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Lepton pair production in hadron collisions
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We construct a model for lepton pair production in the low-mass region (m & 3;1 GeV), determined by the
production characteristics of inclusive hadron production at small p~. This description agrees well with lepton-
pair data up to 3.1 GeV. We then apply our model at higher masses and compare it with predictions from
pointlike-parton annihilation.

I. INTRODUCTION .

The aim. of this work is to examine a hadronlike
model for lepton pair production in hadron-hadron
collisions. By "hadronlike" we mean that the func-
tional behavior of the transverse- and longitudinal-
momentum spectra, their dependence on the inci-
dent energy, and all relevant parameters of these
distributions, are taken from low-p~ hadron phys-
ics.

Such a picture is clearly of interest for the lep-
ton-pair mass region below m «& = 3.1 -Qeg, where
pointlike (Drell-Yan') descriptions deviate from
the data' by a factor of 5 to 10. For masses above
4 GeV, the model can be used to investigate which
distributions really call for a pointlike-parton an-
nihilation picture, and how the transition between
low and high lepton-pair masses takes place.

In Sec. II, we formulate our model for the lepton-
pair mass region m & 4 Qeg and discuss the re-
sulting description of the data. In Sec. III, we then
extend this description, as fixed. in the low-mass
region, to high masses, in order to investigate
limits of a hadronlike description.

1.0- Ys = 31 GeV

also show the specific form

f(E ) exzr

with X= 6 Geg ', it is seen to reproduce the data
quite well.

For the p~ distribution of lepton pairs in hadron-
like production, the above implies, with the func-
tion f(Er) from Eq. (1),

(dv/dpr )/(do'/dpr )~ o
=f((pr + m )'~ —m),

(4)

where'm now denotes the mass of the lepton pair.
In Figs. 2(a) and 2(b) we show the data on lepton
pair production from m&0.45 Qeg to m =m J/g

II, THE LOW-MASS REGION

Er (pr +m„) -—m„, (2)

as an illustration, we show in Fig. 1 data' for z',
K', and p as secondaries. For comparison, we

Our basis will be the general behavior of the in-
clusive production of hadronic secondaries from
conventional hadron-hadron collisions, i.e. , for
~pr ~& 1-2 GeV/c. One of the most universal fea-
tures here is the transverse-momentum behavior
of the secondaries: For various single' and even
multiple' hadron systems as secondaries, we have

(d(r/dpr')/(do/dpr')~ =f((pr''+ m„')'~' —m„),

(1)

where m„denotes the mass of the observed ha-
dronic secondary. In Eq. (1), f(Er) is a universal
function of the transverse kinetic energy
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FIG. 1. Data (Ref. 3) on pp —(p, ~', K')+X at 90 com-
pared with exp(—6E g.
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FIG. 2. (a) Data (Bef. 2) onpp p, 'p X for various mass bins Q
been multiplied by a mass- (Q) dependent normalization factor. .l

and lepton-pair masses. Data have been taken from Bef. 2.
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compared with exp(—6'). [The original data have
(b) Same as Fig. 2(a), but for different initial energy

.= 3.1 Ge&. All data fall nicely on one curve, and
that agrees well with the hadronic p'arametrization
(2) with the universal constant )t= 6 GeV '. (This
conclusion was also reached-in Ref. 5.)

Let us now consider longitudinal-momentum
spectra and the dependence on incident energy. A
suitable variable for these questions is the ratio
Mx'/s, where Mx'=- (P —p)' is the missing mass
associated with the observed secondary of mass
P'=m', I =s is the squared c.m. energy. For m
fixed and s

M 2/s= 1 —2(p 2+p 2+m2)»/s& 2+m2/s (5)

reduces to

M '/s=l —x, =1 —ix i, (5)

with x, =-2p, /Ws, x~=-2p~/v s denoting radial and
Feynman scaling variables, respectively. For
pz= 0 and pT/v s = 0, but large m, Etl. (5) gives
with

Most models for .small-pT hadronproduction (un-
correlated-jet model, multi-Regge model, dual
model, and &luark-parton models) agree on the
form

,= c„(l x,) f(Z,),
~tot x pT

for the x dependence of the observed secondary;
here c„and n are constants depending on the nature
of the secondary. The origin of this form is per-
haps most clearly evident in the uncorrelated jet
model, where the single-particle distribution is
simply the ratio of the available longitudinal phase-
space volumes

'
d
—

dp .-f(&,)fl, , I(&-p)'j/f1„, (&').
~tot de dp'T

I

Since Q~~s{s) grows as a, power of s,

M '/s=(1 —m/v s)',
a quantity useful for investigating mass scaling.

Q~~s(s) - s

we obtain

(10)
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3.5 V s = 16.8 GeV

o p/&

2-f(Er)(M» /s)
0't t cfx~ dPz

' f(Er)(1 —x,), for m'/s —0

(12a)
m

f(E ) ~

I ~, for p2/s-0
(12b)

for the corresponding distributions in 2Po/Ms and
m/Ds. The form (8) has been used to fit a variety
of hadron spectra from high-energy collisions;
most recent fits' for pp- m+ anything give &=3.5.

We now assume that lepton pair production of
given mass m (m s 4 GeV) is also governed by the
hadronic form (8). This immediately provides
three types of predictions: At fixed pair-mass rn,
the form (M»'/s)™ should describe the P~ depen-
dence at fixed s as well as the s dependence at
fixed p~; moreover, the power n =3.5 should hold

independently of the mass of the lepton pair.
In Fig. 3, we show the suitably normalized p~

distribution at fixed energies, v s = 16.8 and 20.8
GeV, for various bins of mass m —= Q, both for the
resonances and the continuum (the normalization
depends on the ma. ss m). The data lie on one uni-
versal curve, which agrees with the form (1 —x,)"
from (8) and (12a). In Fig. 4, the s dependence of
lepton pair production at fixed p~= 0 is shown for
pairs of fixed mass (equa1 to the mass of the Z/g,

Vs {GeV)
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m =m«~)' by again plotting the cross section ver-
sus x0. The s dependence agrees with the form of
(12b); agreement near the phase-space boundary
is improved if M»' in (11) is replaced by M»'
-4m„' to take care of the fact that the final state
has to contain at least two nucleons besides the
lepton pair. For energies above Ws-15 GeV both
(1 —xo)" and (1 —m/v s)' from (12a) and (12b)
give approximately the same result.

We thus conclude that our hadronlike picture,

FIG. 4. J/P production data (Ref. 8) at various ener-
gies compared with the theoretical prediction from (12b).
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xdo M ' ~ e's&X'

dx~dpr dt's s 2(XI + I) (13)
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agrees well with the p~, p~, and overall energy
dependence of lepton pair production up to and in-
cluding m =mz&&=3. 1 GeV. In (13), both the ana-
lytical form and the numerical values of the pa-
rameters A, =6 GeV ' and n=. 3.5 have been taken
from inclusive production in the low-p~ regime.

, The absolute normalization of the lepton-pair
cross section, as well as the relative normaliza-
tion of the different pair masses [g(m) in (13)],
are as yet undetermined. The factor A.'/2(Xm+ 1)
in (13) has been extracted from the mass depen
dence in order to provide a simple normalization
of the cross section (13) upon integration over pr:

0.5 xo
g2

(14)

FIG. S. Data (Ref. Z) on the distribution in xo =2po/
v g for pp JL(,

'
p + & at g = 16.8 and 20.8 GeP for various

lepton-pair masses compared with the hadronlike pre-
diction (1 —g p)

'

Let us note that the hadronic form (13) Iwith (I)]
implies a scaling law for the mass and energy de-
pendence
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in the general sense of a factorizing mass and
m/v. s dependence. (A scaling law of more general
form than the specific one from Drell and Yan' has
first been conjectured by Sakurai'. )

To specify the function g(m) in (13), we introduce
a power ansatz, g(m)-m s, containing the free
parameter P.

In the spirit of duality, ' it would be appropriate
to determine g(m) from vector-meson production,
but for present purposes it seems sufficient to sim-
ply adjust the absolute normalization and mass de-
pendence by choosing

D
E

C
g(m) =—,, c=1x 10 ' mbGe&4. (16)

10

10

3 rn (Gey)

Gey

This choice provides acceptable fits to the mass
distribution, as seen in Figs. 5(a)-5(c), where (15)
with (16) is compa, red with the experimental data
from the Chicago-Princeton II collaboration. '

Let us briefly comment on the procedure used to
obtain Figs. 5(a)-5(c). Data at y=0 are not direct-
ly available. We have therefore used in Fig. 5(a)
the carbon data from Ref. 2 taken at x~ ~ 0.1 and
extrapolated to y= 0, using the parametrization of
Ref. 2. The result is compared with the theoreti-
cal ansatz I(15) and (16)]

I I

I
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V
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10'-
E

dPl8$ o s (17)

in Fig. 5(a). In Figs. 5(b) and 5(c) we then show
data for do/dm on carbon and beryllium at u s
= 20.8 and 16.8 GeV integrated over x~&0.1 and
x~&0.15, respectively. In order to compare with
(13) and (16), we approximate the xz integral of
(13) by

10

(b)

1 2 3 4
m(GeV)

with

jo.. m
(pA) =c' I-~ (18)
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c'=Ae
in xp

(1 —x)3'5dx (19)

where A is the nucleon number of the target nu-
cleus. Let us note that the mass dependence of the
data shown in Fig. 5, due to m/v~s&0. 2, is domi-
nated by the m ' behavior of (16).
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FIG. 5. Data (Hef. 2) on the mass dependence of lepton
pair production in the region of m {e'e ) 6 4 Gep, com-
pared with (17) in (a) and with (18) in (b) and (c),

III. THE HIGH-MASS REGIME, m(e+e )p4 GeV

It is widely believed that the production of lepton
pairs of sufficiently high mass is governed by a
dynamical mechanism quite distinct from the one
responsible at low lepton-pair masses. Neverthe-
less, a careful analysis of exactly what features
of the data necessitate a departure from concepts
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with c»=1.3 x10 ' mboeV '. The power 10 in
(21) is motivated by dimensional arguments for
parton distributions, "and the normalization is
compatible with deep-inelastic lepton-hadron scat-
tering data. %hile agreement with experiment
above 4 Ge& is very good, there is a well-known
strong discrepancy in the low-mass region, as
seen in Fig. 6.

The mass dependence at Ws= 27.4 GeV in the
high-mass region thus does not discriminate be-
tween (20) and (21). 'IvVe thus consider the energy
dependence, which is predicted to be quite differ-
ent by (20) and (21). In Fig. 7, we compare with
data from the Chicago-Princeton I collaboration at
different energies, also including the Columbia-
Fermilab —Stony Brook data from Fig. 6. Taking
into account the fact that the structure at 9.5 GeV
is probably due to the excitation of a new hadronic
degree of freedom, we conclude that both (20} and
(21}are also in reasonable agreement with the en-

I I I I ~ I I
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FIG. 6. Data (Hef. 10) on lepton pair production for
m(e'e ) & 3 GeV compared with the theoretical predic-
tions from both (20) and (21) at fixed c.m. energy'.
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successfully employed (Sec. II) in the low-mass
region has, so far, not been provided. Therefore
we want to confront the model of Sec. II with the
data on high-mass lepton pair production.

In Fig. 6, we compare the most recent data"
from the Columbia-Fermilab-Stony Brook collab-
oration on the mass dependence between 3 and 14
GeV with the pr-integrated form (17)

cf&l dig 0 s (20)

As noted in Ref. 2, there is a systematic normal-
ization difference in do/dm at m-4 GeV between
the Columbia-Fermilab-Stony Brook data" and the
Chicago-Princeton II data, ' which have been used
in Figs. 5(a)-5(c}. Accordingly, the normalization
constant c = 3 x 10 4 used in Fig. 6 is lower by a
factor of 3 compared with the one used in Fig. 5.
Taking this into account, we conclude from Fig. 6
(and Fig. 5) that the functional form (17) of Sec. IJ
is in satisfactory agreement with the data from the
po mass to m(e'e )-14 GeV.

For comparison, in Fig. 6, we also show a pre-
diction based on the Drell- Van mechanism of point-
like. quark-antiquark annihilation, which is essen-
tially given by
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FIG. 7. Data (Ref. 13) on lepton pair production com-
pared with the theoretical predictions (20) and (21) at
three different c.m. energies Wg. The solid curve cor-
responds to (1 —nz/Wg)~/m ., while the dashed one is
due to (3. —m/Wg)~0/nz3.
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a new mass scale."
It is difficult at present to decide on the hadronic

versus partonic nature of p~ distributions. Never-
theless, here t;he preliminary data on lepton pairs
perhaps indicate a difference between the low- and
high-mass regions. It would certainly be of inter-
est to see whether such a difference also exists for
massive hadronic systems.
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FlG. 8. The average transverse momentum p z as a
function of the lepton-pair mass M(JL(, p ). Data from
Refs. 2 and 10.

ergy dependence of the currently available data.
More refined data are therefore needed to clearly
discriminate between (20) and (21). Let us add
that according. to (20) or (21), either m'der/dmdy
or m'da/dmdy should scale; when performing
scaling tests, care should be taken, however, to
not compare data from resonant and nonresonant
mass bins.

Finally, we turn to transverse-momentum dis-
tributions. Here the situation is less well defined
both in a hpdronlike picture and in pointlike-parton
annihilation; no p~ distributions of high-mass sin-
gle hadrons exist, and at least three differ'ent ex-
tensions of the (initially longitudinal) pa, rton model
to mass-dependent pz have been proposed. ' In
Fig. 8, we compare lepton-pair data with the pre-
diction obtained by integration of Eq. (3):

p, = e'"Ic,(xm), ~= 8 Gev-'Am'
(22)

where K,(x) is the modified Bessel function of the
second kind. It is seen that the preliminary data
of Ref. 10 fall below this prediction. This is also
borne out by the corresponding p~ distributions
themselves. One should note, however, that multi-
hadron systems yield a slower p~ growth with m, 4

more in accord with an independent-emission pic-
ture" than with the extrapolation of (22) to large m.

Among pointlike-parton descriptions, both covar-
iant parton models" and asymptotic-freedom ar-
guments' are likely to encounter difficulties with
the new data. However, a mass-dependent P~ can
be understood in the parton picture, if one invokes

VI. CONCLUSIONS

Let us summarize the main points which have
been made by the following concluding remarks:

(1) The pr and p~ distributions, as well as the
energy dependence, of lepton pairs of fixed mass
m(e'e ), with m & 4 GeV, are essentially the same
as the ones found in inclusive meson production.
Upon adjusting one free parameter for the mass
dependence (and normalizing. at p' mass), we ar-
rive at a complete description of low-mass (&4
GeV) lepton pair production given by (13) and (18).

(2) The mass and energy dependences, as fixed
for m below m-3 QeV, are completely consistent
with present data up to m -—14 Qep. Namely, high-
mass data are compatible with mass and energy
dependences of the data in the low-mass region,
where all production characteristics are hadron--
like. High-mass data, however, are also consis-
tent with the mass and energy dependence charac-
teristic for pointlike quark-antiquark annihilation
(Drell- Yan mechanism). Using further data one
may be able to discriminate between (20) and (21).

(3) Concerning the pr dependence, the universal-
ity in the transverse kinetic energy E~, relevant
at low masses including the J/g particle, becomes
inconsistent with data at very high masses. This
at present seems to be the only definite feature in
the data which indicates different physics.

Note added in proof. Concerning the pr depen-
dence of Fig. 1, it has meanwhile been shown that
finite-energy (essentially momentum-conservation)
corrections to the universal exponential E~ behav-
ior yield rather good agreement with the flattening
of the experimental data as a function of m,
shown in Fig. 8 [E. H. de Groot, H. Satz, and
D. Schildknecht, Bielefeld Report No. BI-TP 78/01
(in preparation)].
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