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qq̄ pair production in a nucleus rest frame

• A qq̄ pair is produced over time

τP '
Eg

(2mq)2
' 1

2MN x2

• x2 = (mT/
√
s) ey. A typical x2 for c-quark at RHIC is x2 ' 6.5 · 10−3 ey.

• A cc̄ is produced over time τP ' 15 ey fm.

• Interaction time is τint ' RA/c ' 7 fm.

• We can use the dipole model at y > 0: the qq̄ and the gluon are produced over
time much longer than τint.
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Leading order diagrams
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Dipole model

• Since τP À τint all dipoles x − x0, y − x0, x1 − z1 etc. are almost frozen during
τint (as in a glass).
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2. instantaneous dipole-nucleus interaction described by the quark (Q) and gluon
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Dipole model

• Since τP À τint all dipoles x − x0, y − x0, x1 − z1 etc. are almost frozen during
τint (as in a glass).

• Therefore, the scattering process proceeds in two stages:

1. development of a dipole system long before the interaction;

2. instantaneous dipole-nucleus interaction described by the quark (Q) and gluon
(G) dipole amplitudes NG(rt, bt, y) and NQ(rt, bt, y).

• Glauber formula = approximation of independent scatterings:

NG(rt, bt, y) = 1− e−r2tQ
2
s/4 , NQ(rt, bt, y) = 1− e−r2tQ

2
s/(4·2)

with rapidity y = ln(1/x). Here CF/Nc = 1/2 at large Nc.
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Saturation at low x

• One-nucleon scattering amplitude at given bt in the LO pQCD:

N
(1)
G = r2t π

2αs ρ T (bt)xG(rt, x)/(2CF )
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Saturation at low x

• One-nucleon scattering amplitude at given bt in the LO pQCD:

N
(1)
G = r2t π

2αs ρ T (bt)xG(rt, x)/(2CF )

• Saturation: at rt > 1/Qs ⇒ NG(rt, bt, x) = 1 (independent of rt, x, bt).

• Important: NG(rt, bt, x), NQ(rt, bt, x) ≤ 1 is a model independent requirement! It
follows from unitarity of QCD: probability is always ≤ 1.

• The saturation scale: Q2
s ∝ A1/3. For a big nucleus Qs À ΛQCD ⇒ αs(Q

2
s)¿ 1.

• This is a quasi-classical picture since NG and NQ are given by the tree-level graphs.

Kirill Tuchin, Brookhaven National Laboratory



Classical limit of QCD

SQCD =

∫

d4x
∑

q

q̄(x)(iγµDµ −mq)q(x)−
1

4g2
tr G̃µν(x) G̃

µν(x)

with Aµ = 1
gÃµ.

The classical limit = high occupation numbers. At small x it implies that SYM À 1.

It corresponds to small coupling constant αs ¿ 1 and strong fields Ã ∼ 1 ⇒

g ¿ 1 , Aµ ∼
1

g
Qs À 1

Color Glass Condensate = strong color field + small coupling

(Gribov, Levin, Ryskin, 82; Mueller, Qiu, 86, McLerran, Venugopalan, 94)
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Quantum evolution

c
c

Each emitted gluon contributes

αs ln
1

x
∼ 1

All gluons give
∑

n

1

n!
(αs ln

1

x
)n ∼ x−λ

Therefore, the saturation scale increases with 1/x as:

Q2
s ∝ A1/3 x−λ
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Heavy quark production by a strong field

• The probability to produce qq̄ pair from vacuum by constant chromoelectric field E:

w ∝ exp

(

−πm
2

2 g E

)
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)

• If E>∼m2/g, then chromoelectric field E produces qq̄ pairs from vacuum.

• In Color Glass Condensate: E ∼ Q2
s/g.

• Therefore, pair production is important when

Qs > m

The production pattern of heavy and light quarks is the same in the saturation region!
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Heavy quark production by a strong field

• The probability to produce qq̄ pair from vacuum by constant chromoelectric field E:

w ∝ exp

(

−πm
2

2 g E

)

• If E>∼m2/g, then chromoelectric field E produces qq̄ pairs from vacuum.

• In Color Glass Condensate: E ∼ Q2
s/g.

• Therefore, pair production is important when

Qs > m

The production pattern of heavy and light quarks is the same in the saturation region!
(Kharzeev, K.T., 03)

• At RHIC: Qs ≈ 1.4 e0.15 y GeV (at b = 0) vs mc ≈ 1.3 GeV.

• Therefore we expect suppression of RdA(charm) at y À 0.
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Charged particle production (BRAHMS)

Central events: b ≈ 3 fm. Semi-central: b ≈ 5 fm. Peripheral: b ≈ 7 fm.
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Charged particle production (BRAHMS)
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Scaling of charm spectra with atomic number A

Ncoll
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(Kharzeev, K.T.,03)
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Open charm spectrum by STAR
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STAR Preliminary

• PYTHIA (pQCD) = σcc̄pp × A.

• Observed spectrum is much harder than in pQCD since kintr ' Qs(x).

• Experimental fit: 〈pT 〉 = 1.32± 0.08 GeV/c.
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Typical time scales for J/Ψ production at RHIC

(Kharzeev, K.T. in preparation)

• A cc̄ pair of J/Ψ is produced over time τP ' Eg
M2
ψ
' 7 ey fm

• Charmonium wave function is formed over time τF ' 2
Mψ′−Mψ

Eg
Mψ
' 42 ey fm
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Typical time scales for J/Ψ production at RHIC

• A cc̄ pair of J/Ψ is produced over time τP ' Eg
M2
ψ
' 7 ey fm

• Charmonium wave function is formed over time τF ' 2
Mψ′−Mψ

Eg
Mψ
' 42 ey fm

• At y >∼ 0 cc̄ is produced coherently on a whole Au nucleus and J/Ψ is formed outside
it. Therefore, RdA(J/Ψ) is suppressed due to gluon saturation in Au.

ψJ/
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Typical time scales for J/Ψ production at RHIC

• A cc̄ pair of J/Ψ is produced over time τP ' Eg
M2
ψ
' 7 ey fm

• Charmonium wave function is formed over time τF ' 2
Mψ′−Mψ

Eg
Mψ
' 42 ey fm

• At y >∼ 0 cc̄ is produced coherently on a whole Au nucleus and J/Ψ is formed outside
it.

• At −1<∼ y <∼0 cc̄ is produced coherently on a few nucleons, but J/Ψ is formed

outside a nucleus. Note the A1/3 enhancement of RdA(J/Ψ).
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Typical time scales for J/Ψ production at RHIC

• A cc̄ pair of J/Ψ is produced over time τP ' Eg
M2
ψ
' 7 ey fm

• Charmonium wave function is formed over time τF ' 2
Mψ′−Mψ

Eg
Mψ
' 42 ey fm

• At y >∼ 0 cc̄ is produced coherently on a whole Au nucleus and J/Ψ is formed outside
it.

• At −1<∼ y <∼ 0 cc̄ is produced coherently on a few nucleons, but J/Ψ formed outside
a nucleus.

• At −2<∼ y <∼ − 1 cc̄ is produced incoherently; J/Ψ still formed outside a nucleus.
Only small nuclear effects RdA(J/Ψ) ' 1 due to color transparency of a small dipole
rt = 1/Mψ.

ψJ/
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Typical time scales for J/Ψ production at RHIC

• A cc̄ pair of J/Ψ is produced over time τP ' Eg
M2
ψ
' 7 ey fm

• Charmonium wave is formed over time τF ' 2
Mψ′−Mψ

Eg
Mψ
' 42 ey fm

• At y >∼ 0 cc̄ is produced coherently on a whole Au nucleus and J/Ψ is formed outside
it.

• At −1<∼ y <∼ 0 cc̄ is produced coherently on a few nucleons, but J/Ψ formed outside
a nucleus.

• At −2<∼ y <∼ − 1 cc̄ is produced incoherently; J/Ψ is still formed outside a nucleus.

• At y <∼ − 2 cc̄ is produced incoherently; J/Ψ is produced inside a nucleus and gets
strongly attenuated.
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Effect of a finite production time

• At very high energies τP ∼ 1/x2 → ∞.

• At RHIC at y < 0: τP < RA/c. The effect of a finite production time can be taken
into account by the longitudinal nuclear form factor

F 2
A(ql) =

∫

d2bt

∣

∣

∣

∣

∫ ∞

−∞

dz ρ(bt, z) e
iqlz

∣

∣

∣

∣

2

, where ql = 1/τP ∼ e−y

y

F
A
2
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• The dipole model cannot be applied at y ≤ 0.
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J/Ψ production in pA at forward rapidities

• In a quasiclassical approximation and Nc À 1 limit the total J/Ψ cross section per
unit rapidity reads (Kharzeev, K.T.)

dσψ
dy

= SA xG(x1,M
2
ψ)

3 Γee
(2π)2 48αemMψ

∫ ∞

0

dζ ζ5K2(ζ)

(

1− e
−
(

Qs(x2) ζ
2Mψ

)4)

.

where ζ = Mψrt.

• The effect of quantum evolution can be calculated using Kharzeev–Kovchegov-K.T.
model:

(

Qs(x2) ζ

2Mψ

)

⇒
(

Qs(x2) ζ

2Mψ

)γ(y,1/Mψ)

• The anomalous dimension γ(y, rt) in KKT model satisfies the DGLAP equations at
r → 0, y fixed and the BFKL equation at r fixed, y →∞.
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J/Ψ production in pA at forward rapidities
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(Kharzeev, K.T., in preparation)

• Preliminary data by PHENIX (R. Granier de Cassagnac at QM 2004).
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J/Ψ production in pA at forward rapidities
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Conclusions

• The coherence effects associated with strong color fields of the Color Glass
Condensate are responsible for a strong suppression of RdA of charged particles
at forward rapidities at RHIC.
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Conclusions

• The coherence effects associated with strong color fields of the Color Glass
Condensate are responsible for a strong suppression of RdA of charged particles
at forward rapidities at RHIC.

• The CGC is strong enough to make the production pattern of charmed quarks similar
to that of lighter quarks. Therefore we expect onset of suppression of open and hidden
charm at forward rapidities at RHIC.

• There is a narrow window at rapidities −1<∼ y <∼ 0 where RdAu(J/Ψ) could be
enhanced since J/Ψ wave function is P- and C-odd.

• At LHC central rapidity interval is shifted by ln(5.5/0.2) = 3.3 with respect to RHIC.
Therefore, we expect that CGC will have a dramatic effect on particle production at
LHC in pA and AA at y ≥ −3.
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BACK-UP SLIDES
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High pT suppression at forward rapidities at RHIC

• dσ
dk2
t dy

= 2αs
CF k

2
t

∫

d2qt φp(qt, Y − y)φA(kt − qt, y)

• The unintegrated gluon distribution function φ(x, qt) = dxG(x, qt)/dq
2
t encodes

information about qt-distribution of gluons in a target.

• φA(x, qt) = CF
αs(2π)3

∫

d2bt d
2rt e

−iqt·rt∇2
rNG(rt, bt, x)
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High pT suppression at forward rapidities at RHIC

• dσ
dk2
t dy

= 2αs
CF k

2
t

∫

d2qt φp(qt, Y − y)φA(kt − qt, y)

• The unintegrated gluon distribution function φ(x, qt) = dxG(x, qt)/dq
2
t encodes

information about qt-distribution of gluons in a target.

• φA(x, qt) = CF
αs(2π)3

∫

d2bt d
2rt e

−iqt·rt∇2
rNG(rt, bt, x)

• Extended geometric scaling region Qs(x)¿ qt ¿ kgeom:

φA(x, qt) ∝ SA (Q2
s/q

2
t )

1/2 ∼ A2/3A1/6 ∼ A5/6 < A

• Nuclear gluon distribution is suppressed: φA < Aφp

• kgeom ' Q2
s/Λ. At RHIC at y = 0: Qs ' 1.3 GeV. Hence kgeom ' 10 GeV.

Kirill Tuchin, Brookhaven National Laboratory


