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The present status of complete O(«’) QCD corrections to jet production and one hadron
inclusive production in hadronic collisions is reported.

PACS numbers: 12.38.-t

1. Introduction

Hadron jets from hadronic colliders are an important tool to test in a quantitative
way the QCD improved parton model. The present situation, as we will see, does not allow
to perform a quantitative comparison between QCD and experiment. Besides the uncer-
tainty in the knowledge of integrated luminosity the main systematic experimental error
is the lack of precision in the measurement of the jet energy in the calorimeter, leading to
an overall uncertainty of + 50%;. On the theoretical side the data on inclusive jet production
can be compared directly either to Born cross section (involving a two body O(«?) parton
parton scattering at subprocess level) or to sophisticated Monte Carlo programs including
a part of higher order corrections. It should be stressed that the main theoretical uncertainty,
i.e. the dependence of cross sections on scales M of evoluted parton densities (factorization
scale) and of the strong coupling constant y (renormalization scale) can be reduced by
performing a complete O(2’) calculation of subprocesses contributing to jet production:

H(K,)+ Hy(K;) — jet (P)+ X M
or inclusive production of a hadron:
H(K))+ Hy(K,) » Hy(P)+X. @

As an illustration if Py is the transverse momentum of the jet, choosing u = M = P¢/2
or yp = M = 2P;, affects the Born cross section by a factor of 3—4 at present collider
energies. Inclusive jet cross section is sensitive to the jet definition. We will focus on two
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algorithms. The first one, originating from e*e~ collisions, is the Sterman-Weinberg scheme
in which the jet is defined as an arbitrary set of hadrons within a cone of semi opening
angle &. For the second one, corresponding to UA1 algorithm, the jet is defined as the energy
deposited inside a cone of radius R (where R = N/ Ad?+A4n?) in the pseudorapidity n-azi-
muthal angle ¢ space. Let us emphasize that the Born cross section has no explicit depend-
ence on the jet definition, i.¢. no term proportional to In é or In R, and cannot be viewed
as a jet cross section. The advantage of higher order calculations is that they explicitely
depend on the jet definition. This evaluation of next to leading corrections started in the
early 80’s (when ISR energy was the highest one) for subprocesses involving quarks of
different flavors [1]. The second motivation for studying now reactions (1) and (2) beyond
leading order is that they could provide direct measurement of the gluon structure function.
In DIS since there is no electroweak coupling of the gluon to the virtual photon, it is indi-
rectly seen as a scaling violation of the structure function F,(x). Moreover DIS data are
not sensitive to the gluon structure function in the large x region. Reactions from hadron
hadron collisions — for which subprocesses involving gluons are dominant in certain
kinematical regions — allow one direct extraction of gluon structure function. This has
recently been done for direct photon experiments [2] (H, H, — v+ X). Within the optimized
approach [3] to fix the scales u and M good agreement with the precise BCDMS determina-
tion [4] leads to

xG(x) = A(1—-x)", 3)

where n, = 4.0+0.11 (+.8—.6) and 4 = 231.5£17+50 MeV. When a complete next
to leading order calculation will be available, jet production from hadronic collisions will
be well suited to perform a similar analysis and should improve our knowledge about the
gluon structure function. This is why O(a?) corrections to jet and one hadron inclusive
production are important to test quantitatively QCD. Let us add that such a precise knowl-
edge is crucial to establish any breakdown of the standard model like a firm limit on the
compositeness scale of proton constituents.

The present status of the calculation is the following. Two groups are working on this
subject. The first one [5] has performed a computation of O(«) corrections for all partonic
subprocesses for one hadron production and inclusive jet production within a cone of
semi aperture § small. The second group [6] has performed an evaluation to O(«?) of one
jet inclusive cross section for a jet defined according to UAI algorithm restricted to pure
gluonic case.

After a presentation of the calculational method we will discuss numerical results for
present pp colliders with peculiar attention about the reduced sensitivity to factorization
and renormalization scales and about the dependence on jet size.

2. Calculational method

The method is based on the calculation [7] of full O(a?) matrix elements for all 2 — 2
and 2 — 3 parton subprocesses in n = 4-2¢ dimensions. One starts from the expression
of the matrix elements squared for real 2 — 3 parton subprocesses. Using algebraic mani-
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pulations with Macsyma and/or Reduce one performs the phase space integration of these
real subprocesses. Since we are interested in one jet or one hadron inclusive production,
i.e. we are considering one parton in the final state, we have to integrate over two four
momenta. The basic idea is to express all integrals in terms of a few basic ones which are
computed analytically. Once this has been done we are left with two types of infrared diver-
geuces i.c. terms like 1/e2 and 1/e. The first ones are cancelled by adding virtual corrections.
Let us take the example of inclusive gluon production from gluon gluon subprocesses.
Two real subprocesses contribute: gg — ggg and gg — gqq. After adding virtual corrections
to gg — gg and gg — qq we are left with mass singularities we will absorb into the structure
and fragmentation functions beyond leading order i.e. by adding terms like

a’(”z) tn
o H ,,p (x)d6™™(pip; = pipi)s @
where
1 M?
H,,/(x) = P,,(x)3 - —-6— —Indn—y:+ In 7 +fpuipr(%)- (5)

In Eq. (5) P,,,, (x) is the Altarelli-Parisi Kernel whereas f,,,, (x) is the finite O(,) correction
for structure functiops.

For gg —» g+ X we will add emission of one gluon from incoming legs, emission of
a quark (or antiquark) from incoming legs followed by a qg — qg Born cross section,
fragmentation of a gluon from an outgoing gluon, production of a qq pair from gg followed
by fragmentation of the quark into a gluon. For one jet inclusive production the collinear
divergences associated to final partons are automatically cancelled by adding contributions
of one and two partons in the cone. As discussed in Ref. [5] the finite next to leading
corrections to structure functions have only to be calculated for quarks [8]:

In(1— 1 1+x?
= forn[09) gt 1

7‘2
In x+34+2x~ (%+ ?) é(l—x)}.
©)

As can been seen by looking at Eq. (6) they contain terms which become particularly
large near the boundary of phase space (x = 0 and x — 1). In order to test the sensitivity
to the factorization scheme we will consider two possibilities hereafter denoted as schemes
CQ = 0 and CQ = 1. For choice CQ = 0 we will take f, . (x) = 0 except for quarks.
For choice CQ = 1 we will incorporate in the f’s the relevant kinematical factors obtained

1—
by multiplying P, ,. (x) by In (—J-C) and for the finite terms d,,,, (x) of fragmentation
x

functions by multiplying P, (x) by In ((1 ~x)x?). The complete expressions are obtained
by imposing energy momentum sum rules. The cross section can finally be expressed in
terms of convolution of partonic cross sections free of singularities with evoluted structure
functions.
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ij VW VW/u

1 d O-"c as 2
y [; T 5, )31 — ) + ) (“ ) Koyasuss 0, w3 2, M2, a)], )

where § = (K;+K;)%, T = (K,—-P), U= (K,—Py, V=»1+T)S), W= ~U(S+T),
X, = VW/fow, X; = (1-V)/(1-0) and s = xx,S. The advantage of variables v and w is
that we can express the partonic cross section in terms of distributions. The correction
factor Kj;.j, can be written as:

o (1)

2C,Cys

o s ~ s - s
X {[Cl-i'cl In (’M—z) +¢; In (ﬁ) +c In (P)] o(1—w)
~ f 8 ~ S 1
+ c2+c21n W +c, In E—za—z m

h(l—-w) )
[H]j +Kijoje(ss 0, W, 0), ®)

Kij-*jct(s9 U, w, #2, Mz, 52) =

where the coefficient C, is equal to N for quarks and N2—1 for gluons. As stressed in the
introduction the calculation of group Lis restricted to small § values for which the kinemat-
ics is easier since the jet total momentum P is such that P2 ~ 0 and E ~ |P|. The group II
which computes the inclusive jet cross section for any value of & splits the integral into
a singular piece and a regular one. The singular piece is calculated analytically in order
to ensure that the singularities are correctly cancelled whereas the finite left part is evaluated
numerically using VEGAS multidimensional integration involving five variables. Our
group has started to extend the jet calculation to large & values using the exact analytical
result for jet production within 6 = 0.1 and performing the evaluation of remaining cone
part by a Monte Carlo program. This computation has now been done for gluon-gluon
subprocesses. Let us now focus on numerical results. Since the two groups have not yet
performed a complete calculation at next to leading order, full quantitative comparison
to collider data is not possible.

3. Numerical results

The questions we will address are the dependence on jet size, the reduced sensitivity
to renormalization and factorization scales and to the factorization scheme. We will give
results for jet cross section as a function of 5 = 2Py/,/5 (where Py is the transverse mo-
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mentum of the jet) from pp collisions at \/E = 0.63 and 1.8 TeV for 8., = 90°. As shown
in Fig. 1 the dependence of inclusive jet cross section on jet size R is logarithmic. We will

d
now concentrate on scaled jet cross section X = P%E‘—i—;}—) for 6 = 0.2 and N = 4. We

first plot in Figs 2a (resp. 2b) X for p = M = 3Py/4 (resp.u = M = 2P;)at /s = 0.63 TeV
for CQ = 1. The comparison between the two figures shown that when higher order cor-
rections are included the cross-section is quite stable, unlike the Born cross section which-
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Fig. 1. Inclusive jet cross section o for Er = 50 GeV, 7 = 0 and 4/5 = 1.8 TeV at Born and O(@3)
T

level as a function of jet size R

is varying by a factor of 3. A similar behaviour is obtained for CQ = 0. Similar results
hold at /s = 1.8 TeV. Let us mention that group II got a reduction of the sensitivity of the
theoretical cross section due to the choice of mass scales by a factor of 2 to 3. Similar
results have been obtained for one hadron inclusive production. The sensitivity to the
factorization scheme affects mainly the gg subprocesses at large n but does not show up
after sum of all contributions. This is shown more in detail in Fig. 3, where the K factor
= [0(®) + 0(o2)]/O(e2) — with «, evoluted to 2 loops (1 loop) in the numerator (denom-
inator) —is plotted for M = p = 3 Pf4, 2Py. The scheme corresponding to CQ =1
looks therefore more stable perturbatively.



312

6=0.2 SCALE 8P; /4 cq=1
10 : . : . : : : : . , :
; 630 GeV a j

sood 6 eanl s

[
(=]
(]

LB L e e 1L e

P} E d6/d3P (nbGev?)

tassend o izl

T T

-1 : L : 1

10 '
0.2 0.4 0.6

o

do - -
Fig. 2a. The scaled jet cross section X = P{E E’ as a function of n = 2Pg/y/s at 4/s = 630 GeV for

4 = 02,CQ = land 4 = M = 3Pr/4. Dashed curve: Born cross section. Full curve: O(a?)+ O() predic-

tion for all subprocesses. Dot dashed curve: O(3)+ O(«3) prediction for quark gluon subprocesses. Long

dashed curve: O(@2)+ O(a3) prediction for gluon gluon subprocesses. Small dashed curve: O(@2)+ 0(ad)
prediction for all quark subprocesses )
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Fig. 2b. Same caption as for Fig. 2a for u = M = 2Py
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Fig. 3. The K factor for gluon gluon subprocesses at 4/8 = 630 GeV for 6 = 0.2. Full curves: CQ = 1.
Dashed curves: CQ = 0. Upper curves: u = M = 2Pt. Lower curves: u = M = 3Pt/4

4. Conclusions

We have presented the present status of full calculation of O(a?) radiative corrections
to high Pr inclusive jet cross section and one hadron inclusive production. Although the
calculation is not yet complete we have shown that the theoretical uncertainty due to the
arbitrary renormalization and factorization scales has been sizeably reduced, showing an
excellent stability of O(x2)+ O(«]) cross section upon change of the scales in the range

3P .
TT < u, M < 2 P1. The dependence on the factorization scheme is weak. Since analytical

results for one hadron inclusive production and direct photon production at next to leading
order have been performed a precisc determination of y/n° ratio is in progress.

It is a pleasure to thank the organizers of this XXIX Cracow School for such
a successful and stimulating conference in a friendly atmosphere.
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