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Dilute Glasma in A+A collisions
Ingredients

• Nuclear model

• Realization of two full nuclei color fields

• Solution of dilute Glasma 𝑓𝜇𝜈 integrals

Nuclear models for A:

a) Nucleonic and subnucleonic structure:

A ∼ N×p
b) Charge fluctuations for whole nucleus:

A ∝ ⟨𝜌𝜌⟩

p+p p+A

A+A A+A

a) b)
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Dilute Glasma in A+A collisions
Ingredients

• Nuclear model

• Realization of two full nuclei color fields

• Solution of dilute Glasma 𝑓𝜇𝜈 integrals

Nuclear models for A:

a) Nucleonic and subnucleonic structure:

A ∼ N×p
b) Charge fluctuations for whole nucleus:

A ∝ ⟨𝜌𝜌⟩

p+p p+A

A+A A+A

This talk

Previous talk by M. Leuthner

a) b)
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Nuclear model
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Color charges are drawn from Gaussian probability functional
defined by 1-pt. function

⟨𝜌𝑎(𝑥±, x)⟩ = 0
and 2-pt. function

⟨𝜌𝑎(𝑥±, x)𝜌𝑏(𝑦±, y)⟩ = 𝑔2𝜇2𝛿𝑎𝑏√𝑇 (𝑥±, x)√𝑇 (𝑦±, y)
× 𝑈𝜉(𝑥± − 𝑦±)𝛿(2)(x − y)

with
𝑇 (𝑥±, x) = 𝑐

1 + exp(√2(𝛾 𝑥±)2+x2−𝑅
𝑑 )

𝑈𝜉(𝑥± − 𝑦±) = 1
√2𝜋𝜉2𝑒

(𝑥±−𝑦±)2
8𝑅2

𝑙 𝑒− (𝑥±−𝑦±)2
2𝜉2
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MC-Glauber

MC-KLN

IP-Glasma

Initial energy density comparison
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• Fluctuating domains on similar scales
compared to IP-Glasma

• 𝑄𝑠 equivalent parameter 𝑚 (IR regulator)

dilute Glasma

√𝑠NN = 200 GeV Au+Au at 𝜏 = 0.4 fm/c with impact parameter 𝑏 = 𝑅
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3D structure
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Almond shape "Flux tube" structure

√𝑠NN = 200 GeV Au+Au at 𝜏 = 0.4 fm/c with impact parameter 𝑏 = 𝑅
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3D structure

Full video available online: PhysRevD.109.094040 or [2401.10320]

3D structure of T µν

help text

Kayran Schmidt Energy-momentum tensor of the dilute (3+1)D Glasma 14 / 23

√𝑠NN = 200 GeV Au+Au at 𝜏 = 0.4 fm/c with impact parameter 𝑏 = 𝑅

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094040#supplemental
https://arxiv.org/src/2401.10320v2/anc
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Eccentricity
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RHIC√〈|ε2|2〉
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• Transverse structure

𝜀𝑛(𝜏, 𝜂𝑠) =
∫x 𝛾𝜖LRF ̄𝑟𝑛 exp(𝑖𝑛 ̄𝜙)

∫x 𝛾𝜖LRF ̄𝑟𝑛

• Connected to flow coefficients 𝑣𝑛
⇒ Hydro evolution

10 events with impact parameter 𝑏 = 𝑅 at 𝜏 = 0.4 fm/c

RHIC:
√𝑠NN = 200 GeV, LHC:

√𝑠NN = 2700 GeV
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Rapidity profiles
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T ττ

T xx + T yy

• Transverse integrals

𝜏 ∫x 𝑇 𝜇𝜈

𝜏 ∫x 𝜖LRF

• Normalized to 𝑇 𝜏𝜏(𝜂𝑠 = 0)

• 𝜏 and 𝜂 tensor components are problematic

• Tracelessness 𝑇 𝜇
𝜇 = 0

10 central events at 𝜏 = 0.4 fm/c at√𝑠NN = 200 GeV
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Limiting fragmentation
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RHIC LHC dE⊥/dηs
• Differential transverse energy

𝑑𝐸⟂
𝑑𝜂𝑠

= 𝜏 ∫
x

(𝑇 𝑥𝑥(𝜏, 𝜂𝑠, x) + 𝑇 𝑦𝑦(𝜏, 𝜂𝑠, x))

• Normalized to LHC at 𝜂𝑠 = 0
• Shifted by beam rapidity 𝑌beam

⇒ Curves at large 𝜂𝑠 overlap

10 central events at 𝜏 = 0.4 fm/c
RHIC:

√𝑠NN = 200 GeV, LHC: √𝑠NN = 2700 GeV
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Limiting fragmentation
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Observed in experiment, e.g. for

Charged particle multiplicity:
dNch
d𝜂

Studied in theory

• J. Jalilian-Marian,

Limiting fragmentation from the color glass condensate.

Phys. Rev. C 70 (2004), 027902

• F. Gelis, A. M. Stasto and R. Venugopalan,

Limiting fragmentation in hadron–hadron collisions at

high energies.

Eur. Phys. J. C 48 (2006) 489-500

• …
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Glasma field strength tensor

𝑓+− = − 𝑔
2𝜋 ∫

v

∞

∫
−∞

𝑑𝜂′ 𝑉

𝑓±𝑖 = 𝑔
2𝜋 ∫

v

∞

∫
−∞

𝑑𝜂′ (𝑉 𝑖𝑗 ∓ 𝛿𝑖𝑗𝑉 ) 𝑣𝑗

|v|
𝑒±𝜂′

√
2

𝑓 𝑖𝑗 = − 𝑔
2𝜋 ∫

v

∞

∫
−∞

𝑑𝜂′ 𝑉 𝑖𝑗

𝑉 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐𝜕𝑖𝒜−𝑎
𝐴 (𝑥+− |v|√

2
𝑒+𝜂′, x − v)𝜕𝑖𝒜+𝑏

𝐵 (𝑥−− |v|√
2
𝑒−𝜂′, x − v)

𝑉 𝑖𝑗 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 (𝜕𝑖𝒜−𝑎
𝐴 (… )𝜕𝑗𝒜+𝑏

𝐵 (… ) − 𝜕𝑗𝒜−𝑎
𝐴 (… )𝜕𝑖𝒜+𝑏

𝐵 (… ))

τ
′ =

co
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t

η
′ = const

(x+
, x

−
,x)

v
+

v
−

|v|
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Structure of the integrand

• Pick a spacetime point 𝑥 = (𝑥+, 𝑥−, x)

• Integrate over past lightlike trajectories

𝑣 = ( 𝜏 ′√
2𝑒+𝜂′, 𝜏 ′√

2𝑒−𝜂′, v), 𝜏 ′ = |v|

• The integrand depends on 𝑥 − 𝑣

𝑉 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐𝜕𝑖𝒜−𝑎
𝐴 (𝑥+− |v|√

2
𝑒+𝜂′, x − v)𝜕𝑖𝒜+𝑏

𝐵 (𝑥−− |v|√
2
𝑒−𝜂′, x − v)

𝑉 𝑖𝑗 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 (𝜕𝑖𝒜−𝑎
𝐴 (… )𝜕𝑗𝒜+𝑏

𝐵 (… ) − 𝜕𝑗𝒜−𝑎
𝐴 (… )𝜕𝑖𝒜+𝑏

𝐵 (… ))

τ
′ =

co
ns
t

η
′ = const

(x+
, x

−
,x)

v
+

v
−

|v|
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|v1|

|v2|

η
′ = const

τ
′ =

co
ns
t

(x+
, x

−
,x)

v
+

v
−

|v|

J
+
B

(x
−
,x
)

J
−

A (x +

,
x)

In the fragmentation region

• Contributions only where 𝜂′ ≫ 1
• For fixed 𝜏 ′(= |v|):
– 𝒜𝐵 only evaluated along 𝑣− = const.

𝛽𝑖
𝐵(𝑥, v) = 𝜕𝑖𝒜+

𝐵(𝑥− (1 − v2

𝜏2) , x − v)

– 𝒜𝐴 enters via 𝑣+ average

𝜁𝑖
𝐴(x − v) = 𝜕𝑖 ∫ d𝑦+𝒜−

𝐴(𝑦+, x − v)

Limiting fragmentation approximation
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Limiting fragmentation approximation

𝑌 (𝑥, v) ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 𝜁𝑖,𝑎
𝐴 (x − v) 𝛽𝑖,𝑏

𝐵 (𝑥, v)
𝑌 𝑖𝑗(𝑥, v) ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 (𝜁𝑖,𝑎

𝐴 (…) 𝛽𝑗,𝑏
𝐵 (…) − 𝜁𝑗,𝑎

𝐴 (…) 𝛽𝑖,𝑏
𝐵 (…))

𝑓+− = − 𝑔
2𝜋

1
𝑥+ ∫

v

𝑌 (𝑥, v)

𝑓 𝑖𝑗 = − 𝑔
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1
𝑥+ ∫

v

𝑌 𝑖𝑗(𝑥, v)

𝑓+𝑖 = 𝑔
2𝜋 ∫

v

(𝑌 𝑖𝑗(𝑥, v) − 𝛿𝑖𝑗𝑌 (𝑥, v)) 𝑣𝑗

v2

𝑓−𝑖 = 𝑔
2𝜋

1
(𝑥+)2 ∫

v

(𝑌 𝑖𝑗(𝑥, v) + 𝛿𝑖𝑗𝑌 (𝑥, v)) 𝑣𝑗

2

|v1|

|v2|

η
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co
ns
t

(x+
, x

−
,x)

v
+

v
−

|v|
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−
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Limiting fragmentation approximation

• Remarkable agreement over broad 𝜂𝑠 intervall

• Prediction of plateau generally fails
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𝑑𝐸⟂
𝑑𝜂𝑠

= 𝜏 ∫
x

(𝑇 𝑥𝑥(𝜏, 𝜂𝑠, x) + 𝑇 𝑦𝑦(𝜏, 𝜂𝑠, x))

* not covering the entire x plane

preliminary preliminary

Comparison to full dilute Glasma results
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Summary

Nuclear model

• 3D nuclear model with longitudinal correlations

• Collider energy enters via Lorentz 𝛾

Our results

• 3D energy-momentum tensor of the Glasma

• Rich longitudinal and transverse structure

• Limiting fragmentation
ϵLRF for

√
sNN = 200 GeV Au+Au at τ = 0.4 fm/c
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Contact information

Don't hesitate to find me and ask questions!

Kayran Schmidt
Institute for Theoretical 
Physics, TU Wien
Wiedner Hauptstraße 8
1040 Vienna, Austria 
DB 03 F23
+43 1 58801 - 136 54
kayran.schmidt@tuwien.ac.at

 
Address:

 
Room:
Phone:
Email:

https://tiss.tuwien.ac.at/person/300275.html?suchtext=kayran+schmidt
https://tiss.tuwien.ac.at/person/300275.html?suchtext=kayran+schmidt
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Modeling all stages

Dilute Glasma

Our code

Kinteic theory

Equilibrium
QGP

Rel. viscous
hydrodynamics

Landau
matching
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Time evolution at mid-rapidity
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Simulation parameters
Param. Name Value(s) Unit
𝑁𝑐 No. of colors 3 -
𝛾 Lorentz factor 100 (R), 2700 (L) -√𝑠𝑁𝑁 c.m. energy 200 (R), 5400 (L) GeV
𝑅 WS radius 6.38 (R), 6.62 (L) fm
𝑑 WS skin depth 0.535 (R), 0.546 (L) fm
𝑔 YM coupling 1 -
𝜇 MV scale 1 GeV
𝑚 IR cutoff 0.2, 2.0 GeV
ΛUV UV cutoff 10 GeV
𝜉 correlation length 0.1, 0.5, 2.0 𝑅𝑙𝑏 impact parameter 0, 1 𝑅
𝜏 proper time 0.2, 0.4, 0.6, 0.8, 1.0 fm/c
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McLerran-Venugopalan nuclear model

Gaussian distribution set by expectation values

⟨𝜌(𝑥±, x)⟩ = 0
⟨𝜌𝑎(𝑥±, x) 𝜌𝑏(𝑦±, y)⟩ = 𝛿𝑎𝑏𝑔2𝜇2(𝑥±)𝛿(𝑥± − 𝑦±)𝛿(2)(x − y)

Extension to non-trivial longitudinal structure

⟨𝜌𝑎(𝑥±, x) 𝜌𝑏(𝑦±, y)⟩ =

𝛿𝑎𝑏 𝑔2𝜇2
⏟

strength of
color charges

𝑇𝑅 (𝑥± + 𝑦±

2 )⏟⏟⏟⏟⏟⏟⏟
longitudinal profile

of width 𝑅

𝑈𝜉 (𝑥± − 𝑦±)
⏟⏟⏟⏟⏟

correlations
of width 𝜉

𝑇𝑆 (x − y)
⏟⏟⏟⏟⏟

transverse profile
of width 𝑆

𝛿(2) (x − y)
⏟⏟⏟⏟⏟
uncorrelated
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McLerran-Venugopalan nuclear model

⟨𝜌𝑎,−(𝑥±, x)⟩ = 0
⟨𝜌𝑎,−(𝑥±, x) 𝜌𝑏,−(𝑦±, y)⟩ =

𝛿𝑎𝑏 𝑔2𝜇2 𝑇𝑅 (𝑥± + 𝑦±

2 ) 𝑈𝜉 (𝑥± − 𝑦±) 𝑇𝑆 (x − y) 𝛿(2) (x − y)

Single nuclei separation ansatz for gaussian 𝑇𝑅, 𝑇𝑆:

⟨𝜌𝑎,−(𝑥±, x) 𝜌𝑏,−(𝑦±, y)⟩ = 𝛿𝑎𝑏 𝑔2𝜇2 √𝑇𝑅 (𝑥±)√𝑇𝑆 (x)√𝑇𝑅 (𝑦±)√𝑇𝑆 (y)×
𝑈mod

𝜉 (𝑥± − 𝑦±) 𝛿(2) (x − y)

𝑈mod
𝜉 (𝑥± − 𝑦±) = 1

√2𝜋𝜉2 exp [−(𝑥± − 𝑦±)2( 1
2𝜉2 − 1

8𝑅2)]
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Nuclear model details

⟨𝜌𝑎(𝑥±, x)⟩ = 0

⟨𝜌𝑎(𝑥±, x)𝜌𝑏(𝑦±, y)⟩ = 𝑔2𝜇2𝛿𝑎𝑏√𝑇 (𝑥±, x)√𝑇 (𝑦±, y)𝑈𝜉(𝑥± − 𝑦±)𝛿(2)(x − y)

𝑇 (𝑥±, x) = 𝑐
1 + exp(√2(𝛾 𝑥±)2+x2−𝑅

𝑑 )

𝑈𝜉(𝑥± − 𝑦±) = 1
√2𝜋𝜉2e

(𝑥±−𝑦±)2
8𝑅2

𝑙 e−(𝑥±−𝑦±)2
2𝜉2

𝒜∓𝑎
𝐴/𝐵(𝑥±, x) = ∫ d2k

(2𝜋)2
̃𝜌𝑎
𝐴/𝐵(𝑥±, k)
k2 + 𝑚2 e−k2/(2Λ2

UV)e−𝑖k⋅x,
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Nuclear model
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3DWoods-Saxon envelope profile

𝑇 (𝑥±, x) = 𝑐
1 + exp(√2(𝛾 𝑥±)2+x2−𝑅

𝑑 )

with parameters

Nuclear radius: 𝑅
Skin depth: 𝑑

Lorentz gamma: 𝛾

that depend on collider energy and nucleus species.
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Structure of the integral

• Pick a spacetime point 𝑥 = (𝑥+, 𝑥−, x)

• Integrate over past lightlike trajectories

𝑣 = ( 𝜏 ′√
2𝑒+𝜂′, 𝜏 ′√

2𝑒−𝜂′, v), 𝜏 ′ = |v|

• The integrand depends on 𝑥 − 𝑣

𝑉 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐𝜕𝑖𝒜−𝑎
𝐴 (𝑥+− |v|√

2
𝑒+𝜂′, x − v)𝜕𝑖𝒜+𝑏

𝐵 (𝑥−− |v|√
2
𝑒−𝜂′, x − v)

𝑉 𝑖𝑗 ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 (𝜕𝑖𝒜−𝑎
𝐴 (… )𝜕𝑗𝒜+𝑏

𝐵 (… ) − 𝜕𝑗𝒜−𝑎
𝐴 (… )𝜕𝑖𝒜+𝑏

𝐵 (… ))
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Limiting fragmentation approximation
Inserting nuclei at higher e𝑤√𝑠 with 𝛾 ∼ e𝑤:

𝒜∓
𝐴/𝐵(𝑥±, x) → e+𝑤𝒜∓

𝐴/𝐵(e+𝑤𝑥±, x)

𝜁𝑖
𝐴(x − v) = 𝜕𝑖 ∫ d𝑦+𝒜−

𝐴(𝑦+, x − v)

→ 𝜕𝑖 ∫ d(𝑦+e+𝑤) 𝒜−
𝐴(𝑦+e+𝑤, x − v) = 𝜁𝑖

𝐴(x − v)

𝛽𝑖
𝐵(𝑥, v) = 𝜕𝑖𝒜+

𝐵(𝑥− (1 − v2

𝜏2 ) , x − v)

→ 𝜕𝑖e+𝑤𝒜+
𝐵(e+𝑤𝑥− (1 − v2

𝜏2 ) , x − v) = e+𝑤𝛽𝑖,𝑏
𝐵 (e+𝑤𝑥−, …)

𝑓+− = − 𝑔
2𝜋

1
𝑥+ ∫

v

𝑌 (𝑥, v)

→ 𝑓+−(e−𝑤𝑥+, e+𝑤𝑥−, x⟂)

𝑓 𝑖𝑗 = − 𝑔
2𝜋

1
𝑥+ ∫

v

𝑌 𝑖𝑗(𝑥, v)

→ 𝑓 𝑖𝑗(e−𝑤𝑥+, e+𝑤𝑥−, x⟂)

𝑓+𝑖 = 𝑔
2𝜋 ∫

v

(𝑌 𝑖𝑗(𝑥, v) − 𝛿𝑖𝑗𝑌 (𝑥, v)) 𝑣𝑗

v2

→ e+𝑤𝑓+𝑖(e−𝑤𝑥+, e+𝑤𝑥−, x⟂)

𝑓−𝑖 = 𝑔
2𝜋

1
(𝑥+)2 ∫

v

(𝑌 𝑖𝑗(𝑥, v) + 𝛿𝑖𝑗𝑌 (𝑥, v)) 𝑣𝑗

2

→ e−𝑤𝑓−𝑖(e−𝑤𝑥+, e+𝑤𝑥−, x⟂)
𝑓𝜇𝜈 → Λ𝜇

𝜌(𝑤)Λ𝜈
𝜎(𝑤)𝑓𝜌𝜎(Λ−1(𝑤)𝑥)

𝑌 (𝑥, v) ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 𝜁𝑖,𝑎
𝐴 (x − v) 𝛽𝑖,𝑏

𝐵 (𝑥, v)
→ 𝑓𝑎𝑏𝑐𝑡𝑐 𝜁𝑖,𝑎

𝐴 (x − v) e+𝑤𝛽𝑖,𝑏
𝐵 (e+𝑤𝑥−, 𝜏 , x − v)

𝑌 𝑖𝑗(𝑥, v) ≔ 𝑓𝑎𝑏𝑐𝑡𝑐 (𝜁𝑖,𝑎
𝐴 (…) 𝛽𝑗,𝑏

𝐵 (…) − 𝜁𝑗,𝑎
𝐴 (…) 𝛽𝑖,𝑏

𝐵 (…))
→ 𝑓𝑎𝑏𝑐𝑡𝑐e+𝑤 (𝜁𝑖,𝑎

𝐴 (…) 𝛽𝑗,𝑏
𝐵 (e+𝑤𝑥−, …) − 𝜁𝑗,𝑎

𝐴 (…) 𝛽𝑖,𝑏
𝐵 (e+𝑤𝑥−, …))
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Shifted Milne coordinates

x+x− t

z

δt

τ
=
co
n
stτ̄

=

c
o
n
st

S

S̄

Milne coordinates

𝜏 =
√

2𝑥+𝑥− =
√

𝑡2 − 𝑧2

𝜂𝑠 = 1
2 ln (𝑥+

𝑥−) = artanh (𝑧
𝑡)

are used to parametrize observables of the Glasma.

For extended collision region it is not obvious where

to put the origin!

We shift the origin to avoid ̄𝜏 = const hyperbolas
entering the nuclei!
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Observables

Using the dilute Glasma field strength tensor 𝑓𝜇𝜈

• Energy-momentum tensor

𝑇 𝜇𝜈 = 2 Tr [𝑓𝜇𝜌𝑓𝜌
𝜈 + 1

4𝑔𝜇𝜈𝑓𝜌𝜎𝑓𝜌𝜎]

• Local rest frame energy density 𝜖LRF

𝑇 𝜇
𝜈𝑢𝜈 = 𝜖LRF𝑢𝜇

(𝑢𝜇 is the only timelike eigenvector of 𝑇 𝜇
𝜈 with 𝑢𝜇𝑢𝜇 = 1)
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MC-Glauber

MC-KLN

IP-Glasma

Initial energy density comparison
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• Fluctuating domains on similar scales
compared to IP-Glasma

• 𝑄𝑠 equivalent parameter 𝑚 (IR regulator)

dilute Glasma

√𝑠NN = 200 GeV Au+Au at 𝜏 = 0.4 fm/c with impact parameter 𝑏 = 𝑅

Monte Carlo Glauber-type
Fixed Gaussian at each participant

Monte Carlo Kharzeev-Levin-Nardi
kT factorization with Qs matched to G(x, Qs)
eg.:
Hirano, Heinz, Kharzeev, Lacey, Nara.
Hadronic dissipative effects on elliptic flow in 
ultrarelativistic heavy-ion collisions,
Physics Letters B Volume 636, Issue 6 (2006), 299-304

Impact parameter dependent Glasma
IP-Saturation model fitted to HERA DIS
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Coordinate systems
• x = (𝑥, 𝑦) … transverse plane

• 𝑧 … beam axis

• 𝜙 ∈ [0, 2𝜋) … azimuthal angle

• 𝜃 ∈ [0, 𝜋) … polar angle

• 𝜂 … pseudorapidity

𝜂 = − ln [arctan(𝜃/2)]

• y … rapidity

y = 1
2 ln 𝐸+𝑝𝑧

𝐸−𝑝𝑧
≈ 𝜂 for 𝑝 ≫ 𝑚

z

y

x

η = 0

η > 0

η < 0

p⃗ ϕϕϕ
η

θ


