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The next-to-leading order three-jet cross section in hadron collisions is calculated in the simplified
case when the matrix elements of all QCD subprocesses are approximated by the pure gluon matrix
element. The longitudinally invariarit, jet-clustering algorithm is used. The important property of
reduced renormalization and factorization scale dependence of the next-to-leading order physical cross
section as compared to the Born cross section is demonstrated. [S0031-9007(96)01101-5]

PACS numbers: 13.87.Ce, 12.38.Bx

The structure of hadronic final states in high energywhich only recently have become available for all five-
collisions may be described in terms of jet characteristicparton processes [6—8] necessary for a three-jet analysis.
Nowadays, jet cross section data are used for both precisecondly, the algorithm for the cancellation of infrared
guantitative tests of QCD—such as measurement of thdivergences applied in Ref. [4] was not directly applica-
strong couplinga; and QCD scaleAys—and looking  ble to processes with more complex final state kinematics.
for signs of new physics beyond the standard modelRecently, a number of general schemes have been pro-
Both of these objectives have been studied extensively iposed for achieving the cancellation of final state infrared
e’ e annihilation [1] that is characterized by a fixed high singularities and mass factorization in the framework of
energy scale, namely, the machine energy. One woulboth “phase space slicing” method [9] and “subtraction”
also like to analyze the data of scattering processes amethod [10—-12].
the highest available energy scale, where the signs of In this Letter we present a brief summary of an
new physics are expected to be the most profound. Thanalysis of three-jet cross sections using the algorithm
highest scale is, in general, found in hadron collisionsof Ref. [12], but in the simplified case when all squared
Unfortunately, there are important ambiguities which limit matrix elements are approximated with that of the pure
our ability to perform high precision quantitative studiesgluon subprocess. Thus the results shown are intended
with the jet cross sections observed in hadron collisionsonly for demonstrating the applicability of the subtraction
In experiments, ambiguities arise from the question oscheme of Ref. [12] in the case of hadron collisions rather
how to define a jet and from the systematic uncertaintieshan a serious theoretical description of the data. We
of jet energy measurements. On the theoretical side, apaanticipate, however, similar conclusions as those drawn
from the ubiquitous and ever decreasing uncertainty in théere will hold once the complete analysis with quarks
parton density functions [2], there still remains uncertaintyincluded is finished.
in the choice of renormalization and factorization scales, According to the factorization theorem, the next-to-
the magnitude of the higher order corrections and thdeading order infrared safe physical cross section at order
question of how to match the theoretical and experimental, ™ ™ is a sum of two integrals,
jet definitions. The theoretical ambiguity coming from
these points can be decreased if the next-to-leading order o=I2—-N]+I[2—N+1], 1)

corrections are calculated. where, in the case of the pure gluon approximation for the
The most easily calculated next-to-leading order correcsquared matrix element, these integrals have the form

tions to cross sections in hadron collisions are those to the

inclusive one-jet and two-jet cross sections which havey[2 — ;] = / dxpferr( g, X4) ] dxpfeir( g, Xp)

been available for some time [3,4]. These results have al-

ready proven to be extremely important: The significant 1 1
: i i : X — | aT"(pf,....p)
enhancement in the experimental one-jet cross section 2x%axps 1l Prs--5Pn
over the result of the theory in the rangéet > 200 GeV ) u
may be interpreted as a signal of physics beyond the stan- XM (g + g = ng)Su(pr,....pH).
dard model [5].
In order to be able to calculate next-to-leading or- (2)

der corrections for more complex final states than then this equationdI'™ is the usuah-particle phase space

ones mentioned above—such as the three-jet cross semeasure. There are two possibilities for the choice of the
tion in hadron collisions—two obstacles had to be over-effective gluon densities. One can either imagine colliding
come. Firstly, there was the issue of loop matrix elementglueballs [3], use a reference gluon density at a fixed
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o scale and evolve it to other scales witly = 0, or, in the beam jets, and the algorithm starts again. The
alternatively, one can use the effective gluon density [13]algorithm stops if the smallest value is larger than the
4 hardness scald.,;. At the end of the algorithm, one
ferr(g.x) = f(g,x) + ) Z[f(ng) + f(g,x)]. has two beam jets and several hard final state jets. The
q second step of the algorithm is the resolution of the
(3)  event structure into subjets. For this step, one defines
Our choice will be the latter one. There is still the questiona resolution parameter.,, yeu = Qo/olCut = 1. Using
of what sort of strong couplingy,(x) one should use this resolution parameter and the set of final state hadron
in the pure gluon{|M (g + g — ng)|*) squared matrix momenta preclustered into the hard final state jets one
elements. We use the two-loop formula for the strongperforms ak, jet-clustering algorithm already familiar
coupling with Ny = 0 and the QCD scale parameter in from studies ine*e™ annihilation. For the sake of
the modified minimal subtraction schemfeyg chosen to  simplicity, here we choose.,; = 1. With this choice
be 1600 MeV so a&(50 GeV) = 0.13 is consistent with we focus our attention to hard final state jets only, and
the value ofa;(50 GeV) observed in the real world with suppress the second step of the clustering algorithm.
quarks. In this way we ensure that the relative size of The principle of parton-hadron duality implies that
the next-to-leading order correction is similar to that inwe use the same clustering algorithm at parton level as
the full QCD case. Note, however, when we comparalefined at hadron level. Thus the measurement functions
the ordera™*! cross section to the results of the Born- used for the next-to-leading order perturbative calculation
level calculat|on we compute the Born cross section usingf N hard final state jet production are
the one-loop formula for, with the Ayzg = 1100 MeV, (N+1)
which makesa, (50 GeV) about 15% and the Born-level Sn1(pt s s ph+1) = Odmin -~ > dew)
three-jet cross section about 50% bigger. + 0w W+ _ )
The functionS,, in Eq. (2) represents the physical quan- min cut
tity to be calculated. Among the numerous infrared safe X Odmn ) > de) (6
physical quantities one can calculate with the technique
presented in Ref. [12], an explicit example, that we use irind
the present analysis, is the next-to-leading order three-jet
cross section in hadron collisions defined using the longi-
tudinally invariantk ; jet-clustering algorithm [14]. For where
hadron collisions the jet-clustering algorithm is a two- ) ) o
stage process, each characterized by a scale. The first drin = min{p? di} : i,
step is the preclustering of hadrons into hard final stat d:nlYnH N)

jets and beam jets. One sets the hardness scale of the J@E?nables after one clustering step. In Eqg. (6) the first term

t0 dewi. Then, for every final state hadrdn and for ev- - ronresents théy + 1)-jet production, while the second
ery pair iy, one computes the corresponding value ofgne renresents the production Nfiets and either a soft

the resolution variabled,; and di;. There are several o400 or 4 hard parton collinear with the beam axis,
possibilities for the definition of the resolution variables. i, s included in the beam jets dtjet production such

For instance, we may choose that all final state patrons are hard, but two of them are
dy = pi, d? = min(p?, pHR%,, (4)  collinear, thus combined into a single jet. .It is notdifficult
to check that these measurement functions are infrared
safe if any sensible recombination scheme [14] is applied.
Ry = \/(ﬂk — )2 + (b — )2, () In our analysis, we use thg,-weighted recombination_. _
In this scheme the transverse momentum, pseudorapidity,
and azimuth of the pseudoparticig) are defined as

SN(pr, . --,PN) = ®(dm|n > dcut) s (7)

=1,...,n,0i #j), (8)

is the minimal value of the resolution

whereRy; is the distance itin, ¢) space,

and (py, 0x, o) are the cylindrical coordinates of the
three-momentum of hadroky with respect to the beam

axis, with n, = —Intan(6,/2) being the corresponding Piip) = Pii + Dijs (9)

pseudorapidity. (For other possibilities see Ref. [14].)

Having calculated the resolution variables, one considers DMt Pymy 10

the smallest value amorgys, di;}. If d;; is the smallest MiGij) = Pitis ’ (10)
. . ij)

value andd;; < d.., thenh; and h; are combined into

- \ - © ; Piiii T pij b
a single cluster with momentunp;;, according to a buijy) = ————L. (11)
recombination prescription, and the algorithm starts again D1(ij)

with hadronsh; and ; deleted from the final state and We remark that any other experimental cut, such as a cut
the “pseudoparticle” of momentuw(,) added to the final in the rapidity window, or ap, trigger should also be
state. Ifd;p is the smallest value and;z < d., then included in the measurement functions. In our analysis,
hadron#h; is deleted from the final state and is includedwe required that, for the rapidity of jetby| < 3 and the
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30 T T T dey. IfOne varie;M in the range ofic}n/z < p < 2dey, '
s = (1800 GeV)2 Fhen the change in the next-to-[eadmg order cross section
_ is less thanl/6 of the change in the Born-level result.
2.5 E.i, = 100 GeV : . : .
i j 3 Thus the inclusion of the higher order correction decreases

the uncertainty in the theoretical prediction by a factor of
Bom doy =70 GeV larger than 6. Similar conclusion can be drawn from plots
at otherd,, values in the range @0 < d.,; < 200 GeV.
This can also be seen from Fig. 2, where the overall
size of the three-jet cross section can be read off from
a differential cross sectiod?, do/dd..; plotted vsd,,.
The wide gray band shows the result of a Born-level
calculation with . varied betweend.,./2 < u < 2dcy,
while the narrower black band inside is the next-to-
leading order result with the same scale variation.
In order to give the reader some feeling about the errors
oottt 111111 of the Monte Carlo integrations, in Fig. 3 we plot the
04 06 08 10 12 14 16 18 20 22 . . .
., size of.the Bprn—level cross section .an_d the higher order
correction to it, together with the statistical errors of these
FIG. 1. Total th4ree-jet cross sectian(deu = 70GeV) vs u results afw = d... The statistical error of the Born result
at the Born andy; level. is below 1%, while the statistical error of the full next-to-
leading order cross section plotted in Fig. 2 is below 10%.
sum of the transverse momenta of the observed particles In conclusion, we have calculated the three-jet cross
p™ > 100 GeV. section for the longitudinally invariant, jet-clustering
We now turn to the description of our results which algorithm in hadron collisions for the simplified case when
were obtained at/s = 1800 GeV machine energy and the matrix elements of all subprocesses are approximated
using the HMRS(B) [15] parton distributions. In Fig. 1 by those of the pure gluon subprocess. The motivation
we plot the total three-jet cross section both at Born levefor the particular choice of the jet definition is simply
and at next-to-leading order for a fixed value &, =  the pleasant property of the clustering algorithm that it
70 GeV vs u which is the common renormalization and uniquely assinges all final state particles to a certain
factorization scale. This plot demonstrates that over get. Using this definition, one avoids the problem of jet
wide range ofu values the theoretical uncertainty coming separation in the case of overlapping jets that occurs when
from the scale dependence is sizably reduced in the nextone jet definition is used. We used the subtraction method
to-leading order result as compared to the result of a Borof Ref. [12] for canceling the infrared singularities. This
calculation. In particular, one expects on general grounds
that u should be chosen of the order of the hard scale
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ik : FIG. 3. Differential three-jet cross sectio#, do/dd.,, Vs
FIG. 2. Differential three-jet cross sectiaff, do/dd.,, Vs dey for w = d., at Born level (crosses) and the higher
dey for 0.5d., < p < 2d.,, at Born level (gray band) and order correction to it (histogram). The error bars indicate the
at next-to-leading order (black band). statistical error of the Monte Carlo integration.
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