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Two-particle correlations in high-energy collisions and the gluon four-point function
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We derive the rapidity evolution equation for the gluon four-point function in the dilute regime and at
small x from the JIMWLK functional equation. We show that beyond leading order in N, the mean field
(Gaussian) approximation where the four-point function is factorized into a product of two-point functions
is violated. We calculate these factorization breaking terms and show that they contribute at leading order
in N, to correlations of two produced gluons as a function of their relative rapidity and azimuthal angle,
for generic (rather than back-to-back) angles. Such two-particle correlations have been studied experi-
mentally at the BNL-RHIC collider and could be scrutinized also for pp (and, in the future, also AA)

collisions at the CERN-LHC accelerator.
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I. PRODUCTION OF TWO CORRELATED
PARTICLES

The evolution of QCD amplitudes with energy is de-
scribed by the Balitsky hierarchy [1] or, equivalently, by
the JIMWLK [2] functional renormalization group equa-
tions. They essentially represent generalizations of the
well-known Balitsky-Fadin-Kuraev-Lipatov (BFKL) equa-
tion [3] for the evolution of the two-point function to
evolution equations for arbitrary n-point functions includ-
ing the nonlinear effects due to high gluon density. In the
unitarity limit of high parton density the Balitsky hierarchy
is not closed: the derivative of any n-point function with
respect to energy (or rapidity Y ~logE) involves all
m-point functions (m = n). In the dilute regime, however,
the hierarchy can be truncated to obtain closed evolution
equations for each n-point function.

Prior work in this field has mostly focused on the evo-
lution of the two-point function and its perturbative uni-
tarization at high energies. The purpose of this paper is to
point out that information on the four-point function could
be obtained from two-particle correlations in inelastic
high-energy collisions in a certain kinematic regime (see
below). Computation of multiparticle production in high
energy collisions [4] relies on the use of factorization
theorems [5] which ensure that the small-x divergences
of the observables can be absorbed into the JIMWLK
evolution of the n-point functions.

We argue that even in the dilute regime the B-JIMWLK
equation for the four-point function cannot be factorized as
a product of two BFKL two-point functions. We show that
the terms that violate this factorization actually contribute
to the correlation function at leading order in N.,.

We consider the correlation of two particles with trans-
verse momenta p |, g (we shall drop the subscript L from
now on to avoid cluttering of notation) and rapidities y,,
Y4 TESpectively:
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C(pq)=< dN, >_< dN >< dN>
’ d*pdy,d*qdy, d?pdy,[\d*qdy,[’

(D

When p and g are on the order of a few GeV it is necessary
to subtract the background of uncorrelated particle pairs to
reveal the structure of the correlation function. The brack-
ets denote an average over events and the momentum
distributions shall be normalized according to

/ dzpdyp<%> -, @)

dN
d*pdy,d*qdy <—2 > = (N2, (3)
f p q dZdedeQdyq

where (N) is the total average multiplicity per event. It has
been argued in Ref. [6] that in the high-energy limit (but
fixed p, ¢, y,. y,) the leading contribution to C(p, q) is due
to diagrams such as the one depicted in Fig. 1. For these
diagrams the hard amplitudes are disconnected but the
correlations arise because for either one (or both) of the
colliding hadrons the ladders in the amplitude and/or the
conjugate amplitude connect to the same color source.
These two-point functions are essentially the unintegrated
gluon distributions of the hadrons; they are of order 1/g>
when the transverse momentum in the ladder is below the
saturation momentum Q) of the corresponding hadron.
Diagrams such as Fig. 1 should dominate C(p, g) even at
high (but not asymptotically high) transverse momentum,
p, q = Q,, provided one considers generic relative angles
cos¢p = p - q/(Ipllgl) (in particular, away from the region
of “back-to-back” jets, ¢ = 7). On the other hand, at
leading order in «y, when p, ¢ > Q, the gluon pair should
originate from the same ladder. When the rapidity differ-
ence between the two produced gluons and the two beams
are smaller than ~1/a,, the ladder is DGLAP-ordered

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.81.094015

ADRIAN DUMITRU AND JAMAL JALILIAN-MARIAN

20,9 — k3

21, k3

FIG. 1. Correlated production of two particles with generic
relative azimuthal angle at leading order. The blobs denote the
unintegrated gluon distribution of the projectile A or target B,
respectively, and the light-cone momenta are x;, = (p//s) X

exp(£y,), z12 = (q/~/s) exp(£y,).

which would lead to C(p, g) being dominated by contribu-
tion of back-to-back jets [8(p + ¢)]. When |y, —y | =
1/a; the delta-function gets smeared out by a BFKL-
ordered ladder in between the produced gluons (Mueller-
Navelet jets [7]). Instead, here we consider the situation
where p, g are somewhat larger than but on the order of Q;
also, |y, —y,| should be significantly smaller than the
total rapidity window between the two beams; and, most
importantly, the relative azimuthal angle is ¢ < 7, such
|

sz B g12 f 4
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that the transverse momenta of the produced gluons do not
cancel.

We note that two-particle correlations away from the
back-to-back regime have recently been measured at the
BNL-RHIC accelerator at /s = 200 GeV (per colliding
nucleon pair) for proton-proton, deuteron-gold, and gold-
gold collisions [8-10]. For the former systems only a
narrow peak due to fragmentation of the triggered parton
have been observed. For collisions of heavy ions, on the
other hand, C(p, q) exhibits a “ridge”-like structure: it is
narrow in ¢ but extends over several units in Ay = |y T
Vg |. The absence of measurable correlations in pp and d +
Au collisions may be due to the smallness of the saturation
momentum Q, for a proton or deuteron at RHIC energy.
Also, the measurements from RHIC might be expected to
be rather sensitive to the initial conditions for the evolution
equation at moderately small x,. At the higher energies of
CERN’s LHC collider, the saturation momentum of a
proton measured from the central rapidity region is ex-
pected to be on the order of 1 GeV and such correlations
could be sufficiently strong to provide information about
the QCD four-point function at small x.

The diagrams like the one from Fig. 1 arise from facto-
rization of the four-point functions in the field of the
projectile/target into products of two-point functions [6]
(unintegrated gluon distributions). Doing so, however,
picks up only the leading-N, contribution to the four-point
function. More generally, C(p, q) is given by

d’k;  Lu(p, k\)L*(p, ko) L,(q, k3)L" (g, ky)

X(p*@ (ko) p™? (k) p (k) p 12 (k3)p* p(p — ka)p™ 5(q — ka)ps (p — k)ps? (g — K3)) (4

g12

&k

L,(p, k\)L*(p, ky) L,(q, k3)L"(q, ky)

4
= a@my SeaSvo S e gaa) f l] Q2 (p — k)2(p — kn)? (g — k3)2(q — ky)?

X (p* (ko) p™? 4 (k) p o< (k) p 12 (k)X 5(p = ko) p™ (g — ky)ppS (p — k)pp? (g — k3)) 5)

In the second step we have assumed factorization of the
wave functions of projectile and target. L* denotes the
Lipatov vertex which satisfies

4 g
L, (p, k) L*(p, ky) = _?[5”5”"’ + €]

X ki(p = ki)Y ks (p — k)™ (6)

4k >
L,(p, K)L*(p, k) = —7(17 — k). (7

The expression (5) is depicted in Fig. 2. Here, p(r)
denotes the color charge density per unit transverse area
at a transverse coordinate r and p(k) is its Fourier trans-
form. Its two-point function is related to the unintegrated

[
gluon distribution ®(x, k%) via

1 8ab

(p* (k) pP(K")(x) = — ———Q2m)*6(k — K')D(x, k).
a; N; — 1

(®)

With this normalization one recovers the LO

k | -factorization formula for the single-inclusive distribu-
tion from the diagram 3 with the standard prefactor [11]:

dN Nc 0'0/

—  —4q.—c
Ppdy NI p?
% Dp(xy, (p — k)%
(p—hk?*

where o is the transverse area of the collision (note that in

()]
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FIG. 2. Correlated production of two particles with generic
relative azimuthal angle at leading order. The blobs denote the
four-point functions for the projectile A or target B, respectively.
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FIG. 3. Single-particle production from k, -factorization at
leading order. The blobs denote the unintegrated gluon distribu-
tion of the projectile A or target B, respectively.

our convention ®(x, k%) is the density of gluons per unit
transverse area and it therefore contains a factor of 1/07).

In a mean field (and large N.) approximation one may
factorize the four-point functions from Eq. (5) into prod-
ucts of two-point functions,

<papbpcpd> — 5ab66d(p2)2 + 500617(1’(’02)2

+ 5ad5bc(p2)2 + e (10)

where p?> = (pp), and the momentum dependence of the

two-point function has been suppressed. Then, one of the

nine contractions corresponds to the square of the single-

inclusive distribution: contract the first p with the third and

the second with the fourth, for both projectile and target.
The color factor for this diagram is’

fgaa/fg’bb’fgcc/fg’dd’<p*aApAC><p*bApAd><p*a,BpBC/>
X{p™ ppp) an

"Not including factors of N, which will enter once {pp) is
expressed through ® via Eq. (8).
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~ fgaa’fg’bb’fgcc’fg’dd’Bacahdsalc/shldl = N%(N% - 1)2
(12)

The remaining eight diagrams correspond to a color factor
of (we take Fig. 1 as an example)

fgaa’fg’bb’fgcc’fg’dd’<p*aApAc><p*bApAd><p*a/Bp*b/B>
X (ps pg?) (13)

~ fgaa’fg’bb’fgcc’fg’dd’aacabdaa/bIBC/d/ = ch(Ng - 1)
(14)

Thus, two-particle correlations are suppressed by a factor
of N2 — 1 as compared to uncorrelated production. For this
reason, the leading-N, ansatz (10) may not capture the
complete result for C(p, g). Below, we derive the evolution
equation for the four-point function from JIMWLK. We
determine the corrections beyond the mean-field and
large-N, approximations to the right-hand side of (10)
and show that these corrections contribute at the same
order in N, to the correlation function.

In this regard, we should point out that N, corrections to
the two-point function in the dense regime were found to
be exceptionally small [12]. However, this needs not be
true for the four-point function. In fact, we shall argue
below that we do not expect N, corrections to the four-
point function to be anomalously small, even in the dilute
regime. A verification or falsification of this expectation
via exact numerical solutions would be very valuable.

II. EVOLUTION EQUATION FOR THE FOUR-
POINT FUNCTION

In this section we present the equation describing the
rapidity evolution of the four-point function (@%a?aad)
obtained from the JIMWLK equations, which include
terms of subleading order in N.. In this context it is more
natural to work in coordinate space, so r, s, 7, § denote
transverse coordinates; the four-point function in momen-
tum space can be obtained by Fourier transform. We also
find it preferable to work with the fields « rather than the
color charge densities p; at leading order and in covariant
gauge, they are related in coordinate space by

1
A*(xTr) =6 alxT,r) = —g3'“_5(x+)v—ip(x+, r),

(15)

for a hadron moving at the speed of light in the negative
z-direction. Since this field also satisfies A* = 0, the only
nonvanishing field strength is F~/ = —da. In momentum
space we have the relation k>a(k) = gp(k).

The JIMWLK evolution equation for the four-point
function to lowest order in the fields can be shown to be
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T (277_)2 f f (r_Z)2(f_Z)2[ r=r rtz zYr z Z] s8
(r—2)-(s=2) , ! ! Flub o
+ fenafrwe = 2% — 2 [atas — atal — atal + atal]alal
eKa de(r_Z)'(§_Z) e e S e e S1.b ¢
+ fexaf. =G = 2° [atat — atal — alal + alal]alas
ekb ch(f_Z).(s_Z) e | e S e S e S ad
+fUf m[a;as —asa; — afas + atas]atad
pprnd T =D =D er eir el ¢ arallasas
et pind = —S[atal — asal — atal + atallatas
(F— 2G5 —2) ' ' ‘
eKC de(S_Z)'(i_Z) e f e e/ e J1.a.b
+ [t ——s——lafa; — afaz — ate; + atai]efay ). (16)
(s —2)°(5 — 2)

This expression neglects contributions from higher n-point functions on the right-hand side; in the dilute regime, i.e. when
the transverse momenta of the produced particles are higher than the saturation momenta of the colliding hadrons, this
approximation should be justified.

In order to derive the color structure of corrections beyond the large-/N, approximation, we factorize the product of four-
point functions on the right-hand side of Eq. (16) into products of two-point functions. This Gaussian approximation
reduces the evolution equation for the four-point function to a product of two BFKL equations (for the two-point function)
plus extra terms which provide corrections to the factorization (10). The result is

%(afa?aﬁa@ — d;dY[aacabda%_Ea,%is + 5ab50da,?_§a,%_F + 5ad5bca%_§a%_s] _ 2as2 [dZZ[ngcd + lezbcd + ngCd]
v
a7
where
(= (= (=52 L
Fabcd = fakb fcrd 2__ 2__ + faxd ch[ _ + o5 5 e ]
0 f f (I"_Z)z(s _Z)2 (@ ZmEy @ SRy f f 2(r—z)2(7—z)2 2(F_Z)2(S —Z)2 (r s, S r)
X a%*ﬁa%*s
abed — faxb fck 1 (S-r)z i 7
Flb ¢ = farbf d[<(r -y - (r—2)2(s — Z)z)a%iagf T (resse ”):l (18)
(1 (F —r)? 1 (5 -7 -
4 faxd hKL[( — — ) 2 a2 o+ — 5§ ]
L e e e e L G ) A R AR
: (r—s)? 1 1 _ B
Fubcd = fakb CKd[[( _ _ ) 2__ 2__ _ - :| _ PN :|
2 F°f r—22s—27 (r—2?7 (s—2? az jaz ;= (s —3) (re7)

In (18) all terms in Fy, F'y, and F, are to be duplicated with corrections beyond the large-N, factorization (10). Since

the substitutions indicated explicitly in the brackets.
Second, all terms in F;, and F; are to be duplicated again
substituting a < b and r < 7. Then, all terms in Fj and F
should be duplicated a third time exchanging ¢ < d and
s < 5. Furthermore, all terms in F, are to be duplicated
while letting b < ¢ and r < §. Finally, the terms obtained
in the last substitution (only) in F, should be duplicated
exchanging ¢ < d and r < 7.

The first term in (17) provides the leading-N,. contribu-
tion to the four-point function. The second term gives

an analytic solution to the evolution equation for the four-
point function is not within our reach, a numerical inves-
tigation of these terms and their magnitude would be
extremely useful. Nevertheless, from

Iy(p PP p?) ~ a N85 p?)? + a fer U (p?),
with  p2(Y) ~ e®NeY (19)

one might expect that, generically, the solution to this
equation has the following color structure:
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<papbpcpd> — 5ab acd(p2)2 + 5ac6bd(p2)2
+ 8945b<(p?)? + (20)

1 1
NC facxfbdx(pZ)Z + NC fabech(pZ)Z
1 adk £bek (422
+ ch 7 (p)”. (21)

(Note that the various two-point functions depend on dif-
ferent coordinates/momenta and so each of the above terms
is distinct.) The color factors emerging from the products
of the Kronecker tensors have already been discussed
above, Eqs. (12) and (14). However, some of the products
of a leading-N, term from the first line (20) with a
subleading-N,. term from the second line (21) also contrib-
ute at the same order N2(N2 — 1). For example,

1 N, !l
N_ sac gbid fgaa’fg’bb’fgcc’fg’dd’fabKdeK
c

— Nc5ac5bdfabeCdK — N%(N? _ 1) (22)

This shows that some of the subleading-N,. contributions
from the four-point function actually enter C(p, ¢) at lead-
ing order, compare to Eq. (14). Previous results from the
literature [6] (also see [13]) are therefore not complete.
Nevertheless, the correlations described here should still
extend over several units in |y, — y,| [13]. Quantitative
results for the JIMWLK four-point function and for the
corresponding two-particle correlations C(p, q) as func-
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tions of the transverse momenta p, g, relative azimuth ¢
and relative rapidity |y, — y,| remain to be found.

In summary, we have argued that two-particle correla-
tions from high-energy collisions may provide some in-
sight into the QCD four-point function. This should be the
case, in particular, when the transverse momenta of the
produced particles are not very much higher than the
saturation momenta of the colliding hadrons and when
their relative azimuthal angle is sufficiently less than 7.
The narrow (in both azimuthal and polar angle) jetlike
fragmentation peak should sit on top of a ‘““background”
which is broader in the relative rapidity |y, — y,|.

If expanded in powers of N, the leading contribution to
the four-point function is given by the product of two
BFKL two-point functions. However, we find that genuine
B-JIMWLK subleading-N,. corrections also appear in the
correlation function C(p, q), at leading nonvanishing order
in N... The correlations mentioned here represent an inter-
esting opportunity to study the nontrivial structure of the
four-point function of the B-JIMWLK hierarchy, both
theoretically and experimentally.
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