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Abstract 

A Two-Jet Calorimeter Experiment At Fermilab. M.n. Corcoran 

(Physics Department,· University of Wisconsin, Madison 
Wisconsin 53706), L. Corme11, M. Dris, A.R. Erwin, P.J. Go1lon, 
A. Kanofsky, W. Kononenko, B. Robinson,.W. Selove, M. Thompson, 

and B. Yost. 
Physica Scripta (Sweden). 
A double arm calorimeter and drift chamber system has 
been used to study high Pr jets at Fermilab in 130, 200, and ~.~ 

400 GeV collisions with a hydrogen target. The response of 
the calorimeter to jets is discussed. nata are presented on 
the transverse momentum of partons in the pion and proton 
and on the pion structure function. 
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Abstract 

A double arm calorimeter and drift chamber system has 

been used to study high PT jets at Fermi1ab in 130, 200, and 

400 GeV collisions with a hydrogen target. The response of 

the calorimeter to jets is discussed. Data are presented on 

the transverse momentum of partons in the pion and proton 

and on the pion structure function. 
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1 Apparatus ~ 

The basic apparatus for this experiment is shown in fig

ure 1 and is described in somewhat more detail elsewhere. [1] 

It is essentially a hydrogen target preceeded on either side 

by 24 absorption lengths of steel and concrete and followed by 

6 planes of drift 'chambers 'and a double arm calorimeter. The 

construction of the two calorimeter arms is not exactly 

symmetrical about the beam as can be seen in figure 2. Running 

conditions were usually suc~ that the left and right arm sub

tended about 1 1/2 and 2 steradians respectively in the center 

of mass. 

2 Calorimeter Bias 

The response of a calorimeter of this type to jet pro

duced at. hadron accelerators is not what one might have 

naively expected and thus deserves some discussion. In his 

original article suggesting jet studies [2] Bjorken pointed 

out that one would expect most detectors to miss about 1 GeV/c 

of the momentum in an average ,iet due to reasonable size limi

tations for calorimeters. 

Calculations for our particular geometry fixed the expected 

loss to average about 800 MeV/c due to jet fragments outside 

the calorimeter acceptance. However, experimental evidence and 

more refined Monte Carlo calculations show that we tend to 

measure the correct momentum for those jets which we do detect. 

This surprising result was first suggested to us by 

H. Dris. [3] The single most important factor contributing to ~ 

this effect is the steep PT dependance of the jet cross sections 
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in the Fermilab energy range, dcr/dPT a: exp (-3PT) to exp(-4Pr). 

One must couple this with the large prohability that for som~ 

jets all the jet fragments will be captured by our calorimeter. 

This probability is about 20% if hadron jets have a flat 

rapidity distribution as seems to be true of SPEAR jets. [4) 

Now one has only to ask, "If the calorimeter measures 5 GeV/c, 

is it more likely that it has seen a 6 GeV/c jet which has lost 

1 GeV/c of fragments or is it more likely that it has seen a 

5 GeV/c jet with all of its fragments collected?" Since 6 

GeV/c.jets are about 30 times less-probable than 5 GeV/c jets 

and about 2m of 5 GeV/c jets are completely collected, this 

event is more likely to be a 5 GeV/c jet which registered 

correctly as 5 GeV in the calorimeter. ~fonte Carlo calculations, 

which also take into account less important angle and momentum 

resolution effects, show that on the average the calorimeter 

gives almost exactlythe.correc.t momerrtum for any jet that it 

detects. 

A corollary to the Dris theorem just discussed would say 

that the spatial size and multiplicity of the jet detected is 

defined by the size of the triggering calorimeter. Indeed this 

appears to be true. If we trigger in software using a subset 

of calorimeter segments in the center of the right arm with 

only 1/2 the solid angle of the whole right arm, then we obtain 

a sa~ple of jets with almost all of the energy contained in 

the solid angle used for triggering, the remainder of the 

calorimeter having very little energy, most of which can be 

attributed to lateral shower development from the triggering 
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segments. Refer to figure 3. Thus a calorimeter can be expected ~ 

to give the correct momentum for the jets it records~ but 

it will necessarily not give the correct cross section because 

of the unrecorded jets whose size was too large for the calori

meter. 

Another corollary which may seem useful later~ is. that 

calorimeters may preferentially detect quarl~ jets over gluon 

jets. Since one may think of a gluon as breaking into a 

quark-antiquark pair, it seems likely that gluon jets will 

be spatially more diffuse and have about twice the ~ultiplicity 

together with correspondingly smaller momentum fragments. 

3 Transverse Momentum Balance 

When one triggers on a PT deposited in the left arm~ 

there appears to be a tendency for a nearly balancing PT to 

appear in the right arm. and in almost no case is there a 

failure to find at least some compensating PT in the arm away 

from the trigger side. See figures 4 and S. This is in con

trast to all other reported jet experiments to date. Most 

other experiments impose some restriction on total collection 

of energy on the away side, either by a magnetic field~ by 

failure to collect neutrons and KL's or by using cuts which 

restrict accumulation of small contributions. 

Peripheral phase space calculations show that this degree 

of PT balance in the solid angle of our apparatus would not 

be expected for ordinary events until final state multiplicities 

of 2S particles or more. See figure 6. One may guess the cros'.::..~ 

section faT such high ~ultiplicities using bubble chamber data, 
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- and it is almost comparable to the observed calorimeter cross 

s.� 

sections. However, the mUltiplicities of the phase space jets 

are almost twice as large as those of the calorimeter jets 

as compared in figure 7. 

A double arm trigger in this experiment is effected by 

requiring that the scalar hardware sum of PT in the left and 

right arm be greater than some threshold. A scatterplot of 

PT (LEFT) vs. PT (RIGHT) is given in figure 8 and shows a 

preference for balanced PT' The peaking· along the diagonal 

is much sharper than one can discern from the scatter plot. 

This is shown in figure 9 by plotting the distribution of 

points along a cut perpendicular to the diagonal. The width 

of this distribution is much larger than the momentum reso

lution of the calorimeter and must be attributed to physical 

effects such as the transverse momentum of the partons. 

The transverse momentum or the'partons is most accurately 

studied by looking at the vector sum of !:!. (LEFT) + PT4" (RIGHT)= 

This should be zero in the absence of any initial trans-KT. 
verse momentum provided we have collected all final state 

momentum. The y-component of this vector is somewhat limited 

by the angular aperture of the calorimeters, but the x-component 

may assume any value. We have therefore plotted the root mean 

square of KTx with the upper points in figure 10. The lower 

points are the same value of KTx from a Mo~te Carle program 

that includes PT dependence of the cross section and the 

angular and momentum resolution of the calorimeters. 
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The points of figure 10 are for 400 GeV p-p collisions. ~ 

After subracting the instrumental broadening computed by the 

Monte Carlo program we find KTx (R.M.S.) ~ 1.2 GeV/c. By 

virtue of the quadratic combination of the transverse momentum 

fluctuations of quarks one and t'tolO, this number is also the 

root mean square transverse momentum of one quark. 

K 2 == K 2 + K 2= K 2 + K 2 = K 2
Tx Ix 2x Lx ly" 1 

The value of KTx (R.M:S.) is the same for ~p and p-p 

collisions at a given energy. It does seem to increase 

linearly with center of mass energy as IS. There appears to 

be a residual value of KTx (R.M.S.) at IS = 0 in the neighbor

hood of 600 MeV/c. 

4 ~-p and p-p Differences 

From the simple notion that pions are made of a quark

antiquark pair and that protons are made of 3 quarks one can 

predict a correlation for jet pairs that will differ in ~p 

and pp collisions. Figure 11 shows average rtp and pp collisions 

involving valence quark constituents. Since on the average 

pion quarks carry a larger fraction of the hadron momentum 

than proton quarks, both members of the jet pair from ~p 

collisions should tend to go forward more frequently in ~p 

collisions than in pp collisions. This can be checked in a 

way that is independent of absolute cross section measurements 

by studying the ratio of the number of pp events to ~p events 

at d i f f e r en t center of mass angles, aL 
* and eR

* , for the two j ets,~ 
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Figure 12 is a summary of such a study. [1] Briefly one can 

see that the ratio of pp induced jets to ~p induced jets is 

different by more than a factor of 3 when we compare jets 

which are both at 90° in the cms to those which are both at 

60° in the cms. 

This last result suggests that one might be able to obtain 

the structure function for quarks in the pion. Since our 

apparatus does not distinguish charge, there is no possibility 

of distinguishing the quark or antiquark jet after the collision. 

In any case we will assume the structure function f(~+q),~ (x) 

to be 'the same for these two pion constituents. lfthe apparatus 

discriminates against gluons, as we speculated earlie~we may 

assume in addition that we are not observing gluon-gluon or 

quark-gluon collisions. By ignoring any distinctions among 

parton species we may write th~ ratio of p-p to ~-p cross 

sections as 

f (xl) f (x da/dt' (s t ~ ttl 
p p 2)~ ...= a 

1T f~(xl) f (x ) da/dt' (s t , ttl 
p 2

where x = 2PL/ IS, f (x) 1S the pion structure function, and 
1T 

Sf and t' are the energy squared and 4-momentum transfer 

squared in the quark-quark scattering. Values for the proton 

structure function f 
p 

(x) have been determined from deep in

elastic ep scattering. We take our values for fp(x) as those 

used by Field and Feynman. (5] 
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Thc r e s u l ti ng s true r ure Iunc t ion t'o r the pi o n I S ~~ i VCIl 

as a function of x in figure 13. Since it involves only the 

ratio of pp and np induced events, it requires no overall 

normalization. The dashed curve in figure 13 is an older 

theoretical prediction of G. Farrar [6] and the solid curve is 

a more recent prediction of Field and Feynman. [5] 

If the factorization we have assumed in this analysis is 

pvalid, then the results should be independent of s', t f and 

the xl of the target proton. Within our statistical errors this 

is easily true. Although it is smaller than the statistical 

errors, there does appear to be some slight systematic dif

ference between data points obtainted at 200 GeV/c and 130 

GeV/c beam momentum. The difference is in such a direction ..." 

that it may be accounted for by the non-scaling behavior of 

the proton structure function. We did not attempt to exploit 

such behavior in this analysis. 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 
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Figure Captions 

Schematic floor plan of the experimental apparatus. 

The two calorimeter arms as seen from the target. 

Upper histograms refer to PT and multiplicity 

distributions for events that deposit 4 GeV/c in 

the "inner" 0.8 sr. of the right calorimeter arm. 

Lower histograms show the PT an,d multiplicity 

distributions for the same events in the surrounding 

"outer" 1.3 sr. of the right arm. 

PT spectrum for the calorimeter on the away side 

(inverted histogram) when the calorimeter on the 

trigger side has PT in the bins shown (erect 

histogram). 

Relation between peak PT on the away side to 

trigger PT (solid-curve). Three points generated 

by a 15 ·body phase space program illustrate the 

small extent to which PT conservation forces par

ticles into the away side at these values of x T. 

Response of the calorimeters to 25 body events 

generated by invariant phas'e space times exp (- 6PT) 

when the right arm threshold is set at PT = 1.5 

GeV/c. 

Solid histogram shows multiplicity distribution) 

charged plus neutral) for jets whose momentum vector 

centered in the right arm and which have PT > 3.5 ""'" 

GeV. The multiplicity algorithm requires at least 
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Figure 9.� 

Figure 10. 

Figure 11. 

Figure 12. 
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segment of the calorimeter near the particle hit 

site to have PT > 0.3 GeV/c. Dashed histogram 

shows a higher multiplicity for 25 body phase 

space events with total PT > 1.5 GeV/c. .

Scatterp10t of PT in the left and right arm for 

double arm triggers at 400 GeV/c. 

Solid Curve: True density of events in figure 8 

along a direction yl which is perpendicular to the 

diagonal Xl in the scatterplot. Increasing Xl 

represents increasing PT for the scatter. Dashed 

Curve: Density of Monte Carlo events when each arm 

has an independent PT spectrum satisfying previous 

single arm spectrometer experiments. 

The root mean square fluctuation of the x-component 

of the transverse momentum unbalance. for the two 

jets at 400 GeV/c.beam momentum. Upper points are 

data. Lower points show fluctuation expected due 

to finite acceptance, momentum resolution and 

discrete angle resolution of the detectors. 

Naive picture showing why parton structure functions 

tend to make both jets go forward in the np center 

of mass system. 

Ratio of the number of pp to np produced jets as a 

function of ems angles in double arm triggers at 

130 GeV/c. The PT of an event in this plot was 

between 2.5 and 2.75 GeV/c where PT ~ (PT (LEFT) + 

PT (RIGHT))/ 2.0 . 
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Figure 13.� Average structure function for the quark and 

antiquark in a pion obtained from two jet final 

states. Curves are theoretical predictions. 
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