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Abstract 

We study the next-to-leading order QCD corrections to the same-side/opposite-side 
two jet ratio at Fermilab energies and show that the theoretical uncertainty on the 
factorization/renormalization scale is reduced. At large pseudorapidity the difference 
between the predictions for singular and non-singular gluon distributions is 25% while 
the remaining scale uncertainty is significantly smaller than this. 
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One of the main ingredients for reliable predictions of hard scattering cross sections in 
proton-antiproton and electron-proton collisions is a precise knowledge of the density of 
gluons in the proton. However, unlike the charged parton distributions that are probed 
directly over a wide range of parton momentum fraction x and scale Q* in deeply inelastic 
scattering, the gluon density is only weakly constrained. The rather precise knowledge of 
the quark distributions does indicate how much of the proton’s momentum is carried by 
gluons, but implies little about how the momentum is distributed. Only direct photon data 
from WA70 [l] constrains the shape of the gluon density in the x N 0.3 - 0.4 region. Recent 
measurements at HERA [2, 31 h s ow that the J’ip structure function grows rapidly at small 
x (x < few x 10m3) which is due to the increase in the number of sea quarks, xqsea m xqoe3. 
Since the density of sea quarks at very low x is directly related to the density of gluons 
via the g -+ qQ process, this measurement suggests that xg N xeoe3 at small x. However, 
although we expect this to be true as x * 0, it is not clear at what value of x this behavior 
should set in. The uncertainty in the low x gluon distribution migrates to higher values 
of x via the momentum sum rule, and it is therefore crucial to attempt to make a direct 
measurement of the gluon density wherever possible and particularly at small I. 

Recently, the CDF collaboration [4] has presented data for the ratio of same-side (SS) to 
opposite-side (OS) dijet production which, in principle, may be able to discriminate between 
a singular, xg w x-O*~, and non-singular, xg N x0, gluon distribution at small x. The 
reason for this is as follows. At lowest order, the transverse energies, .&I = ETA = ET, and 
rapidities, 71 and %, of the two jets are directly related to the momentum fractions xr and 
xc:! of the incoming partons, 

JET 
x1,2 = - cosh( 7.) exp( *%O,,t ), 

6 

where the rapidity of the two jet system in the laboratory frame is &,ost = (qi + %)/2 and 
the rapidity of the jet in the jet center of mass frame is 77. = (qr - r&/2. The lowest order 
cross section is given by, 

(2) 

where fi(.z,pu) (i = g, q, q) represents the density of parton i in the proton at factorization 
scale p and (/Mij]2 are the lowest order squared matrix elements for ij - 2 partons summed 
and averaged over initial and final state spins and colors I. 

Same-side jets are defined to have 771 N r7;? (i.e. qX h 0) so that at large 77 and relatively 
small ET, the same-side jet cross section probes the small x region. For example, for 71 = 
7?2 = 2.6 and ET = 35 GeV at fi = 1800 GeV, we find x1 = 0.52 and x2 = 0.0029, which 
indicates that the dominant contribution will come from the scattering of a valence quark 
off a gluon, 0~s w qval(x:1)g(x2). On the other hand, opposite-side jets are required to have 

‘we have chosen the factorization scale pF and renormalization scale pR to be equal. pF = pR = k. 
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771 - -ST and 7mwst m 0 so the opposite-side jet cross section occurs at roughly equal (and 
large) parton momentum fractions. For ~1 = -oh = 2.6 and ET = 35 GeV, x1 = ~2 = 0.26, 
where the parton distributions are relatively well known. Although the opposite-side cross 
section appears not to contain much new information, by taking the ratio, 

R(77, w = ~ssh ET) 
Qlsh ET) ’ (3) 

many of the theoretical and experimental uncertainties cancel out. For example, experimen- 
tal uncertainties from the 77 dependence of the jet energy resolution and jet trigger efficiency 
are reduced in the ratio. On the theoretical front, much of the scale dependence and un- 
certainty in the strong coupling constant is reduced. In particular, at large 77 and small 
ET, 

WI, W - g (z, 1.4 WI, ET, 14, (4) 

where z = 2E -$ exp( -r)) and this ratio may be a direct probe of the gluon density. The func- 
tion F(n, ET, p) depends on parton distributions at moderate z values and is, in principle, 
reasonably well known. However, as noted by Martin, Roberts and Stirling (MRS) [5] a 
significant uncertainty still remains in the lowest order theoretical prediction, particularly at 
small ET 2. In general, the inclusion of next-to-leading order effects can reduce the theoret- 
ical uncertainty in three distinct ways. First there is some dependence on the jet algorithm, 
since two partons may now merge to form a jet. Second, the dependence on the renor- 
malization and factorization scales is reduced. Third, certain kinematic constraints may be 
removed by the presence of an additional parton. Taken together, we might expect that by 
including the full next-to-leading order c3(0:) QCD corrections the theoretical uncertainty 
on the ratio R(q,&) might be reduced and that is the subject of this Letter. 

To compute the next-to-leading order cross section we use an 0(a:) Monte Carlo program 
for one, two and three jet production based on the one-loop 2 -+ 2 17, 8) and the tree level 
2 --f 3 parton scattering amplitudes described in ref. [9]. This program uses the techniques of 
refs. [lo, 111 to cancel the infrared and ultraviolet singularities 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 aigorithm 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 
computed at O(crf). 

In order to compare the theory with experiment, we use the parton level equivalent of 
the so-called ‘Snowmass’ algorithm [l2] with 4R = 0.i and require at least two jets in the 
event. Same-side events are identified as events where the rapidities of the two leading jets in 
transverse energy lie in the same rapidity bin, 17 - 477 < ~1,712 < v + 47 with 477 = 0.2 while 
for the opposite-side cross section. 77 - 477 < ]qi), 17721 < 17 + 4~ but the signs of ~1 and 772 

21n that paper, the authors have tried to mimic the next-to-leading order results by using the par- 
ticular scale choice p = cosh(q’)/cosh(0.7v’)ET/2 as motivated by ref. [S]. As a result, the factoriza- 
tion/renormalization scale used for the same-side (7. N 0) and opposite-side (j~‘1 > 0) are rather different. 
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are opposite. .4t a given factorization/renormalization scale p, the same-side/opposite-side 
cross sections are thus, 

Qsh CL) = /:_+aa:‘h j-z%2 kz;dETd;;;;,.&. (3 

~OSbl! 4 = /.zTd’lf l;-+;“‘kLz;: dETd;;;$q2- (6) 

for a transverse energy interval Ermin < ET < ET,,,=. Since the assignment of which jet 
is hardest is not an infrared safe quantity [9], the roles of the leading and next-to-leading 
transverse energy jets must be interchanged so that each event is effectively counted twice. 
In addition, the two leading jets must be well separated in azimuth 7r - 0.7 < ad, < 7r + 0.7 

To focus on the gluon density at small 2, we use the improved MRSD- and MRSDO 
distributions of ref. [13] for which zg behave as z-0.5 and x0, respectively at small r and 
low Q*. .4lthough the low-r behavior of Pip as measured at HERA is better fitted by 
an X-‘.~ behavior (141, the range of predictions from MRSD- and MRSDO indicate the 
level of experimental/theoretical accuracy necessary to constrain the gluon density with 
the same-side/opposite-side jet ratio. Furthermore, we use the running one-loop strong 
coupling constant cr3 in calculating the leading-order predictions, and the two-loop running 
coupling constant for the next-to-leading order predictions. In both cases, we take lig& = 
230 MeV as specified by the structure function parametrization, so that ait)(-+f~) = 0.131 
and Q(*)( Mz) = 0.111. Alternatively, we could preserve a!‘)(iMz) = cr$*)(Mz) = 0.111 by 
adjusting the value of AC4) 9Co + 82 MeV used in the lowest order calculation. Both approaches 
are equivalent at lowest order and reflect part of the theoretical uncertainty present at this 
order inlperturbation theory. Equally, the use of parton densities with next-to-leading order 
evolution in the leading order cross section is consistent at c3(oi). 

The leading and next-to-leading order same-side/opposite-side cross sections. ass( q, P) 
and cro~(r,~,p) are shown in fig. I for the MRSD- parton densities and the renormaliza- 
tion/factorization scale equal to the hardest jet in the event, ,u = ET. .Ls expected, the SS 
and OS cross sections are symmetric under 77 H --r), and are approximately equal in the 
region 77 w 0. It is interesting to ask why the SS and OS cross sections have such a different 
behavior as 171 increases. At fixed ET, the lowest order parton level matrix elements depend 
only on 7.. For example, for the gg -+ gg subprocess, 

IM(‘- 
(dcosh*(q*) - 1)3 

cosh*(q*) ’ 

In the same-side cross section, q* N 0 so the parjon level matrix elements are roughly 
constant. This is modified by the parton densitiec which drop rapidly as 171 increases so 
that the same-side cross section falls off monotonically with 1~1. On the other hand, in the 
opposite-side cross section, q- w 77 so that the parton level matrix elements increase with ]qJ. 
This growth is most marked at small 1~1, where it dominates the falling parton luminosity. 
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Figure 1: The leading (LO) and next-to-leading order (NLO) predictions for the same-side 
(SS) and opposite-side (OS) cross sections as a function of q for 27 GeV < ET < 60 GeV, 
/J = ET and the MRSD- structure functions. 

The opposite-side cross section therefore increases with ]q] for small ]q]. However, at larger 
values of 1~1, the dropping parton luminosity ensures that the opposite-side cross section 
decreases at large 171. As a result, the opposite-side cross section peaks away from q = 0. 

Fig. 1 shows that, for this choice of parameters, the next-to-leading order corrections 
are not large. While the absolute normalization of the lowest order cross section is rather 
uncertain3 the main point to note is that the shape of the cross section is only slightly changed 
by the inclusion of the next-to-leading order corrections. This is more clearly seen in fig. 2 
which shows the ratio of next-to-leading order to leading order SS and OS cross sections. For 
1771 < 3 we see that the corrections are essentially independent of 1771 which gives us confidence 
that the SS and OS cross sections are reliably computed in perturbation theory. For very 
large ]q], the corrections are somewhat larger. For ET = 27’ GeV and fi = 1800 GeV, 
the leading-order OS cross section has a kinematic limit of ]ql < cash-‘(&/2ET) = 4.2, 
while the SS cross section is restricted to 171 < log(fi/2&) = 3.5. These limits are relaxed 
at next-to-leading order, which includes 2 --) 3 processes, so the corrections are large. .4s 
discussed in ref. [9], 1 lowever, this does not signal the emergence of large logarithms which 
might spoil the applicability of perturbation theory. 

As discussed above, the kinematic region most sensitive to the gluon distribution is at 
large 77 and small ET. Fig. 3 shows the scale dependence of the leading order and next- 
to-leading order predictions for the same-side and opposite-side cross sections at Fermilab 

3For example, adjusting :I& + 82 MeV increases the lowest order cross sections by (3(40%) 
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Figure 2: The ratio of next-to-leading order (NLO) to leading order (LO) predictions for 
the same-side (SS) and opposite-side (OS) cross sections as a function of q for 27 GeV 
< ET < 60 GeV, cl= ET and the MRSD- structure functions. 

energies for 77 = 2.6 and 27 GeV < ET < 60 GeV. We see that the scale dependence is 
reduced by including the next-to-leading order corrections. In fact, the next-to-leading order 
corrections approximately vanish for the same-side distribution at p = ET and at p - 2& 
for the opposite-side distribution. This is in rough agreement with the approximate form 
(extended beyond its kinematic range of validity by MRS (51) given in ref. [6], which suggests 
that the next-to-leading order corrections are small at this value of 77 when ~0s N 2.13~~~. 

One of the motivations for studying the SS/OS ratio is that most of the experimental 
and theoretical uncertainties cancel. The differing calorimetric response as lql varies can 
be largely eliminated since there is an approximate forward/backward symmetry of the 
detector. Similarly, the theoretical uncertainty due to the strong coupling constant is reduced 
(and removed at lowest order if ~SS = ,uos), although some factorization scale dependence 
remains. This ratio is shown in fig. 4 for the same values of 77 and ET used in fig. 3. We 
see that the rather steeply falling behavior of the individual leading-order SS and OS cross 
sections shown in fig. 3 has been completely reversed; the leading-order ratio between the two 
increases with the renormalization/factorization scale. This reflects the increase of parton 
luminosity with factorization scale for these x values. -4s expected, the scale dependence 
of the next-to-leading order prediction is rather flat over this range of ,u, showing that the 
inclusion of the U(ot) corrections has reduced the theoretical uncertainty. For ~1 N ET, the 
ratio of cross sections is almost insensitive to the choice of p. 

Finally, in fig. 5, we show the predictions for the full range of q with ,QS = /-LOS. For 
comparison we also show the data points from the preliminary CDF measurement [A] for jets 
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Figure 3: The next-to-leading order (NLO) to leading order (LO) predictions for the 
same-side (SS) and opposite-side (OS) cross sections as a function of ~/ET for 27 GeV 
< ET < 60 GeV, 77 = 2.6 and the MRSD- structure functions. 
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Figure 4: The scale variation of the ratio of same-side (SS) and opposite-side (OS) cross 
sections at n = 2.6 at next-to-leading order (NLO) and leading order (LO) for 27 GeV 
< ET < 60 GeV and the MRSD- structure functions. The data point is taken from (41. 
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Figure 5: The ratio of same-side (SS) and opposite-side (OS) cross sections at next-to-leading 
order (NLO) and leading order (LO) as a function of q for 27 GeV < ET < 60 GeV, ,u 
and (a) MRSD- (b) MRSDO structure functions. The data is taken from [d]. 

= ET 

with 27 GeV < ET < 60 GeV. We see that the next-to-leading order corrections move the 
theory closer to the data. We also note that the difference between the singular and non- 
singular gluon density (MRSD- and MRSDO) corresponds to a difference of approximately 
+25% in the ratio at 17 = 2.6 which is much larger than the uncertainty due to the factor- 
ization/renormalization scale. The preliminary data, with admittedly large errors, already 
appears to favour the more singular gluon density. With more data it should prove possible 
to make a determination of the low x gluon density from the same-side/opposite-side dijet 
cross section. 
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