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%'e examine available experimental distributions of transverse energy and transverse momentum,
obtained at the CERN pp collider, in the context of quantum chromodynamics. %e consider the
following. (i) The hadronic transverse energy released during 8'-+ production. This hadronic trans-
verse energy is made out of two components: a soft component which we parametrize using
minimum-bias events aud a semihard component which we calculate from QCD. (ii) The transverse
momentum of the produced W-+. If the transverse momentum (or the transverse energy) results

from a single gluon jet we use the formalism of Dokshitzer, Dyakonov, and Troyan, while if it re-

sults from multiple-gluon emission we use the formalism of Parisi and Petronzio. (iii) The relative

transverse momentum of jets. %'hile for 8'- production quarks play an essential role, jet produc-
tion at moderate pT and present energies is dominated by gluon-gluon scattering and therefore we

can study the Sudakov form factor of the gluon. %e suggest also how through a Hankel transform
of experimental data we can have direct access to the Sudakov form factors of quarks and gluons.

I. INTRQDUCTION

The CERN pp collider has provided a new energy
domain where we can try to detect new physical phenome-
na and at the same time we can test the already existing
theories. Quantum chromodynamics (QCD), the theory
of strong interactions, has passed successfully all the pro-
posed experimental tests and it is highly desirable to find
out if QCD still describes the hadronic world at the
momentum scale Q-100 GeV of the pp collider. At this
high momentum scale nonperturbative phenomena and
subleading terms are controlled and perturbative QCD
emerges as a powerful theory. Furthermore, our task is
facilitated, since, because of calorimetric techniques em-

ployed at the pp collider, we can study and analyze jets,
which to most physicists are synonymous with quarks and
gluons.

The different experiments testing QCD at the collider
can be grouped into three classes. (i) Those experiments
which are more or less repetitions of experiments carried
out already at lower energies, such as jet production,
Drell-Yan, transverse-momentum distributions of gauge
bosons, etc. ' (ii) Experiments which make use of the
axial-vector couplings of the weak gauge bosons to extract
more information about the dynamics of strong interac-
tions. In Ref. 2 it was indicated how the angular distribu-
tion of dileptons arising from Z decay can help us to fix
the spin of the gluon. (iii) Experiments which rely on
calorimetric techniques and full coverage of the angular
domain. We have here in mind the ineasurements of ha-
dronic transverse energy (Er) released during a hard pro-
cess.

In this paper we examine mostly experiments which be-

long in the last category. Namely, we study the hadronic
transverse energy accompanying W production. The ha-

dronic transverse energy is made up of two components:
a soft component associated with the spectator hadronic
system and a semihard component associated with the
gluons radiated from the qq pair producing the W. We
parametrize the soft component by taking into account
that the soft Er is of the same origin as the Er observed
in minimum-bias events. For the semihard component,
the novel calorimetric technique allows us to know if the
semihard Ez is composed mainly of a single gluon jet or
if it is composed instead of many gluonic jets. In the first
case we calculate the semihard Er using the formalism of
Dokshitzer, Dyakonov, and Troyan (DDT), while in the
second case we apply the formalism of Parisi and Petron-
zio. The details of our calculation and the comparison to
the UA1 experimental data are presented in Sec. II. In
Sec. III we study the transverse-momentum distribution
of the W gauge boson. Only the semihard component is
present and again we consider two cases: the qr of the W
is balanced by a single jet, or many jets. W production
proceeds through quarks, while jet production of
moderate pT procaxis through gluons. %'e study there-
fore the relative qr distribution of dijets in order to obtain
information about the Sudakov form factor of the gluon.
We indicate also that a Hankel transform of experimental

qr distributions gives us the product of parton distribu-
tion functions and Sudakov form factors in impact pa-
rameter space. Knowledge of parton distribution func-
tions allows then to extract directly the Sudakov form fac-
tor. In Sec. IV we present our conclusions; we point out
the limits of our approach and we discuss related works
that have appeared already in the literature.
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II. GLUONIC TRANSVERSE ENERGY

Consider a quark which participates in a hard process characterized by a scale Q. We can define a probability

q(x,ET,Q) where because of gluonic emission the quark ends up with a fraction x of its initial momentum and where the
emitted gluons give a total transverse energy equal to Ez. The probability for n-gluon emission factorizes into the prod-
uct of probabilities of one-gluon emission:

ce ~ - n 5 5

q(,ET,Q)=g, f5 yk; —ET QV(kT;)d kT; f5 —g,. gp„(,.)d, ,
a=0 i=1 i=1 i=1

where P(x) are the usual Altarelli-Parisi kernels and V(kz ) is given by

as(kT )
V(kT }=

2 kT2
(2)

The x; integrations decouple if we Mellin transform q(x, ET,Q} with respect to x. It was also first shown in Ref. 5 that
the kTt integrations are much simplified if we replace the 5 function by its integral representation:

co

5 gkTt —Ez exp it gkz; ET d—t .
2%

Defining the probability q(m, Ez, Q) by

q(m, Ez Q}=fx 'q(2t, ET Q)dx

and tAmg into account that"

i-k, 2/g2
x x~ 'P x A —2CFln

(3)

(4)

where A~ is the usus& anomalous dimension encountered in scaling violations and Cz is the quark-color factor, we ob-
tain

~ ~

q(m, Ez,Q)= f dt e g g V(k, ) A —2C ln e 'dik; .
2zr — „on!,. i Q2

The kzz integration is bounded by ET. Following the pro-
cedure outlined in Ref. 6 we write

E
L(m, Ez)=A~ f V(kT)e Td2kT,

E 2

S(t)= 2CF f V—(kT)ln 2
(e l)d kT—. (8)

The factor —1 in Eq. (8) originates from the "+
prescription " which takes into account virtual graphs.
We find therefore

q(rn, ET,Q)= f dt e exp[L(m, t)+S(t)] .

It is easy to find an approximate expression for L, Eq. (7),

,a, (k,')
L (m, t)= dkz —— ln

1T 8 kz. 27th in@ /A

where p =min(ET, 1/t). We recognize that exp(L)
represents scaling violations at a scale p. On the other
hand, exp{S) is the Sudakov form factor in impact-
parameter space. If q(m, t, Q} is the Fourier transform of
q (m, Ez,Q) with respect to Ez, Eq. (9) gives us

q(rn, t, Q) =exp[L (m, t)+S(t)] .

If we include the initial quark distribution within the had-
ron, we can write

q (x,t, Q) =q(x,p)exp[S (t) ] .

The physical metuung of the above equations is quite
clear: the Mellin-Fourier —transformed probability that a
qu~~k after gluonic emission provides an amount of Ez is
a product of two factors, one factor containing scaling
violations and the other factor representing the Sudakov
form factor.

Consider now the W production at the collider, vvhich
proceeds through a q;qj atuiihilation. IV is accompanied
by large transverse energy and the semihard component,
following our formalism, will be given by

1 do
q(xi ETl Q)q{+2 ET2 Q)

&o dE

x 5(ET i+ET2 Ez )dEz idET2 ~—
Replacing the 5 function by an expression similar to Eq.
(3), we obtain
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—ifET itET) itET2dt e q(x„ET„Q)e dEri q(xi, Erz, Q)e dEri .2' (14)

Using Eq. (12), we find

1 do 1

oc dET 2ir
q(xi,p)q(x2, p)exp[S(t)] .

f(t)=f, (i)f,(i) . (21)

Taking into account that the Fourier transformation of
Eq. (18) is

where

(16)

Notice that the factor S(t), due to gauge invariance, ap-
pears only once. Equation (15) can be written also in the
following form:

1 do 1
tq x&,p q x&,p

trc dET n

EXexp» cost » —1
*

ETXcos» sint » —tE»

a 2

f,(t)= t 2
e'

a +t
2ta8=arctan

a —t

we finally obtain, using Eqs. (15), (16), (21), and (22),

1 do 1 a2
dt q(x i „p )q(x2,p )

'It 0 '+t'
ET

Xexp f p{kT)(costkT 1)dkT—

Eicos» sint »» —tE»+

(22)

(23)

2'. a, (kr ) kr
P{kr)= — ln

kr Q'

An expression for semihard Er distribution containing
only double logarithms has been given in Ref. 9. Notice
that until now we have subscribed to the point of view of
Parisi and Petronzio; i.e., the total ET results from
multiple-gluon emissions. Unfortunately, along with the
gluonic transverse energy associated with the hard pro-
cess, a nonsignificant amount of ET will be deposited by
the spectator hadronic system. Already large amounts of
E» are observed in minimum-bias events. A possible
parametrization of the soft ET distribution is provided by
the relation

The above equation is our main result. In Fig. 1 we com-
pare our formulas with the available experimental data. "
Both the magnitude and the shape of the Er distribution
is well reproduced. (We used p. = 1 GeV. Our numerical
calculations are not sensitive to this precise value. )

The novel calorimetric technique permits us to isolate
the "jetty" events, i.e., those events where semihard ET is
dominated by a single gluon jet. In order to analyze that
sample of events we adopt the approach of Dokshitzer,
Dyakonov, and Troyan i.e., we assume that the
semihard Er is made up of a single gluon and all other
gluons are soft and have to be integrated over. Taking
into account the ordering in the kz variable, ' we find
that the Er distribution will be proportional to

1 do 2=a Ezexp{ aEr), —
oo dEr

where

2

(18)

(19)

40

I g
I
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In minimum-bias events we have (Er )=20 GeV leading
to a =0.1 GeV '. When a W boson is produced the
available energy for the spectator hadrons is reduced to
~s =400 GeV. Assuming that the (Er ) scales with en-

ergy we find that a=0.13 GeV '. The final expression
for Er distribution is given by

0'& 1 dc'
~0 dE» o, dE»

l

I

I
I6 ~

1

8

0
0

X5(E»+E» E,)dE»dE», —(20)
pT(GeV}

where dosldET is given by Eq. (16) and do, /dET is
given by Eq. (18). A Fourier transformation of Eq. (20)
provNies

FIG. 1. The hadronic-transverse-energy distribution associat-
ed with 8' production. Dashed curve represents the semihard
component, Eq. (16}, solid curve the full Er distribution, Eq.
(23). The data are from Ref. 11.
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kT—2CF1n
Qz

E k„ kT2
p)(Er )f co(kr„)dkr„ f pi(kr„, )dkr„& co(kr i)dkz i,

p

as{kr)
co(kr }=

kr

(24)

The final expression is given by

do 1 ag(Er}
=q(x i,Ez )q(xz, Er )—

tzp dEz ET

Erz —Cp Ez Cp gz lnEz /A
—2CF ln exp ln + ln lnQ, ~b p zrb A in@ A

(25)

where Q is the mass of W. The above distribution, nor-
malized to the observed jetty events, is compared to the
experimental data' in Fig. 2. At large Ez we observe the
llEr tail, while at small Ez the Sudakov form factor
takes over and suppresses the spectrum. In the same fig-

ure we have plotted the leading-logarithmic version of the
first order in a, perturbative calculation, i.e., Eq. (25)
without the exponential factor. It is remarkable that the
Eading-logarithmic formula (dashed curve} is very close
to the exact perturbative calculation presented in Ref. 14.

III. TRANSVERSE MOME¹VM OF O' AND DIJETS

The transverst. momentum (qz) distribution of W is
directly related to the semihard gluonic radiation (no soft
cixnpnent is present). There are already numerous arti-
cles' about the qz distribution of W. We simply outline
here the essential steps of our derivation. We define a
probability q{x,kz, Q) where a quark participating in a
hard process characterized by a scale Q, after gluonic
emission, ends up with a fraction x of its momentum and
a transverse momentum kr with respect to its original
direction of motion. The Fourier-transformed probability
q(x, b, Q) is given bys

T I

q(x, b, g) =q x, z exp[S(b)],
1

where

S{b)=f I'(kr ) —2C~ln, (e'"' 1)d&k (27)

1 do
&o d'qz

Xq xz, z exp[S(b)] . (29)
1

Integrating over the angular domain we have

1 do 1=f bdb Jp(bqz)q xi
&o qr qr $2

Xq xz, z exp[S(b )] . (30)

The calorimetric technique allows us again to isolate the
"jetty events, " i.e., those events where the W is balanced
by a single gluon jet. For these events a formula similar
to Eq. {25}is valid, with Ez replaced by qz. In Fig. 3 we
can see the agreeinent between our formulas and the avail-
able experimental data. '

Both the quark and the antiquark contribute to the ob-
served qz spectrum of the W:

1 do
q(xi, kz i,g)q(xz, krz, g}

&p d qz

X5 (kr i+ krz qr )d —kr id kr2 . (28)

Following the steps outlined in the preceding section and
in Ref. 6, we obtain

1B

0 ~ ( i I

0 ~ S 12 16 20 24 28

ET(Gev)

FICi. 2. Transverse-energy distribution of jets in 8' events.

Dashed curve represents the leading-logarithmic result of the

first order in a, calculation, while solid curve represents the
leading-logarii'hmic result to all orders in a, . Data are from

Ref. 13.
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FIG. 3. The transverse-momentum distribution of 8'. Solid
curve is obtained through Eq. (30}. Dashed histogram and

dashed curve represent the jetty events. Data are from Ref. 13.



A. NICOLAIIS AND G. SORDES 33

=q xi, q xz, exp[S(a )] .1 1 2

Q Q
(32)

Since the quark distributions are well known for a large
range of x,Q values, we can deduce from a Hankel
transformation of experimental qr distributions, Eq. (32),
the Sudakov form factor in impact-parameter space.

IV. CONCLUSIONS

The weak-boson production proceeds through quarks

and ail phenomena described above are due to gluoni«a-
dtation from the incoming quarks. On the contrary, jet
production at moderate transverse momenta at the collid-

er proceeds through gluon-gluon collisions. At the parton
level we expect the total transverse momentum of the dijet
system (pr) to be equal to zero. Any deviation of pr
from zero is attributed to gluonic radiation from the in-
coming gluons. In Fig. 4 is shown the projected pr and it
is compared with the theoretical prediction (details of the
theoretical formula can be found in Ref. 6). The agree-
ment is satisfactory and provides further evidence that the
gluons, being "more colored" than the quarks, give
broader distributions in pT (Ref. 5).

Throughout the paper we treated gluonic radiation as-
suming that (i) only the 1/kr tails are important, (ii) each
gluon emission is independent of the others, so that the
whole process is a Markoff process, ' and (iii) we imposed
energy-momentum conservation through the 5 functions
in their integral representations. With respect to the last
point we would like to remark that the 5 functions, via
Fourier transformations, lead us from the kr space to
impact-parameter space and then back again to momen-
tum space. All our formulas about qr or Er distributions
are amenable to Fourier transformations and in the
impact-parameter space our equations have a simple
form. With respect to qz distribution, Eq. (30), we can
use the Hankel theorem

f(x)=f Jo(xu)&xu du f Jo(uy)&uy f(y)dy (31)

and then we obtain

F(a)=f Jo(a—qT )dqT
1 10.
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FIG. 4. The component (P„)of the transverse momentum of
the dijets. Data are from Ref. 16.

able experimental data. Our results are also corroborated
by recent Monte Carlo calculations. '

The novel calorimetric technique allows us to separate
the jetty events, i.e., those events which are dominated by
a single gluon jet. For these events we proposed a DDT-
type formula which contains the 1/kr tail and which at
the same time is infrared safe (no divergence) at small kr.
The satisfactory comparison to the experimental data in-
dicates that the cross sections are indeed dominated by the
1/kr tails, which are contained in our leading-logarithmic
formula. Clearly if we insist upon ha~ing a large kr
value, then our prescription fails and the whole perturba-
tive result has to be taken into account. Such a procedure,
incorporating the full first order in the a, expression, has
been implemented in Refs. 19 and 20.

We analyzed also the qr distributions for Wand for di-
jets which are free from any soft contribution, and we em-

phasized the interplay of color factors when we move
from W production to jet production. We indicated also
that once we have high statistics data it would be desir-
able to Hankel transform the qr distributions in order to
obtain the Sudakov form factor. Altogether we feel that
in the new kinematical range, QCD still provides a viable
description of hadronic phenomena.

We examined in this paper mostly the calorimetric ex-
periments carried out at the pp collider which detect the
hadronic transverse energy. The total E~ measured in W
production is made up of the semihard gluonic radiation
and of the soft component registered in minimum-bias
events. The soft component, present in hadronic col-
lisions, is not present in y-y collisions at e+e machines.
We provided a closed-form expression for the total Ez.
distribution which is in reasonable agreement to the avail-
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