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Next-to-leading-order study of dihadron production

J. F. Owens
Physics Department, Florida State University, Tallahassee, Florida 32306
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The production of pairs of hadrons in hadronic collisions is studied using a next-to-leading-order Monte
Carlo program based on the phase space slicing technique. Up-to-date fragmentation functions based on fits to
CERN LEP data are employed, together with several versions of current parton distribution functions. Good
agreement is found with data for the dihadron mass distribution. A comparison is also made with data for the
dihadron angular distribution. The scale dependence of the predictions and the dependence on the choices
made for the fragmentation and parton distribution functions are also presented. The good agreement between
theory and experiment is contrasted with the case for singlep0 production where significant deviations
between theory and experiment have been observed.
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I. INTRODUCTION

The many successes of QCD at describing large mom
tum transfer processes have helped establish it as the th
of the strong interactions. Indeed, largely due to this succ
research concerning QCD has moved from testing the the
to testing the approximations used to obtain predictions fr
the theory. Even though the overall description of large m
mentum transfer processes appears to be satisfactory,
are still some systematic discrepancies between the th
and experiment. These include, for example, problems
served in direct photon production@1# and singlep0 produc-
tion @2#. One phenomenological approach has emphas
that the single particle production processes are sensitiv
recoil corrections due to the emission of initial sta
radiation—also known askT smearing@3#. Another view-
point @2# has stressed that, at least in the case ofp0 produc-
tion, there may be problems with our knowledge of the fra
mentation functions in the region where the moment
fraction,z, taken by the produced particle is large, since t
is a region where the data to which these functions are fi
are limited. Also, it has been noted that this same higz
region may require significant threshold resummation corr
tions.

The production of hadron pairs relies on the same und
lying dynamics as single particle production. Furthermo
the production of high-mass pairs relies on the same higz
region of the fragmentation functions as does single part
production. Thus, if threshold corrections are important, o
the fragmentation functions are inadequately known, th
one might expect to see comparable disagreement betw
the data for dihadron production and the predictions as
sees for single particle production.

It is the purpose of this paper to present a compari
between data for high-mass dihadron production and pre
tions based on QCD. These predictions have been obta
using a next-to-leading-order Monte Carlo based progr
which uses a variant of the phase space slicing techn
@4,5#. This allows the same kinematic cuts used in the extr
tion of the data to be imposed on the theoretical predictio
Another treatment of dihadron production at next-to-leadi
order using Monte Carlo techniques may be found in@6#. In
addition, the related process of photon pair production,
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cluding photon fragmentation functions, may be found in@7#.
The formalism in these two references has been used to
vestigatep0g andp0p0 production at the CERN Large Had
ron Collider ~LHC! as reported in@8#.

The outline of the paper is as follows. In the next secti
a brief overview of the structure of the calculation is pr
sented. Then, the predictions of the program are compare
data in Sec. III. A summary and some conclusions are p
sented in Sec. IV.

II. NEXT-TO-LEADING-ORDER MONTE CARLO
CALCULATION

The calculation described in this section is based on
two-cutoff phase space slicing technique described in@4,5#.
The basic concept is to partition the three-body phase sp
into three regions using two cutoff parameters,ds and dc .
One region is where the 2→3 matrix elements have soft o
collinear singularities, one contains hard-collinear singu
ites, and in the remainder the matrix elements are finite
the soft and hard-collinear regions the matrix elements
approximated using the soft or leading pole approximatio
respectively, and the variables describing the soft or collin
quanta can be integrated over analytically. The results h
the same form as the lowest order 2→2 contributions, but
depend explicitly on the cutoffs used to define the soft a
hard-collinear regions. Likewise, the remaining finite 2→3
contributions depend on the cutoffs used to isolate the div
gent regions. These two types of contributions are used
generate two-body and three-body weights which are ad
together at the histogramming stage. For infrared-safe
servables the dependence on the cutoffs cancels, prov
that sufficiently small values of the cutoffs are chosen. S
cific examples of this procedure are given in@5#.

The case of high-mass dihadron production is forma
rather similar to that for single hadron production with t
addition of another fragmentation function. The treatme
presented here, therefore, follows closely the presenta
given in Sec. III E of Ref.@5#.

The input needed for this calculation includes the squa
matrix elements for the 2→3 subprocesses and the resu
for the O(as

3) one-loop contributions to the 2→2 subpro-
©2002 The American Physical Society11-1
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J. F. OWENS PHYSICAL REVIEW D 65 034011
cesses@9,10#. For the purpose of this example, the notati
of @10# will be used, since much of the input needed can
found in the appendices of that paper. The partons are
beled asA1B→112 and A1B→11213 for the 2→2
and 2→3 subprocesses, respectively. A flavor labelaA is
used to denote the flavor of partonA, and similarly for the
other partons.

The lowest-order contribution to the inclusive cross s
tion for producing two hadronsh1 and h2 in a collision of
hadrons of typesA andB can be written as

dsB5
1

2xAxBs (
aA ,aB ,a1 ,a2

GaA /A~xA!GaB /B~xB!Dh1/a1
~z1!

3Dh2 /a2
~z2!dxAdxBdz1dz2

~4pas!
2

w~aA!w~aB!

3c (4)~aW ,pW !dG2 ~2.1!

where aW 5$aA ,aB ,a1 ,a2% and pW 5$pA
m ,pB

m ,p1
m ,p2

m% denote
the sets of flavor indices and parton four-vectors, resp
tively. The factors appearing in the spin-color averaging
given by

w~a!5H 2~12e!V, a5gluon,

2N, a5quark or antiquark,

with N53 andV5N221. The factordG2 is the differential
two-body phase space element inn-dimensions,

dG25
dn21p1

2p1
0~2p!n21

dn21p2

2p2
0~2p!n21

3~2p!ndn~pA1pB2p12p2!. ~2.2!

Equation~2.1! gives the contribution where parton 1 fra
ments into the hadronh1 and parton 2 fragments intoh2.
Care must be taken to explicitly include in the sum oveaW
those terms corresponding to the case where parton 2
ments intoh1 and vice versa. For compactness, these te
will not be explicitly written. The squared matrix elemen
for the various subprocesses, denoted byc (4)(aW ,pW ), may be
found in Ref.@10#.

Next, consider the one-loop virtual corrections to the
→2 subprocesses. These take the form

dsv5
1

2xAxBs (
aA ,aB ,a1 ,a2

GaA /A~xA!GaB /B~xB!Dh1 /a1
~z1!

3Dh2 /a2
~z2!dxAdxBdz1dz2

~4pas!
2

w~aA!w~aB!

3F as

2p S 4pmR
2

2pA•pB
D e G~12e!

G~122e!
Gc (6)~aW ,pW !dG2 ~2.3!

where
03401
e
a-

-

c-
e

g-
s

c (6)~aW ,pW !5c (4)~aW ,pW !F2
1

e2 (
n

C~an!2
1

e (
n

g~an!G
1

1

2e (
m,n

mÞn

lnS pm•pn

pA•pB
Dcm,n

(4,c)~aW ,pW !

2
p2

6 (
n

c (4)~aW ,pW !1cNS
(6)~aW ,pW !1O~e!.

~2.4!

This expression forc (6) differs slightly from Eq.~35! in Ref.
@10# because we have chosen to extract a differente depen-
dent overall factor: a factor ofG(11e)G(12e)'1
1e2(p2/6) has been absorbed into the above expression
c (6). Furthermore, the arbitrary scaleQES

2 used in Ref.@10#
has been chosen to be 2pA•pB . The expressions for the
functions cm,n

(4,c) and cNS
(6) may be found in Appendix B of

Ref. @10#. The quantitiesC(an) andg(an) are given by

C~a!5H N53, a5gluon,

CF5
4

3
, a5quark or antiquark,

and

g~a!5H ~11N22nf !/6, a5gluon,

3CF/2, a5quark or antiquark.

It will be convenient for subsequent expressions to adopt
following notation:

F5S 4pmR
2

2pA•pB
D e G~12e!

G~122e!
. ~2.5!

The one loop virtual contributions can now be written as

dsv5
1

2xAxBs (
aA ,aB ,a1 ,a2

GaA /A~xA!GaB /B~xB!Dh1 /a1
~z1!

3Dh2 /a2
~z2!dxAdxBdz1dz2

~4pas!
2

w~aA!w~aB!

3F as

2p S A2
v

e2
1

A1
v

e
1A0

vD dG2 ~2.6!

where

A2
v52(

n
C~an!c (4)~aW ,pW ! ~2.7!

A1
v52(

n
g~an!c (4)~aW ,pW !1

1

2 (
m,n

mÞn

lnS pm•pn

pA•pB
Dcm,n

(4,c)~aW ,pW !

~2.8!

A0
v52

p2

6 (
n

C~an!c (4)~aW ,pW !1cNS
(6)~aW ,pW !. ~2.9!
1-2
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NEXT-TO-LEADING-ORDER STUDY OF DIHADRON . . . PHYSICAL REVIEW D65 034011
Next, the contributions from the 2→3 subprocesses in the limit where one of the final state gluons becomes soft are n
The contributions of the 2→3 subprocesses may be written as

ds2→35
1

2xAxBs

~4pas!
3

w~aA!w~aB!
F (

aA ,aB ,a1 ,a2 ,a3

GaA /A~xA!Ga/B/B~xB!Dh1 /a1
~z1!Dh2 /a2

~z2!C

3~aA ,aB ,a1 ,a2 ,a3 ,pA
m ,pB

m ,p1
m ,p2

m ,p3
m!dG3dxAdxBdz1dz2 . ~2.10!

The expressions for the 2→3 squared matrix elements appearing in Eq.~2.10! may be found in Ref.@9#. As noted earlier for
the two-body contributions, one must include in the sum all possible parton to hadron fragmentations. HeredG3 is the
three-body invariant phase space factor inn dimensions:

dG35
dn21p1

2p1
0~2p!n21

dn21p2

2p2
0~2p!n21

dn21p3

2p3
0~2p!n21

~2p!ndn~pA1pB2p12p22p3!. ~2.11!

Consider the case where the soft gluon is parton 3. In this limit, the functionC may be expanded as

C~aA ,aB ,a1 ,a2 ,a3 ,pA
m ,pB

m ,p1
m ,p2

m ,p3
m!; (

m,n
m,n

da3 ,g

pm•pn

pm•p3pn•p3
cm,n

(4,c)~aA ,aB ,a1 ,a2 ,pA
m ,pB

m ,p1
m ,p2

m!. ~2.12!

Next, one must integrate over the soft region of phase space defined byE3,dsA2pA•pB/2. This is easily done using th
integrals given in the appendix of Ref.@5#. The resulting soft contribution may be written as

dss5
1

2xAxBs (
aA ,aB ,a1 ,a2

GaA /A~xA!GaB /B~xB!Dh1 /a1
~z1!Dh2 /a2

~z2!dxAdxBdz1dz2

~4pas!
2

w~aA!w~aB!
F as

2p S A2
s

e2
1

A1
s

e
1A0

sD dG2

~2.13!

where

A2
s5(

n
C~an!c (4)~aW ,pW ! ~2.14!

A1
s522 lnds(

n
C~an!c (4)~aW ,pW !2

1

2 (
m,n

mÞn

lnS pm•pn

pA•pB
Dcm,n

(4,c)~aW ,pW ! ~2.15!

A0
s52 ln2 ds(

n
C~an!c (4)~aW ,pW !1~cA,1

(4,c)1cB,2
(4,c)!F1

2
ln2S p1•p3

pA•pB
D1Li2S p2•p3

pA•pB
D12 lnds lnS p1•p3

pA•pB
D G

1~cA,2
(4,c)1cB,1

(4,c)!F1

2
ln2S p2•p3

pA•pB
D1Li2S p1•p3

pA•pB
D12 lnds lnS p2•p3

pA•pB
D G . ~2.16!

After the collinear singularities associated with the parton distribution functions and fragmentation function hav
factorized and absorbed into the corresponding bare functions, there will be soft-collinear terms left over due to the m
between the integration limits of the collinear singularity terms and the factorization counterterms. Collecting toget
various collinear terms, the result can be written as follows:

dscoll5
1

2xAxBs (
aA ,aB ,a1 ,a2

GaA /A~xA!GaB /B~xB!Dh1 /a1
~z1!Dh2 /a2

~z2!dxAdxBdz1dz2

~4pas!
2

w~aA!w~aB!
F as

2p S A1
coll

e
1A0

collDdG2

~2.17!

where

A1
coll5(

n
@2lndsC~an!1g~an!# ~2.18!

A0
coll5 (

n5A,B
@2 lndsC~an!1g~an!# lnS 2pA•pB

m f
2 D 1 (

n51,2
@2 lndsC~an!1g~an!# lnS 2pA•pB

M f
2 D . ~2.19!
034011-3
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Herem f andM f are the initial and final state factorization scales.
After the mass factorization has been performed, the bare parton distribution functions and fragmentation functio

been replaced by scale dependentMS functions. In addition, there are finite remainders involving functionsG̃ and D̃,
expressions for which may be found in@5#:

ds̃5
1

2xAxBs (
aA ,aB ,a1 ,a2

~4pas!
2

w~aA!w~aB!

as

2p
c (4)~aW ,pW !dxAdxBdz1dz2dG2@G̃aA /A~xA ,m f

2!GaB /B~xB ,m f
2!Dh1 /a1

~z1 ,M f
2!Dh2 /a2

3~z2 ,M f
2!1GaA /A~xA ,m f

2!G̃aB /B~xB ,m f
2!Dh1 /a1

~z1 ,M f
2!Dh2 /a2

~z2 ,M f
2!

1GaA /A~xA ,m f
2!GaB /B~xB ,m f

2!D̃h1 /a1
~z1 ,M f

2!Dh2 /a2
~z2 ,M f

2!

1GaA /A~xA ,m f
2!GaB /B~xB ,m f

2!Dh1 /a1
~z1 ,M f

2!D̃h2 /a2
~z2 ,M f

2!#. ~2.20!

At this point, all of the singular terms have been isolated as poles ine or have been factorized and absorbed into the b
parton distribution and fragmentation functions. Thee dependent pole terms all cancel amongst each other:

A2
v1A2

s50, ~2.21!

A1
v1A1

s1A1
coll50. ~2.22!

The finite two-body contribution is given by

ds2→25dsB1ds̃1
1

xAxBs (
aA ,aB ,a1 ,a2

~4pas!
2

w~aA!w~aB!
GaA /A~xA ,m f

2!GaB /B~xB ,m f
2!Dh1 /a1

~z1 ,M f
2!Dh2 /a2

~z2 ,M f
2!

3
as

2p
@A0

v1A0
s1A0

coll#dxAdxBdz1dz2dG2 . ~2.23!
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The three-body contribution, now evaluated in four dime
sions, was given in Eq.~2.10! where now the soft and col
linear regions of phase space are excluded.

The structure of the final result is two finite contribution
both of which depend on the soft and collinear cutoffs—o
explicitly and one through the boundaries imposed on
three-body phase space. However, when both contribut
are added while calculating an observable quantity, all
pendence on the cutoffs cancels when sufficiently small
ues of the cutoffs are used.

III. COMPARISON TO DATA

Two sets of next-to-leading-order fragmentation functio
have become available recently@11,12#. Both sets have bee
fit to high statistics data frome1e2 experiments. Accord-
ingly, only charge symmetric combinations, e.g.,h11h2,
have been determined and the sets do not have fragment
functions for individual charge states. Nevertheless, th
sets can be used to generate predictions for experim
which measured eitherp0p0 final states or symmetric com
binations of charged hadrons. The NA-24@13#, CCOR@14#,
and E-706@15# experiments each measured the production
p0 pairs while the E-711@16# experiment measured the pro
duction ofh1h1, h2h2, andh1h2 pairs. In the latter case
one can combine the tabulated results to give the cross
tion for producing the symmetric combination (h11h2)
1(h11h2).
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In the following, unless otherwise stated, the theoreti
results have been obtained using the CTEQ5M@17# parton
distributions and the Kniehl-Kramer-Potter~KKP! @11# frag-
mentation functions. For the calculation of the cross sect
at fixed values of the dihadron mass,M, the renormalization
and factorization scales have been chosen to be proporti
to M, as this is the only observed hadronic variable with t
appropriate dimension.

In Fig. 1 the E-711@16# data are shown with the leading
order ~LO! and next-to-leading-order~NLO! theoretical re-
sults with two choices for the common factorization a
renormalization scales. Cuts were applied to the rapidity
the pair,Y, the transverse momentum of the pair,pTpair , and
cosu* , an estimate of the cosine of the scattering angle in
parton-parton center of mass frame. For these data, cou*
was defined by first transforming to the frame where
momentum of the hadron pair had no longitudinal comp
nent. In general, the two hadrons will not be exactly ba
to-back in this frame, due to their differing values of tran
verse momentum. The two values of the cosine of the an
between the hadron direction and the beam direction w
averaged to obtain cosu* . The cuts used for the data show
in Fig. 1 were20.4,Y,0.2, pTpair,2 GeV anducosu* u
,0.25. The NLO results can be seen to bracket the d
while, for the scale choices shown, the LO results are s
nificantly below the data. The large scale dependence evi
at lowest order is due to the two powers ofas in combination
1-4



ag
th
um
i

re
sin
rr
a
.
f

e.
th

he
t to

ts,
the
ote

so
g-
d

ow
oice
he

tri-

k,
rsus

he
in

ted,
the
sig-

ch

ow
s,

en-
set

ag-
ets
.
can
ion

er
ta

ith

NEXT-TO-LEADING-ORDER STUDY OF DIHADRON . . . PHYSICAL REVIEW D65 034011
with the scale dependence of the four distribution and fr
mentation functions. In the kinematic regime covered by
data, the distribution and fragmentation function moment
fractions are large, so that the functions decrease with
creasing values of the scale. These scale dependences
in a significant decrease of the cross section with increa
scale, as shown in Fig. 1. The band covered by the co
sponding NLO curves is narrower, although significant sc
dependence remains. This is further examined in Fig
where the NLO results are compared to the E-711 data
three choices of scale. The format~data-theory!/theory is
used in order to more clearly show the scale dependenc

In Fig. 3 the dependence of the results on variations in

FIG. 1. Comparison of the NLO~solid! and LO~dashed! results
with data from the E-711 experiment@16#.

FIG. 2. CTEQ5M results compared to the E-711 data for diff
ent scale choices. The renormalization and initial and final s
factorization scales have been set equal to each other.
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sult
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choice of parton distributions is shown, relative to t
CTEQ5M results. For each curve the scale has been se
m50.85M . The CTEQ5HJ set@17# has a gluon distribution
which has been enhanced in the high-x region in order to
better describe the high-ET jet data from the CDF and DO”

Collaborations. Relative to the CTEQ5M distribution resul
one can see an overall increase in the cross section, with
increase becoming larger towards the high mass end. N
that an increase in the scale from 0.85M to M would bring
the CTEQ5HJ curve down to the level of the data. Al
shown are the results for two of the Martin-Roberts-Stirlin
Thorne~MRST! @18# sets, one with the standard gluon an
one with a reduced gluon. Although the two curves lie bel
the CTEQ5M results, a modest decrease in the scale ch
would raise the curves to be in accord with the data. T
results for a third MRST set with an increased gluon dis
bution are essentially identical with the CTEQ5M results.

In Fig. 4 the relative contributions of the quark-quar
quark-gluon, and gluon-gluon subprocesses are shown ve
At5M /As. This dimensionless variable is approximately t
value of the parton momentum fraction which is probed
the production of the high mass hadron pair. As expec
quark-quark scattering dominates at the upper end of
mass range covered by the data. Nevertheless, there is a
nificant contribution from quark-gluon scattering over mu
of the mass range. This is similar to the situation for high-ET
jet production and, indeed, the results in Fig. 3 do sh
some sensitivity to the choice of the parton distribution
e.g., CTEQ5M vs CTEQ5HJ. Unfortunately, the scale dep
dence, even at NLO, is such as to preclude favoring one
over the other.

Next, in Fig. 5 the dependence on the choice of the fr
mentation functions is shown. The results from the two s
agree to within about 10% across the mass range shown

From the results shown thus far, several conclusions
be drawn. First, the NLO results give a very good descript

-
te

FIG. 3. Comparison between the CTEQ5M predictions w
those from the CTEQ5HJ@17# set and several MRST@18# sets.
1-5
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J. F. OWENS PHYSICAL REVIEW D 65 034011
of the mass distribution for symmetric hadron pairs m
sured by the E-711 Collaboration. The variations obser
due to different choices of the distribution and fragmentat
functions are easily compensated for by changes in the re
malization and factorization scales. Nevertheless, extre
variations of these scales are not needed in order to des
the data.

Next, consider the data for producing pairs of neut
pions. In Fig. 6 the theoretical results are compared to d
for the processpp→p0p01X as measured by the NA-2
@13# and CCOR@14# Collaborations. The cuts used for the
data are20.35,Y,0.35, pTpair,1, anducosu* u,0.4. The
same scale choice ofm50.85M as used for the E-711 dat

FIG. 4. Relative contributions of theqq, qg, andgg subpro-
cesses to the CTEQ5M results withm50.85M .

FIG. 5. Comparison between the results obtained using the K
@11# and BFGW@12# fragmentation functions.
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gives a good description of the experimental results. Aga
the CTEQ5M and KKP distribution and fragmentation fun
tions have been used. The same results are shown in Fig.
a data/theory format versusAt. For the NA-24 data, the
statistical and systematic errors have been added in qua
ture. No discussion of errors was contained in the CC
paper@14#. However, in an earlier publication on singlep0

production@19# the CCOR Collaboration quotes an overa
error of 25% for both energies with an additional 5% relati
normalization error between the results for the two energ
Thus, the three data sets are seen to agree within the qu
errors. Furthermore, given these errors, the agreement
the theoretical results is acceptable, although deviations
apparent in Figs. 6 and 7.

Noting the tendency for the data to lie below the theo
for small At and above it for largerAt, it is natural to ask
whether the CTEQ5HJ distributions might yield better agr
ment with the data. These results are shown in Fig. 8 wit
scale choice ofm5M . Although the agreement is slightl
better, the modified gluon distribution is unable to bring t
theory and the data into complete agreement. Neverthe
given the size of the errors, no definitive conclusion can
drawn.

In Fig. 9 the NLO predictions are compared with data f
dipion production as measured by the E-706 Collaborat
@15#. For these data the pions were separately required
satisfy pT.2.5 GeV and 20.8,y,0.8 (21.05,y
,0.55) for theAs531.6 (38.8) GeV data. The differenc
between the azimuthal angles for the two pions,Df, was
required to be greater than 105 degrees. No cuts were pl
on cosu* or onpTpair . There is good agreement between t
theory and the data when a scale choice ofm50.35M is
used. This value is significantly smaller than that used in
previous comparisons. Of course, the cuts used for the E-
data set are far different than those used for the other sets
a consistency check on their data the E-706 Collabora
@15# also presented results obtained using cuts similar
P

FIG. 6. Comparison between the CTEQ5M results and d
from the NA-24@13# and CCOR@14# Collaborations.
1-6
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those used for the E-711 data. These data are compare
the NLO predictions in Fig. 10 withm50.50M and 0.85 M .
The two curves bracket the data, suggesting that E706 re
are compatible with those of the other experiments when
same cuts are used. This suggests that the need for a m
smaller scale when comparing with the E-706 data in Fig
is a problem due to the calculation not being able to prope
reproduce the effects of the different sets of cuts.

In order to investigate this situation further, consider t
effects of a cut inDf. The significance of theDf cuts lies in
the fact that the observedDf distributions are broader tha
those given by the NLO calculations, as can be seen in F

FIG. 7. The same as for Fig. 6 presented in the data/the
format.

FIG. 8. The same as for Fig. 7 except using the CTEQ5
distributions.
03401
to

lts
e

uch
9
ly

e

s.

11 and 12. At lowest order, with collinear fragmentation a
distribution functions, the theoretical predictions have t
two hadrons being produced back-to-back, i.e., withDf
5180°. At next-to-leading-order, the 2→3 subprocesses al
low for the Df distribution to develop a non-zero width
Nevertheless, it is still narrower than the experimental obs
vations. The acceptance for the CCOR and E-711 exp
ments was limited toDf.140°, and this cut was also place
on the NA-24 data shown previously, so essentially none
the NLO generated cross section was rejected. Opening
the cuts to the valueDf.105° used by the E-706 exper
ment does not, therefore, result in any increase of the th
retical cross section. However, it does result in an increas
the experimental cross section. The net result is that the N

ry

J

FIG. 9. Comparison between the NLO results and data from
E-706 Collaboration@15#.

FIG. 10. Comparison between the NLO results and data fr
the E-706 Collaboration@15#.
1-7
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J. F. OWENS PHYSICAL REVIEW D 65 034011
calculation will not correctly reproduce the effects of diffe
ent Df cuts because the theoretical distribution is too n
row. This results in a relative normalization shift when co
paring experiments which used different cuts inDf. This
shift can be accommodated by altering the renormaliza
and factorization scales used in the theoretical calculatio
Alternatively, one can restrict the comparison to data s
which use the sameDf cut. Similar considerations apply t
cuts on other variables such as the net transverse mome
of the hadron pair,pTpair . The comparison with E-706 dat
@15# is shown in Fig. 13 where one can see that the theo
ical pTpair distribution is significantly narrower than is ob

FIG. 11. Comparison of the NLODf distribution with data
from E-706@15#.

FIG. 12. Comparison of the NLODf distribution with data
from E-706@15#.
03401
r-
-

n
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t-

served in the data. Comparisons to data which integrate o
the full pTpair distribution will differ from comparisons to
data sets which place cuts on this variable.

This situation should, in fact, come as no surprise. B
theDf andpTpair distributions are examples which are de
functions at the lowest order parton level. Non-trivial cont
butions to these observables only start in next-to-leading
der. In that sense, the curves shown here for these distr
tions are really leading-order only and they diverge at
end points corresponding to the third parton being soft and
collinear (Df5180° or pTpair50). A more realistic treat-
ment of these observables would require the application
soft gluon resummation techniques. Note, however, t
there are compensating singularities at the end points of
distributions, so that a finite result is obtained after integr
ing over the distribution and the normalization of the int
grated distribution is thus calculated to next-to-leadi
order.1

From the standpoint of comparing to NLO calculations
would be better if the data sets were defined only by cuts
variables whose distributions are well described by the c
culation. In this sense, the E-706 procedure is to be prefe
since a large portion of both theDf andpTpair distributions
were integrated over.

The cuts utilized in the analysis of the E-706 data dif
substantially from those which were used for the CCO
NA-24, and E-711 data sets. Therefore, separate compari
are required and the optimum choice of scale will differ b
tween the two sets of experiments. It must be stressed

1Because of the use of finite width bins, the divergent behavio
the end point of thepTpair distribution in Fig. 13 is not evident. The
first bin remains finite as it contains the end point contribution,
well. Furthermore, the lowest order delta function is smeared so
what by the fragmentation process.

FIG. 13. Comparison of the NLOpTpair distribution with data
from E-706@15#.
1-8
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this is not an experimental problem, but rather the resul
the fact that the NLO calculation does not properly descr
the distributions in some of the variables used for making
cuts.

The E-711, E-706, and CCOR Collaborations each m
sured the angular distribution of the dihadron pair in t
parton-parton center-of-momentum frame. None of the
periments observed any significant variation of this distrib
tion with dihadron mass or with energy. The theoretical
sults for the normalized cosu* distribution are compared to
the E-711 data@16,20# in Fig. 14 for 7,M,7.5 GeV and in
Fig. 15 for M.7.5 GeV. In each figure two curves a
shown corresponding to the NLO results with scale choi
of 0.85M and A^pT

2&, where ^pT
2& is the average of the

squared transverse momentum for the two observed had
in the event. Note that for the case of two-body kinematic
fixed M, the parton transverse momentum is (M /2)sinu* and
the parton and hadron transverse momenta are nearly
same since the fragmentation variablez is near one. Thus
one can argue that for fixedM andu* eitherM or A^pT

2& is
a valid choice for the scale. The choice ofA^pT

2& gives a
steeper distribution which is in better agreement with
data than is the result obtained with the choice of 0.85M for
the scales. This steepening occurs because at fixedM as
cosu*→1,A^pT

2& decreases. This decreasing scale cause
increase in the theoretical cross section. However, since

FIG. 14. Comparison between the CTEQ5M results and
E-711 angular distribution data for 7,M,7.5 GeV using two
choices for the scale parameter.
9.
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distribution is normalized to unity at cosu*50, the end result
is a steeper angular distribution.

IV. SUMMARY AND CONCLUSIONS

A next-to-leading-log Monte Carlo program has been co
structed for symmetric dihadron production using the t
cut-off phase space slicing formalism described in Re
@4,5#. This process serves as a probe of the underlying h
scattering subprocesses which complements that provide
single particle production. For high mass pairs the relev
range of the fragmentation momentum fractionz is compa-
rable to that for single particle production. The results p
sented here show that the NLO QCD formalism is capable
giving a good description of the data for the dihadron m
and angular distributions. There appears to be no anoma
behavior with respect to either the dihadron mass or
center-of-mass energy. This is in marked contrast to the c
for direct photon and single hadron production at fixed tar
energies. This process, therefore, provides encouraging
dence that the underlying hard scattering is correctly
scribed by QCD and that the problems with the single pho
and single hadron cross sections may be ascribed to a c
bination of effects due to an incomplete application of t
theory and possible inconsistencies amongst the various
sets.
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e FIG. 15. Same as for Fig. 14 except forM.7.5 GeV.
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