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We study the inclusive two jet triply difFerential cross section d o/dEzdrlzdrt2 at Fermilab ener-
gies. Different gz and g2 pseudorapidity regions are directly related to both the parton level matrix
elements and the parton densities at leading order. We present the next-to-leading order [D(n, )]
corrections and show that the shape of the distribution at 6xed transverse energy ET is a partic-
ularly powerful tool for constraining the parton distributions at small to moderate x values. We
investigate the renormalization and/or factorization scale uncertainty present in the normalization
and shape of the distribution at next-to-leading order. We discuss speci6c slices of the distribution,
the same-side/opposite-side ratio, and the signed pseudorapidity distribution in detail and compare
them with preliminary experimental data.

PACS number(s): 13.87.Ce, 12.38.Bx

I. INTRODUCTION parton momentum fractions xi and x2,

Dijet production in hadron collisions occurs when two
partons &om the incident hadrons undergo a hard point-
like interaction and scatter at relatively large angles. The
two jet cross section depends on both the nonpertur-
bative probability of finding a particular parton inside
the parent hadron and the dynamics of the hard scat-
tering. By examining kinematic regions where the par-
ton densities are well known, we can probe the pointlike
strong-interaction cross section. One example of this is
the shape of the angular distribution of the jets in their
center of mass frame. Recent data provide clear evidence
that a running coupling constant, as given by QCD, is
needed to describe the data [1] and that the next-to-
leading order QCD predictions [2] are in good agreement
with the data. An alternative approach is to use the the-
oretical description of the hard scattering to extract the
distribution of partons in the proton &om the data. This
is particularly interesting since gluon scattering plays a
very important role in two jet production, and it may
be possible to probe the gluon density in a more direct
way than is possible in deeply inelastic scattering or in
Drell- Yan processes.

The inclusive two jet cross section can be described
in terms of variables most suited to the geometry of
the detector; the transverse energy of the leading jet,
E~ ——ET i, and the pseudorapidities of the two leading
jets, gi and g2. Recently, the DO Collaboration has pre-
sented a preliminary measurement of d o/dET drIqdrlz [1].
as a function of gq and g~ at fixed ET. This seemingly
complicated three-dimensional quantity contains all the
information available f'rom two jet events. In particular,
at leading order, gi and g2 are directly related to the

x] ———[exP(rl] ) + exP(rlz)],~s

xz —— [exp( —riq) + exp( —F2)],

so that a measurement of the triply difFerential cross
section d cr/dETdrlqdr12 at fixed Ez corresponds to a
measurement of d /ada dx.2Although the overall nor-
malization of cross sections is uncertain in perturbative
QCD, one might hope that the shape of this distribution
is well predicted and that it can be used to discriminate
between difFerent parton densities. Inclusion of the next-
to-leading order corrections enhances the reliability of the
calculation for both shape and normalization.

Beyond leading order, however, Eq. (1) is no longer
satisfied and the parton momentum &actions are only
approximately determined by the transverse energies and
pseudorapidities of the jets. A three-dimensional plot
may obscure some of the desired physics, so both the
Collider Detector at Fermilab (CDF) [3] and DO [1,4]
Collaborations have focused on particular slices of the
general distribution. The CDF Collaboration has ex-
amined the ratio of cross sections for same-side events
(rIq qz) to opposite-side events (gz —rjz) for different
Ez bins. This reduces the normalization uncertainty and
enhances the small x region, x 4E&~/s. At small trans-
verse energies, this distribution can reliably discriminate
between singular [xg(x) x at small x] and nonsin-
gular xg(x) x behavior of the gluon distribution [5].
The DO Collaboration has taken slices in gi which con-
tain information over the whole x range, 4E&z/s ( x ( 1,
but are more sensitive to the overall normalization. In
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this paper, we study the shape of the distribution over
the whole gq-g2 plane. First, we examine the triply dif-
ferential distribution at lowest order. We discuss how
the available phase space grows as the number of 6nal
state partons increases and relate different gq and g2 re-
gions to both the parton level matrix elements and the
parton densities (Sec. II). The full next-to-leading order
triply differential cross section is presented in Sec. III. We
show that it is sensitive to the parton density functions
and indicate how the shape depends on the renormaliza-
tion (and factorization) scale. Our results are applied to
the CDF same-side/opposite-side and DO signed distri-
butions in Secs. IV and V. Finally, our main findings are
summarized in Sec. VI.

and

lq1l ( arccosh (6)

However, to orient ourselves in the g~-g2 plane, we 6rst
focus on the allowed phase space in terms of g~ and g2. At
lowest order, the jet pseudorapidities are directly related
to the parton fractions via Eq. (1). Since the momentum
&action cannot exceed unity, we 6nd

(2 —zT exp( —rI]) ) l(2

—zT exp(g1)—ln & g2 &lni

II. THE O(a, ) TRIPLY DIFFERENTIAL TWO
JET CROSS SECTION

The lowest order cross section is given by

d CJ

dET dggdg2

1 ) lZfi( lZ& V'F)Z2fj (Z21 V'F)
8m

U

a.'(vR) l~'j(~*) I'
X 4 )

cosh g*
(2)

where f;(x, pF) (i = g, q, q) represents the density of par-
ton i in the proton at factorization scale pF and lJH;jl is
the lowest order squared matrix element for ij ~ 2 par-
tons summed and averaged over initial and 6nal state
spins and colors. The strong coupling constant o,, is
evaluated at the renormalization scale p~. The parton
level cross section is insensitive to I orentz boosts and

therefore depends only on the parton pseudora-
pidity in the parton-parton rest frame, rI' = (g1 —1l2)/2.
To understand how the cross section is distributed over
the gq-g2 plane, we recall the "single effective subprocess
approximation" [6]. In this approximation all parton-
parton scattering cross sections are taken to be equal
but are weighted by color arguments. Thus the gluon-
gluon, quark-gluon, and quark-quark subprocesses are in
the ratio 1:s.. (s)2 so that

I \ ~
~ ~ t

cv 0

I
I
I

I

0

\
'~

where x2 = 2ET/~s and xT ( z1x2 ( 1. This bound-
ary is shown in Fig. 1 for E2 = 50 GeV and ~s = 1800
GeV. For the opposite-side cross section, gq —g2, the
parton &actions are roughly equal so that in the top
left and bottom right corners of the allowed phase space
x~ x2 ~ 1. On the other hand, in the bottom left
and top right; corners, corresponding to same-side events
with gq g2, the parton &actions are maximally dif-
ferent, xq m xT, x2 —+ 1, and vice versa. The dashed
boundary separating regions I and II makes a nominal
division of the phase space according to whether both
parton fractions are "large" or one parton &action is
"small. " In region II, xq and x~ ~ xT while in region
I either xy & ZT or x2 & xT . The corresponding axes

d 0

dET dgqdg2
-2

'~

1

a.'(~) l~gg(n') I'- —x1E(x1,p)x2E(x2, p)
' g 4, (3)8' cosh g*

where E(x, p) is the "single effective parton density;"

E(z ~) = g(* V) +-:).[~( ~z)+~(x ~)l

-3

-4

-5 -4 -3 -2 0 2 3 4

A rough indication of how the physical cross section
depends on gq and g2 can be obtained by studying
the parton-parton luminosity, x1E(x1,p)x2E(x2, p), and
the squared matrix elements lMssl /cosh 1l' for gluon-
gluon scattering separately.

FIG. 1. The phase space boundary in the gz-gz plane at
leading order (solid) and next-to-leading order (dotted) for
ET = 50 GeV and ~s = 1800 GeV. The dashed line separates
the "small" x—"large" x and "large" x—"large" x regions. In
region I, either xq or x2 is less than xT, while in region II, both
xz and xz are bigger than xT. Region III is only permitted
at next-to-leading order.
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for the pseudorapidities of the two jet system in the lab-
oratory, Ivb~«t ——(gI + q2)/2, and of the jet in the jet-jet
center of mass &arne, g* = (gI —I72)/2, are related by a
rotation of 45 .

At lowest order in perturbative @CD, each point in
the gq-g2 plane is uniquely related to the parton momen-
tum &actions xI and x2 via Eq. (1). To give an idea of
how difFerent x values are spread over the allowed pseu-
dorapidities, we show contours of Axed g~ in the x~-x2
plane in Fig. 2. At fixed qq, the smallest xq value occurs
when g2 is a minimum, while g2 is a maximum for the
smallest x2 value. An alternative way of looking at the I I I I ~ I ~ 1 I 1 I I 1 I

MRSDO/MRSA
MRSD-/MRSA

xq-x2 plane using the g' and gb, t variables is shown in
Fig. 2(b). For a given q*, varying ~,t over its allowed
range takes (xI, x2) = (1,x& cosh (g*)) to (xq, x2)
(xT, cosh (g*), 1) while preserving xIx2 ——xT, cosh (q*).
These contours are particularly useful since the parton
matrix elements depend only on g* and not on ~

Although the charged parton distributions have been
probed directly over a wide range of parton momentum
&actions x and scales Q2 in deeply inelastic scattering,
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FIG. 2. Contours of (a) constant gq and (b) constant g" in
the xq-x2 plane for ET = 50 GeV and V s = 1800 GeV.

FIG. 3. (a) The ratio of the "single effective parton den-
sity" of Eq. (4) for the MRSDs and MRSD distributions
compared to the MRSA parametrization at p = 50 GeV.
(b) The ratio of the gluon and quark parton densities in the
MRSDO distribution compared to the MRSA parametrization
at the same scale.
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the gluon density is rather poorly known. Direct photon
data from WA70 [7] determine the shape of the gluon
in the x 0.3—0.4 region; however, the gluon density
at other x values is only constrained by the momentum
sum rule. To explore the sensitivity of the triply differ-
ential cross section, we choose parton density functions
with contrasting small x behaviors; the improved Martin-
Roberts-Stirling set D (MRSD ) and MRSDo distribu-
tions of Ref. [8] for which xg(x) behave as x o s and xo,
respectively, at small x and Q2. The low T behavior of
F2" measured at the DESY ep collider HERA is better
fitted by an x ' growth as parametrized by the MRSA
distributions [9]; however, the range of predictions from
the MRSD and MRSDO distributions indicate where the
triply differential cross section is sensitive to the small x
parton distributions. It is worth noting that because of
the momentum sum rule a parton density that is rel-
atively large at x 10 must be relatively small at
x few x 10 2. This is demonstrated in Fig. 3(a) where
we show the ratio of the "single effective parton density"
for the MRSDO and MRSD parton density functions
relative to that of the MRSA parametrization. The hi-
erarchy evident at small x is reversed in the moderate x
range, where the MRSDo density is 15% larger than that
for the MRSD density functions.

At x 1, the MRSD distributions are both larger
than MRSA. This is primarily because the up and down
valence distributions are fitted separately in the more
recent MRS parametrizations rather than the up and the
(up plus down) valence combination. In any event, the
distribution of partons inside the proton with x ) 0.5 is
very small and poorly constrained by data.

If we examine the gluon and the quark densities sep-
arately (the latter summed over all quark and antiquark
Qavors), shown in Fig. 3(b), then we find that other
than at small x the quark densities are quite well deter-
mined by present-day data: difFerent sets are quite simi-
lar. In contrast, it is the gluon densities that are poorly
determined: difFerent sets are substantially difFerent even
at intermediate x. As suggested by the "single effective
parton density, " and as we shall see in greater detail,
the gluon densities are suKciently important to jet pro-
duction in hadron-hadron scattering to cause substantial
variations in predictions dependent on the densities at
moderate x.

As can be seen from Eq. (2), the cross section is pro-
portional to the product of structure functions. To get
a feeling for how this product varies, Fig. 4 shows the
parton-parton luminosity in the single effective subpro-
cess approximation as a. function of ~,t for difFerent
~g*~ values. This corresponds to diagonal strips across
the g~-g2 plane. As expected, the largest luminosity oc-
curs when x~ and x2 are equally small, q* ~~»& ——0.
Once again, the MRSDo luminosity is approximately 20%
larger than that for MRSD . As either ~rib, t[ or ~q*~

increases, the luminosity decreases rapidly. However the
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MRSDO
MRSD-

6
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FIG. 4. The parton-parton luminosity for the MRSDo and
MRSD parton densities in the "single efFective subprocess
approximation" as a function of rIbo~, ~ for ~q'~ = 0, 1, and 2
and p = 50 GeV.

~Mgg ~' 9'' [4 cosh'(g') —1]'
cosh (rI*) 8 cosh (rj*)

(7)

These matrix elements are plotted in Fig. 5 as a function
of g'. At small ~g*

~

the matrix elements grow rapidly un-
til ~q'~ 2 where the matrix elements saturate. This be-
havior complements the parton-parton luminosity which
is largest at g* = 0.

By multiplying the parton-parton luminosity with the
squared matrix elements [along with the overall factor
n22(p, )/8vrET, ] we obtain the physical cross section. Be-
cause different parton distributions dominate for differ-
ent momentum &actions (and hence rli and g2 values),
we expect the shape of the triply differential cross section
to be sensitive to the parton densities. This is illustrated
in Fig. 6, where we show the leading order prediction for
the ratio

falloff is more rapid with increasing ~g*~ than with in-
creasiilg

~
rjbo~sg ~.

As mentioned earlier, the parton-parton subprocess
scattering matrix elements are independent of ~
One consequence is that for fixed g* the only variation of
the cross section comes &om the variation of the parton
densities as gb, q runs over the allowed kinematic range.
The lowest order squared matrix elements for gg + gg
scattering are given by

f@
-"dEg [(d o./dETdqidg2)(MRSDp) —(d o/dETdgidg2)(MRSD )]

fz " dET(dso/dET dgidg2)(MRSD )
(8)
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FIG. 6. The leading order prediction fog the ratio of the
triply differential cross section R(LO) defined in Eq. (8) for
45 & Ez & 55 GeV and p = Eg .

FIG. 5. The lowest order squared matrix elements
/cosh (il') for gg ~ gg scattering as a function of

in the transverse energy range 45 & Ez & 55 GeV
evaluated at p = E~. In addition to the sharp cut-
off marking the boundary of the allowed phase space,
the excess of MRSD0 over MRSD at small g1 and g2
and the depletion at large ~rji~ ~il2[ are seen clearly.
Over the whole g»-g2 plane, the relative cross sections
vary by +23% to —5%, with the most sizable effects at
g» g2 0 where the cross section is largest. At low-
est order, E~» ——E~2 ——E~, so that the distribution is
symmetric under g» ~ g2.

III. THE O(a, ) TRIPLY DIFFERENTIAL TWO
JET CROSS SECTION

At next-to-leading order, some contributions admit
three partons into the 6nal state; for these, the parton
&actions are given by

E, ( Ez2xi 2 —— exp(+rli) + exp(+rI2)
8 T»

exP (Eris)
Ers

T»

where Ez; and rI; (i = 1, . . . , 3) describe the transverse

The raw cross sections are histogrammed in 0.5 x 0.5 bins
lIl 'gy and 'g2.

energies and pseudorapidities of the three partons or-
dered in decreasing Ez. Since the transverse energies
of the partons are no longer forced to be equal, ~rI2~ may
increase to compensate for having a smaller transverse
energy, E72/Ezi ( 1. The maximum possible values of

occur when E+2 —E+3,

(aa+ ga2a2 —an&—ln

(aa+ Va2a2 —aa)
&g2&ln 10

where a = [2 —xz i exp(rji)]/zz i and a = [2
2:ziexp( —gi)]/xzi. The enlargement of phase space is
shown in Fig. 1 (region III). We see that the maximum
allowed value of ~rji~ is unchanged at next-to-leading or-
der so that the physical cross section will exhibit a rather
sharp cutoff as ~qi~ increases. On the other hand there
will be a more gradual falloff in the cross section as ~rl2

~

in-
creases. Indeed, adding more partons into the final state
further increases the allowed g2 range corresponding to
the production of more and more soft partons.

To compute the next-to-leading order cross section, we
use an O(as) Monte Carlo program for one, two, and
three jet production based on the one-loop 2 + 2 and
the tree level 2 ~ 3 parton scattering amplitudes [10,11]
described in Ref. [12]. This program uses the techniques
of Refs. [13,14] to cancel the in&ared and ultraviolet sin-
gularities, thereby rendering the 2 ~ 2 and 2 + 3 parton
processes finite and amenable to numerical computation.
The parton four-momenta are then passed through a jet
algorithm to determine the one, two, and three jet cross
sections according to the experimental cuts. Different
cuts and/or jet algorithms can easily be applied to the
parton four-momenta and, in principle, any infrared-safe
distribution can be computed at O(ns).
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In order to compare the theory with experiment, we use
the parton level equivalent of the standard SNOWMASS"
cone algorithm [15] with AR = 0.7 and require at least
two jets in the event. Furthermore, we note that the
assignment of which jet is hardest is not in&ared safe,
so that we must symmetrize over the hardest and next-
hardest jets (in traiisverse energy). The distributions we
shall examine require that the hardest jet lie in a certain
"trigger" range; each event will be counted twice if the
next-hardest jet also lies in this Ez range. The three-
dimensional cross section evaluated at p = ETy whereT1&
ET ~ is the transverse energy of the hardest jet in the
event, is shown in Fig. 7 for 45 ( ET ( 55 GeV. The
extension of the phase space to smaller g2 is seen clearly,
along with the rather sharp cutoff at ~zii~ 3.5.

Although the cross sections for the two parton densi-
ties appear similar, the difference between the predictions

~ P

O
~ ~

0
O

P fl0 o

FIG. 8. The next-to-leading order prediction for the ratio
of the triply differential cross section R(NLO) defined in Eq.
(8) for 45 & ET & 55 GeV and p, = Ez i.

v
l

v0
l I

observed at lowest order is preserved. This is illustrated
in Fig. 8, where we show the next-to-leading order pre-
diction for the kactional difIerence ratio de6ned in Eq.
(8). As at lowest order, the difference varies between
+23% at r12 gz 0 and —10% at gi g2 —2.5. We
note that the ratio is most negative when xq x& and
x2 1. This is the region where the singular behavior
of the MRSD parton densities dominates over the less
singular MRSDp distributions [5].
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FIG. 7. The next-to-leading order triple diKerential distri-
bution for 45 & EY & 55 GeV and p, = ET i for (a) MRSDs
and (b) MRSD parton densities.

FIG. 9. The ratio of next-to-leading order (NLO) to leading
order (LO) predictions as a function of rrz for rIi = 0 (solid)
and of gi for ilz = 0 (dashed) for 45 & ET & 55 GeV, p = ET,
and the MRSD structure functions:
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overall normalization of the theoretical prediction, o ",
to float, so that by varying c the y2 for

10

(a)

f
ET'

t dso. exPt ds
dET i

—c
(dET dggdg2 dET drjgdg2)

(12)

summed over the different gq, g2 cells is minimized for a
given parametrization of the parton densities. Finally,
the input parametrizations can be adjusted so that the

is further reduced. This can be done simultaneously
for different slices in transverse energy. An even more
interesting possibility would be to map out the evolution
of the parton densities directly by following trajectories
of constant (xq, x2) in the gq-g2 plane as a function of
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Recently, the DO Collaboration has presented prelim-
inary data [1,4] for a particular slicing of the triply dif-
ferential distribution —the so-called signed pseudorapid-
ity distribution. This amounts to taking two strips of
the gi-g2 plane for a fixed transverse energy interval and
combining them in reverse directions. The pseudorapid-
ity of the leading jet is constrained to lie in the range
~gq~~;„& ~gq~ & ~gq~~~„and the distribution is plotted as
a function of ~r12~sgn(rhg2):

0
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where sgn(rhg2) = —1 if gq and g2 have opposite sign
and +1 if they have the same sign. Positive values of
~g2~sgn(gqg2) correspond to same-side dijet events, while
negative values are associated with opposite-side events.
In principle, both strips contain equal information, but
combining them serves to reduce the statistical error.
Once again, we must sum over the hardest and next-
hardest jet in order to ensure that this distribution is
infrared. safe.

In the currently available data, DO has examined two
slices in transverse energy, 45 & ET & 55 GeV and 55 &
ET & 65 GeV, and two strips in gq, 0.0 & ~gq~ & 0.5 and
2.0 & Igq~ & 2.5. As more data become available from
the current Tevatron run, this analysis can be extended
to cover a larger range of E~ and g.

We first fix gi to lie in the central pseudorapidity slice
0.0 & ~qq ~

& 0.5 and examine the pseudorapidity of the
second jet for the transverse energy interval 45 & ET
55 GeV. This strip includes the qq g2 0 region that
is sensitive to parton densities at x 0.05. We also con-
sider the slice at larger gq, 2.0 & ~qz~ & 2.5, but for a
slightly higher transverse energy interval, 55 & E~ & 65
GeV. The predictions for these distributions for both

0.2
MRSDO NLO
MRSDO LO
MRSD- NLO
MRSD- LO

0
-4 -2

I I I I

0
Iq2l sgn(q1 q2)

MRSDo and MRSD parton densities are shown in Fig.
11 with the preliminary data &om the DO Collaboration
[lj.s We see a clear asymmetry favoring smaller val-
ues of ~g2~sgn(rlqrl2). In other words, for gq 0, the

We have divided the data by a factor of 2 to account for
the size of the pseudorapidity interval.

FIG. 11. The signed pseudorapidity distribution for (a)
45 & ET & 55 GeV, 0.0 & ~qq~ & 0.5, and (b) 55 & ET & 65
GeV, 2.0 & ~gz ~

& 2.5, at both LO and NLO. The preliminary
experimental results from [1] are also shown. The factoriza-
tion scale is chosen to be the transverse energy of the hardest
jet, p, = Egg.
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opposite-side cross section [negative lrlzlsgn(qqgz)] peaks
away from rlz 0, while the same-side cross section [pos-
itive [rjzlsgn(rjqgz)] monotonically decreases. A similar
efFect has been observed in the same-side/opposite-side
cross section measured by CDF [3].

This is due to an interplay between the parton-parton
luminosity and the matrix elements. Figure 12 shows
the parton-parton luminosity in the "single e6'ective sub-
process approximation" and the gg ~ gg matrix ele-

ments of Eq. (7) as a function of [rjzls n( ~. W
see that the

g sgn 'gy7/gg. e
see a e maximum of the parton-parton luminosity
occurs at lgzlsgn(rIqrlz) 0.25 and 0.75 for rj~ = 0.5
and 2.5, respectively, while the minimum of the matrix
element»lways lie»t lq~lsgn(g&rl&) = lg&l The net
effect of the shift in the peak of the parton-parton lumi-
nosity to positive lrjzlsgn(gqrlz) combined with the shift
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FIG. 12. T2. The (a) parton-parton luminosity for the MRSD
parton densities and (b) squared matrix elements in the "sin-
gle eiiective subprocess approximation" for g] = 0.5 and
ET = 50 GeV (solid) and gq

——2.5 and ET = 60 GeV
(dashed). The factorization scale is chosen to be 50 GeV.

FIG. 13. '7&. The ratio of next-to-leading order predictions for
the signed distribution for the MRSD parton densities eval-
uated at p = AET~ for A = 05 ~ 1 d', A(so i ), = 2 'dashed),
and A = 4 (dot-dashed) relative to that for p = E f
~ah 45

ol p = 7'] 01
(a) & E~ & 55 GeV and 0.0 & lgq l

& 0.5 and (b)
55 & Er & 65 GeV and 2.0 & lgq l

& 2.5. The ratio of
next-to-leading order predictions for the MRSDO and MRSD
parton densities with p, = EY q is shown as a dotted line.
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of the minimum of the matrix elements to larger val-
ues of [qq[sgn(qqg2) is an enhancement of the cross sec-
tion at negative [gz~sgn(g~g2) and a depletion at positive
~q2~sgn(qqgz), clearly visible as an asymmetry in Fig. 12.

As suggested by the solid line in Fig. 9, the next-to-
leading order corrections reduce the cross section uni-
formly by about 10% until the kinematic limit on g2
&om the lowest order process is approached. We also see
that the difFerence the MRSD0 and MRSD predictions
is about 23% at ~g2~ 0 as expected from Fig. 8.

At larger pseudorapidities, the next-to-leading order
predictions give a much better description of the data
than at leading order. The preliminary data appear to
favor the MRSD0 parametrization at the x values probed
here, x 0.05. However, the errors are still large, and
as mentioned at the end of Sec. III there are significant
uncertainties in the overall normalization of the experi-
mental data.

As discussed in the previous sections, there is also an
uncertainty in the normalization of the theoretical cross
section due to the choice of renormalization and factor-
ization scales. This is particularly evident for the signed
distribution since the lowest order cross section is propor-
tional to nz(pz). Even at next-to-leading order, the over-
all normalization is still uncertain. However, one would
expect that the shape of the distribution is relatively in-
sensitive to varying p~. This is illustrated in Fig. 13,
which shows the ratio of next-to-leading order predic-
tions for diferent scales relative to the next-to-leading
order MRSD prediction for p = ET i.

As expected, the normalization of the small ~g2~ region
is quite sensitive to the choice of scale; however, the shape
of the distribution for small ~gz~ is essentially unchanged
for the central qq slice, 0.0 & [gq~ & 0.5. For large pseu-
dorapidities, ~g2~ ) 3, there is of course a large scale
dependence. This is a consequence of exceeding the low-
est order kinematic limit on g2, in this region, an O(n, )
calculation such as the one performed here is in fact a
leading order one. As a contrast, the ratio of the next-
to-leading order predictions for the MRSD0 and MRSD
parton. densities at p = ETq is also shown. In addition
to a sizable change in the normalization, the shape of the
distribution around ~g2~ 0 is also changed. It remains
an experimental question as to whether this difference in
shape can be detected.

V. THE CDP SAME-SIDE OVER
OPPOSITE-SIDE R.ATIO

The interpretation of the DO signed distribution hinges
strongly on the absolute normalization of the cross sec-
tion. Thus one needs to know the jet energy correction
well before one can constrain the parton density func-
tions. To circumvent this problem the CDF Collabora-
tion has considered a ratio, that of same-side (SS) to
opposite-side (OS) cross sections [3]. For the same-side
cross section, both jets have roughly the same pseudo-
rapidity, while in the opposite-side cross section the jets
are required to have roughly equal but opposite pseudo-
rapidities. One then forms this ratio as a function of the

pseudorapidity in several transverse energy slices. In a
realistic experimental analysis, the pseudorapidities and
transverse energies will be binned so that

&ss(q)jzT, &z~&z~

g+Ag vy+ Ag ET 0
d'gy d'g2 de'

E~, dE7 dyed

~os(n) J zT &zT &zT

g+Ag
d7/y d'g2

&max

Tmin

d CT

dET
dET dye dg2

From these cross sections we form the SS/OS ratio,

ss/os(n) J zT,„&zT &zT.

ass(q)Jz~, &z~&z~ .„
)~os(g)Jz,.„&z &z

with the advantage that a large part of the experimen-
tal and theoretical uncertainties cancel. However, most
of the dependence on the parton densities in the central
region where gq g2 0 is also removed. As we saw
in the previous sections, this is exactly the region where
there can be a strong dependence on the parton density
functions. Nevertheless, we can still study the behavior
of the gluon density at small x by examining the SS/OS
ratio at large pseudorapidity. Since the x values probed
are much smaller than in the signed pseudorapidity dis-
tribution, typically z 4ET, /s rather than x 2ET/~s,
studying this ratio is to a large extent complementary to
studying the DO signed pseudorapidity distribution.

In the preliminary CDF measurement [3], the jet trans-
verse energy was chosen to lie in four separate bins,
27&E2. &60 GeV, 60 &E~ &80 GeV, 80&ET &110
GeV, and 110 & ET & 350 GeV, and the pseudorapidity
interval to be Lg = 0.2. It may prove possible to extend
the analysis to smaller transverse energy and include a
fifth bin, 15 & ET & 27 GeV. As for the triply differential
and signed rapidity distributions, we must symmetrize
explicitly over the leading and next-to-leading transverse
energy jets in order to ensure that the sided cross sections
are in&ared safe. In addition, in order to suppress events
with three or more hard jets, an azimuthal angle cut be-
tween the two leading jets of m —0.7 & AP & vr + 0.7 is
applied.

To get a feeling for the range of parton fractions probed
by this particular cross section, Fig. 14 shows the three
different momentum fractions [using the leading order
definition of Eq. (1)] as a function of the pseudorapidity
for the smallest accessible jet transverse energy ET ——15
GeV. We see that it is possible to probe parton fractions
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FIG. 14. The leading order parton fractions probed by the
SS/OS cross section ratio for RT = 15 GeV.

for x values as small as 3 x 10 ( x ( 1.
The next-to-leading order predictions for the SS/OS

ratio for the very low transverse energy bin, 15 & Ez- &
27 GeV, are shown in Fig. 15. Because very low x values
are encountered, the different parton density functions
give a broad range of predictions. At present, no data
are available for this particular transverse energy range.

15 GeV & ET & 27 GeY

NLO, MRSD-
NLO, MRSOO

-4 -2

FIG. 15. The next-to-leading order predictions for the
SS/OS ratio evaluated at p = ETq for the MRSD (solid),
MRSDO (dotted), and MRSA (dashed) parton distributions
as a function of q for the smallest ET bin accessible to the
CDI Collaboration, 15( E~ & 27 GeV.

However, even with relatively large experimental uncer-
tainties one can still easily discriminate between difFerent
parton densities. This makes the very small ET bin par-
ticularly interesting.

The region around g = 3 has the largest sensitivity
to difFerent parton density functions, corresponding to a
smallest parton &action of 8 x 10 . At larger pseudora-
pidities (and therefore smaller x values) there is a severe
phase space suppression and the cross section (and event
rate) decreases rapidly.

In the other four transverse energy bins, the CDF
Collaboration has published preliminary data which we
display along with next-to-leading order predictions for
three different parton density sets in Fig. 16. Because
the experimental results are preliminary, we should be
careful in drawing conclusions from these results for the
time being. These results do, however, prefigure discrim-
inatory powers which should emerge as the experimental
errors shrink with the inclusion of more data &om the
current Fermilab Tevatron run. Even with the current
uncertainties, the smallest Ez bin suggests a deficiency
in the density of MRSDo partons round x 10,and, in
contrast with the signed rapidity distribution discussed
in Sec. IV, favors the MRSD set of structure functions.

For the higher transverse energy bins higher x values
are sampled and there is not much difference between the
different parton density functions. As an example, the
highest transverse energy bin is mostly sensitive to par-
ton momentum &actions around 0.1, where the parton
density functions are, in principle, tightly constrained.
Of course, one should still compare the data with theory.
That different parton densities give the same results does
not guarantee they are correct; it merely indicates that
they either use the same data as a constraint or use the
same assumptions to derive the individual parton densi-
ties.

For this distribution as well, we should also consider
the uncertainty in the theoretical predictions arising
&om renormalization and factorization scale dependence
present in perturbative QCD calculations. To study this,
Fig. 17 shows the SS/OS ratio for the 27 ( ET ( 60
GeV transverse energy bin at pseudorapidity g = 2.6 as
a function of p = pR ——p~. This phase space point of-
fers the highest discriminatory power with the currently
available data. As an illustration we have chosen the
MRSD set which seems to be favored by these data.
The reference scale is the transverse energy of the high-
est ET jet in the event, p = ET q, as in the previous
sections. The leading order prediction does not depend
on the strong coupling constant. As the SS and OS cross
sections probe the parton densities at different momen-
tum &actions x, it does depend on the factorization scale,
but this gives rise only to a trivial scale dependence: the
SS to OS ratio rises linearly with ln(p/ET q). At next-to-
leading order, the prediction does depend on the coupling
constant, and the overall dependence is less trivial. It so
happens that the reference scale, p = ET~, coincides with
the minixnum in the variation of the ratio with respect
to scale. Either increasing or decreasing the scale results
in an increase of the SS/OS ratio. Varying the scale by
a factor of 2 around the reference scale, we get a feel-
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FIG. 16. The next-to-leading order (NLO) predictions for the SS/OS ratio evaluated at y, = ET i for the MRSD (solid),
MRSDO (dotted), and MRSA (dashed) parton distributions as a function of q for the four transverse energy bins 27 & ET & 60
GeV, 60 ( ET ( 80 GeV, 80 ( ET ( 110 GeV, and 110 ( ET ( 350 GeV. Also shown are the preliminary CDF data of
Ref. [3].

ing for the theoretical uncertainty. The largest variation
comes &om reducing p and increases the cross section
by approximately 20%. Because of this uncertainty one
cannot really discriminate between the MRSD distri-
butions with xg(x) x ' and the more recent MRSA
fits with xg(x) 2: o s. However, it should be possible
to exclude the MRSDO distributions once the Anal CDF
data are published. To discriminate between MRSD
and MRSA, it will be necessary to make a measurement

in the 15( ET ( 27 GeV transverse energy bin.
Figure 18 shows the ratio of next-to-leading to lead-

ing order predictions (the K factor) for 27 ( ET ( 60
GeV and 80 ( ET ( 110 GeV using the MRSD par-
ton densities and p = ET i. The shape of the SS/OS
ratio is basically unchanged in the range —2 (. g (: 2.
For larger pseudorapidities we get a rapid change in the
K factor. This is again mainly due to the fact that the
leading order cross section is quickly forced to zero by



1498 W. T. GIELE, E. W. N. GLOVER, AND DAVID A. KOSOWER 52

~ CDF data
NLO
LO

ergy intervals are given in Table I. We see that for this
double ratio the corrections are extremely small in the
central region.

VI. CONCLUSIONS
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the kinematic constraints on 2 ~ 2 scattering, and does
not indicate the presence of large logarithms which might
spoil the applicability of perturbation theory. We have
parametrized the K factor as an even polynomial in q:

K(g) = A+By + Cg +Dq +Eq (17)

The fitted constants A, . . . , E for all five transverse en-
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FIG. 18. The ratio of next-to-leading to leading order pre-
dictions for the SS/OS ratio with p = ET q and MRSD par-
ton densities in the five transverse energy intervals.

FIG. 17. The renormalization and factorization scale de-
pendence of the SSjOS ratio for g = 2.6 in the 27 ( ET ( 60
Gev bin using the MRSD structure functions. The data
point is taken from Ref. [3].

In this paper we have made a detailed study of the two
jet cross section in hadron-hadron collisions for a given
range of jet transverse energy as a function of the pseu-
dorapidities of the two jets. This distribution is partic-
ularly sensitive to the parton density functions at small
(x few x 10 ) to intermediate (x few x 10 2) parton
momentum &actions for jet transverse energies accessi-
ble to the CDF and DO experiments at Fermilab. For
example, parton distributions that are relatively large at
small x (and therefore constrained to be relatively small
at larger z by the momentum sum rule) lead to a rela-
tive enhancement of the same-side two jet cross section
at large pseudorapidities (gq F2 )) 0) and a relative
depletion for central jets, gi g2 0. We have studied
the next-to-leading @CD corrections to this distribution
in some detail. To discuss the properties of the cross sec-
tion it is convenient to divide the gq-g2 plane into two
regions: the central region where the pseudorapidity of
the two jets is less than the lowest order kinematic limit,
~gz~, ~g2~ & arccosh(l/xT ) and the forward region where
the rapidity of one of the jets approaches or exceeds the
lowest order boundary. In the central region, (i) the next-
to-leading order corrections are small and perturbation
theory works well, (ii) the scale uncertainty in the over-
all normalization is reduced. Varying p by a factor of 2
about p = ET ~ changes the next-to-leading order predic-
tion by 8%, and (iii) the scale uncertainty in the shape
of the distribution is quite small. For the same varia-
tion of p, the relative bin-to-bin correction is less than

2%—see Fig. 10.
On the other hand, in the forward region, (i) the next-

to-leading order corrections are important and improve
the agreement with experimental data and (ii) there is
a considerable scale uncertainty because the corrections
calculated in a "next-to-leading" order program correc-
tions are effectively lowest order.

Because the central pseudorapidity region is both sen-
sitive to the parton densities and stable to higher or-
der corrections, the triply differential distribution offers
an excellent chance to gain extra information about the
distribution of partons in the proton. The current and
future runs of the Tevatron at Fermilab should yield co-
pious quantities of two jet events and once precise exper-
imental data are available it should be possible to make a
determination of the gluon density at small and interme-
diate x values. However, in addition to the uncertainty
in the normalization of the theoretical predictions, there
is also an uncertainty in the experimental normalization
due to uncertainties in the luminosity measurement, in
the jet energy calibration, and other effects. The infor-
mation on the parton densities lies more in the shape than
the overall normalization, and one way of determining the
parton densities is to allow the overall normalization of
the theoretical prediction, a ", to Goat, so that by vary-
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TABLE I. The parametrization of the K factor for MRSD in the five transverse energy bins.
The fitted formula is K(il) = A+Brl +Crt +Drl +Erl and is intended to be used for returning
the K factor for the bin, given the center of the bin (that is il = 0.2,0.6,1.0, . . .).
Pseudorapidity bin

15 & ET & 27 GeV
27& ET (60 GeV
60 & ET ( 80 GeV
80 & ET & 110 GeV
110 & ET & 350 GeV

1.0197
0.9992
0.9653
0.9869
1.0121

—0.0062
—0.019

0.072
0.0891

—0.1974

0.0226
0.0453
0.0326

—0.0332
0.4985

—0.0025
—0.0094
—0.0208

0.0057
—0.2743

8.166x 10
5.592 x 10
0.0027
6.427 x 10
0.0457

ing c the y for

Er .„(d3~expt
—C

( dETd'@id'g2 dETdrlldrl2 )
summed over the difFerent gq, g2 cells in the central pseu-
dorapidity region is minimized for a given parametriza-
tion of the parton densities. By adjusting the input
parametrizations, the y may be further reduced as the
predicted shape becomes closer and closer to that ob-
served in the data. Of course, data can be taken for
many slices in transverse energy. This allows the possi-
bility of following the evolution of the parton densities
directly by following trajectories of constant (xi, x2) in
the gq-g2 plane as a function of ET.

At present only preliminary data are available for par-
ticular slices of the gq-g2 plane. The signed distribution
(Sec. IV) presented by the DO Collaboration is primar-
ily sensitive to intermediate x values. As we may expect
&om the preceding discussion, the shape is well predicted,
but the normalization is uncertain. Nevertheless, the pre-
liminary data appear to favor the MRSDO parametriza-
tions (Fig. 11). On the other hand, the same-side to
opposite-side cross section ratio presented by the CDF
Collaboration probes much smaller x values. Once again,
the shape is relatively unchanged by including the next-

to-leading order corrections. As shown in Fig. 16, the
preliminary data (again with large errors) appear to favor
the more singular MRSD parametrization. Of course,
with the current experimental data sample, no definitive
conclusion can be drawn. However, if these tentative
observations are accurate, it would imply that the data
favor the parton density with the largest density of glu-
ons at both x ~ few x 10 and x ~ few x 10 . In other
words, there are more gluons present in the small and in-
termediate x regions than expected from the momentum
sum rule, which may in turn suggest that the density of
gluons is not as well determined by direct photon data
(WA70) as previously thought. Data from the current
Tevatron run should help to provide an answer to this
puzzle.
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