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ABSTRACT

From m interactiomns at 150 GeV/c on a heavy target, we present
the final analysis of dimuon decay angle in the mass interval 4.5 to
8.5 GeV/c?. Results are presented and discussed in various reference
frames and are also given in terms of the density matrix elements. Finally
the possibility of higher-twist effects at large %, is discussed; we

find that our data are not compatible with Berger's model for these effects.
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This paper describes the angular distribution of dimuons measured by
the NA3 experiment using n at 150 GeV on a platinum target. The large
number of available events and the wide spectrometer acceptance allow us to
analyse our data in the 6,¢ plane. In section l, we discuss some
technical points : data selection, acceptance, method of analysis. Section 2
presents the experimental results , and section 3 presents a discussion of

these results. Section 4 is devoted to a test of higher twist effects.

TECHNICAL POINTS

General description of the apparatus, trigger and reconstruction
Procedure has already been published [1]. In the following we describe some
specific points relevant to the data analysis. Let us recall that about 12
10°% triggers were collected using a 150 GeV/c ©  beam traversing two
targets in front of the beam absorber; in the next sections we speak only
of events coming from the 6 cm platinum target centered at 40 em from the
upstream face of the beam dump. Due to poor statistics we do not consider
here the events coming from the 30 cm hydrogen target centered at 60 cm

from the platinum target.

a) Definition of the angles

In the dimuon rest frame, we use 3 vectors (Fig.l) : the m one along the
incoming 7™ direction : (;),the nucleon one (ﬁ), and the u” one (u).
The reaction plane is the plane containing T and H. An axis L is defined in
this plane, the choice being somewhat arbitrary. We have used three alternative
definitions of f, as proposed by the litterature : L = % (Gottfried-Jackson
frame, "6J"), & = -N (u channel axis, "u"), and L as the bisector of = and -N
(Collins-Soper frame, "CS"). The angle 8 is defined as 6 = (;, L). Then,
let ¢ be the angle between the reaction plane {containing T and N) and the

> > - . + = .
(u, L) plane, positive in the T x N hemisphere.

It is worthwile to comment on the choice of the L axis. In the framework of
the Drell-Yan model, the muon pair is assumed to be produced by qa annihilation.
In this case, the "good" axis is the qq line of flight. But this axis is
unknown, and we must make some hypothesis in order to connect ; and ﬁ with qa
axis. This is related to the transverse momentum of the dimuon, which is assumed
to be due to the nucleon (GJ), the pion (u) or equally shared (CS). The angles
between GJ and CS, and between CS and u are of the order Py/M, Py being the

transverse momentum and M the mass of the dimucen.



b) Selection of the events

In the present analysis we are interested by events produced in the

"continuum' region on the platinum target. A first cut is

so-called
performed on the dimuon mass , to eliminate resonances (J/¢ and T). A
second cut is performed on the Feynman variable XF of the dimuon to
eliminate events produced by secondary interactions in the platinum target.
Using reasonable models, one can estimate that these background events
represent only a few percent at positive XF’ but their fraction increases
quickly at negative Xg. We then eliminate all events at negative Xp.
Another problem comes from J/¥ particles produced at the hydrogen target
and wrongly assigned to the platinum target, so that their mass is found to
be larger then &4 GeV/c?. A Monte-Carlo simulation shows that these events
represent a small fraction (~1%) of true platinum events, essentially in
the mass range 3.8 to 4.5 GeV/c?, and however they have an abnormal

angular distribution. We choose them to cut these events by requiring the
mass of the dimuon to be between 4.5 and 8.5 GeV/c?. Having applied all

these cuts we are left with about 15 000 events

The last source of background is originated by muons coming from 7
and K decays. Lt can be estimated using like sign muon pairs, which are
less than 1% of the opposite sign events, but are comcentrated at large
lcos8| (> 0.8) where they represent about 20% of the events. We subtract
then these events bin per bin, to eliminate opposite sign pairs coming from

hadron decays.

c) Monte Carlo

Simulation of the experiment is performed using Monte Carlo technique.
We generate dimuons using the Drell-Yan model with structure functions from
deep inelastic scattering (CDHS experiment [2]) for the nucleon and from
our results from the pion [3]. Transverse momentum is generated according
to a phenomenological parametrization of our data [3], and uncorrelated

with any other variable.

Assuming a spin 1 for the dimuon (virtual photon) and parity

conservation, the differential cross section can be written as
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d o _ 3 2 . 2 . .2
T cos a6 a3 (1 + cos 8+ A sin 8 + B sin26 cos¢ + C sinb cos2¢)

1
o

We want to measure A, B and ¢ in various intervals of M, P, x;.
This is done by a global fit of the 6, ¢ distribution,as described
later, but we can already remark that each coefficient is mainly determined
by the distribution in a specific region : A is related to the cos®

distribution integrated over ¢, B by the ¢ distribution for large

values of s5in26 (i1.e. |8} m/4 % 71/8) and C by the ¢ distribution for
sin®6 ~ 1 (i.e. 8] = 7/2 = n/8).As an illustration, we show on fig.2

the acceptance in these regions. We can see on this figure that the
acceptance decreases strongly at large cos6, and thus that A is very
sensitive to systematic effects arising at large cos8 values; the cuts on
the sample of events described before have been made in order to obtain a
cleaner sample in this region. For B and C, the situation is better, and

systematic effects are then small.

d) Technical method

Having defined the kinematical region for the present analysis, we
obtain the corresponding sample of events in the cosé, ¢ plane. Using
our Monte Carlo program, we generate eveuts with a certain value of A, B
and C. We thus obtain a two dimensional distribution in the cos®, ¢
plane of these reconstructed '"pseudo-events'". Eq.{1) shows that this
distribution is a linear combination of four distributions, with relative
weights A, B and C. We adjust then A, B and C to reproduce the experimental

data.

The main advantage of this global method is to determine A, B and C
with the corresponding acceptance, and to measure correlations between
these terms. We have tried other methods, and different choices of the bin
sizes to be sure that the values of A, B, C do not depend strongly on a
particular technique. The Monte Carlo program has been carefully checked,
and reproduces quite well all impact distributions of particles in the
detectors, including all known inefficiencies. We are then confident that

systematic effects are smaller than the statistical error.

(1)



2} RESULTS

As mentioned before, we have analysed dimuoms produced by 150 GeV
pions on a platinum target. The mass interval is 4.5 to 8.5 GeV, the

Feynman X, is positive and we subtract the like sign dimuon pairs. We

¥
determine the A, B and C coefficients defined in Eq.(1), and present the
results as A, B and C, X being the standard parameter

do/dcosé = 1 + Acos?8, which is equal to (1 - A)/ (1 + A). First

we look at values of A, B and C in the Collins Soper frame.

la) Mass dependence

Table 1 gives the values obtained in 3 mass bins. No significant
variation is observed and for the following analysis we integrate over the

selected mass interval.

lb) x, dependence
Table 2 gives the values obtained as function of x,;, for small and
large values of PT' Here also, we don't see significant variations with

X,. Higher twist effects are expected to appear at X, near 1, and

this point will be discussed in detail in section 4.

lc) Po/M dependence

We choose this dimensionless variable instead of P, because this is
the most commonly used by theoretical calculations, and because this is

also a measurement of the angle between the various reference frames.

Fig.3 and table 3 give results in the CS frame. A clear variation of B

and C is observed. As usual, we parametrize B and C with linear and

quadratic dependence with PT/M. Values are the following

e
il
I+

(-0.6
(1.5

6.2) PT/M
0.3) (PT/M)2

(@]
i
I+

The negative sign of B is directly related to our particular
definition of the ¢ angle origin and sign. Due to the large error bars,
the parametrization of X is not very significant and is compatible with

the standard assumption A = 2C [5]
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2) Gottfried—Jackson frame

The variations of A, B and € as a function of PT/M are given in
fig.4 and table 4. The B and C parameters vary faster than in the

Collins-Soper frame and may be parametrized as follows

t
]

-{(1.4 % 0.2) Po/M
(2.0 £ 0.5) (PT/M)2

(@}
]

In this frame X is almost independent of PT/M (A ~ 0.6) but is

as badly measured as in the Collins-Soper frame.

In fig.5 are displayed the variations of A, B and C as a function of

X,. No significant variation is found for A at high x, values.
3) u frame
In this frame the B coefficient is found compatible with 0 (fig.6),

which implies that the angular distribution reduces to the simple form

1 + Acos?8 + C sin?6 cos?¢ with C ~ 1.4 PT"-/M2

An even better adjustment is found with C = 0.6 PT/M.

The relation A = 2C is satisfactorily verified; no significant

variation of A, B and C is found as a function of X;.

4)  Comparison with various predictions

As we have seen, the relation A = 2C is verified by our data, although
A 1s poorly determined. This relation is very general and holds for spin
1/2 interacting partons; it has been shown [5] that it has no first order

QCD corrections.

The variation of A, B and C with PT/M has been predicted by Collins
(6] from first order QCD corrections (the transverse momentum being
balanced through the emission of a gluon). The predictions are
B A PT/M and C = 1/2 PTz/M2 in the Collins—Soper frame. As we
have seen above, we find that these relations are qualitatively satisfied
but C is found experimentally 3 times larger than predicted. However it
should be noticed that the model does not take into account the quark
primordial transverse momentum, which is expected to be substantially

contributing up to the highest values of PT/M experimentally available,



An attempt has been done [7] to test the spin of the gluon with high
transverse momentum data (PT > 2 GeV/c), in the framework of hard gluon

emission with large P,. Our data at these transverse momentum are quite

poor and do not allow a quantitative prediction (last point on fig.4c).It
can just be said that they are more compatible with the value expected from

a vector gluon.

3) DENSLITY MATRIX FORMULATION

Assuming a spin 1 for the virtual photon decaying into u+u",
it is possible to express the density matrix elements in terms of the A, B

and C parameters defined in Eq.(1)

A B C
:2!Replo=_ ’91-1=A+2 (2)

Poeg = "
A v2(a + 2)

If we use the A, B and C parameters found in the u~-channel frame, it
is possible to apply the rotation operator to the density matrix in order

to find the elements in a new frame rotated by an angle B around the Oy

axis
. 2 -
Poo(B) = pgo + X sin B + 2/2 Re p,, 5inB cosp
X . * -
py-1(B) = p, ., + 7 sin B + Y2 Re p,, sinB cosB
X .
Re p, (B} = =_ sinB cosB + cosZB Re p,, (3)
Y2 :
where X = T e T 20 =1l-a-C
2 A+ 2
A good parameter is the angle B,, for which Re 0,,(B,)
vanishes

2/2 Re Pio
tg280=-— =
X . 1-A-¢C

2B




In the same way the most significant parameters to describe the decay

are

A - B(1 - cos2B,)/sin28,

Roo= poolBy) = (4)
A+ 2

¢ - B(l -~ cos2B,)/2sin2B,

Ry.1 = e, .(B,) =
A+ 2

The positivity of the matrix is expressed by the conditions

0 <Rgyg <1 -2 |R;.,] (5)

For a set of events having a same value of a = 2Pt/M, the A, B and

C coefficients in the Gottfried-Jackson and the Collins Soper frames can be

calculated from those estimated in the u-channel frame.

The results are displayed in table 6 and Fig.7 and 8; one can remark

that 8, corresponds to the minimum value of Ryg and R; ..

Assuming a linear variation for B,, and a quadratic variation for

Rio and R, _, with Pt/M, one obtains from our sample of events

P
Be = (0.27 % 0.16) —-I%

P
t 2
0.6) (—ﬁ)

I+

Reo = (0.9

P, 2
R, ., = (0.72 £ 0.2) (—ﬁ)

Be is smaller than Pt/M and R, _, is significantly different from
0. Ryg is compatible with the generally accepted hypothesis Ry, = 2R, _,.
lmposing this constraint, we get R, _, = (0.6 = 0.2)(Pt/M)2.

Furthermore, one has to remark that Ryy is also compatible with 0.
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These results car be interpreted in a naive model. Assuming massless
and unpolarized quarks, the density matrix of a dimuon produced in an qq

annihilation, measured with respect to the quark line of flight is

L0o0
000
001

The angle of these quark lines of flight with the u-channel axis is
distributed according to a law W(g). The final density matrix is such

that
< B >= B,

Var (B) = 4R, ., = 2R,

In such a model,our results suggest that the qa line of flight is
centered near the nucleon's one, with a large spread. This means that the
contribution to the transverse momentum coming from the pion 1s greater
than from the nucleon. As already seem, there is no striking dependence of

the decay distribution with x; (fig.5).

It should ne noticed that the numerical values of A, B, C and A
given in tables 3 to 5 for the different frames, should be deduced exactly
one from the other using table 6 and Eq.(3). This is not the case, due to
some loss of information coming from the statistical method used to compute

these coefficients from our finite sample of events.

HIGHER TWIST

i) Introduction

For x, + 1 the angular distributions discussed above may be
substantially modified by the so—called "higher twist effect". This effect
- which is expected to be important only for incoming pions - comes from
gluon exchange between an interacting quark from the pion or the nucleon,
and the spectator valence quark in the pion (as can be seen in fig.9).
Using specific assumptions, E. Berger [8] has computed the following

expression for the cross section :
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p? P

‘ 2 2 2

do o (1 - x,) (1 + cos 0) + &-—% sin 6 + £ L (1 - x,) sin26 cos¢
9 M 3 M

which is expected to be true only at large x,(x, + 1) in the

Gottfried~Jackson frame.

Eq.(6) contains several interesting points. First it predicts that for
¥1 » 1 the virtual photon polarisation turns from transversal
(1 + cos?9) to longitudinal (sin?6). Then, the pion structure function
behaves as (1 - x,)? when x, grows up to 1, and the cross section
exhibits a large scale-breaking term proportional to 1/M?. No prediction
for the sin®® cos2¢ term, as expected from the general form of Eq.(1l),

ls given in this model.

2) Experimental results

As Eq.(6) mixes five variables (x,, Pry M, 8, ¢) it is
quite difficult to check it extensively in the high X; regiom where

statistics is rather limited.

As a function of x,, our data are compatible with a (1 - x,)2 +
constant distribution only for x, > 0.7. As we have only 2900 events

for x, > 0.7 it is not possible to fit directly the 5 variables

dependence of Eq.(6) to the data. We have chosen to extract from the data

the numerical value of one parameter, H, defined as follows

—d9 b, qua+rH
dx,d cosbdé¢

2 2
with P = (1 - x;) (1 + cos @)

(1 - x,) sin2é cos¢

£
]
! zlév

2
2

R = T, sin 9
M

From Eq.(6), this parameter H is predicted to be exactly H = 2/3 when
X1 + 1. From our data, taking into account all errors, we find (see

ref.[3] for technical points)

(6)
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0.40 * 0.10 for %, > 0.7 {2900 events)
0.20 = 0.10 for x, > 0.85 ( 770 events)

As can be seen, this result is not compatible with the predicted
value, and the variation of H as a functiom of %, excludes that

H +» 2/3 when x, + 1.

The ratio of the terms QH and P, which is predicted from Eq.(6) to
behave as § = H/1-x;, is found experimentally to be flat
6§ ~ -1.7 for x; > 0.7 and 8§ ~ ~-1.5 for x, > 0.85.
Thus we find that the cos¢ distribution has not any important x,
variation. The sin?® cos2¢ term (which is absent from Berger's formula)
cannot disturb substantially these conclusions since its ¢ integral is

very small.

As a function of 6, the check between data and Eq.(6) is not

conclusive since the sin?® term has a very small weight when integrated

over P./M, and our acceptance is poor at high |cos®

-

We conclude that our data do not show a higher twist contribution of

the size predicted by Eq.(6) when x; -+ 1. However higher twist

effects may exist at a lower level in this kinematical regiomn.

This result is in coutradiction with a previous measurement from the
C.I.P collaboration [9] which found a variation of A as a function of

x,, compatible with Eq.(6).
CONCLUSION

From this analysis of high-mass dimuon angular distributions, we will
conclude that it was absolutely necessary to analyse simultaneously the 8
and ¢ angular distributions since these variables are coupled by the
acceptance of the spectrometer. The A, B and C coefficients we have found
are compatible with QCD predictions. The B coefficient cancels out in the
u-channel frame, but is significantly different from zero imn the
Gottfried-Jackson frame. The C coefficient does not vary strongly from one
frame to the other, and is significantly different from zero. The A
coefficient has large errors; it is compatible with the theoretical

relation A = 2C but also compatible with zero.
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Our data at large x, are not compatible with the particular
description of higher twist effects given by E. Berger. The question of the

existence of these effects remains open.

We are much indebted to the CERN SPS operating crew and the
Experimental Area group, which provided us with a very powerful beam line.
We would also thank all the technical staff of the NA3 collaboration for
their contribution to the comstruction of the apparatus, and the computer
staffs at CERN, Paris IN2P3 and Saclay for the efficient processing of our

very large amount of data.
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Table 1

Collins Soper, Mass (XF >0, x <0.8)
1

M A B C A
4.5 - 5 0.11 + 0.10 ~0.09 * 0.06 0.11 * 0.05 0.81 £ 0.16
5 =6 0.24 +0.12 -0.13 + 0.06 0.13 + 0.06 0.61 £ 0.15
6 - 8.5 0.13 * 0.16 -0.19 * 0.08 0.17 £ 0.08 0.77 * 0.26
Table 2
Collins Soper, Xy, PT (XF > 0)
X, PT A B C A
0.2 -~ 0.4 <1 0.41 = 0.50 -0.10 * 0.16 0.12 + 0.13 0.42 * (.57
0.4 - 0.6 <1 0.01 = D.12 -0.09 £ 0.07 0.06 * Q.07 0.98 * 0.23
- 0.8 <1 0.12 £ 0.13 -0.04 % 0.09 0.19 * 0.12 0.79 £ 0.21
-1 <1 ~0.11 +£ Q.16 -0.02 * 0.16 .22 * 0.19 1.25 t 0.42
- 0.4 >1 -0.03 £ 0.26 -0.14 £ 0.12 0.18 * .09 1.04 + .60
0.4 - 0.6 >1 .09 + 0.13 ~-0.20 £ 0.06 0.18 £ 0.06 0.84 + 0,22
«+6 - 0.8 >1 0.19 % 0.15 =-0.19 % 0.08 0.08 = 0.08 0.69 + 0.22
-1 >1 0.07 * 0.21 -0.34 £ 0.14 0.29 +0.14 0.87 * 0.38
Table 3
A, A, B, C Collins-Soper frame
M
PT/ A B C A
0,0 -0,1 0,12 0,14 -0,15 # 0,11 0,28 £ 0,14 0,79 = 0,22
- 0,2 0,12 £ 0,11 -0,05 0,06 06,05 £ 0,05 0,79 = 0,17
0,2 - 0,3 0,10 £ 0,12 -0,14 % 0,07 0,10 + 0,05 0,82 = 0,20
6,3 - 0,4 0,56 * 0,31 ~0,27 £ 0,12 0,23 + 0,11 0,29 * 0,27
> 0,4 ~0.04 + 0,23 -0,26 * 0,13 0,32 £ 0,10 1,08 + 0,53
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Table

A, A, B, C function of PT/M Gottfried-Jackson frame
P../M A B C A
0 0.1 0.11 * 0.15 -0.26 * 0.10 0.26 +* 0.15 0.81 £ 0.25
0.1 0.2 0.23 £ 0.12 -0.16 = 0.06 0.05 = 0.06 0.62 * 0.16
Ny 0.3 0.26 = 0.14 -0.37 £ 0.08 0.18 + 0.06 0.59 £ 0.18
0.4 0.28 £ 0.21 -0.48 + 0.13 0.26 * 0.09 0.57 * 0.27
0.5 QO £ 0.22 -0.63 £ (.14 0.36 = 0.12 1.0 £ 0.46
0.5 0.6 0.72 = 0.70 -0.73 % 0.47 1.05 + Q.42 0.16 £ 0.57
Table 5
A, A, B, ¢ function of PT/M u—-frame
P /M A B C A
0 0.1 0.10 £ 0.14 -0.06 £ 0.10 -0.01 £ 0.13 0.82 * 0.24
0.1 0.2 0.07 £ 0.10 0.07 * 0.05 0.04 = 0.05 0.87 £ 0.17
.2 0.08 £ 0.12 0.01 £ 0.07 0.14 * 0.05 0.85 + 0.20
. 0. 0.31 £ 0.24 -0.01 £ 0.12 0.20 * 0.09 0.53 £ 0.28
0.4 0. -0.01 + 0.26 0.25 £ 0.16 0.26 £ 0.13 1.02 £ 0.57
Table 6
u—-channel
P,I./M Bo Roo R,.,
0.0 - 0.1 -0.07 * 0.10 0.05 % 0.06 -0.01 + 0.08
0.1 - 0.2 | +0.08 £ 0.05 0.03 * 0.04 0.02 % 0.03
0.2 - 0.3 +0.01 * .07 0.04 £ 0.06 0.07 + 0.03
0.3 - 0.4 -0.02 + 0.12 0.13 £ 0.10 0.09 £ 0.04
0.4 - 0.5 +0.33 + 0.16 -0.04 £ 1.2 0.11 £ 0.06
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FIGURE CAPTIONS

Fig.

Fig.

L +1

ig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

Definition of axes and angles for dimuon production.
Acceptance of NA3 spectrometer.

a) as a function of ¢ for different values of 6

b) as a function of cos8.

A, B and C parameters as a function of PT/M in the Collins-Soper

frame.

A, B and C parameters as a function of PT/M in the

Gottfried—Jackson frame.

A, B and C parameters as a function of X; 1in the
Gottfried-Jackson frame. Full circles : PT <1 GeV/c.
Open circles : PT > 1 GeV/c.

A, B and C parameters as a function of PT/M in the u-channel frame.

Variation of the density matrix elements Roo = Ry,

Re(R1o) as a function of a rotation B around the Oy axis.

Coefficients Ry, and R, ., as a function of PT/M in the

u—-channel frame.

Higher twist diagrams.
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