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ABSTRACT

In a double-arm jet experiment, we have studied two-
jet events in n+p and pp collisions. We analyze the data
using a parton scattering model and obtain a quark-anti-

gquark structure function for the pion.



. .
INTRODUCTION

Bjorken' has discussed the possibility of measuring the hadron
structure functions and do/dtf, the parton-parton scattering cross
section, from hadron-hadron collisions. We have recently performed

a jet experiment studying mp and pp collisions leading to high-—pT

N

final states?’* In this paper we examine the ratio of the di-

jet cross sections:

°p _ o(pp > jet L + jet R + X) (1)
o o{np » jet L + jet R + X)

over a range of angles and of Pp values. (Here L and R indicate the
"left" arm and "right" arm jets respectively.) We assume that all
particles detected come from hard scattering of the constituents of
the interacting hadrons. The use of double-arm cross sections con-
strains the kinematical variables involved and simplifies many
calculations. We find that the ratio op/cTl is approximately inde-
pendent of the x of the colliding "target" parton and of other
kinematical variables and depends 6nly on the x of the "beam"
parton, where x is the longitudinal momentum of the partdnvdivided
by the momentum of the hadron. From this result and some additional
assumptions we are able to determine a structure function

f(q+§f,n(x) for the pion.



Detector and Beam

The detector was a two-arm calorimeter which is described in
further detail in references 2-4. Each arm was segmented in three
dimensions. The entire array could be moved longitudinally to
change the target to calorimeter distance. Each arm could also.be
moved transversely to the beam. The data discussed here were taken
with positively charged particles at 130 GeV and 200 GeV in the M2
beam at Fermilab. Pions and protons wére tagged with 5érenkov
counters. The left and right arms were positioned to cover various

center of mass angles, as summarized in Table I.

Trigger

The events used for calculating the pion structure fun?tion
were taken with an "L + R" triggerf with events being recorded
when the sum, pT(L)+pT(R), was above an adjustable threshold.
These events show an unconstrained tendency to give approximate
balancing of’ﬁE(L) and ﬁT(R); the difference of their magnitudes
has a typical standard deviation of approximately 1 GeV/c." The Prp

values used in the present analysis ranged from 2.4 to 3.4 GeV/c in

each arm.

Data

Data were taken under the three conditions summarized in Table

1. Pion and proton~-induced events were recorded simultaneously for
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each of these conditions, thus eliminating a number of systematic

errors. The beam p/‘n+ ratio was 1.4 at 130 GeV and 2.4 at 200 GeV.

Jet Containment, Fiducial VRegi'on, Coplanarity

The jet modellrhs.r-6 predicts that some fragments of the jet'
will be found at large angles from the jet axis. We address here
the resulting questions of Jjet containment and of the achievable
accuracy in determining the momentum veqtor of the Jjet using a
detector of limited solid angle.

To study jet containment we first consider a set of events
p (n) + p + Jet R + X taken with a single-arm “R" trigger. For
each event we calculate the center of mass angles © and ¢ of the
jets, treating each fragment as massless. We then select a set of
jets having 2.4 < p, < 2.8 GeV/c and 75° < § < 93°. These cuts
select events with the right jet near the center of our regi_on ofeR
coverage. We then plot the ¢R distribution of these  events,
dN/d¢R, for proton~induced jets ‘(“proton jets") and for pion-
induced jets ("pion jets"). |

The results show that dN/dq)Rv falls, for a given measured
P (R) , as the jet axis goes away from the center of the calorimeter
arm (Fig. la and b). (We believe that this is caused by a reduced
acceptance of our calorimeter for events whose jet axes lie near
its edge.) More importantly, we note that dN/d¢R falls in almost
the same way for proton jets and for pion jets, as shown in Fig.
lc. This observation has several important implications and

consequences:



(1) First, it implies that the pion jets and proton jets in
this Py and 9R range have very similar fragmenting distributions,
i.e., very similar multiplicities and ‘similar ﬁsizes".

(2) This observation aiso implies that the pion jets and
proton jets, in this Pp and SR range, come from virtually identical
constituents. That is, if both éuark jets and gluon jets are being
detected, and if these jets have different "sizes", then the ratio
of quark jets to gluon jets must be quite_similar for the observed
proton and pion jets.

(3) Because dN/d¢R for proton and pion jets have such similar
¢—-dependences, the ratio of cross sections for single-arm jet pro-
duction,

dN(pp - jet R + X)/&b n

R, = -

1 dN(np » jet R + X)/d¢R np

is quite constant over a wide range of ¢R' as seen in Fig. lc.

(Here n_ and n_ are the pion and proton beam fluxes.) Since Rl is a

114
sensitive function of pT,4 the fact that it is constant while both
dN/d¢R drop several-fold suggests that the "true" Pp of the mea-
sured jet is not appreciably different from its measured value at

larger values of |¢ even though the calorimeter acceptance has

|
dropped by a large factor at these angles. This indicates that the
measured pn of the jet is close to its "true" value until the jet
axis comes to within about 20° of the edge of the calorimeter. We

interpret that this behavior results from the steepness of the o

spectrum, which causes the dominant contribution to jets of a given
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appérent Py to come from those Jjets, of only slightly higher
average Pmqr which happen to fragment "compactly",ki.e., with no
fragments more than 30° or so from thé jet axis.r®

We have made a similar sfudy of containment using the two-arm
"L+R"-triggered events. The results, shown in Fig. 2, are very
similar to those for single-arm Eriggers shown in Fig. 1, and again
indicate that the ratio of proton to pion jet cross sections is
almost constant over a broad range of ¢R even though both cross
sections change several-fold over this range. Thus we have evi-
dence that for the double-arm events, just as for the single-arm-
trigger ones, proton-induced jets and pion-induced jets have very
similar characteristics.

Figures 3a and 3b show §¢R> versus ¢L for double-arm proton
and pion jet events when ¢;, is limited to a small interval. We see
effects of coplanarity: <¢}? changes in correlation with the
selected ¢L interval. This correlation study shows that, for two
typical jets of 2.5 GeV/c each, with BL = eR = 800, a change of 12°
in ?L produces a change of about 4° in the expected direction of‘PR.
The correlation 1is 1less than perfect because of calorimeter
acceptance effects and is further reduced by the internal trans-
verse momentum kT of the partons.

The results shown in figures 1 and 2 and the discussion above
indicate that:

(1) For eL and QR in the central region of their respective
calorimeters, the measured momentum and direction of each jet are

not seriously different from their true values, and



(2) We can use most of the ¢ range of both arms in studying
the Gp/oﬁ ratio. We thus conclude that we can use a region about

o o ,
x 40° in the 80° x 80° right arm and a comparable region in the

40
slightly smaller left arm to get a useful measure of the jet momen-
tum and direction. This conclusion is supported by the observation
that when we move the calorimeters physically, the Gp/on ratio does
not change, for a given pair of SL and QR values, unless, for one of
the geometries, the jet is closer than 20° or so to the left or

right edge of the calorimeter, Thus the same calorimeter edge

effects are observed in 6 as in ¢ .

Formalism for Double-Arm Cross Sections

Guided by the analyses of Bjorken! and of Ellis and
Kislinger,9 we write the cross section for producing two high—pT

jets via the reaction

Hadron A + Hadron B » Jet L + Jet R + X, as

2
d OaAR

de2 d(cosBL) d(coseR)

C
AB
] > (2)

do. .
EE. (%) Fan(x,)—2(s',t")
'[ ia ™l B2 sin“e; sin eR

ij at*
This form assumes that coplanar events are selected and that
pT(L) = pT(R). Here s' and t' are the Mandelstam variables for the

parton-parton interaction, and the sum is over all partons in each



hadron. The treatments in referénces 1 and 9 do not take inha -
account the effects of the initial transverse momentum, kT, of the
colliding partons. We introduce the "factor CAB in Eq. 2 to take
account of bqth the inequality of ﬁf(L) and —ﬁ&(R), resulting from

the initial transverse momentum of the colliding partons, and the’
effects of detector acceptance,.including the 2¢ bites. We have
ignored scale-breaking effects, which, in general, introduce Q2
(momentum—-transfer squared) dependences. Our convention 1is that

the structure functions f(x) satisfy the normalization conditions

? fi(x)dx =1

In a simplified view of the parton + parton - jet + jet
process, we could neglect "binding energy" effects which presumably
cause the jet energy to be less than the energy of the scattered
parton, neglect non+zer9 mass effects for jets, and take the kT
(initial parton transverse momentum) equal to zero. In this
approximation the jet momenta_g(L) and 5(R) would have equal magni-
tudes of transverse momentum Prp and would also be coplanar. The

parton longitudinal fractional momenta x; and X, in the hadron-

hadron center of mass system would be given by

Xp °L °r
Xy = —7v(cot —§-+ cot —7)
b'4 (5] 0
_oT L R
x2-—§- (tan —7-+ tan —7) _ (3)



where

Xp y= | .. "

We do not know how to exactly correct for the parton "binding
energy"”. We shall therefore ignore its effect. The effect of the
non-zero jet masses will be discussed at the end of the paper. We
will discuss here some effects of the non-zero Krpe

We note that the two-arm L+R trigger essentially removes the
“trigger bias" first discussed by Combridge!’ and gives events with
p;(L) + ﬁ&(R) centered at zero. However, this trigéer does not
select events in which the parton transverse momenta are zero.'}
(Even if one selects those few events with é;(L) + é;(R) exactly
equal to zero, sp that those events have k;(l) + k;(Z) équal to
zero, they will not in general have k;(l) and E}(Z) individually
equal to zero.) Because the sum of the observed transverse
momenta, é;(L)+ é;(R), is non-zero, we ha§e used the modified defi-

nition

_ Py (L) +pp(R)

(4a)
T /5

X

in the present analysis instead of Eq. 4.

The difference in magnitudes of p;(L) and é}(R) gives an
approximate measure of the magnitude of kT, the transverse momentum
of each parton. We have noted above that this difference has an RMS
value of approximately 1 GeV/c; this implies an RMS value for kT of

approximately 1 GeV/c.”
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Another effect of non-zero kT.is that the parton—-parton momen— ‘“w
tum transfer t' cannot be uniguely detéfmined from ﬁkL) and §(R),
but instead involves an integral over "the "hidden" variables ?T(l)
and ﬁT(Z). This effect is impértant for the present analysis since
the cross section d ¢dt' in Eg. 2 must be understood to be an
appropriate average over some rénge of values of ET'S. This point
must be kept in mind in comparing proton-induced and pion-induced
events. In principle the pion and proton.TcT distributions could be
different; and thus the relevant do/dt' averages could also be
different, even for fixed §(L) and E(R).A We studied the imbalance
of'}T(L) versus ﬁT(R), which reflects the kT.of the partons and
found no essential difference between pion and proton jets.

A third effect of non-zero Kp is that the sum of the magnitudes
of p(L) and P(R) will no longer be given just by the sum
(xl + xz)/§72. If Xy and X, are still used to represent the 16ngi—
tudinal fractional momenta of the initial partons, then p(L) + p(R)
will in general be larger than (x1 + x2)1572, assuming massless
jets. However, for the typical events analyzed here, with Py = 3
GeV/c, wé estimate that changing ﬁ; from 0 to 1 GeV/c would typi-
cally change x; by only 3 percent.!?

We return to Egq. 2. In general, the ratio of two~jet cross

sections defined in Eq. 1 has the form

[l

do. .
o T Ejp () £5, (xp) <gert (s',th)>
_P . _ij 5
Gn doi. . (5)
Iofg () B (k) <ggrd (s',t")>

i3
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where the averages are carried out over kT as discussed above. We

have chosen to neglect any difference between C and Cnp' This

PP
cross section ratio is in general a function of X1 Xy, s' and t°'.
If only one species of parton'were present in the incident parti-

cle, Eg. 5 would reduce to

Y fp(xl)
E_(x,) (6)

P
o]
T
and this ratio would be a function of only xl. In the next section,
we show that for our data Qb/Qﬁ is approximately independent of the
target x (i.e. x2) and of other kinematical variables and depends
almost entirely on Xq - We therefore proceed to use Eg. 6 to make an

approximate determination of the structure function of the pion.

Results

We used relations (3) and (4a) to calculate the relevant kine-
matical variables for each event. The data were binned to give
reasonable statistics for each point. We used bins of'approxi—
mately 0.025 in Xq and 0.03 to 0.04 in Xp. The results for Op/cn
are given in Table II and are plotted in Fig. 4 (130 GeV/c) and Fig.
5 (200 GeV). We observe from figures 4 and 5 that for each of the
two beam energies separately the ratio ﬂp/qﬁ is approximately

independent of X, and X, and that one can f£it a smooth curve through

T
all the points. However the "best curves" for the two different

energies are not identical, since the 200 GeV points lie approxi-

mately 25% below the 130 GeV points.”



-12-
We will make the approximation

£ o} . o
._____._E_.__eff’ (X) =;E. ' (7)

feff,n(x) 114

where fe denotes an “"effective structure function" of each had-

££
ron, which includes an average over all partons contributing to the
high~pT reactions studied here. The single-species approximation
implied by Eq. 7 is supported both by the fact that cp/cn is experi-
mentally almost entirely dependent on Xy and by the jet containment
results discussed above. A naive interpretation of the signifi-
cance of this single—-species approximation is that the ratio OP/Oﬁ
is approximately the ratio of the quark-like, (q + q), components
of the proton and pion structure functions. This interpretation of
our data would be a reasonable one (a) if X, was always sufficiently
large so that gluons in the "beam" particle play a smaller role than
do quarks, or (b) if the particular size of our calorimeter arrays
(approximately 1.5 srad each” ) suppresses the detection of gluon
jets, which are expected to be more diffuse than quark jets}*r!Sor
(c) if the relation between gluon and quark components discuséed in
footnote 16 is approximately satisfied. |

We thus proceed to calculate a structure function for the
g + q content of the pion in terms of that for the proton:
Eqra) ,p ™

f(q+a);n(x) = —
ap/ O

(8)
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Even though the 200 GeV and 130 GeV data have some differ-
ences, these differences are not large. We have therefore combined

them, using Eqg. 8 and taking £ (x) from Ref. 6. We obtain the

(g+q) ,p

values of £ (x) given in Table III. These results are

(g+q) ,m
plotted in Fig. 6, along with curves of the (g+gq) pion structure
functions obtained from Farrar' and from Field and Feynmans. Our
results indicate that (1) the average x of the quark-like consti-
tuents of the pion is higher than that of the protoﬁ and (2) the
high~x dependence of the pion is relatively flat.

We have also analyzed some of.the data with a cut imposed
limiting |pT(L)—pT(R)| to 0.8 GeV/c and compared the results with
those obtained without such a cut. We find no distinguishable
difference. |

In Fig. 7 we display the results obtained by Dao et all® for
the wvalence quark structure function of the pion, based on data
from a dimuon experiment. This figure displays only valence quark
or antiquark distributions, while our result in Fig.-6 includes
valence and sea distributions for the sum of quarks and antiquarks.

The points of Ref. 18 lie above ours, but their x-dependence is

similar in shape to ours.

Comment on Non—-Zero Jet Mass Effects

In a model in which a parton has a definite mass/® it is not
possible for both momentum and energy to be conserved in the
process of a parton being dressed into a jet. In the preceeding

discussion we assumed that momentum is conserved in this process.
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The formulae of references 1 and 9, and our Eq. 3, hold only when

and E. one may take

Jjet’

Ejetzz Pjet- At p, values as low as 2.5 GeV/c, we find that Ejet

in the hadron-hadron c.m.

Ejet' = pjet‘ For large  enough pjef
is
approximatley 10% higher than Pjet
system. If one ignores the kT—effects and the "binding energy"
effects méntioned above, by conserving both‘energy and momentum for
the reaction parton + parton + jet + jet@ one can (in the case
Xy = xz') define a new variable Yo EXT'Ejet/Pjet and use . it in
place of X to calculate Xq and X, in Eq 3. Since for our data Yop
is approximately 10% latger than X in the hadron-hadron c.m., if

we use yp instead of x the»entire set of points for the structure

T
function is shifted to higher values by approximately 10%.

ACKNOWLEDGEMENTS

We thank D. Duke and H. Miettinen for a very useful discuss-
ion.
This work was supported in part by the U.S. Department of

Energy.



Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

-15-
FIGURE CAPTIONS

dN/d¢R distribution for (a) pp * jet + X and (b) mp -»
jet + X, at 130 GeV. pp(R) = 2.4 to 2.8 GeV/c and 8 =
75° to 93°. The edges of the calorimeterAfor this QR
interval are at ¢p = £ 43°, (c) Ry, the ratio of p to n
single—arm jet cross sections, as a function of ¢R'
dN/d¢R distributions for (a) proton—inauced, and (b)
pion-induced "L + R" events, with Pp (L) + pq(R) =4,7 to
5.5 GeV/c, and 8, =8 = 75° to 93°; (c) R,, the ratio of
p to m double-arm jet cross sections as a function of bp -
The data are summed over éll values of ¢L’ The ¢R and Pqp
limits are identical to those of Fig. 1. |
Coplanarity effects: < ¢R > versus ¢I, for the L + R
trigger for (a) protons and (b) pions.

Op/ch the ratio of cross sections given in Eg. 1, as a
function of Xy the fractional longitudinal momentum of
the parton in the incident hadron. These data are for
130 GeV beam energy. Errors shown are statistical errors
only. |

The same yariables as in Fig. 4, but for beam energy of
200 GeVv.

The total quark—-antiquark structure function for the pion
as measured in this experiment. The errors are statis-

tical errors only. The curves are theoretical estimates

from references 6 and 17.
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Figure 7: Valence quark (or antiquark) distribution from Ref. 18, W
with fit and uncértainty band in the fit. Theoretical

estimates are displayed from references 6 and 17.
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TABLE CAPTIONS

Running conditions for data preéented here: ‘beam
energy, calorimeter fiducial regions for Jjet axes in
the center of mass of the colliding hadrons, and number
of accepted events.

Ratio of measured jet cross sections. x,, is defined by

T
Eg. 4a; x; and x, are the beam and target parton longi-
tudinal fractional momentum. OP/Oﬁ is the ratio of di-
jet cross sections for p and nm beams on hydrogen.
Quark—antiquark structure function for the pion. In
this table values from Table II corresponding to the
same x; are combined. op/oh is the ratio of the di-jet
cross sections for protons and pions at each x.

f is the quark plus antiquark structure function

(a+q) ,p

for protons obtained from Reg. 6. is the pion

E(q+q) ,m
structure function for quarks plus antiquarks calcu-

lated in this work.
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TABLE I

Center of Mass Angle Range

Energy o Ad : Number

: 0

Geometry GeV L R cut of Events
1 130 60°~-90° 54°-90° 40° 6K
2 130 72°-102° 66°-102° 40° 9K

3 200 72°-102° 72°-102° 40° 5K




TABLE II

“beam X X Xq . /o
GeV T 1 p/n
130 . 345 .56 .21 .80 £ .13
.51 .24 .86 £ .09
.46 .27 1.25 + .12
.41 .29 1.30 £ .19
.37 .32 1.02 £ .29
.335 .44 .26 1.07 £ .13
.40 .29 1.40 = .12
.36 .32 1.74 £ .15
.32 .36 2.12 + .40
.31 .54 .18 .81 = .17
.51 .19 1.10 = .12
.46 .22 1.13 *..08
.41 .24 1.21 + .08
.37 .27 1.32 = .12
.34 .29 1.30 £ ,25
.33 .30 1.50 * .09
.30 .33 l.65 + .14
.27 .36 1.70 = .29
200 .335 .41 .27 .80 + .19
.37 .30 .87 + .15
.35 .33 1.52 £ .36
.31 .38 .25 1.11 + .18
.35 .28 1.37 + .16
.32 .31 1.20 = .23
.29 .34 1.35 £+ .33
.29 .36 .24 1.07 £ .14
.32 .26 1.18 ¢+ .11
.29 .29 1.49 = .17
.27 .31 1.59 + .32
. 245 .30 .20 1.12 = .23
.27 .22 1.36 & .22
.25 .24 1.61 £ .31




TABLE III

X o/ Eq+a),p £+
0.25 l.61 + 0.31 0.96 0.60 * 0.12
0.27 - 1.63 + 0.20 0.905‘ 0.56 + 0.07
0.295 1.52 * 0.10 0.85 0.56 = 0.04
0.323 1.44 = 0.07 0.775 0.54 + 0.03
0.355 1.48 * 0.08 0.69 0.47 * 0.025
0.372 1.19 * 0.08 0.643 0.54 £ 0.04
0.407 1l.26 = 0.06 0.558 0.44 + 0,02
0.456 1.15 + 0.06 0.438 0.38 * 0.02
0.51 0.98 £ 0.07 0.32 0.33 = 0.02
0.54 0.81 = 0.17 0.268 0.33 + 0.07
0.56 0.80 = 0.13 0.233 0.29 = 0.05
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