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• (SI)DIS	at	an	EIC	produces	quark	jets	at	leading	order

Ø Modified	by	multiple	scattering	in	cold	nuclear	matter
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Collisional	vs.	Radiative	Energy	Loss
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• Collisional	Energy	Loss:		
direct	energy	transfer	to	medium
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• Collisional	Energy	Loss:		
direct	energy	transfer	to	medium

• Radiative	Energy	Loss:		
stimulated	radiation	due	to	scattering
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• Collisional	Energy	Loss:		
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Ø Radiative	losses	dominate except	at	very	large	opacities.	



Jet	Coupling	to	a	Generic	Medium
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• Compute	the	gluon	spectrum	of	a	quark	jet	
with	any	number	of	scatterings	in	the	medium

j

(p+ , ~p?)
(xp+ ,

~

k?)

((1� x)p+ , ~p? � ~

k?)

xp

+ dN

d

2
k dx dp

+

Light-Cone	GaugeA+ = 0



Jet	Coupling	to	a	Generic	Medium

M.	Sievert 5	/	22Medium	Modification	at	an	EIC

• Compute	the	gluon	spectrum	of	a	quark	jet	
with	any	number	of	scatterings	in	the	medium

j

(p+ , ~p?)
(xp+ ,

~

k?)

((1� x)p+ , ~p? � ~

k?)

• Arbitrary	source +	eikonal scattering	in	arbitrary	potential

• Semi-classical	scattering:	2	gluons	/	scattering	center

xp

+ dN

d

2
k dx dp

+

Light-Cone	GaugeA+ = 0



Jet	Coupling	to	a	Generic	Medium

M.	Sievert 5	/	22Medium	Modification	at	an	EIC

• Compute	the	gluon	spectrum	of	a	quark	jet	
with	any	number	of	scatterings	in	the	medium
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Parton	Splitting	in	Vacuum

• The	vacuum	quark/gluon	splitting	is	described	by	light-front	
wave	functions in	“time”-ordered	perturbation	theory
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Stimulated	Emission	in	Medium

• Scatterings	stimulate	radiation	by	generating	phase	factors:
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Ø Emission	phases due	to	bounds	on	gluon	emission	time:
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Ø Impulse	phases:	virtuality changes	due	to	scattering
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Diagrammatic	Building	Blocks:	“Direct”
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• “Direct	scattering:”
single-gluon	exchange	(Born)	on	a	scattering	center,	squared



Diagrammatic	Building	Blocks:	“Virtual”
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double-gluon	exchange	(double-Born)	on	a	scattering	center



Results	at	First	Order	in	Opacity

M.	Sievert 10	/	22Medium	Modification	at	an	EIC

9
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Shifting the p � q ! p in the first set of bracketed terms, we bring the single-Born and double-Born diagrams into
the common form:
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in perfect agreement with (14). Thus we see that the coordinate-space ingredients (5) and (8), combined with the
combinatorics of time ordering and the general form (1), can reproduce the first-order results from [2].



Reaction	Operators:		Recursion	Relations

• Formulate	all-orders	result	in	terms	of	a	recursion	relation:
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• Can	be	solved	analytically	in	soft-gluon	approximation x ⌧ 1



The	Coordinate	Space	Picture

• The	strategy:	transform	to	transverse	coordinate	space
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Building	Blocks	in	Coordinate	Space

M.	Sievert 13	/	22Medium	Modification	at	an	EIC

D1 ≡

x+x+

D2 ≡

x+ x+

D3 ≡

x+ x+

D6 ≡

x+x+

D5 ≡

x+x+

D4 ≡

x+ x+

D7 ≡

x+x+

D8 ≡

x+ x+

D9 ≡

x+ x+

=
(2⇡)2

�el
�

el
⇣
x|~r1? � ~r2?|

⌘

~0?

~r1? ~r2?
x~r2?x~r1?



Building	Blocks	in	Coordinate	Space

M.	Sievert 13	/	22Medium	Modification	at	an	EIC

D1 ≡

x+x+

D2 ≡

x+ x+

D3 ≡

x+ x+

D6 ≡

x+x+

D5 ≡

x+x+

D4 ≡

x+ x+

D7 ≡

x+x+

D8 ≡

x+ x+

D9 ≡

x+ x+

=
(2⇡)2

�el
�

el
⇣
x|~r1? � ~r2?|

⌘

~0?

~r1? ~r2?
x~r2?x~r1?

=
(2⇡)2

�el
�el

⇣
~0?

⌘
= 1



Building	Blocks	in	Coordinate	Space

M.	Sievert 13	/	22Medium	Modification	at	an	EIC

D1 ≡

x+x+

D2 ≡

x+ x+

D3 ≡

x+ x+

D6 ≡

x+x+

D5 ≡

x+x+

D4 ≡

x+ x+

D7 ≡

x+x+

D8 ≡

x+ x+

D9 ≡

x+ x+

=
(2⇡)2

�el
�

el
⇣
x|~r1? � ~r2?|

⌘

~0?

~r1? ~r2?
x~r2?x~r1?

=
(2⇡)2

�el
�el

⇣
~0?

⌘
= 1

=
Nc

CF

(2⇡)2

�el
�el

⇣
|~r1? � ~r2?|

⌘



Building	Blocks	in	Coordinate	Space

M.	Sievert 13	/	22Medium	Modification	at	an	EIC

D1 ≡

x+x+

D2 ≡

x+ x+

D3 ≡

x+ x+

D6 ≡

x+x+

D5 ≡

x+x+

D4 ≡

x+ x+

D7 ≡

x+x+

D8 ≡

x+ x+

D9 ≡

x+ x+

=
(2⇡)2

�el
�

el
⇣
x|~r1? � ~r2?|

⌘

V2 ≡

=

x+x+

V1 ≡

x+ x+

=

x+ x+x+ x+

x+ x+

=V3 ≡

x+ x+

V4 ≡

x+ x+

V5 ≡

x+ x+

~0?

~r1? ~r2?
x~r2?x~r1?

=
(2⇡)2

�el
�el

⇣
~0?

⌘
= 1

=
Nc

CF

(2⇡)2

�el
�el

⇣
|~r1? � ~r2?|

⌘

= � Nc

2CF



Impulse	Phases:	Derivative	Phase	Shifts
• Impulse	phases	can	be	cast	as	derivative	phase	shifts:
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“Region”	Scattering	Factors

• Possible	regions,	using	constraints:
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Ø By	definition,	no	scattering	takes	place	between	these	times
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III. REGION AND BOUNDARY FACTORS IN THE GENERAL CASE

The assignment of the four scattering times t
i

, t

f

, t

i

0
, t

f

0 fully specifies the types of scattering factors from (5) and
(8) which can contribute at and between these specified times. By classifying the possible assignments of these four
times and the regions in between them, we can directly identify the combinations of factors which contribute at any
order in opacity.

The constraints on these four times are simple. The initial scattering times t
i

, t

i

0 may be either be 0, in which case
there was no initial-state scattering, or they may be finite. The final scattering times t

f

, t

f

0 may be 1, in which
case there was no final-state scattering, or they may also be finite. The final scattering times must always be greater
than the initial scattering times: t

f

> t

i

and t

f

0
> t

i

0 , which follows from the pole structure of the propagators
between each scattering. And by definition, no scattering occurs in the amplitude for times t

i

< t < t

f

or in the
complex-conjugate amplitude for times t

i

0
< t < t

f

0 between the initial and final scattering times. With this, we can
immediately classify the relevant regions for each time ordering, whether they permit initial-state interactions (ISI)
or final-state interactions (FSI) in the amplitude or initial-state interactions (ISI⇤) or final-state interactions (FSI⇤
in the complex-conjugate amplitude. The relevant region interactions R

i

are:

ISI/ISI

⇤
t < t

i

, t

i

0
R1 =D1 + 2V1 (17a)

ISI/FSI

⇤
t

f

0
<t < t

i

R2(x
+) =D4(x

+) +D5(x
+) + V1 + V2 + V3 + V5(x

+) (17b)

FSI/ISI

⇤
t

f

<t < t

i

0
R3(x

+) =D7(x
+) +D8(x

+) + V1 + V2 + V3 + V4(x
+) (17c)

FSI/FSI

⇤
t

f

, t

f

0
<t R4 =D3 + 2V3 (17d)

ISI only t

i

0
<t < t

i

, t

f

0
R5 =V1 (17e)

FSI only t

i

0
, t

f

<t < t

f

0
R6(x

+) =V2 + V3 + V4(x
+) (17f)

ISI

⇤ only t

i

<t < t

i

0
, t

f

R7 =V1 (17g)

FSI

⇤ only t

i

, t

f

0
<t < t

f

R8(x
+) =V2 + V3 + V5(x

+) (17h)

No scattering t

i

, t

i

0
<t < t

f

, t

f

0 1. (17i)

In writing (17), we note that the ISI/ISI

⇤ case (17a) is just the quark jet broadening kernel, and that something
interesting has happened in the FSI/FSI

⇤ case (17d). When final-state interactions occur in both the amplitude
and complex-conjugate amplitude, there are many terms which can contribute:

FSI/FSI

⇤
t

f

, t

f

0
< t R4 = D2 +D3 +D6 +D9 + 2V2 + 2V3 + V4 + V5, (18)

but there are three sets of real / virtual cancellations which occur:
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✓
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In all these diagrams, the interactions with the spectator quark cancel completely, leaving only the interactions which
scatter only on the radiated gluon. The resulting combination R4 = D3+2V3 is just the jet broadening kernel applied
to the gluon. In essence, these combinations of diagrams cancel because the gluon exchange with the spectator quark
can be moved across the cut, generating a minus sign with no other changes. This is only possible for final-state
interactions with the spectator quark after the emission phases have been fixed. This cancellation does not occur if
moving the spectator interaction across the cut would change the upper bound on the emission time of the gluon. This
cancellation occurs because, in coordinate space, the spectator quark is at the same position 0 in both the amplitude
and complex-conjugate amplitude, essentially canceling the Wilson lines for its rescattering: V0V

†
0 = 1. In momentum

space, this is because the transverse momentum p carried by the spectator is integrated out, and the diagrams which
cancel result in a spectator quark with di↵erent transverse momenta, but are identical (up to a sign) in all other
respects.

In a similar way, we can enumerate the types of scatterings which can contribute at the boundary points t
i

, t

f

, t

i

0
, t

f

0

themselves. Here, in addition to cases in which you have scattering which must occur on both sides of the cut, such
as t = t

i

= t

i

0 , and cases in which scattering can only occur on one side of the cut, such as t

i

0
< t = t

i

< t

f

0 ,
there are new cases in which scattering is mandatory on one side of the cut, but optional on the other one. In the
case of t = t

i

< t

i

0 , for example, scattering must occur in the amplitude to set the phase associated with t

i

, and

ti < tf ti0 < tf 0

Ø By	definition,	no	scattering	takes	place	between	these	times
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a corresponding scattering in the complex-conjugate amplitude is permitted but not mandatory. We also note that
cancellations as in (19) do not occur here, because moving a spectator interaction would a↵ect the boundary phases
being set. With this in mind, the relevant boundary interactions B

i

are:

ISI/ISI

⇤
t = t

i

= t

i

0
B1 =D1 (20a)

ISI/FSI

⇤
t = t

i

= t

f

0
B2(x

+) =D4(x
+) +D5(x

+) (20b)

FSI/ISI

⇤
t = t

f

= t

i

0
B3(x

+) =D7(x
+) +D8(x

+) (20c)

FSI/FSI

⇤
t = t

f

= t

f

0
B4(x

+) =D2 +D3 +D6(x
+) +D9(x

+) (20d)

ISI only t

i

0
<t = t

i

< t

f

0
B5 =V1 (20e)

FSI only t

i

0
<t = t

f

< t

f

0
B6(x

+) =V2 + V3 + V4(x
+) (20f)

ISI

⇤ only t

i

<t = t

i

0
< t

f

B7 =V1 (20g)

FSI

⇤ only t

i

<t = t

f

0
< t

f

B8(x
+) =V2 + V3 + V5(x

+) (20h)

ISI (+ ISI

⇤) t = t

i

< t

i

0
B9 =D1 + V1 (20i)

ISI (+FSI

⇤) t

f

0
<t = t

i

B10(x
+) =D4(x

+) +D5(x
+) + V1 (20j)

FSI (+ ISI

⇤) t = t

f

< t

i

0
B11(x

+) =D7(x
+) +D8(x

+) + V2 + V3 + V4(x
+) (20k)

FSI (+FSI

⇤) t

f

0
<t = t

f

B12(x
+) =D2 +D3 +D6(x

+) +D9(x
+) + V2 + V3 + V4(x

+) (20l)

(ISI +) ISI⇤ t = t

i

0
< t

i

B13 =D1 + V1 (20m)

(FSI +) ISI⇤ t

f

<t = t

i

0
B14(x

+) =D7(x
+) +D8(x

+) + V1 (20n)

(ISI +)FSI

⇤
t = t

f

0
< t

i

B15(x
+) =D4(x

+) +D5(x
+) + V2 + V3 + V5(x

+) (20o)

(FSI +)FSI

⇤
t

f

<t = t

f

0
B16(x

+) =D2 +D3 +D6(x
+) +D9(x

+) + V2 + V3 + V5(x
+). (20p)

Note that the scattering factors for the “optional” cases B9 � B16 are just the sum of the corresponding factors in
B1 �B8.
To see how this works in practice, consider the specific time ordering 0 < t

i

< t

i

0
< t

f

= t

f

0
< 1 as shown in

Fig. 6. At any order N in opacity, the scattering factors are uniquely specified by this time ordering. The diagram
in Fig. 6 is shown In a Schwinger-Keldysh representation, such that the q ! qG splitting in the complex conjugate
amplitude appears in the amplitude as a q̄ ! q̄G splitting. The coordinates are such that the emitted gluons both sit
at coordinate 0, which is the origin of the cancellations (19). There are 3 independent, finite times employed in this
time ordering, t

i

, t

i

0
, t

f

= t

f

0 , so this time ordering only contributes for N � 3. The site indices i, ı0, f all lie between
1 and N , with i < i

0
< f , and we note that because there are no scatterings which take place for t

i

0
< t < t

f

the
site of the scattering at t

f

is just the one immediately after t
i

0 : f = i

0 + 1. For any order N � 3 in opacity, then, we
simply sum over the allowed positions of the three times 1  i < i

0
< f = i

0 + 1  N with the corresponding dressed
wave functions and scattering phases. The contribution of this time ordering to the second line of (1) is:
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[ Think carefully about the ordering of the factors: which factors does the derivative act on? Do the factors follow
some kind of Schwinger-Keldysh time ordering PP̄? ]

In this way, the calculation at any opacity is reduced down to an enumeration of the possible time orderings such as
the example 0 < t

i

< t

i

0
< t

f

= t

f

0
< 1 calculated above and the assignment of the scattering factors for each time

ordering. The number of time orderings grows quickly with opacity, but reaches a maximum at N � 4. For N  3,
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a corresponding scattering in the complex-conjugate amplitude is permitted but not mandatory. We also note that
cancellations as in (19) do not occur here, because moving a spectator interaction would a↵ect the boundary phases
being set. With this in mind, the relevant boundary interactions B

i

are:
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t = t

i

= t

i
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Note that the scattering factors for the “optional” cases B9 � B16 are just the sum of the corresponding factors in
B1 �B8.
To see how this works in practice, consider the specific time ordering 0 < t

i

< t

i

0
< t

f

= t

f

0
< 1 as shown in

Fig. 6. At any order N in opacity, the scattering factors are uniquely specified by this time ordering. The diagram
in Fig. 6 is shown In a Schwinger-Keldysh representation, such that the q ! qG splitting in the complex conjugate
amplitude appears in the amplitude as a q̄ ! q̄G splitting. The coordinates are such that the emitted gluons both sit
at coordinate 0, which is the origin of the cancellations (19). There are 3 independent, finite times employed in this
time ordering, t

i

, t

i

0
, t

f

= t

f

0 , so this time ordering only contributes for N � 3. The site indices i, ı0, f all lie between
1 and N , with i < i

0
< f , and we note that because there are no scatterings which take place for t

i

0
< t < t

f

the
site of the scattering at t

f

is just the one immediately after t
i

0 : f = i

0 + 1. For any order N � 3 in opacity, then, we
simply sum over the allowed positions of the three times 1  i < i

0
< f = i

0 + 1  N with the corresponding dressed
wave functions and scattering phases. The contribution of this time ordering to the second line of (1) is:
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(21)

[ Think carefully about the ordering of the factors: which factors does the derivative act on? Do the factors follow
some kind of Schwinger-Keldysh time ordering PP̄? ]

In this way, the calculation at any opacity is reduced down to an enumeration of the possible time orderings such as
the example 0 < t

i

< t

i

0
< t

f

= t

f

0
< 1 calculated above and the assignment of the scattering factors for each time

ordering. The number of time orderings grows quickly with opacity, but reaches a maximum at N � 4. For N  3,
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For each of these time orderings, we can straightforwardly assign the factors (17) and (20). Writing each contribution
in the compact notation ht
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 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
15 diags

13.) h2,1| 0,1i
h
0�  ̃(x+

0 )
ih
R7B7

ih
0�  ̃

⇤(x+
2 )

i
1 diag

14.) h1,1| 0, 2i
h
 ̃(x+

2 )�  ̃(x+
0 )

ih
B7B6(x

+
2 )

ih
0�  ̃

⇤(x+
1 )

i
3 diags

15.)
2X

i=1

hi,1| 0, ii
2X

i=1

h
 ̃(x+

i

)�  ̃(x+
0 )

ih
(R7)

i�1
B3(x

+
i

)
2Y

j=i+1

R6(x
+
j

)
ih
0�  ̃

⇤(x+
i

)
i

8 diags

16.) h2,1| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B11(x

+
1 )B14(x

+
2 )

ih
0�  ̃

⇤(x+
2 )

i
15 diags

17.) h1, 2| 0,1i
h
0�  ̃(x+

0 )
ih
B7B8(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
3 diags

18.) h1, 2| 0, 2i
h
 ̃(x+

2 )�  ̃(x+
0 )

ih
B7B4(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

19.) h1, 2| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B3(x

+
1 )B16(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
14 diags

20.) h2,1| 1,1i
h
0�  ̃(x+

1 )
ih
B9B7

ih
0�  ̃

⇤(x+
2 )

i
2 diags

21.) h2,1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B9B3(x

+
2 )

ih
0�  ̃

⇤(x+
2 )

i
4 diags

22.) h2,1| 2,1i
h
0�  ̃(x+

2 )
ih
R1B1

ih
0�  ̃

⇤(x+
2 )

i
3 diags

23.) h1,1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B1B6(x

+
2 )

ih
0�  ̃

⇤(x+
1 )

i
3 diags

24.) h1, 2| 1,1i
h
0�  ̃(x+

1 )
ih
B1B8(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
3 diags

25.) h1, 2| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B1B4(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

26.) h1,1| 2,1i
h
0�  ̃(x+

2 )
ih
B13B5

ih
0�  ̃

⇤(x+
1 )

i
2 diags

27.) h1, 2| 2,1i
h
0�  ̃(x+

2 )
ih
B13B2(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

Total : 221 diags,

where in writing the scattering contributions we have suppressed the unambiguous dependence of the wave functions
on x, r1, r2 for brevity.

14

For each of these time orderings, we can straightforwardly assign the factors (17) and (20). Writing each contribution
in the compact notation ht

i

0
, t

f

0 | t
i

, t

f

i we have:

1.) h0,1| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B6(x

+
1 )R6(x

+
2 )

ih
0�  ̃

⇤(x+
0 )

i
9 diags

2.) h0, 1| 0,1i
h
0�  ̃(x+

0 )
ih
B8(x

+
1 )R8(x

+
2 )

ih
 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
9 diags

3.) h0, 1| 0, 2i
h
 ̃(x+

2 )�  ̃(x+
0 )

ih
B8(x

+
1 )B12(x

+
2 )

ih
 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
21 diags

4.) h0, 1| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B4(x

+
1 )R4

ih
 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
40 diags

5.) h0, 2| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B6(x

+
1 )B16(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
0 )

i
21 diags

6.) h0,1| 2,1i
h
0�  ̃(x+

2 )
ih
R5B5

ih
0�  ̃

⇤(x+
0 )

i
1 diag

7.) h0,1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B5B6(x

+
2 )

ih
0�  ̃

⇤(x+
0 )

i
3 diags

8.) h0, 2| 1,1i
h
0�  ̃(x+

1 )
ih
B5B8(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
0 )

i
3 diags

9.) h0, 2| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B5B4(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
0 )

i
4 diags

10.)
2X

i=1

h0, i| i,1i
2X

i=1

h
0�  ̃(x+

i

)
ih
(R5)

i�1
B2(x

+
i

)
2Y

j=i+1

R8(x
+
j

)
ih
 ̃

⇤(x+
i

)�  ̃

⇤(x+
0 )

i
8 diags

11.) h0, 1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B2(x

+
1 )B12(x

+
2 )

ih
 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
14 diags

12.) h0, 1| 2,1i
h
0�  ̃(x+

2 )
ih
B15(x

+
1 )B10(x

+
2 )

ih
 ̃

⇤(x+
1 )�  ̃

⇤(x+
0 )

i
15 diags

13.) h2,1| 0,1i
h
0�  ̃(x+

0 )
ih
R7B7

ih
0�  ̃

⇤(x+
2 )

i
1 diag

14.) h1,1| 0, 2i
h
 ̃(x+

2 )�  ̃(x+
0 )

ih
B7B6(x

+
2 )

ih
0�  ̃

⇤(x+
1 )

i
3 diags

15.)
2X

i=1

hi,1| 0, ii
2X

i=1

h
 ̃(x+

i

)�  ̃(x+
0 )

ih
(R7)

i�1
B3(x

+
i

)
2Y

j=i+1

R6(x
+
j

)
ih
0�  ̃

⇤(x+
i

)
i

8 diags

16.) h2,1| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B11(x

+
1 )B14(x

+
2 )

ih
0�  ̃

⇤(x+
2 )

i
15 diags

17.) h1, 2| 0,1i
h
0�  ̃(x+

0 )
ih
B7B8(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
3 diags

18.) h1, 2| 0, 2i
h
 ̃(x+

2 )�  ̃(x+
0 )

ih
B7B4(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

19.) h1, 2| 0, 1i
h
 ̃(x+

1 )�  ̃(x+
0 )

ih
B3(x

+
1 )B16(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
14 diags

20.) h2,1| 1,1i
h
0�  ̃(x+

1 )
ih
B9B7

ih
0�  ̃

⇤(x+
2 )

i
2 diags

21.) h2,1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B9B3(x

+
2 )

ih
0�  ̃

⇤(x+
2 )

i
4 diags

22.) h2,1| 2,1i
h
0�  ̃(x+

2 )
ih
R1B1

ih
0�  ̃

⇤(x+
2 )

i
3 diags

23.) h1,1| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B1B6(x

+
2 )

ih
0�  ̃

⇤(x+
1 )

i
3 diags

24.) h1, 2| 1,1i
h
0�  ̃(x+

1 )
ih
B1B8(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
3 diags

25.) h1, 2| 1, 2i
h
 ̃(x+

2 )�  ̃(x+
1 )

ih
B1B4(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

26.) h1,1| 2,1i
h
0�  ̃(x+

2 )
ih
B13B5

ih
0�  ̃

⇤(x+
1 )

i
2 diags

27.) h1, 2| 2,1i
h
0�  ̃(x+

2 )
ih
B13B2(x

+
2 )

ih
 ̃

⇤(x+
2 )�  ̃

⇤(x+
1 )

i
4 diags

Total : 221 diags,

where in writing the scattering contributions we have suppressed the unambiguous dependence of the wave functions
on x, r1, r2 for brevity.

• Straightforward	construction	at	second	order:

Ø 27	time	orderings	=	221	diagrams



Extending	the	Results	to	any	Order
• The	same	architecture	applies	to	higher	orders:

M.	Sievert 21	/	22Medium	Modification	at	an	EIC

Ø Enumerate	time	orderings	(up	to	51	at	N	≥	4)
Ø Uniquely	assign	multiplicative	scattering	factors



Extending	the	Results	to	any	Order
• The	same	architecture	applies	to	higher	orders:

M.	Sievert 21	/	22Medium	Modification	at	an	EIC

Ø Enumerate	time	orderings	(up	to	51	at	N	≥	4)
Ø Uniquely	assign	multiplicative	scattering	factors

• The	general	structure	applies	to	all	other	partonic splittings:

Ø Adjust	color	factors	for	gluon	vs.	quark	scattering
Ø Replace	splitting	wave	functions

 q!Gq  q!qG

 G!GG  G!qq̄



Summary	and	Outlook

• Medium-modified	splitting	function	formulated	in	coordinate	space

M.	Sievert 22	/	22Medium	Modification	at	an	EIC

Ø Multiple	scattering	enters	with	multiplicative	factors
Ø Organize	solution	based	on	Schwinger-Keldysh time	orderings

Ø Explicit,	automatic	solution	at	any	order	in	opacity



Summary	and	Outlook

• Medium-modified	splitting	function	formulated	in	coordinate	space

M.	Sievert 22	/	22Medium	Modification	at	an	EIC

Ø Multiple	scattering	enters	with	multiplicative	factors
Ø Organize	solution	based	on	Schwinger-Keldysh time	orderings

Ø Explicit,	automatic	solution	at	any	order	in	opacity

• Next	steps:

Ø Detailed	phenomenology	at	N	=	2
Ø Straightforward	extension	to	jet	substructure	in	other	systems


