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The angular distrubutions for dileptons arising from decays of a virtual photon and the
Z° produced in hadronic collisions are calculated at large mass and finite transverse
momentum of dileptons in the lowest order of quantum chromodynamics and the
Weinberg-Salam model with threee fermion generations. Numerical evaluation for coeffi-
cients of the distributions is carried out for pp collisions at V's =540 GeV and pp at
V's =800 GeV in different (helicity, Gottfried-Jackson, and Collins-Soper) reference
frames. Coefficients of parity-violating terms in the distributions exhibit clean signs of the
Z° boson, while those of parity-conserving terms are quite insensitive to the presence of

the Z° boson.

I. INTRODUCTION

The electroweak theory of Weinberg and Salam
has been successful in explaining many aspects of
present experimental facts. Yet direct observation
of the intermediate vector bosons is necessary to
study various problems, such as the neutral weak
current, the Higgs mechanism, and the number of
fermion generations.! It was pointed out that pro-
duction of lepton pairs in hadron-hadron collisions
provides us with an excellent laboratory for their
detection and investigation.> On the other hand, it
is widely recognized that angular distributions of
leptons involve important information about the
production mechanism of the lepton pairs.>~°

In this paper we will calculate the angular distri-
butions of lepton pairs, at large mass M and finite
transverse momentum Qr, arising from decays of a
virtual photon y* and Z° boson formed in high-
energy hadronic collisions.

hadron (beam)+ hadron (target)
nnd ( '}/‘ 920) +X

N
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(1.1)
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using the lowest order of quantum chromodynam-
ics (QCD).

As is known the Drell-Yan process via
predicts 1+ cos’@ distribution at Q7 =0, where 6 is
a lepton-pair angle in its rest system.>'® For small
values of Qr, intrinsic transverse momentum of
partons in colliding hadrons smears this simple dis-
tribution,* although such smearing can be very
small for large M?. For large M? and finite Q,
where the zeroth order of the Drell-Yan process
gives no contribution and the effect of the intrinsic
transverse momentum is suppressed, the first-order
processes in aj, such as the annihilation process in
which a quark (g) and an antiquark (g) annihilate
into a heavy boson (y* or Z°) and a gluon (G) and
its crossed Compton process, dominate and give
angular distributions other than the simple
1+cos’0. At large M? and finite Q; the running
coupling constant a; of QCD is small and results
calculated in this way are infrared insenitive.'!
This means that the lowest-order calculation in a;
is reliable and safe to compare with experimental
data.

Discussions of the lepton angular distributions
given by several authors are concerned mostly with
QCD tests.>~® They took into account only pro-
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cessess of a virtual photon y* decaying into two
leptons. In this paper we focus our attention on
the lepton angular distributions, where the Z° bo-
son also gives contributions in addition to ¥*. We
have calculated subprocesses g +7—(7* or Z°)
+G and ¢ +G—(y* or Z°) +q at large M and fin-

ite Q7. For the interactions between the Z° boson |

and the fermions we assume the standard
SU(2) X U(1) Weinberg-Salam model, with quarks
and leptons in three generations, i.e., six flavors.

The angular distribution we have obtained can
be written, in terms of angles 6 and ¢ of a lepton
in the lepton-pair rest system, as

D(Ag,A1,A,A3,Ag)=14cos?0+Ao(5 —5 cos?0)+4,sin20 cosp

+4,5sin%0 cos2@+A3sind cosp+44c089 , (1.2

‘where the A4,’s (i =0,1,2,3,4) are functions of the
total c.m. energy V's and M?, Qr, and rapidity y
of the lepton pair. Coefficients of parity-violating
terms A3 and A4 come from contributions of the
axial-vector neutral currents, while 4, 4, and 4,
are parity-conserving coefficients arising from the
neutral and electromagnetic currents. We have
evaluated these coefficients in three frames, i.e., the
s-channel helicity (H) frame, the Gottfried-Jackson
(GJ) frame, and the Collins-Soper (CS) frame,* for
high-energy pp and pp collisions. We have found
that the parity-conserving coefficients are not suit-
able for the study of the Z° but 45 and 4, pro-
vide clear effects of the Z° boson.

In Sec. II, we derive the lepton angular distribu-
tion in high-energy hadron-hadron collisions by
calculating the first-order diagrams of QCD.
Numerical evaluation of the coefficients in the
angular distribution for pp and pp collisions is car-
ried out in Sec. III, employing the Gliick-Owens-
Reya parametrization'? for the parton distribu-
tions. We have plotted the coefficients at energy
V's =540 GeV for pp and at V's =800 GeV for pp,
which will be experimentally feasible in the near
future, as functions of either V'7=M /Vs or
r=Qr/M. Section IV is devoted to the con-
clusions.

II. ANGULAR DISTRIBUTION
OF THE LEPTON PAIR
IN HADRONIC COLLISIONS

In this section we derive the angular distribution
of lepton pairs produced in high-energy hadronic
collisions. Since we are interested in the Z° pro-
duction we restrict ourselves to a kinematical re-
gion of high-mass dileptons.

At finite transverse momenta of the dilepton, the
angular distributions are dominated, within the
framework of QCD, by diagrams of Fig. 1. There
are two contributions: diagrams (a) give the

quark-antiquark annihilation contribution, and di-
agrams (b) the quark-gluon Comton scattering con-
tribuition.

A. Quark-antiquark annihilation

The differential cross section of lepton pair pro-
duction for collisions of hardons with initial in-
cident (beam) momentum P2 and a target momen-
tum PT is constructed by convoluting the cross
section of the subprocess of partons with momenta
p1=x,P® and p,= x,PT with the parton distribu-
tions.

Let us denote by f7? a distribution function of
quark 7 in the incident hadron and by f,.—T that of
the antiquark 7 in the target hadron etc., and write
the parton differential cross section at fixed M,
vand t=(Q —p,)% and a solid angle Q} =(6,p) of
one ofA the leptons in the dilepton system as d&,/
dM?*dt XdQ} (caret denotes quantities at the par-
ton level). Then the hadronic differential cross
section of the lepton pair from the decays of the 7*
and Z° at fixed M2, Qr, y, and solid angle Q} and
of a jet at fixed rapidity y; is given by’

* o l
p—— 2527 <
¢ +

P, —-—'rfnﬂm’fk gluon

(a)

; A

Py P2

(b)

FIG. 1. (a) The quark-antiquark annihilation dia-
grams. (b) The quark-gluon Compton diagrams.



132 M. CHAICHIAN, M. HAYASHI, AND K. YAMAGISHI 25

dO'A 2 f f
dMdy dQ dy,dt < ad

dé, _
rvern dot

+(iei) |, 2.1

where (and hereafter) the summation should be carried out for all relevant quark flavors i =u,d,s,. .. but

not for their antiparticle states i d.5. .

., and A4 stands for the annihilation.

The parton cross section, giving the angular distribution for one of the leptons (hereafter, for definiteness,
we take | ~=e ™ or u~; the corresponding angular distribution for /*=e™ or u™ is obtained by replacing
L;——L;, K;—K; in the following equations), can be easily calculated for massless quarks and is written as
a product of the differential cross section integrated over the lepton angles d& 4 /dM 2dt and a function of in-
itial quark and antiquark momenta B; and P, in the lepton-pair c.m. system

do 4 do, 3 PP’

2L; |Pilpig— | P21P2yg

(2.2)

AM>didQt  dMdr 167

where p;, (i =1,2) is a projection of P; in the
direction of the lepton momentum q,

Dig =Dix SinOcosp +p;cosh (i=1,2). (2.3

Note that when calculating the term (i<>i) in Eq.
(2.1), one has to replace p;<>p, in Eq. (2.2) [in the
case of annihilation, we keep the relation: _
p1=xPE, py=x,PT for the crossed term (i<>i) as
well; see Appendix Al.

All information about the neutral currents is
contained in K; and L;, and especially the term
containing L; reflects the intrinsic parity-violating
nature of the Z°.

(a2 4+b;*)a’+b?)

= 2
! sin49 WCOS49 w | z° I

2e;aa; ReD,, o2
sin0ycos’0y  M? N M*
4aba;b;

Li=—— 5% |p |2
" sin*Oycos'0y, D0l

’

2e,~bbi RCD 70
sin’@ycos?0y  M?
where a; and b; (a and b) are the vector and the
axial-vector coupling constants, in units of e, of the
quark i (the lepton) to the Z° boson, e; is the
charge of the quark i divided by e, and 8y is the
Weinberg angle,

) (2.4)

[ 3117+ [B2]°

Ki 181+ 18/

dUA dUA 3

1 .
bi=+ fori=u, c, or ¢,
a; = —e;sin’Qy +b;, 2.5)

1 .
bj=— fori=d, s, orb,

. 1
a=s1n29w—%, b=— fore, pu, orr,
1
a=— =— forv,v“,orv
and the propagator of the Z° with its mass M,
and the width T, is given by

D,o=(M*—M_*+iM T ,0)~",
— 2 2 2
RCDzo-——(M _MZO ) IDZO | . (26)

t1‘he differential cross section d& 4 /dM?df is given
y

do, 4 2aa; . T24U?
=—X= M*>——K,, 27

dM?*dt 9 3 §° m

4

where 5 is a color-averaging factor, and a being
the fine-structure constant. Here kinematical varia
bles are

(Q—p1 ),
(2.8)

=(p1+p)% G=(p,—Q) 1=
T=t—M? U=i#—M?*.

Using Eq. (2.3) and putting Eq. (2.2) into Eq. (2.1),
we obtain

= D(Ao(A),A1(A),A5(4),E43(4),E44(4)) (2.9)

dM?*dy dQ%dy,dQ;  dM*dy dQr*dy; 16w
j j

where do, /dM?*dy dQ* dy; is the hadronic differential cross-section integrated over the lepton angles

doy dUA

—_— X1 X2 F;(x,x5)——
dM?dy dQrdy; 2 RN M dr

(2.10)
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and
D(Ay(4),4,(4),A5(4),E4(A),E4,(4))=1+cos0+Ao(4)( — 5 c0s?6)
+4,(A)sin26cos+ A, (4)5sin’6 cos2g
+§//1\3(A)sin9cos¢)+§;1\4(A)cosf) ; (2.11
with
2 2
A A + ~N P xp +P2xp
Ao(A)=A2(A)=—_‘{£2‘—p—Z_{__2—: 1 A =—i—.—-l:—_>—222 ’
| B1]°+ | B2| | B1]*+ | B2|
A4)= lpxlplz—p§| pzzl A= | p:!m;—pzil pzzi
| B1l°+ | B2 | B11°+ | P2l
lesz,-(xl,xz )L, (212)
¢ _

=2 ,
2x1%,Fi(x1,%,)K;
i

Fi(x1,0)= PO )0+ R fF(x0), Gl =P ) ) — fRGe ) fT(x2)

A in brackets stands for the annihilation subprocess.

Now integration over the jet rapidity y in Eq. (2.9) gives the angular distribution D(4¢(4),4,(4),4,(A4),
A5(A4),A4(A)) at the hadron level at fixed M, Qy, and y for a given energy V’s. The coefficients are written
as

dO’A

dy;——2——A4;(4), i=0,1,2,
do, / ") dM*dy dQ,2dy;
A,-(A)W= do, R . (2.13)
PAQr® | [ay,———"4 ——£4,(4), i=3,4,
szdy dQTZdyJ
where

doy doy

S W PV — (2.14)
dM?dy dQ; Ja, dM?dy dQ; % dy,

B. The gluon-quark Compton scattering

Expressions for the Compton scattering can be obtained from those for the annihilation cross section, i.e.,
by replacing k— —k, p— —p, in the corresponding formulas. In this case we have to consider two cases
separately: case 1, a gluon is in the beam hadron and a quark (or antiquark) in the target hadron; case 2, a
quark (or antiquark) in the beam and a gluon in the target.

The hadronic differential cross section for case 1 reads as

d do
3 0.02 . =2F1,-(x1,x2)x1x2 —-—2_AC—_*— ’ (2’15)
daM dy dQT dy,- dﬂl 1 i dM*dt d‘Ql 1
where the parton cross section is given by (C stands for Compton scattering)
doc doc 3 P1q2+P2q2 2L; |Bi|pig+pay|P:|
2700 | aM2dr = 12, (=12 K. 1R 1241382 (2.16)
dM*didQ} |, dM’di 16w B+ 13217 K 317+ Bl
with
s 2 2 2
__d_ac_’\_ =ixz_&§iU_M2Ki 2.17
dM*t |, 6 3 §*2 &%
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with S =§—M? and % being a color-averging factor and
Fi(x1,%2) = f guon (X LA 062) + 7 (x5)] (2.18)

[f gluon(x]) denotes the distribution function of the gluon in the beam hadron, etc.] Similarly as in Eq. (2.9)
we have

doc do, 3
= D(A (C)A (C),A4,(0), A (C), A4,(C)) , (2.19)

My 40, dy,d, |, dMdy Qr'dy, |, 167 0 1(C),45(0), £,43(0), 6,4, [

where
dO’C d&c

| = > Fi(x,x)x1x; —= (2.20)

dM?dy dQ;dy; |, 2 S VP P
and

D(Ay(C),4,(C),45(C),£,45(C),,44(C)) | 1 =14c0s’0+A(C)(5 — 5 cos?0)+A | (C) sin26 cosg

+4,(C)5sin’0 cos2@ + &4 3(C)sin cosp+ &4 4(C)cosd
. (2.21)
with
2 2
A A + “~ z+ Z
A O=Ay0) =T TP p gy D1t P
| Pi]°+ | B2 | Bl "+ [ P2
. - + - . - p B
A0)= Ipllplz p2j|p22| . AC)= |p1_!P1; pz:lpzzl (2.22)
| P1]°+ | B2 | 1"+ | B2l
22F1,~(x1’x2)x1x2L,~
i
§1=

ZF”(xl,xz )XIXZK,' ’
i

The coefficients in the angular distribution D(A44(C), 4(C), A5(C), A3(C), A4(C)) are written as
4;(C)doc/dM?dy dQr?) | \+A4,(C)doc/dM?dy dQr) |,

At(C)Z dUC/szdy dQT2 ) (2'23)
where
dUC do-c dac
ardydor 3 Viaraydoray | ) Yy doriay, (2.24)
szddeTz f yj szddeTZdyj : f y_] szddeT2dy] ,
and
dO'C ~
fdyf—“‘r—*z—"“Ai(C){, i=0,1,2
doc dM*dy dQr*dy, !
A My agr |~ doc . (225
v der f y/‘ﬁ& i " i=3,4
dM=dy dQr*dy;

The corresponding formulas for case 2 can be obtained by replacing in Egs. (2.15)—(2.17), (2.19) —(2.22),
and (2.25), F;—F5;, t<sfi, U—T, and &1—§&,, where

in:[f,' (xi)+f,~‘(xl )],fgluon(XZ) ’
23 Fyi(x1,x5)%1X,L;

(2.26)

§2= 2F2i<xhx2 )x 1 x,K;
i
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Finally, the total angular distribution D (4¢,4,4,, A3, A4) of Eq. (1.2) is obtained as a sum of the an-
nihilation and the Compton contributions, where 4;’s are given by
; 2 24 4,(C)doc/dM*dy dQr?
Ai:A,(A)daA/dM dy dQr ‘i‘ i{(C) 20'c ly dQr L (i=0,1,2,3,4) , 227
do/dM~*dy dQr
do/dM?dy dQr*=do  /dM*dy dQr*+doc/dM*dy dQr* . (2.28)

Note that a relation 4o=4, holds on account of a B«>P, symmetry in this model.’

III. NUMERICAL EVALUATION OF 4;
IN pp AND pp COLLISIONS

In this section we explicitly evaluate 4; in high-
energy pp and pp collisions. Integrating the angu-
lar distribution -7 dN /dQ} =
D(Ay,A,4,,4;3 A4), given by Eq. (1.2), over the
azimuthal angle ¢ we get

~dL=C(1+alcose+a2c0526) , 3.1
d cos6
where
3 Ao
C== (14—,
s | T2
A 1—24
a,:———f—, a2=———f——0. (3.2)
And integration over 6 gives
AN _ 1 (1, B cosp+Bycos2e) (3.3)
dep 2m
where
3T AO A2 1——(12
=—A4 > = = .
Bi=T64y Pr=73 =7 2ay+3)

(3.4)

We have evaluated these coefficients in the s-
channel helicity, Gottfried-Jackson and Collins-
Soper frames in the c.m. system of the lepton pair
(Fig. 2). The helicity frame (H) is defined by
choosing the direction of a sum of the incident and
the target hadron momentum as a z axis and put-
ting the incident hadron momentum in the x -z
plane in the c.m. system of the lepton pair. If one
chooses the incident hadron momentum to be a z
axis and puts the target momentum in the x-z
plane (P <0), one gets the Gottfried-Jackson (GJ)
frame. The Collins-Soper (CS) frame is the one
where the z axis bisects the angle between P? and
—P7. (See Appendix A for variables in these
frames.)

-

In our numerical calculations we have employed
as the parton distributions those of Gliick, Reya,
and Owens'?, i.e., the complete scale-violating par-
ton distributions calculated dynamically within the
framework of QCD and which are valid up to very
high values of M2 We have fixed the number of
flavors as Ny =6 and the Weinberg angle as
sin?0y, =0.23. Thus we have used the values
M ,,=91.56 GeV, which takes into account the in-
crease due to loop corrections,!® and on=2.85
GeV, which is obtained in the Weinberg-Salam
model by assuming Ny=6 and by taking into ac-
count the O(a,) QCD corrections.'* For the cou-
pling constant a; we used a formula

3y 12m 2 /02
Q)= /In(Q?/A%)

with A=0.5 GeV. We perform our calculations at
y =0.

In our calculations we consider a kinematical re-
gion of high mass and small Q; (x;=0.005, 0.01,
and 0.02, and also 0.1) dileptons, such that both
the differential cross section do/dM dy dQr* and

FIG. 2. Definition of reference frames in the c.m.
system of the lepton pair. (a) The helicity frame. (b)
The Gottfried-Jackson frame. (c) The Collins-Soper
frame. PB8=pbeam pT_ ptarget
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the decay angular distributions are reasonably large
to be experimentally accessible. Although the re-
sults are finite as Qr—0, at such high energies and
masses for too low value of Q7 the O(ay) descrip-
tion of the cross section will be somehow regular-
ized by the intrinsic transverse momentum of the
partons and nonperturbative effects which start to
play a role in that region.

We present in Fig. 3 the differential cross sec-
tion do/dM dy dQ* for pp collisions at Vs =540
GeV and x1=0.005, as a function of M. Among
the curves which are described in the figure cap-
tions we comment here only on some of them.

(i) pp collisions at V's =540 GeV, y=0. We
plot ; in Fig. 4, a, in Fig. 5, and 43 in Fig. 6 at
x7=0.005, 0.01, 0.02 and also in some cases at 0.1,
as a function of V'7. We also show a,(CS) in Fig.
7 and A3(H) in Fig. 8 at Qr=1, 2, 3 GeV, as
functions of »=Qr/M. Note that, as seen from
the curves, to a good approximation the coeffi-
cients ;(CS) and A;(H) in Figs. 7 and 8 are, in
this region, functions of M only.

(i) pp collisions at V's =800 GeV, y =0. We plot
a; in Fig. 9, a, in Fig. 10, and 43 in Fig. 11 at
x7=0.005, 0.01, and 0.02, as a function of V7.

Bp, \/s =540 Gev

1077 -

[ch/GeV3]
T

ds
dMdydQ?

LI S B

<40, 1 1

10

1 1 1 1
20 40 60 80 100 120
M (GeV)

FIG. 3. The differential cross section for pp collisions
at Vs =540 GeV, y =0, and x;=0.005.

We show a;(CS) in Fig. 12 and 4;(H) in Fig. 13 at
Or= 1, 2, 3 GeV, as functions of . We notice
again, by observing the curves in Figs. 12 and 13,
that the coefficients a(CS) and 4;(H) in this re-
gion are functions of M only.

For completeness, we made calculations for coef-
ficients in pp collisions at Vs =63 GeV. The re-
sult is shown in Table I. Note that the coefficients
Aj; and @, arising from the presence of the Z° are

2‘(’)‘1 Pp,\/s = 540 GeV

1.0

0.2
e A e

"XT = 0.02

-02

-20 1 1 1

1
04 Vo

FIG. 4. Angular-distribution coefficent «, for pp as a
function of V'7 at Vs =540 GeV, y =0, and x;=0.005,
0.01, 0.02, and 0.1. Solid curve corresponds to Collins-
Soper (CS) frame, dotted to Gottfried-Jackson (GJ), and
dashed curves to helicity (H) frames. Note that in CS
and GJ three curves are almost on top of each other and
thus are indistinguishable.
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pp,\'s = 540 GeV

,,,,,,,

1
03Vr

FIG. 5. Angular distribution coefficient a, for pp as a
function of V7 at Vs =540 GeV, y =0 and x7=0.005,
0.01, and 0.02. Solid curves are for CS, dotted for GJ,
and dashed curves are for H frames.

|
0 01 0.2

extremely small at CERN ISR energies, as
expected.

IV. CONCLUSIONS

We have calculated the angular distributions of
lepton pairs decaying from y* and the Z° boson
produced in hadron-hadron collisions at large M
and finite Q. Our main conclusion is that the
parity-nonconserving coefficients a; and 43 clearly
reflect the properties of the Z° Their general
features are as follows: The curves of both «,(GJ)
and «a,(CS) exhibit characteristic structures, i.e.,
they change their sign just before the value of M
reaches M. The values |a;(GJ)| and |a,(CS)|

A, pp,\V's =540 GeV
20}

- L ! ! !
20 01 02 03 0«4

!
05Vt

FIG. 6. Angular distribution coefficient 4; for pp as
a function of V7 at Vs =540 GeV, y =0 and
x7=0.005, 0.01, 0.02, and 0.1. Solid curves are for CS,
dotted for GJ, and dashed for H frames. Note that in
H, three curves are almost on top of each other.

can be rather large (see Figs. 4, 7, 9, and 12), while
|a(H)| is small (see Figs. 4 and 9). On the other
hand, the curves of A;(H) exhibit similar struc-
tures as those of a(GJ) and «(CS). |A43(H)| can
be rather large (see Figs. 6, 8, 11, and 13), while
both | 43(GJ)| and | A;(CS)| are small (see Figs. 6
and 11). Thus, measurements of «;(GJ) and/or
a(CS) as well as A;(H) are best suited for extract-
ing information on the production of the Z° boson.

Several comments are in order.

(1) We have also calculated the coefficients, us-
ing the width I' ,,=1.76 GeV, which is obtained
by assuming Ny=4 and the mass M,,=90.04 GeV

(without the loop corrections). The results, as ex-
pected, are insensitive to such a change in I ;o and

M,
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o,(CS)
20} Bp,\/s = 540 GeV
/\ Q; =3
10+ Oy =2
Q; =1
0 e
-10f
- Il L
20 0.05 o1 r

FIG. 7. Angular-distribution coefficient a(CS) for pp

as a function of r=Q7/M at Vs =540 GeV, y =0 and
Qr=1, 2, 3 GeV. Note that, as seen from these curves,

to a good approximation the coefficient is a function of
M only.

Agy(H) p,\/s = 540 GeV
20
/"\/,’/‘f\\\
[ \
| | \
Lo
v
v
10F 4 1 \
P! |
1 |
[
[
[
[ |
[
Bl
Op e e
R
| 1 /‘/ /// ///
\ ‘//|| // e
oy s,
1A / ’
N o/ /
1y 1/ //
10 11y Y /
1y /
! 1 /l /
iy h
oy
TRV
/v v \/\
Qr=1 ) Q; =3
- T ! 1
20 0.05 01 r

FIG. 8. Angular-distribution coefficient 4;(H) for pp
as a function of r =Q;/M at V's =540 GeV, y =0 and
Qr=1, 2, 3 GeV. Note that 43(H)~a,(CS) of Fig. 7

and that to a good approximation the coefficient is a
function of M only.
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o, pp,V's = 800 GeV

10

_ 1 ! 1 1
20 01 02 03 04

]
05 \Vr

FIG. 9. Angular-distribution coefficient a, for pp as
a function of V7 at Vs =800 GeV, y =0 and

x7=0.005, 0.01, and 0.02. Solid curve is for CS, dotted
for GJ, and dashed for H frames. Note that in CS and

in GJ the three curves are almost on top of each other
and thus are indistinguishable.

(2) For comparison, we have also calculated the
coefficients using the completely scaling parametri-
zation of Altarelli, Ellis, and Martinelli.’> In the
kinematical region considered, the results are quite
insensitive to the choice of the parametrization.

(3) We have found that a, and 4, in all of the
frames almost scale in the energy range up to
Vs =800 GeV. It was pointed out that, in the ab-
sence of the Z° a, and 4, scale; i.e., they are only

functions of x; and 7 to the extent that the M?
dependences of the structure functions can be
neglected.>® We have found that a, and 4, are
quite insensitive to the M? dependences of the par-
ton distributions and of the propagator of the Z°.
This is due to cancellation occurring in the ratio
Eq. (2.27) even if its denominator and numerator
each violate scaling. Owing to the same reason the
presence of the Z° affects a, and 4, little. Thus
a, amd A, are not suited for the study of the Z°
production.

(4) On the other hand, such cancellation does

not appear for a; and 4; (or 3)) since &’s appear-
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oLt x =001 pp,\/s =800 GeV A, PP,V/S =800 GeV

! ! 1.0

0 + +
=0.02
"0 1 xT 20 ! 1 ] | ]
0.2 x; =0.01 01 02 03 04 o057
) FIG. 11. Angular-distribution coefficients 4 for pp
03>~ _ 1 as a function of V'7 at Vs =800 GeV, y =0 and
% S T T T T3 x7=0.005, 0.01, and 0.02. Solid curves are for CS, dot-
-04 XT = 0.005 ted for GJ, and dashed for H frames. Note that in H
| | | three curves are almost on top of each other.
-05 -
01 0.2 03 \/"l" pp,V/s = 800 GeV
a.
FIG. 10. Angular-distribution coefficient a, for pp as 1yCs)
a function of V7 at Vs =800 GeV, y =0 and Qr =1
x7=0.005, 0.01, and 0.02. Solid curves are for CS, dot- 10 Q@ -3
ted for GJ, and dashed for H frames. T
Q; =
0
ing in their equations, Eq. (2.9). The scaling viola-
tion is seen in a; and 4;. R R
(5) For r=Qr/M << 1, the momenta P? and P7
in GJ and CS frames are given by
N Ve -1.0
GJ: PP= —Es—(o,o, 1),
— Vs
PTg—is—(—Zr,O,—-l) ,
o 4.1) 20 ! L
— ’ 0.05 01
cs: PP=25 (_,01), '
2 FIG. 12. Angular-distribution cgefficient a,(CS) for
Vs pp as a function of r =07 /M at Vs =800 GeV, y =0

T
P 5—2 (=r0,—1). and QOr=1, 2, 3 GeV. Note that, as seen from these
curves, to a good approximation the coefficient a(CS) is
Hence for ¥ << 1, one has a function of M only.
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TABLE I. Values of the angular correlation coefficients a;, a,, and 43 for pp —lepton
pair at y =0, x7=0.0635 (Q7=2 GeV) and V's =63 GeV and at different values of

Vr=M/Vs.
VT 0.1 0.2 0.3 0.4
GJ frame
a —0.007 —0.026 -0.054 —0.088
Qa; 0.83 0.92 0.95 0.97
A; 0.001 0.016 0.017 0.024
H frame
a, —0.002 —0.002 —0.005 0.003
a; —0.16 —0.28 —0.310 —0.32
A; —0.008 —0.026 —0.050 —0.079
A;(GY)=A4;(CS) . (4.2) the Drell-Yan process via y* and Z" from that for

This feature can be seen in Figs. 4 and 9.
(6) One can obtain the angular distribution for

the annihilation process by taking the limit Q7 —0.
Using Egs. (2.12), (2.13), and (1.2) together with
Egs. (A1) and (A2), we obtain in the GJ frame

167 dN 1 +00529+§ cosB, for pp collisions

3 do*  |1+4cos?0, for pp collisions

The presence of the term containing £ in pp col-
lisions reflects the parity-nonconserving effect of
the Z° boson. For M <<MZ° we have §—0,
hence we obtain D— 1+ cos?0, consistent with the
well-known Drell-Yan distribution mentioned in

pp.\Vs =800 GeV
A;(H)
1.0 -,r\y ////l; \ Q=1
/7 Q, =3
iy //T i
Y
/ | Q=2
LT
|
1
o Ll S—
| | Pt ———
| ! ‘// //’ -
| ‘,/‘ i ///
| / s
I O e
| /I \y 7/
(R RY /
Vb /
-1.0f ] ! [ /
(WA
oS N
- 1 I
20 0.05 01 r

FIG. 13. Angular-distribution coefficient 4;(H) for
pp as a function of r =Q7/M at Vs =800 GeV, y =0
and Or=1, 2, 3 GeV. Note that 4;(H)~a,(CS) of Fig.
12 and that to a good approximation the coefficient is a
function of M only.

f

Sec. L.

(7) Our calculations based on the first-order
QCD perturbation are certainly more reliable for
the pp case. The reasons are as follows: First the
valence quark distributions are much better known
than the sea and gluon distributions. Second, in
the pp case, the O(a,) annihilation contribution is
large and hence the O(a,?) bremsstrahlung contri-
bution can be safely neglected compared to the an-
nihilation one. On the other hand, in pp collisions,
the O(a,?) bremsstrahlung term, in which both
valence quarks take part in the scattering, gives a
substantial contribution under certain kinematical
condition'®!” compared to the annihilation one.
Our calculations, in which this contribution is
completely neglected, are thus less reliable for pp
collisions. The issue of such O(«,?) bremsstrah-
lung contribution in the lepton angular distribu-
tions in pp collisions will no doubt deserve further
study.
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APPENDIX A

Let us list kinematical variables used in this paper
in terms of scaling variabl‘es.5
Initial momenta of constituents are given by



p1=x,P8, p,=x,PT for annihilation ,
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p1=x,PT, k=x,P® for Compton scattering, case 1,

p1=x,PB, k=x,PT for Compton scattering, case 2 .

In the lepton-pair rest system momenta of the incident and the target hadrons are given as follows.

Helicity frame:

e Vs 1 Xrlte Y4 xpi—4r
PP=—r— 2. 12 72 X710, W )
2 (Xp2cosh’y —4r1) T
-7 Vi Xrle¥4+xrt—4
pr_Vs 1 g0, T TXT AT (A1)
2 (x7%cosh’y —4r)172 4T
xr=2Qr/V’s, 1=M?/s, Xp=\xp2+41.
Gottfried-Jackson frame:
= SX_T _ - SX_T xT2—4T
PP=—0¢7%0,0,1), P'=—¢ | —4V'1x;/%;%,0,—— | ;
arl ( ) e ™1 /%7%,0, 7 ; (A2)
Collins-Soper frame:
PB= Z5‘73—)’(“,0,2\/}), PT= Zsﬁey( —x7,0,—2V'7) . (A3)
Invariant variables are written as
§=x1x,5, t=s(1—xx3+V)/2, G=s(r—xx,—WV)/2, V=[(xx7—72—xx:x72]'"2.
Finally, relations of scaling variables x, x,, and y; are given by
(xl—%J‘c‘Te”)(x2—~%fTe‘y)=xTZ/4, x,=(Xre’+xre’) /2, x,=(%re P +xpe 9)/2. (A4)
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