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The acollinearity of hadrons belonging to back-to-back jets in € *e ™ annihilation is
investigated in the framework of QCD. The approach is based on the evolution equations for
fragmentation functions, and it takes into account the non-perturbative intrinsic transverse
momentum. The results are compared with recent data, and satisfactory agreement is obtained.

1. Introduction

The PLUTO collaboration [1] has recently measured the two-particle acollinear-
ity distributions of charged hadrons in e*e~ annihilation at different energies
Q =7.7-31.6 GeV. In this paper we investigate the effects of soft gluon emission
on these distributions, when the hadrons belong to opposite jets. Our approach is
based on the evolution equations for the fragmentation functions DP(x, k-, Q?) for
parton a into parton b (with energy fraction x and transverse momentum ki
relative to a). They have been derived by Bassetto et al. [2] in the leading
logarithmic approximation (LLA) of QCD. By solving these equations one obtains
the k¢ dependence by summing the emission of partons in the soft limit to all
orders of perturbation theory. This resummed QCD perturbation theory has been
applied to transverse momentum spectra first by Parisi and Petronzio [3]. We
include the fragmentation of partons into hadrons by assuming that at the end of
the hard QCD evolution process each parton transforms independently into hadrons
[4, 5]. Therefore, within the framework of perturbative QCD the parton into
hadron fragmentation functions D>(x, k1, Q?) for finite Q9 can only be calculated
in terms of those at some value of Q3, where one either has to use data directly, or
some parametrization in agreement with data. This procedure takes into account
the intrinsic non-perturbative transverse momentum of hadrons fragmenting from
partons.

The results of our calculations are compared with the data of ref. [1]. We also
perform a comparison with the predictions of (i) the parton model (with Q?
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independent fragmentation functions), (ii) the leading double logarithmic ap-
proximation, first discussed by Dokshitser et al. [4, 6], and (iii) the lowest-order
perturbative calculation [7].

2. The acollinearity distribution and the evolution equations

When two hadrons belonging to back-to-back jets are observed inclusively in
e e annihilation, they originate from a quark q and an antiquark g which are
initially produced from a virtual photon of mass Q. The probability distribution for
a quark which decays into a hadron h with energy fraction x and transverse
momentum Kk relative to that quark is denoted by D)(x,kr, Q). Using planar
gauges in QCD one can apply (in LLA) the same probabilistic interpretation as in
the parton model [4]. Consequently the cross section for the considered hadron
production is expressed by a product of D-functions,
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where e 1s the quark charge and py is the (scaled) relative transverse momentum of
the hadrons h, and h,.

In the experiment of ref. [1] the energy-weighted distribution as a function of the
acollinearity angle # is measured. We therefore define the following distribution,
which is normalized to one:

dw 1 1 1 dghebe
—_— =] x,dx, x,dx,— . 2
dsin® 36 zhazhb[o ®""6 dx,dx,dsin? 10

In the following we only consider small angles § for which the relation
p%~Q?%sin’ 1 4 holds.

In terms of the moments of the distributions Dc:‘ defined by the Fourier-Mellin
transform [2]

d;‘(n,b,Qz)=_/;ldxx"“lfdszexp(—ikT-b/x)D‘;‘(x,kT,Q2), 3)
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the cross-section equation (2), together with eq. (1), becomes
dw 1 1
- 21, 4
dsin“3 4 4 > eé

q
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where J, is the Bessel function of the first kind. In order to evaluate this expression
one has to know the Q% dependence of the moments d‘;‘ for all impact parameters
b. For this purpose we first use the evolution equations for quark and gluons, as
they are derived in ref. [2] in LLA by summing dressed ladder diagrams [4]. The
equations read for n > 1,
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(5)

with 7 =In(Q%/A?), a(t) =47 /(Byt), By = 11 —% n; for n, flavors, and (a,b,c) =q
or gluon g. The functions P are the Altarelli-Parisi densities [8]. The reason for the
formulation in the impact parameter space is the following: the transverse momen-
tum k- of the final parton b is the sum of the transverse momenta of the partons
which are emitted during the jet evolution. The emitted partons are not forced to
have transverse momenta less than |ky|, as it is the case in the leading double
logarithmic approximation [3, 4].

As a next step we incorporate phenomenologically the hadronization of quarks
and gluons. We assume that the fragmentation functions D(x, k1, 0?) fora=qor
g into h are obtained from the distributions D by the following convolution:

d 3\ _
dtda(n’b’Q )=

d .
Dah(x,kT,Q2)=Ef] = fdquDJ’(X/y,qT,Q")D‘J(y,kT —yqr). (6)
b 'x VY

The theoretically unknown functions D~g are independent of Q? and are supposed
to describe the limited transverse momentum of h with respect to b. They are
assumed to satisfy the following relation due to the requirement of energy con-
servation:

zfo'dxfdszxD”g(x,kT)=1. 7)

h
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As already mentioned before the ansatz, eq. (6) assumes an independent hadroniza-
tion of the parton b. It is generally applied for the k integrated fragmentation
functions [4]. As a consequence of eq. (6) it follows that the moments dP(n, b, 0?)
obey the same evolution equations as the moments d?, except that in eq. (5) the
constituent b is replaced by the hadron h.

In order to proceed we define in the standard way [9] the non-singlet moments

dNS(n’b’ Q2)=d;“(n,b, QZ)—d;)/(n’b’ Q2)7
q; # q;, and the singlet moments

2n;

dé‘(n,b, Qz) = 2 d(};,.(n’b’Qz)'
i=1

The case b =0, i.e., the moments of the k1 integrated fragmentation functions, is
discussed in ref. [10]. The Q? evolution of df is then given by

d s 3 1—
St(n.6.0%) = 5D [z 8 (oratg(nb/z. 0 002 ).

(8)

where

1+z2)
P =c( , cp=1%.
qaq F 1—2z . F 3

As proposed in ref. [2], this equation can be solved approximately by first splitting
the r.h.s. into two parts,

1 1 .
fodzz"_’qu(z)dllf,S(n,b,Qz)+_£) dzz""'P(2)

dl'}:ls(n’b/z’ QZ)JO(Qb 1;Z )_dgs(n’b’ QZ)J’ (8/)

and second by putting z =1 in all slowly varying expressions of the second term.
Then the r.h.s. of eq. (8) reduces to
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The parameter ¢ in the singular function (1 —z +¢) ™! is introduced in order to

keep track of the planar gauge chosen in our problem. With this approximation
only the soft gluon emission is taken into account in the second term; it is
independent in impact parameter space, as it is the case for the soft photon
emission in QED [3]. The first term in eq. (9) is responsible for the scale-breaking
behaviour of the k. integrated fragmentation functions. From egs. (8), (9) one
obtains the solution

dis(n,b, Q%) =dls(n, b, 03) exp[ AYSs| F, (02 02,5), (10)
where

2
s=Folnas(Q§)/as(Q2), A1:S=f01dzz"—'qu(z).

The non-singlet form factor F, [2] is given by

_ CF o? as(kz)
F(Q%.03.8) =exp| — 5 [ dk*= 5= ﬂ(bk)}, (1)
with
—4 (% _dq — ,
k) =4 [T TS (1= 0(0), o= ebk/q. (1)

The coupled moment equations for 4 and d;‘ read, when the same approximations
as above [eq. (9)] are performed,

d |dg(n,b,0%) =as(t)(A1:S—chE(bQ) 2n, 4% )dsh(n,b,Qz)
dt\ap(n,b,0%) | 27 Az AL~ cy Q) ]| d2(n,b,0%) |’

(12)

with the standard notation for the anomalous dimensions A,,and c, =3[9, 10]. A
convenient method to diagonalize this system is to use the Pauli matrices o and to
rewrite eq. (12) symbolically as

(1) = (A )1+ A1) 0 )(d(1) (13)

which has the solution

(d(1)) = exp[ [t +A)-0)ar'|(d(rs)). (13)
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By expanding the exponential and using the properties of the Pauli matrices the
explicit solution of eq. (12) is obtained:
dg(n,b, Q%)
[d2(n,5,07)

_ (1- an)eA:s+a" edns ‘Bn(eA;s_ eA:s) dé’(n,b,Q(z)) "
WA=t aetion (1) et || dy(nb,03) ]
where
Af=%(y,?+vn [(Y“—Y,F) + 8n Aqugq]'/z),
9= 4 _ Q s(k )
73 = A) 27”[ SN2 (),
< ( 2)
gg _ A
= ar =S [T S S o),
A = 2n, A5 Ase
“Tar—a, 0 BT AT a4 W T aganbe (1)

For b = 0 this solution coincides with the one of ref. [10].

In a recent paper by Amati et al. [11] it is conjectured that the evolution
equations given by eq. (5) are to be modified, since the right choice of the argument
of the running coupling constant is a(Q?z(1 — z)) instead of a(Q?). By rescaling
the argument of «, large corrections due to phase space constraints are resumed.
When one adopts this point of view the eqs. (10)-(15) have to be changed
accordingly: the expression [eq. (11)]

fdkﬂs{k &) b o).

is replaced by

0*dk? o @50 (4 a)da (16)

03 k* Yooy (q+e)

where the infrared cut-off Qg has to be introduced, with a(Qg)/27 <1 [11]. The
corresponding modifications of the anomalous dimensions A4, which appear mainly
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for large n, will be neglected, since we are only interested in the moments for n =2
[eq. (4)].

After having solved the evolution equations for d.;l, g in terms of initial values at
some QF, we are now in the position to evaluate dw/d sinz%ﬂ given by eq. (4).
Because of the implicit gauge dependence of the factorized ansatz in eq. (4) and of
the solutions for the moments d;‘) ; the gauge parameter ¢ has to be fixed™. In the
light-like gauge one can put ¢~ 0 for the quark line and correspondingly £ oo for
the antiquark line [12], i.e., the soft gluons are then only emitted from the initial
quark. With respect to the input functions Zhd,: f{n=2,0, Q%) we simplify the
following discussion and numerical analysis by assuming that they are independent
of the species of the constituents, namely

Zd;‘(n=2,b,Q§)=§d;‘(n=2,b,Q§)z-d(b,Q§). (17)
h

For a parametrization of d(b, Q) we use the following fragmentation function of
quarks into hadrons:

L (1= x)? 2exp(=2ky / k)

Y (18)

ZDc}l(x’kT) =
h

This ansatz should describe fairly well inclusive hadron spectra in e *e ™ annihila-
tion in the energy range for which clean two-jets events are observed. Since the
three-jet structure starts to emerge around Q ~10-15 GeV [13], the reference
energy Q, should be taken below these energies. For our calculations we choose
Qo =94 GeV. In the data for e"e —hadrons a correlation of the x and &y
dependence (seagull effect) is observed [14]. Because of the energy weighting in the
acollinearity distribution [eq. (2)] we therefore expect that the effective (k> in eq.
(18) has to be larger than the standard value of 0.35 GeV /c. We approximate {kp )
by <{kt(x)) at x~{x»=~0.2, which is the average energy fraction of the data of
ref. [1]. From measurements [14] of (k3(x)> we estimate (kr(x~0.2)> =~0.45-0.50
GeV/c at Q= 9.4 GeV. From the transform eq. (3) and from eq. (18) we obtain
the input function in the impact parameter space:

d(b,03) =d(b=b{kr))

14 ;2 - . . =
=9b21n—ﬂb——6b+8b3+(1—8b2)\/1+b2 . (19)

b
At b = 0 the function d equals one, and for large b it decreases like d~5 3.

* For the result given in eq. (23) below the independence on the gauge parameter can be explicitly
checked.
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Fig. 1. The dependence of dw/d(sin? 18) on @ at Q =30 GeV. (a) The solid curve shows the result of

our QCD calculation [eq. (20)], the dashed one results from the parton model [eq. (21)]. (b) The solid

curve is the same as in (a), the dashed one follows from the modified evolution equations of ref. [11]

with eq. (16) and Qg = | GeV. The dashed-dotted curve shows the QED-like result dw@EP /d(sin? ! #) of
eq. (23).

The final result of our approach for the energy-weighted acollinearity cross
section is given by
dw bl . 2
=1 ) d(6Q)bQK(b@sin38)(d(b, 03))

dsin’1g

x , (20)

(l —a, _%)CXP(A;S) + (a2+—2%:)exp(A2_s)

where the terms in the square bracket are to be evaluated at ¢ = 0. The numerical
evaluation of this expression at Q = 30 GeV is plotted in fig. la (with A = 0.5 GeV
and (kt)>=10.5 GeV/c). The acollinearity distribution which follows from the
modified evolution equations of ref. [11] is shown in fig. 1b, where the expression
given by eq. (16) with a cut-off mass of Qj =1 GeV is used. When compared with
the result of eq. (20), no significant differences can be observed.

3. Discussion of the result

In order to discuss the significance of the different factors in eq. (20) we now
investigate a sequence of approximations. When the coefficients A5, A%, 4%, and
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A%% are put to zero, eq. (20) becomes

dwform . 0 .1 2 2 2 2
T =1 4(60)b0k(bQsing0)(d(6, 0F)) Fiol Q% 058) . (21)

dsin”s

We have checked that these cross sections, egs. (20), (21), are numerically the same
in the PETRA energy range. It means that the soft gluon emission from quarks
dominates dw/d sin? ] § at these energies.

The form factor F g in eq. (21) is damping the integrand in the region of large b;
therefore, the effect of the soft gluon emission for Q > Q, shows up mainly at small
angles of 6. In fig. la we compare dw/dsin’1 8 at Q =30 GeV with the result of
parton model (F = 1),

dw parton

dsin’26

i) “ d(bQ) bOJ( b0 sink8)(d(b, 02))’ . (22)

Indeed it can be observed that for small §<10-15°, dw/dsin?; 8 from eq. (20)
predicts less events than the parton model.

A QED-like result can be derived from the expression eq. (21), when one takes
a(k?) = a,=const., d(b, Q3) =1 and Q,=0. It reads

deED

dsin®le
2

4dcp

e .1 b0d b
5}; d(bQ)bQJo(stmE0)exp[—Tasf; Fqln%(l—.lo(q)).

(23)

This expression has been examined in detail by Parisi and Petronzio [3] in the
context of the Drell-Yan process. It is a result of the summation of real and virtual
soft gluons to all orders in perturbation theory. The main features of eq. (23) are
that it scales and that it does not vanish at #=0. There is a non-vanishing
probability of compensating the transverse momenta of the emitted gluons such
that the quarks remain undeflected.

Figs. 1b and 2a show the prediction of dw?P/dsin’1 6 with «, evaluated at
Q =30 GeV, a, = 0.184. By comparing this QED result with dw/d sin? } 8 [eq. (20)]
one can see from fig. 1b that these two distributions are rather different for << 15°.
It means that the effects due to the intrinsic transverse momentum <k »~0.50
GeV /c are still present at Q = 30 GeV. Therefore, at this energy, the acollinearity
distribution is not given exclusively by the form factor F,q- Instead one has to go to
rather high energies Q, larger than 500 GeV, such that at small § dw/dsin® 16
becomes numerically insensitive to the input function d(b,Q3). This can be
deduced by looking, e.g., at the integrand of eq. (21): at a fixed value of (hQ)+#0
the dominant contribution will be due to F,, when the function d(b, Q3), which
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Fig. 2. The dependence of dw/d(sin?! ) on @ at Q =30 GeV. (a) The solid curve is the QED-like

result of eq. (23), the dashed one is the leading double logarithmic approximation dwSudakov /d(sin? 1 8)

of eq. (24). (b) The solid curve is calculated from dws"d““°"/d(sin2%0) {eq. (24)], which is compared

with the lowest-order calculation for the qg term of eq. (27) (dashed curve) and for the qg term of eq.
(28) (dashed-dotted curve).

depends on b{ky) [eq. (19)], approaches one for large Q. Actually this approach is
very slow.

The leading double logarithmic approximation of dw®fP/dsin’}6 with
a,In?8> 1, |a,In@| <1 and a, <1 is extensively discussed in the recent literature
[4, 6, 12, 15]. In this limit all the soft gluons are confined into a cone of opening

angle #. The angular distribution is expressed in terms of a Sudakov-type form
factor Fg gakov:

dWSudakov d .
= Fu akov siny @ ’ 24
dsin’ld  dsin’}e (sin30) @4
where
: r .
Fypaakov(sinf) = exp[ ~ 3, % lnz(smz%l?)] ) (25)

In contrast to eq. (23) dwS'92°¥/dsin*1 § vanishes for §— 0, but its peak value
(=~exp(7/2a,cg)) at sin § =~ exp[ —7/2a.cg] is very near to §==0. This is shown in
fig. 2a, where one also observes that except for #<2° dw®*P/dsin’; 8 and
dwSudakov/d sin? 1 @ give almost identical results.

The leading contributions considered above can be compared with the exact, but
lowest order perturbative result [7]. The acollinearity distribution to order a, and
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for §# 0 is given by two terms where either the qq or the qg pair define the
accllinearity,

dwper dwad dwas

= . 1 ’ (26)
dsin’}6 dsin’30  dsin’38
where
dws  a 1 e (3 4) 4 1,1
L. TS S oy (YT 7)Y A R AP SRL S D7
dsin’i 27 Fsirf%@[ (sin’30) ¢ ) 8P ef?
and

dwe  a , 23 -&)(1-28)+7 1 53821238+ 78
— T = 5-CF ln(st%H) S +— 7 )
dsin“3 8 27 £ sin“5 6 6¢

(28)

with £ = coszéﬁ. These two contributions are plotted in fig. 2b. It is evident that
the leading infrared singularity, which is present in the qq term for #—0, disap-
pears, when all orders of perturbation theory are summed. Furthermore fig. 2b
indicates that the qq and qg term become of the same size aiready for #~20°.
Therefore, we may estimate that only for # < 20° is the emission of soft gluons as
treated in all the above equations really the dominant mechanism—besides the
intrinsic k¢ effects—for giving rise to acollinear opposite-side hadrons.

4. Comparison with data

In fig. 3 the results of our approach [eq. (20)] including the Q? dependence are
compared to the data for (1/6)da/d# of the PLUTO collaboration [1]. We plot
dw/d@ at two different energies Q = 9.4 and 30 GeV. Because of the small-angle
approximations throughout the derivations we cannot predict the size correctly;
therefore, considering the region § < 30°, we normalize the theoretical distributions
to the experimental ones in this interval. At Q = Q,=9.4 GeV, dw/d#d [eq. (20)]
coincides with the input given by the parton model dwP*™"/d# [eq. (22)], which
correctly describes the shape of the measured (1/0)do/d# with {k;> =500
MeV/c. At the highest available energy Q=30 GeV, dw/df and dwP**°"/dd
behave differently in the interesting region of § < 30°. Fig. 3b shows that dw/dé
gives a better description of the data, which are not so strongly peaked as
dwParton /d@. Indeed the agreement is satisfactory [16]. One may therefore conclude
that the data give evidence for the QCD expectation that opposite-side hadrons
become more acollinear at small angles # with increasing energy due to the multiple
emission of soft gluons.
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Fig. 3. The dependence of (1/6)do/df on 8 (a) at 9.4 GeV and (b) at 30 GeV. The data points are
taken from ref. [1]. The dashed curves show the result for the parton model [eq. (22)], the solid curve is
the result of our QCD calculation [eq. (20)].
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