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The issues I want to address

How does the jet-energy loss influence the evolution of the QGP
medium?

Source term for the energy-momentum current

Some results from the McGill team for
Medium Response to the Jet
Hadron-Jet correlations
Jets in pA
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The Source
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The hydro source term

Formal statement of energy-momentum conservation without the
source (that’s hydro)

∂µTµν = 0

With the source

∂µTµν = Jν

When do you have the “energy-momentum” source?
When you have a “force”

Fµ =
dpµ

dτ

How do Jν and F ν connect?
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Field-Particle Examples
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Scalar field

Lagrangian with a scalar source term J

L = Lφ − Jφ =
1
2

(∂µφ)(∂µφ)− m2

2
φ2 − V (φ)− Jφ

Equation of motion

(∂2 + m2)φ+ V ′(φ) = −J

Stress-energy tensor

Tµν
φ = (∂µφ)(∂νφ)− gµνLφ

Energy-momentum flow

∂µTµν
φ = ∂νφ

(
∂2φ+ m2φ+ V ′(φ)

)
= −(∂νφ)J
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Scalar field

Classical particle dynamics with a Lorentz scalar field
(e.g. nucleons and σ)

L = −(m + φ)
√

1− v2

Euler-Lagrange equation

d
dτ

((m + φ)u) = −∇φ

with u = vγ and u0 =
√

1 + u2.

With pµ = (m + φ)uµ,

dpµ

dτ
= ∂µφ
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Scalar field

Energy momentum flow:

∂µTµν
φ = −J∂νφ = −dpν

dτ
J

The source J can be interpreted as the scalar density of the
particles.

J = 〈
√

1− v2〉 = 〈m∗/E∗〉 = m∗
∫

d3p
(2π)3E∗p

f (t ,x,p)

where m∗ = m + φ and E∗p =
√

p2 + (m∗)2.

Recall that L = −(m + φ)
√

1− v2.
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Non-Abelian gauge field

Lagrangian

L = LG − Jµa Aa
µ

[Caveat: This is not gauge invariant.]
where

LG = −1
4

Ga
µνGµν

a

with

Gµν =
1
ig

[Dµ,Dν ] and Dµ = ∂µ + igAµ

Coloured object notation: Gµν = Ga
µνTa with [Ta,Tb] = ifabcTc
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Non-Abelian gauge field

Equation of motion

[Dµ,Gµν ] = Jν

Stress-energy tensor

Tµν
G = Gµα

a Ga ν
α +

gµν

4
Gαβ

a Ga
αβ

Energy momentum flow

∂µTµν
G = Ja

µGµν
a
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Classical coloured particle

Wong Equations: Non-Abelian Lorentz force

dpνKin
dτ

= gQaGνµ
a uµ

and the color precession

dQ
dτ

= −ig[Q,uµAµ]

where pµKin = muµ with uµ = dxµ/dτ .

Equivalently,

dpνKin
dt

= gQaGνµ
a vµ

and
dQ
dt

= −ig[Q, vµAµ]

where vµ = dxµ/dt .
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Energy-momentum flow

Non-Abelian gauge field with a source

∂µTµν
G = Ja

µGµν
a = −Gνµ

a Ja
µ

The current made up of Wong’s particles
Ja
µ(x) =

∑
q

gQavq,µ(t)δ(3)(x− xq(t))

which gives

−Gνµ
a Ja

µ = −
∑

q

Gνµ
a (x)gQavq,µ(t)δ(3)(x− xq(t))

= −
∑

q

dpq,ν
Kin

dt
δ(3)(x− xq(t))

where q labels particles.
More generally, the source term is

−Sν(x) =
∑

q

∫
dλ δ(4)(x − xq(λ))

dpνq
dλ
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Kinetic Theory Approach

Energy momentum conservation

∂µTµν = ∂µ
(
Tµν

soft + Tµν
hard

)
= 0

Jet particle stress-energy tensor

Tµν
hard =

∫
d3p

(2pi)3Ep
pµpν fhard(x ,p)

The source term for the medium evolution

Sν = −∂µTµν
hard

= −
∫

d3p
(2π)3Ep

pνpµ∂µfhard(x ,p)
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Kinetic Theory Approach

Considering only the scatterings (no Vlasov terms)

pµ∂µfhard = Chard[fhard, fsoft]

kµ∂µfsoft = Csoft[fhard, fsoft]

Relationship between Chard and Csoft. is provided by
energy-momentum conservation

∂µTµν = ∂µ
(
Tµν

soft + Tµν
hard

)
= ∂µ

∫
dΓkkνkµfsoft(k) + ∂µ

∫
dΓppνpµfhard(p) = 0

Here dΓp = d3p/(2π)3ωp.
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Kinetic Theory Approach

Example: 2↔ 2, Boltzmann

Chard[fhard, fsoft](p) =

∫
dΓk34|Mpk↔34|2(2π)4δ(4)(p + k − p3 − k4)

× (fhard(p3)fsoft(k4)− fhard(p)fsoft(k))

Csoft[fhard, fsoft](k) =

∫
dΓp34|M ′pk↔34|2(2π)4δ(4)(p + k − p3 − k4)

× (fhard(p3)fsoft(k4)− fhard(p)fsoft(k))

Need

Mpk↔34 = M ′pk↔34
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Kinetic Theory Approach

Energy-momentum conservation

∂µTµν
soft = −∂µTµν

hard

The “source term”

−∂µTµν
hard = −

∫
dΓppνpµ∂µfhard(p)

= −1
2

∫
dΓp234|Mp2↔34|2(2π)4δ(4)(p + k2 − p3 − k4)

× (pν − pν3) (fhard(p3)fsoft(k4)− fhard(p)fsoft(k2))

∼ 〈∆pν〉x
τrel

δ(3)(x− xhard(t))

assuming fhard(p) ∼ (2π)3δ(3)(p− phard(t))δ(3)(x− xhard(t))

E-by-E interpretation possible
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Kinetic Theory Approach - II

Approximate the collision integral

pµ∂µfhard(x ,p) = ωp

(
ê
∂

∂ωp
+

q̂
4
∇p2

⊥

)
fhard(x ,p)

where ê is the energy loss rate and q̂ is the p⊥ diffusion rate.
If ωp � p⊥, pjet hardly changes

fhard(x ,p) ≈ δ(3)(x− x0 −
pjet

ωp
t)(2π)3δ(3)(p− pjet)

then

∂µTµν
hard =

∫
d3p

(2π)3ωp
pνpµ∂µfhard

∝ pνjet ∼
dpνjet

dτ

which makes sense only if the energy loss is mostly due to the
collinear radiation
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Simulation procedure

MUSIC solves

∂µTµν = Sν

in two parts. With Tµν = Tµν
id + δTµν , First solve

∂µTµν
id = −∂µδTµν + Sν

Then solves (in the fluid rest frame)

∂tδT ij = − 1
τR

(
δT ij − σij

)
where

σij = −1
2

(
∂iuj + ∂jui −

2gij

3
∂kuk

)
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Some results
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Medium response – Semi-analytic solution

[1707.09515, Li Yan, S. Jeon and C. Gale]

τ0 = 0.5 fm, τ = 6.0 fm

2D Gubser background
with non-zero η/s

2D “Jet” (a 1-D object,
like a wire going through
the medium)

Perturbative calculation
with the l ,m
decomposition – Up to
l = 30

Jet starts from (1,1) and
moves outward (short
medium side)

The strength and the
angle of the bow wave
depends on η/s
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Simulation results

Results shown:
All plots are preliminary.
IP-Glasma initial condition by Scott McDonald
MUSIC including medium response by Mayank Singh
MARTINI by Chanwook Park
With the help of B. Schenke and C. Shen
Number of events ∼ 1,000 per plot
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Medium response
Energy density difference at τ = 5.4 fm
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At τ = 5.4 fm

δε/ε ∼ 10 %

Diffusion wake clearly visible –
The higher η/s, the stronger
the wake.

The strength and the angle of
the shock depends on η/s –
Note that η/s = 1/4π has
higher temperature –
Reheating
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Medium response
Energy density difference at τ = 9.4 fm
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Later time at τ = 9.4 fm

δε/ε ∼ 10 %

The strength and the angle of
the shock depends on η/s –
The higher η/s, the weaker the
shock wave – Dissipation wins
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Jet-Shape function w/ Medium response

Jet-shape function

ρ(r) =
1
δr

1
Njet

∑
jets

∑
tracks∈[ra,rb) ptrack

T

pjet
T

with ra = r − δr/2 and rb = r + δr/2

0.0 0.1 0.2 0.3
∆r

0.6

0.8

1.0

1.2

1.4

ρ
(∆
r)
P
bP
b
/ρ

(∆
r)
p
p

Pb-Pb @ 2.76TeV (0-10%)
anti-kT  R=0.3
p jetT >100GeV/c, p trkT >1GeV/c
0.3<|ηjet |<2.0

PbPb without source

PbPb with source

CMS data

In this plot: ∆r = r .

With and without the medium
response

Medium response is crucial in
understanding the jet-shape
change
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Hadron-Jet Correlation (w/o Medium reponse)

Semi-Inclusive recoil jet distribution

HTT (pT ,jet, ηjet) ≡
1

NAA
trig

d2NAA
jet

dpch
T ,jetdηjet

∣∣∣∣∣
pT ,trig∈TT

, VTT (∆φ) ≡
1

NAA
trig

d2NAA
jet

dpch
T ,jetd∆φ

∣∣∣∣∣
pT ,trig∈TT

Recoil Jet

Trigger

∆φ

Spectrum of recoil jets provided
that a hard hadron is found in TT
(Trigger Tracks). Includes no-jet
cases.

TT represents the trigger range.
For example, H8,9(pT , η)
represents the jet spectrum with
the trigger hadron within
(8 GeV,9 GeV)
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Hadron-Jet Correlation (w/o Medium reponse)

∆ = H20,50(pT , η)− H8,9(pT , η)
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p recoT,jet =p
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T,jet−ρAjet(GeV)
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0-10% PbPb @ 2.76TeV
Anti-kT  R=0.4, charged jets

∆φ<π−0.6

TT{20,50}-TT{8,9}

ALICE

Experimental feature
roughly reproduced

ρ = median

{
pi,raw

T ,jet

Ai
jet

}
with

the highest two jet pT ’s
excluded.

High pT : Need more
statistics

HTT (pT ,jet, ηjet) ≡
1

NAA
trig

d2NAA
jet

dpch
T ,jetdηjet

∣∣∣∣∣
pT ,trig∈TT

,
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Hadron-Jet Correlation (w/o Medium reponse)

Φ(∆φ) = V20,50(∆φ)− V8,9(∆φ)
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Anti-kT  R=0.4, charged jets

40<p recoT,jet <60GeV

TT{20,50}-TT{8,9}

PbPb

pp

ALICE PbPb

ALICE pp

High trigger (HT): Trigger pT
and the recoil jet direction
tends to align

Low trigger (LT): Trigger
direction and the recoil jet
direction are less correlated

(HT)− (LT) still retains
∆φ = π peak

Medium interaction deflects
jets: The trigger-jet
correlation is degraded

VTT (∆φ) ≡
(

1/NAA
trig

)
d2NAA

jet /dpch
T ,jetd∆φ

∣∣∣
pT ,trig∈TT
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Extra: Jets in small systems
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pA

Energy distribution: IP-Glasma with 3 valence quarks
If one quark generates a jet, it won’t deposit energy

Jet production site
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RpA with or without the missing hot-spot
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IPGlasma, 2 quarks

IPGlasma, 3 quarks

No medium

ATLAS (0-90%)

No medium: Includes
the nuclear PDF effects

The missing hot-spot
does make a
difference, but not big.

What about
correlations? – In the
works.
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Conclusions

Medium response to jet quenching maturing
Phenomenology is being explored
Bench-marking results for year 2 JETSCAPE release

Hadron-Jet Correlation – Needs media response included

Jets in small systems being explored – (In)Sensitive to the
possible presence of QGP droplets?

In the works: Groomed Jet
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