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ABSTRACT

Lepton production in hadron~hadron collisions is studied in a class
of models. In the conventional quark-antiquark anihilation mechanism,
the parton distributions incorporate the latest experimental information.
The numerical estimates bring out unique signatures and represent
realistic upper bounds. In studying the dependence of the results on
different quark schemes we find that in models with charm the results
remain practically unchanged, or are reduced by a multiplicative facto‘r.
We conclude that should the rates be considerably larger than the estimates,

then they must be attributed to another origin,
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INTRODUCTION

Ever since the original BNL-Columbia experimenti and the
Drell and Yan suggestic}n2 that the production of heavy lepton pairs
can be described within the framework of the parton model there
‘have been numerous efforts trying to observe such processes,
The interest is justified on several accounts, From the experimental
point1’ 3 of view the electromagnetic production of lepton-antilepton
péirs is important in normalizing other even more interesting pairs
2,4-14

+ + ; . .
like e Yo and p v . From the theoretical point of view,
[0

the original suggestion gives results similar to those obtained as if

the product of the currents is dominated by free field theory singl.llaritiesf2
but the justification of the light cone dominance in this process has never
been complete. Even within the parton model the numerical estimates
depend so critically on the assumptions governing the antiquark
distributions, that a conclusive iest of the original idea has not been
performed and must wait further experimental information. Alternatively,
the experiments will determine antiquark distributions which must then
be compared with the constraints imposed by other reactions.

In the past year experimental results from neutrino and antineutrino

E)

1
experiments indicate that the mean momentum carried by the
antiquarks (non-strange) is small. This implies that the production

of lepton-pairs is greatly suppressed at large values of Q2 and it provides

a unique signature for the process., The need for an updated calculation
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is further enhanced by the observation that most of the calculations

are concerned with the cross section , Which is not the guantity

o
sz

measured directly in the experiments. What are measured ipstead
are double and triple differential cross sections, subject to experimental
efficienty limitations, These reasons compelled us to undertake this
investigation of updating the calculation and studying its sensitivity
on the underlying assumptions,

In section two we present general formulas which can easily be
adapted to diverse experimental situations. Parton distributions
which incorporate the latest experimental information are also
incorporated in the analysis, Section III gives a wide class of
numerical estimates, pointing out signatures unique to this process,.
We have made an effort to present the expectations of the parton model
in detail, so that a direct test with experiment is possible. If the
experimental measurements are in the vicinity of the estimates
then the pursue of further tests and correlations is desirable. If, on
the other hand, the measurements are considerably larger than the
estimates, then we must seek an alternative explanation.15 The parton
contribution may still be there and a two arm spectrometer could
search for it. Section IV discusses briefly the effects of nuclear

corrections, integrally charged quarks, charmed quarks and the direct

production of charmed particles.
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GENERAL FORMULAS

Consider the reactions

p(p,) +p(P) = 2(q) +L(g) + T (2.1)

o . . . + -+ - .

where £ - £ is a lepton-antilepton pair, like e e , p p , and T is

any combination of hadronic states., The original Drell-Yan model2
visualizes the scattering to proceed through quark-antiquark anihilation

into leptons. The kinematics are defined as follows
2
S=(p, *p) (2.2)
2 2

Q" ={q, +q) =xx'S (2. 3)

while some of the other variables are defined in Fig. 1. The variables

x and x' are given in terms of invariants

x=zlp_-a, *p_" ql (2. 4)

x1 =

2
S
2 p,ra, P, 2.5
glpya, tp.-al (2. 5)

Cross sections for such processes have been derived following
standard techniques. It is useful to write a cross section, which is
invariant under Lorentz transformations along the beam direction

Ldo 8 2 d cos 6

Q3 —"3 == | by AP a) +py 9P q) | ——5— ox,x"

dq+ 5 Q sin 9_

(2. 6)

where a is the fine structure constant &x,x? ig a function of the

parton distributions to be defined explicitly in the latter part of this
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d cos 8
section. The volume element ————— isg invariant under boosts along
sin 0

the beam direction. Triple differential cross sections are obtained

readily either in the laboratory frame

d3 811'&2 5 Sin 6:—
a
: = - g + 6 ,
dqgq®dcosf dcosb_ 9 3 |2 -cosf Feosh Az, 2)

s *sin’e 2.7

or the center of mass frame

3 .
dCT i STWZ 3 sin 6+

_ = q 1 +cos 6 _+ cos 6 > Hx,x)
d g° d cos 6+d cos 6 SQ4 + sin36_

(2. 8)
The basic assumption of parton-antiparton anihilation has
several consequences, In the limit where the transverse momenta
of the constituents are neglected (i) the plane formed by the dilepton

pair containg the beam direction, and (ii) the transverse momentum

of the dilepton pair is zero, i.e.,
g sin@ = q,sin 8+ . (2.9

Violations of this relation, arising from a perpendicular momentum
dependence in the parton distribution, should be limited to a few
hundred MeV. Most of the interesting physics is hidden in the function
B(x, x') , which is discussed next,

The overlap function &x,x!) is defined by
= 2, = 2
= " = 1) f—i
&{x, xh) P fz (x) fl (xM Qz + Ifﬂ(x)fl(x) Q'[ (2.10)

while the electroproduction structure function is
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QE f‘z (x) (2.11)

L.z 2 z
Fz(x)_X.EQ.Efz(X)+X£ 7

where T and X imply summations over quarks and antiquarks,

4
respectively. There are, however, several measurements which
indicate that the momentum carried by the antipartons and the strange
quarks is much smaller that the momentum carried by the non-strange

partons. The observed ratio of the antineutrino to neutrino total

cross sections on matter satisfies

1
g _ = 3 1+ e (2.12)
a
where 0.132 for1 £ E < 10 GeV
0,120 for E = 80 GeV
.2 L .1
for sin QC = 0 this implies
1 3
—f X £ (x) dxs 2 ezfx £, (x)dx +0(e?) (2.13)

where the X! indicates summations over quarks or antiquarks which
couple to the AS = 0 part of the weak current. If in addition oy /ch= 0
in neutrino induced reactions, then (2,13) becomes an equality. We

do not make this additional assumption, because the corresponding
ratio determined in electroproduction is different from zero. The main

result is that the contribution of the non-strange quarks is limited to

small x . It is supposed that x is small enough so that the diffraction
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fo 1:':nr1111.517 holds

() = L) = 2.G(x) (2.14)

where G(x) is a function with G(o) = 1 and decreasing rapidly with x.
To determine the significance of the strange quarks one must

compare the electropoduction to neutrino results. The ratiosib’ 17

= 18+
+Fp dx

[l e

. v
an+prdx

and = = < 0.32 (2.16)
Vn Vp
f FZ F2 xdx
- -~
bound the strange quark contribution
+ fm
fx [fh f)\] dx
fx[f FEe+ g +fi dx
P p n n
2
+ f—
fx [fk fk] dx
2
fx [f b+ +f—] dx
p P n n

The bounds indicate that the strange quark contribution is also peaked

f"vn Y]

+ )

E v 3040.06 2+ {2.15)
vV
2

£ 906=0.7 (2.17)

A 0.4 (2.18)

at small values of x. They suggest that f and f)_\ may be limited

A

in the diffractive region, but they are not stringent enough to imply

this conclusion., We shall also assume that
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£<(x) = 2 Gi(x)

where b is a constant and G¥x) is again a rapidly decreasing function
of x with G%o) =1 . Point by point comparisons bhetween F\z‘{ (x) and
F;(x) will determine the importance of the strange and non-strange
structure functions. In the absence of such detailed information we

shall take a = b and G(x) = G'x) leading to

fIS(X) = fr—l(x) = fi(x) —_— (2.19)

We believe that the ambiguities arising from the specific form of

G(x) are far greater than those arising from equating all the antiquark
structure functions, In any case,evidence of the limited antiquark
distributions should be present in the numerical estima tes. From

(2.10); (2.11) and 2.19) we obtain

F,(0)
xx¥ &{x, x1) = 5 F_(x) G(x") + F_(x!) G(x} - F_(0)G(x)G(xY)
2 2 2
ZZQI
Y]
F_(o) (2.20)
where a =~—-2—-§ has also been used. Quark models where the

ZEEQE

antiquark distributions satisfy (2. 19) will lead to a formula of this

form. The functional form is similar to the one suggested by C‘rr-:)nau.18

The main difference stems from the fact that we do not have to restrict
the experiments to kinematic regions where x and x' are small, since
nature automatically provides such a restriction for the antiquark

distributions.
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There are two other formulas which occur frequently in articles.

1
The double diffectial cross section 9 in the center-of-mass system

2 2
do _ 811'0!2 Q]l +'\/ QC Q

2 - 4 7 \2 2
dQ 4@,  3Q (Qu TS Te ) +Q

xx1P(x, x1) (2.21)

and the Drell-Yan formula2
dr _ 4 'm:r2 _ Q2 dx

2 3 2 *Tex | x (2.22)
dQ QS

We shall use these formulas in the next section in order to obtain

estimates for a variety of experimental situations.
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NUMERICAL ESTIMATES

In estimating the cross sections a choice must be made for the

quantities zQi and G{(x). Asymptotically the sum of the squares of the
!
. 2
guark charges is related to the electron-positron anihilation 0 as

follows

+ -
2 _o{e e -—hadrons)
EQi =

¥ - + -
{ ogle € —pn p)

(3.1)

Present data do not seem to indicate a constant ratio associated with
asymptopia. However, in production experiments the dilepton masses
are so much larger that an asymptotic region could still make sense.
Quark models give a wide range of values. For the estimates we shall
select the value of Z:Qf = 2f3 , corresponding to Gell-Mann-Zweig
quarks. !
To accentuate the cut off in momentum distributions we chose
G(x) = 6 (§-x) (3.2)
with £=0.410 and 0.20 . We have also chosen a G(x) obtained in explicit
parametrizations of electroproduction and neutrino induced data,
P::u‘ametzc-izations21 satisfying the sum rules and threshold behavior
give
G(x) = (1-x)" (3. 3)

with n= 9 ., In order to study the sensitivity of the results on the
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functional forms of G(x) we varied £ and the exponent n. Additional
quantum numbers like color or charm will further reduce the cross
sections., The effect of m such multiplets is to scale down the results
by an overall factor 1/m.

In the BNL~-Columbia experiment:l p-pairs were observed with
a longitudinal momentum 2 12 (GeV/c). Theoretical curves, * which
account for this experimental constraint, are shown in Fig., 2. For
£=0,20and Q < 2.5 GeV the theoretical curve could be compatible

with experimental points. Significant deviations occur for larger values

of Q.

Figure 3 shows the invariant and scaling quantity st as

T
2 sz

function of T = Q"/s for different parameterizations of G(x), We note
that for small T the shapes and normalizations of the curves are very
similar, Substantial differences arise at larger values of v. In the
same figure is shown an upper bound from the CCR experiment, 3 All
the estimates are consistent with the bound.

Estimates for the double differential cross section [e.g., (2.21)
in the center of mass system are shown in Fig, 4. An important
signature, arising from the limitation of the antiquark momentum, is

the substantial leveling (dashed curve) and perhaps decrease (solid

curve) of the cross section at small Q“ .

“We were informed that M. Einhorn and R, Savit are completing work
related to this cross section. (NAL-Pub-74/35-THY).
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In experiments of the NAL-type one arm spectrometers seem to
be favored. For such configurations we integrate over 6 and present
the results as functions of 9+ and qa, - Figures 5-7 show such curves¥
for different parametric forms of G(x). We note that for small momentum
of the observed lepton, the dependence on G(x) is not critical, but it
becomes more important as the momentum increases.22 Figure 8 shows
the dependence of the double differential cross section on the parameter
n occuring in (3.3). In a two arm spectrometer one would like to set
a, and 9 + at specific values and search for the other lepton at places
where the cross section has a maximum. Several such curves are
shown in Flig. 9. The main feature in this case is a narrow angular band

of 6 , into which most of the events are concentrated.

2,
%

'We have ascertained that throughout the range of integration Q2 remains
large enough for the model to be valid.
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CONCLUSIONS AND REMARKS

So far we presented a detailed discussion of the Drell-Yan
model in view of the prevailing quark-parion ideas. We have gone
into some detail in presenting numerical estimates so that a direct
comparison would be possible, The numerical results should still
be considered as estimates, because the antiquark contributions could
be considerably smaller and diminish the total rate even further. The
antiquark contributions cannot be larger than the cases we discussed.

Thus an abnormally high rate will have to come from an alternative

explanation, Several other effects could also be present and we shall

elaborate on some of them.

Nuclear Corrections: The experiments are done in nuclei and nuclear

corrections could be important. The most important one seems to be
the production of pions on the surface of the nucleus, which subsequently
produce leptons through the reaction

T+ matter — L4 + anything . (4. 1)
This effect could be analysed as a two step process. First the mesons
are produced which then rescatter to produce the leptons. Since the
antiquark distribution in mesons is not expected to be limited to small
x the P, dependence of the leptons is expected to be considerably

diffe rent.23
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Integrally Charged Quarks: Considering again the basic interaction

to be

q+qgq—-L +1 (4. 1)

we can inquire whether different representations of quarks could lead

to considerably different conclusions. A representative case is three
integrally charged triplets of the I—Ian-Nambu24 type. L.imitations on the
non-strange antiquark distributions again follow from a helicity argument
and remain unchanged. Detail features in such models depend on the
specific structure of the weak and electromagnetic currents. Assuming
again that the X\ -type quark distributions are limited, we arrive at
similar cross sections, except for an overall normalization factor., The
cross section is reduced by a factor of 1/3 due to the three multiplets
and in addition by the fact that ZQiz = 4 1in this case.

Charmed Quarks: Charmed quarks are frequently introduced through

25
P and (p') (4. 2)
(nc )L 7\c L

the GIM scheme
where n =ncogsf + Asinfd and N =-nsinf +Xxcos @ . The
c c c c c c
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charged weak currents

= : + n!
J pnc P )LC (4, 3)

contain transitions into the charmed states. Most likely, low energy
neutrino experiments have not excited charmed states. Consequently,
the effective form of the structure functions is the same asg in the absence
of charm. Couplings of the electromagnetic current, on the other hand,
do not excite charmed states, so that available determinations of vW2
must include contributions from charmed quarks.26 Comparisons among
the structure functions in the two processes determines the importance of
charmed states. Omitting again the antiquark contributions we arrive at
4f +f
—i.f—Jr—fnl < 9g (4. 4)
It is now evident that the presence of charmed quarks will not seriously
modify the previous results, because the combined A and p! distributions
are limited.

So far we considered conventicnal quark-models where the
quarks are left handed. We could in general consider cases where
besides the multiplets (4.2 ) there are also right-handed multiplets. In
such cases the ratio of the cross sections being 1/3 must follow from a

detailed choice of the structure functions. The predictions for the

production of heavy leptons in this class of models can be quite different.
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Other Mechanisms: If charm states exist they should be produced

directly in hadronic reactionsmeither singly or in pairs. They can be
detected by their leptonic decays. Lepton-antilepton pairs could be
produced in this manner, but the correlations and distinct signatures
associated with the electromagnetic production of pairs should now be
absent.
. . N 28 .
Other mechanisms like two photon contributions, direct

29, 30 29-31

W- production and the effects of neutral currents have also

been studied and we refer to the available articles.
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FIGURE CAPTIONS

Kinematics for the process.

Comparison of the BNL -Columbia experiment with
parton model expectations. Solid curve corresponds

to 6(0.20-x) and dashed curve to (1—x)9 .

Comparison with the CCR bound indicated by the arrows,
Curves correspond to the parametrizations of G(x) shown
in the Figure.

Double differential cross section in the center of mass
system,

Double differential cross section in the laboratory
frame for different incident energies and angles 6 +

For all the curves G(x) = 6 (0.10-x) .

Same as in Fig. 5, but for G(x) = 6 (0, 20-x).

(1-x)g .

il

Same as in Fig, 5, but for G{x)
Double differential cross section in the laboratory
frame at the angles 9+ = 40 and 80 miliradians, Three
different parametrizations of G{x) are shown.,

Triple differential cross section in the laboratory

frame for G(x) = (1~x)9 .



=]

Fig. 1



l 0—3!

-35

do . 2
1Q in cm</ GeV
o

10

=37
10

~38
(o)

1 Illllli

1 lllllli

{ IIHI“I | Illlllll 1 lllllill T T TI110

R lfll|

' I

E=285 GeV

] IIIII‘!!I | llllllll I IIIIIIJ,I ] III!IIII ] IIIIIII| L L LLLE

(o))



0L L LN £ L O L0 U O L. O 115
- — <.
Bl
o o A
== & Q
— o .
- x 11200
O - - O
| |
e 1
|
M |
—
= =
. |
m \.
_ Q . _

BLEL 1 Dt | WA [T T (1Y WA A 11U DO 11T W O P
(54 (0] O e N \p)] < n
N N 0 I M ) L2 M
'O 'o o) o 'o 'o e 'o

50 P




1673

-33
10

cm2/ (GeV2/c)
O
o)

o

dor
dq dq,

-37
IO

-38
10

AR RRE

|

P IIHIIl/

/

l'
]
]

— e e el S S
S
o

; | |

Js=56 GeV

e §(0.20-x )

\

N Q=10 GeV

Q=5 GeV

Q=8 GeV

| L 1 1rijt

: l_Illlll

] Illllll

o)

|
2 4

6

8

N NN O MO B
0 12 14 16 18 20

QII

(GeV/c)

Fig. 4



A

dq COSy,

i cm&/(GeV/e)

-30
{0 = T 1 T I T -
. ——==— E = 100 GeV 4
= E =300 GeaV -
_3 ——— E =500 GeV
10 — =
-32
10 FE ol
-33 =20mrad
10 B =
0> \\
- \9+=40mrad ’
: 5, 9+=40mrad j
25 mrad 8,=60mrad
| | ] | { |
10 0 20 40 60 80 t00 {20
q, (Gev/e)

Fig, 5

{40



-3l
10

1
W
N

L I!IIIII

o

in cm? /(GeV/c)

O
W
N

g
dq,dcosé,

-34
10

-35
10

[ LLI L

BN IRLEEL {

1

| IITII!Il

] lllllil.

- —

8,=60mrad
!

E=100 GeV

E=300 GeV

\9+=40 mrad

— —— E=500 GeV

8,=20mrad

8,=40mrad
!

i llllllll llllllll ] IIIIHII

1 | Illlll

]
60 80
q, (GeV/c)

Fig. 6

|
100

120

|40



{6 = T -
-3l
I0 E— —
- '1
o 3 .
D -32
> 10— —
e = -
. - -
od = —_
£ - _
[ &)
£ - )
o 33_ _
m —
blSi0 T —
o, - §.=20mrad =
e -
© == —
-34
o] = —_—
B 8,=60mrad 40mrad 7
|O-35 | | ] | | §
0 20 40 60 80 100 120 40
q, (GeV/c)

Fig, 7



5 in cm2/AGeV /c)
+

o_
dq+d cos

~30

IO — 1 1 | i } [ ~
= E =300 GeV Z
- ¥ 6ix) .
B —————— (1-x)2 ]
- ———(I-x¥ -
-3 ) (1-x)°
10 E— —
=32
o) — —
-33
10 B —]
-34
0 E- =
~ 8=40mrad™
+
=35 | \ \ \ \
!O ] | | |
0 20 40 60 80 00 120

q, (Gev/c)

Fig, 8



dg,dcos 8, d6_

ULILLLLL L IIIIIHI t 1 TTHN

IIIIHII | llllllll J llllllll

L I]lllll

E=300Gev §, =50 mrad

4, =20 GeV

I llllllll AR

IR

o

2.7

2.8

29
8 Rad

Fig, 9

30

3l

W

.2



