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Introduction

Main  Goal  of  Hard  Probes:  probe  the  hot  and  dense  medium  for7ed  in  heavy-‐ion  collisions  
(QGP)  

How?  Indirect  measurement  through  the  modifications  obserDed  on  jets  ( Jet  Quenching)
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oving
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the
rest

fram
e

of
the

jet,and
(right)

in
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m
edium
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is
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boosted

w
ith
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the
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e
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the
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e
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com
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w

ith
the

jetand
the

restfram
e
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m

edium
,the

com
ponent

T
zz

of
the

energy-m
om

entum
tensor

“seen”
by

the
hard

parton
is

thus
increased

by
a

factor
of

1
,5

,and18,respectively.Itis
thus

reasonable
to

assum
e

that
the

m
om

entum
transfer

from
the

m
edium

to
a

test
particle

such
as

a
hard

parton
does

not
depend

solely
on

the
local

energy
density

ϵ,butrather
on

the
energy-m

om
entum

tensor
(1.2),w

hich
involvesa

significantdirected
collective

flow
field

u
µ (x)[46].

Figure
1

sketches
the

qualitative
picture

firstadvocated
in

R
ef.[46]:

A
jet

that
fragm

ents
inside

a
m

edium
is

know
n

to
broaden

its
shape

and
to

soften
its

m
ultiplicity

distribution.
H

ow
ever,

if
the

m
edium

exhibits
a

collective
m

otion,
then

a
sm

aller
local

energy
density

is
sufficient

for
the

sam
e

net
m

om
entum

transfer
to

the
hard
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and

thus
for

the
sam

e
m

edium
-induced

parton
energy

loss.
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oreover,
the

directed
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to
break

the
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of
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jet

shape
in

the
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×
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plane.
In
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w
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a
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in
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the

analysis
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in

realigned
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[47,48].In
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k
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ordering
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the
D
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ipatov-A
ltarelli-Parisi
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the
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the

analysis
ofelliptic

flow
in

realigned
event

sam
ples

[47,48].In
addition,how

ever,the
k
T

ordering
of

the
D

okshitzer-G
ribov-L

ipatov-A
ltarelli-Parisi

(D
G

L
A

P)
parton

show
er

im
plies

that
the

first
parton

splitting
in

the
show

er
contains

significantly
m

ore
transverse

m
om

entum
than

the
second,

thus
leading

to
a

dynam
ical

asym
m

etry
in

the
η

×
φ

plane.
B

oth
effects

lead
to

sym
m

etry
breaking

in
a

random
direction

in
the

η
×

φ
plane—

thus
rotational

sym
m

etry
isrestored

in
sufficiently

large
jetsam

ples.To
search

for
sym

m
etry-breaking

effects
caused

by
collective

m
otion

in
η

×
φ

distributions
of

jet
energy

and
jet

m
ultiplicity,

it
is

thus
im

portant
to

control
experim

entally
the

direction
of

this
collective

m
otion.From

these
argum

ents,w
e

foresee
tw

o
classes

ofapplications
forourcalculations.

First,
in

general,
a

hard
parton

needs
not

be
produced

in
the

L
orentz

fram
e

that
is

longitudinally
com

oving
w

ith
the

m
edium

(Fig.
2a);

and
even

if
it

is
produced

in
the

longitudinally
com

oving
fram

e,it
w

ill
in

general
not

stay
in

this
fram

e
during

the
entire

tim
e

evolution
of

the
m

edium
.

T
his

is
so

because
the

hard
parton

m
oves—

like
any

effectively
m

assless
particle—

on
a

straight
lightlike

line
in

the
(z,

t)
diagram

,
w

hereas
the

collective
flow

field
is

expected
to

show
significant

deviations
[49,50]

from
B

jorken
expansion

and
w

ill
thus

intersect
this

straight
line.

In
such

cases,
the

collective
com

ponent
of

the
m

om
entum

transfer
to

the
hard

parton
is

directed
along

the
beam

axis.
H

ence
averaged

sam
ples

of
m

edium
-m

odified
jetshapes

and
jetm

ultiplicities
can

be
expected

to
show

an
asym

m
etry

that
is

preferentially
oriented

along
the

beam
direction

in
the

η
×

φ
plane.

(A
t

m
id-rapidity,the

jet
sam

ple
m

ust
be

sym
m

etric
w

ith
respect

to
the

η
→

−
η

m
irror

sym
m

etry,
but,

in
general,

it
w

ill
not

be
rotationally

sym
m

etric
in

the
η

×
φ

plane.)
In

the
case

of
a

significant
transverse

collective
flow

(Fig.
2b),

the
analogousargum

entim
pliesthe

occurrence
ofjetasym

m
etries

preferentially
oriented

along
the

φ
direction.In

principle,the
initial-state

radiation
associated

w
ith

a
hard

process
can

also
be

shifted
in

phase
space

because
ofa

flow
field;see

R
ef.[51]

for
related

w
ork.T

his
w

ork,how
ever,focuses

entirely
on

the
final-state

radiation
underlying

jet
fragm

entation.In
general,

the
size

and
the

orientation
of

the
jet

asym
m

etry
depend

on
how

hard
processes

are
spatially

distributed
in

the
dynam

ical
expansion

case.
Second,

flow
effects

m
anifest

them
selves

not
only

in
the

azim
uthalasym

m
etries

ofjetobservables,butalso
in

inclusive

Jet

flow
 field

tim
e

long
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FIG
.2.

(C
olor

online)
Schem

atic
view

of
tw

o
cases

in
w

hich
jets

interact
w

ith
collective

flow
fields:

(a)
If

the
hard

parton
is

not
produced

in
the

L
orentz

fram
e

longitudinally
com

oving
w

ith
the

m
edium

,or
if

the
longitudinal

collective
flow

does
notshow

B
jorken

scaling,then
the

parton
interacts

w
ith

a
flow

com
ponentparallelto

the
beam

.(b)
O

n
their

propagation
in

the
transverse

direction,
hard

partons
generically

testtransverse
flow

com
ponents,

exceptforthe
specialtrajectories

thatare
parallelto

the
flow

field.
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FIG
.1.

(C
olor

online)
Sketch

of
the

expected
energy

or
m

ulti-
plicity

distribution
ofa

jetfragm
enting

(left)in
the

vacuum
(m

iddle)
in

a
m

edium
that

is
longitudinally

com
oving

w
ith

the
rest

fram
e

of
the

jet,and
(right)

in
a

m
edium

that
is

longitudinally
boosted

w
ith

respectto
the

restfram
e

ofthe
jet.

T
zz=

p
+

!
p

,
w

here
!

p
=

(ϵ
+

p
)u

zu
z=

4
p
β

2/(1
−

β
2)

forthe
equation

ofstate
ofan

idealgas,ϵ
=

3
p

.Fora
rapidity

difference
η

=
0
.5

,1
.0

,and1
.5

betw
een

the
restfram

e
thatis

longitudinally
com

oving
w

ith
the

jetand
the

restfram
e

ofthe
m

edium
,the

com
ponent

T
zz

of
the

energy-m
om

entum
tensor

“seen”
by

the
hard

parton
is

thus
increased

by
a

factor
of

1
,5

,and18,respectively.Itis
thus

reasonable
to

assum
e

that
the

m
om

entum
transfer

from
the

m
edium

to
a

test
particle

such
as

a
hard

parton
does

not
depend

solely
on

the
local

energy
density

ϵ,butrather
on

the
energy-m

om
entum

tensor
(1.2),w

hich
involvesa

significantdirected
collective

flow
field

u
µ (x)[46].

Figure
1

sketches
the

qualitative
picture

firstadvocated
in

R
ef.[46]:

A
jet

that
fragm

ents
inside

a
m

edium
is

know
n

to
broaden

its
shape

and
to

soften
its

m
ultiplicity

distribution.
H

ow
ever,

if
the

m
edium

exhibits
a

collective
m

otion,
then

a
sm

aller
local

energy
density

is
sufficient

for
the

sam
e

net
m

om
entum

transfer
to

the
hard

parton
and

thus
for

the
sam

e
m

edium
-induced

parton
energy

loss.
M

oreover,
the

directed
m

om
entum

transfer
can

be
expected

to
break

the
rotational

sym
m

etry
of

the
jet

shape
in

the
η

×
φ

plane.
In

this
w

ork,
w

e
give

a
detailed

description
of

the
form

alism
incorporating

these
effects

and
w

e
explore

observable
consequences

of
the

resulting
interplay

oforiented
and

random
m

om
entum

transfer
to

a
hard

parton.
For

each
jet,

rotational
sym

m
etry

in
the

η
×

φ
plane

is
broken

even
in

the
absence

of
a

m
edium

,
m

ainly
for

tw
o

reasons:
Statistically,

any
finite

m
ultiplicity

distribution
of

a

rotationally
sym

m
etric

sam
ple

breaksthe
rotationalsym

m
etry.

If
this

w
ere

the
only

source
of

sym
m

etry
breaking,

one
could

search
for

m
edium

-induced
asym

m
etries

in
realigned

jetsam
ples,sim

ilarto
the

analysis
ofelliptic

flow
in

realigned
event

sam
ples

[47,48].In
addition,how

ever,the
k
T

ordering
of

the
D

okshitzer-G
ribov-L

ipatov-A
ltarelli-Parisi

(D
G

L
A

P)
parton

show
er

im
plies

that
the

first
parton

splitting
in

the
show

er
contains

significantly
m

ore
transverse

m
om

entum
than

the
second,

thus
leading

to
a

dynam
ical

asym
m

etry
in

the
η

×
φ

plane.
B

oth
effects

lead
to

sym
m

etry
breaking

in
a

random
direction

in
the

η
×

φ
plane—

thus
rotational

sym
m

etry
isrestored

in
sufficiently

large
jetsam

ples.To
search

for
sym

m
etry-breaking

effects
caused

by
collective

m
otion

in
η

×
φ

distributions
of

jet
energy

and
jet

m
ultiplicity,

it
is

thus
im

portant
to

control
experim

entally
the

direction
of

this
collective

m
otion.From

these
argum

ents,w
e

foresee
tw

o
classes

ofapplications
forourcalculations.

First,
in

general,
a

hard
parton

needs
not

be
produced

in
the

L
orentz

fram
e

that
is

longitudinally
com

oving
w

ith
the

m
edium

(Fig.
2a);

and
even

if
it

is
produced

in
the

longitudinally
com

oving
fram

e,it
w

ill
in

general
not

stay
in

this
fram

e
during

the
entire

tim
e

evolution
of

the
m

edium
.

T
his

is
so

because
the

hard
parton

m
oves—

like
any

effectively
m

assless
particle—

on
a

straight
lightlike

line
in

the
(z,

t)
diagram

,
w

hereas
the

collective
flow

field
is

expected
to

show
significant

deviations
[49,50]

from
B

jorken
expansion

and
w

ill
thus

intersect
this

straight
line.

In
such

cases,
the

collective
com

ponent
of

the
m

om
entum

transfer
to

the
hard

parton
is

directed
along

the
beam

axis.
H

ence
averaged

sam
ples

of
m

edium
-m

odified
jetshapes

and
jetm

ultiplicities
can

be
expected

to
show

an
asym

m
etry

that
is

preferentially
oriented

along
the

beam
direction

in
the

η
×

φ
plane.

(A
t

m
id-rapidity,the

jet
sam

ple
m

ust
be

sym
m

etric
w

ith
respect

to
the

η
→

−
η

m
irror

sym
m

etry,
but,

in
general,

it
w

ill
not

be
rotationally

sym
m

etric
in

the
η

×
φ

plane.)
In

the
case

of
a

significant
transverse

collective
flow

(Fig.
2b),

the
analogousargum

entim
pliesthe

occurrence
ofjetasym

m
etries

preferentially
oriented

along
the

φ
direction.In

principle,the
initial-state

radiation
associated

w
ith

a
hard

process
can

also
be

shifted
in

phase
space

because
ofa

flow
field;see

R
ef.[51]

for
related

w
ork.T

his
w

ork,how
ever,focuses

entirely
on

the
final-state

radiation
underlying

jet
fragm

entation.In
general,

the
size

and
the

orientation
of

the
jet

asym
m

etry
depend

on
how

hard
processes

are
spatially

distributed
in

the
dynam

ical
expansion

case.
Second,

flow
effects

m
anifest

them
selves

not
only

in
the

azim
uthalasym

m
etries

ofjetobservables,butalso
in

inclusive

Jet

flow
 field

tim
e

long
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                         A
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(b)
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FIG
.2.

(C
olor

online)
Schem

atic
view

of
tw

o
cases

in
w

hich
jets

interact
w

ith
collective

flow
fields:

(a)
If

the
hard

parton
is

not
produced

in
the

L
orentz

fram
e

longitudinally
com

oving
w

ith
the

m
edium

,or
if

the
longitudinal

collective
flow

does
notshow

B
jorken

scaling,then
the

parton
interacts

w
ith

a
flow

com
ponentparallelto

the
beam

.(b)
O

n
their

propagation
in

the
transverse

direction,
hard

partons
generically

testtransverse
flow

com
ponents,

exceptforthe
specialtrajectories

thatare
parallelto

the
flow

field.
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Sketch

of
the

expected
energy

or
m

ulti-
plicity

distribution
ofa

jetfragm
enting

(left)in
the

vacuum
(m

iddle)
in

a
m

edium
that

is
longitudinally

com
oving

w
ith
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rest

fram
e

of
the

jet,and
(right)

in
a

m
edium

that
is

longitudinally
boosted

w
ith

respectto
the

restfram
e

ofthe
jet.

T
zz=

p
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w

here
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p
=
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+

p
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zu
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β

2/(1
−

β
2)
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equation

ofstate
ofan

idealgas,ϵ
=

3
p

.Fora
rapidity

difference
η

=
0
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,1
.0

,and1
.5

betw
een

the
restfram

e
thatis

longitudinally
com

oving
w

ith
the

jetand
the

restfram
e

ofthe
m

edium
,the

com
ponent

T
zz

of
the

energy-m
om

entum
tensor

“seen”
by

the
hard

parton
is

thus
increased

by
a

factor
of

1
,5

,and18,respectively.Itis
thus

reasonable
to

assum
e

that
the

m
om

entum
transfer

from
the

m
edium

to
a

test
particle

such
as

a
hard

parton
does

not
depend

solely
on

the
local

energy
density

ϵ,butrather
on

the
energy-m

om
entum

tensor
(1.2),w

hich
involvesa

significantdirected
collective

flow
field

u
µ (x)[46].

Figure
1

sketches
the

qualitative
picture

firstadvocated
in

R
ef.[46]:

A
jet

that
fragm

ents
inside

a
m

edium
is

know
n

to
broaden

its
shape

and
to

soften
its

m
ultiplicity

distribution.
H

ow
ever,

if
the

m
edium

exhibits
a

collective
m

otion,
then

a
sm

aller
local

energy
density

is
sufficient

for
the

sam
e

net
m

om
entum

transfer
to

the
hard

parton
and

thus
for

the
sam

e
m

edium
-induced

parton
energy

loss.
M

oreover,
the

directed
m

om
entum

transfer
can

be
expected

to
break

the
rotational

sym
m

etry
of

the
jet

shape
in

the
η

×
φ

plane.
In

this
w

ork,
w

e
give

a
detailed

description
of

the
form

alism
incorporating

these
effects

and
w

e
explore

observable
consequences

of
the

resulting
interplay

oforiented
and

random
m

om
entum

transfer
to

a
hard

parton.
For

each
jet,

rotational
sym

m
etry

in
the

η
×

φ
plane

is
broken

even
in

the
absence

of
a

m
edium

,
m

ainly
for

tw
o

reasons:
Statistically,

any
finite

m
ultiplicity

distribution
of

a

rotationally
sym

m
etric

sam
ple

breaksthe
rotationalsym

m
etry.

If
this

w
ere

the
only

source
of

sym
m

etry
breaking,

one
could

search
for

m
edium

-induced
asym

m
etries

in
realigned

jetsam
ples,sim

ilarto
the

analysis
ofelliptic

flow
in

realigned
event

sam
ples

[47,48].In
addition,how

ever,the
k
T

ordering
of

the
D

okshitzer-G
ribov-L

ipatov-A
ltarelli-Parisi

(D
G

L
A

P)
parton

show
er

im
plies

that
the

first
parton

splitting
in

the
show

er
contains

significantly
m

ore
transverse

m
om

entum
than
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second,

thus
leading

to
a

dynam
ical

asym
m

etry
in

the
η

×
φ

plane.
B

oth
effects

lead
to

sym
m

etry
breaking

in
a

random
direction

in
the

η
×

φ
plane—

thus
rotational

sym
m

etry
isrestored

in
sufficiently

large
jetsam

ples.To
search

for
sym

m
etry-breaking

effects
caused

by
collective

m
otion

in
η

×
φ

distributions
of

jet
energy

and
jet

m
ultiplicity,

it
is

thus
im

portant
to

control
experim

entally
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direction
of

this
collective

m
otion.From
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e

foresee
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a
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needs
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the
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fram
e

that
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w
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the
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(Fig.
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in
the
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in

general
not

stay
in
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the
entire

tim
e

evolution
of

the
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is
so

because
the

hard
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any

effectively
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assless
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on
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in

the
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diagram
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field
is

expected
to

show
significant

deviations
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ill
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Figure 6: Evolution of the medium-induced gluon radiation spectrum (48) of a quark in a
static medium for different values of x and p+/ω+

c . The left plots correspond to the double
differential spectrum (two different values of p+/ω+

c in (a) and (b)) and the right ones are
the same integrated over q⊥ (two different values of ω+

c L+ in (a) and (b)).
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to the interaction between the partons of the cascade and the medium particles. Clearly, with

the present discussion we cannot claim of having a systematic control of these corrections.

However, we shall be able to identify the main correction to q̂, in line with a recent study of

transverse momentum broadening [22].

It is recalled in Appendix A that the most general expression for the splitting probability

that is compatible with the minimal set of approximations [referred to 1) and 2) in the

Appendix] is given by

P
2

(k
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, k
b

, z; t
L

, t
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) = 2g

2
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0

), (4.1)

where Q = p � z(q + l), with q the momentum of the gluon before splitting, p that of the

o↵spring that carries zq

+, and l is the transverse momentum acquired during the branching

process. The complete expression of the splitting kernel K(Q, l, z, p

+

0

; t) is given in Ap-

t0 tL

ka

kb

p0 q

p

q � p + l

l

t

z

1 � z

Figure 3. Graphical illustration of the equation (4.2). The thick wavy lines represent the probability

P for transverse momentum broadening, the black dot is the splitting kernel K.

pendix A, in terms of an integral representation obtained in the harmonic approximation

(see Eq. (A.15)). Note that, in contrast to the fully integrated kernel in Eq. (2.16), the non

integrated one is not positive definite anymore. (This is already obvious on the partially inte-

grated one, Eq. (A.17), although we may argue that this particular kernel becomes negative

only in a momentum region where it is dwarfed by the exponential.) Yet, even though strictly

speaking one loses their probabilistic interpretation, the manipulations of the previous section

can be formally repeated in order to obtain the evolution equation for the inclusive one-gluon

distribution corresponding to a more general splitting kernel. This equation reads
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to the interaction between the partons of the cascade and the medium particles. Clearly, with

the present discussion we cannot claim of having a systematic control of these corrections.

However, we shall be able to identify the main correction to q̂, in line with a recent study of

transverse momentum broadening [22].

It is recalled in Appendix A that the most general expression for the splitting probability

that is compatible with the minimal set of approximations [referred to 1) and 2) in the

Appendix] is given by
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where Q = p � z(q + l), with q the momentum of the gluon before splitting, p that of the
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Figure 3. Graphical illustration of the equation (4.2). The thick wavy lines represent the probability

P for transverse momentum broadening, the black dot is the splitting kernel K.

pendix A, in terms of an integral representation obtained in the harmonic approximation

(see Eq. (A.15)). Note that, in contrast to the fully integrated kernel in Eq. (2.16), the non

integrated one is not positive definite anymore. (This is already obvious on the partially inte-

grated one, Eq. (A.17), although we may argue that this particular kernel becomes negative

only in a momentum region where it is dwarfed by the exponential.) Yet, even though strictly

speaking one loses their probabilistic interpretation, the manipulations of the previous section

can be formally repeated in order to obtain the evolution equation for the inclusive one-gluon

distribution corresponding to a more general splitting kernel. This equation reads
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to the interaction between the partons of the cascade and the medium particles. Clearly, with

the present discussion we cannot claim of having a systematic control of these corrections.

However, we shall be able to identify the main correction to q̂, in line with a recent study of

transverse momentum broadening [22].

It is recalled in Appendix A that the most general expression for the splitting probability

that is compatible with the minimal set of approximations [referred to 1) and 2) in the

Appendix] is given by
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where Q = p � z(q + l), with q the momentum of the gluon before splitting, p that of the

o↵spring that carries zq

+, and l is the transverse momentum acquired during the branching

process. The complete expression of the splitting kernel K(Q, l, z, p
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pendix A, in terms of an integral representation obtained in the harmonic approximation

(see Eq. (A.15)). Note that, in contrast to the fully integrated kernel in Eq. (2.16), the non

integrated one is not positive definite anymore. (This is already obvious on the partially inte-

grated one, Eq. (A.17), although we may argue that this particular kernel becomes negative

only in a momentum region where it is dwarfed by the exponential.) Yet, even though strictly

speaking one loses their probabilistic interpretation, the manipulations of the previous section

can be formally repeated in order to obtain the evolution equation for the inclusive one-gluon

distribution corresponding to a more general splitting kernel. This equation reads
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Figure 5. The characteristic regimes of radiation in media: the “dipole” regime, r? ⌧ m

�1

D (left)
and the “saturated” regime, r? � m

�1

D (right).

This regime is therefore governed by the intrinsic scale of the antenna-dipole itself, namely

r

�1

? , and we therefore call it the “dipole” regime.

In the opposite case, r? � m

�1

D

, cf. the right part of fig. 5, the medium cannot induce

coherent emission o↵ the antenna and thus the scale of the problem is set by the Debye

mass. As already discussed in Section 5, in this regime �
med

has already saturated at

its maximal value (proportional to the number of scattering centers N

scat

) and we will

therefore call it the “saturation” regime.

This separation provides a clear and intuitive interpretation of the relevant physics and

relates the geometric properties of an antenna (more generally, a jet), namely its transverse

separation of correlated color, with the transverse color correlation of the medium. As

will be demonstrated below, the physics of the two regimes is clearly separated and well-

controlled.

Let us now go into more detail by analyzing the dynamics of the two regimes in the

following subsections. In order to organize the discussion, we will first study the large-

angle region when ✓

qq̄

is smaller than the typical angle of the independent medium-induced

radiation ⇠ m

D

/!, i.e., where we expect interferences to be in force. This implies that

this part of the discussion will be valid for ! < m

D

/✓

qq̄

. Finally, we discuss the hard gluon

sector, ! > m

D

/✓

qq̄

, before summarizing the analytic investigation.

6.1 The “dipole” regime

This regime is characterized by r

�1

? � m

D

, implying that the hardest momentum scale in

the problem is set by the intrinsic antenna transverse momentum.

As mentioned above, to begin with we focus on the range of gluon energies satisfying

! < m

D

/✓

qq̄

. The vectors �q and ̄�q simplify in this case to �q ⇠ ̄�q ⇠ (k � q)

which allows us to drop the last two terms in eq. (3.24). The dominant contribution is
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Dipole  approximation:  

Semi-‐classical  method:

7

G0(x+,x; y+,y) =

Z
r(y+)=y

r(x+)=x

Dr(⇠) exp

(
ip+

2

Z
y+

x+

d⇠

✓
dr

d⇠

◆2
)

=

1

(2⇡i)

D/2

����det
✓
� @

2
R

cl

@y

i

@x

i

◆����
1/2

e

iRcl(x+,x;y+,y)

CFn(⇠)�(r) ' 1

2
q̂F r

2 +O(r2 ln r2)

D  =  nº  of  dimensions

Rcl =

Z
d⇠L(⇠)Classical  action:

EOM: d

d⇠

@L
@ṙ
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⇤
Tr

⇥
W †(xg)W (xḡ)W
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↵
Tr

⌦
W †(xg)W (xḡ)W
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↵
Tr

⌦
W †(xg)W (xḡ)W
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[v(xḡ � xq̄)� v(xq � xg)� v(xḡ � xq)� v(xq̄ � xg)]
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[v(xḡ � xg) + v(xq � xq̄)]

where: (coherent  prop.):

(independent  prop.):

complete  
independent  piece

Local  swap  
at  𝝉

coherent  
propagation  up  to  𝝉

independent  
propagation  com  𝝉  

to  L

m12 = �1

2
[v(xḡ � xq̄)� v(xq � xg)� v(xḡ � xq)� v(xq̄ � xg)]



Medium averages

Result  of  the  quadrLpole:

10

Tr
⌦
W †(x

g

)W (x
ḡ
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ḡ

)W †(x
q̄

)W (x
q

)
↵
(x2+,L+)

= eNm22

(
1 +

Z
L+

x2+

d⌧ eN(m11�m22)(x2+,⌧) m12(⌧)

)
Factorising  the  independent  propagation:

complete  
independent  piece

Local  swap  
at  𝝉

coherent  
propagation  up  to  𝝉

independent  
propagation  com  𝝉  

to  L

m12 = �1

2
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Conclusions
Able  to  unifR  in  a  single  expression:
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Broadening:  

-‐ Eikonal  approximation:  
-‐ Beyond  eikonal  approximation:

(Anti)angLlar  ordering:  

-‐ Coherent  regime:  
-‐ Decoherent  regime:

EnergR  loss:  

-‐ Sost  gluon  radiation  limit;  

-‐ ExGensions  to  account  for  hard  limit;
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