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Weakly-Coupled Effective Kinetic Approach

◦ Perturbative parton-medium interaction

◦ HTL resummed diagrams

◦ Dynamics of quasiparticles are described by transport equations

◦ Energy gain and loss are naturally included

Leading-order realizations (e.g. MARTINI):

(∂t + v · ∇x)f a(p, x , t) = −C2↔2
a [f ]− C1↔2

a [f ]
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Energy Loss Reformulation
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Hot QCD matter

Normal matter

Quarks and gluons confined
to hadrons.

Bound by strong nuclear
force.

Described by Quantum
Chromodynamics (QCD).

Quark-gluon plasma

QCD crossover transition
T � 165 MeV �1012 K.

Deconfined quarks and
gluons.

Hot and dense, short mean
free path (fluid-like).
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Applying QCD

x1

x2

Q

hadron
Jet

Jet

pQCD process

hadron

Soft scale physics

hard scale
physics

Only the hard scattering is
hard pQCD. Everything
else is soft.

Jeon (McGill) Hard Probes Stony Brook 2013 14 / 72
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Relevant leading order processes for E-loss

Medium induced collinear radiation

Elastic scatterings with thermal particles
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Interactions with the medium:

◦ Large number of soft interactions

◦ Rare hard scatterings

Parton energy loss reformulated as hard interactions + diffusion process1

Benefits of Reformulated Transport Model

◦ Systematically factorized soft and hard parton-plasma interactions

◦ Efficient and flexible stochastic description of soft interactions

◦ Simplified next-to-leading order calculation

1J. Ghiglieri, G. Moore, D. Teaney, JHEP03 (2016) 095
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Hard Interactions - Large-ω Inelastic Interactions

Multiple soft interactions with the plasma induce the
radiation of a parton of energy ω.

June 11, 2018 9:33 World Scientific Review Volume - 9.75in x 6.5in eloss

10 J. Ghiglieri and D. Teaney

(p, 0)

(p− ω,−q⊥)

(ω, q⊥)

Fig. 2. Schematic Feynman diagram contributing to the leading order collinear bremsstrahlung
rate. Hard gluon lines are labeled by their three momentum (pz ,p⊥). The interactions with the
random classical background bath are illustrated by the gluon lines with crosses. Only hard lines
which enter or exit the boxed region are included in an effective Boltzmann description.

equation as a local rate, it must be understood that the emission process can only

be localized to within a time scale set by the formation time of the radiation. The

inverse formation time will be defined as the energy difference between the initial

and final states

(τform)−1 ≡ δE(h, p, ω) = (Eω + Ep−ω)− Ep . (32)

Using the dispersion relation for the hard particles this reads

δE(h, p, ω) ' h2

2pω(p− ω)
+
m2
∞ω

2ω
+
m2
∞ p−ω

2(p− ω)
− m2

∞ p

2p
, (33)

wherem2
∞,p is the asymptotic mass of the particle with momentum p, as summarized

in Eq. (8). We have further defined

h ≡ pq⊥ . (34)

As seen from the figure and described below, h/p is a transverse momentum vector

which is conjugate to the (transverse) coordinate separation x⊥ between the initial

and final states.

The bremsstrahlung rate Ccoll is determined by the rate of transverse momen-

tum kicks (of magnitude q⊥) which a hard particle experiences traversing the soft

classical fields:

CR(q⊥) ≡ lim
p→∞

(2π)2 dΓR(p,p + q⊥)

d2q⊥
. (35)

Here p is the momentum of the hard particle, which is large (p → ∞) relative to

the the typical momentum, ∼ gT , of the background fields. The collision kernel

CR can be expressed as a Wilson loop in the (x+, x⊥) plane evaluated in the clas-

sical background,12,32,33 as sketched in Fig. 3. To motivate the appropriate Wilson

loop we note that the average squared momentum transfer per unit time (i.e. q̂) is

Large-ω interactions

◦ ω > µω, µω . T

◦ Described with emission rates (obtained from AMY integral equations)

◦ Leading order calculation

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 4 / 14



Hard Interactions - Large-q⊥ Elastic Interactions

P

K K ′

P ′

Q Q

P P ′

K K ′

Figure 1. Typical diagrams contributing to 2 ↔ 2 processes at LO. Double lines represent

hard or thermal particles, which have at least one momentum component of the order of the

temperature or larger. Parallel double lines without arrows can be either gluons or quarks.

When particle identities need to be specified, quarks are identified by the fermion flow arrow

and gluons by the curly line. In all diagrams in the paper, time is understood to flow from left

to right.

g

P
Q

P −Q

Figure 2. A typical diagram contributing to 1 ↔ 2 processes at LO. The single curly line is a

soft gluon. The crosses represent the soft thermal scattering centers – see, for instance, ref. [20].

In detail, the collision operator reads (dropping for brevity the spacetime depen-

dence, which is local)

C2↔2
a [f ](p) =

1

4|p|νa
∑

bcd

∫

kp′k′

∣

∣

∣
Mab

cd(p,k;p
′,k′)

∣

∣

∣

2
(2π)4 δ(4)(P +K − P ′ −K ′)

×
{

fa(p) f b(k) [1±f c(p′)] [1±fd(k′)]

− f c(p′) fd(k′) [1±fa(p)] [1±f b(k)]
}

, (2.2)

and

– 6 –

The transverse momentum transfer in elastic
interaction is denoted as q⊥.

p

p’

qꓕ

Large-q⊥ interactions

◦ q⊥ > µq⊥ , T � µq⊥ � gT

◦ Calculated using leading order pQCD matrix elements

◦ Vacuum matrix elements: plasma effect only significant at small q⊥

◦ Keep zero-th order term of T/p

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 5 / 14



Identity Preserving Soft Interactions - Diffusion

Number and identity preserving soft collisions are
described stochastically with drag and diffusion.
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Elastic scatterings with thermal particles
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Cdiff [f ] = − ∂

∂pi

[
ηD(p)pi f (p)

]
− 1

2

∂2

∂pi∂pj

[(
p̂i p̂j q̂L(p) +

1

2

(
δij − p̂i p̂j

)
q̂(p)

)
f (p)

]

◦ Both elastic and inelastic soft interactions included

◦ Treated with Langevin model

◦ Coupling constant order: q̂, q̂elas
L ∼ O(g2), q̂inel

L ∼ O(g4)

◦ T/p order: q̂, q̂elas
L , q̂inel

L ∼ O(1), ηD ∼ O(T/p)

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 6 / 14



Identity Non-preserving Soft Interactions - Conversion

Conversion processes: change identity by conversion rate

Inelastic conversion processes

q ↔ gq, g ↔ qq̄
Conversion rate ∼ O(g4)
Suppressed by T/p

P

Q

Figure 3. The soft limit of a t− or u−channel gluon exchange diagram. P is the hard momentum

and Q is the soft gluon momentum.

P

Q

Figure 4. The soft limit of a t− or u−channel quark exchange diagram. P is the hard momentum

and Q is the soft quark momentum.

Now consider a collinear 1 ↔ 2 process in the limit where one of the hard/thermal

legs becomes soft4, as shown in Fig. 5. In the first graph, the soft gluon emission

P
K

P
K

Figure 5. The soft-K limits of a 1 ↔ 2 process. The diagram on the left amounts to a diffusion

process at NLO, whereas the diagram on the right amounts to a conversion process.

contributes to the (longitudinal) diffusion of the hard particle. Similarly the soft quark

emission contributes to the hard quark conversion rate. At NLO we will then need

to subtract these limits from the collinear 1 ↔ 2 region and treat them as part of the

diffusion or conversion processes respectively.

4LPM interference is suppressed in this case [27].

– 9 –

Elastic conversion processes

Soft fermion exchange with the medium
Conversion rate ∼ O(g2)
Suppressed by T/p

Q

P P

K K

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 7 / 14



Summary of the Treatments to Different Processes

reformulated interactions identity preserving identity non-preserving

soft interactions
small-q⊥ elastic

diffusion processes conversion rate
small-ω inelastic

hard interactions
large-q⊥ elastic vacuum matrix elements
large-ω inelastic AMY integral equations

C2↔2 + C1↔2 = C large−q⊥(µq⊥) + C large−ω(µω) + Cdiff
a (µq⊥ , µω) + Cconv

a (µq⊥ , µω)

If the division of the energy loss model is valid, energy loss should be independent
on the cutoffs (in a reasonable range).

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 8 / 14



Practical Implementation
Reformulated energy loss model is added as a separate external
module in a modified version of the public JETSCAPE code.

                                                                                                   

The Jet Energy-loss Tomography with a Statistically and Computationally
Advanced Program Envelope (JETSCAPE) collaboration

                   

The JETSCAPE collaboration is an NSF funded multi-institutional e�ort to design the next generation of event generators to
simulate the physics of ultra-relativistic heavy-ion collisions. It involves teams of theoretical and experimental physicists,
computer scientists, and statisticians from nine institutions. 

For the project management page and member wikis: eg1.jetscape.wayne.edu/redmine (http://eg1.jetscape.wayne.edu
/redmine)

 (http://www.wayne.edu/)

 (/)

Academica (http://academica.aws.wayne.edu/)

Directory (http://claspro�les.wayne.edu)

Jetscape
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Search CLAS 

Home
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Overview

(/jetscape/Overview)
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Collaborating

(/jetscape/Collaborating)

Organization

(/jetscape/Organization)

Publications and Talks

(/jetscape/Publications-and-Talks)

Meetings

(/jetscape/Meetings)

Code Packages

(/jetscape/Code-Packages)

Working Groups

(/jetscape/Working-Groups)

Contact Us

(/jetscape/Contact-Us)

Home - Jetscape - Jetscape http://jetscape.wayne.edu/

1 of 3 9/27/18, 5:51 PM
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2JETSCAPE Collaboration
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Inelastic Cutoff Independence - Inelastic Interactions Only

20 GeV gluon, αs = 0.3, T = 300 MeV, infinite medium, τ = 1fm/c

16 17 18 19 20 21 22
E(GeV)

10 3

10 2

10 1

100

dN
/d

E

Large-  only(a)

E 0

16 17 18 19 20 21 22
E(GeV)

Diffusion only(b)

E 0

Inelastic cutoff: = 0.25T = T = 2T

16 17 18 19 20 21 22
E(GeV)

Large- +diffusion(c)

E 0
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Elastic Cutoff Independence - Elastic Interactions Only

200 GeV gluon, T = 300 MeV, infinite medium, α2
s τ = 0.32fm/c

10 3

10 2

10 1

100

dN
/d

E

s = 0.320(a) s = 0.080(b)

190 192 194 196 198 200 202
E(GeV)

10 3

10 2

10 1

100

dN
/d

E

s = 0.020(c)

190 192 194 196 198 200 202
E(GeV)

s = 0.005(d)

Elastic cutoff: q = 0.5 gT q = gT q = 2 gT
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Cutoff Independence of Observables - RAA

50 100 150 200 250
pT(GeV)

0.30

0.35

0.40

0.45

0.50

0.55

R
je

t
AA

sNN = 2.76TeV, 20 30%
anti kT R = 0.4, |y| 2.8

single hydrodynamic event

= 0.25T = T = 2T Nuclear modification factor3:

R jet
AA =

d2Njet

dpT dy |AA

〈Nbin〉
d2Njet

dpT dy |pp

◦ Both elastic and inelastic interactions
are included

◦ Realistic hydrodynamic event is used,
αs = 0.3

◦ Different cutoff results are consistent
within the statistical errorbars

3Assumes jets are produced at the center of the medium.
Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 12 / 14



Conclusion and Outlook

Energy loss model is reformulated as hard collisions+diffusion.

◦ A systematic factorization in the weakly-coupled limit

◦ This factorization still holds in phenomenological regime

◦ The reformulated model is expected to be efficient and flexible.

Future Plan

◦ Data driven constraints can be applied on drag and diffusion coefficients.

◦ The reformulated approach can be extended to the next-to-leading order.

Tianyu Dai (Duke University) 2nd JETSCAPE Workshop 2019 13 / 14



Back Up - Drag and Diffusion Coefficients

q̂ =
g2CR Tm2

D

4π
ln(1 + (

µq⊥
mD

)2)

q̂elas
L = g2CR TM2

∞
4π

ln(1 + (
µq̃⊥
M∞

)2)

q̂inel
L = (2−ln 2)g4CR CAT 2µω

4π3

ηD(p) = q̂L

2Tp
+ 1

2p2 (q̂ − 2q̂L)
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Back Up - Inelastic Cutoff Independence - Inelastic Interactions Only

pure gluon
αs = 0.3
T = 300 MeV
infinite medium
τ = 1fm/c

5 10 15 20 25
E(GeV)

10 5

10 4
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Back Up - Inelastic Cutoff Independence - Inelastic Interactions Only

20 GeV gluon
αs = 0.3
T = 300 MeV
infinite medium
τ = 1fm/c
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Back Up - Inelastic Cutoff Independence - Inelastic Interactions Only
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Back Up - Effects of Inelastic Conversion Processes - Inelastic Interactions
Only

◦ Gluon, initial energy E0 = 10GeV , infinite medium, τ = 1fm/c
◦ T/p: small in the upper plot and large in the lower plot
◦ Black curves: w/ inelstic conversion
◦ Colorful curves: w/o ineastic conversion
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Back Up - Effects of Recoil Particles - Elastic Interactions Only
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Back Up - Effects of Recoil Particles - Elastic Interactions Only
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Back Up - Test with Realistic Hydrodynamic Medium
Realistic hydrodynamic event is used, αs = 0.3.

Both elastic
and inelastic
interactions
are allowed
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