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Medium modifications to the initial and final
state interference pattern

Dilute regime: M. Martinez et. al, Phys. Lett. B 717 (2012) 280-286 
Dense regime: Soon to be published ⇒ In this talk!!!

(a) (b) (c)
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GOALS
✯ Study another configuration relevant to HI collisions
✯ Playground to investigate medium modifications to the 
Initial State Radiation
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Color charge conservation:

LC gauge

Reduction formula: Ma
λ = lim
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Gluon spectrum:

Linearizing around a background field: Aµ = Aµ
med + aµ
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Modeling the medium

Medium is described as a classical background field: 

−∂2
xA−

med(x
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Modeling the medium

Medium is described as a classical background field: 

−∂2
xA−

med(x
+,x) = ρ(x+,x)

The distribution of color charges is considered to be
a Gaussian white noise:

λmfp � m−1
D

V2(q) =
m2

D

(2π)2(q2 +m2
D)2

Gyulassy-Wang model: Nucl. Phys. B 420, (1994) 583
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Classical Yang-Mills Eqs. II 
Eikonal parton in a background field: 

J µ(x)a = g vµ Uab(x+, 0) δ3(�x− �vt) θ(t)Qb
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Classical Yang-Mills Eqs. II 
Eikonal parton in a background field: 

J µ(x)a = g vµ Uab(x+, 0) δ3(�x− �vt) θ(t)Qb

Soft gluon follows a non-eikonal trajectory

Gab(x
+,x; y+,y|k+) =

� r(x+)=x

r(y+)=y
Dr exp

�
i
k+

2

� x+

y+

dz ṙ2(z)
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+, y+)

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Gluon spectrum

in in

bef bef bef in bef out

in out out out

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Gluon spectrum

in in

bef bef bef in bef out

in out out out

BDMPS-Z + vacuum

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Gluon spectrum

in in

bef bef bef in bef out

in out out out

PT broadening
of ISR

BDMPS-Z + vacuum

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Gluon spectrum
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BDMPS-Z + vacuum

Interferences in the medium: New!!PT broadening
of ISR
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BDMPS-Z

Medium induced radiation is a two step 
process
• Quantum emission + classical broadening

• Scales with the length of the medium

 

∼

P(k, ξ) =
4π

q̂ξ
e−

k2

q̂ξ

kf =
�

ωq̂
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Pt broadening of ISR

∼

PT broadening of ISR is a two step process:
• Collinear Emission + classical broadening

• Classical broadening:  reshuffle of the 
momentum of the gluon emissions 

⇒ Typical value of the gluon momenta ∼

 

P(k, ξ) =
4π

q̂ξ
e−

k2

q̂ξ

Qs = q̂L
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Interferences

Warning: remember that in the antenna 
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Interferences

Transverse size of the Quark-gluon system

• If hard scattering is the largest scale:
⇒ Insensitive to the medium 

• If typical medium induced momentum is the 
largest scale

⇒ Medium is able to resolve the QG system
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Interferences

The Color correlation of the Quark-gluon system is measured by

• Describes the Brownian motion of the gluon 

• Harmonic oscillator approximation: 

• Two extreme limits
                     ⇒Shockwave case (Deep LPM) 

                     ⇒Infinite medium length

nσ(r) ≈ q̂r2

τf � L

τf � L
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Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Interferences: shockwave limit

• Medium acts as a unique scattering center

• Gluon remains coherent while passing the medium

             

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Interferences: shockwave limit

• Medium acts as a unique scattering center

• Gluon remains coherent while passing the medium

Θqq̄

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Interferences: shockwave limit

Θqq̄

• Medium acts as a unique scattering center

• Gluon remains coherent while passing the medium

• Suppression of interferences for soft gluons

• If               ⇒ Coherence
k < Qs

k > Qs

θmax = Qs/ω

Geometrical Separation
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Interferences: shockwave limit

Θqq̄

• Medium acts as a unique scattering center

• Gluon remains coherent while passing the medium

• Suppression of interferences for soft gluons

• If               ⇒ Coherence
k < Qs

k > Qs

θmax = Qs/ω

Geometrical Separation

Contact with high energy limit: Kovchegov-Mueller result

Thursday, June 20, 2013



M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

Interferences: Infinite medium length

• Interferences cancel asymptotically  

• Gluon spectrum:  BDMPS-Z+vacuum

Medium acts as a breaking vacuum coherence

⇒ Incoherent vacuum emissions at large angles. 

Qs = q̂L

No interferences
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Interferences: Infinite medium length

• Interferences cancel asymptotically  

• Gluon spectrum:  BDMPS-Z+vacuum

Medium acts as a breaking vacuum coherence

⇒ Incoherent vacuum emissions at large angles. 
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Conclusions

• Interference between the initial and final state radiation are 
indeed affected in the presence of a QCD medium.

• Use this setup for phenomenological consequences....
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IS2013
International Conference on the Initial Stages in High 

Energy Nuclear Collisions

September 8-14 2013, Illa da Toxa, Galicia, Spain

Abstract submission deadline: July 7th, 2013

http://igfae.usc.es/is2013
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BACKUP SLIDES
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Scattering amplitude from CYM Eqs. 

Incoming parton 

Outcoming parton i n out

qq qq pp
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Correlators
Quark-gluon dipole

1

N2
c − 1

�G(x+,x; y+,y)U†(x+, y+)� = K(x+,x; y+,y|k+)

Gluon dipole
�

dx dx�eik·(x−x�) 1

N2
c − 1

�G(x+,x; y+,y)G†(x+, y+)� = S(x+, y+,x− y)

Dipole cross section

Thursday, June 20, 2013



Leading logs and AO

M. Martínez (USC)    “Coherence effects on gluon production in a dense QCD medium”

κ2 < δk2 δk2 ≡ Q2

θqq
ω

dN
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1
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Jets in HIC @ LHC
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HIJING+PYTHIA

FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets

(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton

data from
√

s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ∆φ, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

tral events a peak is visible at higher asymmetry values

(asymmetries larger than 0.6 can only exist for leading

jets substantially above the kinematic threshold of 100

GeV transverse energy). The ∆φ distributions show that

the leading and second jets are primarily back-to-back in

all centrality bins; however, a systematic increase is ob-

served in the rate of second jets at large angles relative

to the recoil direction as the events become more central.

Numerous studies have been performed to verify that

the events with large asymmetry are not produced by

backgrounds or detector effects. Detector effects primar-

ily include readout errors and local acceptance loss due to

dead channels and detector cracks. All of the jet events

in this sample were checked, and no events were flagged

as problematic. The analysis was repeated first requiring

both jets to be within |η| < 1 and |η| < 2, to see if there

is any effect related to boundaries between the calorime-

ter sections, and no change to the distribution was ob-

served. Furthermore, the highly-asymmetric dijets were

not found to populate any specific region of the calorime-

ter, indicating that no substantial fraction of produced

energy was lost in an inefficient or uncovered region.

To investigate the effect of the underlying event, the

jet radius parameter R was varied from 0.4 to 0.2 and

0.6 with the result that the large asymmetry was not re-

duced. In fact, the asymmetry increased for the smaller

radius, which would not be expected if detector effects

are dominant. The analysis was independently corrobo-

rated by a study of “track jets”, reconstructed with ID

tracks of pT > 4 GeV using the same jet algorithms. The

ID has an estimated efficiency for reconstructing charged

hadrons above pT > 1 GeV of approximately 80% in the

most peripheral events (the same as that found in 7 TeV

proton-proton operation) and 70% in the most central

events, due to the approximately 10% occupancy reached

in the silicon strips. A similar asymmetry effect is also

observed with track jets. The jet energy scale and under-

lying event subtraction were also validated by correlating

calorimeter and track-based jet measurements.

The missing ET distribution was measured for mini-

mum bias heavy ion events as a function of the total ET

deposited in the calorimeters up to about ΣET = 10 TeV.

The resolution as a function of total ET shows the same

behavior as in proton-proton collisions. None of the

events in the jet selected sample was found to have an

anomalously large missing ET .

The events containing high-pT jets were studied for the

presence of high-pT muons that could carry a large frac-

tion of the recoil energy. Fewer than 2% of the events

have a muon with pT > 10 GeV, potentially recoiling

against the leading jet, so this can not explain the preva-

lence of highly asymmetric dijet topologies in more cen-

tral events.

None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or

detector-related effects.

In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector

at the LHC. In a sample of events with a reconstructed

jet with transverse energy of 100 GeV or more, an asym-

ATLAS Coll. PRL 105 (2010) 

AJ =
ET1 − ET2

ET1 + ET2

(iii) Significant dijet asymmetry

∆φ > π
�
2

(ii) Soft large angle emissions

Fragmentation distributions

! Fragmentation pattern independent of  energy lost in the medium

18
HIN-11-004

Fragmentation distributions

! Fragmentation pattern independent of  energy lost in the medium

18
HIN-11-004

Fragmentation distributions

! Fragmentation pattern independent of  energy lost in the medium

18
HIN-11-004

(i) Suppression of high-pT hadrons

Track-jet correlations: missing pT

! sum the pT along the leading jet axis of  all tracks with pT>0.5GeV/c,|!|<2.4

! only the jet axis is used, not the pT

! The lost energy carried by the low pT particles is mostly transferred to large 
angles wrt the leading jet 

15
Phys.Rev. C 84, 024906 (2011)

Track-jet correlations: missing pT vs Aj

! sum the pT along the leading jet axis of  all tracks with pT>0.5GeV/c,|!|<2.4

! only the jet axis is used, not the pT

! The lost energy for the asymmetric dijets is transferred to low pT particles

14
Phys.Rev. C 84, 024906 (2011)

(iv) Vacuum-like
fragmentation function
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First steps: Antenna in a QCD medium

Qhard/ω

θqq̄

Qhard = max(r−1
⊥ , Qs)

Q2
s = q̂L, r⊥ = θqq̄L
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