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The total cross-section for the Drell-Yan process is calculated with the hadron mass
corrections included. We show that these corrections are important for the collision energy
less than 10 GeV and they become negligible for higher energies.

PACS numbers: 12.40.~y, 13.85.-t

Introduction and conclusions

The total cross-section do/d(Q? in the Drell-Yan process, as derived from the leading
log QCD calculations, is 2-3 times smaller than its experimental value. It was expected
that the above mentioned discrepancy could be removed by taking mass of hadrons into
considerations.

In this paper we present calculations for the total cross-section in Drell-Yan process
with mass corrections.

The main conclusion of our work is that the mass corrections are important in the
low energy region and are negligible for the center of mass energy s > 100 GeV2. This
result is intuitively expected because, for s > 100 GeV?2, hardon mass is small in com-
parison with the collision energy.

The method for including the hadron mass effects is discussed in Section 1. We recall
the known results for the deep inelastic scattering and we then apply the same technique
to the Drell-Yan process. Numerical results are presented in Section 2.

1. Deep inelastic scattering and Drell-Yan process

The total cross-section in deep inelastic scattering can be presented as a product of
leptonic and hadronic parts

o = 0’”(‘]9 p)Luv (1)
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where L, is the amplitude for the emission of the virtual photon with the four momentum
q, and 0""(q, p) describes the photon-hadron scattering.
The cross-section o**(q, p) is expressed as follows (Fig. 1):

a"(g, p) = § d*kM"'(g, K)H(k, p) 1)

where M**(q, k) is the cross-section for the hard process and H{(k, p) is the hadronic struc-

ture function.
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Fig. 1. Diagrammatic representations of the deep inelastic scattering process

The parton model formula for o' in the limit of the massless target reads

= fdy.[dxM“v(y’ b, q)F(x, Q2)5 (’% —_V) s

Xg = 7, X =-—, Q2=~q2' (2)

The target mass effects can be included by using the Nachtmann moments formalism
[4] or, equivalently, the scaling technique [8].

However, none of these methods allows for a natural extension to other hard processes.
Recently, the target mass effects have been reanalyzed in the context of the complete anal-
ysis of the twist 4 sector in the deep inelastic scattering [7]. The prescription given therein
consists in replacing the general hadronic blob H(k, p) in Eq. (1) by

2k 2k
() (%) @

H(k, p) - —



401

where the function ®(x) is related to the leading twist parton density F(x) (Eq. (2)) as follows

1

j dy®(y).

Xx

F(%)

1
~2(2n)°

Including the QCD scaling violation effects we get the following expression for the deep
inelastic cross-section:

d*k 2k \
(. p) = f dy f — M, b ) (T} : Q’) 5(%)5 (xs W)@

The function 5(k?) in Eq. (3) forces the interacting parton to be on-shell, as in the standard
parton model formula, Eq. (2). However, the parton momentum in Eq. (3) is not collinear
to the hadron momentum since the parametrization in Eq. (2°) allows for a non-zero trans-
verse momentumni. In the case of the deep inelastic scattering, the &k, integration can be
performed analytically and one gets the standard Nachtmann ¢ scaling expressions.

We use the given above prescription for including the target mass effects in the Drell-
-Yan process. In this case it is difficult to obtain exact analytical expression for do/dt
(as for deep-inelastic cross-section), so we calculate it numerically.

The cross-section do/dr (Fig. 2) for the Drell-Yan process can be expressed {2] as
follows:
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Fig. 2. Drell-Yan process
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where do/dx is the cross-section for the hard process, F,(x;, 02), F,(x,, Q%) are the hadronic
structure functions and © = Q3%/s, s = (p,+p,)?, Q* = (I, +1,)>. Mass effects, according
to Ref. [6], are included if (4) is changed to

d*k, d“kz .
—d}_ @2n)° f .[ (1_ 2k1k2> A

do 2k p, 2k2P2
Fo (e o)a (G e) Q
We parametrize k, and k, by Sudakov variables:
K3+ ki, —xiM?
k“ = XD 1+‘“-_12~’L_“—l‘ 1+k1_]_, n%=0, piny =1,
X1
kK2+k2, —x3M?
ks = x,ph+ S mik, =0 pamp =1L, )
2
pi=pi =M Q)

From Eq. (6) and (7) we obtain:
Pi IR Pz
nt = ~—(1~ _M_) PR ¢ B ®)
M* ‘/(PxPz)z“M4 \/(P1P2)2‘M4
P2 bip2 4
M2 1- i)t 2_prd
‘/{Pxpz) -M v(pp) - M

The particles produced in the final state are on mass-shell then (p, —&,)*> >0, (p, ~k,)? > 0,
which can be reduced to:

ny =

®

0<x, <1,k <x(l-x)M?
0<x, <1,k <x,(1=x)M2 (10)

After some algebraic manipulations we have:

1 1 1 1 1

do 1 ~ do -
o = W [dtg?fdx, jdzljdxzj dz,

A B X3 B X2

J‘dozé ('2'— —Q—Q—:) & (24, Qz)dﬁz(zz, QZ), (11)

where

Q? 2 2
A= T s; = (p+p2)" —2M°%,
1
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0 = 2x:5(p22)+(P1P2)(22~— 2x,5) + (p102) (21 — 2x,)

+(P1P2) (21 —2%,) (22— 2X,) + 2M? cos a v/ x,%5(z, — x,) (2, — X,). (12)

B was calculated numerically from condition é (‘?— —Q——)
e

¢ = 1-V1-M*(pp,)%

By taking the limit M — 0 in Eq. (12) we recover the standard parton model formula.
Then:

9 = 2xX3(p1Py) = X1X38, S =85 A=-—"—, (=0, B=A4,

1 1 1
do ~ do - T
— = ldt—|d dx,0{1—
dr f A j le *2 (T XX,
A A A

Eqs. (13) and (4) are identical if we identify:

1

1
)sz D,(z4, QZ) dz D,(z3, Qz)
122n)? 2 2emy?

xy x2

(13)

1
1
Fy(xq, QZ) = 5(27)3 fdzl¢1(21, Qz)’

1

52y f 4.8z 0.

X2

Fy(x,, Q%) =

In the next Section we present the results of the numerical analysis of Eq. (11).

2. Results

Numerical calculations were made for p+p — pru~+X scattering with the center
of mass energy squared s = 25 GeV? and s = 36 GeV?2. We used the proton structure func-
tions as in Ref. [5]. Figs 3 and 4 show results for 25 GeV? and 36 GeV? respectively.
Curves 1, 3 illustrate do/dQ? as a function of Q2 with proton mass M = 0. Curve 2 corre-
sponds to proton mass of 1 GeV.

Taking proton mass into account leads to two effects. First, the cross-section decreases
due to the decrease of the energy available for quarks (4 and B in Eq. (12) increase). Sec-
ondly, we can expect intuitively that integrals over k,; and k, , in Eq. (12) should enlarge
the cross-section. We have estimated the values of these integrals by calculating the cross-
-section for 5 = 23 GeV? and 5 = 34 GeV? with M = 0 GeV. The energy available for
quarks is identical as in case s = 25 GeV?, s = 36 GeV? with M = 1 GeV. The results
do not differ within the range of Monte Carlo errors 2.5%,. Therefore only the first effect
is important.
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From comparison of Figs. 3 and 4 it is evident that the mass corrections decrease
with s increasing, and for s = 100 GeV? they are already within the range of our Monte
Carlo errors.

It is clear that the proton mass corrections are important for energies smaller than
10 GeV. However, they do not improve the consistency between the QCD calculations

and the experimental data.

I thank Dr. J. Wosiek for helpful remarks and enlightening discussions, and Dr.
W. Furmanski for careful reading of the manuscript.
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