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talk based on:

Saturation and shadowing in high-energy
proton-nucleus dilepton production

in collaboration with A. H. Mueller and D. Schiff

Nucl. Phys. A 741 (2004) 358 (hep-ph/0403201)

related work by J. Jalilian-Marian:
Electromagnetic Signatures of the Color Glas Condensate: Dileptons
Nucl. Phys. A 739 (2004) 319 (nucl-th/0402014)

and by M. A. Betemps and M. B. Gay Ducati:
Dilepton low pT suppression as evidence of the Color Glass Condensate
(hep-ph/0408097)
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motivation

in p(d)A and AA collisions
important initial- and final state effects

due to multi-gluon interaction in the nucleus

Ideal (additional) tool for exploring initial state:

production of real photons and dileptons

in p(d)A collisions

no strong rescattering and no fragmentation function
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production of dileptons in pA collisions

based on and aims for:
exploring gluon properties at small x in nucleus

dipole bremsstrahlung picture for
quark + nucleus −− > dileptons +X ( - relation to DIS -)
and related to nucleon (quark) + nucleus −− > hadrons (gluons) +X

k⊥ factorization and gluon saturation in large nucleus

BFKL evolution and geometrical scaling by
including non-linear evolution effects (BK equation)
for large rapidity (energy) Y = ln(1/x)

for Y >> 1, i.e. large forward dilepton rapidities (RHIC energy) and at high energies
(LHC energy)
leading twist suppression/shadowing with respect to proton-proton collisions
together with anomalous scaling behaviour with respect to A
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hadro-production in dA at RHIC

strong motivation due to
disappearence of Cronin like enhancement →

gradual suppression of hard (charged) particle yield at forward rapidities

- has been predicted
surprise: “quantum evolution” of gluon distribution dominates in the nucleus
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ratios as a function of pT , e.g. [Ncentral/Ncoll,central]/[Nperipheral/Ncoll,peripheral]

from R. Debbe (BRAHMS Collaboration), at QM2004, nucl-ex/0403052
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bremsstrahlung off a quark

propagating through a large nucleus: qA → γ∗X

(quark in a nucleon/deuteron)

cross section for massive γ∗, mass M , energy fraction z,
at medium and large pT , and for massless quark q

(fixed impact parameter ~b )

dσ

dzd2k⊥dM2
=

αem

3πM2

dσ

dzd2k⊥

restrict discussion to fixed QCD coupling αs
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kinematics for

parton1 + parton2 −− > photon∗

average momentum fractions:

x1 = xt exp y , x2 = xt exp (−y), xt = M⊥√
s

,

e.g. for transverse mass M⊥ = 5.0 GeV (M ∼ 2.0, k⊥ ∼ 4.5 GeV)
and y = 0 (3.5) :

RHIC energy
√

s = 200 GeV

- gluon in nucleus - x2 = 2.5 10−2 (9.1 10−4)

LHC energy
√

s = 5500 GeV

- gluon in nucleus - x2 = 7.5 10−4 (2.7 10−5)

i.e. fast quark − > especially forward dileptons:
small x gluon in nucleus
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k⊥ factorized dipol formulation

dσ

dzd2k⊥d2b
=

αem

k2
⊥

+ (1 − z)M2

d2q⊥

q2
⊥

H(k⊥, zq⊥, (1 − z)M2) φG(~q⊥,~b, Y )

unintegrated gluon distribution - qq̄ ..dipole amplitude N(~x⊥,~b, Y ) :

φG(~q⊥,~b, Y ) = d2x⊥ei~q⊥·~x⊥ ~∇2
x⊥

N(~x⊥,~b, Y )

at Y = 0 : McLerran - Venugopalan model (as initial conition)

N(~x⊥,~b) = 1 − exp(−x2
⊥

Q2
s(~b)/4) ,

saturation scale: Q2
s(~b = 0) ∼ A1/3
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graphs

a typical k⊥ factorized leading twist two gluon exchange graph

βα

α β

k

P

P

q q

p

p

hard part H times unintegrated gluon distribution φG

relation to DIS:

. .

−

∗

.

γ

q

l
−

−x = 0

1x

P

FIG.6

Saturation effects in pA → – p.11



gluon structure function

e.g. real (“isolated”) photon production: qA → γX

dσ

dzd2k⊥d2b
=

2αem

(2π)4
1 + (1 − z)2

zk2
⊥

d2q⊥
φG(~q⊥,~b)

[~q⊥ − ~k⊥/z]2

LO pQCD factorization: comparison with LO hard k⊥ pQCD 2 → 2 cross section for
qG → γq, when k2

⊥
� Q2

s ,

dσ

dzd2k⊥
=

αemz[1 + (1 − z)2]

k4
⊥

αs

Nc
xGA x =

x2
T

z(1 − z)
, Q2 ' k2

⊥

dxGA(x, k2
⊥

)

d2b
=

O(k2

⊥
)

d2q⊥

π

Nc

(2π)3αs
d2x⊥e+i~q⊥·~x⊥ ~∇2

x⊥
N(~x⊥,~b)
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BFKL in presence of saturation

[Ya. Ya. Balitzky, V. S. Fadin, E. A. Kuraev, L. N. Lipatov (1976-1978)]

gives large number of gluons when αsY = αs ln(1/x) >> 1

due to quantum evolution - gluon radiation

including non-linear Balitzky-Kovchegov type effects

[A. H. Mueller and D. N. Triantafyllopoulos (2002); also: S. Munier and R. Peschanski (2003)]

φG quickly scales as a function of scaling variable q⊥
Qs(Y )

: φG maximal at q⊥ = Qs(Y )

confirmed numerically by J. L. Albacete et al.

Y = ln(1/x) dependent scale, increasing with Y

Q2
s(Y ) ≈ exp[λ Y ]

anomalous dimension λ0 = 0.372:

φG ≈ A
1−λ0

3 (~b = 0)
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results: γ∗ cross section at large Y

parametric estimate for ratio

Rγ∗

pA =
σqA−>γ∗X (~b)

T (b) σqp−>γ∗X

based on (scaling regions of A and p overlap)

φG(k⊥/Qs(Y ),~b ) ≈ (
k2
⊥

Q2
s(Y )

)λ0−1

since λ0 6= 0 : anomalous suppression

Rγ∗

pA(~b = 0) ≈ T (b)|p
T (b)|A

[
Q2

s,A

Q2
s,p

]1−λ0 ≈ A−λ0/3

c.f. with RpA for produced gluons
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result: BFKL saturation model

as illustration, following K. Golec-Biernat and M. Wüsthoff:

Q2
s(Y ) ≈ exp[λ Y ] : λLO−BFKL = 4.88

Ncαs

π
→ λBGW ' 0.3

SUPPRESSION:

M = 2 GeV: yγ = 0.5 (dotted), yγ = 1.5 (short-dashed), yγ = 3.0 (dashed blue )

M = 4 GeV and yγ = 3.0 (red)
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BFKL saturation model, cont.

SUPPRESSION:

RpA as a function of A for k⊥ = 5 GeV, M = 2 GeV and yγ = 3 (blue)

compared with A−λ0/3 dependence (red)
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LHC prediction

SUPPRESSION:
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k⊥ integrated RpA as function of dilepton mass for central collision at LHC: y = 5

[J. Jalilian-Marian (2004)]
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summary

hope: encouraging results for experimenters
to measure in p(d)A collisions at RHIC and LHC

the (energy dependence of the) suppression at large rapidities

for photons, dileptons and hadrons at moderate transverse momentum

support of the saturation picture of gluon dynamics
at high energies and small values of x

detailed knowledge of the initial state is crucial to develop the theory,
which describes finally the dynamics of the transition from the
dense gluon state (CGC) to the (thermalized) QGP
in A − A collisions at highest energies

extend analysis to running αs and even beyond leading order BFKL
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EXTRAS
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saddle point conditions:

R =
ln Q2/µ2

2ᾱsY
=

ln q2

⊥
/Q̄2

s

2ᾱsY

λ11/20 λ0

anomalous dimension λ0 = 0.372 , λc > λ0

for λ0 :

χ′(λ0) + R(Q0) = 0, χ(λ0) − (1 − λ0)R(Q0) = 0

scaling solution for λc :

χ′(λc) + R(Qc) = 0

χ(λc) − (1 − λc)R(Qc) = 3/2 ln(4ᾱsχ′′(λc)Y )/(2ᾱsY )

[A. H. Mueller and D. N. Triantafyllopoulos (2002)]
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cutting out diffusion

into saturation region: requires φG to vanish close to the saturation boundary

geometric scaling solution in terms of the scaling variable q⊥/Qs(Y ):

φG = φmax (1 − λ0) [ln
q2
⊥

Q2
s(Y )

+
1

1 − λ0
] exp[−(1 − λ0) ln

q2
⊥

Q2
s(Y )

]

(with φG = φmax = const at q⊥ = Qs(Y ))

i.e. φG ≈ A
1−λ0

3 at ~b = 0 and energy dependent scale

Q2
s(Y ) ' Q2

c(Y ) = Q̄2
s

exp[2ᾱs
χ(λ0)
1−λ0

Y ]

[4ᾱsχ′′(λ0)Y ]3/[2(1−λ0)]

  ρ − ρ
c0∆(α)−

λ0−1

T
2µπ2

2∆α α( )~~

−−−

c~~

−2∆(α) -

1

ρ
s

ρ
c
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LHC prediction, cont.

hadroproduction [D. Kharzeev et al. (2004)]:
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RpA of charged particles at LHC energies at η = 0 (dashed) versus RdAu at RHIC at
η = 3.2 –
quite similar predictions, since effective values of Bjorken x are quite similar,

but stronger suppression at LHC at forward rapidities expected
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