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1 Introduction

In the last decades particle accelerators have played a key role for our present under-
standing of the nature of matter. Fixed target experiments together with ete™ and
pp colliders have led to the 'standard model’ of high energy physics, which successfully
describes all experimental results down to distances of 107'% em.

In 1992, the new accelerator HERA will become operational at DESY, the 'Deutsche
Elektronen Synchrotron’ in Hamburg. Beeing the first electron proton collider, HERA is
complementary to other accelerators. The lay out chosen for the beams is asymmetric,
30 GeV for the electrons and 820 GeV for the protons. The resulting center of mass
energy of 314 GeV is a real novelty for a lepton quark system and will allow to study
the structure of the proton at momentum transfers two orders of magnitude higher than
present experiments.

Purthermore, this offers the exciting opportunity to test a new sector of particle
physics, namely vertices with a lepton, a quark and a new type of particle, called
leptoquark. Such interactions do not exist in the standard model, but can easily be
added in a gauge invariant way. Moreover, leptoquarks appear naturally in most theories
beyond the standard model as a consequence of symmetries between quarks and leptons.
The experimental constraints on this new coupling are rather weak and do not exclude
an observation at HERA. In contrast, a copious production is possible for leptoquark
masses up to 300 GeV.

Experimentally, the high luminosity at HERA will cause more than 107 events per
year. This is a challenge for the hardware and software of the two experiments, 1 and
ZEUS.

This thesis project is devoted to concepts which enable a search for leptoquarks. In
view of the large background for these particles, two main aspects are considered:

e The detailed simulation of so many events is very time consuming. Therefore, a
new and very fast monte carlo program for the HI detector was developed.

e The analysis of presumably rare processes requires a very efficient rejection of
background events. For this, a constrained kinematic fit is suggested, which leads
to an optimum reconstruction of the leptoquark mass and allows additional cross
checks on event interpretations. The results presenied here have been published
in ref. [1].



6 2 PREDICTIONS FOR LEPTOQUARKS AND LEPTOGLUONS

2 Predictions for Leptoquarks and Leptogluons

2.1 The Standard Model

The standard model of elementary particle physics [2] is based on the gauge group
SU(3). x SU(2)g x U(1)y. The strong interaction is mediated by gluons, which couple
to the colours ¢ of quarks. The weak interaction involves only the left handed isospin
doublets I of fermions, and the hypercharge ¥ is related to the electric charge @ of a
particle via @ = Ty + Y/2. Tj is the third component of the weak isospin. Together
with the Higgs mechanism of spontaneous symmetry breaking, this model has shown &
remarksble success in describing all present experimental data. Many of its predictions,
like the weak gauge bosons Z°, W*, have been discovered later on, while others are
still to be confirmed or at least not yet excluded (top quark, higgs).

Nevertheless, the standard model is not looked upon as the ultimate theory due to
several shortcomings and unexplained features. Among others are:

o The number of free parameters in the model is very large (18 if all neutrinos are
assumed to be massless).

e The electromagnetic, weak and strong interactions are not unified, i.e., there are
still three independent gauge couplings.

o Ciravitation is not included in the model. The Planck scale and the Fermi scale
are extremely different (=~ 10'® GeV compared to ~ 100 GeV) .

e The Higgs particle as a fundamental scalar imposes difficulties with diverging mass
terms, which require an enormous fine tuning if the Higgs mass should not become
extremely large (hierarchy problem).

e There are three known generations of leptons and quarks. The reason for this
multiplication of fermions with very different masses for each generation, and
generally the distinction of the generations, is not understood.

e No explanation is given for the symmetry between the lepton and the quark sector
with respect to their electroweak interactions.

The last item is closely related to the problem of anomalies in triangle diagrams. For
the chiral couplings of the weak interaction, such diagrams lead to non- renormalizable
divergencies for each fermion. However, these anomalies cancel if the sum of electric
charges @ of all fermions in one generation equals zero. Assuming three colours, this
interrelates the charges of the quarks (u,d) to those of the leptons (v, e) in the form

Qe+ Qu +3(Qu+Q4)=0.

This equation, given here for the first generation, is exactly fulfilled for each of the three
generations of the standard model, at least if the top quark exists with its anticipated
quantum numbers.



2.2 Grand Unifying Theories o 7

Many models have been developed as extensions or alternatives to the standazd
model. In order to explain experimental data, they are constructed such that they
include the standard model as their low energy’ limit. The lepton— quark relationship
is explained by introducing some new symmetry principle and interaction. Most often,
this leads to the possibility of & direct Yukawa interaction term in the lagrangian £
between a lepton £, a quark ¢ and a new particle, called leptoquark IQ). Schematically,
this can be written

L=Xgl IQ
Here as well as in most of the following equations, spinor, weak isospin, colour and
flavour indices are suppressed. ) is a dimensionless coupling constant®. Such couplings
do not exist in the standard model and their experimental effects can be used to search
for new physics. Leptoquarks may be scalar or vector particles. They carry lepton and
baryon quantum nurmbers (if these are still conserved in the new theory) and transform
as a colour triplet under SU(3)..

Specifically in composite models, a natural extension of this is to allow also for
leptogluons, particles that carry lepton number and belong to a colour octet. -

In the following chapters some models with leptoquarks or leptogluons will be intro-
duced together with present experimental constraints on their existence.

2.2 Grand Unifying Theories

In Grand Unifying Theories (GUT), the electroweak and strong interactions are incor-
porated in a common framework by introducing a new, larger gauge group which can
be spontaneously broken down to the standard model group. Typical examples for this
are the groups SU(5), SO(10) or SU(15). Leptons and quarks may then be closely re-
lated by putting them into the same representations. Besides of often introducing new
fermions like right handed neutrinos, a large variety of new gauge bosons appear. Some
of them mediate transitions between the leptons and quarks. These bosons are lepto-
quarks since they carry lepton and baryon quantum numbers. Two main experimental
facts put constraints on the parameters of these models.

e Since the aim is to unify electromagnetic, weak and strong interactions, the run-
ning coupling constants o;(Q?), (¢ = 1,2,3; Q? is the square of the 4 momentum
transfer) of these 3 theories have to appoach a common value at high Q?, called the
unification scale A. This scale typically corresponds to the masses My of the ad-
ditional gauge bosons. Together with the measured, 'low energy’ starting points,
the slope of the functions o *(Q?) enter the calculation of A. These slopes depend
on the particle content of the underlying theory and, if existing, on intermediate
symmetry breaking scales.

1In the literature, A is sometimes given in relation fo the electromagnetic coupling by introducing

F = %‘i 53'—-, where et = 1‘3157 is the electromagnetic fine structure constant, So A ~ 0.3 means thai

w
F ~ 1 and that the Yukawa coupling is of electromagnetic strength. The units used throughout this text
are defined by setting h = ¢ = 1, Masses, energies and momenta are thus given in GeV.
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¢ The lifetime of nucleons is very high. The Fréjus, IMB and Kamiokande nucleon
decay experiments [3] have set a lower limit on the proton lifetime 7, of

032

Tp X BR(poet oy > 5 X 10°° years (1)

at 90% confidence level?. The proton lifetime is related to the mass Mx of the
gauge boson and to the proton mass m, like

c M

-2 5"
ol mp

Tp &
Assuming that the coupling constant o of the unified theory, evaluated at Q? =
M%, is ~ 1/40 and C =~ 1 for the hadronic matrix element, the limit given above
corresponds to My > 10'® GeV. This example shows that all leptoquarks with
baryon number violating gauge couplings to up and down quarks should be very
heavy and out of reach for any collider experiment.

For the simplest GUT, the minimal SU(5), none of these two constraints are fulfilled.
Especially the latest measurements of the strong coupling constant and of electroweak
parameters at LEP have excluded, at the level of 7 standard deviations, that all three
running coupling constants coincide in one point [4].

Recently however, an extension of the minimal SU(5) theory [5] has caused interest.
In this model, a new pair of light leptoquarks with masses of ~ 100 GeV are introduced.
These leptoquarks are allowed to couple to fermions only as

L = Xdply IQ.

Here the indices I, R denote left and right handed states of fermions. £ is the left
handed SU(2); doublet of leptons and dp, is the right handed, SU(2)y singlet d— quark.
Since there are no couplings to quark pairs, these light leptoquarks do not induce fast
proton decays. It has also been shown that with this new particle content, the slope of
the running coupling constants changes enough to allow them to obtain the same value
at a common scale’. The prediction for the strong coupling constant «, agrees well
with measurements and also the proton lifetime obtained 7, X BR(pyetno) = 7 X 10%° —
7 % 10% years is marginally compatible with experimental data. No argument is given
to explain the large unnatural mass difference between these light leptoquarks (called
SU(5)- saver) and the other, very heavy leptoquarks of this model. In any case, this is
clearly a model to be supported or rejected by the HERA experiments.

Based on the gauge group SU(15), a model with explicit baryon and lepton number
conservation has been suggested [6]. The fermions are arranged in different multiplets
such that flavour changing neutral currents are suppressed. In this model several new
intermediate symmetry breaking scales are introduced. Accessible to experiments is the
lightest scale, between 250 GeV and 2 TeV, where diquarks, dileptons and all types of
scalar and vector leptoquarks are predicted.

?In the minimal SU(5) model, the branching ratio BR(,_,+x0) is predicted to be close to one.

31t is noted however that the values taken for the coupling constants are not exactly the ones from
ref. [4].
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2.3 Supersymmetry

In the minimal supersymmetric model (MSSM) [7), an additional new boson (fermion)
is introduced for each fermion (boson) of the standard model. These supersymmetric
partners carry precisely the same quantum numbers of SU(3). x SU(2), x U(1)y. In
the simpliest form the superpotential conserves baryon number B and lepton number
L and a new quantum number, called R- parity, which is defined as

R = (—1)B+E+2s

where S is the spin. Therefore, supersymmetric particles can only be produced in pairs,
which implies that the lightest of them must be stable and escapes detection. This
model does not contain leptoquarks.

Without disturbing gauge invariance, it is however possible to add R~ parity violating
terms to the lagrangian, which then, necessarily, does not conserve either baryon number
or lepton number. In this case the lightest supersymmetric particle is not stable but
might decay inside & detector. Limits for the MSSM which depend on the signature
of missing transverse momentum (CDF limits) are therefore not applicable for these
specific models. The lepton number violating part of the lagrangian contains Yukawa
couplings of quarks and leptons to their supersymmetric partners, the squarks (4, d)
and sleptons (é,7).

L= X [—ﬁﬁi‘ze‘p — (db)*(eh)°uf + & Ak + (dp)* (7h)°d], — &dkud, + Pidp d"}

The notation is adopted from ref [8]. ¢ stands for charge conjugation and 4,7,k = 1,2,3
are generation indices. PFormally, the first four expressions resemble the leptoguark
interactions with fermions, with squarks taking the part of the leptoquarks. In ep~
collisions, squarks are produced via the first two terms in the lagrangian given above
and only quarks of the first generation have to be considered. For squarks decaying via
Yukawa couplings the signature will be identical to the one of leptoquarks, at least if
only one of the A** does not vanish [8]. Thus the analysis of leptoquark signatures can
be reinterpreted directly to determine these R~ violating couplings.

On the other hand, squarks may also decay via their gauge couplings, preferentially
into a quark and a gluino or photino (the gluino § is the fermionic superpartner of the
gluon, the photino the one of the photon). These branches are characterized by at least
three jets and a lepton, which originates from secondary decays of the lightest super-
symmetric particle. The leptoquark— like decay dominates only if one of the following
items is fulfilled:

e the strength of the Yukawa coupling is comparable to the gauge couplings
e the squark is lighter than the gluino or photine
e the squark is lighter than the corresponding quark.
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Concerning the first possibility their exist a variety of low energy experiments [9] setting
stringent limits for the lepton number violating couplings A, From the requirement
of charged current universality in x and § decays and the determination of Kobayashi-
Maskawa matrix elements one finds ||A**]| < 3 x 107%my; GeV™", where my is the
mass of the squark. Measurements of parity violating couplings in atoms yield ||A¥7|| <
2.6x107%m; GeV™!., The second number is comparable to the electromagnetic coupling
(M/4r =~ @) for masses around 100 GeV. This indicates that squarks of heavy
generations might be accessible. It is also not excluded by collider expemments that
the top quark is heavier than the stop thereby suppressing decays i — tj. Thus a
leptoquark search at HERA will automatically examine the possibility of a 'light’ squark
(stop) with R- parity violating couplings to fermions of the first generation. The present
experimental bound on this coupling is A < 0.26 [10].

2.4 Eg Superstring Models

Superstring models [11] extend the usual concept of point like particles by introducing
strings moving in 10 dimensions as the new fundamental objects. The gauge group Fg
is studied most frequently as the low energy’ 4 dimensional limit of this theory. Each
of the (27) representations of this group contains all known fermions of one genera.tlon
together with additional, new fermions. Two of them have scalar superpartners D,,D,
with Yukawa couplings to the known quarks and leptons [12][13][14][15]. They are
SU(2)y singlets with electric charges of 1/3 and -1/3 respectively. Their masses are
expected to be relatively small, between 50 GeV and 1000 GeV [15]. In order to avoid
fast decays of protons and to obey constraints frorn neutrino masses, the couplings of
these two leptoquarks have to be arranged such, that vertices with two quarks and two
leptons vanish. The remaining terms are then fixed and give [13]

L= MDD im by + ApDS TS en

where 73 is a Pauli spin matrix. gy and £ are as usual the SU(2); doublets of quarks
and leptons. The two coupling constants Ay, and Mg are generally independent. Exper-
imentally they can be distinguished by using polarized electron beams.

In addition, B superstring models include a right handed massive partner vy of the
neutrino, giving the additional term

)\uﬁa JR VJQJ ’

where ), is independent of Az, Ar. In ep scattering, such a heavy neutrino could be
produced in the decay of a D,. In a right handed electron beam needed to produce the
D, such a process has no direct background from the standard model, since a neutrino
from a charged current event can not occur.
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2.5 Compositeness and Technicolour

Another suggestion to overcome the deficiencies of the standard model is to introduce
8 new, more fundamental layer of matter, out of which the known particle spectrum is
composed.

In extended technicolour theories [16] the Higgs particle as the only scalar in the
standard model is assumed to consist out of two new technifermions which couple to each
other via a new, confining interaction. Together with the known fermions they are placed
in one representation of the associated gauge group. Symmetry bresking then induces
a spectrum of massive pseudo— Goldstone bosons, some of them carrying lepton and
baryon quantum numbers. Their masses are expected to be in the order of 100 GeV. In
contrast to other models, the couplings of these technicolour leptoquarks are expected
to be proportional to the mass of the participating fermions because the Goldstone
boson masses and the fermion masses have a common origin. Their production with
light quarks in ep scattering is thus very much suppressed. On the other hand, the
production of eb, et type leptoquarks requires the creation of heavy quark flavours by
splitting a gluon. The high limits for top quark masses from CDF and the reduced
cross section disfavour such an observation at HERA. This process has been studied
extensively in [17] and will not be considered here.

In compositeness models it is assumed that all known fermions and bosons may be
compound states of some more basic particles called preons [18]. In the model of Abbott
and Fahri [19], sometimes called the 'Strongly Coupled Standard Model’ (SCSM), the
lagrangian is the same as in the standard model. However the parameters of the weak
sector are chosen such that no spontaneous symmetry breaking occurs, and that the
5U(2)p gauge interaction, refered to as *hypercolour force’, is confining at a scale G}”
(G is the Fermi constant). Thus all known fermions and bosons have to be SU(2),,
singlets. The observable, left handed fermions are constructed as bound states of a
left handed preonic fermion ¥° (a=1...12 for all flavours of quarks and leptons) and
a fundamental scalar. In contrast, the right handed fermions are not composed. The
familiar weak interaction is then a residual of the more fundamental gauge theory. It
has been shown that parameters can be chosen such that in the low energy limit the
compositeness model is indistinguishable from the standard model.

In addition to the known particles, new SU(2)y singlet, bound states occur naturally
in these models. For example, the basic fermions might couple in the form ¥*¥* or o,
These scalar or vector (or even tensor) particles §°%, V' couple to the known fermions
L, as [20]
Ls = Ag S®LiT, Ly

Ly = Ay VELIy Ly

where 7# are the Dirac spinor matrices. In case of couplings to quarks and leptons
these bosons are leptoquarks and may carry lepton and baryon quantum numbers. The
coupling constants Agy are expected to be in the order of one [20].
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2.6 Model Independent Leptoquark Couplings

Instead of separately considering all the different models predicting the existence of
leptoquarks, it is more favourable to use a model independent framework for the analysis.
As a 'low energy’ limit of an underlying theory, Buchmiiller, Riickl and Wyler [27]
discussed an effective lagrangian which obeys baryon and lepton number conservation
and is invariant with respect to the standard model transformations SU(3), x SU(2)z x
U(1l)y. Their description includes all possible dimensionless Yukawa couplings? of scalar
and vector leptoquarks to the known fermions. In table 1 scalar (vector) particles are
denoted by § (V), and the index 0,},1 stands for the weak isospin. The upper half

LQ |  electric SU(2) left handed right handed
name charge representation couplings couplings
So -1/3 singlet Aps, @ 112 £y, So Ans, G5 €x S0
Se -4/3 singlet AL 5 d e Sg
Sy | 2/8,-1/3,-4/3 triplet Aps @6 imaT Ly, 1
Vaja 2/3,-1/3 doublet Al"ﬁ/a d‘; YL, Vijap ’\Rv”, a7 e Vijou
\Z7 2/8,-1/3 doublet A, “s as, v L, Vi
Vo -2/3 singlet Ary, &Y€, Vou Apv, O 7" €x Vou
Vo -5/3 singlet Ang, Br 7" €2 Vou
v, |1/3,-2/3,-5/3 triplet Apv, @& 7TV Vi
S1/2 -2/3,-5/3 doublet AL s Bn £, Sy/a Pas, ), T 1Ty €5 S1/2
S1/2 -2/351/3 doublet A S d, £, S

Table 1: Couplings of scalar (§) and vector (V) leptoguarks to fermions (£r and qr
denote left handed lepton and quark doublets, 7; are the Pauli matrices.)

of the table contains the particles with fermion number two (lepton— quark), the lower
half those with fermion number zero (lepton— antiquark). Some of the leptoquarks only
have lefthanded (A1) or righthanded (Ag) couplings.

Generally leptoquarks might couple to fermions of any family, and the couplings to
different families are independent. In this sense, £, ¢,u,d, e,v are doublets and singlets
of any generation.

This classification scheme for leptoquarks will be used throughout the following
discussions. The analysis of discovery or exclusion limits (chapter 5, 6) is carried out
for all these leptoquark types individually.

4As all these particles carry charge, hypercharge and colour they also have electrowesk and strong
gauge couplings.
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Comparing the quantum numbers and lagrangians of this phenomenological frame-
work with those of the specific models discussed in the previous chapters, the following
correspondence is found:

o The SU(5) 'saver’ leptoquarks of section 2.2 [5] corresponds to the 5.

The SU(15) model presented in section 2.2 [6] includes all leptoquark types!

o The R~ parity violating version of the minimal supersymmetry (section 2.2 [8])
does not contain leptoguarks, but scalar guarks with couplings similar to those of
leptoquarks.

e In superstring inspired fg models (chapter 2.4 [12]), the S, leptoquark appears.

e In compositeness models, many types of scalar and vector leptoquarks are possible.

Generally, the SU(2)p multiplet leptoquarks of table 1 consist of different states,
which might have different masses due to symmetry breaking. The situation is compa-
vable to the mass splitting of the Z° and the W* in the standard electroweak theory.
However, in this analysis, such a possible mass difference for leptoquarks will be ne-
glected. So, all states of one multiplet are assumed to be degenerated in mass and
experimentally, they can be distinguished ounly by their electric charge. Since this is
very difficult, limits will be given only for the whole multiplet surnming over all states.

2.7 Existing Limits for Leptoquarks

Bounds for masses Mpg and Yukawa couplings A of leptoquarks are obtained from
virtual effects and from direct searches in collider experiments. Here only those limits
are mentioned which are relevant for masses below the HERA c.n.s. energy of 314
GeV. As argued earlier, only baryon and lepton number conserving couplings will be
considered. The limits discussed in the following chapters are summarized in figure 1.

Rare Processes

Low energy experiments constrain mainly effects which are either forbidden or which
are of higher order in the standard model. All the following limits for leptoquarks are
deduced from ref. [29]. Where possible these limits have been updated with more recent
experimental results on rare processes reported in [30].

e Generally, leptoquarks are not restricted to couple only to fermions of one gen-
eration. Let M\, with i,5 = 1,2,3, where i labels the qusrk generation and j
the lepton generation. Then the existence of A** together with A** would induce
lepton flavour number violating processes like y + u — I — e + u. The limit
of this reaction in muonic atoms yields

Mg > 200 TeV x v/ATIALZ,

Limits for A** from conversions of 7 leptons (7 — u,e) are mouch less stringent

[31].
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leptoquark limits; various experiments
Al T T L | T T

B T T T t
5 :LEP UA2 CDF, prel.
+ jscalor  |scatar >\L.Sg|.vU|
C i L— T
O \ - -
o | -
o 0.1F ! _ -7 7
- L t A J
= | P -~
s ' =
Ie) i L~ 4
Q ! -
| /‘
= T
[ —— 1/2
| - - (7\L.Sa../7>\R.Sm/g> E
i //
| -
X /’/./ e
X e
0.01| | - - T TN 1152251/2
! // - O\ )\ )
7 P
I P
i P
| -
| Phd
\ L N 1 : . . . | . ) . )
0 100 200 300

mass /GeV

Figure 1: Present limits for leptoquarks. Bucluded are the regions above and right of the
curves, See the tezt for further ezplanations and references.

o Also the coexistence of A1 and A\*? is severely constrained, since then § — IQ +
v, — vy + % + d would be allowed, then. The limit for the flavour changing
neutral current process K+ — n% v ¥ yields

Mg > 22 TeV x V/AAE

For simplicity in the notation, generation indices will be omitted from now en, and only
A will be discussed.

o In the standard model, the decay 7t — etv, is helicity suppressed because the
weak vector bosons couple only to left handed fermions. For scalar leptoquarks
with couplings to left and right handed leptons this suppression does not exist.
The small value of the branching ratio BR(x+ —» etv,) can therefore be translated
in limits for the S and S/, leptoquarks.

MSO,SI/Z > 8.8 TeV x +/Ar Ar

for couplings to leptons and quarks of the first generation.
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e The left handed couplings Af, of Sy, Sy, Vp and V; to the quark and lepton doublets
allow the iransitions d — IQ + D, — u + e + #. These contribute to the
beta decay process and would result in & modification of the Fermi constant Gp.
Because the same constant measured in muon decay is not modified (at least not
by leptoquark exchange alone), a comparison of both measurements restricts the
coupling strength Ap to

Mg, s, vo,vy 2> 1.7 TeV x AL

These indirect limits from virtual effects depend critically on the assumption that the
occurrence of leptoquarks is the only low energy effect beyond the standard model
interactions. If this is not the case the limits might be weekend substantially.

In conclusion, this means that for leptoquarks accessible at HERA with masses of a
few hundred GeV, all flavour non-diagonal couplings should be very small, Also the ex-
istence of flavour diagonal couplings to more than one generation is strongly suppressed.
This suggests, that each generation of fexrmions might have its own leptoquarks. The
existence of both left and right handed couplings is also disfavoured but might still allow
a small production of leptoquarks at HERA (see chapter 6).

If however the leptoquark couplings are chiral, there are (rather weak) constraints
only for certain left handed couplings. In this case the couplings might even be of the
same strength as gauge couplings, without beeing detected so far.

ete~ Colliders

In e*e™ collisions leptoquarks may be produced either in pairs or single, or they might
contribute only virtually.

In the pair production process of leptoquarks shown in figure 2.7, the s— channel
cross section only depends on the gauge couplings to bosons. The coupling to the photon
is fixed by the leptoquark charge, while the interaction with the Z° depends on the weak
group structure of the specific leptoquark. The ¢ channel exchange of & u~ quark in
coraparison is sensitive to the Yukawa coupling ) of leptoquarks. However, as long as
) is not much larger than the gange couplings, this cross section is much smaller [32].
At PETRA. [33][34] and LEP [35], leptoquarks have been searched for — with negative
results — in decay channels to all three generations. The limits obtained are typically
only marginally below the kinematic boundary of half the center of mass energy. For
scalar leptoquarks of mass Ms with couplings to electrons and muons, the lower mass
limit at 95% confidence level is Mg > 44.2 GeV and My > 41.4 GeV for decays in 7—
leptons. Limits for vector leptoquarks are not yet published but are expected to be of
similar size. This also holds for "The Next Linear ete™ Collider’ (NLC) with a center
of mass energy of 500 GeV [32].

At higher masses, /3 > Mrpg > /9, (/3 is the center of mass energy of the
accelerator) the production of single leptoquarks becomes relevant. The cross section
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Figure 2: Pair production of leptoquarks in ete™ collisions.
left: s—channel, right: u-channel.
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Figure 3: Single production of leptoquarks in ete™ collisions

then depends on the Yukawa coupling constant ), as can be seen in the diagrams of
figure 3. At LEP I, the graphs involving the Z° are dominant, while at higher energies
the lower left diagram becomes more important. It has been estimated® for LEP I
[12] that for Yukawa couplings of electromagnetic strength, a leptoquark signal up to
Mrg =~ 80 GeV would be observable well above the background from heavy quarks.
However, experimental limits from this search are not yet published.

Leptoguarks with even higher masses contribute in the ¢~ channel resulting in a final
state of two quarks (lower right diagram in figure 3). Such events cannot be separated
from the much higher s—channel pair- production via gauge bosons. As an example
for LEP 1I, a 200 GeV leptoquark with a coupling of electromagnetic strength yields

5Compare also [13] for the case of a future /3 = 1 TeV collider.
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just a 2% increase in the cross section. The limits obtainable (unpublished) depend
quadratically on the Yukawa coupling.

pp Colliders

In pp- collisions leptoquarks can be produced in pairs in ¢g— annihilation or, dominat-
ing, in the fusion of two gluons [36](37). These processes are shown in the first two
diagrams of figure 4. In this case the colour properties of the leptoquark determines
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Figure 4: Production of leptoquarks in pp collisions

the interaction. The cross section does not depend on the electroweak couplings and
is thereby independent of the weak group structure of the new theory. At the CERN
SPPS collider, the UA2 experiment has searched for scalar leptoquarks decaying into
an electron or neutrino[38]. The lower mass limits found are 74 GeV if only decays into
electrons are allowed and 67 GeV for branching ratios of 50%. If the neutrino decay
mode would be dominating, the limits are decreasing substantially and the LEP results
are more restrictive. No limits are given for vector leptoquarks and for decays into

leptons of higher generations.
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In contrast to the pair production process, the Yukawa couplings of leptoquarks
enter in the fusion process of a quark and a gluon, which gives a lepton and a single
leptoquark in the final state (figure 4). Due to the steeply falling gluon spectrum the
cross section is much smaller and the obtained limits are thus weaker.

For the CDF experiment no results are published®. Possible limits have been esti-
mated [41] by extrapolating the data of the SPPS collider at CERN mentioned above.
From the predicted cross sections at both accelerators, limits are expected [41] to reach
up to Mrg > 110 GeV for the presently collected integrated luminosity of 4.4 pb~. A
future run with 25 pb™" might restrict this further to Mg > 150 GeV. However, this
extrapolation towards increasing center of mass energy assumes, that the cross section
for the background in both experiments scales in the same way as the leptoquark cross
section.

Virtual leptoquarks contribute via Yukawa couplings in the #— channel to the process
qg —+ I*l~. Compared to the production of real leptoquarks, the increase in sensitivity
for higher masses is rather limited [36]. It has been estimated that with a coupling of
electromagnetic strength, A*/4m = o, and a leptoquark mass of 250 (300) GeV, the
cross section only changes by 1% for the SPPS (Tevatron).

2.8 Leptogluons

Leptogluons are generally predicted by all those compositeness models which assume
that the weak gauge bosons are made of coloured constituents.

As an example, the Fritsch—~ Mandelbaum model [21] [22] includes two SU(2)z dou-
blets, («,) with spin 1/2, and (z,y) with spin 0. All these states are colour anti-
triplets. Then it is possible to construct bosonic states

W WO, W = (Be, %(o‘za _38), a).

The colour singlet states are identified as the weak gauge bosons, and the corresponding
colour actet states are new gauge bosons. The fermions may be constructed as

Ve = af U= or

e =0y d=fz

The colour singlet states of v, and e are supposed to be the physical neutrino and
electron. But also colour octet states with lepton number are predicted, which are
called leptogluons. The mass of these 'colour excitations’ might well be in the order
of 100 GeV (23], in spite of the fact that their known lepton relatives are very light.

®Preliminary results for scalar leptoquarks have been given in [39][40] yielding Myq,jcatar > 110 GeV.,
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Leptogluons LG have dimensionless couplings only to gluons. The lowest dimensional,
SU(3), invariant couplings to leptons are the dimension § terms [23][24]

ﬁm = %’{quﬁa“"ma
and
Lig = fiquéRa"“IG“

where g?/4r = o, is the strong coupling constant, G%, is the gluon field and the su-
perscript « is a colour index. A is the scale where the hypercolour interaction becomes
strong”. Here it has already been assumed that only either left or right handed couplings
to fermions exist. This is strongly suggested by low energy experiments [24].

These couplings are not renormalizable, but have to be seen as an effective, 'low
energy’ lagrangian of the underlying theory.

In addition to a colour octet charged lepton also the coloured partner of the neutrino
should exist. In spite of the expectation that this particle might be much lighter [25], it
cannot be produced in the s— channel simply because of charge conservation. However,
the existence of coloured leptons implies also coloured weak gauge bosons (see above).
Their exchange would allow, also in ep collisions, the production of these coloured
neutrinos with a signature similar to charge current events of deep inelastic scattering
[23]. The cross sections depend strongly on the anticipated mass of these bosons.

ete~ Colliders

For leptogluons, no limits have been published yet by the LEP experiments. From a
comparison with production and decay mechanisms of leptoquarks, it can however be
anticipated that very similar limits (Mg < 41 GeV) are valid. The gauge couplings
to (at least) photons is the same as for leptoquarks, and the final state in both cases
is very much the same. Only the quark jets have to be replaced by gluon jets and the
difference in the spin angular distribution has to be considered. The published analysis

are not very sensitive to this difference®,

pp Colliders

In proton anti-proton collisions, leptogluons may be produced in pairs similar to the
case of leptoquarks. Searches for both charged and neutral leptons from leptogluon
decays have been performed at the SPPS collider. The limits are [26]

Mig,, > 15 GeV
Mg, . > 110 GeV.

"See the discussion on this in [23].
85ee also the example from PETRA in [33],[34].
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3 Leptoquark and Leptogluon Signatures at HERA

3.1 HERA

The HERA accelerator [43] at DESY is the first electron— proton collider. With a
center of mass energy of /3 = 314 GeV, lepton— nucleon scattering will be possible
with momentum transfers up to @? ~ 10° GeV. These are 2 — 3 orders of magnitude
more than reached by fixed target experiments.

The ring tunnel with a circumference of 6336m lying underneath the city of Hamburg
contains both the electron and the proton accelerator (figure 5). After reaching an
energy of 14 GeV in PETRA, the electrons are accelerated to 80 GeV. The proton
ring is equiped with superconducting magnets, After the injection with only 40 GeV
the protons will finally obtain & momentum of 820 GeV. This asymmetric design is a
consequence of the huge synchrotron energy losses of the electron beam at high energies.
The filling time for both particles types is expected to be less than 20 minutes.

The design luminosity of HERA is I = 1—2 x 10®* ecm™?s™* corresponding to more
than [Ldt = 100pb~! in one year. To reach this value, 210 bunches of each beam
have to be stored, which yields a time difference between two bunchcrossings of only
96 ns. The bunch length of the proton beam will be around 44cm compared to 2.5cm
for the electrons. So, the vertex position in the beam direction (z) will only be known
to +25cm and has to be determined for each event individually. The horizontal and
vertical beam spot (z,y) however will be stable for a given beam orbit and can therefore
be averaged over a whole run. The expected precisions are 6z = 0.3 mm and §y = 0.017
mm respectively.

First ep collisions in HERA, however with a tiny luminosity, have already been
achieved in autumn 1991 with beam energies of 30 and 480 GeV. The lifetime of both
beams has been measured to be several hours, which is sufficiently high compared to
the filling time. Also some polarization of the electron beam has been observed which
would be an essential tool for measuring the helicity structure of known and possible
exotic interactions. Positron runs in HERA are in principle also possible.

All figures and results given in this text have been calculated for an unpolarized
electron beam of 30 GeV momentum and a proton beam of 820 GeV momentum.

Two experiments, HI and ZEUS, have been constructed and brought into beam
position in spring 1992, The first luminosity runs with detectors are envisaged for
summer 1992,
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3.2 Deep Inelastic Scattering

One of the main reasons for building HERA is the possibility to study the structure
functions of the proton in deep inelastic scattering events (DIS). For the first time
neutral and charged current events measured in one experiment can be used for their
evaluation.

The Born diagram for deep inelastic scattering is shown in figure 6 with the exchange
of a photon, a Z° or a W,

\Pq |

Figure 6: Feynman diagram for deep inelastic scattering in electron proton collisions.

The 4 momentum transfer ¢ at the hard scattering vertex is
g = Pe—Pt = Pg—TPp = Prh~ Pp (2)

where p, is the four vector of the scattered quark and pj is the four vector sum of all
hadrons in the final state of the event. The Bjorken scaling variables z,y and Q* are
defined as

Q= —¢ (3)
:pp'q 4
= (4)

_ @ @ 5
= 2pyg ye (&)

with /3 beeing the center of mass energy at HERA:
s = (pe +p,)" 4 E By (6)

Here as well as in all following equations, the masses of leptons, quarks and the proton
will be neglected. In addition it will frequently be assumed that the incoming quark
does not have transverse mnomentum,
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The Mandelstamm variables are calculated as

§=us (7)
‘= -’ ©)
u=Q®—zs (9)

In the parton model, # is interpreted as the momentum fraction of a parton in the
protomn.

3.3 Leptoquark Production

HERA opens the unique possibility to observe leptoquarks and leptogluons in direct
collisions of electrons and partons. In contrast to ete” or pp accelerators, the dominant
cross section for these particles is not given by pair production via gauge couplings, but
they can be created as single particles due to Yukawa couplings. Together with the high
center of mass energy this means that a mass range will be accessible which has not
been directly observable up to now.

Since the proton mainly consists of light quarks it is natural to comsider for the
production of leptoquarks at HERA only couplings to fermions of the first generation.

The two lowest order diagrams are shown in figure 7. The corresponding production

Figure 7: Feynman diagram for the s~ channel (left) and u- channel (right) produciion
of leptogquarks in ep collisions.

cross sections for all leptoquark species have been calculated in [27].

In the s— channel the beam electron is fusing directly with a quark of the proton.
The cross section ¢ for a scalar leptoquark can be written

do’ 1 2 %R [
= ! 10
dmsz Tom %:‘Z(%Q )(ws _M.%Q)Z +MZ’%QF%Q ( )
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and for a vector leptoguark

do 1 2 MR u?
Zdqr ~ 8 2O O G TRy T, B (11)

g(z, @) is the probability density function (PDF) for finding a quark ¢ with momentum
fraction z in the proton, evaluated at a 4 momentum transfer @*. The leptoquark is
created on the mass shell and decays with unit probability. For the small couplings
detectable at HERA (see later), the decay width

1

— )2
Tig = X Muq X 15050

(12)
(167 for scalar and 24w for vector leptoquarks) is typically between 0.01 MeV and
100 MeV. This means that leptoquarks will show up as an extremely narrow Breit—
Wigner resonance in the invariant mass distribution of the decay products (see however
the discussion in chapter 5.3.4). In the parton model, the incoming quark carries the
momentum zp, where p, is the proton bearn momentum and « is the Bjorken scaling
variable., Therefore the mass of the leptoquark would become visible as a pole in the
Bjorken— z distribution (see also chapter 5.3) at

ng = (pe + mpp)z RS 28 (13)

where s is the center of mass energy and p, denotes the momentum of the beam electron.
Further on, z, defined as
_ Mig
Lo = —;——— (14)
will be used as a measure of the leptoquark mass. It corresponds to the peak position in
the Bjorken z distribution for the s~ channel Born diagram of leptoquark production.

The u-— channel diagram in comparison does not have such a significance and more-
over has a much smaller arplitude on the parton level. In addition, for leptoquarks
with fermion number F' = 2, the u~ channel only contributes with anti- quarks from
the sea, while mainly valence quarks are involved in the fusion process. Thus, at high
masses and therefore high z,, the u~ channel is even more suppressed by the ratio of
sea quarks over valence quarks.

However this situation is inverted for leptoquarks with F' = 0. The low probability of
finding a high energetic anti~ quark in the proton reduces the s—channel cross section. At
masses above 250 GeV this contribution is negligible and the coupling constants needed
for » measurable cross section in the u— channel are already excluded by experimental
data. These relations are of course exchanged in case of a positron beam.

As a rule of thumb, the integrated s— channel cross section for a specific final state
can be parameterized as
s

Tep1@iX-trgrx & — AT Y q(20, Q") X BRzq-sitq) X 1(2) (15)
4s

q
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with a factor 1(2) for scalax(vector) leptoquarks. A is meant to be either Ay or Ag. The
sum runs over all quark flavours contributing to the multiplet states of the leptoquark
species. So the mass dependence of the cross section is determined only by the shape of
the quark density ¢(z,, @?) in the proton at z,. The cross section formula (15) applies
only for a small natural width of the particle, and if the quark density does not vary
significantly within this width.

Due to the limits for family violating transitions and baryon and lepton number
conservation, only decays into eg or vq are considered. For the leptoquarks of table 1
the branching ratios BR are fixed. Separately for the left and right handed couplings,
table 2 gives an overview of the contributing quark flavours and helicities for the cross
sections. The column 'production’ describes, in symbolic notation, the cross section for

| type | left handed | right handed |
production decay production | decay
eq I vq eq l vq
So erur, 1/2 1/2 ERUR 1 0
So eRdR 1 0
51 erur, -i— ZeLdL Ilf:i;':jb ui,/-z:;:,
'Vi/z erdr 1 0 epdr +epur | 1 | O
Vl/g erLuy 1 0
Vo erdp 1/2 1/2 erdy, 110
Vo erir 110
o et | T |
51/3 ertr 1 0 erfir+epdr | 1 | O
Sy/a erdr 1 0

Table 2: Lepton and quark flavours and helicities for s— channel production of leplo-
quarks. See tezt for ezplanations.

leptoquark production in ep scattering. e g is meant to be the probability that a beam
electron is left or right handed polarized, and ur r(dr,r) is the probability to find a
left or right handed u (d) quark in the proton with a momentum fraction ¢, = Mrg/s.
The product of both, given in column ’production’ of table 2, is proportional to the
s— channel cross section for leptoquark production with an electron beam of arbitrary
polarization. This may be seen from equation 15. It is implicitly understood that the
different states of the leptoquark multiplets are degenerated in mass.

For & specific final state, the column ’decay’ in table 2 describes the relative prob-
ability of finding a decay with an electron or with a neutrino in an event of a given
leptoquark type. Again it is summed over all states in the multiplets. This probability
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depends on the production channel for the different states in the multiplets, and there-
fore on the structure functions of v and d quarks and en the mass of the leptoquark. An
experimental measurement of this value allows, to some degree, a distinction of the dif-
ferent leptoquark types (see chapter 6.5). Both columns together explain the relations
between the different cross sections shown in figure 8.

The full cross sections are given in figure 8 for an arbitraryly chosen, small coupling
constant of Apz = 0.01. An unpolarized electron beam is assumed and for each lep-
toquark only either the lefthanded or the righthanded coupling is taken to be different
from zero. As expected the vector leptoquarks V have a higher cross section than the
scalar ones §. Also the suppression of the F = 0 particles due to their couplings to
anti~ quarks is obvious. All other details can be deduced from table 2 and equation 15
and the z— dependent shape of the quark densities (The d- quark spectrum is harder
than that of the u— quark).

It is evident that for most of the leptoquark species a sizeable event rate can be
expected at HERA for masses close to the kinematic limit of /s = 314 GeV. To give
an example, after one year of measurement with the nominal luminosity of [ Ldt =
100 pb~*, a 200 GeV scalar leptoquark with a coupling constant below the excluded
values (A, 5, = 0.1) would produce in the order of 1300 events.

The spin of the leptoquark determines the y dependence of the cross sections. In
their rest frame, scalar particles decay isotropically. Since the lepton scattering angle
with respect to the proton direction, ¥, is related to the four momentum transfer Q*
like 1 4 cos 19;, and Q? = z,ys, the cross section is flat in y. Vector particles with either
lefthanded or righthanded couplings decay with an angular distribution ~ (1 - cos 9%,
This yields a y- dependence ~ (1 — y)%.

The final state of leptoquark events consists of the spectator jet from the proton
remnant, together with a lepton and a jet from the decay of the resonance, which are
balancing each other in transverse momentum Pr. Therefore

o the signatures of leptoquark decays are identical to the neutral and charged current
modes in deep inelastic scattering (DIS).

This means that both processes will interfere and that DIS events are the most dan-
gerous background for leptoquark searches. Both event classes can only be separated
by statistical and not by topological arguments. Furthermore, the kinematic methods
applied to DIS analysis can be used directly to determine z, as a measuore of the lepto-
quark mass. In fact, most of the kinematic considerations given later (chapter 5) can
be applied to DIS events and to leptoquarks.

Higher order diagrams for leptoquark production in ep scattering have been studied
in ref. [15]. The diagrams considered are shown in figure 9. In the first 4 diagrams
the final state of the hard scattering consists of an on— shell leptoquark accompanied
by either a gluon or a quark. Also for these diagrams the cross section scales with A%,



3.3 Leptoquark Production

27

o /pb

¢ /ob

decay in electron A=0,01
101 b ' -
B 3
N3
100k :
10-'F
1072 77 ?\Ls.,
- A
1073k
-4 {
10 100 200 300
mass /GeV
decay in neutrino A=0.01
10
10‘2 ;’ )\LSO E
As, ]
103k E
-4 i I n }
10 700 200 300
mass /GeV
decay in electron A=0.01
3
101 3
10-2 3
-3k ]
: \3
L \~
-4 L 1 n
10 100 200 300
mass /GeV

o /pb

o /pb

decay in electron h=0,01
10"k 1
3 E
10°
107 3
10-2k 1
1072k
-4 [ i 4 “‘ .
10 100 2900 300
mass /GeV
decay in electron A=0,01
101 g 1
100%
10~1 E
10-2 3
1073 3
-4 1 I S \‘
10 100 200 300
mass /GeV
decay in neutrino A=0.01
- ) ),
10 100 200 300
mass /GeV

Figure 8: Cross sections for leptoguarks et HERA for an unpolarized electron beam with
@lambda = 0.01. The structure functions used are from ref. [28].
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Infered from ref. [15], the ratio of the cross sections for these higher order diagrams
with respect $o the ones given in figure 7 for the s— channel production are shown in
figure 10 for the $, leptoquark. For this figure a minimum transverse momentum of
5 GeV for the final leptoguark (and the gluon or quark) was required. At masses up
to ~~200 GeV the higher order diagrams contribute quite substantially (10-20%) while
their cross section vanishes at higher masses. Requiring more than 5 GeV transverse
momentum would reduce this additional cross section further.

The leptoquark pair production shown in the last 2 diagrams of figure 9 is in-
dependent of the Yukawa coupling ). The cross section however is extremely small,
o~ 4x107%ph at M = 50 GeV and o ~ 10™%*pb at M = 100 GeV. In spite of the very
nice signature, it will not be possible at HERA to observe this reaction, especially if
one takes into account the limits reported from UA2 and CDF.

3.4 Leptogluon Production

The diagrams for leptogluon production are shown in figure 11. The similarity to the

Pigure 11: Feynman diagram for the s— and u— channel production of leptogluons in ep
collisions.

leptoquark diagrams is obvious, just the incoming quark has to be replaced by a gluon.
Thus the signatures discussed in chapter 3.3 also hold for leptogluons. However charge
conservation does not allow decays in neutrinos and there are, at least for the Born
terms, no interferences with the deep inelastic scattering diagrams.

The decay width of leptogluons depends strongly on the ratio Mre/A, where A sets
the scale of the underlying interaction [24][42].
_ Oy MEG

= 14 16
I'ie 7R (16)
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Figure 12: Cross section for leptogluons ot HERA. The gluon structure function used 43
from [28].

For the high scales observable at HERA (A > 1 TeV) this width is always below 1 GeV.
In this case the total cross section is [23][24][42)

on? e, (Mpg\®
T2 (2EE) g, Q") (17)

Tepr LG

with g(z,, @*) being the gluon density in the proton.

The total cross section for A = 1 TeV and A = 10 TeV is shown in figure 12.
The mass (z) dependence reflects the steeply falling gluon density in the proton. For
small scales an extremely large event rate would be observable. In the simplest case
leptogluons have spin 1/2. Therefore the shape of the cross section is proportional to

(1—y).
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3.5 PBvent Generation

The event generator used for this analysis is COMPOS 1.3 [42] which includes all the
leptoquark and leptogluon processes. In addition, COMPOS treats initial state brems-
strahlung from the electron using the Weizsacker— Williams approximation., The Lund
JETSET 7.3 program is used for final state parton showering and fragmentation.

Interferences between leptoguark production and deep inelastic scattering diagrams
are included at the born level in the calculations of [27] as well as in the COMPOS gen-
erator. These interference terms become important only for masses above the center of
mess energy and have been discussed in the framework of contact interactions [44][40].
Here the analysis will be restricted to Mg < +/s, which means that the interferences
imply only a minor modification of the results and will be ignored. Instead a better
description of final hadronic states with higher order QCD corrections is considered to
be more important for analysis up to [ Ldt = 100 pb~!. For these reasons LEPTO 5.2
[45] has been used in order to generate the background from neutral and charged current
interactions.

Set IT of the EHL(Q parameterization [28] is used for the structure functions g(z, @*).
The influence of this choice on the results in discussed in chapter 6.6. A matter of dis-
cussion in the literature is the question, which scale Q% has to be used for the evaluation
of g(z,Q?). Most authors prefer to insert the 4 momentum transfer defined in equation
3, and this is also done in this text. An alternative would be [15], for example, to use
the mass of the leptoquark itself.
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4 Simulation of the H1 Experiment

4,1 The H1 Detector

The HI detector [47] is one of the two multi purpose experiments at HERA. A basic
constraint for the apparatus is given by the asymmetric beam conditions. With mo-
mentums of 820 GeV for the protons and 30 GeV for the electrons the center of mass
system is not at rest but moves with high velocity (8 ~ 0.98) in the proton direction®.
The detector layout shown in figure 13 is reflecting this asymmetry. The high center of
mass energy and the Lorentz boost in the forward direction produce lepton and parton
energies, which are often ranging up to several hundred GeV. The resulting, very nar-
row jets and large particle momenta stress the importance of calorimetric detectors in
comparison to tracking devices.

Here only a short overview of the different detector components will be given. Their
expected experimental properties is demonstrated with help of the simulation program
H1iPSI in the next chapters.

o The inner tracking detector is divided into two separate components, the central
tracker and the forward tracker. The central part is composed of an inner and
an outer drift chamber (called ’jet’ chamber) for the measurement of transverse
momenta. They are combined with a backward proportional chamber and two
drift chambers for the determination of polar angles such that charged particles
between 15° and 176° are detected. Interleaved are detector layers for trigger
pUrposes.

s For a good coverage in the forward direction down to 5° the central tracker is com-
plemented by the forward tracking detector which consists of three supermodules
with radial and planar chambers.

e These inner tracking detectors are embedded in a very homogeneous magnetic
field of 1.2 Tesla. The superconducting magnetic coil surrounds also the main
calovimeter. Thus the amount of inactive material in front of the electromagnetic
calorimeter is minimized and, for the measurement of muons in the outer parts,
the integrated field strength is increased compared to a smaller coil.

e The main calorimeter consists of a liquid argon- lead and liquid argon— iron sam-
pling for the electromagnetic and hadronic part respectively. The calorimeter
is not compensating, which means that the response for electromagnetic and
hadronic interacting particles is different. This effect has to be corrected by
weighting algorithms in the offline software. The whole liquid argon calorime-
ter is surrounded by a single cryostat.

®Throughout this text the coordinate system used is the standard H7 system, which is righthanded
and defined by the proton beam momentum as P, = +820 GeV, cos¥, = L. This will sometimes be
called the *forward’ direction. The +# axis is pointing to the center of HERA and the +y axis is pointing
upward,
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Figure 13: The H1 detector.
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e In the backward region down to 173°, a lead calorimeter with scintillator read out
(called BEMC) is used to measure mainly the scattered electron.

o In the very forward direction between 0.6° and 3° the 'PLUG’ calorimeter is sup-
posed to detect remnants from the spectator jet of the proton.

e To achieve a good containment of hadronic showers, the iron return yoke for the
magnetic field is interleaved with streamer tubes. The chambers surround all
calorimeters and are used also to identify muons.

o In the forward direction outside the return yoke an additional high precision track-
ing detector with a toroidal magnetic field is added to measure the momentum of

high energy muons.

e For luminosity measurements using the reaction ep — epy, electron and photon
detectors are inserted down the beamline in the electron direction.

All together the calorimeters extend down to 0.6° in the forward and 176° in the back-
ward direction providing an excellent containment.

4.2 Parameterized Simulation (H1PSI)
4.2.1 Motivation and Requivements
The expected, extremely high electron— proton interaction rates (table 3) are one of the

biggest difficulties in running the HER A experiments. This concerns the data acquisition
as well as the analysis. In order to understand the errors of measurement caused by

| interaction | event— numbers |
DIS 0TS 5 GeV? 4% 107
c€ ~— gluon fusion 4 % 107
bb 4~ gluon fusion 2 x 10*
jet photoproduction, Pp > 3 GeV 5 x 10*
jet jet photoproduction, Pr > 3 GeV 1% 10®

Table 3: Ezpected electron— proton interaction numbers ot HERA for [ L dt = 100 pb~t.
Py is the minimum transverse momentum of the partons in the hard scattering process.

imperfections of the detector it is necessary for each acquired event to process several
artificially generated events through a monte carlo simulation program of the detector.
This is especially true for those processes where generators need to be tuned to the
measured data. Also for the unfolding of structure functions from DIS data, iteration
procedures with improved parton density functions might become necessary. Therefore,
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the number of events that really have to be simulated might be by factors higher than
the ones mentioned in table 3 (see also the discussion in chapter 4.4).

The CPU- time requirements for the most important HI computer programs are
summarized in table 4 (see also figure 14). H15IM [52] is an application of the GEANT--

| program | CPU- time | event size }
LEPTO 5.2 [45] DIS event generator ~ 0.05 s ~ 5 kbyte
H1SIM [52] detector monte carlo
detailed version ~ 300 s | = 50 kbyte
fast version (H1FAST) | 30-100s | ~ 50 kbyte
HI1REC [51] reconstruction program 1-2s | 100 kbyte
H1PHAN [50] physic analysis program > 0.03 s | =~ 0.5 kbyte
| HiPST [48] parameterized simulation | 0.05- 0.1 sJ ~ 20 kbyte ]

Table 4: CPU time requirements per event and event size of the most important Hi
programs for typical DIS events (IBM 3090, 1 processor).

program [53], which tries to achieve a precise simulation of the detector behaviour
by using an extremely detailed description of the detector geometry. All interactions of
particles with matter are modeled using measured cross sections for electromagnetic [54]
and hadronic [55) particles. This description obvicusly leads to an unacceptable slow
simulation. Large effort has been spent to speed up the program (HiFAST) by averaging
details of the geometry and by approximating the time consuming electromagnetic (and
partially also the hadronic)interaction cascades by a parameterization of shower profiles.
However in spite of a big improvement a real breakthrough has not been achieved.

The numbers in table 4 have to be judged on basis of the trigger rate, which is ex-
pected to be 5 57, So, real events will be collected much faster than monte carlo events,
unless computer resources far in excess of 150 IBM 3090 processors (or equivalents) are
permanently available for simulations. Since this is not the case, the statistical pre-
cision of simulated events, and not of the actual data, might impose the most severe
limitations for analysis.

For H1 as well as for other experiments [56] this problem has led to the need for
an alternative, much faster simulation concept [57]. Such a concept has to allow for
a detailed simulation of all detector components in less than one second CPU- time.
Because then the much slower reconstruction program HiREC would be the limiting
step in the analysis chain, the concept has to include also reconstruction algorithms.
Furthermore a simple and homogeneous environment for the following analysis requires
that the same event data structures as in the reconstruction program are to be produced
(figure 14).
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HERA event generator

data acquisition. . - - -H1SIM

H1PHAN

Pigure 14: Analysis programs for H1

In the next chapters the program HiPSI [48] (Parameterized SImulation) will be
presented, which forms a central part of this thesis project’®. As already mentioned in
table 4, this program is more than a factor 300 faster than H1SIM or H1FAST for typical
DIS events.

Possible applications and limitations of the concept of a very fast (and therefore
magbe also less accurate) simulation will be discussed in chapter 4.4. Recently, some
analysis examples using HiPST have been published in [49].

4.2.2 Concepts of H1PSI

Due to the extreme speed requirements for H1PSI, it is necessary to use a large number
of approximations. These approximations must be chosen in such a way that the most
important effects for following analysis steps are correctly reproduced:

e geometric efficiency,
e resolutions (gaussian and non— gaussian behaviour),

» correlation between the measurements of particles which are close together in
space.

In standard simulation programs most of the calculation time is spent in geometric op-
erations in the complicated structure of the calorimeters. Pattern recognition and helix
fitting in the tracking chambers however limit the speed of reconstruction programs.
The most important concluding simplifications for H1PSI are summarized here and will
be commented in greater detail in the corresponding chapters:

10 Already here, i would like to thank all those who contributed to this program
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o In all components the detector is treated as cylindrical symmetric around the
beam axis.

o Separately for many small volumes, the material is described by average values of
the corresponding densities, radiation length and interaction length.

o The magnetic field is homogeneous and constant within the tracker volumes and
neglected in the calorimeters.

e The results of all detector components are reconstructed, calibrated quantities.
Intermediate calibration steps are neglected.

» Within the tracking detectors no single ionization hits are produced but the track
parameters are fluctuated according to the resolutions of the different chambers.

o All calorimeter cells are projective with respect to the vertex. The full read out
granulasity is kept in the lateral direction and reduced by about a factor 1/3 in
the radial direction.

e The energy deposited in calorimeter cells by electromagnetic and hadronic showers
are calculated using lateral and longitudinal shower profiles.

Program Lay Out In order to realize these features HiPSI is split into three consec-
utive parts. In the 'General Tracking Module’ all particles are tracked from the vertex
to the inner surface of the calorimeter. In the 'Subdetector Modules’ the response of
all detector parts is determined using the information from the first part. Finally these
results are combined together in the 'Reconstruction Modules’. A more detailed flow
disgram of the program is shown in figure 18.

Fragmentation products of the spectator jet generally have very small scattering
angles with respect to the beam direction. The reason is again the specific kinematic
situation at HERA with the center of mass system moving fast in the proton beam
direction. In practice this means that most of them never enter the active parts of
the detector but disappear in the beam pipe. In order to save computing time these
particles are suppressed from the very beginning (compare figure 15).

Charged particles with momenta below 2 150 MeV are bended by the magnetic field
such that they are curling inside the tracking detectors. The pattern recoguition of the
reconstriction program will therefore frequently fail to detect these particles. When
they are finally leaving the track detectors through their ends at high or low z, they
deposit almost all of their energy in the cryostat and support material in front of the
active parts of the calorimeter. Therefore these particles are also neglected a priori in
the simulation which further reduces the necessary CPU time.

Inside the inner tracking detectors, the material density and specifically the number
of radiation length a particle has to transverse is relatively small (compare figure 17).
This implies that here energy losses due to ionization and changes in direction due to
multiple scattering are disturbing the particle trajectory only slightly. Especially for
the calculation of geometric acceptances or of track lengths inside active volumes these
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Figure 15: Flow diagram for the program HiPSI. See the teat for esplanations.



4.2 Parameterized Simulation (H1PSI) 39

effects may be neglected. Multiple scattering only becomes important if hite have to be
produced along the trajectory. In a helix fit to these hits, the displacement of the hits
would then dominate the momentum resolution at low incident momentum. In HiPSI
however, no hit positions in the tracking devices are calculated. For the resolutions
of the chambers (see chapter 4.3.2), analytical expressions are used containing for the
multiple scattering dependence only the total number of radiation length passed by the
particle. This means that the determination of the overall trajectory in the simulation
has not to be precise on the level of hits. So the particle does not have to be tracked
in a very time consuming way (=~ 10s in H1FAST) in small steps through the detector
materials updating after each step the momentum vector. The trajectories are merely
described by a single set of helix parameters which are valid until the first inelastic
interaction or a possible decay.

At the very beginning of the calculations the time of flight before a possible decay
is determined together with the number of radiation or absorbtion length until the first
interaction. The low density of materials inside the tracking volumes indicate that such
an interaction happens for most particles only in the calorimeter. This is checked very
early, and if so, the particle is not tracked in detail through the inner detectors, as
discussed above. All other particles are followed step by step through the cylindrically
approximated tracking chambers until they undergo one of the following interactions:

o a decay (p,m, X,...)
e a - conversion to ete”
e a bremsstrahlungs process (electrons only)

e a secondary hadronic interaction (not yet implemented).

In all these cases routines from GEANT have been adopted. The secondary particles cre-
ated that way are fed in the particles buffers and are treated in just the same way. This
procedure continues until all particles have either interacted or reached the calorimeter.

At this stage, the 'fate’ of the event is completely determined in the sense that all
detector effects which might change the event topology are known. This can be used
to reduce the number of events to be simulated if one looks for unusual sources of
background (see chapter 4.4).

Up to here only the trajectories of the particles are predefined. This information
is thus decoupled from the response of the various detector components, which are
calculated in separate, stand alone modules.

The basic ingredient for the simulation of the central and forward tracker, the
calorimeters, the muon detectors and the luminosity system is the particle state vector
at the beginning of the active volumes and the track length until the volumes are left.
These parameters are obtained by each module individually in calling a wtility routine
which is using the predetermined fate of the particles.
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Only in a last step, the measurements of all subdetectors are combined and stored
in a form equivalent to the one produced by the reconstruction program H1iREC.

The high degree of modularity inside the program also means an additional speed
up. So it it possible to switch on or off any detector component or particle interaction
without interfering with the results of other parts of the apparatus. This allows the
rejection of events already on basis of specific detector effects and it is not necessary to
simulate the full event (see chapter 4.4).

The modularity slso implicates parallel tracking of particles, which means that each
module treats all particles in one single call. As an example, this permits the use of
random generators which produce vectors of random numbers. Effectively, these are
around & factor 3 faster than scalar versions,

Generally, most parts of the simulation involve calculations which have to be re-
peated for all particles again. Examples for this are geometric operations in the calorime-
ter, integration of shower shapes, energy loss calculations for particle identification, etc.
To save CPU time, these calculations are either carried out in the initialization phase
of the program, or their results are read in from a database. In hoth cases, the results
have to be stored thereby increasing the necessary memory to almost 3 megabyte. This
is considered to be tolerable in comparison to the gain in computing time.

4.3 Properties of the H1 Experiment

In this chapter features of the HI detector are discussed which are relevant for the
understanding of experimental results. This is done by means of the simulation program
HiPSI, which is understood to describe all necessary effects.

4.3.1 Geometry

For HIPSI a data base has been set up containing information about the basic geo-
metric properties of the HI detector. This includes all information to calculate the
frequency of secondary interactions and the shape of calorimeter showers, such as ge-
ometric boundaries, energy losses, radiation—~ and absorbtion length. The numbers are
obtained from the very detailed descriptions used for H1SIM but averaged with respect
to the azimuthal angle  [58]. Technically this was done by tracking particles (’geanti-
nos’) through the detector and averaging along their path the materials as obtained
from the GEANT geometry description.

The inner detector is approximated by 24 cylinders representing the most prominent
active and passive zones in the forward and central tracker including the backward
proportional chamber BPC (figure 16). Each volume is chosen such that its material
density is fairly homogeneous or, where this is not possible, the volumes are small enough
to allow a reasonable precise description. Figure 17 shows the amount of material
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Figure 16: Geomelric volumes in the tracking chambers used to describe material densi-
ties. The interaction vertex is at z = r = 0, the proton beam is entering from the right
side as in all following figures showing the detector. The volumes between the BPC
and the jet chambers and in front of the forward tracker contain read out end support
structures with high material densities (compare figure 17).
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which a particle, coming from the nominal vertex, has to transverse before entering the
different tracking chambers.

In front of the central jet chamber CIC1 there are &7 0.03 radiation length. Especially
in the forward direction at ¥ < 30°, the material density is high and there will obviously
be very many and sometimes even multiple, shower— like electromagnetic interactions.

The calorimeters in H1PST are described as projective towers pointing to the inter-
action vertex (figure 18). Also here the geometry is approximated by cylinders. The
octagonal structure of the liquid argon/ iron return yoke calorimeter and the rectan-
gular shape of the backward calorimeter cells are thus neglected. This is unavoidable
to guarantee a fast simulation. In the following the geometry used for the description
of the material distribution and the one for the read out cell structure are discussed
separately.

The material parameters are sampled in 100 x 128 bins in polar angle ¢ and azimuthal
angle . This choiceis motivated by the small size of the read out cells in the liquid argon
calorimeter (compare chapter 4.3.3). The ¢— bins are chosen equidistant, the J- bins
are adjusted in 11 different regions to the changing granularity of the electromagnetic
calorimeter. For each ¢ — ¢ bin, six longitudinal segments are introduced to describe
(figure 18) from the outside to the inside

e the instrumented iron and plug calorimeter

e the layer in front of the instrumented iron and plug calorimeter (coil,...)
e the hadronic calorimeter

o the electromagnetic calorimeters

the layer between tracker volumes and calorimeter

@

e the tracker volumes (not displayed)

The edges in figure 18 between the innermost and the second layer origin from the fact
that the first layer is defined as the end of the active tracker volumes. Visible is thus
for example the material between central and forward tracker as a spike in the second
layer.

All these layers are assumed to be intrinsically homogeneous enough to allow a
consistent description of shower developments. Figure 19 gives an overview of the con-
tainment properties of the HI detector for the different calorimeter layers in terms of
number of radiation length and absorption length. Due to the large amount of material
in front (1 - 2 radiation length), the electromagnetic energy measured in the calorimeters
is reduced by 5 — 10 %. In many cases the hadronic calorimeter will also not contain all
the shower energy but corrections must be applied with help of the calorimeter in the
iron return yoke.
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4.3.2 ‘Tracking Chambers

In case of the tracking chambers it is not possible to produce individual ionization
hits, since even in a simplified geometry this would increase the computing time by
more than a second. In addition, the pattern recognition and fitting procedures of the
reconstruction program H1REC need about 0.5 seconds.

In HiPSI, the simulation is performed without referring to single hits. The basic
properties of the tracking chambers are

e the geometric acceptance
¢ the efficiency for a hit
¢ the hit resolution

e the double hit resolution
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Figure 19: Containment of calorimeters in radiation and absorption length for a pariicle
starting at the interaction veriez. ’ELM’ is the electromagnetic, 'HAD’ the hadronic
calorimeter and 'IRON’ denotes the streamer tube calorimeter in the iron return yoke
of the magnet. In the backward region, there is no hadronic calorimeter.

o multiple scattering in front of and inside the chamber.

The momentum and the angular resolutions have to be evaluated in dependence of all
these items. Once they are known analytical formulae can be used to determine the
resolutions of the final track parameters and to smear these accordingly.

Central tracker For the simulation of the central tracker the geometry is approx-
imated as a double cylinder. For each charged particle, the total track length inside
the two jet chambers is used to determine the number of hits. For particles between
370 < ¥ < 142° up to 64 wires may collect charge. The efficiency of the chamber is
taken to be 90%.

The track reconstruction inside a dense jet is limited since hits might not be assigned
to the right track and the spatial resolution of hits is reduced. This correlation between
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two or even many particles is taken into account by a simple model for the double track
resolution, which reduces the effective number of hits for the contributing tracks. The
double hit resolution efficiency ¢ in the & — y plane is assumed to be a linearly rising
function of the distance d between two tracks

0 ifd<a
e=4q (d—a)/(b—a) fa<d<b
1 ifb<d

where the parameters a and b are determined to 1mm and 2.7mm respectively. Since in
practice no hits are produced, all tracks are extrapolated to three given radii. At these
three master points, the distances between all pairs of tracks are determined. For a pair
of nearby tracks which are within double track resolution, either partly or along their
whole length, one track is chosen randomly and the track piece within double track
resolution is suppressed. This leads either to a reduction of the number of hits, or, if
the remaining number of hits is below N = 3, to a complete loss of the track. The z—
coordinate is measured much worse and is not taken into account here.

Following ref. [59] the resolution for the curvature measurement é (?;) is then given

by
1 720 o?
ol 2 114 me
6(7‘) \/(;w)l Nt T

where §z = 0,015 cm is the hit resolution in the @ — y plane, N is the effective number
of hits, I’ is the track length projected on the plane transverse to the magnetic field,
[ is the total track length and oy, is a measure for multiple scattering depending like
1/P? on the incident momentum (see [30] for details). Similar equations are used for
the resolutions of angular measurements and distance of closest approach to the z axis
[48]. The measurement of the z— coordinate at the vertex and thereby the polar angle
are dominated by the precision (£0.3mm) of the z— chambers which are interleaving the
jet chambers. At high 4, the backward proportional chamber measures the ,y position
to about £0.2¢m, which determines the angular resolution in this region.

Forward tracker The forward tracker consists of three supermodules each of them
containing planar and radial chambers. The pattern recognition and the momentum
resolution of the forward tracker depends to a large degree on the three radial chambers
[60]. The planar chambers are mainly used to resolve ambiguities in linking track
elements of different modules.

Similar to the procedure described for the central tracker, particles are extrapolated
to the radial chambers. These are approximated as a plane perpendicular to the beam
direction. For each particle the wire number and the drift length to it are determined.
If the drift length difference of other tracks at the same wire is smaller than 2mm, the
information of this radial chamber is assumed to be useless for both particles. So due
to double track resolution, and of course geometric acceptance, less than three radials
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will influence the momentum resolution. Due to the different lever arms with respect
to the vertex the parameterization of the error of the momentum P is

1 5\ ¢
()-r oo () o
P . (P) fan
where ¥ is the polar angle and F is a scaling factor describing the number of contributing
radial chambers:

§ 1 if the first and the last radial contribute
F=1{ 1.5 if the first two or the last two radial contribute
2  if only one radial contributes

The parameter @ corresponds to the chamber resolution. b is determined by multiple
scattering which is of special importance here because the region between the central
and forward tracker alone contains about 1/2 of a radiation length, as can be seen from
figure 17. ¢ is a geometric constant. The parameters have been determined from a fit
to the results of the pattern recognition program in H1REC [60].

Combining Central and Forward Tracker In a certain angular region particles are
measured both in the central and in the forward tracker. Assuming that ambiguities
in the linking step of track elements can be resolved, the track parameters of both
detectors have to be combined. This is done by taking the weighted mean of both
messurements for the curvature and the angles. The distance of closest approach and
the z— coordinate at this point however are taken from the central tracker alome since
there is a lot of multiple scattering in front of the forward tracker.

The resulting momentum resolution as function of the momentum of the particle
and the polar angle is shown in figure 20. The number of hits in the central tracker is
maximum in the central region between = 50° and 130° degrees and leads to a resolution
for the transverse momentum Py of §(1/Pr) =~ 0.003 GeV ™! for high energetic particles.
Towards the ends the geometric efficiency is reduced, until at /s 30° the forward tracker
starts to dominate the measurement. The edges in the resolution at even lower angles
are explained by the geometric position of the radial chambers of the forward tracker.

4.3.3 Calorimetry

All the different calorimeters of H1 are not compensating, which means that their re-
sponse is different for hadrons and for electromagnetic interacting particles of the same
energy. A shower originating from a hadron generally also has an electromagnetic part
through the creation of #° or 5. This fraction is energy dependent and shows large
fluctuations. leading to deviations from a linear response and distortions of the energy
resolution. For Hi, this effect is compensated in the reconstruction program by iden-
tifying the electromagnetic component in a shower and reweighting it properly. The
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Figure 20: Momentum resolution of the itracking chambers in dependence of poler angle
and of the incident momentum. The measurement of the forwaerd tracking detectors
dominates at low polar angle the resolution of high momentum particles.

identification depends entirely on a precise description of the internal structure of the
shower development and a fine granularity of the calorimeter. The resulting energy
resolutions for the liquid argon calorimeter after this correction are given in table 5
together with the measured resolutions of the other calorimeters.

In H1PST there is no time for a detailed shower simulation with thousands of particles
and also the geometry is approximated. Therefore, a weighting algorithm does not seem
fessible. It is merely recommended to simulate directly the final, measured energies as
obtained after sll calibration steps and after the weighting procedure.

In addition to this, it is also required to get a realistic description of shower shapes
and of the primary measured, 'visible’ energy depositions used for the calorimeter trig-
gers. Both are strongly influenced by the #° fluctuations and also by energy losses
through nuclear breakups, etc. (called invisible energies).

The shower description in H1PSI follows closely the model described in [61], which
has been developed for the simulation of the HI calorimeters in HIFAST.
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| Calorimeter | for electrons | for hadrons ]
Liquid Argon
unweighted 0.12 0.55
weighted 0.12 0.44
BEMC 0.12 1
Plug - 1
Iron yoke - 1

Table 5: Energy resolutions of ealorimeters. Given is the constant c in the parameteri-
. em _ o
zation 5 = vy

Rather than simulating individual particles inside a shower, only the overall shower
shape is considered. Following this reference, the deposited energy of showers may be
factorized in longitudinal and lateral functions

dBap = fap Bo f(2)dz f(r) dr f(p)de (18)

where fz, < 1 reduces the primary particle energy Eg by the invisible energy of hadronic
showers.

For electromagnetic showers, the factor f4, is 1, z is the distance along the shower
axis measured in radiation length, r is the distance to the shower axis measured in
Moliere radii and ¢ the corresponding azimuthal angle.

The mean longitudinal energy profile of electromagnetic showers can be described
by a gamma function

(82)-1
=t 19
) = (19)
with energy dependent parameters o and 3. The radial profile {(r) is parameterized as
2rR2,

flr 20
)= (20

Agsin Ry is a parameter depending on energy and shower depth
REU(Z,E) = [Ri -+ (Rg - Ra In .E) z]” . (21)

with n = 2 for electromagnetic and n = 1 for hadronic showers. R;, R; and Rj are
constant parameters. No azimuthal dependence is considered

1

fle) = =

o (22)

For hadronic showers the ansatz chosen is to split the complete longitudinal shape
in three components, namely a purely hadronic component, an early m° component
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originating from the first hadronic interaction, and finally s late 7° component created
by further inelastic interactions of hadrons. Both the first and the last part arve not
scaling with radiation but with absorbtion length. They are parameterized in the same
way as the purely electromagnetic cascades, but of course with different parameters
a and B. Therefore the relative ratio of the three components determines the overall
longitudinal shower shape.

The factor fy, is less than 1 for hadrons and depends strongly on the size of the
hadronic component. For this reason fj, and the hadronic fraction are fluctuated in
correlation to each other. Then, the relative ratio of the early and the late 7° component
are smeared too.

All parameters (@, 8, fap, Rso) are determined from fits to results of detailed simu-
lations and experimentel data [62].

In the more general attempt of [61] also other parameters like Rso and the different
a and f are fluctuated taking into account also possible correlations between the pa-
rameters. This however is neglected for the fast simulation required in HIPSI. In total
this means that

e the lateral shower profile depends on the incident energy only and is not smeared

e the longitudinal shower shape is determined by the randomness of the shower
~starting point and of the size of the m° components.

For the trigger read out, charges are calculated by applying sampling fluctuations for
either hadrons or electrons to the various shower components.

For the calibrated and weighted response, the energies are simply scaled in order to
correspond to the measurement errors given in table 5.

After the determination of the shower shapes and the energy smearing, the energies
have to be deposited in the calorimeter cells. In order to save computing time in
this mapping procedure, the approximated geometry of figure 18 is used, with each
material tower beeing one cell. The correspondence between both simplifies greatly the
calculations.

It is further required by computing time constraints, that the axis of the shower
development has to be parallel to the tower structure, and is thus always pointing
away from the interaction vertex. Essentially this means that for charged particles, the
bending of the magnetic field is considered only for the determination of the impact
point to the calorimeter. It is however neglected inside the calorimeter. This leads
to an underestimation of the azimuthal shift of the shower due to the magnetic field.
Taking the dimensions of trackers and calorimeters into account, the most prominent
bending effect however is simulated. |

Y Por a cluster (see below) with a charged track pointing to it, this is no problem, because the direction
should anyhow be determined from the much better measurement in the tracking devices. In regions with
high particle densities (jets), it will be difficult to assign individual tracks to clusters, Due to neutral
particles in the jet, the calorimeter information is preferred here, and only then the bending effect enters.
In sny case, the displacement is small for high momentum tracks, while low momentum particles are
stopping rather soon in the calorimeter, which also diminishes the effect.
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In practice, the simulation of the energy deposition is done in several steps:

e Determination of the shower starting point for the individual particle.

¢ Ionization losses (dB/dx) in the calorimeter cells up to the shower starting point.
Straggling is taken into account.

o Hnergy smearing and determination of the fluctuations for the longitudinal profile
as described above. The increase of the measured energy due to annihilation in
case of an incident anti- baryon is taken into account.

¢ Integration of the longitudinal profile within each calorimeter cell. This is done
by interpolating in a table containing the integrated gamma function.

¢ Spreading of the shower energy corresponding to the lateral profile. The cylindrical
symmetric shower has to be mapped to the ¥—¢ grid of the calorimeter description.
This is done by an analytical approximation instead of really integrating the lateral
profile in each cell.

e Mapping to read out cells.

Concerning the last item, the geometric description of materials described so far does not
correspond to the real read out structure of the calorimeters of H1, but is chosen to allow
a reasonable fast simulation of the shower development. Therefore, this discrepancy is
reduced by an additional mapping of the energies to the new read out cells shown in
figure 21,

For the dimensioning of the read out cells in H1PSI, the aim is to keep the fine granu-
larity of the HI detector in lateral direction in order to allow studies of shower overlaps.
Therefore, as in reality, the lateral size of cells in & and ¢ varies strongly with the layer
number and ¢. For timing and space reasons, the longitudinal segmentation however
is reduced by roughly a factor of 3. So there is only one layer for the electromagnetic,
hadronic and iron return yoke calorimeter, while in reality there are 3-4, 4-5 and 2 layers
respectively (figure 21). Since the lateral size of the 'material towers’ is always smaller
or equal to the size of the read out cells, the deposited energies are easily mapped to
the read out structure (compare figure 18 and 21).

The energy losses in the 'dead’ materials in front of the electromagnetic layer and the
iron yoke calorimeter have to be corrected for in the reconstruction program. In HiPSI
this is done for the final calibrated and weighted response by (up to now ) simply adding
these energies to the active layers, at least in case some energy has been deposited there.

For the simulation of the trigger response, this correction should not be applied.
Instead it has to be considered, that the information of the very first layer of the
electromagnetic and the very last part of the hadronic calorimeter is not used everywhere
in the trigger. This fine segmentation does not exist in H1PSI, but is taken into account
in the integration steps of the longitudinal shower profile.
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Figure 21: Comparison of the calorimeter read out structure of H1 (top) and the approz-
imation made in HiPSI (bottom). Details of the sireamer tube system ave not displayed
in the top figure.
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Finally, for each event the overall energy distribution is analysed by a cluster’? algo-
rithm [63], Starting in the electromagnetic part cells with the highest energy densities
are building the start of a 'cluster’ and connected cells are added until an increase in
energy density is observed. This carries on until all cells are joined to clusters. In the
next layers, cells are either added to what is lying in front of them or form new clusters.

4.3.4 Lepton Identification

Muon and especially electron identification is of great importance for physics analysis at
HERA. In both cases information of single detectors together with correlations between
measurements from different parts of the apparatus will be applied. Here only the first
item will be discussed because the latter step is only carried out in the physics analysis
program H1PHAN.

dE/dx The central tracker read out allows to measure the ionization on single wires.
This leads to the possibility of separating electrons, muons and pions from heavier
particles in the low momentum region. Here a parameterization is used [64][30] to
describe the fluctuations of the truncated mean of the ionjization losses, which depend
on the number of wires and the effective track length for each wire. With this result the
probability of (mis)identifying the particle as an electron, muon, pion, etc. is computed.

Transition Radiationm Within each of the three supermodules of the forward tracker,
transition radiation layers are inserted. The photons are measured as additional ion-
ization in the radial chambers. The resulting efficiencies for electron identification are
parameterized [65] from data of the full simulation program H1SIH. At 5 GeV (60 GeV)
the pion contamination is less than 1% (10%) for an electron efficiency of 90%.

The Calorimetric Particle Identification depends on the rather different shower
profiles for electrons and hadrons. A detailed analysis of these shapes relies entirely
on a correct description af all shower fluctuations and on a fine sampling of the read
out structure of the calorimeter. Both are only approximated in H1PSI. It has however
been shown that just the ’electromagnetic fraction’, here defined as the ratio of energy
in the electromagnetic calorimeter with respect to the total measured energy, allows a
separation of electrons and pions at a level of better than 10~2. Thisis simply explained
by figure 19 showing that the width of the electromagnetic calorimeter only corresponds
to &2 2A. This ratio is not very sensitive to details of the geometry and depends mainly
on the m° fluctuation in the hadronic shower simulation, which is rather well described.
It is however clear that a more detailed investigation of shower profiles in HiPSI is not

Y2In the reconsteuction these clusters are used to apply weighting algorithms, which is not necessary
here.
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reasonable. For the future it is envisaged to parameterize directly the misidentification
probability of a generated particle,

In any case the search for electrons, and namely the scattered electron, should be
cross checked by alternative methods like isolation criteria or kinematic constraints.
These will be discussed in chapter .

The Muon System consists out of the forward muon spectrometer and of the streamer
tubes in the magnetic return yoke. Similar to the treatment of the inner detectors no
complete tracking can be done. Especially the extrapolation of the tracks through the
dense material of the calorimeter would be too time consuring.

An approximation for the momentum cut off of particles reaching the muon sys-
tem has been obtained from the detailed simulation. The results are determined in
dependence of the polar angle and averaged with respect to the azimuthal angle .
The momentum cut off ranges from below 1 GeV in the backward direction (no hadron
calorimeter) to almost 2 GeV in the forward region for the instrumented iron. The first
detector layer of the forward muon system in front of the toroid is reached by particles
with more than 2.8 GeV, and the layer behind requires 5 GeV.

While the geometric efficiency of the toroid system may be considered as perfect,
the situation is rather complicated in case of the irregularities of the streamer tube
chambers. Therefore, the geometric efficiency of the instrumented iron is averaged in ¢
and sampled in bins of polar angle ¢ with help of the full simulation program H1S5IM.
This is done for each of the 16 chamber layers individually with respect to the wire and
the strip read out. For each particle, the number of hits are then fluctuated neglecting
correlations between the two types of information. A cut on the required number of
wires and strips is then applied as a threshold against noise. A particle is considered to
be identified as » muon if it has survived these cuts.

The forward muon system is measuring with high precision also the particle momen-
tum. A parameterization similar to the one for the inner tracking detectors is chosen
[66]. In contrast, the cell size of the streamer tubes of about 1cm allows only a very lim-
ited momentum resolution. Implemented are effects for multiple scattering in the iron
and the toroid, stopping muons, the spatial resolution of the chambers, the variation of
the magnetic field and the number of wires beeing hit by the muon.

4.3.5 Luminosity Measurement

The luminosity system of H1 consists of an electron tagger in the electron beam direction
at z = —33m and a photon detector even more downstream at z = —102m. Particles
can thus be detected at polar angles & > 180°—-0.28° and ¢ > 180° —0.028° respectively.
The energy resclutions are either parameterized empirically, but also a more detailed
shower simulation is possible [67]. The massive shielding (3.5 radiation length) in front
of the photon detector is taken into account as a probability for reaching the detector

without interactions.
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4.3.6 'Trigger

Beside synchrotron radiation from the electron beam, interactions of protons with the
remaining gas and of the proton beam halo with the material of the beam pipe are
expected to be severe sources for background events.

The last item, probably the more important one, imposes severe problems for a
simulation in HiPSI. Interactions with the beamwall are most often taking place a few
meters in front of the nominal interaction region. Secondary hadrons are then scattered
through the material in the BEMC region producing sizeable energies in the backward
detectors. Often particles are also entering the tracking detectors and are finally hitting
the forward parts of the calorimeters. In H1PSI however, hadrons are only described
via their shower shapes, and no individual secondaries are produced. This means, that
for this type of background events, H1PST cannot be used. The simulation of the trigger
response for beam gas interactions and for electron— proton events however is possible.

The high luminosity and bunchcrossing rates at HERA require rather complicate
trigger setups. In HI up tc four comsecutive trigger levels are envisaged. The main
rejection of events happens at level 1 which will reduce the trigger rate to approximately
50s=1. While level 2 and 3 are foreseen to be implemented only later, the level 4 is a
software trigger running on a multiprocessor farm. The use of algorithms, which are as
close as possible to the final reconstruction program, will enable detailed investigations
of event topologies such that the trigger rate can be reduced to 5s~*, This is the limit for
data transfer from the experiment to the storage media. The critical level for the trigger
efficiency of events from ep collisions is therefore level 1, which has heen implemented
in H1PSI [68].

The Calorimeter Trigger simulation has already been discussed in chapter 4.3.3.
Following closely the implementation in the full simulation program HiSIM, the HIPSI
read out cells are grouped together to so called ’trigger tower’ arrays, which are used
for building energy sums for the different angular regions of the detectors (see chapter
5.1 for further discussions).

Track triggers are constructed from the multi wire proportional chambers MWPC
and from the drift chambers.

The MWPC in the central and forward tracker are used to determine the z position
of the vertex. The event is triggered if the vertex position is lying inside the predicted
range of -25 cm < z < 25 cm. The vertex is determined by analysing a histogram, which
contains the z positions of all track candidates obtained from combining the information
of the inner and outer (inner and forward) MWPC chambers. All possible combinations
of hits in the chambers are considered, which results in a flat distribution for incorrect
combinations and in a peak at the correct vertex position.



4.4 Potential and Limitations of Parameterized Simulations 55

In HiPSI this trigger is simulated by calculating the number of tracks pointing to
the vertex. Taken into account are the size of the read out pads of the chambers and
inefficiencies. The probability to find a vertex in the event is then parameterized, by
using the detailed simulation, in dependence of the number of tracks in the forward and
in the central part.

Complementary to the MWPC’s, the drift chambers are measuring the » — ¢ co-
ordinates of tracks with very good precision. In the trigger a hard wired logic looks
for patterns pointing to the vertex. A minimal number of tracks is then required for a
trigger.

In HiPSI, the pattern recognition is simulated by asking for charged particles with
more then 450 MeV and a reasonably small distance of closest approach (DCA) to the
vertex. This approximation gives a good one to one correspondence on event by event
level in comparison to the full simulation.

4.4 Potential and Limitations of Parameterized Simulations

HiPSI is meant as a complement to the full detector monte carlo program HiSIM. It
provides a general purpose simulation of all detector components and of their recon-
struction, and is at least 300 times faster than the detailed programs'®. To give an
example, 1 million deep inelastic scattering events can be simulated within about 1 day
OPU time on an IBM 3090 processor. Thus it is a tool for fast physics analysis projects.
Moreover it might be the only reasonable choice if the simulation of really large event
samples have to be considered (see below). Generally the aim is to

e describe on average correct the efficiencies of detectors and the gaussian parts of
their resolutions

o describe to some degree also the non gaussian parts of the resolution functions by -
including decays, gamma conversions, electron bremsstrablung, punch through,
leakage, dead materials in the calorimeter, the double track resolution in the
tracking chambers, shower overlaps,..

The first item should guarantee the correct systematic behaviour with respect to analysis
cuts, etc., while the second gives some handle also on tails of the simulation.

It is however obvious that such a fast simulation cannot describe all detector effects.
Which effects are to be included depends entirely on the CPU time available and the
importance of the effect with respect to analysis. In practice one has to assure in a
specific analysis that all critical ingredients are simulated!®. This can be deduced from
the previous chapters. Some obvious examples for features not included are

18The speed of the program can even be improved by switching of detector parts, which are not
necessary for a specific analysis.
1474 is of course hoped that this is the case for really important effects.
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o effects of the octagonal structure of the calorimeter
e bending by the magnetic field inside the calorimeter stacks.

o correlations between error on energy measurements and the longitudinal shower
profiles

o fluctuations of the lateral shower profile
e the reduced sampling of calorimeter cells in longitudinal direction

o correlations of the errors of track parameters between central and forward tracker
due to multiple scattering in front of the central tracker

Most of these effects are small but may still have bad influence if they are overlooked.
As an example the electron identification should not be based entirely on lateral shower
profiles since these are not fluctuated. In this sense H1IPSI should not be used as a ’black
box’ like, may be, the detailed simulation programs. On the other hand, additional
features are easy to add.

Tuning An essential requirement and advantage of a parameterized simulation is the
possibility to tune the program to real data. Finally, the quality of the data description
after a detailed tuning will determine the possible applications of, not only, the fast
simulation.

Tuning here means that properties of the experiment in the real beam conditions
have to be deduced from the data and have to be used as input to the simulation.

In a first step, the basic detector properties have to be determined:

o the efficiencies of chambers

e the geometric acceptance, which might differ from the anticipated one (which is
described in H1PSI anyhow) due to dead channels, noise problems, synchrotron
radistion background in certain parts of the apparatus

o spatial resclution of hits in track chambers, ...

In order to simplify the tuning, all such parameters of the simulation are stored in
the HiPSI data base, and can easily be changed by users. This is true not ounly for
resolutions but also for the definitions of active chamber volumes, etc.

From other experiments, is is well known that also after this first tuning step there
are most probably still differences between data and monte carlo events. This is also
to be expected for very detailed simulation programs. Reasons herefore are calibration
problems, imperfections in the geometry descriptions, uncertainties in the cross sections
used for the shower description, undetected inefficiencies, noise and electronic problems
in the read out, etc..
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In a full detector simulation program, it is extremely difficult to correct for such
problems due to the fact that they are very large and complicated, and that many
single physics processes together determine, for example, the energy resolution of the
calorimeters., Even more difficult than changing the parameters of physics processes
might be to modify the geometry description in the calorimeters. This would be a
method to, for example, improve on the description of the energy resolution in regions
with cracks in the sampling structure!®,

In coutrast to this, in a parameterized simulation, the resolutions are inserted from
the user, and are not the result of complicated calculations. They can even be adjusted
independently in different regions of the detector and are thus easily adapted to the
specific experimental situation.

Up to here, only the tuning of parameters for the given parameterizations are dis-
cussed. If these turn out to be not adequate for the description of data they can easily
be extended or even changed completely.

Presently, the parameterizations chosen are guided by physics principles (1/VE
resolution of calorimeters, ...). Higher order corrections to these formulas are of course
reasonable, but completely new parameterizations or empirical fits of arbitrary functions
to the measured data are questionable. If these ture out to be necessary, it is presumably
better to upgrade HiPSI by introducing more details of the geometry, a more precise
description of shower developments, etc., in order to describe the effects. The natural
limitation of such an attermpt is of course the speed of the program. It should not be
the aim to create & program similar to GEANT. If CPU time turns out to be a problem,
one would have to restrict the use of HIPSI to applications which are not critical with
respect to these details.

Applications HiPST has been used in the past for a large variety of physics studies.
Many examples have been published in [49]. Some of the applications are mentioned in
the following list.

e Reconstruction of the kinematic variables z,y and Q? in deep inelastic scattering
(see also chapter 5)

o Deterraination of the gluon structure function g(z, Q%) from the reconstruction of
J [+ events [69].

e Determination of ¢, from jet ratios in DIS [70].

e Calibration of the liquid argon calorimeter by comparison with information of the
tracking detectors [71].

¢ Background studies for exotic events [72][1] (see also chapter 5 and 6).

» Determination of the efficiency of the luminosity counter [67)].

18Fpom this it is also evident that for the parameterized simulation, tuning to real data and not to data
of the detailed monte carlo should be preferred.
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e Influence of gamma conversions inside the tracking detectors

In these analysis HIPSI has been treated as a tool for the development of analysis
strategies.

Another application is seen in a fast understanding of detector effects. Because
the detector parameters are very easy to change in HiPSI, it is possible to increase or
decrease effects of particle properties (decays, interaction probabilities) and of detec-
tor effects (efficiencies, resolutions, crack sizes). Their influence on the final physics
distributions can thus be estimated. Most important is therefore, that

e systematic errors of physics results due to detector effects can be estimated very
fast by running HiPSI with different detector parameters.

The high speed of the program also allows the determination of other systematic
errors, which require extremely large event samples, like

o dependence on structure function parameterizations
o dependence on fragmentation models

e dependence on parameters in the generators and tuning of generators

Also for feasibility studies of possible upgrades of the HI detector, the program has
been used.

Filter Oune of the motivations for a very fast simulation program has been that it
could be used as a filter for the huge background event samples expected at HERA
[57). Examples for a very unfortunate signal to background ratio are for example low
Q? events as background to high Q? events in DIS, the cZ background for bb events, or
the low Pr photoproduction events for the high Pr events, and presumably also tails
of standard physics distributions as background for ’exotic’ events from physics beyond
the standard model.

The idea of the filter is to select with HiPSI only those background events which
might enter the region of experimental interest. These 'shifted’ events are then supposed
to be treated by the detailed simulation program in order to finally determine efficiencies
with high accuracy.

The problem of such an approach is, that events with large fluctuations in a specific
run of a monte carlo program will generally show a different behaviour in another run
(or in a run of another simulation program), due to a different status of the random
generator. Thus the background would be largely underestimated. A solution to this
suggested in ref. [57] was a complicated mixture of the fast and the slow (detailed)
monte carlo, which later turned out to be generally impossible [73].

An alternative approach however can be suggested (see the example in section 5.2).
Laxge shifts of background events origin mainly from:
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e fluctuations on the generator level:
initial state radiation, parton shower and fragmentation effects, ...

e wrong interpretation of the event topology:
electron from heavy quark decays taken to be the scattered beam electron, ...

o specific event topologies together with detector effects:
7~ 7° overlaps or gamma conversions leading to electron misidentification, leakage,

cracks, ...

The first two items do not depend very much on the description of the detector. Run-
ning the fast monte carlo on the whole sample of background events will give a
reasonable estimate of such a background. Analysing these events might then allow
to find save cuts on the level of the generated 4 vectors in order to select all these
events for a later simulation with the detailed monte carlo program. These cuts will of
course accept also additional background events which also have to be simulated, but
this number is expected to be much smaller then the original sample.

For events considered in the last item of the list above, & fairly good description of the
tails of detector effects is required. Such a good description might be difficult to obtain
with the approximations of a fast simulation program. The quality is also hard to cross
check with the detailed monte caslo, because of the limited statistic obtainable with this
program. For this reason it is suggested to use a version of HiPSI, where all "dangerous’
detector effects (assuming they are described at all) are increased by a certain factor. So
for this 'bad’ detector, the lifetimes of all particles should be decreased in order to allow
more decays, the material thicknesses of passive zones should be increased and those
of active zones decreased, more particle misidentification is inserted, etc. Such a 'bad’
version of the detector is easily created in case of a parameterized simulation, Running
it on the whole background statistic will give an upper estimate of events migrating
in regions of physics interest. Then, as above, save cuts can be found accepting all
potentially ’dangerous’ background events. An example for such cuts is given in chapter
5.2.

Receatly, an alternative to the method of simulating a complete set of background
events has become popular. To be explicit, the example of DIS events is taken, where
the cross section is roughly ~ 1/Q*. The region of physics interest is assumed to be at
high Q% measured in presence of a background from low Q? events.

The idea is to generate and simulate events not according to their cross section, but,
to give an example, flat in Q%. Each event then gets a weight, so that the weighted
event sample corresponds to the original cross section. The result is that in regions of
special interest (high Q?) but low cross section, more events are simulated, and regions
of lower interest are suppressed. In case of such a very steep spectrum, this leads very
soon for the low Q7 events to weights as large as 10* and even larger.
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A typical problem for the analysis of rapidly falling cross section are migrations from
regions of high cross section towards those of low cross section due to measurement
errors. Depending on the size of these fluctuations and the shape of the distribution
such events may even dominate the measurement at high Q. In the scenario of weighted
events this might mean, that single events with extremely high weights appear in the
distributions at high @7, disturbing completely the interpretation.

Even more dangerous is the case, when there are no events with high weights mea-
sured at high Q?. The reason is that this might simply mean that not enough events are
produced at low Q* in order to determine the background in the region of interest. In
this case only an upper limit can be given. At 90% confidence limit the non observation
of background events implies that the mean of the background distribution is not larger
than 2.3 events. This number has to be scaled by the weights for these events resulting
in an upper limit for the background of 2.3 x 10* events! The only way out of this
problem is either

e to assume a priori that there is not such background, or

e to simulate such, that no high weights oceur, in especially also high event numbers
at low Q2. This can only be done by a fast detector monte carlo.
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5 Leptoquark Search

5.1 Trigger

The measurement of structure functions in deep inelastic scattering is clearly a major
priority for the HERA experiments. The trigger settings are adjusted to this require-
ment. The similarity of their event characteristics implicate that also for leptoquarks,
the triggers for DIS events will be effective.

For both neutral and charged current topologies the main level 1 trigger is based
on the calorimeters. The charges deposited in the hadronic and electromagnetic stacks
are scaled in a simple way for the different responses of hadrons and electrons of the
non compensating calorimeters. As discussed in chapter 4.3.6 and 4.3.3, the results are
not the final reconstructed energies due to the missing of weighting, the neglection of
certain calorimeter layers, dead material corrections and the very coarse granularity of
the trigger towers, etc. The energies are summed up in different angular regions of the
detector to allow triggers in a large kinematic range.

For leptoquerk events the two most important triggers are based on the total trans-
verse energy flow Er defined as

Epr =3 Ee,

and, for leptoguark decays into neutrinos, the total transverse missing energy Bz miss.

> Eiéry
:

where E; is the scaled energy deposited in trigger tower i, & = (eq,i, €y, €5,:) is a unit
vector pointing from the nominal vertex to this trigger tower and &r; = (eg,, €y,i). Since
B imiss corresponds roughly to transverse momentum, & trigger threshold in Er miss leads
for a given leptoguark mass to a rejection of events only at very high and at very low
y1®. The distributions for Fr and Frm,, are shown in figure 22 for the example of a
scalar leptoquark of 100 GeV and 200 GeV respectively. The trigger thresholds!” chosen
for the start of HI ave

ET.miu. =

By > 20 GeV B miss > 12 GeV,

18Fvom equations 5, 13 and 29, it follows:

JMi, — 4P}
L VI T (23)

1
v=3 2M1q

Y7This trigger is combined with a veto counter against background from interactions of the proton
beam halo with the material of the beam pipe in front of the detector.
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Pigure 22: Trigger energy sum distribution for 500 scalar leptoguarks of 100 GeV and
200 GeV. Left: transverse energy flow for leptoquark decays into electron and quark.
Right: missing transverse energy flow for decays into neutrino and quark.

Obviously these triggers are well suited for leptoquarks with high masses. For low mass
leptoquarks decaying into neutrinos, the Er ., threshold reduces the trigger efficiency
severely. In this case however, calorimeter triggers in combination with triggers from
the drift chambers improve the situation largely.

The final trigger efficiencies for different masses are shown in figure 23. Based on
500 events for each mass point the efficiency is always above 96%.

5.2 Event Selection

The high event rates expected at HERA require a fast reduction of data. In Hi, this
problem is approached by the concept of event classification, which means, that each
event is flagged as a possible candidate for specific physics processes. This selection will
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Figure 23: Trigger efficiency for scalar (left) and vector leptoguarks (right).

allow fast access to the desired event sample, but it also implies the danger of loosing
valuable events.

In principle, this problem is very similar to the one discussed in chapter 4.4, where
the fast simulation was used to preselect events for the detailed detector monte carlo.
Essentially these selections work like a trigger, since it would be very tedious, if not
technically impossible, to go back to the original data samples.

So for each analysis it is necessary to define save cuts, which for sure include all
interesting events, but still have some discriminative potential against the large back-
ground,

For the analysis of leptoquarks, and implicitly for DIS events at high = and Q?,
these cuts are defined by using a modified, 'bad’ description of the detector within the
framework of the HiPSI monte carlo (see chapter 4.4). They can be used for both
applications, the event classification and the monte carlo preselection. This has the
additional advantage that the same systematic behaviour (and may be systematic error)
can be expected in the data and in the monte carlo event sample.

A principle in the definition of these cuts should be to use quantities which have a
simple physical interpretation in terms of phase space and event topology.
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Of special irnportance is the definition of the scattered electron. This cannot be done
with particle identification methods, since these are not available for the preselection,
which is working on 4 vectors only. Therefore only topological and kinematic cuts are
envisaged.

o The scattered electron should be isolated with respect to other particles in the
event. Thisis nicely seen in figure 24, where the distance with respect to azimuthal
angle ¢ and pseudorapidity 7 between the electron and other particles in the event
is shown. Distances close to §p = 7 are dominating, because the jet of the decay
quark compensates the transverse momentum of the electron. For other particles
but the electron, very short distances are dominating as a consequence of the jet
structure of the events. A cut

A = J(68) + B0y > 03

as the shortest distance to another charged particle was selected as a requirement
for the scattered electron.

e Pigure 25 shows the correlation between the minimal distance A to the next
particle and the transverse momentum of the scattered electron and other particles
in the same event. Obviously, those particles which are isolated by more than
A = 0.3 are mainly low energetic spill off’s from jets. Therefore the scattered
electron is finally defined to be the particle with the highest transverse momentum
among those, which are isolated as explained above.

The scattered electron beeing defined in this way, the kinematic variables z,y and Q%
can be calculated and used for further event classifications. More severe cuts are possible
if one introduces in addition kinematic constrains, This question will be addressed in
chapter 5.3.3.
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Figure 24: Isolaiion of electrons from the decay of a 200 GeV scalar leptoquark.

Top left: distance A = (/(8¢)? + (6n)? between the eleciron from the leploquark decay
and the closest neighbouring particle in the event. Below the same, but instead of the
electron for all other particles in the event. Top right: distance between the decay
electron and all particles in the event. The position of the electron is §¢ = én = 0.
Below the same, but instead of the electron for all other particles in the event.
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Pigure 25: Isolation and transverse

GeV leptoguark.

minimal distance A

momentum of electrons from the decay of a 200

Left: transverse momentum of the electron from the leptoquark decay versus the distance

A = [(6¢)2 + (6n)% to the closest neighbouring particle in the event. Right: the same,
but for all other particles sn the event.
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5.3 Recounstruction of Leptoquark Masses

Since the topologies of leptoquark events and of deep inelastic scattering events are
indistinguishable and the natural width of leptoquarks is very small, an optimum re-

construction of the leptoquark mass is of greatest importance!®.

There are basically two different approaches to compute the mass. It is possible to
use the decay products of the leptoquarks, the electron and the quark. This method
has been iried out using a Jade algorithm [75] in order to define the quark jet. The
main deficiency of this method is the imperfection of the jet reconstruction giving rather
moderate mass resolutions (10~ 20 GeV) with long tails to lower and higher masses.

A much more efficient approach is to use the relation M? = zs (see chapter 3.3).
However, in contrast to the previous method, this introduces effects of radiative cor-
rections which depend on the reconstruction scheme used for . The most important
part of this is initial state bremsstrahlung from the electron shown in figure 26. Since

\ )f/?ﬂ e

i \ Pn

Figure 28: Feynman diagram for s~ channel production of leptoquarks with initial state
bremssivahlung.

the radiated photon is dominantly collinear to the incident particle the main effect is a
reduction of the energy of the incoming electron, E., to

B, - E, - E,

Only 10 — 20 % of the radiated photons are measured by the luminosity counters. So
in the calculations it is generally not possible to insert the reduced electron energy (see
however chapter 5.3.3). Thus, the reconstructed kinematic variables ,cc,Yrec and Q2.
are shifted systematically with respect to the ones at the hard scattering vertex, &,9
and Q. These shifts turn out to depend on the various reconstruction methods and

will be calculated in the next chapters.

It must be stressed that the effect of an undetected photon from initial state brems-
strahlung is somewhat different for deep inelastic events compared to leptoquarks. As-
suming a very narrow resonance of the exotic particle, the energy loss of the incoming

18The approximations used in the following kinematic relations have been explained in chapter 3.2.
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electron must be compensated by a higher quark momentum &P, in order to produce
the same invariant mass., Therefore & is given by

M}q = (ipp + 9. — py)’ = 42 B, (B ~ By) (24)

A radiated photon of 1 GeV already produces a shift on & of about 3%. This is an
important contribution if compared with the experimental resolution for z itself (see
below). Compared to the reconstructed mass

M2, = @8 (25)
this gives

= (2)
where

f= (27)

For this reason the effect of initial state radiation will be discussed for the different
reconstruction schemes.

Charged current events are usually reconstructed with the Jacquet— Blondel method
[77), which was designed to reduce the dependence on energy losses in the beam hole
in the direction of the proton, specifically by the spectator jet of the proton remnant.
Ouly the total hadronic energy flow is used here which guarantees independence of the
jet structure of the final hadronic state. In neutral current events the kinematic can
also be calculated from the electron measurement. The behaviour of these two basic
reconstruction schemes with respect to measurement errors and initial state radiation
are summarized in the following chapters.

For neutral current events the kinematic is over— determined and many reconstruc-
tion algorithms are possible using combinations of the electron and the hadron mea-
surements. All these combinations vary in their systematic behaviour in the presence
of bremsstrahlung and, since the electron and the hadrons are measured with different
precision, the resolutions for @, ¥, and Q? depend strongly on the kinematic region con-
sidered. In chapter 5.3.3 & new ansatz for the calculation of kinematic variables will
be introduced. The aim of this procedure is to provide optimal reconstructed variables
independent of the kinematic region and independent of initial state radiation.

In the following calculations the measurement errors (denoted by §) are assumed to
be gaussian and their correlations (if existing) are ignored. In most cases this is a very
good approximation since angles are usually taken from track chamber measurements
and energies from calorimeter data. Errors on beam energies can be neglected.
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5.3.1 Observing the Scattered Electron

Using only the energy E; and angle 9, of the scattered lepton the basic equations are:

R
Y = in (1 - cos?y) (28)
QF = 2E.E;(1+ cosdy) (29)
P,
= 30
1-9 (30)
5 = E. B, (1 + cos¥y) (31)

E,(2E. — E,(1 — cos¥,))
Without measurement errors and initial state radiation these equations correspond to
the definitions given in chapter 3.2. For given z, y, @* the electron variables are recov-

ered as
2

EL == ZE; <+ .Ee (1 - 'y) (32)
Q2
cosdy = ST, -1 (33)

Assuming that the measurement errors of Hy, ¥, are uncorrelated, the resulting errors
for the kinematic variables are:

5 6 9
Lo (G e ) (34
%?;2?. = %etm%60¢ (35)

- 5’;55; ® (1;9‘ t%ﬁ " n-—)m (37)

The @ and © symbols mean that the errors should be added quadratically. However,
they distinguish an increase or decrease of the derived variable in dependence of the
measurement error. In case of substantial initial state radiation the reconstructed vari-
ables zy, ¥, @7, are related to the ones at the hard interaction &, 9, Q? like

l—y 1 .
1-9  F (38)
2
g-g- oy (39)
Te _g__—. .1_:_9_:;_3’_‘_)_{ (40)
@ Y Y

where f is defined in equation 27. For the case of leptoquarks with the additional
constraint of equation 26, the reconstructed mass is
M; 1—(L—wy)f
Lo f Gt DR (41)
MLQ Ye
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5.3.3 Observing the Hadronic Energy Flow

Using only hsdronic measurements imposes the problem that a large fraction of the
hadronic energy is carried by the proton remnant and therefore vanishes in the beam
hole at very low angles. Requesting momentum balance in the transverse plane between
the scattered lepton and the hadronic vector, Pry = Ppj, Jacquet and Blondel [77] tried
{0 minimize beam hole effects in the proton direction via:

E _Pz

Yo = -'%—E“—h (42)
p2

2 - _ZTh 4

% = b (43)
2

- %; (44)

where the total hadronic 4 vector is defined as pr, = ¥, Phadrons. Sinice the measurement
errors for this method depend on the event topology and fragmentation effects, a precise
analytical error prediction can not be made. On the parton level however the proton
remnant does not carry transverse momentum or mass and the energy and angle of the
scattered quark (E,, ¥,) can be written as

y = 2“%‘ (1 = cos ¥,) (45)
@ = Bgnld) (46)
or
B, = (1-y) 22; E+, 4y* E? (@)
cos ), = Q(L~y) ~ 4By (48)

Q* (1 -y) + 4E2y?

One may assume in addition that after parton shower and fragmentation into hadrons
the jet corresponding to the scattered quark has a negligible mass. The errors of the jet
energy and angular measurement §F, , §9, propagate like

Gyh 5E'q ?'}Q
ALV " 1 — 49
” 7, ® cot 69, (49)
6Q7, 2—y 6l Y Vg

~ t— 50
o s ® (2 cotdy -+ luyco 2)5'% (80)
bz, 1 6B, 2y — 1 ¥y

N 2y 1 ot 22 51
- " @ (2 cot ¥, + — cot 2)51% (51)

Initial state radiation modifies similar to the previous case the measured quantities to

w1 (52)

(] !
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On _ 19 (53)
Q? 11—y

T, 1—9 1—unf

L - 54
Z 11—y 1—yn (54)

Again, for leptoquarks this leads to

M;? 1—uynf
= . 55

One way to combine electron and hadron measurements is to use only the angles
of the scattered electron and quark. In the parton picture equation 2 gives for the
transverse— respectively energy— and longitudinal components

B, sin®, = B, sind, (56)
QJ(EP_Pzp) -+ Ee“'P,ze = El—Pzt+Eq_qu (57)
and

2F, = By(1 — costy) + By(1 — cosdy) (58)

and from this

sind,

By =2 Be sindy (1 — cosdy) + sindy (1 — cos V) (59)
B, =2E sin: (60)

“ sindy (1 — cosdy) + sindy (1 — cosdy)

Thus the lepton and quark energy are expressed in terms of the angles and can be
inserted in equation 28,29,31.

sindy (1 — cos )

v = 1- sind, (1 — cosdy) + sind, (1 — cosddy) (61)
, ind, (1 + cosdy)
2 = 4B i 62
o ¢ sindd, (1 — cosd,) + sindy (1 — cosdy) (62)
B sin 34 (1 + cosdy)
has = E, sin®; (1 — cos V) (63)

The problem of defining the quark angle is overcome by using the complete hadronic
state in form of the Jacquet— Blondel formulas equations 42,43. Inserting them in
equation 48:

P%h - (Eh - ch)2
sz'h + (Eh - ch)z
Assuming as above that the current— jet is massless and that the spectator- jet carries
no transverse momentum the angle 9, is largely independent of hadronic energy mea-
surement errors. This is indeed expected because these approximations correspond fo a

(64)

cos Dgp =
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single particle seen in the detector in the direction of the scattered quark. Measurement
errors influence the kinematic variables like:

Mo~ 1-y) (G0t 0 ) (65)

Yao sind; — sindg,
6Q3s y—2 ~y
= &9 66
Qs sind, 69 ® sin oh (66)
Szas —§, — 6P
= 67
a9 sin Y, ® sinPgp (67)

It is interesting to note that initial state radiation from the electron does not disturb
the measurement of 9, since the primary electron energy drops out of equation 64.
This also means that yq9 is radiation independent while

.22%". = f? (68)

Ta9

2o (09)
and for leptoquarks

Mo _po (10)

Mi,

If 9,5 is calculated as described above it is possible to make the double angle method
completely independent of radiation. The unknown electron energy at the hard inter-
action, B, — E,, has to be replaced by the measured energy of the scattered lepton Ey.
Equations 58 and 56 give

sind, (1 — cos¥y) + sindy (1 — cosd,)

, = . 71
B B 2 sind, (7)

This can be inserted in equation 62,63:

sind, (1 — cosdy) + sindy (1 — cos? 14 cos¥;
anEe E? { Q( ) Sin’ﬂ( Q)} ( ) (72)
q
By sind, (14 cosdy) + sindy (1 + cosdy)
o 3
B = og, s, (73)

As mentioned above the equation for ysy does not need modifications. The errors of
E;,¥4,Y4, propagate like ‘

6Q3s m, 6B, Y29 Y2
= 2— - 9 J 74
QisE, E; © {2 cot By sin U J 69 © sindgn 89an (74)
da9 1, 8B, { Yo } 1 -y
= - &9 75
L29 B, Et ® cot ‘ﬁl sin 195 &9! © sin 'ﬂqh ah ( )
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5.3.3 The Constrained Kinematic Fit

The kinematic of neutral current events is over— determined and can be evaluated from
the measurement of electron variables or hadron variables or combinations of both.
Which of the many possibilities should be used depends on the precision obtained finally
for z, y and Q?. These are very different for the various kinematic regions and therefore
one would have to choose alternative algorithms depending on the phase space area
considered. This however is dangerous because changing from one method to another
at some boundary might introduce threshold effects in the resulting distributions.

Here an attempt is made to avoid these difficulties by using a method that takes
into account the measurement errors from the electron and hadrons in the calculation
of the event kinematic. For over— determined systems, the standard method promis-
ing optimum resolutions is a constrained kinematic fit. This is independent of the
kinematic region considered because in any case all event information, including mea-
surement errors, are taken into account. In the following a new ansatz for such a fit will
be introduced. Besides solving the difficulties mentioned above, it will be shown that
this ansatz provides a powerful tool to reject badly measured events and to distinguish
different physical processes.

The basic idea is not to fit directly the kinematic variables z, y, Q?, as it has been
suggested by other authors. This would mean to loose the azimuthal () information of
the event (only | Pr| would be constrained). Instead, the measured 4-vectors pg, pa of the
scattered lepton and hadrons are fitted directly with respect to 4-vector conservation.
Let p, be the 4-vector of a possible photon from initial state radiation, which is (in most
cases) not observed in the detector:

Pe +Dp = Py + e+ DPr

The radiated - is assumed to be collinear to the electron beam giving for the transverse
momentum components P, ¢, Py of the lepton and Fyp, Py,n of the hadrons

P+ FPor=0 (76)

Pyy+ Pyp =0 (77)

Since a large fraction of hadronic energy is lost in the beamhole only the combination
"B ~ P,’ is considered (like in the Jacquet— Blondel formulae). Neglecting proton and
electron masses and using F, = —P,, and E, = —P,, yields

2E, =2E, + (B — P,) + (B, - P,) (78)

So there are three constraining equations and one unmeasured variable E.,.

The results of the fit are an improved reconstruction of the electron and hadron
momentum vectors and the radiated photon, which was not seen in the detector, will
also be reconstructed.
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Figure 27: Photon energy and x* probability distribution as obtained from the con-
strained fit,

Figure 27 shows, as a result of the constrained fit, the reconstructed energy of the
(unmeasured) radiative photon. The fitted energy is well correlated to the generated
value even at energies as low as =~ 3 GeV. The corresponding probability function P(x?)
distribution is flat as expected with exception of the first bin. This was found to be due
to events with either high leakage outside the detector or with secondary interactions of
particles in the tracking chambers. Sometimes the fit is also disturbed if those hadrons
which are lost in the beamhole have very large transverse momentum. Since sll these
cases have not been treated in the covariance matrix, some increase at low P(x?) is
expected and obviously, a cut at P(x?) < 0.05 is a powerful tool to suppress badly
measured events. This cut is also very well suited to distinguish neutral current from
charged current events as P(x?) is seusitive to missing transverse momentum.

The kinematic variables can now be calculated by replacing the energy of the in-
coming electron with help of the fitted v~ energy Ef = B, — Ef, As initial state
radiation is now taken into account explicitly and the fit enforces consistency in the Py
and B — F,’ measurements between the scattered lepton and the hadrons, all differences
of the various reconstruction schemes mentioned above have disappeared. Any formula



5.3 Reconstruction of Leptoquark Masses 75

can be used then, with the fitted lepton or hadron vectors, to determine &, where 2P, is
the momentum of the parton entering the hard interaction. The mass of the leptoquark
is then determined by

. B

& 2

Figure 28 shows a comparison of the various reconstruction methods with the fifting
procedure suggested here for a scalar leptoquark of I 1@ = 100 GeV. As discussed in

2
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Figure 28: Mass reconstruction in dependence of y using only the eleciron, only the
hadrons or the constrained fit.

chapter 3.3, the natural width is expected to be very small, and the cross section is flat
in y.

For the calculation of the leptoquark mass in the first two figures, the equations
M gQ = x48 and M. }EQ = xp8 are used (see eq. 25). Therefore, the experimental signature
shown here can readily be explained with the kinematic relations derived in the previous
sections,

The upper left plot shows the reconstruction with help of the measurement of the
scattered eleciron only. The experimental mass resolution is rather good at high y and
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decreases substantially at lower y. This behaviour is expected from the 1/y dependence
of the error on the & measurement as derived in equation 36. Tails in the distribution
are also visible towards high masses at high y and towsrds low masses at low Y. These
events are due to high energetic initisl state radiation from the electron. The shift in
the observed mass corresponds to equation 41,

Compared to this, the hadronic measurement shows 2 rather complementary be-
haviour. The resolution for z is very limited at high y, which is a consequence of the
1/(1-y) dependence on the hadronic energy measurement (see equation 51). Also the ef-
fect of initial state radiation shows up at high masses and low y respectively low masses
and high y. This is indeed anticipated from equation 55.

In both schemes, the few events at large y and low masses originate from a misiden-
tification of the scattered electron.

The result of the fitting procedure is clearly a big improvement of the mass resolution,
Also the tails due to initial state radiation are recovered. The experimental width
~ 2 GeV) has become almost independent of y which very much simplifies a further
separation from deep inelastic scattering background.

In summary the fit has the following advantages:

o All event information from the electron and the hadrons are taken into account.
They are properly weighted with their experimental errors,

o Optimum use is made of the fact that the kinematic is over— determined. This
includes the azimuthal structure of the event,

o Consistency between the electron and hadron measurement is enforced. There is
no longer an ambiguity of how to reconstruct the kinematic variables.

¢ Events with bremsstrahlung of the incoming electron are tagged.
The fitted v~ energy can be used to reconstruct the kinematic variables at the
hard interaction independent of initial state radiation,

o The method is independent of fragmentation effects since only the total energy
flow is used. No approximations are made on jet masses.

e Beambhole effects are suppressed by using only "By — P,,". This is similar to the
Jacquet— Blondel method.

e The x? of the fit gives a handle to separate neutral current from charged current
events.

¢ Badly measured events can be rejected by a cut in 2,

o Another application of the constrained fit is the possibility to distinguish lep-
toquarks and deep inelastic scattering from photoproduction events of light and
heavy quarks. This will be considered in chapter 6.1.
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It is noted again, that this method of applying a constrained fit is valid for every type
of event which is balanced in transverse momentum (does not contain a neutrino). This
is the only necessary requirement. The results arve always improved event parameters
which can be used further on. In case of the analysis presented here, they have been
used to control radiative corrections and to improve the measurement of the leptoquark
mass and of z. In DIS analysis, the results might well be used in the same sense, but
may be also for the reconstruction of ¢ and Q?, ignoring effects of initial sate radiation.
Also in photoproduction processes, the fit can be used to determine the energy of the
primary electron, and thereby of the initial photon.

An additional field of application is the calibration of the detector. Requiring mo-
mentum balance in the transverse plane might allow to check or even constrain calibra-
tion constants of the calorimeter. This however needs further studies.

However, the result of the fit will get uncertain, if the total transverse momentum
of the event gets close to the losses of transverse momentum due to particles, which
disappear undetected in the beampipe. In these kinematic regions, the fit might even
disturb the measurements and has to be avoided.

5.3.4 Kinematic Influence of QCD Effects

Being colour triplets and octets, leptoquarks and leptogluons are strongly interacting
particles. This leads to the question, whether parton shower and fragmentation effects
may destroy the nice experimental signature of a state with a width in the order of 1—
2 GeV,

Unfortunately, a complete higher order matrix element calculation for QCD ef-
fects is not available for ep scattering!®. In alternative, the COMPOS gemerator uses
the Lund Jetset parton shower monte carlo. However the parton shower is not applied
to the leptoquark directly, but only in the final state to the quark from the decay and
to the 'diquark’ remnant of the proton. In the fragmentation, both together are consid-
ered to be the colour singlet in the string fragmentation. This is only a, may be crude,
approximation, as the following discussion will show.

Since for a numerical study a more elaborate event simulation would be necessary,
only qualitative arguments can be given. Especially, the kinematic influence on the
reconstruction of the leptoquark mass will be considered for those effects which are not
taken into account explicitly in the simulation.

There are two basic items which influence the measurement of the mass:

o If due to some effect the 'velocity’ (expressed in terms of 'Erg — P,1q’) of the
leptoquark is changed, then this will be seen as a difference in the y (and therefore
also ) measurements from the electron, y, and the hadrons, ys.

Brg — Porg = 2B.(1 — ye + yn)-

19See however chapter 3.3 and [15]. For pp collisions largs corrections to cross sections have been found
[37).
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Pigure 29: Parton shower and fragmentation in leptoquark events. See the text for
ezplanations.

One example for this is given in the discussion of QED radiation in chapter 5.3.3.
Whatever the physical reason, the constrained fit will interpret any such occur-
rence as an initial state photon and therefore compensate automatically for it! In
the further discussion, this case will therefore be just ignored.

On the other hand the leptoquark might get transverse momentum, which means
that the decay products will not longer balance each other in Pr. Since the
totsl event is still balanced the fitting procedure cannot identify this case. The
azimuthal angle of the decay is not correlated to the direction of Prpq so the
result is & random fluctuation for Pr of both electron and hadrons and therefore
also for Q? and =.

A schematic illustration of the following discussion is given in figure 29. The kine-

matic effects avise mainly from parton showering and from fragmentation, but for com-
pleteness also bremsstrahlung is shown.,

Initial state bremsstrahlung from the electron labeled ’py;’ has been extensively
discussed before and can be compensated for.

Final state bremsstrahlung (p,,s) is generally less important since the photon is
most often collinear with the final state electron and is thus measured with the
electron in the same calorimeter cluster.

Through initial state parton showering (PSrs) the quark from the proton might
get some iransverse momentum before fusing with the electron.

After the electron— quark fusion the leptoquark will radiate gluons (PSrq) and
thereby get some transverse momentum. Since it is very heavy, radiation should
however be very much suppressed in comparison to initial state parton showering
from light gquarks.
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o The width of leptoquarks and leptogluons accessible at HERA ranges from ~ 0.01
MeV to 100 MeV. To give an example, a leptoquark with Mgy = 100 GeV and
A = 0.01 has a velocity of § = 0.47 and a lifetime of more than 10~%! seconds.
After this time the leptoquark and the proton remnant are more than 100 fm
apart. However confinement becomes important already at ~1 fm. So one has to
assume that the leptoquark itself participates in fragmentation before it decays
(F1). (As mentioned above, the available event generator does not consider these
effects for the leptoquark and applies parton shower and hadronization only to
the leptoquark decay products.) Therefore, at larger distances, colour forces be-
come strong and strings to the proton will influence the leptoguark., Finally the
leptoquark will be bound into some colour— singlet 'meson’ or "baryon’- like sys-
tem (compare also [15],[34]). For the kinematic this means, that some additional
transverse momentum is added. The situation is analogous to the fragmentation
of heavy quarks which are also stable enough to create mesons, Ignoring that the
leptoquark is not a fermion, one might argue that the fragmentation function of
the leptoquark should behave similar to those of heavy quarks, which are known
to be very hard. This would mean that the leptoquark is almost unaffected by
the fragmentation process.

The final ’meson’ however will have some mass, different, but close to the lep-
toquark mass. It is well plausible, similar to the spectroscopy of heavy quark
mesons, tv assume the existence of several mass states within the observable mass
range. This would lead to a completely new experimental signature.

o Then the decay of the leptoquark inside this colour— singlet will happen. This is
a state with light quarks only and substantial parton shower (P Syy, PSy,) effects
are to be expected. The quark partner of the leptoquark in the meson will behave
like a spectator jet, while the gquark from the leptoquark decay gets high transverse
momentum.

How to estimate the size of all these effects is not clear, and requires a detailed monte
carlo study with & modified event generator. Even if one ignores the effects denoted by
PSpg, F1 aund the creation of a meson, there are remaining uncertainties.

Through final state parton showering the quark originating from the decay of the
leptoquark acquires some mass my,. Two different models for the treatment of this
mass in the decay have been suggested. The authors of the COMPOS program, which is
used in this analysis, considered the decay and the parton shower to be independent
and consecutive steps. In the PYTHIA generator however, the decay of the leptoquark is
treated like 2 decay into a heavy quark of mass mpg , which changes substantially the
decay kinematic. This difference in the treatment of final states yields for PYTHIA to a
shift to lower reconstructed masses

1-p
2 — 2
Mrecom, - MLQ 14+ "(‘!‘Ey‘ (79)
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2
" T ° . © a °
with p = E—/I-gi, In principle m,, can be measured but this would sgain introduce some

dependence on jet algorithms. The effects of the PYTHIA~ treatment for the final state
parton shower is shown in figure 30. The sharp peak in the mass distribution has got
tails towards lower reconstructed masses as expected from equation 79. In comparison
to this the effect of initial state parton showering and initial state bremsstrahlung seems
to be moderate. The calculated shift in the mass is independent of the reconstruction

scheme.

Following the scheme used in PYTHIA the number of events inside the expected signal
area (and the limits) would be reduced by about 10%.

The size of all other effects are not known and their determination would need
improved event generators.
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electron (lower figures). The left figures show the effect of final state parton showers,
the right ones the combination of initial and final state parton shower and initial stale

radiation (ISR).
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6 Results

6.1 Background from Photoproduction

Looking for rare processes requires a very good knowledge of any background at the
level of o few events. The extremely high cross sections for the photoproduction of light
and heavy quarks imply thet in spite of different topology these might contribute to
the background for leptoquarks. Possible reasons are large accidental fluctuations on
the generator level or imperfections in the detector performance. Therefore a system-
atic survey of the non deep inelastic background was performed using the PYTHIA 5.6
generator [46] for direct and resolved photon processes including c¢ and bb production.

In most of these reactions, the scattered electron is not visible but disappears in
the beamhole. However, another real or misidentified electron with high transverse mo-
mentum might then be assumed to be the primary scattered electron. One example
for this are clectrons originating from the decay of heavy quarks. Also prompt photons
may contribute to the background if they produce an asymmetric electron pair in the
beampipe. Such photons are typically balanced in transverse momentum by a jet and
therefore show the topology of a deep inelastic event. In addition, misidentified elec-
trons, as an example from 7 — 7 overlaps, might be produced by any physical process.
For these reasons all direct and resolved photoproduction processes have been analyzed
with special emphasis on potentially dangerous channels. Table 6 gives an overview
of the considered number of events and the corresponding statistical significance. All
together 0.2 million events have been simulated for the HI detector.

| final state | # events | luminosity |
& 100000 | 0.25 pb~ T
b3 6000 | 30 pb!
jet— 7, Pr >3 GeV 2000 17 pb~t
jet— jet, Pr >3 GeV 83000 | 0.07 pb™?
Pr > 10 GeV 5000 | 0.28 pb~?
Pr > 20 GeV 9000 | 12 pb?

Table 6: Simulated photoproduciion events and the corresponding integrated luminosi-
ties. Pp is the minimum transverse momentum of the partons in the hard scatiering
process.

To suppress the photoproduction background four basic cuts have been applied.

o For the electron, a simple fiducial cut with respect to the most problematic (¢)
cracks in the calorimeter is applied in order to avoid too large measurement un-
certainties.
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® Only those electron candidates arve accepted which are isolated in a pseudorapidity~

@ cone of \/_(-5-77)2 + (8p)* < 0.3. This reduces both the background from decays
of heavy quarks and from accidental = — v overlaps, since in most cases a jet is
expected to be relatively close by.

o In semileptonic b(c)-decays the electron is accompanied by a neutrine and there-
fore often also by missing transverse momentum. In this case, the same P(x?) cut
as mentioned sbove turns out to be very efficient because the constrains in the fit
require Pr balanced events.

In addition, also the constrained fit suggested in chapter 5.3.3 can be applied to distin-
guish leptoquark and deep inelastic scattering processes from photoproduction events
with light and heavy quarks. The principle is to use the sensitivity of equation 78 for
undetected energy losses in the the backward direction (-z). In case of photoproduction
events, this energy is most often due to the scattered electron. This distinguishes them
from DIS events and allows an additional consistency check on the event interpretation.

Equation 78 shows that the fitted photon energy Ef* does not depend upon which
of the particles is considered to be the scattered electron. The equation is symmetric
under exchanges of leptons and hadrons. If however the real scattered electron was not
observed but lost in the beamhole, then Ef’ is essentially equal to the energy of just
this scattered electron Hj. Figure 31 illustrates the experimental result of Ef‘ for the
photoproduction processes of table 6 after having applied the cuts mentioned before.
The events at high B = Ff* origin mainly from events with a low transverse momentum
Py at the hard interaction vertex and vice versa.

e A cut at E,f‘ < 10 GeV obviously suppresses a large fraction of the non— DIS
background. The loss in efficiency for the leptoquark signal is negligible since the
photon spectrum from initial state radiation is decreasing rapidly with increasing
photon energy.

Equation 78 may also be written
E:;’it = E, (y{ie . y’f:‘t)

where yft, yf‘ are computed from the fitted electron candidate and hadron vectors. So
figure 31 just shows the difference in the y measurements from the electron and the
hadrons illustrating thereby the inconsistency of the interpretation as a deep inelastic
scattering or leptoguark event.

However, it must be stated that the remaining background is not really under control
since the huge number of simulated events still corresponds to a rather small integrated
luminosity and does not allow firm statements concerning tails of the distributions.
On the other hand, it is natural to assume that the high Pr leptoquark events can
only be mixed up with ’relatively high’ Br photoproduction events. For these the
simulated number of events is sufficiently large and the result shown in figure 31 indicates
that the remaining background is well below the unavoidable deep inelastic scattering
background. The photoproduction background has therefore been neglected for the
calculations of limits.
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Figure 31: Fitted v spectrum for photoproduction events of light and heavy gquarks to-
gether with the remaining background distribution in the mass-y plane aofter a cut of
E,{“ < 10 GeV. Both figures ave normalized to correspond to an integrated luminosity
of 1pb~t.

8.2 Background from Deep Inelastic Scattering

Neutral and charged current events are characterized by just two kinematic variables if
the effect of initial state bremsstrahlung is corrected for. Since the mass resolution and
y are fairly uncorrelated (figure 28) these variables are chosen to separate leptoquark
events from the deep inelastic scattering events. This is a complete description of the
events, and no additional variables should be used. They would just insert redundancy in
the cuts or cause sensitivity to the hadronic final state. With respect to the uncertainties
discussed in chapter 5.3.4, this has to be avoided.

The DIS events simulated correspond to an integrated luminosity of 150 and 250
pb~? respectively for @* > 300 @eV?, Figure 32 shows the DIS background in the
invariant mass— y plane obtained after the fit. Overlayed are random events from a
scalar leptoquark illustrating the different y— dependence of signal and background.

The separation is performed with independent upper and lower cuts for Mpg and y.
In an optimization procedure these four cuts are varied until best limits are obtained.
Because of the varying y-shapes of background and signal, this has been carried out
separately for neutral and charged current events of scalar and vector leptoquarks (and
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Figure 32: Background from DIS evenis for [ Ldi = 100pb~". Overlayed are events
from a scalar leptogquark of Mg = 200 GeV.
left: neutral current events, right: charged current events.

for leptogluons). Ounly events at very high and very low y are excluded (0.05 < y < 0.95)
since in these regions radiative corrections are expected to become important for the DIS
cross section. Figure 33 shows the optimized cuts in y. The much better mass resolution,
obtained by the fit in comparison to other methods, allows to extend the measurement
to much lower y. As result of the optimization procedure, leptoquarks with high masses
can be separated from background in almost the whole y range. At lower masses the
DIS background becomes more and more significant. For scalar leptoquarks decaying
into an electron, the lower y cut has to be raised to ~0.3 for Mg = 200 GeV and to
0.6 for Mg = 100 GeV. For vector particles the cross section drops at high y making
the low y region even more important. This also holds for decays into neutrinos because
of the decreasing mass resolution obtained at high y with the hadrons alone (right part
of figure 32).

6.3 Limits for Leptoquarks

Model independent exclusion limits (based on Poisson statistics) for cross sections x
branching ratio (BR) of any narrow resonance in the electron— parton system are pre-
sented in figure 34. Here, narrow means that the natural width of the resonance has to
be somewhat less than the experimental mass resolution (I' < 2 GeV). Generally the
Limits for neutral current topologies are better because the mass resolution is improved
at high ¢ and the background distribution is falling steeper with increasing y. Due to
the different y shapes, a smaller cross section is detectable for scalar leptoquarks than
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Figure 33: Optimized lower and upper cuts in y for scalar and vector leptoquarks with
decays in electron and neutrino for [ Ldi =100 pb~t.

for vector particles. It is also noted that an increase of the integrated luminosity from
10 to 100 pb~* is improving the final limits only by a factor 3. The statistical limit
of three events (95% confidence level) is reached for neutral current topologies at very
high masses, indicating that the background vanishes.

Now it is straightforward to obtain limits in terms of masses and coupling con-
stants for any specific model if the branching ratios into electron or neutrino are known.
Considered are all possible leptoguark couplings given in the framework of baryon and
lepton number conserving, dimensionless, SU(8). x SU(2)r x U(1)y invariant couplings
discussed in chapter 2.6 and in [27]. Only decays to leptons and quarks of the first
generstion are analyzed. Here the branching ratios are well defined and limits in the
mass versus coupling constant plane are obtained (figure 35 and 36). The couplings
correspond to the crossections given in table 8. Naturally the limits are much better
for leptoquarks with couplings to quarks than to anti-quarks. However, it would be the
opposite situation if a positron beam becomes available at HERA.

Limits for a possible discovery of leptoquarks at HERA are shown in figure 37 and
38. As before the limits have been obtained by an optimization of the cuts in the mass—
y plane, The requirement for a discovery has been

o a b standard deviation effect above background

e at least 10 events.

The leptoquark discovery limits are at most a factor 2 worse compared to the exclusion
limits.
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Figure 34: 95% confidence level exclusion limits for cross section X branching ratio of
any naerrow resonance in the lepton parion system.

From this general description, also limits for more specific models can be obtained.
As an exarople, the recent suggestion [5] to 'save’ SU(5) from disagreement with exper-
imental data can be tested at HERA. In this model leptoquarks of the type 5’1/2 are
introduced. The corresponding limits in figures 35, 36, 37, 38 are directly valid for this
model. For the connection to other models it is refered to chapter 2.6.

As discussed above, the most restrictive bounds from other experiments are Mpg >
72 GeV and Mg, s,,v,v;, = 1.7 TeV x Az as shown in figure 1.

Obviously HERA has a great potential to improve these bounds or even establish
the existence of such exotic particles, for masses up to almost the kinematic limit and
for Yukawa couplings at least one order of magnitude below the region observable up
to now. The Yukawa couplings envisaged are already much weaker than for instance
the electromagnetic gauge interaction. As an example for a scalar leptoquark decaying
with equal probability into electron and neutrino, couplings of A*/4m = 4-107* - a,, at
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Myg = 100 GeV (\*/dw = 4.107% . o 8t Mypg = 250 GeV ) might be excluded.

6.4 Limits for Leptogluons

The topology of events with leptogluons is very similar to those with leptoquarks. The
decay in a gluon instead of a quark only alters the hadronic final state. The constrained
fit as well as the other reconstruction methods are independent of fragmentation effects.
They only use the overall energy flow, which is not affected. Due to this, all results
of chapter 5 are also valid for leptogluons. Also the relation to the background from
photoproduction and DIS is equivalent. So all analysis steps are perfectly the same,
and the results only differ due to the spin of the leptogluon and the absolute size of the
cross section.

The remarkable sensitivity of HERA for the scale A is shown in figure 39, With an
integrated luminosity of 100 pb~?, the high production cross section will allow to explore
values between A = 80 TeV for low masses and A = 1 TV close to the kinematic limit.

exclusion limits discovery limits
4 d 4

> 100 ¥ T > 100 T
= —— L=10pb~' = - — L=10pb™"'
~ S 2 L= 10bp! ~ (= 10bps"!
< \ <
\
N
N
N
\ .,
101 ] ]
1 1 1 L 1 \ 1 i A L i Ry
100 200 300 100 200 300
ieptogluon rmass /GeV leptogluon mass /GeV

Figure 39: Bzclusion limits (left) and discovery potential (vight) for the scale A from
leptogluon production. The structure function used is from ref. [28].
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6.5 Measurement of Quantum Numbers

Assuming a signal in the invariant mass spectrum, several methods are available in order
to measure the quantum numbers of the observed resonance and the properties of the
couplings. In the framework described in table 7 these are:

e The spin and therefore the shape of the differential cross section ‘j—: allows a sepa-
ration of scalar leptoquarks from leptogluons and vector leptoquarks. Since scalar
leptoquarks are easier to detect than vector particles (figure 34), this difference
will become obvious as soon as & signal within the cuts for vector particles is
detected. Leptogluons however show in fact a very similar behaviour compared
to vector leptoquarks and a much larger statistic would be needed to differentiate
them.

e For some of the leptoquarks and for the leptogluons the decay in a neutrino is
impossible while for all others the branching ratio BR = I-L%—:Z% is in the order of
one. Table 2 gives an overview of the relative probability of finding an electron
or & neutrino event for a given leptoquark. So, a signal in the decay mode with
an electron allows to predict the number of decays with a neutrino. As soon as
statistics allows to observe these events, a separation between different leptoquark
species will be feasible.

o Almost all species may be distinguish on behalf of the helicity structure of the
coupling if a polarization of the electron beam and a positron beam becomes
available.

e Leptogluons might be separated from leptoquarks if the jet from the decay cen
be identified as » gluon or a quark jet. This however will be rather uncertain on
an event by event basis and is especially doubtfull in view of the fragmentation
effects discussed in chapter 5.3.4.

Table 7 gives an overview of how to disentangle the various left and right handed cou-
plings. This can be used to decide, in case of a signal at HERA, which of the theoretical
models predicting leptoquarks (chapter 2) is more favourable. As an example, the
'SU(5)- saver’ model including the 5’1/2 leptoquark can be distinguished from the su-
perstring inspired F(6) theory containing the S, leptoquark with help of the different
ratios of neutral to charged current events.

6.6 TUncertainties

The structure functions used for event generation have never been measured but are
extrapolated from experimental data at much lower Q. In the region of interest, the
existing parameterizations differ by about 10%. Uncertain is, in addition, the choice of
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Table 7: Separation methods for scelar and vector leptoquarks end leptogluons. Eniries
in the two tables can be separated via angular decay distributions. 'BR’ means branching
ratio, 'P’ means polarization, ‘e™’ a positron beam. A ’?’ requires either a target with
a different quark content or ¢ neuirino esperiment. For the description of the various
couplings see chapter 2.6.

the scale Q? used in the evaluation of the structure function. However the cross section
of both background and signal depend on the uncertainties of the structure functions
in the same way. Due to Poisson statistics the cancellation is not perfect but can be
neglected for the evaluation of limits in comparison to the statistical errors.

The fragmentation effects for leptoquarks and leptogluons discussed in chapter 5.3.4
are not included in the event generator. Generally they will have the effect of broadening
the natural width of the particle. If this exceeds the experimental mass resolution, the
limits presented would be weekend correspondingly. This needs further investigations
with improved event generators.

Radistive corrections, which are not included in the background simulation, are
expected to increase the event rates for DIS at high y. However, the Born cross section
at high v is rather low and events with initial state bremsstrablung are effectively
tagged by this analysis. Furthermore, a cut at y = 0.95 was applied. Nevertheless, a
more detailed study is needed here.

The statistical uncertainties due to the huge photoproduction background have al-
ready been discussed earlier.

The absolute calibration of the different calorimeter stacks will not be known rauch
better than 1- 2%. This will result in shifts in the mass distribution, which depend
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on the angle of the electron and the quark jet in the detector and therefore on y. In
the worst case the limits for the coupling constant of a 200 GeV leptoquark might be
decreased by =30% . A correction of the same order would be caused by an additional,
energy independent term in the energy resolution. Preliminary test beam results of the
H1 calorimeter indicase [74] that for the weighted resolution this term is below 1% and
thus presumably less critical than the absolute intercalibration of stacks.
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7 Conclusion

Leptoquarks are colour triplet states which couple to leptons and quarks. They are
predicted as a natural connection between the quark and the lepton sector of particles
by Grand Unifying Theories, Supersymmetry, Superstring inspired E(6) models, Tech-
nicolour and Compositeness scenarios. Specifically in certain Compositeness models,
also the existence of colour octet states called 'leptogluons’ is possible with vertices to
leptons and gluons.

HERA as an electron— parton collider will be the ideal source for these possible,
exotic particles. Their dominant experimental signature would be the decay into an
clectron or neutrino and a jet balancing each other in transverse momentum. This
topology is indistinguishable from deep inelastic scattering events. Leptoquarks and
leptogluons would appear as very narrow resonances in the Standard Model Bjorken
z distribution at 2 = M?/s, where M is the mass of the new particle and /s is the
center of mass energy. Therefore, neutral and charged current events constitute the
most important background for leptoquarks and leptogluons. Other possible sources of
background are expected due to the huge cross sections for the photoproduction of light
and heavy quarks. Both processes will lead to more than 107 triggers per year.

Technically, an analysis of so many events is difficult especially due to the very
time consuming event simulation. Therefore, & new monte carlo for the HI detector
was developed, which is at least 300 times faster than other programs and allows to
simulate 10° events per day on a mainframe computer. The program describes in detail
the geometric acceptance, the efficiency and the resolutions of all detector components.
Also non gaussian effects like passive material and cracks in the calorimeter, leakage,
double hit resolutions in the tracking devices, particle decays and secondary interactions
are included. Reconstruction algorithms are simulated as well in order to avoid slow
pattern recognition programs. Applications for this monte carlo are seen mainly in the
development of analysis strategies, for unfolding procedures and for the determination
of systematic errors. Furthermore, such a fast simulation is presumably the only choice
for the simulation of large background event samples. In this case, it can be used also as
a first filter step before a detailed simulation of potentially 'dangerous’ events is done.

For the analysis of leptoquarks and leptogluons decays into neutrinos or electrons are
considered separately. Events with neutrinos are tagged by asking for a large missing
transverse momentum. The mass of the leptoquarks may be reconstructed from the
hadronic energy flow alone.

For neutral current signatures the decay electron has to be identified. In the mass
range of interest for leptoquarks and leptogluons, purely kinematic and topological argu-
ments, namely the requirement for an isolated particle with high transverse momentum
are applied. All further cuts are based on a constrained kinematic fit which enforces
momentum balance in the transverse plane. This fit can be performed independent of
fragmentation effects and of initial state radiation. The primary result of the fit are
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improved messures for the electron and the hadrons. Also the energy of an undetecied
photon from initial state radiation is reconstructed this way. This is used to

o separate photoproduction events from leptoquark and deep inelastic scattering
events

o distinguish neutral current from charged current events by a cut in the x* of the

fit
e correct for initial state bremsstrahlung
e reject badly measured events by a cut in the x* of the fit

e reconstrict in an optimum way the event kinematic in deep inelastic neutral cur-
rent events

o reconstruct the leptoquark mass with a precision of about + 2 GeV.

Deep inelastic scattering events can be distinguished from leptoquarks and leptogluons
only on a statistical level. Beside a cut on the reconstructed mass, the Bjorken variable y
is used for this separation. For all different leptoquark species, these cuts are optimized
in order to achieve best exclusion limits. The good mass resolution obtained by the
constrained fit improves the final efficiency by about a factor 2.

Limits for leptoquark detection have been evaluated in a model independent analysis
for all possible, dimensionless, SU(3), x SU(2)y x U(1)y invariant leptoquark couplings.
They show that up to almost the kinematic limit of 314 GeV, couplings one order of
magnitude below present bounds can be explored. To give an example, couplings as
small as 4 - 10™% . a, for Mpg = 100 GeV (4-1073 - agyp for Mypg = 250 GeV ) can
be excluded for scalar leptoquarks. For leptogluons, the compositeness scale can be
tested between 80 TeV at low masses and 1 TeV at a mass of 300 GeV. Furthermore,
a measurement of the quantum numbers of leptoquarks and leptogluons is feasible and
would allow a distinction of these species. In most cases, theoretical models can thus
be distinguished by measuring just the branching ratios into electrons and neutrinos.

Remasining uncertainties are due to fragmentation effects and to the absolute cali-
bration of the calorimeters.
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