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The structure of hadronic jets depends not only on the dynamics of QCD but also on the details of the jet
finding algorithm and the physical process in which the jet is produced. To study these effects in more detalil
we calculate the jet cross section and the internal jet structugéén annihilations and compare them to the
results found in hadronic collisions using tkamejet definition, the cone algorithm. The different structures
of the overall events in the two cases are evident in the comparison. For a given cone size and jet energy, the
distribution of energy inside the cone is more concentrated near the center for jets*feoncollisions than
for jets from hadronic collisiond.S0556-282(97)02405-3

PACS numbgs): 13.87-a, 12.38.Bx, 12.38.Qk

I. INTRODUCTION reduced, suggesting an uncertainty of order 10% due to the
uncalculated higher-order corrections. Fefe™ collisions
Jets of narrowly collimated energetic hadrons are clearlyghe situtation is somewhat different. At lowest order2)
seen in high energy collisions. They are observedprcol-  there is now dependence. Only at order, as addressed
lisions[1] (CERN, Fermilab, in deep _|neLaSEI‘EpS_C§‘tth'n9 here, doesw dependence appear. At this order there can be
[2] [DESYepCOI“d‘f (HERA)], and ine”e" annihilations 5 cancellation of thew dependence with higher orders.
[3] (SLAC, CERNe"e" collider LEP, DESY, KEK. Itis 5 vever, for the issue of the internal structure of jets, the
important to know hoyv to analyze these jets qqantltatlvelygeal focus of this study, the dependence nshould be
since they are essential not only for understanding and test- . — 3 o
ing the underlying strong interaction theory but also in look_comparlable in the two casesp at ordgras ande’e at
ing for new physics beyond the standard model such as th%rder_a_s,. In both cases the structure is evaluated at lowest
Higgs boson. The goal is to be able to employ the jets agontrivial order.
surrogates for the underlying quarks and gluons to quantita- Another important source of uncertainty arises from the
tively characterize event structures in much the same wayse of different theoretical and experimental jet definitions.
that leptons are used. Thus the main issue in studying jets /e can obtain an appreciation of this issue by considering
to reduce the various uncertainties, both theoretical and exhe following qualitative pictures for jet production. {mp
perimental. collisions, two of the partons in the incoming hadrons un-
The theoretical uncertainties in studying jets come fromdergo a hard scattering producing final-state partons with
various sources. In thep case the largest uncertainty comeslarge momenta transverse to the beam direction. The scat-
from incomplete knowledge of the parton distribution func-tered partons can radiate further partons both after the hard
tions, especially the gluon distribution function at small  scattering, final-state radiation, and before the scattering,
The jet cross section can vary by at least 10% when differenhitial-state radiation. The hard scattering process is also im-
sets of distribution functions are employed, although thismersed in the background that arises from the interactions of
situation is improving with time. Clearly, this uncertainty is the spectator partons. This underlying event is not part of the
absent ine*e™ collisions. Second, there is uncertainty asso-hard scattering but does contribute to the overall event. The
ciated with the uncalculated higher-order corrections. This ipartons from all of these sources then participate in the less-
illustrated by the fact that the theoretical cross section exhibwell-understood process of fragmentation into hadrons and
its a dependence on the unphysical and arbitrary renormatan participate in the formation of a jet.
ization (factorizatior) scale . While the experimental jet In ete™ collisions, electrons and positrons annihilate to
cross section is, of course, independent of this scale, thgroduce initially a small number of energetic partons. These
residual dependence in the fixed-order perturbative result is gartons then radiate more partons that all fragment into had-
remnant of the truncation of the perturbative expansion.  rons that can be associated with jets. Since there are no in-
Calculations[4,5] have been performed using the matrix coming partons, the initial-state radiation and the back-
elements at next-to-leading ordé] in pp collisions. When  ground due to the spectator partons are absent. In both kinds
the next-to-leading order terms are included, the dependena# collisions the issues of color and energy-momentum con-
of the cross section on the renormalization scale is markedlgervation ensure that the fragmentation process into hadrons
is a collective one with large numbers of partons acting co-
herently. Thus there can be no unique identification of a set
*Electronic address: chay@kupt.korea.ac.kr of hadrons or a jet with a single scattered parton. Since there
"Electronic address: ellis@phys.washington.edu is no uniquea priori jet definition for combining the final
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particles to form a jet, there is an arbitrariness in the choicdrame. Thus the relevant phase space is effectively cylindri-
of jet algorithm and different choices produce different re-cal in the laboratory and the detectors for hadronic collider
sults for the same process. experiments are designed to match this symmetry. Likewise,
The dependence of jet cross sections on the jet definitiothe natural variable is the transverse endegywhich is the
is an issue both for comparing different experiments and focomponent of the energy perpendicular to the beam axis and
comparing experiment to theory. Precise comparisons arehich is invariant under boosts along the beam direction.
possible only if the detailed dependence on the jet definitiorBince this characteristic is intrinsic pp collisions, we have
exhibited in the data is reproduced by the theory. This is ahosen to employ the jet definition gfp collisions both in
limitation of the Born level calculation, which has only one e*e~ andpp collisions to compare the jet samples in both
parton per jet, thus exhibiting no structure to the jet at all. Incases.
Monte Carlo simulations the finite size of a jet arises from  An important kinematic difference between thée™ and
the subsequent showering of this parton and the nonpertuthe pp cases arises from the fact, noted above, that in the
bative fragmentation into hadrons. Both of these featureg*e™ case one performs experiments at fixed energy for the
contribute to the theoretical uncertainty. The inclusion ofngrd scatteringJ§= Js. Thus fixing the energy of a jet im-
higher-order corrections reduces this uncertainty in the jeposes a strong constraint on the rest of the hard scattering
definition dependence because we can see nontrivial jeivent and thus on the full final state. For example, if we fix
structure in the perturbative calculation. However, there rethe energy of the jet, we know how much energy associated
main many questions about the contribution of the rest of thyith the hard scattering is outside the jet. However, this is
event to the jet and to the uncertainty in the cross sectiomot the case for hadronic collisions. Although we fix the
The interplay of the jet definition with the initial-state radia- energy of the jet, we do not know precisely how much en-
tion and the underlying event can be studied by comparingrgy associated with the hard scattering is outside the jet.

two jet samples, one fromp collisions and the other from The energy of the hard scattering process/§= XS
e’ e annihilations, where these two contributions are differ-and depends on the specificvalues and thus on the parton
eft',The g(t)altr:s tto gegerg_te (%[T(perlmentahjet_tiamplesffrorgtructure functions. In general, however, the distribution
€ € cevents that can be directly compared wi 0S€ oMMy 1\ ctions are rapidly falling functions of the and /s will
hadronic CQ"'S'.OnE' Ip this paper we compare the theoretlcaﬂ)e only slightly larger, on average, than that necessary to
:jis%iur:ittsic:r?rir]]e(tesaz:rﬁ Czseandpp collisions using the same jet generate the chosen jet. Another point is that, since we have
In Sec. Il, we discus's kinematic differenceseine™ col- chosen to impose the variatii on thee" e case, we will
lisions ar.1d ’_collisions In Sec. Il we define a iet in have to integrate over the polar angleor in the hadronic
o Pp co o L Jet 1n language the pseudorapidity=Incoté/2, in order to make
e"e” and hadronic collisions. In Sec. 1V, the characterlst|csE a free variable at lowest order. These differences in the
T .

. SoTE T o .
of :Ee th CtLOSStrSiCt\'/OT e en (r:ollls(;?r;zt?rg cri:sc::lstied._ Vtveirl](inematics will be important for understanding some of the
compare the transverse energy distribution ot e JelS M. a1 Gifferences between the jets observed in the two

+ 0 : . ; . .
e"e and hgdronlc collisions in Seg. V. In the final sectlon,,[ypes of experiments.
we summarize the features of jets in both cases.

[ll. JET DEFINITION

Il. KINEMATIC DIFFERENCES Since jet cross sections critically depend on the jet defi-
nitions used, we can compare jet cross sections from differ-
ent experiments only if we use the same jet definition for

collisions andpp collisions. In thee™e™ case, the center-of- : .
T, oth of the jet samples. Thus we want to establish a standard
mass energy of the partons participating in the hard scattej%t definition. The point is not to select an optimal jet defi-

ing \/;_is fixed and equal to the total energys=+s=Q. pition, since that will depend on specific applications, but to

Also, since the electrons and positrons have equal and essegimulate a jet definition that satisfies reasonable criteria and
tially opposite momentum, the laboratory frame and thezan pe used by both experimentalists and theorists to gener-
center-of-mass frame coincide. As a result the event structurge 5 sample of jets or jet cross sections for a wide range of

is essentially spherical with respect to .th'e interaction pombrocesses that can be meaningfully compared between dif-

and the detector geometry tends to exhibit the same symmegsent groups. The relevant criteria are that the jet definition

try. Generally, very simple jet definitions have been em-pg gasy to implement in all experiments and theoretical cal-

ployed ine*e™ experiments. For two-jet events, a jet is sim- ¢yjations, and yield reliable, finite results at any order in

ply a hemisphere. For multijet events with a small number Ofperturbation theory7].

jets simple invariant mass cuts have been used to define jets. pg discussed briefly above, the jet definition employed in
Thepp case is more complex. The center-of-mass energipractice in hadron collisions is characterized in terms of the

of the hard parton scattering is given I8y=Xx;X,s where transverse energyk=Esing, measured inside a cone in

Js is the center-of-mass energy of the beam particles ang-¢ space, wherey=Incotd/2 is the pseudorapidity and is

X1 andx, are the fractions of the longitudinal momenta of the azimuthal angle around the beam direction. In terms of

the incoming hadrons carried by the scattering partons. Alealorimeter cells inside a cone defined by

though the incoming hadrons have equal and opposite mo-

menta, the scattered partons, in general, do not and the AR=V(n— 77)%+(di— ¢3)°<R, (1)

center-of-mass frame of the parton scattering is boosted

along the beam direction with respect to the laboratorywe define the transverse energy of the kgt, as

Let us first consider the kinematic differencesdfie”
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IV. JET CROSS SECTION

Er= > Eq;. 2 . . . . L .
i €cone We first consider the single inclusive jet cross section
) o o do/dE;. Due to the kinematic constraints characteristic of
The energy weighted direction of the jet is given by e"e™ collisions, this cross section exhibits a remarkable
1 level of structure. As discussed above, we choBseas a
== > Erm (3y  variable instead o, the angle from the beam direction. The
Ericcone differential Born cross sectiondg/dEt)g (normalized to
two jets per eventis given by
and
do E(1—2EZ%/s)
by=— Erid; (4) (ﬁ) =48ma®Y, efm——— /—Tz (8)
Et i oone T T/B q S“V1-4E37/s

This procedure implies some number of iterations of the jetvhere &, is the quark charge, while the differential Born
defining process in Eq1) until the quantities defined in Egs. Cr0ss sectiondo/dQ)g for e*e”—qq is well known as
(2)—(4) are stable with the jet cone remaining fixed. We can q 3,2
o . ; o o
2150 ol i e cefnon 1 e aron eve o forn 2 et ) RSkt o
173,93 B 4s q
structed as a jet. Or, two partons witle(,7,,¢,) and
(Et2.,7m2,¢2) may be combined into a single jet. In that case At order a in e"e™ collisions, nontrivial jet structure
the jet transverse energy isEr=Er;+Er,, and appears. We now include real gluon emission from a quark
73=(Er1m+E12m2)/Er, ¢3=(Et161+E72¢2)/Er. TO  or an antiquark and virtual gluon corrections to quark-
determine if the two partons are to be combined into a jet, wentiquark pair production. Final-state partons are combined
see if the two partons are in a cone of radRiabout the jet  to form a jet with a finite size according to the jet definition
axis. The condition that parton 1 fits into the cone isdefined in the previous section. In the case of a three-parton
(71— 13)%+ (p1— ¢3)?><R?, or final state the third parton can either be inside the detected jet
or part of the system recoiling from the detected jet, which is

Ero 10,- Q,|<R ) constrained by energy-momentum conservation. To actually
Eri+Erp 772 ’ evaluate the cross section, we organize the calculation by
adding and subtracting simplified matrix elements that have
where we denote a two-dimensional ved+ (7,¢). Simi-  the correct divergences. The singular pieces are evaluated
larly, the condition that parton 2 fits in the cone is analytically and are explicitly canceled. The remaining finite
integrals are evaluated numerically. At ordey, the three
Era 10,-Q,|<R ©6) partons arej, g, andg and we label them as parton 1, 2, and
Eri+Erp 772 ' 3, summing over all possible identifications with the three
partons. We organize the calculation in such a way that par-
Thus the combined condition is ton 1 is opposite to the jet direction to balance momentum
and conserve energy and parton 3 has the smallest transverse
1Q,- Q,|< EratErp _ (7y  energy €Er1.Er>,>Er3). There are three possibilities of
max Er1,Et)) forming a jet for the jet cone sizR< /3. Either parton 2

. . N alone or parton 3 alone can form a jet, or partons 2 and 3
If the two partons satisfy this condition, then we count onetogether form a jet. We choose the renormalization scale
combined jet as specified above, but not the two one-parto = E;/2 as suggested by thep calculationg4].
jets. We can clearly generalize this definition to include more  since we impose the jet algorithmdg/dE; depends on
partons at higher orders. R as well asE+. Let us first considedo/dEr versusEy at

This is the jet definition used fqp collisions in Ref[4].  fixed R. Figure 1 showsdo/dE; at R=0.4, 0.7, and 1.0,

For the analysis described here, where we do not attempt tro?spectively, fon/5=50 GeV along with the Born cross sec-

describe the experimental data, we neglect the subtleties . : : : .
the jet merging problem and the paramdgg, discussed in on (do/dEg)g. This choice of energy is essentially arbi

the last paper in Ref4]. A detailed comparison to data will trary except that it is Iarge\@>AQCD) and serves to remind

be presented separatd]. The precise definitiongd] used  us that we have included only photon exchange andznot

in the actual experiments are similar to the definition use@xchange. We expect that jet production frdnexchange is
here. Here, we apply this definition to calculating jet crossvery similar to the case of photon exchar{d®]. We also
sections ine*e~ events in order to compare to g case.  Note that, except for the scaleqcp in «s, this theoretical

As argued earlier, it is necessary to use the same definition §¥0SS section is scale-free. Results for other energies can be
jets in comparing jets from different sources. We also defin@btained(to a good approximatignby simply scaling the

the kinematic variable€;=Esing, the transverse energy €nergy, keeping dimensionless ratios and angles fixed.
perpendicular to the electron beam directignthe pseudo- ~ AS is already evident in Ed8), the Born cross section
rapidity, and ¢, the azimuthal angle around the electrondiverges af;— \/glz due to the Jacobian arising from the
beam direction, in direct analogy to thep case (even change of variables from cégo E;. As we increase the
though it is less natural in the*e™ casg. cone size, the cone tends to include more partons, thus more
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FIG. 1. do/dE; at order ag with u=E{/2 versusE; at

\/gz 50 GeV inete™ collisions forR= 0.4, 0.7, and 1.0 and the
Born cross section.

transverse energy inside the jet. Therefore the cross secti

increases for fixed close to \/§/2 as we increasR, while

it decreases for fixede; small compared t0\/§/2 (i.e., it
becomes more difficult to keep extigs out of the cong As
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FIG. 3. Coefficientsa, b, andc of Eq. (10) for e*e™ collisions
at \/3=50 GeV, as functions o with = E+/2.

The numerical values arid; dependence of the coefficients
a, b, andc are indicated in Fig. 3 fox/s=50 GeV as in Figs.
1 and 2. We can think of the parametelas describing the
contribution of the two-parton final state, which is indepen-
dent of R. Since this term is dominated by the Born cross

indicated in Fig. 1 the transition between the two types ofsection, itsE; dependence is easily understood by comparing

behavior occurs folE;=19 GeV or x;= 2ET/\/§zo.76,
where the cross section is essentially independeR. gthis

with Fig. 1.
The form of the second term in EQLO) arises from the

same feature is illustrated in Fig. 2 where the theoreticafollinear divergence present in the perturbation theory at or-

inclusive cross section for single jet production at ordgfs
plotted as a function of the cone radiisfor E;+=10, 19,
and 23 GeV, respectively, witlis=50 GeV. While the Born
result is independent d®, the orderea cross section clearly

derag. The sign ofb is negative for smalE; and it changes

as we increas&y. This behavior ol can be qualitatively
understood using the results for the Sterman-Weinberg jet
[11]. Sterman and Weinberg introduced a quantity

depends orR, but with the form of the dependence varying ¢ (¢:€ 9), which is the cross section fere”—qqg where

with E+. The slope withR is positive for largeE;, negative
for small E+, and approximately vanishes f&;=19 GeV
or xr=0.76.

a fraction (1-¢€) of the total energy is emitted within two
oppositely directed cones of half-anghke making an angle
0 with the beam axis. Botlk and are very small. The result

The general form of this dependence is approximatelyi© Orderas is

characterized by three parameters as

do
——~a+blnR+cR2.

0.030 T o

—— E7r=10 GeV 4
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FIG. 2. do/dE; at order ag with u=E{/2 versus IR at

\/gz 50 GeV, ine*e™ collisions forE;=10 GeV, 19 GeV, and 23
GeV.

do 5= do 1 dag 3+4In26)ins @@ 5
a0 =gq) |17 35 | (BTanzenot =5
+0(e€,0) |, (11

where do/d())g is the Born differential cross section given
in Eq. (9). We can transform Eq11) to do/dE5 using the
relationE+= Esind. Note that the jet algorithm used by Ster-
man and Weinberg is different from the jet algorithm we use
here. However, whe& andR are small,§ is proportional to
R. Then, the coefficient of R is the same as the coefficient
of Iné.

For simplicity, let us consider the case in whighap-

proachesr/2 so thatE;— \/§/2. Then, the relation between
E; and € becomes E;=(1—¢) \/gsin0~(1—e)\/§. When
we replacee in Eqg. (11) by e%l—ZET/\/g, we get

do

do E;
dE; | dEr
B

2
[3+4In2( 1-—=

Vs

4oy

1377

fior

(12
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where do/dEy)g is the Born cross section in E() and the TABLE 1. Comﬁarisc')r? of values for coefficients b, andc for
ellipsis represents the terms irrelevant to the coefficient oboth e"e” and pp collisions scaled by the relevant Born cross
InR. Note that this only holds for smalR and for section. All calculations are fop=E;/2 and Re;=2R. The

E i~ \/§/2_ However, as we can see in Fig. 2, the Iogarithmice+ei results are for\/;= 50 GeV while thepp numbers are for
dependence oR is sustained for largR. From Eq.(12), the $=1800 GeV.

point where the coefficient of R vanishes is given by
IN(1—x7)=—3/4—In2=—-1.44 or x;=~0.76, E;~19 GeV.
Our numerical result shows th#&t vanishes forE;~18.5

a b c
Process Er(GeV) (do/dE;)s (do/dE;)s (do/dEr)g

GeV orx;~0.74, which is in(surprisingly good agreement €'e” 10 0.68 —0.80 —0.12

with this approximation. Said another way, we can under£' €~ 15 0.67 —0.20 —0.023
stand the sign ob from the following considerations. The €"€" 18 0.77 —0.035 0.014
IR term arises from the perturbative collinear singularity€' € 20 0.86 0.056 0.017
integrated over the angular phase space of the third partof. € 22 0.92 0.15 0.041
When this parton is inside the jet conR, appears as the €€ 23 1.01 0.22 0.030
upper limit of the angular integral and the coefficient of PP 100 0.74 0.18 0.27

InR is positive. For the configuration with the third parton

outside of the jet coneR appears as thiwer limit of the s opvious from thee* e~ case thab should be positive in
integral and IR has a negative coefficient. For large val-  the pp case. The same argument also suggests that the coef-
ues the former situation dominates ane 0, while for small  ficient ¢ will be positive for allE; in the pp case. Further-
Er the latter configuration is more important abet 0. more, the magnitude of should be relatively larger in the
The coefficient is, in some sense, a measure of the conpp case due to the contributions from the initial-state radia-
tribution from parts of the matrix element where the extration that is present in this case. Since the initial-state radia-
parton is essentially uncorrelated with the jet direction. Thistion is correlated with the beam direction and not with the
contribution should vary simply as the area of the cone, i.e.girection of the jet, the distribution of the partons from the
asR?. We find thatc in e*e™ collisions is small in magni- initial-state radiation is rather isotropic with respect to the jet
tude compared to that af and also ofb (and, in fact, is direction. Therefore the contribution of these partons to the
difficult to fit reliably with our numerical methods resulting Cross section is proportional to the area of the jet d@fiein
in the small amplitude fluctuations in Fig).3rhe Ey varia-  the experimental data fromp collisions one expects a fur-
tion of ¢ is understood in essentially the same way as fother contribution toc from the essentially uncorrelated un-
b. Now the integral over the angular phase space for the third®"1¥ing event. It will be informative to characterize data
parton yields the two-dimensional ar& instead of iR~ 1om bothe“e andpp collisions in terms of the coeffi-

Thus, we expect the coefficients and ¢ to exhibit very cients in Eq.(10). — . -
similar behavior as functions & . They are both negative The expectation that thep jet cross section V.V'” increase
T rapidly with R is illustrated for oneEt value in Fig. 1 of the

at small Er, positive at largeEr (i.e., Er~ Vsi2), and st paper in Ref[4]. In the same paper an analysis in terms
change sign at an intermedidfg value. Our results suggest of Eq. (10) was carried out a1+ = 100 GeV(see Table | of
that they change sign at approximately the same(Eq) that paper. To compare to the current study of theoretical
value of about 0.75-0.8E;~19 GeV for \'s=50 Ge\).  Cross sections, also with=E+/2 (and Rs.;=2R), it is es-
The vanishing of theR dependence at a specifie; value ~ Sential to scale out the overall differences betweéa™ and
was already apparent in Fig. 1. This structure appears to bP Py dividing out the Born cross section in each case. The
characteristic ofe*e™, at least in low order perturbation eSulting scaled coefficients for a samplingEsf values are
theory, and it will be interesting to check for it in the experi- dlspl_ayed in Table I. As expected, the coefficients a+re§II
mental data. positive, of order 1 and most closely resemble #ee

In hadronic collisions, the dependence Rncan be ap- numbers for large values &y . Note, in pfdr.ticula_r, the rela-
proximated by the same form as in Ea0), but with differ- tively good agreement of the andb coefficients in the two

ent values of the coefficients. We expect the same form bq%r r(zgceersa?iso;%ircit:ri ilﬁr?r?e&ffe* E;s\éailgessdggggti\r/ileglfvﬁz-
cause the logarithmic term, which represents the coIIineaerWer (and thus relativelyR-independentjets ine*e col-
divergence at this order, appears regardless of what the be ions as will be discussed below. Note also that ¢heo-
particles are. This depengjence Is a general feature of the jgkicient js larger in thepp case by approximately an order
cross section in perturbation theory. However, Eyebehav- ¢ magnitude as expected due to the presence of uncorrelated
ior of the coefficients irpp collisions is expected to be quite jnjtja|-state radiation. Finally, recall from Ref4] that these
different due to the kinematic differences between theheoretical results fopp are in approximate agreement with
e’e” and thepp cases that we discussed earlier. We expecihe experimental data. A more detailed theoretical compari-
that the coefficienb is always positive and does not vary son, including the effects d®.e,Will be presented elsewhere
much as we vargr in the pp case. This feature arises from [8]. Experimental studies over a bro&g range would also

the fact the partonic center-of-mass enerd;a(: VX1X,8),  be useful.

is almost always just slightly larger tharE2. This result is,

in turn, ensured by the fact that the parton distribution func- V. JET STRUCTURE

tions are sharply peaked at small Thereforeb if deter- Now, let us turn to the interesting question of the internal
mined by the behavior of the cross section E&Z\/;~l. It structure of jets. In our idealized picture of the scattering
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center. Note that this theoretical analysis does not include the
further broadening that is expected to arise from the under-
lying event contribution.

Figure 4 also illustrates that the jet shape in ¢ie™ jet

sample varies systematically wikh and \/g becoming nar-

- ]

Zi: 05,/ R=1.0, u=E7/2 ) rower with increasindeT at fixed\/g (compareEt = 30, 60,

~ ~ . .

B oo04f ete—: s1/2=250 GeV, Er=100 GeV T and 100 GeV atys = 250 GeV}, and broader with increas-

------- +e=: s1/2=833 GeV, Er=100 GeV . = . ~

o3l T orom: a1/2-350 GOV Bre 60GoV 1 ing V5 at fixed = (compare\/g = 250 and 833 GeV at
0.2t s e s ey ] Er = 100 GeV). But in the entire kinematic range, the jet
0.1 . from the e"e™ collision is consistently narrower than the
0.0 ‘ ‘ ‘ ‘ ‘ ) \ ‘ hadronic jet.

0.1 02 03 04 05 06 07 08 009 1.0
T

To understand these results in more detail it is helpful to
consider the quantity * F(r,R,E7), the distancelownfrom
the upper axis, which is the fraction of the transverse energy
outside the smaller cone of radiusand inside the jet size
R. At the order we calculate the jet cross section this quantity
is proportional toag(u) evaluated aju=E+/2 and is thus a

process, contributions to the energy in the jet cone arise fror'ﬂecreas_ing functio_n _OET' This is_ dir?ctly llustrated by
final-state radiation and, in the case mp collisions, also comparing thee” e~ jet sample with\s= 833 GeV and
from initial-state radiation and the underlying event. SinceE;=100 GeV to the sample with/§= 250 GeV andE;=

the latter two contributions are uncorrelated with the jet di-3q gev. |n each sample the ratEr/\/§=0.12 is the same
rection, we naively expect jets ipp collisions to exhibit a 54 the only difference is the value afy(E{/2). Since
less correlated, broader internal energy distribution COM1 _E(r R,E;) is proportional toay(E{/2), the 20% differ-

+ JE— - . 1 ) )
pared to that of"e " jets. At the same time, in both had- gce in magnitudes of this quantity for the two samples
ronic ande”e” collisions, there is some energy that falls 5/ises from the ratio of (50 GeV) toag(15 GeV).
outside the cone that is correlated to the hard scattering. The \y/hen we compare+;‘ jets topﬁetss in Fig. 4, we find
higher-order calculation to first nontrivial order s cor-  hat the quantity + F(0.5,1.0,100 GeV) is about’two times
rectly includes the effect of the correlated energy that fallsmajer for the former type of collision. Again, this illustrates

outside the cone. In the hadronic case, it also accounts for th&,; the transverse energy is more concentrated near the cen-
fact that a large fraction of the energy far away from the JeéL

T . er for a jet from are™ e collision than that for a jet from a
is, in fact, correlated, corresponding to soft but correlated,5qronic collision. In these theoretical calculations this fea-
perturbative bremsstrahlung in the hard eVerd].

: . e ) ture arises from two primary differences in the two kinds of
It should be possible to confirm the validity of these ideas;jisions. First, the initial-state radiation from the beam had-

by studying in detail the structure within jets in both the ;i the hadronic case is absent in éfi@™ case. Though
‘heo“?“c"?" results and in the expenmen.tal Qata. An.examplﬁhe partons produced in the initial-state radiation are uncor-
quantity is the transverse energy distribution within @ jet. g|ateq with the direction of the final jets, they can come into
Defining a jet sample by a cone radi#sand a total jet e jet cone and contribute to a broad jet energy distribution.
transverse enerdir, we consider the fractioR(r,R,Er) of  The second point that contributes to the narrower jets in the
ET_that faII; |n§|de an inner cone defined by thg radius go+g- sample is that, at order,, thee*e~ sample is domi-
This quantity is constrained at the boundaries t0 b&areq by naturally narrower “quark jets,” consisting of a
F(OR,Er)=0 andF(R,R,Ey)=1. The theoretical results of 4,ark plus a gluon. By comparison the hadronic sample also
the fractionF(r,R,Ey) are illustrated in Fig. 4 correspond- jncydes a large component of broader “gluon jets,” consist-
ing toe*e” jet samples with a few different values Q/E ing of two gluons(or a quark-antiquark pair in the color octet
and E1, and a hadronic jet sample witlls= 1800 GeV, state.

Er= 100 GeV.(The last values are intended to be physically An interesting feature of the event structure correlated
relevant to Fermilab Tevatron data while teée~ values  with jets shows up when we consider the regionR as

are chosen for easy comparison to the hadronic repuits. illustrated in Fig. 5. In this region the quantity
both jet samples, the jet cone is fixedRst 1.0. Most of the  F(r,R,E7) —1 measures how much correlated energy falls
energy falls in the small inner cone due to the collinear loga-outside the jet. Recall th&i(r,R,Ey) is theEy inside a cone
rithmic contribution. If we use the Born terms alone, all theof radiusr normalized to the fixed jeE; in the cone of
energy will be atr=0 andF(r>0,R,E;)=1 everywhere radiusR. Thus the fractionaE; outsideof the jet is given by
else inside the jet cone. In contrast, the calculation at ordefF(r,R,E)—F(R,R,E1)=F(r,R,Ef)—1. The correlated

a exhibits a nontrivial distribution, though there is still a energy outside the jet cone comes from the partons produced
(double logarithmic singularity forr—0. By comparing after the hard scattering for both te€e~ and thepp cases,
these two samples of jets calculated from the theory, we caand from those produced in the initial-state radiation before
conclude that jets ie*e™ collisions are narrower than jets the hard scattering for thep case. The jet algorithm does
in hadronic collisions. That is, the fact thBt+.->F,;-at  not distinguish where the partons come from. It simply tries
all r (for 0<r <R) means that the energy distribution inside to identify clusters of the partons that satisfy the criteria to
of the jets ine*e™ collisions is more concentrated near the form a jet. Based on the arguments used earlier, we might

FIG. 4. F(r,R,E), the fractional transverse energy distribution,

for r<1.0, R=1.0 for various processes and valueswzg and
ET.
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cone is very small in all cases. Of course, this feature is

0.10 T 7 T T
009l likely to be reduced by the largely uncorrelated, uniformly
008l R=1.0, u=Er/2 distributed contributions of t_he underly_lng event in thp
case and parton fragmentation effects in bothande*e™

0.07 | — ete—: s1/2=250 GeV, Er= 35 GeV 1 ..

- ete-: s1/2=250 GeV, Er= 40 GeV collisions.

A 006F - o4e-:s1/2-250 GeV, Er= 50 GeV ]

= 005l ete~: s1/2=250 GeV, Er=100 GeV ]

n:: ’ ——— p+p—:s1/2=1800 GeV, Er=100 GeV

& 004

& VI. CONCLUSION
0.03
0.02 The analysis of the inclusive jet cross sectioneihe™
oot T collisions and inpp collisions, including the next-order con-
0.00 Lmmmemm g e T tributions, has achieved a high level of sophistication. It is

important that we further improve our understanding of
physical processes involving jets so that we can use the jets
FIG. 5. F(r,R,E) — 1.0, the fractional transverse energy distri- as event tag§ to search for new physics. An essential issue is
bution, for r=1.0, R=1.0 for various processes and values of the systemqtlc uncertglnty that arlse.s from the role played by
E;. the underlying event in processes involving hadrons in the
initial state. To study this issue an important tool is the com-

el ¢ that th tside of th . th(%arison of jets from different types of events where the un-
naively expect that the energy outside of the cone in erlying event is different. However, to study systematic ef-
hadronic case is larger than that in thée™ case, since the f

. - . ; ) . fects of the jets in more detall, it is necessary to compare jet
hadronic collision contains also the essentially isotropic

o S - " samples with thesamejet definition from the full range of
initial-state radiation contribution. However, due to the kine-

S X N o possible processep,p collisions, e e™ annihilations, and
matic differences in the two situations, this simple expecta-

tion i t al lized. The behavior for thée™ ep scattering.
o s st e e WHen B & sl Here, we have theoretically evaluated the jet cross section
depends strongly on the jet ener§y. WhenE; is small

i of _ in both e*e™ and pp collisions employing the same cone
compared to the fixed value @f, F(r,R,Ey) outside of the g jet algorithm and have discussed the internal structure

jet cone is necessarily large due to energy-momentum COns¢ e jets, By comparing theoretical jet cross sections from
servation. o L hadron collisions and*e™ annihilations, we note differ-
As indicated in Fig. SF(r,R,Ey)—1 for thee”e” case  gpceq in the global dependence of the jet cross sections on
for r>R with V5= 250 GeV, remains small with small the jet sizeR and in the distribution of the transverse energy
slope for Ey=50 GeV but becomes a rapidly increasing inside the jets. In particular, the jet cross section is expected
function ofr for Er<<40 GeV. The slope with systemati- to be a monotonically increasing function Bffor hadronic
cally increases with decreasirig; . It turns out that the be-  collisions while ine*e™ collisions the cross section is ex-
havior outside the jet for the hadronic jet sample does nopected to increase witR at largex; and decrease witR at
vary much as we varfr and the magnitude remains small small x;. However, in both cases we expect tRedepen-
(as indicated for the singl&; value shown This relative  dence to exhibit the simple structure shown in Ed), only
independence dE; arises from a feature already discussed.the specific values of the coefficients will differ. Perturbative
Since parton distribution functions are peaked at small valQCD theory also predicts that the jetsdfhe™ collisions are
ues of x, \/g is constrained to remain near its minimum narrower than those produced in hadronic collisions in the

value, -, and the invariant mass squared of the final stateense that the distribution of the transverse energy .|n3|de the
et is more concentrated near the centeeire™ collisions.

resulting from the hard scattering stays small. If partoHThis difference has already been observed in a careful com-
outside the jet has appreciable energy, this would require g

I invariant tor th ¢ d of that part arison ofete” and pp jet data performed by the OPAL
arge invarant mass for the system composed ot that parto ollaboration[13]. In the current theoretical analysis these
and the partons inside the jet. Therefore, if there is a parto

) X ifferences in jet cross sections and jet structures arise from
outside of the jet, the energy of that parton tends to be smajg jitterent kinematics discussed in Sec. I, the presence of

to make the combined invariant mass small. As an examplgpg nitial-state radiation ipp collisions, and the different
the hadronic case witi/s= 1800 GeV,Ey= 100 GeV is  mix of jet-type (gluon versus quajkin the different pro-
shown in Fig. 5. cesses. A more thorough comparison of theory with data will
Note that the transverse energy deposited just outside thge presented elsewher@].
jet cone is very small in all cases. This feature is due to the The calculation of the theoretical jet cross sectiondr
jet algorithm itself. The jet algorithm tries to include as manyscattering is also in progress and it will be interesting to
partons as possible as long as the criteria for jet formationgompare all the jet cross sections from all of the available
Eq. (7), are satisfied. During the jet finding process, the jetsources of jets with the same jet definition. The case pf
cone will tend to adjust its position in order to “pull” par- scattering is expected to exhibit characteristics in between
tons just outside of the cone into the cone. In this way thehee*e™ and thepp cases since there is only a single had-
E+ inside the cone is increased. This effect will play no roleron to serve as the source of the initial-state radiation and the
only when the parton just outside the cone has vanishinglynderlying event. However, as with teé e~ case, we have
smallE+. Therefore the transverse energy just outside the jeto be careful about the kinematics. For example, we have to
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