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How to tell quark jets from gluon jets
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A method to distinguish between light-quark jets and gluon jets in a calorimeter detector is
presented. The method could be used to refine the experimental test of QCD based on the single-
jet cross section, by comparing the quark and gluon contributions separately. It could also be
used to enhance the signal/background ratio in searching for the top quark in W+ + jets channels.
Optimistically, it might even make it possible to observe the hadronic decays W+ ~ j j and Z ~ j j,
which would allow the W and Z masses to be used as benchmarks for calibrating the calorimeter,
and perhaps even provide a useful measurement of Miv/Mz. The method has been developed using
Monte Carlo simulations of jet events. Ways to compare it with experiment are discussed. The
comparison would provide an important test for QCD shower simulation models.

I. INTRODUCTION

An outstanding feature of hadron-hadron collisions at
large momentum transfer is the production of jets. The
jets arise mainly from light-quark (u, d, s, u, d, s) and
gluon constituents of the initial hadrons, which undergo
perturbative hard scattering, and hadronize into physical
particles according to nonperturbative QCD. Similar jets
are seen in e+ e collisions, from annihilation via p/Z .

It would be useful for several reasons to distinguish
quark jets from gluon jets. One reason is that to test
QCD at the largest possible Q —i.e. , on the shortest
possible distance scale —the inclusive single-jet cross
section [1] is used, since that cross section is relatively
large. The cross section is a sum of q and 6 contribu-
tions, and it would make the test of QCD more definitive
to compare the q and 6 parts separately. This would
also test assumptions about the parton distributions, es-
pecially the less-well-measured gluon distribution, in the
original hadrons.

A second application for quark-gluon separation is to
reduce the background from gluon jets in searching for
the top quark in W+ + jets channels [16]. Further rnoti-
vation for attempting the separation is the fact that the
hadronization process can be approximated at present
only by semiphenomenological simulations such as HER-
WIG [2], ISAJET [3], or PYTHIA [4]. Testing the separa-
tion will intrinsically test the hadronization model used
in developing it.

A Anal motivation for jet separation is that if quark
jets can be recognized, it may be possible to observe the
hadronic decays W+ ~ j j and Z —+ j j in spite of the
large QCD backgrounds. This would provide an excellent
absolute calibration of the measurement of jet energies,
since the mass of the Z is accurately known. More opti-
mistically, one might hope to measure the key mass ratio
Mtv/Mz using jet decays, and thus avoid many sources
of systematic error in that measurement.

We assume here that the hadrons of the jet are de-
tected using a segmented calorimeter of the type used by

the Collider Detector at Fermilab (CDF) [1] and under
construction by DO [5] at the Fermilab Tevatron. Sim-
ilar detectors are expected to be built at the Supercon-
ducting Super Collider (SSC). These detectors measure
the total energy deposited in segments of pseudorapid-
ity g = —ln tan

&
and azimuthal angle P. The jet in-

formation is thus degraded by the fact that individual
particles are not tracked. This degradation is not very
significant for our purposes, since it is similar to the un-
certainties inherent in the QCD jet development. It is in
any case a small price to pay for the fact that such detec-
tors can provide reasonably equal response for hadrons
as for electromagnetically interacting particles, including
the photons from x decay.

The physical basis for distinguishing between quark
jets and gluon jets is the fact that the branching of glu-
ons is stronger than the branching of quarks according
to QCD. This can be seen directly by comparing the
lowest-order elementary branching probability [6] for glu-
ons, G ~ G+ G and G ~ q + q, with that for quarks,
q ~ q+ G. Gluon jets are therefore expected on average
to be broader in (g, P), and to contain more particles,
than quark jets of similar Ez .

Several previous simulation studies have shown that
q/G jet separation is feasible. Jones [7] describes a
method in which each particle in a jet is characterized
by its fractional contribution z; to the jet momentum,
and the jet is characterized by its pattern (z, ) for all
particles that have z; ) 0.1. Via Monte Carlo simula-
tion, certain patterns are found to be favored by quark
jets, while others are favored by gluons. The reliance of
this method on the momenta of individual particles is not
"infrared safe" [8]: the splitting of a parton into two co-
linear partons, or the decay of a hadron before it reaches
the detector, can strongly affect the pattern (z;). It is
therefore perhaps not surprising that the new method
achieves a higher degree of separation, even though it
uses only calorimeter information, rather than requiring
individual particle momenta to be measured.

I onnblad et al. [9, 10] have shown that quark-gluon
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separation can be accomplished by "training" a neural-
net algorithm to recognize patterns of energy deposition
in the 100 —200 calorimeter cells within the jet cone.
The method to be described here is based on the same
information, but it leads to better discrimination than
the neural-net method. It also possesses the attractive
quality of having a clear physical interpretation, in place
of the "black box" character of the neural net. Like the
neural net, the method to be described here can be ap-
plied rather quickly to each jet. It may therefore prove
useful in experimental triggers, which are essential for
the study of rare processes.

II. METHODOLOGY

This study was performed by generating simulated
events corresponding to pp scattering at the present Teva-
tron energy ~s = 1.8TeV and analyzing them using a
calorimeter simulation and a jet-finding procedure. The
key feature of using a simulation in place of actual data
is, of course, that the quark or gluon parentage of each
jet is known. A detailed descript;ion of the procedure is
as follows.

The Monte Carlo event generator HERvvIG [2] (version
4.3, July 1990) was used to generate events of 2 ~ 2 hard
parton scattering. HERWIG includes initial- and final-
state gluon radiation and soft background processes. It
models the hadronization of the partons via clusters, and
proceeds through the decays of unstable particles to pro-
duce a list of the momenta of all final particles in each
event.

An idealized model of a DO-type calorimeter was cre-
ated, consisting of 62 x 63 cells ("towers") of size 0.1 x 0.1
in (g, P), which cover —3.1 ( g ( 3.1 and all of P. The
energy of each final particle was modified to include a
Gaussian energy resolution with standard deviation

LE= 0.55 gE x (1 GeV) for hadrons and muons,

0.15 gE x (1 GeV) for electrons and photons.

This modified energy was spread out over a circle r & ro
in (g, P) according to the distribution

dP
cc (rp —r ),

where r = [(g —gp) + (P —Pp) ] ~ is the deviation from
the particle's direction (gp, Pp). Shower spreading for
photons and electrons was omitted, to approximate the
fact that the electromagnetic part of the DO calorimeter
has finer segmentation than the hadronic part. The form
given by Eq. (2) for shower spreading (with rp ( cellsize)
is convenient because the energy of each particle spills
over into at most, the 8 cells adjacent to the cell in the
direct path of the particle, and the energy fractions de-
posited can be expressed in a fairly simple closed form.
Using rp —0.08, Eq. (2) appears to give approximately
the correct amount of shower spreading [11]. A more
complete model mould include a t;a.il extending to more

distant cells, but this would not be expected to affect our
qualitative results.

Jets were recognized in this simulation by a cone-type
jet-finding algorithm. The algorithm follows the gen-
eral guidelines of the "Snowmass accord" [12], but it is
more elaborate than what is spelled out in that docu-
ment. It involves four distinct phases. In phase I, ini-
tial clusters are formed by associating every cell in the
calorimeter which contains transverse energy E~ greater
than E» with that one of its eight nearest neighbors hav-
ing the highest E~, provided that E~ is greater than
E2. This leads to preclusters (equivalence classes [13])
of cells, In rare cases where the extent of one of these
preclusters is too large in a given event, the default val-
ues Eq ——0.5GeV and E2 ——1GeV are increased, and
phase I is repeated. This clustering method has the ad-
vantages of being quickly calculated, independent of the
order in which the cells are examined, and not overly
driven by single cells with large E~. In the remaining
phases of jet identification, the order of processing can
matter; it is dealt with by working on the clusters in or-
der of their total E~ at each stage, beginning with the
largest. In phase II, the jet axis is computed for each
jet, using the appropriate weighted average of the Ez 's

of its cells. Cells are then reassigned to the nearest jet
axis, provided that they lie within Rj,t of that axis. This
phase is repeated until the result is stable. In phase III,
nearby pairs of jets are merged into a single jet if the
resulting combined jet includes at least 50% of each orig-
inal Ez and at least 90% of their total. Phases II and III
were repeated until the result was stable. In phase IV,
jets with Ez less than the minimum value under con-
sideration were dropped, making their cells available for
reassignment. Then phases II —IV were repeated until
the result was stable. Cells containing transverse energy
less than 100 MeV were ignored in the analysis.

A moderate cone radius Rj,t ——0.8 was used to define
the jets. Too small a radius would presumably hamper
the ability to distinguish quarks from gluons on the basis
of nearly resolvable branchings.

In this way, 33269 light-quark + gluon jets were gen-
erated in the observed range 40GeV ( Ez ( 60GeV,
—2 & g & 2. They correspond to a cross section of
2390 nb, of which 25.7% were light quarks (u, d, s, u,
d, s). An additional 25901 light-quark + gluon jets
were generated in the observed range 140 GeV ( Ez
160 GeV, —2 ( g ( 2. They correspond to a cross sec-
tion of 1.6 nb of which 48.2% were light quarks. In this
Ez range, 7% of the jets were ignored because they carne
from e or b quarks, or because their parton parentage
was unclear. When corrected for a different acceptance
in g, these cross sections are consistent with the CDF
measurements [1].

Some typical jets are shown in Fig. 1, using a display
that contains the same information as the traditional
"Lego plot": the transverse energy in each 0.1 x 0.1 cell is
represented by one dot for each 0.250 GeV of transverse
energy in the cell. Within each cell, the dots are located
in a random way that avoids nearby dots.

A large number of these displays were examined to
check that the cell assignments made by the jet-finding
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algorithm look reasonable. (It is quite easy to make up
jet finders that occasionally assign cells to jets in an un-
reasouable manner. Simply using the hottest cells as the
centers of the jets, or as the initial jet axis for an itera-
tion, for example, should be avoided for detailed purposes
such as ours. )

Most of the Ez of each jet comes from cells that lie well
within the chosen cone size R&,t, ——0.8, as seen in Fig. 1.

Hence the observed jet energy is not overly sensitive to
the arbitrary size and circular shape chosen to define the
jet.

III. VARIABLES WHICH DISCRIMINATE
BETWEEN QUARKS AND GLUONS

The goal was to find a single variable whose probability
distribution for the ensemble of known quark jets is sig-

Quark Nzp = 7.22 E2~ = 0.0026 (b) QUARK N9p = 14 ~ 67 Eg ~ = 0 ~ 0072
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FIG. 1. Typical patterns of Ez deposition for quark jets [(a), (b)] arid gluon jets [(c), (d)] at ET = 50GeV. The Ez
deposited in each 0.1 x 0.1 cell is represented by one dot per 0.250 GeV. The dashed line shows the assumed cone size
R), t ——0.8 .
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nificantly dN'erent from that for the ensemble of known
gluon jets. An unknown jet could then be assigned a like-
lihood of being a quark or a gluon, based on its value of
that variable. The desired variable must somehow mea-
sure the degree of branching of a jet. Recipes for two of
the most successful variables found are as follows.

Ngo. Add up the ET of cells within the jet cone in de-
scending order, and count the number Ngo of cells needed
to obtain 90% of the total for all cells within the cone,

including a fractional part obtained by interpolating to
account for the last partial cell. A good feature of Ngo is
that it is insensitive to energy spilling over from one cell
to an adjacent cell, either due to the development of the
@CD shower, or due to particle decays and spreading of
showers within the calorimeter, so long as both cells are
in the "hot" part of the jet.

Ngp tends to be smaller for quark jets than for gluon
jets, as shown in Fig. 2. The distributions are suFiciently
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FIG. 2. X&0 distributions for quarks (dashed), gluons (dotted), and their sum (solid) at (a) ET = 40—60 GeV and (b)
E~ = 140—160 GeV. The dot-dashed curve shows the total when a cut!rl! ) 1.5 is made to enhance the q/G ratio.
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different that jets with the lowest values of Xsp are almost
all quarks, while those with the highest, values are almost
all gluons.

Two additional eA'ects can be seen in going from Ez ——

50 GeV [Fig. 2(a)] to Ez = 150GeV [Fig. 2(b)]: {1)The
ratio of quarks to gluons increases, because the parton
distributions favor quarks at the large values of x which
are needed to make the larger Ez, and (2) the average
Ngp decreases; i.e. , the jets become "more collimated" in

(g, P) at large E~
Other percentages are of course possible for defining

this variable. 90% was about optimal for the jets with
Ez = 50—150 GeV which were studied. However, Ns5
actually works somewhat better for Ez = 50 GeV, while
Ng5 works somewhat better for Ez = 150 0eV. Hence
one might prefer to define the measure as the number of
cells needed to include all but Eo of the jet Ez, where
Ep 5—10GeV. A different minor variation would be
to define the measure as the number of cells needed to
include all but CgE& of the jet E&, where the constant
C is chosen as 1GeV . This alternative is probably
the most practical one, because it makes the eventual cut
on. N depend only weakly on E~.

E2;„. Define moments by (X) = Q Ez X, where
the sum Q runs over all cells within the jet cone, or as
assumed here, over the cells which make up Ngp. Locate
the center (gp, Pp) of the jet such that the first moments
are zero: (rl —gp) = (P —Pp) = 0. Compute the second
moments ((g —rjp) 2), ((P —Pp) 2), and ((g —gp) (P-
Pp)) . Diagonalize the 2 x 2 matrix of these to obtain
the minimum and maximum possible second moments
Eg,„and E2 . Their sum E2;„+E2 is simply
the second moment ((g —gp)~+(P —Pp)2) . Their ratio is
a measure of the elliptical character of the jet transverse
momenta. Among these variables, E2, ,„was found to
work the best, and to be almost but not quite as good as
&go.

A number of other candidate variables, such as mea-
sures of the total "contrast, " or of the amount of fluctua-
tion between neighboring cells, or measures analogous to
Eq;„and E2 ~ but linear instead of quadratic in the
distance from the jet center in (g, P), were invented and
tested [14]. One variable that is closely related to Xgp,
and that worked nearly as well, is simply the number of

cells in the jet that have Ez ) Eo, where the threshold
Ep is chosen as 250 MeV, plus or minus a factor of 2.
None of these variables were as successful as those de-
scribed above, so they will not be discussed here further.

A comparison with the neural-net technique [g, 10] was
made using jets generated and processed through the net-
work algorithm by Lonnblad et al. [10]. It was found that
Ngp ls substaritially better at separating quarks from glu-
ons than is the net parameter. This was true at all levels
of the "eKciency" I'"&, which will be defined in the next
section. Incidentally, the jets used for this comparison
were generated using PYTHIA, and processed through a
very minimal calorimeter simulation and jet finder. This
indicates that the success of Ngp is not dependent of the
details of the methodology defined in Sec. III.

Attempts were made to combine two or more of the
various variables to improve the discrimination. These
attempts were unsuccessful: Ago by itself was superior to
any of the combined variables tried. This result was es-
tablished rather generally, by comparing jets within nar-
row bands of Ngp. quark and gluon jets that have the
same Ngp cannot be distinguished strongly on the basis
of any of the other variables —or by any obvious aspect
of their appearance in the "Lego plot. " Better discrimi-
nation variables may of course remain to be discovered;
but it is also quite possible that quark and gluon jets are
indistinguishable much beyond the level provided by %go,
if one is restricted to calorimeter information. (Count-
ing the number of hadrons with E~ greater than some
threshold such as 100 MeV does produce a significantly
better discrimination. )

The fact that the good variables cannot be combined to
improve the discrimination implies that they are strongly
correlated with each other. This can be seen by examin-
ing scatter plots involving pairs of variables. Information
similar to a scatter plot is shown quantitatively in Table I,
for the case of Nsp and Eq;„at Ez ——150 GeV. Table I
was constructed by choosing bins for each variable that
contain 20% of the jets. Hence the sum of each row and
each column is 0.20. The correlations appear in fact that
the largest elements are on or near the diagonal. The
predictions of Table I would be useful to compare with
experiment. They should be insensitive to unimportant
details of the simulation, since they depend only on the
rank ordering in the variables.

TABLE I. Correlation between Ngp and E2, , The fraction of jets in various bins of Ngp and
E2, ,„ is shown, for jets with E~ = 150 Gev. The bins in each variable were chosen so that each
row and each column contains 20% of the jets. The fact that entries far from the diagonal are small
shows the strong correlation between these va.riables.

Pfg p

0.0—4.7
4.7-7.6
7.6—11.4

11.4—17.4
17.4—oo

0.0000
—0.0017

0.133
0.058
0.008
0.000
0.000

0.0017
—0.0025

0.061
0.091
0.043
0.005
0.000

E2,min

0.0025
— 0.0038

0.006
0.048
0.102
0.043
0.001

0.0038
—0.0077

0.000
0.002
0.044
0.112
0.041

0.0077

0.000
0.000
0.003
0.040
0.157
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IV. QUARK-GLUON JET DISCRIMINATION

In this section, we examine quantitatively how quarks
and gluons can be distinguished using the variable Ngp.

The discrimination can be made at best on a prob-
abilistic basis: for any given jet, one computes Ngp and
guesses that the jet was due to a quark if the quark prob-
ability curve is larger than the gluon curve in Fig. 2, at
that value of Nsp. If Nsp is small, the jet is assumed to be
a quark, and that assumption is very likely to be correct.
Similarly, if Nsp is large the jet is assumed with good
probability to be a gluon. Intermediate values of Ngp
are more ambiguous, and if Ngp is right at the crossover
point of the q and G distributions, the chance of correctly
assigning it is only 50—50.

Averaged over all jets, the fraction of jets correctly
identified in this way is 80% at ET —50 GeV and 71%
at E~ = 150 GeV. The variation with ET here results
mainly from the variation of the overall q/G ratio. For
example, at E~ = 50 GeV, G/(G + q) = 0.74 so sim-
ply guessing that every jet is a gluon would already be
correct 74% of the time. For jets that are an equal mix-
ture of q and G, which could be made by a cut on ~r/~,

the probabilities for correct identification become 71% at
both E~ —50 GeV and Ez ——150 GeV.

The proportion of jets correctly identified is somewhat
smaller than has been reported on the basis of neural net
methods [9, 10]. This results from different assumptions
involved in the calorimeter simulation and jet-finding al-
gorithm, since when both methods are applied to the
same jet input data, the Ngp method is clearly superior.

For many applications it is not necessary to identify ev-
ery jet as a quark or gluon. Suppose, for example, that we
are particularly interested in quarks to select R'+ ~ j j
candidates. AVe can make a cut Ngp ( n to separate
well-identified quarks from jets that are either gluons
or ambiguous. The choice of n controls the "e%ciency"
F&(n) = fraction of quarks that pass the cut. Fz(n) is the
integral up to n of the quark histogram in Fig. 2, divided
by the integral over all Nsp. Similarly define F~ (n)
fraction of gluons that pass the cut Ngp ( n. Then
F (nG)/Fz(n) is the factor by which the gluon background
is suppressed relative to the quark signal. Equivalently,
F&(n)/F (nG) is the factor by which signal/background
is enhanced. Tighter cuts give a greater enhancement of
signal/background, at the expense of lower efficiency, i.e.,

more qua, rk jets thrown away.
The relation between F&(n) and FG(n) is shown in

Fig. 3. As a practical example, the point F~ = 0.33, I"~ ——

0.033 means that one can make a cut that keeps 3 of all
quark jets, while enhancing the quark/gluon ratio by a
factor of 10. (The cuts that accomplish this are Nsp & 7.1
at Eg = 50GeV, Ngp & 4.2 at Ez = 150 GeV. ) As an
example of a looser cut, I"& ——0.50, I'"~ ——0.11, which
keeps —. of all quark jets while enhancing q/G by 4.5, can
be obtained by Ngp & 9.6 at ET = 50GeV, Ngp & 5.9 at
ET = 150 GeV.

Figure 3 shows that the ability to separate q and 6
is nearly independent of jet ET —even though the cut
locations, as given above, change considerably. Figure 3
also shows that two other variables E2,„and E2,„are

not as good as Ngp.
Figure 3 can also be read to see what happens when

one uses these variables to select gluons instead of quarks.
In that case, the cut is of the form Ngp & n instead
of Ngp & n, so 1 —EG is the fraction of gluons that
pass the cut, and 1 —I"& is the fraction of quarks. For
instance, 1 —I'"G —0.33 when l —F& ——0.085, so gluons
can be selected with an efficiency of si in a manner that
enhances G/q by a factor of 3.9. Also 1 —F~ = 0.50
when 1 —I"& ——0.16, so gluons can be selected with an
efficiency of 2 in a manner that enhances G/q by a factor
of 3.1 . This ability to select gluons could be useful, even
though it is not as strong as the ability to select quarks,
which was discussed above.

V. CONCLUSION: TESTS AND APPLICATIONS

VVe have seen that according to Monte Carlo jet sim-
ulation, it is possible to distinguish light-quark jets from
gluon jets on a probabilistic basis, using Ngp, which is
defined as the minimum number of calorimeter cells re-
quired to include 90% of the jet Ez The .next steps
should be to test and apply the method using real data.

Tests of the method can be based directly on the Ngp
distribution. As shown in Fig. 2, the contributions due
to q and G have peaks in different places. The q and G
distributions are not so diA'erent as to produce separate
peaks in their sum, which is the only observable quantity.

I I I 1

i

I i I I

i

I I I I

i

I I I 1

/

/.

0.8—

0.8—

0.4—

0.2—

0.0
0.0 0.2

Fq

0.8 1.0

FIG. 3. The fraction of gluon jets I'~, versus the fraction
of quark jets I'q, which pass cuts of the form Ngp &. n. The
solid curve (E~ = 150 GeV) and the dotted curve (ET
50GeV) are nearly the same. Cuts of the form E2, ;„& e
(dot-dashed curve) and E2,m» & e (dashed curve) for ET =
150 GeV have Fz/Fo closer to 1, and hence are less effective
for q/G separation.



HOW TO TELL QUARK JETS FROM GLUON JETS 203 1

However, the shape of the sum at low Ago clearly displays
the presence of the quark contribution. In comparing the
Ngo distribution with experiment, it will be necessary to
use a reasonably small range of E~ for the jets, because
the typical Ago values decrease with increasing E~ .

In the interest of conceptual simplicity, we have fo-
cussed on the variable Ago here and below. However, it
would be preferable to use instead a parameter N, which
is defined as the minimum number of cells i n the j et rshiclr
are needed to include all but CQE7 of tire jet ET . For
C = 1 GeV, this is equivalent to Nse for 50GeV jets
and to Ng2 foi' 150 GeV jets. A small advantage of this
variable is that it provides slightly better quark/gluon
discrimination at each of these values of E~ . A more
important, advantage is that it makes the N distribution
less dependent on the jet ET, so that a much wider range
of Ez can be used.

To make a quantitative comparison of the Ngo distribu-
tion with experiment, it will be necessary to replace the
energy resolution [Eq. (1)]and spreading [Eq. (2)] models
w ith more detailed forms which are tailored to the actual
calorimeter —including effects due to dead regions be-
tween cells. An additional test of this work would be to
see if the correlations b etween variables, such as those
shown in Table I, are in agreement with experiment.

More specific tests of the quark-gluon separation could
be made by observing the changes in shape of the %go dis-
tribution which result from varying the ratio of quarks to
gluons in the sample using methods not directly related
to %so. One way to do that is through cuts on E7. for
example, the change in shape between the solid curves
of Fig. 2(a) and Fig. 2(b) results mainly from the fact
that the quark fraction q/(q + G) increases from 26% to
48% in going from ET ——50GeV to ET —150 GeV. A
second way to change the q/G ratio is through cuts on

pseud or ap idity. This can be seen from the dot- d ashe d
curves in Fig. 2, where the cut ~rl~ & 1.5 has increased
q/(q + G) from 26% to 36'%%uo at ET ——50GeV and from
48% to 79'% at El = 150 GeV, thereby moving the peak
of the distribution toward smaller Ngo .

A further test of these ideas could be made by compar-
ing the Ago distributions of jets from 2-jet events with
jets produced in recoil against high-pT direct photons,
which according to @CD calculations will have a different
q/G ratio at a. given ET. One could also try to compare
the cross sections for qq, qG, and GG contributions to
2-jet events, in various regions of g.

The qu ark-gluon separ at ion could also be tested using
e+ e annihilation data, by comparing jets from symmet-
ric 3-jet events, which are presumably qqG, with 2-jet
events at the same jet energy (& of the ~s), which are
presumably qq; or by simply assuming that the least en-
ergetic event in a 3-jet event is a gluon [15].

The quark-gluon separation can be used to enhance
qu ark jet signals. For as shown in

Fig�.

3, one can make
a cut on Nso that passes a sizable fraction F~ of quark
jets, while passing a much smaller fraction FG of gluon
jets. This cut may work fairly well even if the Ngo dis-
tributions predicted by the simulation do not turn out
to b e correct in quantitative d et ail: it seems likely that
most of the jets at the low end of the Ago distribution in a
given experimental situation will be due to quarks, These
quark jets are particularly easy to look for, since most of
their ET appears in a small number of cells . Those cells
are also rat her close together, as implied by Table I, so a
smaller cone size could be used to find them.

A.n important by-product of this work is the opportu-
nity to compare the jet ET measured in the calorimeter
with the P~ of the original 2 ~ 2 hard scattering. The
energy resolution assumed in Eq. (1) for each particle in
the jet leads directly to a root-mean-square (rms) uncer-

tainty of ([0.55' (hadronic)] + [0.15ET(em)] ) in the
measured jet E~ . An average fraction 0.3 of the jet en-
ergy is electromagnetic, so this amounts to an rms error of
0.46x QEz /(1 GeV) in the jet E~ measurement, just as
a result of the energy resolution of the calorimeter. The
distribution of PT(hard) —ET(measured) is found to have
a peak centered at about —5 GeV, i.e. , there is a small
systematic shift in the measured energy, which is mainly
caused by the rapidly falling dependence of the cross sec-
tion on ET . The width of the peak is less than a factor of
2 larger than the width that would result simply from the
rms error in the calorimeter energy measurement given
above. Hence the P~ of the hard scattering is rather well
measured.

A number of applications for the quark-gluon separa-
tion are possible. It could be used to enhance the sig-
nal/background ratio in searching for the top quark in
final states where a W+ decays to jets, and/or where ex-
tra jets are present [16]. It might also make it possible
to observe the hadronic decays W + ~ j j and Z ~ j j,
which would allow the $V and Z masses to be used as
benchmarks for calibrating the calorimeter. Still more
optimistically, it might even provide a useful measure-
ment of Miv/Mz which is free of systematic errors. This
is currently under investigation. Finally, one could study
the dependence on jet identity of the ET deposited be

troeen two jets (the "string effect" [17]).
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