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Correlations between{p;) and jet multiplicities from the BalitskiiV-Fadin-Kuraev-Lipatov chain
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Strong correlations between the number of emitted jets and their average transverse momentum are found for
the events resulting from the exchange of a single Balifsaiin-Kuraev-Lipatov Pomeron.
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As is well known, strong correlations are observed experineglect the nonleading effects due to energy-momentum con-
mentally between the averags and multiplicities of par- servation, which by themselves introduce kinematical corre-
ticles produced in high-energy hadronic collisigig. Aver-  lations betweerpr) and the number of jets. In addition, as
agep+r grows with multiplicity. This fact can be interpreted we find the average+ result to be very small, of the order
as a consequence of multiple hard collisions, which result ill0O GeVLk, their transverse energy can well be neglected,
a larger number of particles produced and a broadening afxcept at the smallest values @2 and 1x.
the pr spectrum[2]. An alternative interpretation can be  Our study is closely related to the paper by Kwiecinski,
given in terms of color strings which are stretched betweeriewis, and Martin, who calculated the exclusive probabili-
the colliding hadrons during the collision. Here larger multi- ties to observe a given number of jets from the exchanged
plicities correspond to a larger number of strings, whichhard Pomeron[6]. We shall extensively use both their
again leads to a broadening of tipg spectrum either be- method of calculation and some of their parametrizations.
cause of the accumulation of more transverse momentum The results we present in this paper demonstrate that, in
from the parent partons or because of the interaction betwednct, at realistic energies in the BFKL chain there are strong
strings[3]. In both cases it is tacitly assumed that with only correlations between the numbeiof produced jets and the
one hard collision or, alternatively, with only one pair of average(p+), for these events. We find th&p+), grows
noninteracting strings there are no correlations betwgeh  roughly linearly withn with a slope independent @? in
and multiplicity. Theoretically this assumption can only be deep inelastic scatterin@d1S) and of the same value for
tested within the BalitskiFadin-Kuraev-Lipatov dynamics, purely hadronic collisions. The slope diminishes with rapid-
which presents a detailed description of particetually je} ity y. So in the limity—o the correlations are expected to
production at high energies under certain simplifying as-disappear. However, at=15 (x~10"’) the value of the
sumptionga fixed small coupling constanfThe present cal- slope is still ~0.8 GeVk. These results leave open the
culation is aimed to see whether there exist correlations beguestion of correlations betwegpt), and n in the soft
tween (pr) and the number of produced jets in the hardPomeron and in the color string at the currently available
Pomeron described by the BFKL chain of interactingenergies.

Reggeized gluons. We start by recalling the main points of the formalism

Note that our definition of a jet is a purely theoretical one.employed in[6] to calculate the exclusive probabilities for
As conventionally assumed in the BFKL model, a jet is athe production of a given number of jets. To facilitate com-
gluon with a large enough transverse momenfy» . Itis  parison with[6] we shall borrow their notations. Let the
believed that it will eventually emerge as an observable jet ohmputated BFKL amplitude by, k), wheny is the rapidity
hadrons due to parton-hadron duality. The exact manner aind k is the two-dimensional transverse momentum of the
its hadronization and experimental observation are beyondirtual (Reggeizedigluon. Functionf (y,k)/k? is interpreted
the scope of this study. as an unintegrated gluon distribution, related to the conven-

We shall limit ourselves with the leading order BFKL tional gluon distribution by
model both for theoretical and technical reasons. On the the-

oretical side, the situation with the nonleading terms is far ) Q2 dk? 1
from clear. Their magnitude strongly depends on the renor- xG(x,Q ):f k_f In ;'k ' @
malization schemg4]. Their energy behavior does not cor-
respond to the Regge pictuf®]. Technically the BFKL  The BFKL equation forf may be written in the form
equation with the nonleading terms taken into account is
untractable for our purpose. Finally it is most improbable [y d?k,
that the correlations we study, once present with only the f(y,k)=f(°’(y,k)+a5f dylf —
leading terms retained, will vanish when the nonleading 0 mq
terms are taken into account. For the latter reason, we also K2
><(Pf(yl,kl)—f(y,k)ﬂ(kz—q2)>- 2
1
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driving term f(®) (the impact factor of the targetay also F(O)(y K)=A(1—e¥)5e k05 (11)
depend on rapidity. To suppress the physically unknown in- '
frared domain and make the equation numerically tractablejts normalization factor is irrelevant for our purpase

the integration ovek; was constrained if6] to the interval Distributionsf,(y,k) themselves are not observable quan-
2 1202 3 tities. Physical probabilities are obtained by convoluting
Qo<ki<Qx, 3 with the gluon distribution in the projectiléhe projectile

with Q=1 GeV/c andQ;=100 GeVt. We shall also im- impact facto. F_or the perturbativg QCD to be applicab_le, a
pose this constraint, implicit in the following equations. reasonable choice is to take the virtual photon as a projectile,

Defining as an observable jet a real gluon wifFe .2, as done in6]. Having in mind that the BFKL picture may

e S s o e L% I I s o o o v
parts by introducing P p p p

factor, independent of rapidity, which can be foundih To
0(q2— u?)+ 0(u2—gd=1 (4) hav.e.some qualitative idea of the situation_in purely hadronip
collisions, we have also made our calculations for a hadronic
inside the integral. The whole integration kernel is thus splitorojectile with an unperturbative impact factor. For collisions
into two parts: a resolved onKg, corresponding to emitted of two identical hadrons it should be identical to the target
gluons with g>> w2, and an unresolved oné&,, which  impact factor which appears ag/andependent driving term
combines emission of gluons witiP< 2 and the subtrac- (k) in Eq. (2).

tion term in Eq.(2). Explicitly, the action in the momentum  In both cases the exclusive probabilities to obseryets
space of the two kernels is described by are given by
. d*ky 2kIk*h(k)f k
<KRf><k>:ask2f S5 02— u?f(ky), () (d%k/kTh(k) fa(y. k)
mq°kq Paly)= : (12)

f(dzk/k“)h(k)f(y,k)
— L d%k
(KuvP)(K) = agk f

qukf

0(n?—q*)f(ky)

whereh(k) is the impact factor of the projectile. Both impact

factors, f(©O(k) of the target andh(k) of the projectile,

should vanish ak—0. This condition is satisfied by the

virtual photon impact factor df7]. As to the hadronic impact

factor f(O)(k), we have chosen it in close similarity with Eq.
Exclusive probabilities to produce jets are obviously (11):

obtained by introducing operatorKg between the Green’s

ki
— 2 k=) | (6)

functions of the BFKL equations with kern&l,, . If one £O)(k) = k2~ /95, (13
presents the full gluon distributiohas a sum of contribu-
tions f,, from the production of jets As with Eq. (11), the overall normalization is irrelevant.

We are interested in the average values(@f, in the
observed jets, provided their numbers fixed. At this point
one has to remember that the momentkinvhich serves as
an argument of (y,k) refers to the virtual gluon, and not to
then one gets a recursive relation the emitted one, whose momentuimis hidden inside the

, kernel Kg. Therefore to find an average of any quantity
_ _ #(q) depending on the emitted real jet momentum, one has
fn(y)—fodle(y YoTa-1(y0). ® to introduce the functionp(q) into the integral(5), thus
changing the kerndky to the kernelK,, defined by
whereK(y) is ay-dependent operator in the transverse mo-
mentum space

f<y>=n§0 fo(y), (7)

2

_ d<k
(Kavka):assz L 002 u®) p()f(ky). (14)

K(y)=e"KuvK . 9) 70k}
Equation(8) allows one to successively calculate the relativeWith n jets, one has to substitute one of th@peratorsKg
probabilities to produc&=0,1,2 ... jets starting from the which generate the jets Wy,,, take a sum of all such sub-
no-jet contribution determined by stitutions, and divide by. One has further to integrate over

all momenta of the virtual gluok multiplied by the projec-
df©(y,) tile impact factor, and normalize the result to the total prob-

dy; ability to haven jets.
(10) This recipe can be formalized in the following way. Intro-

duce a generalized operator in the virtual gluon momentum

In [4] the driving term was chosen to vanishyat O: space

fo(y)=eYKuvf0(0)+ fydyle(y*yl)Kuv
0
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Ky1(y)=e"“W[Kr+Ky,]. (15)
Let the functionF(y,k) obey the equation
y
F=foy)+ [ avkay-yoFy).  as

One can split the functiok into a sum of contribution§
corresponding to the action of operatorsK,, out of which
m=0,1, ... n, are operator&,, :

n

Fy)=2>,

n=0 m=

Fam(y)- (17)
0

Evidently F,o=f,. We are interested in the contribution
Fn,1=g, which contains a single operatHr,, . The average
value of interest is determined by

| @enenogvk
<¢(Q)>n:ﬁ

(18
J (dk/kHh(K) fa(y.k)

In analogy with Eq.(8), one easily sets up a recursion
relation forg,,:

y
On= fodle(y—yl)gnfl(yl)

y
+f dy, eV YDKuvK, fooa(yy), (19
0

with the initial conditiongy(y)=0. Together with Eq(8),
this relation allows one to calculate the functigp for n
=1,2,..., andhen to use Eq(18) to find the desired aver-
ages.

The concrete choice ab(q) is restricted by the condition
of convergence at largg:  ¢(q)<qg?, asq—=. To facili-
tate our calculation we make a natural choigfg) =q:

d?k
= 0(0°— ) (Ky).
7kiq

(KoK= | (20

With this choice the angular integration in E@O) can be
done analytically. With differenty(q) the magnitude of av-
erages will obviously be differerand growing witha for
(g2%)). However, we do not expect that this will qualita-
tively change thein-dependence.

We defined our jets by taking=2 GeV/c. As for the
cutoffs, we used Eq3). To see the influence of the cutoffs
we also repeated our calculations wiflh=0.5 GeVk and
Q;=1000 GeVE. The results slightly change in their abso-
lute values(by no more than 1%-6%but both then andy
dependences remain the same.

We have calculated the functioig andg,, from Egs.(8)
and(19) up ton=>5 andy=15. Following[6] we have used
the expansion ifN Chebyshev polynomials to discretize the
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FIG. 1. Average(pr), for a fixed numben of jets produced in
y*-hadron collisions, as a function aof at Q=10 (GeVk)>2.
Curves from bottom to top correspondne-1,2, . ..,5.

obtained withN= 80, although, as pointed out 6], already
N=20 gives a reasonable approximation.

In Figs. 1-3 we present the averagg$, for n=1-5 and
x=e Y=3x10 ’-0.1, for they*-hadron collisions af?
=10, 100, and 1000 (Ge¥)?. In Fig. 4 we show these
averages for the collisions of two identical hadrons with the
impact factor (13). As one observes, in all cas€s]),
strongly grows withn at all rapidities. The growth is ap-
proximately linear

(pryn=a(y,Q?+b(y)n,

where botha andb depend on rapidity, but, at fixedy, b is
universal in the sense that it does not dependdrin DIS

and has the same value for pure hadronic collisions. The
slope b(y) falls with y: it is equal to 1.25 GeW at y
=7.5and 0.8 GeW aty=15, so that one may expect that
at ultrahigh energie&),, will become independent of. The
dependence o@? results is rather weak. We attribute it to
the fact that in the BFKL model at low the bulk of theQ?

(21)

DIS, Q*2=100 (GeV/cy*2
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FIG. 2. Averagg/pr), for a fixed numben of jets produced in
vy*-hadron collisions, as a function of at Q=100 (GeVk)?2.

kernels in a simple way. The results we present have bee@urves from bottom to top correspondrie=1,2, . . . ,5.
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in the basic mechanism of jet production. Obviously, this

A conclusion cannot be directly applied to particle production
P in the soft region, and so the empirically invoked absence of
14l DIS, Q%2=1000 (GeVicy2 P such correlations for particle production from the color string

does not really contradict our results. It can only be tested in
its own framework by confronting color string predictions
with the experimental data.

Our result(21) has been obtained for a relatively small
number of jets and at energies corresponding/4o15. If
extrapolated to alh and energies it would lead to a relation
between the overall averages

T>_n GeVic

<.

(Pr)oc(n). (22

7005 s o.o'mnx 0001 001 o1 However, it is well-known that this relation does not hold in
the BFKL model at asymptotic energies, wh@m:) grows
FIG. 3. Averagg(pr), for a fixed numben of jets produced in  much faster thafn). This more or less known fact can be
y*-hadron collisions, as a function of at Q>=1000 (GeVt)>.  demonstrated by a simple calculation. Indeed the inclusive
Curves from bottom to top correspondne-1,2, ... ,5. cross-sectior (y,y;,q) to produce a jet at rapidity; and
with a transverse momentuqy in a collison with an overall
dependence is separated in the form of the overall factorapidity y>1, is given by[9]
(linear inQ at x—0), which cancels between the numerator
and denominator in Eq18). as 1
As an interesting by-product of our study we find that the H(y.y1,a)=7_o(y) 5 [1-2(2)], (23
averagesg), go down with rapidity for alln=2. This is q
quite unexpected, since, as is well-known, in the BFKL aP-vhere
proach an overall averade) rapidly grows withy [ [8] and
Eq. (25) below]. It seems that this growth is totally explained
by the growth of the average number of jétg. z=blng, b=~ [ Y a=14a.((3). (24)
Passing to discussion, we first point out that it is an open ’ ayi(y—yi)’ s
guestion as to which kinematical conditions and to what de-
gree the BFKL Pomeron may describe realistic hadronic proHere @ is the error function andr(y) is the total cross
cesses. Emissions of high- jets in y*-hadron collisions ~section. Sincéo~1//y<1, the term withd is actually im-
seem to be a suitable place to see the BFKL signatures. Oortant only at large lg when it cuts the distribution ig at
results show that in such emissions strong positive correldn g~ ﬁ For this reason the scale gfis unimportant, so
tions are predicted betwegip;) and the number of jets, thatone may safely fix it by setting=1. The average value
already for a single Pomeron exchange. This indicates that iaf any positive powepB of the transverse momentum is eas-
fact such correlations do not require multiple rescatteringsly found to be
nor Pomeronic interactions, but that they are already present

y 2 B
v , , , , , , , 0dyl dqo”l(y.,y1,q) 1
2
, (=7 = e,
12 -\.\\ Hadronic collisions 4 f dylf dqu(yayLQ)
0
N 1 A=(1/2)Bay. (25)

Evidently (p£) grows exponentially witly for any 8>0.

Thus our results cannot be valid for aland energies and
refer precisely to the values ofand energies for which the
calculations were done. It is interesting to note that relations
AT —— i ] similar to Eq.(22), with (pr) substituted by p3), were ear-
lier obtained from gluon saturatidriO], and in the percola-

tion approachH11].
z 2 . s s m " ” As mentioned, an unexpected result obtained in our cal-
culation is that pr), at fixedn=2 fall with energy. As seen

FIG. 4. Average pr), for a fixed numben of jets produced in  in Figs. 1-4 this fall is not dramatic at energies at which we
hadronic collisions, as a function gf Curves from bottom to top  can expect the BFKL Pomeron to be relevayt-(10). Still,
correspond tm=1,2,...,5. it is quite appreciable, especially in view of the naive belief

<p_T>_n GeV/c
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that the average transverse momentum should grow with en- It is a pleasure to thank C. Pajares for interesting discus-
ergy. At present we do not see any plausible explanation ofions and for pointing out to us some relevant references. We
this phenomenon. Certainly it deserves further investigatioralso thank J. Castro and G. Parente for their useful com-
including highery and/orn. We hope that it can be tested ments. This work was supported by the Secratde Estado
experimentally as a possible signature of the BFKLde Educacio y Universidades of Spain and by the RFFI
Pomeron. grant 01-02-17137TRussia.
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