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We study the inclusive two jet triply differential cross section d®c/dErdnidn2 at Fermilab ener-
gies. Different 7, and 7, 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 [O(a3)]
corrections and show that the shape of the distribution at fixed transverse energy Er is a partic-
ularly powerful tool for constraining the parton distributions at small to moderate z 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 specific 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

Dijet production in hadron collisions occurs when two
partons from 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 from 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,
Eq = Er1, and the pseudorapidities of the two leading
jets, m and 772. Recently, the DO Collaboration has pre-
sented a preliminary measurement of d3c /dErdn,dn, [1]
as a function of 7; and 7, at fixed Er. This seemingly
complicated three-dimensional quantity contains all the
informaticn available from two jet events. In particular,
at leading order, 77; and 7 are directly related to the
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parton momentum fractions z; and z3,

—Ezex exp(n2
331—\/3[ p(m1) + exp(n2)] ,

Ty = %Iexp(wl) + exp(—n2)] , (1)

so that a measurement of the triply differential cross
section d30/dErdnidns at fixed Er corresponds to a
measurement of d20/dz,dz,. Although 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 fractions 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
(m ~ m2) to opposite-side events (171 ~ —1n32) for different
Er bins. This reduces the normalization uncertainty and
enhances the small z region, z ~ 4E2/s. At small trans-
verse energies, this distribution can reliably discriminate
between singular [zg(z) ~ z7%5% at small z] and nonsin-
gular zg(z) ~ z° behavior of the gluon distribution [5].
The DO Collaboration has taken slices in 77; which con-
tain information over the whole z range, 4E2/s < = < 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 7n;-n2 plane. First, we examine the triply dif-
ferential distribution at lowest order. We discuss how
the available phase space grows as the number of final
state partons increases and relate different 7; and 7, 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.

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

The lowest order cross section is given by

d3c

1
T T E -'L'lfi(xlv I-LF)m2fj($2a I-LF)
dETdThd'I)z 8w pF

9 a2(pr) Mij ()2
3 4,
E3 cosh™n

, (2)

where f;(z, ur) (¢ = g,q, §) represents the density of par-
ton 7 in the proton at factorization scale pup and |M;; |2 is
the lowest order squared matrix element for ij — 2 par-
tons summed and averaged over initial and final state
spins and colors. The strong coupling constant o, is
evaluated at the renormalization scale ug. The parton
level cross section is insensitive to Lorentz boosts and
|M;;|? therefore depends only on the parton pseudora-
pidity in the parton-parton rest frame, n* = (91 — n2)/2.
To understand how the cross section is distributed over
the n;-n2 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 1:3:($)? so that

d3c
dErdmdn;

o3 (1) [Mgg(n*)|?
E%  coship*

» (3)

1
~ '8?33117(331, )2 F(z2, 1)

where F'(z, p) is the “single effective parton density;”

F(z,p) = g(z,n) + § ) _la(z,n) +a(z,m)] . (4)

A rough indication of how the physical cross section
depends on 7; and 72 can be obtained by studying
the parton-parton luminosity, 1 F (z1, p)z2 F(z2, 1), and
the squared matrix elements |[Mgg4|2/ cosh® n* for gluon-
gluon scattering separately.
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However, to orient ourselves in the 7;-72 plane, we first
focus on the allowed phase space in terms of 77; and 72. At
lowest order, the jet pseudorapidities are directly related
to the parton fractions via Eq. (1). Since the momentum
fraction cannot exceed unity, we find

_ln(2 ——:cTexp(—m)) <m < 1n<2 — mTeXP(Th)) ,

TT T
(5)

and

1
|m] < arccosh(—m—T) , (6)

where zr = 2E7/+/s and w% < z1z3 < 1. This bound-
ary is shown in Fig. 1 for Er = 50 GeV and /s = 1800
GeV. For the opposite-side cross section, 7; ~ —1, the
parton fractions are roughly equal so that in the top
left and bottom right corners of the allowed phase space
r; ~ 32 — 1. On the other hand, in the bottom left
and top right corners, corresponding to same-side events
with 77 ~ 72, the parton fractions are maximally dif-
ferent, z; — 2, zz — 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 fraction is
“small.” In region II, ; and z > =7 while in region
I either £; < 7 or z3 < z7. The corresponding axes
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FIG. 1. The phase space boundary in the 7;:-72 plane at
leading order (solid) and next-to-leading order (dotted) for
Er = 50 GeV and /s = 1800 GeV. The dashed line separates
the “small” z—“large” z and “large” z—“large” z regions. In
region I, either x; or z; is less than zr, while in region II, both
z; and x2 are bigger than zr. Region III is only permitted
at next-to-leading order.



1488

for the pseudorapidities of the two jet system in the lab-
oratory, Nboost = (M1 + M2)/2, and of the jet in the jet-jet
center of mass frame, n* = (71 — 72)/2, are related by a
rotation of 45°.

At lowest order in perturbative QCD, each point in
the 7;-72 plane is uniquely related to the parton momen-
tum fractions z; and z2 via Eq. (1). To give an idea of
how different z values are spread over the allowed pseu-
dorapidities, we show contours of fixed 7; in the z;-z,
plane in Fig. 2. At fixed 7;, the smallest z; value occurs
when 72 is a minimum, while 7, is a maximum for the
smallest z, value. An alternative way of looking at the
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x1-x plane using the n* and 7poost variables is shown in
Fig. 2(b). For a given n*, varying nuoost Over its allowed
range takes (z1,z2) = (1,z% cosh®(n*)) to (z1,23) =
(23 cosh®(n*), 1) while preserving z;z; = z3 cosh?(n*).
These contours are particularly useful since the parton
matrix elements depend only on n* and not on Myo0st-
Although the charged parton distributions have been
probed directly over a wide range of parton momentum
fractions z and scales Q2 in deeply inelastic scattering,

14 — S ——
r (a) MRSDO/MRSA
————— MRSD-/MRSA
13 [ :
12} ]

R(x,u=50 GeV)

08 |- ]

06- . ] PR

M|

“10°3 102

107! 10¢

14 T

T T

MRSDO/MRSDA (gluons)
MRSDO/MRSDA (quarks)

100
r
F(a)
107 o
N |
< L
102 |
mi1=0 hy
————— myl=1
--------- myl=2
................ nyl=3 ]
A PR T S R S | d bl L S R T el .
10° 102 107! 10¢
X1
100 T T
- N
[ (b) AN
N
N
107 | 1
N
N
N\
oN
x
102 | N
I O]
r b
=0
————— nl=1
--------- ml=2
................ m1=3
10-3 il | il
103 102 107! 10¢
X1
FIG. 2. Contours of (a) constant 7; and (b) constant n* in

the z;-z2 plane for Er = 50 GeV and /s = 1800 GeV.
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FIG. 3. (a) The ratio of the “single effective parton den-
sity” of Eq. (4) for the MRSDo and MRSD_ distributions
compared to the MRSA parametrization at u = 50 GeV.
(b) The ratio of the gluon and quark parton densities in the
MRSDy 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 WAT70 [7] determine the shape of the gluon
in the # ~ 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 z behaviors; the improved Martin-
Roberts-Stirling set D_ (MRSD_) and MRSD, distribu-
tions of Ref. [8] for which zg(z) behave as z7°% and «°,
respectively, at small z and Q%. The low = behavior of
F;®? measured at the DESY ep collider HERA is better
fitted by an %2 growth as parametrized by the MRSA
distributions [9]; however, the range of predictions from
the MRSD _ and MRSDy distributions indicate where the
triply differential cross section is sensitive to the small =
parton distributions. It is worth noting that because of
the momentum sum rule a parton density that is rel-
atively large at ¢ ~ 1073 must be relatively small at
z ~ few x 10~2. This is demonstrated in Fig. 3(a) where
we show the ratio of the “single effective parton density”
for the MRSDoy and MRSD_ parton density functions
relative to that of the MRSA parametrization. The hi-
erarchy evident at small z is reversed in the moderate z
range, where the MRSDg density is 15% larger than that
for the MRSD _ density functions.

At z ~ 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 = > 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
flavors), shown in Fig. 3(b), then we find that other
than at small  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 sufficiently important to jet pro-
duction in hadron-hadron scattering to cause substantial
variations in predictions dependent on the densities at
moderate .

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 7,00st for different
|n*| values. This corresponds to diagonal strips across
the 71-n2 plane. As expected, the largest luminosity oc-
curs when z; and x5 are equally small, n* ~ 7po0st = 0.
Once again, the MRSDg luminosity is approximately 20%
larger than that for MRSD_. As either |nfuoost| Or |9*|
increases, the luminosity decreases rapidly. However the

R = Z%

fE’:“ dE7|(d30 /dErdn1dn2)(MRSDy) — (d30 /dErdndnz)(MRSD_)]
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FIG. 4. The parton-parton luminosity for the MRSD, and
MRSD_ parton densities in the “single effective subprocess
approximation” as a function of Npoost for |p*| = 0,1, and 2
and p = 50 GeV.

falloff is more rapid with increasing |n*| than with in-
creasing |Mboost|-

As mentioned earlier, the parton-parton subprocess
scattering mafrix elements are independent of Tboost -
One consequence is that for fixed n* the only variation of
the cross section comes from the variation of the parton
densities as 7005t Tuns over the allowed kinematic range.
The lowest order squared matrix elements for gg — gg
scattering are given by

|M99|2 _ ?Lz (4 C05h2(71*) - 1]3
cosh?(n*) 8 cosh®(n*)

(7)

These matrix elements are plotted in Fig. 5 as a function
of n*. At small |p*| the matrix elements grow rapidly un-
til |n*| ~ 2 where the matrix elements saturate. This be-
havior complements the parton-parton luminosity which
is largest at n* = 0. .

By multiplying the parton-parton luminosity with the
squared matrix elements [along with the overall factor
aZ(u)/8wE3] we obtain the physical cross section. Be-
cause different parton distributions dominate for differ-
ent momentum fractions (and hence 7; and 7, 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

(8)

T,

f:T“f‘x dEr(d30/dErdnidn:)(MRSD_)
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FIG. 5. The lowest order squared matrix elements

|Mgg|?/ cosh®(n*) for gg — gg scattering as a function of
n".

in the transverse energy range 45 < Ep < 55 GeV
evaluated at! u© = Ep. In addition to the sharp cut-
off marking the boundary of the allowed phase space,
the excess of MRSDo over MRSD_ at small 7; and 79
and the depletion at large |n1| ~ |7n2| are seen clearly.
Over the whole 7;-72 plane, the relative cross sections
vary by +23% to —5%, with the most sizable effects at
m ~ 72 ~ 0 where the cross section is largest. At low-
est order, E7; = Ery = Er, so that the distribution is
symmetric under 7; < 75.

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

At next-to-leading order, some contributions admit
three partons into the final state; for these, the parton
fractions are given by

E E
T2 = —}sl (exp(inl) + E—:j exp(£72)

E
+ o exp(in3)> ) (9)
T1

where Er; and 7; (i = 1,...,3) describe the transverse

!The raw cross sections are histogrammed in 0.5 x 0.5 bins
in 7; and 72.

FIG. 6. The leading order prediction for the ratio of the
triply differential cross section R(LO) defined in Eq. (8) for
45 < Er < 55 GeV and p = Ep.

energies and pseudorapidities of the three partons or-
dered in decreasing Er. Since the transverse energies
of the partons are no longer forced to be equal, |72| may
increase to compensate for having a smaller transverse
energy, Epy/Er; < 1. The maximum possible values of
|n2| occur when Epp = Ers,

(aa+ a2z‘12—ad)
a
I
<,,2<1n(a;i£;_M) )

where a = [2 — zriexp(m)]/zr1 and @ = [2 —
zr1 exp(—m)]/xr1. The enlargement of phase space is
shown in Fig. 1 (region III). We see that the maximum
allowed value of |n;| is unchanged at next-to-leading or-
der so that the physical cross section will exhibit a rather
sharp cutoff as || increases. On the other hand there
will be a more gradual falloff in the cross section as |72| in-
creases. Indeed, adding more partons into the final state
further increases the allowed 7, range corresponding to
the production of more and more soft partons.

To compute the next-to-leading order cross section, we
use an O(a2) 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 infrared 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(a3).
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In order to compare the theory with experiment, we use
the parton level equivalent of the standard “sNOwWMASS”
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 infrared safe,
so that we must symmetrize over the hardest and next-
hardest jets (in transverse 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 Er range. The three-
dimensional cross section evaluated at u = Er;, where
Er; is the transverse energy of the hardest jet in the
event, is shown in Fig. 7 for 45 < Er < 55 GeV. The
extension of the phase space to smaller 7, is seen clearly,
along with the rather sharp cutoff at |n;]| ~ 3.5.

Although the cross sections for the two parton densi-
ties appear similar, the difference between the predictions
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FIG. 7. The next-to-leading order triple differential distri-
bution for 45 < Er < 55 GeV and u = Er1; for (a) MRSDg

and (b) MRSD_ parton densities.
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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 < Er < 55 GeV and p = Er1.

observed at lowest order is preserved. This is illustrated
in Fig. 8, where we show the next-to-leading order pre-
diction for the fractional difference ratio defined in Eq.
(8). As at lowest order, the difference varies between
+23% at 72 ~ p2 ~ 0 and —10% at 17; ~ 2 ~ —2.5. We
note that the ratio is most negative when z; ~ z% and
z2 ~ 1. This is the region where the singular behavior
of the MRSD_ parton densities dominates over the less
singular MRSD, distributions [5].
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FIG. 9. Theratio of next-to-leading order (NLO) to leading
order (LO) predictions as a function of 72 for 1 = 0 (solid)
and of n; for 92 = 0 (dashed) for 45 < Er < 55 GeV, u = Er,
and the MRSD_ structure functions:
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One indicator of the reliability of perturbation theory
is the ratio of next-to-leading order to leading order cross
sections.? This is shown in Fig. 9 for two slices of the
triply differential distribution. First we consider the slice
m = 0 and let 72 vary. At large |7z|, the phase space
extends beyond the strict leading order kinematic limit
of 7, < arccosh(l/zr) = 3.68. As a consequence, the
corrections are large. However, this does not signal the
emergence of large logarithms which might spoil the ap-
plicability of perturbation theory. Rather, the large cor-
rections are due to the more restricted phase space avail-
able at leading order, that is the absence of region III of
Fig. 1. Towards the edges of available phase space, the
leading order cross section is thus forced artificially to
zero, and the ratio goes to infinity. At yet higher order,
however, one expects further corrections to be reasonable
(until one approaches the outer edges of region III or its
higher order analogues). Second, we keep 7, = 0 fixed
and allow 7; to vary. We see that the corrections for
central |n;| are small; however, as the magnitude of 7
approaches the edge of phase space, the next-to-leading
order corrections significantly reduce the cross section.
In this limit, the second jet is forced to have Ery ~ Ep;
and the available phase space for soft gluon emission is
curtailed. As a consequence, radiative corrections lower
the cross section close to the edge of phase space. These
corrections are a result of the appearance of large loga-
rithms, and one does expect perturbation theory to be-
have badly near this edge of phase space. In summary,
we see that the triply differential cross section is reliably
predicted over the whole range of the 7;-7; plane with
the exception of the very large |7;| slices.

We have seen how the shape of the two-dimensional
distribution is sensitive to the parton density functions.
However, there is also a dependence on the renormal-
ization and factorization scales® pup and pp that could
in principle obscure the differences due to the structure
functions. To get a feeling of how severely the scale un-
certainty affects the shape, Fig. 10 shows the next-to-
leading order predictions for the ratio

R =
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FIG. 10. The next-to-leading order prediction for the ratio
of the triply differential cross section R(NLO) as defined in
Eq. (11) with (a) A = 0.5 and (b) A = 2 for 45 < Er < 55
GeV and p = Er1.

IEE:::“ dEr|(d®0 /dErdmdn:)(p = Er1) — ¢(d®0 /dErdnidn,)(n = AET1)]

T,

for the MRSD_ parton densities and A = 0.5 and 2. Be-
cause the absolute magnitude of the cross section [which
depends on a,(u)] is poorly predicted, the prediction for
1 = AE7; has been normalized to the cross section for
u= Er; at 5, ~ 12 ~ 0. For A = 0.5, ¢ = 0.93, while for
A = 2, c = 1.08. We have restricted the pseudorapidity
range in the plot to |m],|n2| < 2.5 since for higher pseu-
dorapidities the next-to-leading order effects are large as
discussed above. As a result, for such pseudorapidities,

2The normalization is extremely sensitive to the renormal-
ization scale choice in the leading order cross section.

3Throughout we choose ur = pr = u; however, other
choices are possible.

Jgim= dBr(d® /dBrdnydis)(u = Ery)

) (11)

|
there is a sizable scale variation. However, for central
pseudorapidities, the shape is changed by less than 5%
which is significantly less than the difference between the
two representative parton distributions.

Once the experimental data are available, it should
therefore be possible to extract information on the den-
sity of partons in the proton. In addition to the uncer-
tainty in the normalization of the theoretical predictions,
there is a significant uncertainty in the experimental nor-
malization as well, due to uncertainties in the luminosity
measurement, jet energy calibration, jet trigger efficiency,
and other aspects.? It therefore makes sense to allow the

*Part of the experimental uncertainty can be eliminated by
normalizing with respect to the W cross section.
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overall normalization of the theoretical prediction, ot?,

to float, so that by varying c¢ the x2 for

d3a.expt dso.th

ETmax
dFE —c 12
/;;T T ( dErdnidn; dErdnidn ) (12)

min

summed over the different 7,72 cells is minimized for a
given parametrization of the parton densities. Finally,
the input parametrizations can be adjusted so that the
x2 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 (z1,z2) in the 7;-12 plane as a function of
Er.

IV. THE DO SIGNED DISTRIBUTION

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 7;-72 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
|71|min < |71] < |71|max and the distribution is plotted as
a function of |nz|sgn(mn2):

do
d|n2|sgn(min2)

ETmax 1 |71 |max d3
=1 / dEr / dpy 57
AEr ETin 2Am |71 |min dErdndn:
= |7 |min dBo
_/ M T Erd ’
—N1|max Tdnidn:

where sgn(mim2) = —1 if 5, and 7, have opposite sign
and +1 if they have the same sign. Positive values of
|n2|sgn(n1m2) 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 < Er < 55 GeV and 55 <
Er < 65 GeV, and two strips in 7;,0.0 < |7;| < 0.5 and
2.0 < |m| < 2.5. As more data become available from
the current Tevatron run, this analysis can be extended
to cover a larger range of Er and 7.

We first fix 7; to lie in the central pseudorapidity slice
0.0 < |m1| < 0.5 and examine the pseudorapidity of the
second jet for the transverse energy interval 45 < Er <
55 GeV. This strip includes the 1; ~ 72 ~ 0 region that
is sensitive to parton densities at = ~ 0.05. We also con-
sider the slice at larger 71, 2.0 < |m1| < 2.5, but for a
slightly higher transverse energy interval, 55 < Er < 65
GeV. The predictions for these distributions for both

(13)
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FIG. 11. The signed pseudorapidity distribution for (a)
45 < Er < 55 GeV, 0.0 < |m;1| < 0.5, and (b) 55 < Er < 65
GeV, 2.0 < |n1| < 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 = Ep;.

MRSD( and MRSD_ parton densities are shown in Fig.
11 with the preliminary data from the DO Collaboration
[1].° We see a clear asymmetry favoring smaller val-
ues of |n2|sgn(m17m2). In other words, for n; ~ 0, the

5We have divided the data by a factor of 2 to account for
the size of the pseudorapidity interval.
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opposite-side cross section [negative |nz2|sgn(n1m2)] peaks
away from 73 ~ 0, while the same-side cross section [pos-
itive |n2|sgn(m172)] 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 effective sub-
process approximation” and the gg — gg matrix ele-

@ - __ n=03

X1 F(x1.1) X2 F(xa.p1)

1000 ——r———r—— ———

®  ___. =25

800 - B

600

IMI2/ cosh*(n’)

400

200 - B

0 N " L 1 N . N I . L I N s
-4 -2 0 2 4

n2l sgn(ny n2)

FIG. 12. The (a) parton-parton luminosity for the MRSD_
parton densities and (b) squared matrix elements in the “sin-
gle effective subprocess approximation” for 71 = 0.5 and
Er = 50 GeV (solid) and 71 = 2.5 and Er = 60 GeV
(dashed). The factorization scale is chosen to be 50 GeV.

ments of Eq. (7) as a function of |na|sgn(nim2). We
see that the maximum of the parton-parton luminosity
occurs at |nz|sgn(mmnz) ~ 0.25 and 0.75 for ; = 0.5
and 2.5, respectively, while the minimum of the matrix
elements always lies at |nz|sgn(minz) = |m1|. The net
effect of the shift in the peak of the parton-parton lumi-
nosity to positive |n2|sgn(n172) combined with the shift
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FIG. 13. The ratio of next-to-leading order predictions for
the signed distribution for the MRSD_ parton densities eval-
uated at 4 = AEr; for A = 0.5 (solid), A = 2 (dashed),
and A = 4 (dot-dashed) relative to that for p = Er; for
(a) 45 < Er < 55 GeV and 0.0 < |g:| < 0.5 and (b)
55 < Er < 65 GeV and 2.0 < || < 2.5. The ratio of
next-to-leading order predictions for the MRSD, and MRSD _
parton densities with 4 = E7; is shown as a dotted line.



52 INCLUSIVE TWO JET TRIPLY DIFFERENTIAL CROSS SECTION

of the minimum of the matrix elements to larger val-
ues of |n2]|sgn(m172) is an enhancement of the cross sec-
tion at negative |nz|sgn(n172) and a depletion at positive
|m2|sgn(n1m2), 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 7,
from the lowest order process is approached. We also see
that the difference the MRSDy and MRSD_ predictions
is about 23% at |n2| ~ 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 MRSD, parametrization at the x values probed
here, z ~ 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 o2(ug). 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 pugr. This is illustrated in Fig. 13,
which shows the ratio of next-to-leading order predic-
tions for different scales relative to the next-to-leading
order MRSD_ prediction for u = Er;.

As expected, the normalization of the small |n,| region
is quite sensitive to the choice of scale; however, the shape
of the distribution for small |7,| is essentially unchanged
for the central 7, slice, 0.0 < |n;| < 0.5. For large pseu-
dorapidities, |n2| > 3, there is of course a large scale
dependence. This is a consequence of exceeding the low-
est order kinematic limit on 7,; in this region, an O(a3)
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 MRSDy, and MRSD _
parton densities at 4 = E7; is also shown. In addition
to a sizable change in the normalization, the shape of the
distribution around |n;| ~ 0 is also changed. It remains
an experimental question as to whether this difference in
shape can be detected.

V. THE CDF SAME-SIDE OVER
OPPOSITE-SIDE RATIO

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

oss(n)] e,

min

n+An n+An ETmax d3c
= dn / dn / dEp——->+——
/n—m, ! n—An 2 Je dErdn;dn;

Tmin
(14)

<E7<ETmex

oos(n)] ex,

min

n+A4An —n+An ErTpax d3o
= dn / dn / dEp—o " .
/n—A'r) ! —n—An 2 E dErdndn:

Tmin
(15)

<Er<ErTg.

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

Rss/os(n)] B

min

<ET<ET .

_ oss(n)] e,

min

~ 00s(N)]Ex,, <Br<Bn,.,

<E7<ETpmax

» (16)

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 7; ~ 72 ~ 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 z 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 ¢ ~ 4E2 /s rather than z ~ 2Er//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 < E7r <60 GeV, 60 < Er < 80 GeV, 80 < Er < 110
GeV, and 110 < Er < 350 GeV, and the pseudorapidity
interval to be An = 0.2. It may prove possible to extend
the analysis to smaller transverse energy and include a
fifth bin, 15 < Er < 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 infrared 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 < A¢p < w4+ 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 Er = 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/0OS cross section ratio for Er = 15 GeV.

for x values as small as 3 x 1074 < z < 1.

The next-to-leading order predictions for the SS/OS
ratio for the very low transverse energy bin, 15 < Er <
27 GeV, are shown in Fig. 15. Because very low z 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.
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FIG. 15. The next-to-leading order predictions for the
SS/OS ratio evaluated at p = E7; for the MRSD_ (solid),
MRSDy (dotted), and MRSA (dashed) parton distributions
as a function of 7 for the smallest Er bin accessible to the
CDF Collaboration, 15< Er < 27 GeV.

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

The region around 7 = 3 has the largest sensitivity
to different parton density functions, corresponding to a
smallest parton fraction 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 from the
current Fermilab Tevatron run. Even with the current
uncertainties, the smallest E7 bin suggests a deficiency
in the density of MRSD, partons round z ~ 1073, 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 = 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 fractions 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
from renormalization and factorization scale dependence
present in perturbative QCD calculations. To study this,
Fig. 17 shows the SS/OS ratio for the 27 < Er < 60
GeV transverse energy bin at pseudorapidity n = 2.6 as
a function of 4 = pp = pup. 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 Ep jet in the event, 4 = Erp;, 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 fractions z, 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 In(x/E7p1). 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, u = E7;, coincides with
the minimum 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 p = Ez; for the MRSD_ (solid),
MRSDy (dotted), and MRSA (dashed) parton distributions as a function of 7 for the four transverse energy bins 27 < Er < 60
GeV, 60 < Er < 80 GeV, 80 < Er < 110 GeV, and 110 < Er < 350 GeV. Also shown are the preliminary CDF data of

Ref. [3].

ing for the theoretical uncertainty. The largest variation
comes from reducing g and increases the cross section
by approximately 20%. Because of this uncertainty one
cannot really discriminate between the MRSD_ distri-
butions with zg(z) ~ z7%5 and the more recent MRSA
fits with zg(z) ~ z7%3. However, it should be possible
to exclude the MRSD¢ distributions once the final CDF
data are published. To discriminate between MRSD_
and MRSA, it will be necessary to make a measurement

in the 15< Er < 27 GeV transverse energy bin.

Figure 18 shows the ratio of next-to-leading to lead-
ing order predictions (the K factor) for 27 < Er < 60
GeV and 80 < Er < 110 GeV using the MRSD_ par-
ton densities and g = E7;. The shape of the SS/OS
ratio is basically unchanged in the range —2 < n < 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
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FIG. 17. The renormalization and factorization scale de-
pendence of the SS/OS ratio for n = 2.6 in the 27 < Er < 60
GeV bin using the MRSD_ structure functions. The data
point is taken from Ref. [3].

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 7:

K(n) = A+ Bn* +Cn*+ Dn® + En® . (17)

The fitted constants A,...,FE for all five transverse en-

15 GeV < Et < 27 GeV
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FIG. 18. The ratio of next-to-leading to leading order pre-
dictions for the SS/OS ratio with 4 = Er; and MRSD_ par-
ton densities in the five transverse energy intervals.

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

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
(z ~ few x 1073) to intermediate (z ~ few x 10~2) parton
momentum fractions for jet transverse energies accessi-
ble to the CDF and DO experiments at Fermilab. For
example, parton distributions that are relatively large at
small = (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 (11 ~ 72 > 0) and a relative
depletion for central jets, 71 ~ n2 ~ 0. We have studied
the next-to-leading QCD corrections to this distribution
in some detail. To discuss the properties of the cross sec-
tion it is convenient to divide the 7;-7; plane into two
regions: the central region where the pseudorapidity of
the two jets is less than the lowest order kinematic limit,
|m|, |n2] < arccosh(l/zr) 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 u by a factor of 2
about y = Er; 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 u, 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, ot?, to float, 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 () = A + Bn? + Cn* + Dn® + En® and is intended to be used for returning
the K factor for the bin, given the center of the bin (that is n = 0.2,0.6,1.0,...).

Pseudorapidity bin A B C D E

15 < Er < 27 GeV 1.0197 —0.0062 0.0226 —0.0025 8.166x10~°
27 < ET < 60 GeV 0.9992 —0.019 0.0453 —0.0094 5.592x107*
60 < Er < 80 GeV 0.9653 0.072 0.0326 —0.0208 0.0027

80 < Er < 110 GeV 0.9869 0.0891 —0.0332 0.0057 6.427x107%
110 < E1 < 350 GeV 1.0121 —0.1974 0.4985 —0.2743 0.0457

ing c the x?2 for

ETpax 3 ,expt 3 th
/ dEp d°o**P e d’c

B, dErdmdn,  dErdmdn
summed over the different 7;, 7 cells in the central pseu-
dorapidity region is minimized for a given parametriza-
tion of the parton densities. By adjusting the input
parametrizations, the x> 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 (zq,z2) in
the 71-n2 plane as a function of Er.

At present only preliminary data are available for par-
ticular slices of the 7;-7, plane. The signed distribution
(Sec. IV) presented by the DO Collaboration is primar-
ily sensitive to intermediate x values. As we may expect
from the preceding discussion, the shape is well predicted,
but the normalization is uncertain. Nevertheless, the pre-
liminary data appear to favor the MRSD, 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 z 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 1073 and  ~ few x 10~2. In other
words, there are more gluons present in the small and in-
termediate z 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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