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Hard underlying event correction to inclusive jet cross sections
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Jets observed in hadron-hadron scattering contain a contribution from the ‘‘underlying event’’ that is pro-
duced by spectator interactions taking place incoherently with the major parton-parton collision, due to the
extended composite structure of the colliding hadrons. Using a recent measurement of the double parton
interaction rate, we calculate that the underlying event may be 2 –3 times stronger than generally assumed, as
a result of semi-hard perturbative multiple-parton interactions. This can have an important influence on the
inclusive jet cross section at moderate values ofET , persisting at the 5–10 % level to the largest observable
ET . We show how the underlying event can be measured accurately using a generalization of a method first
proposed by Marchesini and Webber.@S0556-2821~98!01311-3#

PACS number~s!: 13.87.2a, 12.38.Aw
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I. INTRODUCTION

The inclusive jet cross sectionds/dET , averaged over a
small range of pseudorapidity, is an important object
study because it tests perturbative QCD at the highestQ2

scale currently possible@1,2#. Beyond its potential for detect
ing physics beyond the standard model or confirming QC
the jet cross section is even beginning to play a role in
global data fitting used to measure parton distribution fu
tions @3,4#. It is therefore important to carefully consider a
systematic effects that influence the interpretation of
measurement.

Among those effects is the ‘‘underlying event’’ generat
by spectator interactions that can occur concurrently wit
major parton-parton collision, due to the extended compo
structure of the colliding hadrons. Simulations such as
HERWIG Monte Carlo@5# program include a ‘‘soft’’ underly-
ing event that is modeled by a parametrization of minim
bias data.1 However, there may also be ahard underlying
event: particles can be created by incoherent parton-pa
interactions at momentum transfers that are sufficiently la
for perturbative QCD to be a useful approximation, but mu
smaller than that of the interaction mainly responsible fo
given highET jet event.

Attempts have been made in the past to predict underly
event contributions, including the perturbative part that is
focus of our attention@7–9#. We make a new estimate her
based on a recent direct measurement@10# of the rate for
double parton interactions in hard scattering. In the follow
sections we derive the prediction, show how it can be in
pendently tested by experiment, and discuss its effect on
inclusive cross section.

*Email address~internet!: pumplin@pa.msu.edu
1Minimum bias events provide at best an imperfect model of

underlying event, since for example they always contain partic
while the soft underlying event can sometimes be absent, as sh
by the finite survival probability for inelastic events with large r
pidity gaps@6#.
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II. HARD UNDERLYING EVENT

To generate typical semi-hard perturbative final stat
HERWIG @5# was used to simulate QCD 2→2 hard scattering
at the Tevatron energyAs51.8 TeV, with the minimump'

parameter for the hard scattering set to a fairly small va
~PTMIN 52.0 GeV) that is nevertheless large enough
comfort with the perturbative calculation. This choice yiel
a cross sections550.6 mb, which is about equal to the fu
inelastic non-diffractive cross section (50.961.5 mb) @11#;
so we appear to be taking an extreme point of view in wh
that cross section is mainly generated by perturba
~‘‘minijet’’ ! interactions. The point of view is actually not s
extreme, since includings-channel unitarity effects, e.g., b
an eikonal model, would substantially reduce the cross s
tion on the basis that once one interaction has taken pl
additional interactions do not really add to the inelastic cr
section@12,13#. The soft underlying event feature ofHERWIG

was turned off~PRSOF50), since our goal is to study th
perturbative part of the underlying event.

If s1 and s2 are cross sections for distinguishable ra
parton-parton interactions, the cross section for both inte
tions to occur in the same event can be written as

sdouble5
s1 s2

seff
, ~1!

with the parameterseff conveying the probability for double
parton interaction.seff carries nonperturbative informatio
beyond the scope of ordinary parton distribution functio
since it relates to correlations between partons within
single hadron. It has recently been measured to beseff

514.561.7 2 2.3
1 1.7 mb @10#.

For a fixed small value ofs1, corresponding to some rar
hard scattering of type 1, Eq.~1! givess2 /seff as the prob-
ability for a second rare scattering of type 2. If this type
scattering is not rare, and it occurs randomly, the obvio
generalization of Eq.~1! is a Poisson distribution in the num
ber n of type 2 interactions that accompany a given type
interaction:
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Pn5
an

n!
e2a ~2!

with mean numbera5s2 /seff .
Our model for the hard underlying event therefore co

sists of superimposingn of the above minijet events from
HERWIG, with a Poisson probability distribution~2! of mean
a550.6 mb/14.5 mb53.49 . In doing this, we ignore
energy-momentum conservation effects in the sense tha
parton momentum distributions are taken to be the sam
in single-interaction events. This assumption should be
equate because the minijet interactions do not require a g
deal of energy, and thus come from partons at rather smax.
~More elaborate models@7,8# based onPYTHIA @14#, and@9#
based on HERWIG, have incorporated these energ
momentum constraints.! Meanwhile, the Poisson assumptio
could actuallyunderestimatethe frequency of 3 or more in
teractions, since these may be enhanced by ‘‘hot spots’
e.g., by strong spatial correlations between the partons
beam or target hadron associated with constituent qu
@15#.

In this paper, we focus specifically on the case of
underlying event in dijet production. However, it will b
valuable to look also atW, Z0, or lepton pair production
where the hard scattering makes a color-neutral object
there is no radiation associated with final state jets. Th
processes also share the advantage that the hard scatter

initiated byqq̄, which generates less radiation thanqg or gg.
Single jet final states such asW11 jet andg11 jet should
also be studied.

We generate events with jets of transverse energyET

.100 GeV usingHERWIG, and look at the total transvers
energy inside a control region cone R
5A(h2h0)21(f2f0)2,0.7, which is a size typically
used to define jets in the pseudorapidity-azimuthal an
‘‘Lego’’ plane @1#. The underlying event is by definition un
correlated with the jets, so to avoid the majority of the
ET , the control cone is centered a distanceR52.0 away
from both jet axes, in a manner to be described fully in S
III.

Figure 1 shows the distribution of transverse energyET in
the control region cone from theHERWIG soft underlying
event ~dashed curve! and from the hard underlying even
model~dotted curve!. The average values, which are releva
for the correction to the inclusive jet cross section as will
discussed in Sec. IV, arêET&50.84 GeV for the soft back-
ground and̂ ET&51.90 GeV for the hard background. Fo
comparison, Fig. 1 also shows the predicted contribut
from radiation associated with the hard scattering~solid
curve!, as given byHERWIG with the underlying event turned
off. It has ^ET&52.37 GeV.

The hard underlying event model predicts a substanti
larger ^ET& than the soft model. Taken as estimates of
average underlying eventET that should be added to a pe
turbative QCD calculation to predict the observed inclus
jet cross section, the difference is significant as will be d
cussed in Sec. IV — the more so if both mechanisms ope
concurrently, so their contributions toET should be added.
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Before turning to the influence on inclusive jet cross s
tions, we first consider how to measure the background ev
better.

III. OBSERVING THE UNDERLYING EVENT

An obvious way to measure the background event con
bution to jets is to look at theET distribution in a ‘‘control
region’’ cone of the same radius that is used to identify je
as discussed in the preceding section. Figure 2 shows
predicted probability distributions, which correspond to ad
ing the contributions described by Fig. 1:HERWIG with its
soft underlying event model included~dashed curve!, HER-

WIG with its soft underlying event portion replaced by th
hard underlying event model of Sec. II~dotted curve!, and
HERWIG with both underlying event models operative~solid
curve!. All three curves share contributions from the substa
tial QCD radiation generated by the principal hard scatter
and its color connections to the beam particles. This ma
the curves somewhat similar, but the differences are la
enough that a measurement of this controlET distribution
would give a useful indication of the background event lev

To measure the underlying event more accurately,
generalize a technique first advocated some time ago
Marchesini and Webber@16# — which has apparently not ye
been applied in its original form. The essence of the te
nique is to studyET simultaneously in two regions that ar
separate from each other and separate from any jets tha
fine the final state under study, and to look in particular at
smaller of the two measuredET’s.

We describe the proposed generalization in the contex
our application to dijet events. Let (h1 ,f1) and (h2 ,f2) be
the locations of the jets in the Lego plane. For this study,
make the approximation that the jets are back-to-back in
muth: uf12f2u5p. Label the jets so thath1,h2 and let

FIG. 1. Normalized probability distributions forET in R50.7
control cone. Solid curve5 HERWIG with soft underlying event off;
dashed curve5 soft underlying event fromHERWIG; dotted curve
5 hard underlying event from Sec. II.
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k5A4/@p21~h12h2!2#21/4 , ~3!

rejecting the small fraction (5.6%) of events that haveuh1
2h2u.2.48, for whichk is undefined. Then consider th
two points (ha ,fa) and (hb ,fb) where

ha5hb5~h11h2!/21kp ~4!

fa,b5f16~p/22kuh12h2u! . ~5!

These points are at the same pseudorapidityha5hb , and are
well separated from each other in azimuth byufa2fbu5p
22kuh12h2u which varies from 2.28 to 3.14 . Both point
are separated from both of the jet axes by a distance of
actly 2.0 in the Lego plane.~The jet that lies farther from
them inh is therefore closer to them inf.! We can define a
similar pair of points by lettingk→2k in Eq. ~4! and f1

FIG. 2. Predicted probability distributions forET in R50.7 con-
trol cone. Dashed curve5 HERWIG including soft underlying event
dotted curve5 HERWIG with soft underlying event replaced by har
underlying event model of Sec. II; solid curve5 HERWIG with both
soft and hard underlying event included.
x-

→f2 in Eq. ~5!. For the present purpose, we use only t
pair of points withha5hb closer toh50 to reduce any
kinematic suppression.

Let Sa and Sb denote the total transverse energyET de-
posited in cones of radius 0.7 centered on these two po
Figure 3 shows some typical locations of the cones w
respect to the jet axes. From theHERWIG simulation~taking
the jet axes from the directions of their partons, witho
modification by initial state radiation for simplicity!, we find
060.64 for the mean and standard deviation inh and 2.59
60.26 for the mean and standard deviation inufa2fbu. ~In
practice, it may be better to keep the control cones cente
at fixed values ofh, at the expense of letting their distanc
from the jets vary somewhat, to avoid effects due to
h-dependence of detector corrections.!

The conesa and b are those already used in Sec. II
study the underlying event background. The two cones
equivalent, and only one was used for each event. Figu
can therefore be interpreted as the probability distribution
Sa or equivalently forSb .

Because there is no intrinsic difference between the
control cones, averaging over events would give^Sa&
5^Sb&. It follows that

^Sa&5^Sb&5 K Sa1Sb

2 L 5^Sdiff& 1 ^Smin& ~6!

where

Sdiff5uSa2Sbu/2 ~7!

Smin5min~Sa ,Sb! . ~8!

This separation intoSdiff andSmin is useful, as pointed out in
Ref. @16#, because next-to-leading order perturbative corr
tions to the principal hard scattering contribute in at m
one of the two regions, and hence contribute only toSdiff ;
while the underlying event~like minimum bias events@17#!
is expected to have positive correlations over long distan
in (h,f), so its contribution toSdiff is suppressed while its
contribution toSmin is strong. Thus measuring the distribu
tions ofSdiff andSmin separately will be much more revealin
than the distribution ofSa or Sb of Fig. 2 alone.
FIG. 3. Typical ‘‘control’’ regionsa,b,a8,b8 for measuring the transverse energiesSa andSb . Configurations shown are for jetsJ1 and
J2 with uh12h2u50.0,1.0,2.0. The centers of the control regions are a distance 2.0 from both jet axes. The distance froma to b is the same
as the distance froma8 to b8, although this is not apparent because the azimuthal cylinder is cut for display atufu5p. We use the pairab
or a8b8 ~hereab) that is closer toh50.
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Figure 4 shows the predicted probability distributions
Sdiff . As anticipated above,Sdiff is not very sensitive to the
choice of model for the underlying event. Testing this dis
bution against experiment would therefore be a good wa
test QCD in a manner that is not very sensitive to underly
event effects.

Figure 5 shows predicted probability distributions f
Smin . As anticipated above,Smin is very sensitive to the un-
derlying event model. Testing this distribution against e
periment would therefore be an excellent way to measure
strength of the underlying event.

The method of Marchesini and Webber@16# could be gen-
eralized further in the hunt for the background. For examp
the transverse energy could be measured in all four of
control regions that can be defined byR50.7 cones centered
2.0 units in (h,f) from both jets. These regions are show
in Fig. 3 for jets that are back-to-back inf. The distribution
of the minimum of the four transverse energies, or the d
tribution of the sum of the two smaller ones, would be es
cially sensitive to the underlying event. Other cone siz
would also be of interest, butR50.7 applies most directly to
the correction to the inclusive jet cross section.

IV. CORRECTION TO pQCD INCLUSIVE JET CROSS
SECTION

The influence of the underlying event on the inclusive
cross section is calculated as follows. Let

F~ET![
d ssingle

d ET
~9!

FIG. 4. Normalized probability distributions forSdiff5uSa

2Sbu/2, whereSa andSb are the total transverse energies in the t
R50.7 control regions. Solid curve5 HERWIG with soft underlying
event off; dashed curve5 HERWIG with soft underlying event on;
dotted curve5 HERWIG with soft underlying event replaced by har
underlying event from Sec. II; dot-dash curve5 HERWIG with both
soft and hard underlying event.
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be the single hard scattering contribution to the jet cr
section, which is predicted by standard perturbative Q
~pQCD! techniques on the basis of parton distribution fun
tions @3#. Let

G~ET![
d P

d ET
~10!

be the probability distribution for additionalET inside the jet
cone contributed by the underlying event, normalized
*0

`G(E) dE51. The observable jetET is the total of the two
contributions, so the observable inclusive cross section
given by

Fobs~ET![
d sobs

d ET
5E

0

`

dE1G~E1!E
0

`

dE2F~E2!

3d~E11E22ET!

5E
0

ET
G~E1!F~ET2E1!dE1 .

~11!

It is assumed here that the underlying event contribution
small enough not to significantly shift the apparent jet ax
In practice there would be a small additional increase in
average jet energy due to the jet-finding algorithm’s te
dency to maximize theET included in the jet.

Figure 6 shows the fractional increase in the inclusive
cross section caused by the soft background event~dashed
curve!; by the hard underlying event model of Sec. II~dotted
curve!; or by including both underlying event models~dot-
dash curve!. The effect of the underlying event is rather larg

FIG. 5. Normalized probability distributions forSmin

5min(Sa ,Sb). As in Fig. 4, solid curve5 HERWIG with soft under-
lying event off; dashed curve5 HERWIG with soft underlying event
on; dotted curve5 HERWIG with soft underlying event replaced b
hard underlying event from Sec. II; dot-dash curve5 HERWIG with
both soft and hard underlying event.
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57 5791HARD UNDERLYING EVENT CORRECTION TO . . .
at the lower values of jetET , so it must be measured rath
well before a meaningful comparison can be made betw
the observed jet cross section and the pQCD prediction.
effect of the underlying event is significant even at the hig
est jet ET shown, where the cross section is raised by
proximately 3%, 6%, or 9% under these three assumptio
The fractional increase caused by adding the hard underl
event to the prediction with the soft underlying event alrea
included is shown by the solid curve in Fig. 6. It is nea
identical to the increase caused by adding it to the pQ
prediction alone~dotted curve!.

The procedure used by experimenters@1,2# to take ac-
count of the underlying event, along with background fro
simultaneous events~‘‘pile-up’’ !, is to subtract a constan
value from each measured jetET . We examine the accurac
of that approach next.

An average underlying event contributionU can be de-
fined by the exact equation

Fobs~ET!5F~ET2U !. ~12!

SinceG(E) falls rapidly withE, it is natural to make a linea
expansion ofF(E) in the neighborhood ofET in Eq. ~11!.
The underlying event contribution is then given by

U>Ē5E
0

`

G~E! E dE, ~13!

which corresponds to the experimental procedure of appr
mating the background contribution in each event by
average value. This average is subtracted from each m
sured jetET before obtaining the inclusive cross section th

FIG. 6. Fractional increase in the inclusive jet cross sect
produced by addingHERWIG soft underlying event~dashed curve!;
the hard underlying event model of Sec. II~dotted curve!; or both
underlying event contributions~dot-dash curve! to the pQCD pre-
diction. The fractional increase produced above the soft1pQCD
prediction by adding the hard underlying event is shown by
solid curve.
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is compared with pQCD. The value used is 0.921.1 GeV,
which is similar to theHERWIG soft background prediction
^ET&50.84 GeV found above. It corresponds to an under
ing event level of'0.620.7 GeV per unit area in (h,f).

I find that the linear approximation works rather well fo
the models considered here, even in the most extreme
where both soft and hard background are included. For
ample, in that casêET&50.8411.9052.74 GeV, while the
true effect corresponds toU53.0 for jets ofET5100 GeV.
However, in real experiments, there is a further backgrou
from true minimum bias collisions that occur between oth
pp̄ pairs at high luminosity. This can easily raise the bac
ground level to the point where the linear approximati
breaks down. In that case, the collider detector at Ferm
~CDF! analysis method@1# of parametrizingF(ET) and fit-
ting the parameters to the experimental results, which is u
ful to unfold other detector effects anyway, can include t
one as well. The essential need is to allow for the event
event fluctuations in background.

In the linear approximation, the fractional effect on th
inclusive cross section can be written in the form

Fobs~ET!2F~ET!

F~ET!
>

n U

ET
~14!

where n is the local effective power law defined byF
}ET

2n , i.e.

n~ET!52d~ lnF !/d~ lnET!. ~15!

Over the range 50 GeV,ET,400 GeV, n(ET) rises from
.5.5 to .12.5. Its large value, which represents the rap
fall of the inclusive cross section withET , enhances the
effect of the background according to Eq.~14!, as has been
emphasized recently@18#. For example, it implies that an
additional 1 –2 GeV of backgroundET , which may be
present by the mechanism of Sec. II, will raise the inclus
cross section by 3–6 % atET5400 GeV, which is consisten
with Fig. 6.

V. CONCLUSIONS

The point of this paper is that the inclusive jet cross s
tion may contain an underlying event contribution that is 1
2 GeV larger than generally assumed, due to incoherent m
tiple semi-hard interactions that accompany the hard sca
ing. The calculation presented here is less elaborate than
vious methods of assessing these multiparton interact
@7–9#, but it has the advantage of being constrained b
recent measurement of the double parton interaction
@10#.

In view of the importance of the inclusive jet cross se
tion, it is urgent to settle the question of underlying eve
level definitively. This can be done by measuring it as d
scribed in Sec. III. The measurement will also serve as a
of the assumptions used to make the estimate, which invo
interesting unexplored areas of non-perturbative QCD.

We have focused onET in anR50.7 cone, because that
the relevant quantity for estimating the incoherent ba
ground under a jet. The background will also have an imp
tant influence on ‘‘jet shape’’ observables such as the c
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size dependencec(r )5( r i,rET
i /( r i,RET

i @19#. To study the
underlying event mechanism in more detail, it would be u
ful to apply the technique based on Marchesini and Web
@16# that is discussed in Sec. III using regions of differe
sizes as well. It would also be useful to apply the techniq
to different hard processes such asW andW1 1 jet produc-
tion, and for comparison to minimum bias events.
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@14# T. Sjöstrand, hep-ph/9508391; T. Sjo¨strand, Comput. Phys

Commun.82, 74 ~1994!.
@15# J. D. Bjorken, ‘‘Collisions of constituent quarks at collide

energies,’’ SLAC-PUB-95-6949, in Lake Louise 1995,Quarks
and colliders,p. 61; Acta Phys. Pol. B23, 637 ~1992!; S.
Scopetta, V. Vento, and M. Traini, ‘‘Towards a unified pictu
of constituent and current quarks,’’ hep-ph/9708262.

@16# G. Marchesini and B. R. Webber, Phys. Rev. D38, 3419
~1988!.

@17# UA5 Collaboration, G. Alneret al., Phys. Rep.154, 247
~1987!.

@18# D. E. Soper, ‘‘Jet observables in theory and reality
hep-ph/9706320.

@19# M. H. Seymour, ‘‘Jet shapes in hadron collisions: higher o
ders, resummation and hadronization,’’ Rutherford Lab Rep
No. RAL-TR-97-026, hep-ph/9707338; W. T. Giele, E. W. N
Glover, and David A. Kosower, Phys. Rev. D57, 1878~1998!.


