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An expression for transverse-momentum distributions is presented for Drell-Yan-type processes:
it is infrared finite, includes soft-gluon summation in the leading-logarithmic approximation and
reproduces the first-order perturbative results at large p,. In addition, our expression incorporates
soft QCD radiative corrections to that part of the cross section where hard bremsstrahlung dom-
inates. We compute W transverse-momentum distributions and average values for a set of different
energies: Vs =630 GeV, 1.8 TeV, 6 TeV, and 18 TeV.

I. INTRODUCTION

The question of how final-state particles acquire their
transverse momentum in hadron-hadron collisions is of
great theoretical and phenomenological interest since it
can shed light on the dynamics of interaction between ha-
dronic constituents. A typical example is offered by the
Drell-Yan process, in which the final-state muon pair is
seen to acquire a Q2-dependent transverse momentum
through initial-state bremsstrahlung from the colliding
quark-antiquark pair."? This mechanism was shown to
hold for Drell-Yan pairs observed at the CERN ISR and
at Fermilab.® At higher energies, the comparison be-
tween theory and experiments for the case of W and Z
production is considered to be an important test of QCD
at the CERN Collider.** For transverse momenta of the
order of less than 10% of the W mass, the calculation in-
volves the use of soft-gluon summation techniques, while
for higher transverse-momentum values the usual pertur-
bative expansion is quite adequate. However, since the
perturbative calculation diverges at small p, particular
care must be taken in joining soft and hard terms, so as to
reproduce correctly the perturbative limit, and at the
same time avoid double counting in the soft region. We
would like to point out that this is a general problem,
present also in the case of jet production, where the ques-
tion of how to include both high- and low-E jets (the
latter are often called, perhaps improperly, minijets) has
not been completely solved. In this paper we present a
formalism for regularizing the transverse-momentum
divergence which is based on an infrared regulator, rath-
er than the usual 6-function prescription. We believe this
method to be numerically simpler than the ones present
in the literature and to offer, in addition, a very transpar-
ent physical picture which can be applied to other prob-
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lems such as minijets.

We shall start with the soft QCD bremsstrahlung for-
mula which gives a finite distribution for W production in
the low-py region. This formula can be derived using a
semiclassical approach based on the Bloch-Nordsieck
method for QED, but its validity has also been checked
through perturbative calculations.

We then apply the same formula to perform soft radia-
tive corrections to production of a W boson and one hard
jet. The subtractions needed to avoid double counting in
the soft region will then show how the soft bremsstrah-
lung distribution can act as an infrared regulator. We
present results at four different energies, V's =630 GeV,
1.8 TeV, 6 TeV, and 18 TeV, and show both the normal-
ized transverse-momentum distributions and the absolute
cross sections.

II. LEADING-LOG QCD RADIATIVE
CORRECTIONS TO W PRODUCTION

The two-vector py probability distribution of the W
may be written in the parton model with QCD radiation
as

dP _ dP
dpf dKr’
where
p?/: _ EPgluonsEKT (1)

obtains its value from the transverse momentum due to
initial-state bremsstrahlung. The multiple soft-gluon
emission calculation (to all orders in a;) is available in
the leading-log approximation®® (LLA). A calculation
which includes hard-gluon emission probability is avail-
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able to order a, in Ref. 5. A Monte Carlo calculation is
available to order a? in Ref. 7.

In the following we shall approach the problem using a
semiclassical four-dimensional derivation.

For soft massless quanta emitted by a semiclassical
source, the four-dimensional probability distribution is
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given by8
d*P(K)= EP({nk,})S" K—3k'n d*K . (2)
-

The four-dimensional & function selects the distributions
with the correct energy-momentum loss K. The above
distribution then reduces to

d*x )
d*P(K)= ex [iK-x— d’n (k[ 1 —exp( — ik -x) ]d“K, 3)
oo / [1=exp ]
—
where The soft contribution to the differential cross section
FE for W production can then be written as
d*n(k)=——1j,(k)|? @) soft
2kq EdZLI="0f [ F(Q)8(k)8(pr—ky—Qp)d*Qrd ks
with préy
2a;, | 9)
. 2__ s 1
i (k)*=c; 2 K with
w
and c;; =% or 3 for quark or gluon source, respectively. o_do”
Thus, the distribution of the vector-boson transverse dy
momentum due to soft initial radiation is given by =60 > [g:(x, ,my)g(x,,mi)+12], (10)
d?P(K) _ d*p i
d’K , _de‘)de3 'k ) where
Performing the integrations in Egs. (3)-(5), one obtains X =Vreh, x,;=Vre™,
for the soft radiation T= m,z,, 50— a 1
dPsoft o ’ i 2 ’
——= [ "bdb Jo(prblexpl—h (Eyib)],  (© s 3sin’0y
PréPr and with
where ft
dPSO
—_— FQpr)=——. 1y
Eyd Ey+VEL—K2 7 a%Qr

=8 kr 2
h(Ey;b) 37f0 e a,(k2)In

Ew—VE}—k}
X[1—Jo(bkp)]
= fOEdeT(ZwkT)f(kT)[l—Jo(ka)] %)
with

k __4ozx(k%)L1 Ey+VE}—k2
f T)" 3 2 k2 n — (8)
T T EW_‘/EW_kT

Notice that the soft distribution depends upon the be-
havior of a; as k;—0 as well as from the upper limit
Ey,, which is rather arbitrary. For instance, the soft dis-
tribution discussed in Ref. 6 was obtained with a singular,
but integrable, a, given by

127 p
25 In[1+4p(k?/A%YV]

a,(k?)=

with p =3 and Ej =M, /2'®. This choice of a, avoided
the introduction of the intrinsic transverse momentum, a
parameter needed to justify a nonzero {py) at very small

energies. Different choices for a; are given in Refs. 5 and
9.

In Eq. (9) we have folded the soft distribution F(Qr)
with the perturbative contribution, which in this case is
just a & function in transverse momentum.

The above distribution applies to the case when the
emitted gluon energy is not larger than 20—-30 % of the
W mass. For really-hard-gluon emission, when p¥ =m,,
the p, distribution is given by the first- and eventually
second-order perturbative expression. There is however
an intermediate range such as

my
2 b
where the W boson acquires its transverse momentum

through both soft- and hard-gluon emission, and we shall
concentrate in that region in what follows.

m
¥ <pF<
4

III. LEADING-LOG QCD RADIATIVE CORRECTIONS
TO W +JET PROCESSES

Consider the process drawn in Fig. 1 to which the sub-
process diagrams of Fig. 2 contribute. We now apply the
formalism of the preceding section to the process of Fig.
1 and write
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FIG. 1. W+jet production in pp collisions.

da,W+Jet
dszdy
_ daL'V 2 g2 2
-fmF(QT)d kd’Q 8% p;r—kr—Qy)
T
dL(l)
= ———F(pr—ky;)d%k, (12)
fdzkrdy Pr T T

where dL ‘" /d*k ;dy corresponds to the cross section for
W +jet emission and F(Qy) is the probability distribu-
tion for soft QCD radiation of total momentum Q. In
this way the total observed p} appears as the convolution
of two contributions: soft initial-state radiation together
with hard scattering Compton and ¢gg annihilation in Wg.
However, of the two distributions, while F(py) is finite as
pr—0, dL'V/d*k ;dy has to be defined. To do that, we
start by considering the differential cross section for the
process shown in Fig. 1, i.e., order-a, corrections to W

do¥ _  4rma a‘(p%)ifl
dPTdy 9 sin20W N Pr ¥ *mm

and

do® Ta 22 P1T 1 dx, 1

= a
dprdy  3sin%6,,

*min X —+Xre’ X1x3

and with

2 2
my 4pr
T=—, x%=——, sz=x%+4T.
s s
We also have the definitions

L% o Vy —

1Xre Ix\—7
x = —
2 x,—1ix,e”

17 2%XT

dxl E [q"(xl,m%y)q"(xZ,mfy)'*' 14—*2]

22 2
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FIG. 2. Feynman diagrams for W production through ¢g an-
nihilation and Compton scattering processes.

production.
This cross section is given by!°
d*c'V _ do% do?®
dprdy  dprdy | dprdy 43

with

1+72/x3x2—x2/2x,x
1%2 T 1%X2 (14)
xl_%fTey
(X%, =7+ Hx x, +7+V)?
g;(x,,m%)G (x,,m) Pa—
+(12,Ve—V) (15)

¥ y -
—2—xTe T
X min

1 ‘—%fre v’

V=xx,+t7—x X7 7,
where V's is the proton-antiproton center-of-mass ener-
gy, G and g; are the (singular) gluon and quark densities,

respectively. We shall omit the explicit y dependence in
the following. All the calculations will be done for y=0.



41 BLOCH-NORDSIECK REGULARIZATION OF QCD. ..

In order to get the overall W differential cross section,
we have to add the soft contribution of Eq. (9) to the hard
one of Eq. (12) without double counting. Double count-
ing may occur unless the hard contribution in the soft ra-
diation region is subtracted. Let g.,, be the maximum
value for such soft-gluon emission defined as the k-
integration limit Ey, in Eq. (7). Then one can avoid dou-
ble counting by writing!

do 0 Imax LV
=0 F(pr)+ ——[F(pr—kr)
dsz o Pr fO dsz[ Pr T
—F(pT)]dsz
© dL(l) :
qmn—d-z-k";F(pT—kT)d kT » (16)

where, as k; becomes soft, the contribution of L") is re-
duced, and we have an expression for the differential
cross section that joins smoothly the soft and the hard
contributions.

J

1 d
(p})= | p3F(pr)d’pr+—— | 7
Pr pr Pr)a"pr '+ o! prf
) 1 dL(l)
= [p2F(p,)dp,+—— k#d’k
pr Pr)d Pr o0+ o! dsz T T

and expanding F (py) we have, to first order in a,,

dL(l)
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This distribution has to be such that the average value
of pZ verifies
<P% ) — <P%‘ ) Ist order

and this constraint will define dL ‘" /d %k ;.
First of all we rewrite Eq. (16) as

d‘ﬁ:T —(6%+0")F(py)
o dLM
[Fipr—kp)—F(pp)ld*%k,, (17)
0 dsz T T T
where
| © dL(l) )
= d’k (18)
Imx d%ky |

and we notice that fde(da/de)=(0°+0’) because
the soft distribution F (py) is normalized to 1.
Then

(D
7k [F(pr—k;)—F(pr)ld*k d?pr
T

1
2 d2 + S
prf(pT) Pr 0’0+O'1 f dsz

1 do!
k#d’k = 2 d’pr,
T T 0‘0+0" pr dsz Pr

where f (p7) is defined in Eq. (8) and do' /d?pr is the first-order perturbative cross section, Eqgs. (13)=(15). Then,

dL(l) dUl
dsz o dsz
and, from Eq. (18),

—(0%+a")f (kp)

1— © dO’1
Imax d 2K

(19)

(20)

because f (k7 ) is defined only up to k=g,,, (the maximum transverse momentum for soft-gluon emission).

The full distribution can now be written as

o do!
Imax d’k 7

do 0

dsz

d%k;

Fsoft( )+ *®
Pr fo d%k,

where q,,,, is the only parameter we have to specify.

do! _

(0%+ o) fky) |[FYpr—kp)—F*Yp)ld %k , 1)

The maximum transverse momentum for the soft radiation is, for y=0 (Ref. 3), Gmax =Q(1—2)/2Vz with z=02/3,

2

where $=x,x,s is the energy squared of the subprocess gg — Wg and Q?=m?}, in the case of W production. Then the

exact expression to calculate would be

do
dsz

+[ " dkr

do'!
d%k,

—[6%(x,x,—1)+& Nf(kr)

= fdxlf(xl,Qz)f—(beZ) { [608(x1x2“7)+6 1]F‘C)Oft(pT’qmax(xl’xZ))

X [Fsoft(pr_kT’qmax )—FSOft(pT,qmax )] ) ’



3364

TABLE 1. Mean values of ¢.,,, calculated by Egs. (22) and
(23).

Vs (TeV) q8 (GeV) g% (GeV)
0.63 18.4 22.6
1.8 23.8 32.6
6 24.8 36.6
18 24.6 36.9

where

dé!

I— = 2
a N f‘imax"‘v"z) dsz d kT ’

However, in order to make the numerical calculations
easier, we have calculated the mean value for g.,, at
different energies in two different ways and computed the
distribution as in Eq. (21) at each energy for the two
different values of ¢,,,. Then we test how sensitive the
result is to the value of ¢,,,. For y=0 the averages are
performed as

o LB RF e = /)
(qi:;,ﬂ'—‘T = dx ~ (22)
f\/.f;f,»(x)fj(x)
and
Vs f‘l_f%f,-(x)fj(x)(x—f/x)
(Gmas )=~ e (23)
| CoTIE)

with 7=Q?%/s and f;(x) is a parton density.

In Table I we show the results for Vs =0.63, 1.8, 6,
and 18 TeV. Notice that the value of q,,,, increases with
energy but stabilizes around V's =6 TeV.

We can now calculate the p; distribution for different
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FIG. 3. The normalized pr distribution for the two different
values of ¢, for V's =0.63, 1.8, 6, and 18 TeV.
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FIG. 4. The differential cross section for the set of higher
values of gy (g8, ) for the same energy values as in Fig. 3.

Vs values. Using the expression for F*"(p;) [Egs. (6)
and (11)] we obtain

do dpft
“——=(¢%+0a)
dpr dpr
1
t+pr [ diy |45 — (0040 N2k ) f (kp)
dky
XR (pT’kT;qmax) ’ (24)

where the Bloch-Nordsieck infrared regulator has been
defined as

R(pr kps )= [ b db Iolbprle " " [0 (bky)—1]

and the integration in Eq. (24) extends from zero to all
the allowed values.

In the numerical calculation of do!/dk; we have used
a,(k?) rather than a,(Q?) as in Ref. 5. This has been

T v:lfvtnln:yu]rvvr[vrvv]—rnvv

0.8
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FIG. 5. As in Fig. 4, for the set of lower values of gpnay

(g )
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TABLE II. Average p of W boson.

Vs (TeV) {pr)'? (GeV) (pr)® (GeV)
0.63 7.27 7.36
1.8 10.96 11.15
6 14.86 15.22
18 17.8 18.6

done so as to be consistent with the argument of a; which
appears in f(kr). Then for the small-k; limit we follow
Ref. 5 and use the expression

127 1

J(k2)=
BT (k3 +aA?)/A?]

with a=2.

In Fig. 3 we show the normalized p; distribution for
the two values of g,,, for the same four values of the to-
tal energy as before. We have used the set of parton den-
sities given by Eichten, Hinchliffe, Lane, and Quigg'"
(EHLQ) with A=0.2 GeV.

One can see that the two values of g, gives a very
similar normalized distribution even at higher energies.
This is an indication of how stable our regularization pro-
cedure is with regard to the choice of the arbitrary sepa-
ration between soft and hard regimes.

From the above distributions one can numerically cal-
culate the average transverse-momentum value acquired
by the W boson at different energies: it is, again, rather
independent of the choice of q.,,. We show, in Table II,
the relative numbers.

While the probability distribution is g,,, independent,
this is not true for the differential cross section, which de-
pends upon the chosen g,, value through the quantity
0,:=0%+a'V. In Table III we show the values of o°
[Eq. (10)] and 0!(g,,,) [Eq. (20)] for the four energy
values.

In Figs. 4 and 5 we plot the differential cross section
from Eq. (24) for the two values of q,,,. At large-pr
values, all the cross sections correctly tend to their first-
order perturbative result. An example of how our regu-
larization procedure works in recovering the first-order
perturbative result at large p; is shown in Fig. 6, for
Vs =1.8 TeV.

To further illustrate our normalization prescription, we
plot separately in Fig. 7, the soft contribution, the hard
one conveniently regularized once subtraction is per-
formed, and the total contribution (solid line) to the
differential cross section for Vs =6 TeV and g,,,, =36.6
GeV.

TABLE III. Values of 0° and 0!(qpay )-

Vs (TeV) o° al(a) o'(b)
0.63 1.9 nb 0.15 nb 0.10 nb
1.8 3.7 nb 0.5 nb 0.3 nb
6 7.5 nb 2.0 nb 1.1 nb
18 14.6 nb 6.0 nb 3.4 nb
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FIG. 6. The first-order perturbative distribution (dashed line)
and the hard part conveniently regularized (solid line) for
Vs =1.8 TeV and g, =32.6 GeV.

IV. CONCLUSIONS

The formalism which we have presented in this paper
regularizes the infrared divergence encountered in QCD
for transverse-momentum distributions, through a finite
Bloch-Nordsieck-type function. This regulator is used in
the cross section instead of the usual §-function prescrip-
tion, to avoid the divergence at small p; in the first-order
expansion. Its physical justification lies in the fact that
the first-order calculation is meant to reproduce a physi-
cal process in which a hard jet is observed: in such a case
one must also perform soft radiative corrections and it is
through the latter that the Bloch-Nordsieck distribution

0.8-....Ir...I.'..Iuvuvlvr.'!...

I
oe H
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L
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FIG. 7. The soft contribution (dotted-dashed line), the regu-
larized hard one (dashed line), and the total differential cross
section for V's =6 TeV and ¢, = 36.6 GeV.
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appears. At Vs =630 GeV our method reproduces
within a few percent the calculations by Altarelli et al. in
the soft region and it can be improved further by adding
nonleading-logarithmic corrections.!> At Fermilab
Tevatron energies, our calculation predicts an average
transverse momentum for the W boson lower than that in
Ref. 5 (see Table II), and not very different from the one
found at CERN energies.

A. GRAU, G. PANCHERI, AND Y. N. SRIVASTAVA 41

ACKNOWLEDGMENTS

This work was supported in the United States by a
Grant from the Department of Energy and in Italy by Is-
tituto Nazionale di Fisica Nucleare. A.G. also acknowl-
edges the hospitality of the Frascati Theory Group and
financial support from Comision Interministerial Ciencia
y Tecnologia.

'Yu L. Dokshitzer, D. 1. D’Yakonov, and S. I. Troyan, Phys.
Lett. 79B, 269 (1978); G. Pancheri and Y. Srivastava, Phys.
Rev. D 15, 2915 (1977).

2G. Parisi and R. Petronzio, Nucl. Phys. B154, 427 (1979).

3R. Chiappetta and M. Greco, Nucl. Phys. B199, 77 (1982).

4UA1 Collaboration, G. Arnison et al., Lett. Nuovo Cimento
44, 1 (1985); Phys. Lett. B 193, 389 (1987).

5G. Altarelli, R. K. Ellis, M. Greco, and G. Martinelli, Nucl.
Phys. B246, 12 (1984).

6A. Nakamura, G. Pancheri, and Y. Srivastava, Phys. Rev. D
29, 1936 (1984).

7S. D. Ellis, R. Kleiss, and W. J. Srirling, Phys. Lett. 154B, 435

(1985).

8E. Etim, G. Pancheri, and B. Touschek, Nuovo Cimento 51B,
276 (1967).

9F. Halzen, A. D. Martin, and D. M. Scott, Phys. Rev. D 25,
754 (1982); Phys. Lett. 112B, 160 (1982).

10K . Kajantie and R. Raitio, Nucl. Phys. B139, 72 (1978).

11G. Pancheri and Y. N. Srivastava, Report No. LNF-83/86 (P),
1986 (unpublished).

12E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev. Mod.
Phys. 56, 579 (1984).

133, Kodaira and L. Trentadue, Phys. Lett. 112B, 66 (1982).



