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Dilepton production from the color glass condensate
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We consider dilepton production in high energy proton-nucleusl very forward nucleus-nucleusolli-
sions. Treating the target nucleus as a color glass condensate and describing the projectil@pctaog as
a collection of quarks and gluons as in the parton model, we calculate the differential cross section for dilepton
production in quark-nucleus scattering and show that it is very sensitive to the saturation scale characterizing
the target nucleus.
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[. INTRODUCTION lider environment. One needs to define isolation criteria in
order to separate photons from different sources which
Perturbative QCD predicts a sharp rise in the number ofreatly reduces the production rates in addition to introduc-
gluons per unit area and rapidity in a proton or nucleus atng theoretical ambiguities in defining the isolation criteria.
high energy(small x) [1]. This however would lead to the The use of factorization theorems, well established for high
violation of unitarity of hadronic cross sections at high ener-p. inclusivephoton production, may be questionable for iso-
gies. High gluon density and gluon recombination eff¢2is lated photons. By considering dilepton production, one can
are believed to be responsible for taming this growth ancivoid most of these experimental and theoretical difficulties
restoration of unitarity. It has been suggested that gluons ai1]-
small x can be described by a strong classical f|Eﬂj and We briefly review our formalism and the differences be-
that weak Coup“ng, semiclassical methods can be app“ed fyveen real and virtual photon cross sections in Sec. Il. In
describe the physics of dense gluonic systems, such as Sec. I, we consider the diffractive cross section and show
proton or nucleus at high energies. This dense system dhat it vanishes. We consider the inclusive cross section in
gluons (the color glass condensates characterized by a Sec. IV and derive the differential cross section for dilepton
saturation momentun®<(x) which grows fast with energy Production inp—A collisionsdo/dz dM d’k, , whereM?
and rapidity. and k, are the dilepton invariant mass and transverse mo-
There has been much work done in order to investigaténentum whilez is its fractional energy. We end by discuss-
the properties of the color glass condensate in deep inelastiBg our results and the experimental signatures of saturation
electron-proton and electron-nucleus scatteriilyS), as  €ffects.
well as proton-nucleus and nucleus-nucleus collisipfis
While the saturation effects in protons at current energies are
far from being establishefb], the situation in high energy
nucleus-nucleus collisions is more intriguing. The saturation In order to reuse some parts of the calculation we already
model seems to work reasonably well at the BNL Relativisticperformed for real photon productid@], we start by a sec-
Heavy lon ColliderRHIC) [6] even though there are a lot of tion highlighting the main differences between real photon
open questions which need to be addressed before one cand lepton pair production, as well as the common aspects.
claim that the saturation model describes high energy heavy We want to calculate the amplitude for the elementary
ion collisions at RHIC quantitatively. The role of final state process
interactions, thermalization, etc., is still to be understpdd
In a recent set of publicatiori8,9], we proposed that high q(p) +A—q(q) +17 (k) +17(Kp) + X (1)
energy proton-nucleus collisions at forward rapidities at
RHIC may be an ideal place in order to investigate the color
glass condensate and the saturation model. By consideri ,
proton-nucleus collisions in the forward rapidity region, one'Pton pair
can avoid most, if not all, of the complications present in a"€2ds
nucleus-nucleus collision. Previously, we calculateeal

Il. REAL VS VIRTUAL PHOTON PRODUCTION

here a quark entering in the color field of a nucleus emits a
1717, In terms ofin andout states, this amplitude

photon production rate ip—A collisions[9] and showed ()1 " (k)1 (K2) oud A(P)in)
that it is very sensitive to saturation effects in the nucleus. _ T
In this work, we consider dileptofvirtual photon pro- =(00ud Poud D Din(P) Couf k2) doulke)[0in),  (2)

duction in p—A and show that dileptons provide a more
versatile probe of the saturation model than photons. Furthewhereb' is the creation operator for a quark, whittandd®
more, photons are notoriously difficult to measure in a col-respectively create a lepton and an antilepton. Applying the
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Gﬂ(k)ft(k)%mgz_—iewg(klakz), (4)
wherek=k; +k, is the 4-momentum of the virtual photon,
é and whereL??(k) is the discontinuity of the one-loop lep-
> > > > tonic contribution to the photon polarization tengoe. the

loop on the upper part of the diagram of Fig. 1—only its

FIG. 1. Atypical contribution to the cross section for lepton pairdiscontinuity is needed since the leptons are produced on-
production inpA collisions. The black dot denotes the resummedshe”)

interactions of the incoming quark with the classical color field of : . P .
the nucleus. This is the square of the term where the photon is An important simplification we used in the photon case

Wwas that the sum over the photon polarizations turned the

emitted after the scattering on the nucleus. There is also a term d K et (K) i . |
where the photon is emitted first, and interferences thereof, ndf'® ucte, (K) €, (k) Into —g,,, (up to terms proportional to
that do not contribute thanks to Ward identijie$his

represented here. 1z = A )
property led to a dramatic simplification of the Dirac algebra

involved in the calculation of the photon production cross
section A priori, the object_”?(k4,k,) is not proportional to
g”?, which means that th&ully differential lepton pair pro-
duction cross section has a more complicated Lorenz struc-
(0o Bout @) B (P) Cout K2) dout( K1) | Oin) ture. If however we assume that one reconstructs the virtual
photon 4-momentum from the momerika,k, of the com-
ponents of the lepton pair, the same simplification occurs.
Indeed, if one integrates over the lepton momentum inside
the leptonic tensot.??, keeping the sunk=Kk;+k, fixed,

LSZ reduction formula to this amplitudel2], one obtains
the following expression in terms of the fermionic fields:

= f d4X d4y d421 d4zzei(q‘x_p'Y) ei(kl'zl+k2‘22)U(q)

XW(Ky) (i fy—m) (i d,,—m) we obtain the following result:

Ny . 2
X <0:)ut|Tlp(x)jp(y)q,(zl)\[’(ZZ)|0In> Lpozgaem(ngKZ_ kpka). (5)
X(iﬂy-l—m)(iﬂzl—i-m)v(kl)u(p), (3)

Therefore, for the cross sectiatw/d*k, we have the same
simplification as in the photon production case.
where ¢ is the quark field¥ the leptonic field,u a quark The relation between the differential cross section and the
free spinor,w a lepton free spinor and an antilepton free amplitude can therefore be written as
spinor. Note that we have approximated all the renormaliza-

. . . 4 3

tion constants by 1 since we are going to compute only the |  d’k  d°q 1 2aey .

lowest order in the couplinggn, and a_. Therefore this do= (27)% (2m)°2q0 2p~ 3K? M (plak) M, (plak)
amplitude is made of a quark line and a leptonic line, con- X 2m8(q +k —p°) ©®)

nected by photons. The quark line interacts with the back-

ground color which is used to describe the high energy,nare v¢~ is the amplitude for the production of a virtual

nucleys. At lowest order in the electromagnetic and Stron%hoton, amputated of its external legs, and from which the
coup_llng constants, only one_bar_e photon connects the tWa, tor 278(q” +k~ —p~) has been removed. Explicitly, we
fermionic lines, as illustrated in Fig. 1. have

The part of the diagram that describes the scattering of the
quark in the color field of the nucleus is identical to what we .
have already calculated for the case of photon production. M #(p|gk)= —iequ(q)
Namely, the photon can be attached before or after the scat-
terings, but the terms where the photon is attached between

(p—k)?—m?

scatterings of the quark on the nucleus are suppressed by n YH4+k+m)y- u(p)

inverse powers of the center of mass eneygy Therefore, (q+k)2—m?

compared to the photon production case, we need only to

replace the photon polarization vectors of the produced pho- Xf d2x el (@ ki —p)x (Y —1). (7
ton by the propagator of thenow virtual) photon, its cou- X Ux)=1, @

pling to the leptonic line and the spinors of thél ~ pair.

This amounts to the following substitutidn: where g, is the electrical charge of the quark and where

U(x,) is a matrix in the fundamental representation of
SU(N,) that represents the interactions of the quark with the

We have indicated thiee prescription for the photon propagator, classical color field of the nucleus:

but it is in fact irrelevant here since the photon must have an in- . 1
variant mass squarekf larger than 4n? because of the threshold U(x,)=Texp — igzj dz" =5 pa(z-,z)t? (8)
for the production of a pair of leptons with mass. —o i
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with t® in the fundamental representation, and wherewhere we define again
pa(z~,z)) is the density of color sources in the nucleus. The
color averages over the distribution of hard color sources in
the nucleus are identical to the case of photon production, C(IL)EJ d?x, €' X (U(0)UT(x,)),. (12)
and can be found in Sec. Il ¢B].

The factorm ”M; in the cross section differs from the
factor we denotetjj/\/ﬂ2 in our calculation of photon produc- Like in the case of real photon production, all the informa-
tion only in the fact that we must not assurk&=0 in the tion about the nature of the medium crossed by the qtark
calculation. In fact, in this quantity, only the factor particular, all the dependence on the saturation sQa)eis
(tr(L™L))spin that contains the Dirac algebra is affected bycontained in this functiorC.

this change. Its new value is now: At this point, it is useful to introduce the longitudinal
momentum fraction of the virtual photar=k ™ /p~, as well
p? q? k2 as the total transverse momentum transfer between the
(tr(LTL))spin=16m? o2 " D7 " boD } nucleus and the qualk=q, +k, . The phase spaa#k of
a P P the lepton pair can be rewritten asli*k=3d(M?)
s ,2p-q 1 1 X (dz/z)d?k, , while the phase space of the outgoing quark
+8(p “+q ) -5 D can be written asd®q/(27)3%29o,=3(dq /q)6(q )d?l,

[implicitly, q* =qi/(2q‘)]. In terms of these new variables,
the inclusive differential cross section redfts unit electric

C)
D D; D,Dyq charge of quark
wherem is the mass of the quark and where we deridte 1 dgdA-altimx
=(p—k)*—m?=—2p-k+k? and D =(q+k)>—m?=2q , — el
-k+Kk2. Itis trivial to check that it reduces to the value found TR dz Pk, dlogM?

in [9] if we setk?=0. Having in mind the fact that the quark

comes from the wave function of a proton, we neglect the :Zigm d?I, | 1+(1-2)?
mass of the quark in the following. 3m (2m)t Tt z
rab
Ill. DIFFRACTION X—— 5 = 5 5
[k +M(1-2)][(k, — 2, )"+ M*(1-2)]

Like in [9], we can first study the case of diffractive dilep-
ton production, as the kinematics is simpler. Let us just re- 2 1
member that the diffractive cross section is obtained by per- —z1-7M [kf +M?(1-2)]
forming the average over the distribution of nuclear color
sources before squaring the amplitude. This implies that no 1 2
net transverse momentum is exchanged between the nucleus - [(k,—2z,)°+M?(1-2)]] |’ (13

and the quark, i.ep, =q, +k, . If one evaluates the factor
(tr(LTL)>Spin with this kinematical constraint, one obtains a

vanishing result if we neglect the massof the quark: This is our main result. It gives the differential cross section

for inclusive production of dileptons in high energy quark-
(tr(LTL))dM — 0. (10) nucleus collisions and includes all the high gluon density
spin effects in the nucleus. All the information about the high

This is in fact similar to the case of real photon production:9/uon density effects in the nucleus is contained in the func-
' 1) [9,10]. This function behaves as Iﬁ/in the |,

the absence of transverse momentum exchange between fign C(l

quark and the nucleus prevents the emission of the virtuaP Qs (perturbative region and like 1f atl,~Qs. Forl,
photon. <Qq, it is almost flat. Furthermore, the value lof where

the slope of the cross section changes strongly depends on
rapidity. This slow down happens at higher valued oin
the forward rapidity region.

If we do not require a diffractive process on the nuclear This expression reduces to the one found3nh for real
side, we just have to perform the average over colors sourcggoton production if we take the limi12— 0 as it must. The
after squaring the amplitude. The details of this procedurenain difference compared to the production of a real photon
are given in Sec. IV of9]. We obtain the following expres- is the fact that the collinear singularities lat=zI, andk,

IV. INCLUSIVE CROSS SECTION

sion for the differential cross section: =0 are now screened by the invariant mass squared of the
lepton pair, via the ternM?(1—2)>0.
d*k s eész 20em, o In order to relate Eq(13) to proton-nucleus collisions, we
da—incI:(zﬂ_)4d 2m%2q, 2p 3K (tr(L"L)) spin will need to convolute Eq(13) with the quark distribution
function in a proton using collinear factorization theorem.
X2w8(q +k™—p )C(p,—q, —k,), (11 Explicitly,
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dgP A~ 117X qA-q 117X settingp, =0. All it would take to keep both effects simul-
—2~J dx q(x,sz) > taneously would be to kegp # 0 in the calculation.
dz ik, dlogM dz ¢k, dlogM A more quantitative investigation of our results is beyond

149 the scope of this work and will be pursued elsewhere. Nev-

Furthermore, one will need to convolute the above cross se&'theless, we would like to point out that inclusion of the
tion with a quark-hadron or quark-jet fragmentation functionStandard leading order perturbative Q@BQCD diagrams

if one is interested in measuring both the outgoing hadron-je[tm], §uc;h as diIepton production via qpark-antiqgark
as well as the dilepton. Otherwise, one can dol thiategra- annihilatiorf and from direct(virtual) photon diagrams will

tion ahove to get theA—»| | X diflerenial cross section. 212 e T Fo e S e and
Experimentally, one will le to studyl?, k? an : . . . e
penmentaty, one be able to study”, ki and do not interfere with the diagrams considered in this work,

rapidity (z) dependence of the dilepton production cross sec- . : o '
tion in p— A collisions at RHIC in the near future. Here, we one can just add their contribution to our results. This way,

. . 2
outline our qualitative predictions from the color glass con-2N€ will have the full leading ordet.O) [O(ayy)] and next

densate picture of a nucleus at high energy which will be-C (NLO) [O(es agm] dilepton production cross section in

straightforward to verify or falsify at RHIC. p— A including the high gluon density effects in the nucleus
First, as compared to the standard leading twist perturbi—15]- ) .

tive QCD, we expect that the partonic level cross section Ve would like to emphasize that our res(B) can also

da/dy P, will change its behavior from ll‘j to 1/|f for be ysed for heavy ion collisions in the very forward rap|_d|ty

|, ~Q, and an even flatter behavior at smaller, at fixed region where valence quarks are the dominant partons in the

rapidity. Convoluting the partonic cross section with partonprojfgt'lﬁ nucleuz. The only Idn‘ference wih-A is that the N
structure functions in order to get the proton-nucleus cros¢/ould then need to convolute our cross section with the

section will change the power bf . Nevertheless, we expect quark distribution function in a nucleus rather than a proton.
the difference in the power df to be observable even after This may make it pos§|ble to extract the shadowing fu_nct|on
the convolution(13] for quarks(at largex) in the projectile nucleus by consider-

Second, the change of the slope of the cross section frotiY _the ratio of dilepton cross sections Ar-A and p—A
1/Ij to 1/If will happen at a higher transverse momentum incﬁl_ll'(s:Ions at RHIC or the CERN Large Hadron Collider
the forward rapidity region than the midrapidity region. In- ( )
deed, the saturation scale of the nucleus near the fragmenta-
tion region of the proton is much larger than the va@é
~1-2 Ge\? usually quoted at midrapidityf14]. The
growth of the saturation scale with energy is known from We would like to thank A. Dumitru and R. Fries for useful
DIS experiments at the DES¥p collider HERA[5] and  discussions. F.G. is supported by CNRS. J.J.-M. is supported
heavy ion collisions at RHIC14]. in part by a PDF from BSA and by U.S. Department of

For the same reason as above, transverse momentuBnergy under Contract No. DE-AC02-98CH10886.
broadening of the jetdilepton system will depend on its
rapidity: it will be larger at forward rapidities. This broaden-
ing proportional t0Qg adds up to the broadening due to 2n principle, one will have to include the effects of high gluon
initial “intrinsic transverse momentum” of the incoming densities on sea quarks. However, this will have another factor of
quark. This effect has been neglected in our final result byrs and therefore is higher order.
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