 | -0.03 0.06 -0.07
0.01414 G5 | 0.63 | -0.01 -0.00 0.00 | -0.01 -0.00 | -0.01 -0.00 | 0.03 0.27 0.00
0.00155 125 | 2.04 0.11 0.60 -0.27 | 0.00 0.00 0.16 0.04 | -0.19 0.12 0.13
0.00268 125 | 1.35 | 0.11 0.21 -0.03 | -0.10 -0.14 0.11 0.11 0.05 0.12 0.11
0.00465 125 | 0.95 | -0.01 0.01 -0.07 | -0.02 -0.03 | -0.01 -0.01 | -0.02 0.01 -0.02
0.00775 125 | 0.97 | -0.01 -0.01 -0.01 | -0.01 -0.01 -0.01  -0.01 | -0.02 0.01  -0.02
0.01414 125 | 0.62 | -0.00 -0.00 -0.01 | -0.00 -0.00 -0.00  -0.00 [ 0.04 0.09 -0.03
0.02828 125 0.59 | -0.01 -0.01 -0.00 | -0.01 -0.01 -0.01  -0.01 | -0.01 0.34 0.00
0.00465 250 | 1.43 | 0.06 0.24 -0.15 | -0.06 -0.22 0.07 0.05 | -0.00 0.07 0.06
0.00775 250 | 0.85 | -0.01 0.02  -0.08 | -0.03 -0.05| -0.01 -0.01 0.01 | -0.01 -0.01
0.01414 250 | 0.67 | -0.01 -0.01 -0.03 | -0.01 -0.01 -0.01  -0.01 0.05 [ -0.00 -0.02
0.02828 250 | 0.60 | 0.01 0.02  0.00 | 0.01 0.01 0.01 0.01 0.03 0.07  -0.02
0.05657 250 | 0.40 | -0.01 -0.01 -0.00 | -0.01 -0.01 -0.01  -0.01 0.00 0.20 0.00

Table A20: Systematic checks for the analysis in (r.Q?)

struction method.

bins. nsing the double angle recon-

A2 BINS ACCORDING TO DETECTOR RESOLUTION
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z Q| Flwyal &, [ E.{ E ]Box] Box] Vf-XI!/mI w1 |
0.00775 500 | 1.02 [ -0.03  0.22 -0.08 [ -0.19 000 | 0.11 008 ] 001 ] 0.09 003
0.01414 500 | 0.73 | -0.02 -0.00 -0.10 | -0.01 -0.02 | -0.02  -0.02 | 0.05 | -0.02 002
0.02828 500 | 0.74 | -0.03  -0.02  -0.10 | -0.03 -0.03 ] -0.03  -0.03 0021 -0.01 0.0
0.05657 500 | 0.61 | -0.02 -0.01 -0.04 | -0.02 -0.02 | -0.02 -0.02 | 0.05| -0.01 -0.14
0.11310 500 | 0.33 | 0.00 0.00 -0.00 | 0.00 0.00 | 0.00 0.00] 002] 0.14 0.00
0.00775 1000 [ 1.36 [ -0.01  0.27 0.17 [ 0.00 0.00 | 053 -012] 0.00 1 000 000
0.01414 1000 | 0.97 | -0.14  1.06 -0.23 | -0.27  0.00 | -0.03 -0.08 | 0.00 | -0.06 -0.06
0.02828 1000 | 0.65 | 0.07 0.10 -0.01 | 0.07 0.07 | 0.07 007 0.08| 007 0.03
0.05657 1000 | 0.44 | 0.01 0.06 -0.01 | 0.01 0.01| 0.01 0.01] 0.08| 001 001
0.02828 2000 | 0.62 0.00 0.17 -0.07 0.00 0.00 0.00 0.00 0.12 0.00 0.00
0.05657 2000 | 0.36 | -0.02  0.01 -0.02 | -0.02 -0.02 | -0.02 -0.02 | -0.00 | 0.01 -0.02
0.11310 2000 | 0.95 | 0.00 0.05 -0.05| 0.00 0.00 | 0.00 000|016 | 0.00 000
0.11310 5000 | 0.54 | 0.00 0.00 -0.05 [ 0.00 0.00 | 0.00 0.00] 0.00 | 0.00 000

Table A.21: Systematic checks for the analysis in
struction method (cont’d).

on i ;
(r.00%) bins. using the double angle recon-
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e

E Q- | F2  Estat £syst | Ny N | @ +stat
0.00049 8 | 0.97420.020+£3-525 | 3720 0 | 10.710£0.315
0.00024 8 | 1.37840.044+159 | 3178 0]9.738 +0.308
0.00069 12 | 1.274£0.041£593% | 3311 0] 6.698 £0.214
0.00034 12 | 1.578+0.060+]925 | 2072 0| 6.386 +£0.244 x Q% [ F2 +stat £syst | Nope N | 0 Estat
0.00086 15 | 1.050%0.041+) 757 | 2157 27 | 4.014 £0.159 0.00114 12 | 0.70340.027+] 19 | 2326 10 | 1.086£0.156
0.00043 15 | 1.456£0.066+0125 | 1490 0| 4.070 £0.185 0.00069 12 | 0.786+0.030+0-18% | 2362 19 | 3.631+0.139
0.00029 15 | 1.8640.134+093 | 503 14 | 4.756 +0.342 0.00143 15 | 0.748%0.03320-105 [ 1641 11 | 2.83140.126
0.00143 25 | 0.957+0.047£)338 | 1344 0] 2.500 £0.124 0.00086 15 | 0.936£0.041+£0-081 | 1699 32 | 3.056+0.134
0.00072 25 | 1.48940.085+39% | 916 0| 2.757 £0.157 0.00043 15 | 1.081£0.058+0299 | 1071 51 | 2.614+0.141
0.00048 25 | 1.9910.153+0 168 | 455 14 | 2.980 +0.230 0.00238 25 [ 0.772£0.042+00% [ 1085 32 | 1.99340.109
0.00334 35 [ 1.0060.061£] 35 | 807 0| 2.240 £0.136 0.00143 25 n.szci().().mi{}}ég 1187 19 | 1.844£0.100
0.00200 35 | 1.114£0.062+39 | 1000 0] 2.200 £0.122 0.00072 25 | 1.3040.078+00% | 860 11 | 2.097+0.125
0.00100 35 | 1.283+0.087+J3% | 645 0| 1.670 £0.114 0.00572 35 | 0.623£0.071£0314 | 220 1| 0.523+0.059
0.00067 35 | 1.834+0.15140912 | 439 11| 1.712 +0.141 0.00331 35 | 0.819+0.051£002 | 820 15 | 1.53420.005
0.00477 50 | 1.015+0.074£] 15 | 557 0| 1.501 £0.110 0.00200 35 1.027&0.000:&33{%2 928 8 | 1.724£0.101
0.00286 50 | 1.347+0.092+0130 | 620 0 | 1.787 £0.122 0.00100 35 1.172;&()4()31:&3:3}% 678 44| 1.266+0.088
0.00143 50 | 1.282£0.104+p08 | 451 6 | 1.120 +0.091 0.00067 35 | 2.571+0.195+0223 | 520 22 | 1.81940.138
0.00095 50 | 1.758+0.169+5999 | 325 6| 1.029 +0.099 0.00817 50 | 0.545%0.077208:3 | 145 0] 0.323£0.016
0.00620 65 0.950:':0.08418;2'% 390 0| 1.073 £0.094 0.00477 50 0.97310.07&33‘;}? 550 2 | 1.21740.090
0.00372 65 | 0.99540.087+5992 | 412 0| 0.848 £0.074 0.00286 50 | 1.048+0.075+0932 | 605 5| 1.14940.083
0.00186 65 | 1.182+0.117+Q1H | 311 710.735 £0.073 0.00143 50 | 1.271+0.099+0%81 | 515 6 | 0.973+0.076
0.00124 65 | 2.119+0.238+0:325 | 238 2| 0.785 £0.088 0.00095 50 | 2.100£0.190+02%3 | 301 27 | 0.997+0.000
0.01192 125 | 0.902+0.075£0 3% [ 424 0| 1.249 £0.104 0.01063 65 | 0.600%0.096£02C | 115 0 [ 0.264£0.012
0.00715 125 | 1.07540.084+9932 | 501 0| 1.117 £0.087 0.00620 65 | 0.893+0.077£0011 | 404 0 | 0.83240.072
0.00358 125 | 1.0920.099+(:02° | 364 0] 0.833 £0.076 0.00372 65 | 1.004£0.000+00%3 | 404 16 | 0.72240.065
0.00238 125 | 1.192+0.144+3-182 | 198 21 0.655 £0.079 0.00186 65 | 1.100£0.103+0192 | 372 6 | 0.600+0.056
0.02384 250 | 0.651£0.091£0713 [ 156 0 1 0.436 £0.061 0.00124 65 | 2.686+0.260£9353 | 353 7| 0.758+0.073
0.01431 250 | 0.794£0.100£p5% | 204 22 | 0.565 £0.071 0.02861 125 0.67210,1091{,“?’5? 91 0 [ 0.569+0.092
0.00715 250 | 0.88740.152+04%3 | 92 0] 0.546 +0.094 0.02044 125 | 0 nssiu.nzsig{;%éé 64 17| 0.03540.010
b " Q)7 0.0 . 4Q bl
Table A.22: Fy(z.Q?) as obtained from an analysis where the data was binned in y and Q% ::3(1]’11?"'2 :3"’ 'l)::;;i::::gri:;m‘! :Eé [1] ::Zé:i::::.‘.?
reconstructed using the electron only method, and unfolded via an iterative method. U:(l()35§ 15'; (':9351‘1(‘j“;)2iﬁ:({)3§ 3-‘” '} ”:‘(3:5(-’&”:”&;
0.00238 125 | 1.567+0.152+0430 | 369 29 | 0.638+0.062
0.00179 125 | 3.042+0.344£9:8 | 247 2| 1.220+0.138
A.2.2 Analysis in bins of (y, Q?) 0.04087 250 [ 0.524£0.111£0723 [ 79 1| 0.118+0.025
0.02384 250 | 0.79440.095+0154 | 213 0] 0.43140.052
0.01431 250 | 0.595£0.078+] 307 | 183 0] 0.31940.042
0.00715 250 | 0.932+0.132+0-090 | 164 1| 0.25940.037
0.00477 250 | 1.498+0.236+)%30 | 175 19 | 0.221£0.035
0.00358 250 | 2.719+0.395+534 | 139 1] 0.395+0.057

. 2 : . . .
Table A23: Fy(x.(Q?) as obtained from an analysis where the data was binned in g and ()’
reconstructed nsing the donble angle method. and nnfolded via an iterative method.
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z Q7 [ F2 *stat +syst | Nops Nowp | 0 +stat
0.04768 500 | 0.833+0.154+3133 | 82 0 | 0.236+0.044
0.02861 500 | 0.396+0.089+9 392 | 58 0| 0.11440.026
0.01431 500 | 0.625+0.142+9:845 | 64 1] 0.111£0.025
0.00954 500 | 0.787+0.107+J3%¢ | 55 0| 0.100£0.025
0.00715 500 | 1.90540.461+381 | 61 0 | 0.089+0.022
0.09537 1000 | 0.474+0.176£]03 | 22 0 | 0.045+0.017
0.05722 1000 | 0.606+0.193+9:923 | 33 0| 0.051£0.016
0.02861 1000 | 0.571+0.22443-917 | 29 0| 0.043£0.017
0.01907 1000 | 0.767+0.272+189 23 0 | 0.056+0.020
0.01431 1000 | 1711047543233 38 0 | 0.091£0.025
0.19074 2000 | 0.741+0.314£3103 14 0| 0.055+0.023
0.11444 2000 | 0.362+0.165+] 333 17 2| 0.026+0.012
0.03815 2000 | 1.41840.712+012} 11 0 | 0.027+0.014

TABLES

Table A.24: Fy(2.Q?) as obtained from an analysis where the data was binned in y and Q2.

reconstructed using the double angle method. and unfolded via an iterative method (cont’d)

A.20 BINS ACCORDING TO DETECTOR RESOLUTION

Table A

method.

167

Yy Q? Al ¢ s P Orc OREG dpy O OFy | weak
0.16000 0.30000 7101 0.54 [ 089 022 0.20 | 1588 1.137 0.009 -0.010 _0.000 1 1000
0.30000 0.50000 7 100541091 028 025 ] 0442 0.604 0.048  0.020 0000 | 1 000
0.16000 0.30000 | 10 14 { 0.75 [ 0.75 0.24 0.18 | 0.832 0.482 0.008 0.038 0.000 11 000
0.30000 0.50000 | 10 14]0.63 | 1.00 0.25 0.25|-0.013  0.033 0.041  0.033 0.000 | 1.000
0.16000 0.30000 | 14 20| 0.78 [ 0.79 0.23 0.18 | 0.565 0.214 0.008 -0.000 0000 17 000
0.30000 0.50000 | 14 20| 0.67 | 0.96 0.30 0.29 | -0.130 -0.117 0.030  0.061 0.000 | 1.000
0.50000 0.70000 | 14 20 ]0.39 | 1.95 0.20 0.0 [ -0.619 -0.483 0.109  0.001 0.000 | 1.000
0.16000-0.30000 | 20 28 ] 0.80 [ 0.80 0.31 0.25 | 1.704 1.203 0.007 0039 0,000 | 1.000
0.30000 0.50000 | 20 28 ] 0.71 | 1.08 0.36 0.39 | 0.008 -0.012 0.033  0.024  0.000 | 1.000
0.50000 0.70000 | 20 28 | 0.50 [ 1.64 0.29 0.48 | -0.376 -0.314 0.094 0030 0.000 | 1.000
0.08000 0.16000 | 28 40 | 0.81 [ .05 0.21 0.25 | 1.598 0.800 0.002 _0.002 0,000 T 1000
0.16000 0.30000 | 28 40| 0.81 | 0.90 0.39 0.36 | 0.656  0.165 0.006 0.036 0.000 | 1.000
0.30000 0.50000 [ 28 40 | 0.75 | LO4 041 046 | 0275  0.136 0.031  0.020  0.000 | 1.000
0.50000 0.70000 | 28 40 | 0.58 | 1.15 041 0.47 | -0.391 -0.316 0.082  0.041 0.000 | 1.000
0.08000 0.16000 [ 40 56 [ 0.83 [ 1.01 0.28 0.28 | 1.764 _ 0.938 0.002 0000 0.000 | 1.000
0.16000 0.30000 | 40 56 | 0.79 [ 1.05 0.38 040 | 0.875  0.611 0.006 -0.030 0.000 | 1.000
0.30000-0.50000 | 40 56 | 0.81 | 1.10 0.46  0.50 | 0.557  0.325 0.020  0.025  0.000 | 1.000
0.50000-0.70000 | 40 56 | 0.68 | 1.08 042 0.5 | -0.081 -0.185 0.077 -0.047 0.000 | 1.000
0.080000.16000 | 56 80 | 0.80 [ 1.00 0.27 0.27 | 1439 0.432 0.002 _0.022_ 0.000 | 1000
0.16000 0.30000 | 56 80 | 0.83 | 0.87 0.41 0.36 | 0.677 0.361 0.005 -0.025 0.000 | 1.000
0.30000 0.50000 | 56 80 | 0.82 | 1.07 042 045 | 0.522  0.264 0.028  0.046 0.000 | 1 000
0.50000 0.70000 | 56 80 | 0.68 | 1.01 0.42 0.42 [ -0.170 -0.301 0.073 0.032 0.000 | 1.000
0.08000 0.16000 | 80 160 | 0.81 | 1.05 0.29 031 1.240 0413 0001 0.018 0000 T 1000
0.16000 0.30000 | 80 160 | 0.84 | 0.88 0.44 038 | 1485  0.994 0.005 -0.057 0.000 | 1.000
0-300000.50000 | 80 160 | 0.82 | 0.98 0.53 0.52 | 0.984  0.702 0.023  0.006 0.000 | 1 000
0.50000 0.70000 | 80 160 | 0.69 | 1.20  0.53 0.63 | 0.164 -0.086 0.062 0.047 0.000 | 1000
0.08000 0.16000 | 160 320 { 0.77 [ 1.01 0.27 0.27 | 1130 0.411_0.001 0018 0000 17 0
016000 0.30000 | 160 320 | 0.71 | 1.06  0.41 043 | 1149 0.791 0004 -0.036 0.000 | 1.000
030000 0.50000 | 160 320 | 0.46 | 140 0.31 043 | 0.825  0.754  0.020 -0.052  0.000

1.000

251 Bin properties for analyses in (1.Q%) bins. using the clectron only reconstimetion



168

APPENDIX A. TABLES

Y oK Al ¢ s ) SRC oNE b, Bets OFy | Bweak
0.08000 0.16000 | 10 14 [ 0.81 [ 0.80 0.36 0.29 | 2.085 0.928 0.003 0.026  0.000 | 1.000
0.16000 0.30000 | 10- 14 [ 0.85 [ 0.79 0.32 0.25 | 0.538  0.240 0.008 -0.031 0.000 | 1.000
0.08000 0.16000 | 14 20 [ 0.93 [ 0.87 0.45 0.39 | 1.100 0.316 0.002 0.048 0.000 | 1.000
0.16000 0.30000 [ 14 20 | 0.92 | 0.90 0.3¢ 0.31 | 0.191 -0.082 0.008 -0.006 0.000 | 1.000
0.30000 0.50000 | 14 20 | 0.78 | 1.16 0.23 0.27 | -0.329 -0.372 0.039  0.058 0.000 | 1.000
0.08000 0.16000 [ 20 28 [ 0.95 [ 0.92 0.45 0.41 | 1.497 0.494 0.002 0.020 0.000 | 1.000
0.16000 0.30000 [ 20 28 [ 0.94 | 0.83 0.42 0.35| 1.549 0.829 0.007 -0.031 0.000 | 1.000
0.30000 0.50000 | 20- 28 [ 0.83 | 1.06 0.28 0.30 | -0.011 -0.142 0.033 0.010 0.000 | 1.000
0.06000 0.08000 [ 28 40 [ 0.93 | .10 0.24 0.26 | 0.485 -0.282 0.001 -0.005 0.000 | 1.000
0.08000 0.16000 | 28- 40 | 0.96 | 0.91 0.49 0.45 | 1.879 0.760 0.002 0.019 0.000 | 1.000
0.16000 0.30000 [ 28- 40 [ 0.95 | 0.89 0.45 0.40 | 0.724 0.269 0.006 -0.037 0.000 | 1.000
0.30000 0.50000 | 28- 40 | 0.90 [ 0.97 0.37 0.36 | 0.335 0.019 0.031 0.026 0.000 | 1.000
0.50000 0.70000 | 28- 40 | 0.77 | 1.16 0.23 0.26 | -0.414 -0.513 0.082 -0.042 0.000 | 1.000
0.06000 0.08000 | 40 56 [ 0.95 [ 1.13 0.27 0.30 | 0.469 -0.327 0.001 -0.013 0.000 | 1.000
0.08000 0.16000 | 40 56 | 0.97 [ 1.00 0.48 0.48 | 2.104 0.671 0.002 0.014 0.000 | 1.000
0.16000 0.30000 [ 40 56 | 0.95 [ 0.91 0.47 0.43 | 1.316 0.544 0.006 -0.043 0.000 | 1.000
0.30000 0.50000 | 40- 56 [ 0.94 [ 0.94 0.41 0.39 | 0.865 0.335 0.029 0.007 0.000 | 1.000
0.50000 0.70000 | 40- 56 | 0.83 | 1.05 0.25 0.27 | -0.105 -0.326 0.077 -0.047 0.000 | 1.000
0.06000 0.08000 [ 56 80 [ 0.96 | 1.11 0.32 0.36 | -0.212 -0.664 0.000 0.011 0.000 | 1.000
0.08000 0.16000 | 56 80 [ 0.97 | 0.95 0.51 0.49 | 1.532  0.262 0.002 0.031 0.000 | 1.000
0.16000 0.30000 | 56- 80 | 0.97 [ 0.91 0.48 0.44 | 0.806 0.115 0.005 -0.009 0.000 | 1.000
0.30000 0.50000 | 56- 80 | 0.96 [ 0.86 0.47 0.41 | 0.860 0.351 0.028 0.017 0.000 | 1.000
0.50000 0.70000 | 56- 80 [ 0.90 | 0.82 0.35 0.29 | -0.004 -0.352 0.073 -0.042 0.000 | 1.000
0.04000 0.06000 | 80-160 [ 0.87 | 2.35 0.21 0.49 | 0.891 -0.598 0.000 -0.035 0.000 | 1.000
0.06000 0.08000 | 80 160 [ 0.97 | 1.00 0.23 0.23 | 0.055 -0.520 0.000 0.262 0.000 | 1.000
0.08000 0.16000 | 80160 | 0.97 | 0.93 0.57 0.53 | 1.387 0.328 0.001 -0.007 0.000 | 1.000
0.16000 0.30000 | 80 160 | 0.98 | 0.89 0.65 0.58 | 1.915 0.710 0.005 -0.050 0.000 | 1.000
0.30000 0.50000 | 80 160 | 0.94 | 0.94 0.58 0.54 | 1.357  0.550 0.023 -0.020 0.000 | 1.000
0.50000 0.70000 | 80 160 | 0.96 | 0.94 0.53 0.50 | 0.336 -0.160 0.062 -0.065 0.000 | 1.000
0.70000 0.90000 | 80 160 | 0.57 | 1.28 0.28 0.36 | 1.042 -0.146 0.129 -0.117 0.000 | 1.000
0.06000 0.08000 | 160 320 | 0.96 [ 0.67 025 0.17 | 0.041 -0.401 0.000 -0.027 0.000 | 1.000
0.08000 0.16000 | 160 320 | 0.97 [ 0.88 0.56 0.49 | 1.312  0.295 0.001 -0.012 0.000 | 1.000
0.16000 0.30000 | 160 320 | 0.98 [ 0.93 0.62 0.58 | 1.314 0.483 0.004 -0.068 0.000 | 1.000
0.30000 0.50000 | 160 320 | 1.00 | 0.81 0.66 0.53 | 1.217  0.395 0.020 -0.023 0.000 | 1.000
0.50000 0.70000 | 160 320 | 1.00 | 0.84 0.51 0.43 0.646  -0.116  0.055 -0.052 0.000 | 1.000
0.70000 0.90000 | 160 320 | 0.82 | 0.93 0.51 048 | 0.532 -0.254 0.110 -0.176 0.000 | 1.000

Table A.26: Bin properties for analyses in (.Q?) bins. using the double angle reconstruetion

method.
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y [0k Al ¢ s » fre bn& bE, betr OF, | B
0.08000 0.16000 | 320 640 | 0.94 | 1.13 048 0.55 | 1.152  0.046  0.001 -0.024__0.000 | 0.9¢
0.16000 0.30000 | 320 640 | 0.96 | 1.16 0.54 0.62 | 1.417  0.354 0.003  0.005 0.000 | 0.90
0.30000 0.50000 | 320 640 | 0.89 | 0.85 0.55 0.46 | 1.199  0.315 0.015- -0.026  0.000 | 0.9¢
0.50000 0.70000 | 320 640 | 0.93 | 1.05 0.54 0.57 | 0.932  0.318  0.047 -0.067 0.000 | 0.9¢
0.70000 0.90000 | 320 640 | 0.94 | 0.55 0.44 0.24 | 0.921 -0.181 0.094 -0.135 0.000 | 0.94
0.08000 0.16000 | 640 1280 | 1.00 [ 0.95 0.53 0.50 | 0.785 -0.129 0.000 -0.010 0.001 | 0.99
0.16000 0.30000 | 640 1280 | 0.94 | 0.71 0.71 0.50 | 1.362  0.158 0.002 -0.118 0.001 | 0.99
0.30000 0.50000 | 640 1280 | 0.89 | 1.00 0.63 0.63 | 0.940 -0.064 0.011 -0.039 0.001 | 0.99
0.50000 0.70000 | 640 1280 | 0.91 | 1.16  0.68 0.79 | 0.612  0.123 0.037 -0.012 0.001 | 0.99
0.70000 0.90000 | 640 1280 | 0.93 | 1.00 0.60 0.60 | 0.663 -0.278 0.073 -0.201 0.001 | 0.90
0.08000 0.16000 | 1280 2560 | 1.00 | 2.00 0.50 1.00 [ 1.394 -0.370 0.000 -0.110 _0.004 | 0.9~
0.16000 0.30000 | 1280 2560 | 1.00 | 1.08 0.71 0.77 | 1.480  0.466 0.001 -0.068 0.004 | 0.9~
0.50000 0.70000 | 1280 2560 | 1.00 | 1.25 0.80 1.00 | 1.265 -0.467 0.027 -0.039  0.005 | 0.9%

Table A.27: Bin propertics for analyses in (1.Q?) bins. using the double angle reconstruction

method (cont’d).
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St i R SO TR 0.13 013 [0.00 | 0.00 .00 0.00005 50 | 210 | -0.18 006 -0.57 | 0.65 027 | 016 -0.19 | 0.20 | 018 018 |
e 011 011 013|000 0| 01s o1al o] Gov 000 0.01063 65 | 0.60 | -0.01 -0.01 -0.02 | 0.01 -0.01 | 0.01 001 ] 0041 030 0.01
oot wliy 006 007 002|000 007| 008 o8| oo | beo 000 0.00620 65 | 0.89 | -0.07 -0.07 -0.07 | 0.07 -0.07 | 0.07 -007 | -0.08| 0.0 -0.14
Diag - 80 | L ; : ; ' ' ; : : ' - 0.00372 65 | 1.00 | 0.01 0.03 -0.03| 0.01 0.01] 0.01 001] 002] 0.03 -0.03
000095 60 1.76]-010 -000 -0.36]0.00 -0.03|-0.10 -0.10]0.00 | 0.00 0.00 0.00186 65| 1.10 | 0.07 0.19 -0.07 | 0.03 -0.04| 0.08 0.06| 0.05| 007 006
000620 65 1 0.96 | -0.12 -0.12 -0.11 | 0.00 -0.12]-0.12 012000 | 0.00 0.00 0.00124 65 | 2.69 | -0.63 -0.37 -1.07 [ -LI1 -0.61 | 0.62 -0.64| 057 | -0.63 -0.63
0-00372 65 | 1.00 1-0.02-0.02 001 0.00 -0.01]-0.02 -0.020.00 | 0.00 0.00 0.02861 125 | 0.67 | -0.10 -0.10 -0.10 [ -0.10 -0.10 | -0.10 -0.10 | -0.16 | 0.58 0,09

0.00186 65 | 1.18 | 0.06 0.09 002 | 0.00 0.07| 0.06 0.06|000| 0.00 000 2 . - >

000124 65| 212 | 031 030 000 | 000 023 | 091 | ges| boy 000 0.02044 125 [ 0.08 | 0.64 0.64 0.65| 0.64 0.64| 0.64 064] 0.70 | 077 014
00110z T35 090 [ 013 014 15| 000015 00— T oe Faos 000 0.01192 125 [ 0.81 | -0.12 -0.12 -0.12 | -0.12 -0.12 | -0.12 -0.12 | -0.08 | 0.08 014
BOWIS 195|107 | 001 011 00| 000 B | Bo Wit oo | oox oo 0.00715 125 | 1.00 | -0.06 -0.06 -0.10 | -0.06 -0.06 | -0.06 -0.07 | -0.06 | -0.05 -0.07
001358 125|109 oor 001 .00 | 000 oetl om o o lo00 | oo0 oo 0.00358 125 [ 0.98 [ 0.07 0.12 -0.03 | 0.02 -0.01| 0.07 0.07| 0.07| 008 006
D0gs8 195 | 110 000 03 047|008 oan| 4 e Byel Bl 0.00238 125 | 1.57 | 0.11  0.36 -0.11 |-0.18 -0.07| 013 011] 003| 012 011
00T 20| 058 T 005007000 T o0 o g Wt 0.00179 125 3.01]-063 010 -103 |-0.73 073 | 050 -0.74 | -1.27| 063 0.63
L1 o) =002 0. : : : : : : : 0.04087 250 [ 0.52 [ -0.06 -0.05 -0.04 | 0.06 -0.06 | 0.06 -0.06 | 0.08 | 003 003
0.01431 250 [ 0.79 | 0.02  0.02 003 ] 0.00 0.02| 002 0.02]0.00]| 0.00 000 0.02381 250 [ 0.79 | -0.12 012 013 | 012 012] 013 015 | 008 | 00r s
000715 250 | 0.89 | -0.04 -0.02 -0.17 0.00 -0.04]-0.04 -0.04 [0.00] 0.00 0.00 0.01431 250 | 0.60 | 0.03  0.03 -0.01| 0.03 0.03| 0.03 0.03] 0.11] 0.03 003
Table A.28: Systematic checks for the analysis in (y.0Q?) bins. using the clectron only recon- 0-00715 250 | 0.93 | -0.03  0.06 -0.15 | -0.05 -0.06 | 0.03 -0.03 | -0.04 | 003 -0.03
SiatE o s, 0.00477 250 | 1.50 | 0.32 0.56 -0.14 | 012 -0.43 | 0.32 032 | 023 | 032 03]
0.00358 250 | 2.72 | -L.O8 -0.79 -0.62 | -0.62 -0.62 | 0.95 117 | 0.62| 108 108

Table A.29: Systematic checks for the analysis in (5.0%) bins. using the donble angle recon-
struction method.
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y Q1 Flyal be [ E. 1 E.fi]Boxl Box]| Vtx]|winl winl
0.04768 500 | 0.83 | -0.18 -0.17 -0.21 [ -0.18 -0.18 | -0.18 -0.18 [ -0.13 | -0.17 -0.19
0.02861 500 | 0.40 0.22  0.22 0.18 0.22 0.21 0.22 0.22 0.23 0.23 0.22
0.01431 500 | 0.63 0.01 0.03 -0.09 0.01 0.01 0.01 0.01 0.14 0.01 0.01
0.00954 500 | 0.79 0.11 0.17 -0.01 0.03 0.03 0.11 0.11 0.21 0.11 0.09
0.00715 500 | 1.90 | -0.35 -0.05 -0.56 | -0.44 -0.44 | -0.40 -0.43 | -0.64 -0.43  -0.43
0.09537 1000 | 0.47 | -0.05  0.02 -0.07 [ -0.05 -0.05 | -0.05 -0.05 | 0.01 | -0.05 -0.05
0.05722 1000 | 0.61 | -0.12 -0.12 -0.16 | -0.12 -0.12 | -0.12 -0.12 1 -0.09 | -0.12 -0.14
0.02861 1000 | 0.57 | -0.01 0.02  -0.07 | -0.06 -0.06 | -0.01 -0.01 | -0.03 | -0.01 -0.04
0.01907 1000 | 0.77 0.02 1.54 -0.09 [ -0.03 -0.08 0.02 0.02 0.18 0.02 0.02
0.01431 1000 | 1.71 | -0.26 -0.33 -0.26 | -0.26 -0.26 | -0.40 -0.57 -0.26 | -0.57 -0.57
0.19074 2000 | 0.74 | -0.00 0.10  -0.06 | -0.00 -0.00 [ -0.00 -0.00 [ -0.11 [ -0.00 -0.00
0.11444 2000 | 0.36 0.05 0.05 0.05 | 0.05 0.05 0.05 0.05 0.02 0.05 0.05
0.03815 2000 | 1.42 | -0.01 0.12 -0.17 [ -0.01 -0.01 | -0.01 -0.01 | -0.17 | -0.01 -0.01

Table A.30: Systematic checks for the analysis in (y.Q2?) bins. using the double angle recon-

struction method (cont’d).
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