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1. Introduction

There has been a big improvement in interpreting the RHI@ daéthin the Color Glass
Condensate (CGC) formalism in the last decade. A strongrespion of particle production in
deuteron - gold collisions at forward rapidities is obserat RHIC which can be interpreted as
an evidence for the importance of saturation effects at RHlis effect appears also in [1]. Al-
though the data is described very well, there are some peitigs of the results of [1] that make
one wonder. First a very largé-factor is required to fit the overall magnitude of the praahrc
of pions. Secondly and perhaps more worryingly, the sugpresn the theoretical curves of [1]
persists to extremely high transverse momenta, where guextxperturbation theory to be long
applicable andRya to be equal to one. The calculations of [1] are based on thierithjormalism"
of [2]. The question we would like to address is that if theriafa derived in [2] takes into account
all contributions at leading twist.

2. Gluon Production

In this section we derive the expression for the gluon cbuation to hadron production in the
hybrid formalism. The quark and antiquark contributiond fa& included in the following section.

We consider a process where an energetic projectile ssaifea static target. The wave
function of the incoming projectile can be represented as

(W)in = QJv) (2.1)

where|v) is the zeroth order wave function afis a unitary operator that diagonalizes the QCD
Hamiltonian. The outgoing state after scattering is

|W)out = SW)in (2.2)

whereSis the eikonal scattering matrix for the projectile partarsch propagate through the static
target fields. The number of produced gluons is then given by

dzi% — (vQSQal (k. kHa(k k)QTSOW) 2.3)
In order to find the operatd®, we start with the light-cone QCD Hamiltonian

= I (2o et —(—k* 1aii e i,
H= k+>0Ed x<§|_|a(k X5 (=K ’X)+ZGa(k ,X)GJ4 (—k ,x)> (2.9

where the electric and magnetic pieces are

I'I;(x‘,x) = —0—+(Di0+Ai)a(X_,X)

GL(X,X) = BAS(X,X) — AR (X, X) — g FPAP (X, ) AT (X, ) (2:5)

We are working in the light cone gaug&;” = 0. The other light cone component of the vector
potential A~ can be expressed via the solution of Maxwell's equations\as- —a%aipq. The
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transverse components of the vector poterfilaire expanded in terms of the gluon creation and
annihilation operators

© dk™ I
A0C 0 = [ G (A ge K e e | (2.6)

where the creation and annihilation operators satisfytredsird canonical commutation relations.
Q is a unitary operator and it can be defined in terms of a HeamnitperatoG asQ = e '©. Since
the eigenvalues of the Hamiltonian are the eigenvalues eofribe Hamiltonian to first order in
coupling constant, to this order the Hermitian oper&aatisfies the following equation

i[Ho, G] = H1 (2.7)

whereHgy andH; are the zeroth order and first order Hamiltonians in the peative expansion of
Hocp. After some algebra one gets

1 1 p
_ fabc/ {[-__} bkt k) (2.8
9 Jokc oo DR TP Gprk P rkifa(khk) o (2.8)

+
a(p", p)al (k" +p k+p)+ pf;wkja-b(k*, Kaf(p™, pal’ (k" + p", k+p)}+h-c.

with w(k) = k?/2k*. The number of produced gluons to leading order in the cogptbnstant is
given by
dN 1
d%kdkt  (2m)3
Using the fact that th& matrix operator acts as a color rotation on all gluon creagind annihi-
lation operators in coordinate space, é&f‘(qﬂv)é: S(v)aP(gt,v), and Eq. (2.8) one can see
that

[ [S'G -GS & (K, k)ad(k™, k) [GS—SG |v) (2.9)

dN

Frgie D 8(p" —ah)(vla'(p +ka(p +kHIV) + (via' (p +k)a (@ )a(p*la(a’ +k)Y)

(2.10)
The second term involves a two particle density in the dtatevhich is suppressed in the lead-
ing twist "partonic" approximation. This term is neglectdce it is beyond our approximation.
Thus, keeping only the first term of Eq. (2.10) and assumiiag e projectile state is color and
rotationally invariant, after some algebra the singleusile gluon spectrum reads

dN as 1 /1df le' 27 2 (V—2)i (v—2);
d?kdk* 2712(27'[)2N2 1 1-¢ (V—2)2 (v—2)?

"
Xtr{ [S(l v+£zT S(l vz STT Sl] [ 1-§) v+£zT S(l &vréz— SITaSV]}

Kt kT N\, k
2n§<a (5,(1—E)v+z>aj (T,(l—f)v+z>> (2.11)

whereé is the longitudinal momentum fraction. Let us now considher $oft limit of this expres-
sion which corresponds to the situation when the longiwidimomentum of the observed gluon is

[(1— £ 824 (1 f)zfz]
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much smaller than the momentum of the gluons in the valarate.sthus, taking the limi§ — O
of Eq. (2.11) we get

dN  as k-7 (V=2)i (Z—V)i
d2kdk- — @ 27'[2N2 1 kJr (V—2)2 (z—Vv)?

tr{l— &&—%&+§&}<a}a(§,v> a?(?,v>> (2.12)

Assuming color neutrality of the hadronic state, kkdfactorized form reads ([4], [5] and [6] )

dN _Gs (V=2); (z—V)i
(2.13)
In partonic approximation there is only a small number ofogksi in the hadron and there are no
correlations between different gluons. Therefore, for larcsinglet hadronic state, color charge
correlator can be written as

- dot
(0508) = 8w~ INe( [ L al*(p" vjai(p"v) (214)

Hence, in the leading twist approximation the soft limit loé t'hybrid formula” is as the partonic
limit of the kr factorized formula. In the soft limit the color charge ctation function and scatter-
ing amplitude can be expressed in terms of the projectileanget gluon momentum distributions
as

T p— /é Y VpP@(pb) ,  trl-gS] =2nach/ép‘(”7%<pr(p,b) (2.15)
87‘[0rs p p
Then, the single inclusive gluon spectrum can be written as
dN  aNe [ 1 1 12 1 1k
PkdndPb ~ N2—1.] [(I R (I TRy k)ZF] otk (216)

In the limit of large momentum of the produced glukn> Qs, Agcp the momentum integral in
Eq. (2.16) is dominated by two regions. In the first redieg k. In this kinematics the incoming
projectile gluon has a small transverse momentum and sgatith a large transverse momentum
transfer from the target. We refer to this contribution astt :

dN asNe 1
— = —@r (kK | 2.17
[dzkdn]elastic NZ — 1k2§0f( )/|<Q~kqb( ) ( )

The second contribution comes from the momentum rérg&+ g with g < k. This contribution
corresponds to a projectile gluon coming in with a largesdvanse momentum and scattering with
a small momentum transfer. We refer to this contributiomasaistic:

dN asNe 1 /
—_ = —@p(k 2.18
[dzkdn :| inelastic ch —1k? @3( ) g<Q~k q)r(q) ( )

At high pr, both contributions are of the same order of magnitude. Tolegbility of finding a low
pr gluon in the projectile is of order unity, but the probalildf scattering this lowpt gluon with
a large momentum transfer is of ordmy. Whereas for the inelastic contribution, the probability o
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finding a highpr parton in the incoming wave function is of ordeg, but scattering of this high
pr parton with a small momentum exchange is of order unity. Assg a perturbative behavior,
@ = u?/p? for both the projectile and the target, one can write

dN } 5 o PP [ dN ] s o PP
— = Oslp s In —— | —_ = asUpusIn — (2.19)
[dzkdr’ elastic e /\éCD dzkdn inelastic et Qg

where we have assumed perturbative behavior for the tabgeeahe saturation momentur@s.
It is clear that at parametrically large transverse monmarthie two contributions are comparable
and both must be kept.

If we now go back from soft limit to "hybrid formalism", it isasy to identify the same process.
Elastic contribution is related to the case when all thesvarse momentum of the produced gluon
originates from the momentum transfer from the target. B dhse of inelastic scattering, the
large transverse momentum of the gluon in the final state ol arise from a large relative
momentum between the two splitted gluons in the incomingeptite wave function.Taking into
account both elastic and inelastic contributions, als¢uting the gluon splitting functions and
gluon fragmentation functions, one arrives to the final falafor the gluon production

dN
d2kdn

as Ng 1df X d2p
+?N3—1k4/ T [1 5+5] g/g(f>><1fg<gl,Q2> /p2<Q2 (Zn)zpzNF(xZ,p,bzo)]

where

:/leDh/g(Z Q) [xl (xl,QZ)NA(xz,l—;,b:O) (2.20)

NA<k,b: ZJZFZ> _ N21 : /dz(z—ije""(z‘z)tr [SI\(Z)SL\(z)] (2.21)
2
<kb Z;Z>::ﬁa/d%z—aéwzﬂu{éxas4a] (2.22)
C
with the longitudinal momentum fractions are
k XF —2

Xg = €l xi=— |, X=xe 2.23
F m 1 7 2 1 ( )

3. Including Quarks

We derive Eq. (2.20) for hadron production that includehlgbastic and inelastic contribution
in a theory that does not contain quarks. This is obviouslyangood approximation to reality
especially at forward rapidities, where the quark contidsumust be the leading one. Thus, one
has to include the quark contributions. After some cumbaeseoalculation in the same spirit as
gluon production one arrives to the final formula

dN 1 /1dz
d2kdn ~ (212 Jx. 2

1d v
—l—/ 222207{T2k4/( F))pNF p7X2X1/ T Zjawy (&R, (&) <E,Q>Dh/q(zQ) (3.1)

where the inelastic weights are defined in [7].

[Xl f(x1, Q°)Na(Xe, l—<Dh/g(2, Q) + Zgxa fq (X1, Q%N (X, l_;)Dh/q(Za Q)
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4. Discussion

We presented the complete leading twist expression fousna hadron production in the
hybrid formalism that was derived in [7]. It was shown thagtdition to elastic scattering terms
first derived in [2], there are also terms that corresponchédastic scattering of the projectile
partons on low momentum components of the target field.

The final states that correspond to the inelastic procesdilzadron pairs where both hadrons
are emitted at forward rapidity and have strong back to backetation. Since both produced
hadrons have large rapidity, such pairs with large trasgvaromentum are kinematically allowed
only at large collision energy. Thus one might expect thistigbution not be of great importance
in RHIC kinematics, but it may be sizeable at LHC.

However the effect of inelastic contributions to singlelirsive hadron production in proton-
proton and proton-nucleus collisions at RHIC and LHC areestigated in [3]. It is shown that
including the effects of inelastic contributions not onlyeas a good description of RHIC data but
it also leads to a sharper increase of the nuclear modificédictor Rpa with increasingpr.
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