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Abstract

Multi-parton interactions (MPIs) and the underlying event are believed
to contribute to the hadronic energy flow in hadron-hadron collisions
and possibly even lepton-hadron collisions. Two measurements are
presented here, each of which may be sensitive to MPIs. Both were
conducted at the HERA electron-proton collider: a three- and four-jet
analysis in photoproduction and a mini-jet analysis in deep-inelastic
scattering (DIS) made by the ZEUS and H1 collaborations, respec-
tively.

1 Introduction

The underlying event is a generic term for all energy flow not associated with the primary process,
however, defining what constitutes the primary process is non-trivial. As a working definition,
the primary process may be thought of as the idealised parton-parton interactions that would
occur if the beams were simply sources of quasi-free partons. The primary interactions would be
completely insensitive to the incoming particles (beyond their PDFs) and beam remnants. The
underlying event, then, is everything else that can affect the primary process and contributes to
the event. Thus, effects like secondary remnant-remnant interactions and multiple-scattering,
as a primary parton re-scatters off the remnants, may contribute to the underlying event. Both
contributions will be referred to as multi-parton interactions (MPIs).

Remnant-remnant interactions are only possible following a hadron-hadron-like collision
since it is the composite nature of hadrons that leads to there being remnants. Multiple-scattering,
however, only requires one of the incoming particles to be a hadron so may also be present in
lepton-hadron interactions. Remnant-remnant interactions, in particular, may occur at a scale
hard enough to generate additional jets and so constitute a potential source of multi-jets in the
final state.

The electron-proton (ep) collisions at HERA [1], with a centre-of-mass energy, /s =
318 GeV, may be mediated by either direct or resolved photons. In a direct collision, the pho-
ton interacts as a point-like particle whereas in a resolved event, the photon fluctuates into a
partonic system prior to interacting. The four-vector of the exchanged photon is denoted by gq.
In events with a virtuality, Q% < 1 GeV?, where Q> = —¢?, which is a positive quantity at
HERA, the photon is long-lived with respect to the characteristic interaction time. Such events
are referred to as photoproduction events and the exchanged photon may fluctuate into a par-
tonic system. In higher Q2, deep-inelastic scattering (DIS) collisions, the resolved behaviour
of the photon is suppressed and direct interactions dominate. Thus, both remnant-remnant and
multiple-scattering may be present in a photoproduction sample, whereas the former is expected
to be suppressed with increasing Q2. The underlying event has been studied before at HERA in
photoproduction collisions [2] but not in DIS.
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Fig. 1: Measured cross section as a function of (a) M3; and (b) M4; (solid circles). The inner and outer error bars and
the shaded band represent the statistical, the statistical plus systematic and the calorimeter energy scale uncertainties,

respectively.

2 Three- and four-jet events in photoproduction
2.1 Introduction

Multi-jet events may be produced by primary processes beyond leading order (LO) in the strong
coupling constant, o, or, as described above, by the overlay of a hard remnant-remnant interac-
tion onto a LO primary process. Moreover, even soft MPIs may affect the distribution of multi-jet
events by adding to or redistributing the energy flow generated by a beyond-LO primary process.
More specifically, the lowest order primary process capable of generating an n-jet direct pho-
toproduction event, in the absence of a hard MPI, is O(aa?~!), where « is the fine structure
constant.

The multi-jet analysis by the ZEUS collaboration looked at photoproduction events Q2% <
1 GeV?) that contained at least three (or four) jets with transverse energies, Eﬂﬁt > 6 GeV, in
the pseudorapidity range, |7*®'| < 2.4, and in the kinematic region 0.2 < y < 0.85, where y
is the inelasticity. These events were studied in two regions defined in terms of invariant n-jet
mass, M,,;, as 25 < M,,; < 50 GeV and M,,; > 50 GeV, and the cross sections were measured
differentially.

To assess the influence of MPIs in each of the four samples, that will be referred to as the
three- or four-jet, high- or low-mass samples, the data were compared to predictions from two
Monte Carlo (MC) programs, HERWIG 6.505 [3] and PYTHIA 6.206 [4] both with and without
simulated MPIs. The MPIs in HERWIG were simulated using a separate program called JIMMY
4.0 [5], which is an impact parameter model. The MPIs in PYTHIA were generated according to
the so-called “simple model” [4], available via an internal PYTHIA routine.



In addition, the three-jet cross sections were compared to the O(aa?) perturbative quan-
tum chromodynamics (pQCD) prediction by Klasen, Kleinwort and Kramer [6]. This was, at the
time, the highest order prediction available in photoproduction. It is only LO for the three-jet

process and so could not be compared with the four-jet data. ZEUS
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nentially with increasing M,;. Also shown < C \ ]
in Fig. 1 are the HERWIG and PYTHIA 10° L

predictions with and without MPIs, nor-
malised to the high-mass region (M,,; >
50 GeV). Both models without MPIs fail to
describe the M,,; dependence of the cross
section and significantly underestimate the
low mass data. The discrepancy is larger
in the four-jet case. With the inclusion
of MPIs, both scaled MC predictions give
a reasonably good description of the data
over the full M,,; ranges.

It is noted that the predicted influ-
ence of MPIs in the samples is highly sen-
sitive to the tunable parameters within the
models. The PYTHIA model was run us-
ing its default setting whereas the JIMMY
model was tuned to the data shown [7].

Figure 2 shows an O(aa?) predic-
tion, corrected for hadronisation effects and
MPIs, compared to the measured do /d M3,
cross section. The hadronisation and MPI
corrections, including their estimated un-
certainties, are given in Fig. 2b. The hadro-
nisation corrections are constant in M3,
while the MPI corrections increase signif-
icantly towards low M3;. The theoretical
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Fig. 2: (a) Measured three-jet cross section as a function of
M, in compared with an O(aqa?) prediction, corrected for
hadronisation and MPI effects. (b) The hadronisation and MP1
corrections as a function of M3;. (c) The ratio of the Ms;
cross section divided by theory. The theoretical uncertainty is

represented by the dashed bands.

uncertainties on both the MPI corrections and the pQCD predictions are large. The magnitude
and shape of the calculation is consistent with the data within the large theoretical uncertainties.
This is best seen in the data over theory ratio shown in Fig. 2¢c. The level of consistency between
data and theory would be far worse at low M3; if it were not for the large MPI corrections.



3 Mini-jets in DIS
3.1 Introduction

Although the presence of MPIs in photoproduction is far from universally accepted, their pres-
ence in DIS is even less so.

Investigation at HERA into low-x hard scattering, where x is the Bjorken scaling variable,
identifies the large contribution from diffractive events. Such events are described, in part, by
the exchange of pomerons. In a pQCD framework, the pomerons may be described by sums of
gluon ladders. With this description, applying the AKG cutting rules [8] (slicing through multiple
ladders, i.e. pomerons) highlights the potential importance of MPIs in DIS [9]. It is, therefore,
interesting to see if evidence of such a phenomenon can be identified within the data.

The H1 collaboration looked at DIS events with 5 < Q% < 100 GeV? and 0.1 < y < 0.7,
that contained at least one jet, defined using the k7 clustering algorithm [10] in the hadronic
centre-of-mass (HCM) frame, with Eﬂﬁt > 5 GeV in both the HCM and laboratory frames. Four
regions in azimuthal angle, ¢, were then defined with respect to the highest Eﬂ;ﬁf jet in the HCM
frame, as depicted in Fig. 3. This “leading-jet” was required to have —1.7 < ni* < 2.79 in the
laboratory frame and the hadronic system was required to have an invariant mass, W' > 200 GeV.
Finally, the average multiplicity, (Nminijot>, of so-called mini-jets, with E{,‘}ini > 3 GeV, was
measured in each of the four ¢ regions. A possible signature of MPIs would be an inflated value
of (Nminijet)» most noticeably, in the less populated, high- and low-activity transverse regions.

3.2 Results The Leading Jet
To ascertain whether the measured values of
(Nminijet) Were indeed large, the results were com-
pared to the predictions of three MC models, RAP-
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GAP [11], ARIADNE, based on the colour dipole /\,:TowardRegion N
model (CDM) [12], and PYTHIA. The latter model ) R
was ran with and without simulated MPIs, whereas ; ) B :\\l
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can be seen in Fig. 4 as a function of the transverse | ,‘,’

momentum of the leading-jet in the HCM frame, la- \‘\:,"’IA(P* =120
belled Pr ;; on the figure, and in three Q? bins. A N

The toward-region data are reasonably well de- ~ "------ " A% =140
scribed by all four MC models. The RAPGAP and
PYTHIA models marginally underestimate (Nminijet)
at low-Pr ; in the lowest Q? bin. The PYTHIA de-

scription is improved by the introduction of MPIs.

Fig. 3: Definition of the four azimuthal regions

used in the mini-jet analysis in DIS.

The away-region is well described by CDM and RAPGAP models but PYTHIA significantly
over-estimates (Npinijet) at low—Pilj in all three Q? bins, although more so at high—QZ. The
PYTHIA model predicts the away-region to be the least sensitive to MPIs.

The <Nmmijet> values, in the low- and high-activity regions, tend to be underestimated
by all of the models that do not include MPIs, in all Py, and Q? bins. The underestimation
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Fig. 4: The (Nminijet) data, in all four azimuthal regions, as a function of Pr ;; in three Q? bins. Also shown are the

predictions from four MC models.

of the data is more pronounced at low-Q? and low-Fr ;. The introduction of MPIs into the
PYTHIA model certainly aids the description of the low-Q? data, however, the affect of the MPIs
diminishes rapidly with Q? and the high-Q? data is still underestimated.

Conclusions, similar to those made using the PYTHIA model, were drawn from compar-
isons with the HERWIG model (not shown). The analysis was also performed on a subsample of
the data in which a second jet, with Py ; = 5 GeV, was observed in the away-region. Again, the
results were similar and not shown.

4 Conclusions

Effects have been observed in both photoproduction and DIS ep data that are suggestive of an
MPI contribution. More specifically, the ZEUS collaboration observed that the three- and four-jet
photoproduction cross sections are larger at low M3;(4;) than is predicted by two parton shower
MC models, and in the three-jet case, a LO pQCD calculation. This behavior is expected if MPIs
contribute to the data and two independent MPI models correctly account for the differences
between the MC without MPIs and the data. However, the prediction of MPI models are highly
tunable and the accuracy of the description of multi-jet final states by LO matrix element plus
parton shower MC models is not assured.

The H1 collaboration have observed a larger average mini-jet multiplicity in DIS events
than was predicted by both parton shower and colour dipole model MC models. In this case,
MPIs, as predicted by the PYTHIA model, improved the description of the data at low-Q?, al-
though were not predicted to influence the data at higher virtualities.
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