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Deep Inelastic Scattering at an EIC

Breit Frame

M P = +,£9T,ﬁ¢)

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

» Modified by multiple scattering in cold nuclear matter
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Deep Inelastic Scattering at an EIC

Breit Frame

M ”_(p+,2€9T,ﬁ¢)

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

» Modified by multiple scattering in cold nuclear matter

e Characteristic scales: formation length, mean free path, opacity
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Collisional vs. Radiative Energy Loss
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* Collisional Energy Loss: (5p+ ) >
direct energy transfer to medium P ) Coll 5
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Collisional vs. Radiative Energy Loss
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Collisional vs. Radiative Energy Loss

o o o q+ e o o
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* Collisional Energy Loss: (5p+) >
direct energy transfer to medium P ) Coll 5

* Radiative Energy Loss: (M) _ .
stimulated radiation due to scattering P" ) Rad
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» Radiative losses dominate except at very large opacities.

M. Sievert Medium Modification at an EIC



Jet Coupling to a Generic Medium

(xp+} EL)
QfFij)

AT = () Light-Cone Gauge

* Compute the gluon spectrum of a quark jet rpt dN
with any number of scatterings in the medium d*k dx dp™
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Jet Coupling to a Generic Medium

(xp+} EL)

(1 —z)p™, oL — k1)
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AT = () Light-Cone Gauge

* Compute the gluon spectrum of a quark jet rpt dN
with any number of scatterings in the medium d*k dx dp™

* Arbitrary source + eikonal scattering in arbitrary potential

* Semi-classical scattering: 2 gluons / scattering center
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Jet Coupling to a Generic Medium

(xp+} EL)
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AT = () Light-Cone Gauge

* Compute the gluon spectrum of a quark jet rpt dN
with any number of scatterings in the medium d*k dx dp™

* Arbitrary source + eikonal scattering in arbitrary potential
* Semi-classical scattering: 2 gluons / scattering center

* Power counting: one factor of opacity per scattering O (XN)
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Parton Splitting in Vacuum

e The vacuum quark/gluon splitting is described by light-front
wave functions in “time”-ordered perturbation theory
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Parton Splitting in Vacuum

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

1+ (1 —x)?
i

2

Pgq(z) = CF x Ky [P(x, K1)
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Parton Splitting in Vacuum

glulp = k)(v - €)ulp)]

(zp™, k1)
. @@\im D) = G~k — - h))
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e The vacuum quark/gluon splitting is described by light-front
wave functions in “time”-ordered perturbation theory

14+ (1—x) ,
Porg(@) = 0ot T2 o o, R

* Intrinsic transverse momentum: KL=k —xp,
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Parton Splitting in Vacuum

(33p+ 3 ];;J_)

 P1) é@é“i@ vik,p) = 2pt(p~ =k~ —(p—k)7)

(1 —=2)p", P — k1)

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

14+ (1—x) ,
Porg(@) = 0ot T2 o o, R

Intrinsic transverse momentum: KL=k —xp,

Energy denominator / virtuality:
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Stimulated Emission in Medium

& | T,

1

» Scatterings stimulate radiation by generating phase factors:
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Stimulated Emission in Medium

|y,

é + = - + é +
L Ly L g1 T

» Scatterings stimulate radiation by generating phase factors:

>
>

» Emission phases due to bounds on gluon emission time:
+

x
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Stimulated Emission in Medium

|y,

» Scatterings stimulate radiation by generating phase factors:

» Emission phases due to bounds on gluon emission time:
+

X
f A
/ | dtpp e ST [—gu(y - € )u) =
Ly
— (x, EJ_ _zpL) [e—z’AE_ac;f _ oiAETaf

» Impulse phases: virtuality changes due to scattering

e—i[AE_(pf)—AE_(zoz-)]ﬂv+
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Diagrammatic Building Blocks: “Direct”
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* “Direct scattering:”
single-gluon exchange (Born) on a scattering center, squared
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I”

Diagrammatic Building Blocks: “Virtua

* “Virtual scattering:”
double-gluon exchange (double-Born) on a scattering center
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Results at First Order in Opacity

/alz1 / d2q d2 2 doe! 4+ dNg
N1 1—x oo d%q P d?p dp*
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Reaction Operators: Recursion Relations

(IM*), = (D@D +V@1+1a V) (M?*),

* Formulate all-orders result in terms of a recursion relation:
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Reaction Operators: Recursion Relations

(IM*), = (D@D +V@1+1a V) (M?*),

* Formulate all-orders result in terms of a recursion relation:

» Proliferation of phase structures
» Proliferation of convolution integrals
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Reaction Operators: Recursion Relations

(IM*),=(D@D'+V&1+10 V) (M]*),_1

* Formulate all-orders result in terms of a recursion relation:

» Proliferation of phase structures
» Proliferation of convolution integrals

e (Can be solved analytically in soft-gluon approximation = <1
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The Coordinate Space Picture

* The strategy: transform to transverse coordinate space

dN CF (7 = .
+ — d2 d2 —sz_-(rlJ_—Tg J_) — - M — M* —
o0 T~ Ty | e alfi s~ 7 1) (M M (7 1))
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The Coordinate Space Picture

* The strategy: transform to transverse coordinate space

dN Cr T
+ — d2 d2 —'LkJ_‘(’T’lJ_—’r'QJ_) . — - M — M* —
o0 T~ Ty | e alfi s~ 7 1) (M M (7 1))

» Absorb emission phases into the wave functions

T C°r iz =\ —IAET (Ry)zt
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The Coordinate Space Picture

* The strategy: transform to transverse coordinate space

dN Cr T
+ — d2 d2 —'LkJ_‘(’r'lJ_—’r'QJ_) . — - M — M* —
o0 T~ Ty | e alfi s~ 7 1) (M M (7 1))

» Absorb emission phases into the wave functions

T C°r iz =\ —IAET (Ry)zt

» Momentum convolutions = simple products
(M7 L) M* (7 1)) = [(z, 7 132f) =z, 71 1 2))]

~

_|_

x [Scattering Factors| x [¢*(z,72 1;2%/) — O (z, Ty )
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Building Blocks in Coordinate Space

I T2 L )
TT] | TTy | (27T) el( = = )
D = p— —_
| ) - o x|y L — 79|
0L

M. Sievert Medium Modification at an EIC



Building Blocks in Coordinate Space

27)? 5 5
_ (27 Oel(wlru—ru\)

M. Sievert Medium Modification at an EIC



Building Blocks in Coordinate Space
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Building Blocks in Coordinate Space
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Impulse Phases: Derivative Phase Shifts

* Impulse phases can be cast as derivative phase shifts:

N N. (27)? T
:ezAE (zvrl)a}+[ ( 7T) O'el(’l“lT):| 6—ZAE (—zvm)aﬁ'
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Impulse Phases: Derivative Phase Shifts

* Impulse phases can be cast as derivative phase shifts:

A
Y

A N. (27)? A
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M. Sievert Medium Modification at an EIC



Impulse Phases: Derivative Phase Shifts

* Impulse phases can be cast as derivative phase shifts:
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Jet Broadening in the Initial and Final States

* Initial-state jet broadening:

P
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Jet Broadening in the Initial and Final States

* Initial-state jet broadening:

T I

* Final-state
cancellations:
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Jet Broadening in the Initial and Final States

. In|t|al-state jet broadenlng

:[ 513\7“1¢—7“2¢\)—1]
Oel

* Final-state (002, |
cancellations: /g '

* Final-state jet broadening:

“HE
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Schwinger-Keldysh Organization Scheme

|y,

e Scatterings which don’t affect the emission phases enter in
a simple way with helpful cancellations.
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Schwinger-Keldysh Organization Scheme

|y,

e Scatterings which don’t affect the emission phases enter in
a simple way with helpful cancellations.

» Classify terms at any order based on their emission times
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Schwinger-Keldysh Organization Scheme

|,

e Scatterings which don’t affect the emission phases enter in
a simple way with helpful cancellations.

» Classify terms at any order based on their emission times

» Each region and boundary point on the timeline uniquely
correspond to a set of scattering factors
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Schwinger-Keldysh Organization Scheme

|y,

* Scatterings which don’t affect the emission phases enter in
a simple way with helpful cancellations.

» Classify terms at any order based on their emission times

» Each region and boundary point on the timeline uniquely
correspond to a set of scattering factors

(27)° "
Initial State Broadening: t<t;,ty : m Uel(a;-|f,:’1l — f2L>]
| Oel
. . B 2 n
Final State Broadening: tf, tf’ <t : N, (27T) ael(:c|f’ _ = )
_CF .y 1L 21
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“Region” Scattering Factors

* Possible regions, using constraints: by <1y tir <ty

» By definition, no scattering takes place between these times
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“Region” Scattering Factors

* Possible regions, using constraints: by <1y tir <ty

» By definition, no scattering takes place between these times

ISI/IST* t <t ty Ry =D, +2V)

ISI/FSI* ty <t <t Ro(x") =Dy(z") + Ds(a) + Vi + Vo + Vs + Vi (a™)
FSI/ISI* ty <t <t R3(z™) =D7(2™) + Ds(a™) + Vi + Vo + V3 + Vi (2™)
FSI/FSI* te by <t R4 =D3 + 2V3

IST only tir <t <, tp Ry =V;

FSI only ity <t <tp Re(z™) =Vo + V3 + Vy(z™)

IST* only by <t <ty,ty R, =V

FST* only bty <t <ty Rs(z™) =Vo + V3 + Vs (2™)

Noscattering tinty <t <tjp,tp 1.
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“Boundary Point” Scattering Factors

ISI/ISI* t=t; =ty By =D,

ISI/FST* t=t; =tp Bo(x") =Dy(2) + Ds(a™)

FSI/IST* t=t; =ty Bz(x") =D7(z) + Dg(a™)

FSI/FSI* t=tr=tp By(x") =Dg + D3 + Dg(z) + Dg(x™)

151 only by <t =1t; <ty Bs =V;

FSTonly to <t =ty <tp Bg(zT) =Va + Vs + Vy(a™)

IST* only b <t=ty <ty B; =V,

FSI* only b <t=tp <ty Bg(z) =Va + V3 + Vs(z™)

IST (+1IST") t=t; <ty By =D, +V;

IST (+ FSI™) ty <t =t Bio(xt) =Dy(z") + Ds(z™) + 11

FSI(+1SI7) t=ty <ty Bi1(x%) =D7(z7) + Dg(x™) + Vo + V3 + Vi(z™)
FSI(+FST*) ty <t=ty Bia(x") =Ds + D3 + Dg(xT) + Do(x) + Vo + V3 + Vy(x™)
(IST+)ISI* t =ty <t Bis=D; +V;

(FSI+)ISI* ty <t =ty Bia(x%) =D7(27) + Dg(z™) + 3

(IST+)FSTI* t=tp <t Bis(xz) =Dy(z) + Ds(x™) + Vo + Vs + Vs(z™T)
(FSI+)FSI* ty <t=tp Big(xt) =Da + D3 + Dg(z") + Do(x) + Vo + V3 + Vs (z™).
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00

el
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00

O,
0
8 t; L tf#tf/ >go
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00

0
[ > @
O tz t,,/ tf — tf/ o0
(Rl)z—l
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00
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An Example at Arbitrary Order
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00
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An Example at Arbitrary Order

O<t7;<t7;/<tf:tf/<00

o

_ - 2m)? 2m)?2 1
=Y ¥ [eniai) - deniah)] § (Cot i <l - 1) (E o el < k) - 5
i=1 i'=i+1 Tel Oel 2
1 Nc (27T>2 el Nc (27T>2 z'A(_E__:ct ) el el —iA_E zt
X _§> <1 + Cr ou ° (Ir1 —ro|r) — 3 v + {U (rir)+o (TzT)]e
Nc (271')2 e N T % T %
X <C_F l P "(Iry = ralr) — 1D [10 (z, 79525, 1) — (%T_z;wf/)]

i—1

(

1

>i’—i—1

2

tr=tr
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Explicit Results: N = 2

e Straightforward construction at second order:

2

R 2
1) (0,00] 0,1) [M) 3] [Bolat Roa)] [0 - )] 15, ;@;oomw ;[w o) = blai)] [(Rr)' " Baa 11111%6 H][o-d @)
2) 0100 [0-d@d)] B Rs(aD)] [0 @]) - b (i) 16)  2ool01)  [da) - 9] [BuGh)BuE)] [0 - @)
3.) (0,10,2) [w (x3) =9 xg)] [Bs )Blz(xi)} [12*( +)*1@*( o+)] 17.) (1,2] 0, 00) [O—J}(gv )] [3738(:5;)} [1/;*(:5;) —zz*(x;)]
4.) (0,1]0,1) [w (@) =9 :vé)] [B4 )R4][ “(af) — " (g )} 18.) (1,2]0,2) [w(x;)—w( +)] [3734(m2+)] [@*( +)—1;*(x1+)]
5.) (0,2 0,1) [w (@) -9 wé)] [B o7 )Big(z3 )} [1/» (@) =4 (=« 3)] 19.) (1,2]0,1) [z;(m P(ad )] [Bs(x;)Bw(x;)] [w (zF) — 4" (a] )]
6)  (Oocl200)  [0-d(])] RsBs] 0= 0" (@i)] 20)  (oolloo) [0 )] [Bosr|[0 - i)
7) 0,00/ 1,2) [9(ad) = i) [BsBo(ad)] [0 - " (o) 21) (2,00 1,2) [0(a3) — b)) [BoBs(a)] [0 - 8 5]
8)  021Lx) [0 [3538 )] [0 (@F) - " (af )] 2)  (@od200)  [0- b)) [mB][0- @)
) (02112 [0@3) ~ (e ][3534 fvz*][w (@i)] 22)  (Lool12)  [d) - 9] [BiBo)] [0 )]
0 S So-de] w5 ﬁ H D] W e o] [ e - i)
= = - 25)  (1,2[1,2) [9(@f) = b [BiBua])] [0 (o) - & (@1)]
1) 0112 [9(a) — d)] [ Ba( xf)Bm( ;)H (@) =9 @) . N
26.) (1, 00| 2, 00) [ofqz;(xg )] [31335] [ofw (xj)]
12.) (0,1] 2,00) [o ¢(x;][31 e} Buo(a) [1/; ] L . .
) (L2200 [0-dG])| BB [¢ @) - ¥t 6])]
13)  (@2ocl000)  [0—dtad)| [ReBr] [0- 97 ()]
14)  (Lool0.2)  [9d) — PG| [BeBs@d)] [0 - ¥ ()]

» 27 time orderings = 221 diagrams
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Extending the Results to any Order

 The same architecture applies to higher orders:
» Enumerate time orderings (up to 51 at N > 4)

» Uniquely assign multiplicative scattering factors
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Extending the Results to any Order

 The same architecture applies to higher orders:
» Enumerate time orderings (up to 51 at N > 4)

» Uniquely assign multiplicative scattering factors

wq—>Gq ——@ ——@ wq—ﬂzG
pE e W@@z WC HCGa

* The general structure applies to all other partonic splittings:

» Adjust color factors for gluon vs. quark scattering

» Replace splitting wave functions
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Summary and Outlook

 Medium-modified splitting function formulated in coordinate space

» Multiple scattering enters with multiplicative factors

» Organize solution based on Schwinger-Keldysh time orderings

» Explicit, automatic solution at any order in opacity
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Summary and Outlook

 Medium-modified splitting function formulated in coordinate space

» Multiple scattering enters with multiplicative factors

» Organize solution based on Schwinger-Keldysh time orderings

» Explicit, automatic solution at any order in opacity

* Next steps:

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