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Introduction
[ ]

Introduction

Large systems such as Au+Au at RHIC: final state a result of
history where different processes are localized in phase space.

%

Z|
9
@)
(=]

Partons in Phase Space Danielewicz, Brown



Introduction
[ ]

Introduction

Large systems such as Au+Au at RHIC: final state a result of
history where different processes are localized in phase space.

?Can such a perspective be developed for elementary
processes?

?Elementary processes embedded in a large system?
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Introduction
[ ]

Introduction

Large systems such as Au+Au at RHIC: final state a result of
history where different processes are localized in phase space.

?Can such a perspective be developed for elementary
processes?

?Elementary processes embedded in a large system?

— Generalized Wigner representation:

e [daalp ) # (o)

M
©

where A(p) is an amplitude
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~ in Phase Space
[ JeJele]

~ Absorption

qA Transition Amplitude
B, S’YB—>BI
>

¥ = /d4X (0IA“(x)1q, \) (B'lju(x)|B)

B
Transition No = [S,5_.5/[% = / d*xd*k 6™ (q — k) e, € Ji5 (x k)

= / d*x W,5_p(xq)
where

S (k)= [ atke R (Bl (K~ K/2)|B) (B (k + K/2) )

%

= Wigner transform of transition current
= Phase-Space density for v absorption/emission
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~ in Phase Space
0®e00

~v-Exchange
A y A Amplitude
> > i 4., 44 B
SpBap :/d xdy (B'j*(x)|B)
q
x Dyu(x = y) (A (y)|A)
) B X > B’

Transition No = |Sag_.a 5|2
— [ty d*xd'q Uy a) Dy - x.0) S (xa)
where the Wigner transform of a propagator is

Dyune(x.0) = [ d*%e Dy (x-+ %/2) Dy (x ~ X/2)
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~ in Phase Space
0®e00

~v-Exchange
A y / Amplitude
> : > i 4., 44 /| :B
SpB—aB :/d xd*y (B'|j7"(x)|B)
q
x Dyu(x — y) (A (y)|A)
) B X > B’

Transition No = [Sas_.a5/|?
- / d*y d*x d*q 4% (v @) Dy (v — X, ) Ji (x q)
where the Wigner transform of a propagator is
Dyune(x.0) = [ d*%e Dy (x-+ %/2) Dy (x ~ X/2)

— A emits v of momentum g at y

In Phase Space: — ~ propagates from y to x 6’)
— B absorbs v at x NoCL
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~ in Phase Space
[e]e] Je]

Towards Weizsacker-Williams Interpretation
?Vector potential of object A?

A0 = [ oy Duulx—y) J4(9)
Wigner transform of the vector potential:
A (xQ) /d4xe’qu (x +X/2) A (x — X/2)

/d4y D/H//l 1/(X Y, q) JH v (y q)

Source-Propagator Form: the current of A creates ~ with
momentum q at position y and the ~ propagates to x
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~ in Phase Space
[e]e] Je]

Towards Weizsacker-Williams Interpretation
?Vector potential of object A?

A0 = [ oy Duulx—y) J4(9)
Wigner transform of the vector potential:
A (xQ) /d4xe’qu (x +X/2) A (x — X/2)

— [ &Y Duiv(x - 1.0) 5" (.0)
Source-Propagator Form: the current of A creates ~ with
momentum q at position y and the ~ propagates to x
For vy-exchange, the WW interpretation applied in phase space:

Transition No = |Sag_am|> = /d4xd4qAW(xq) J5 (xq)

dan
= [ d*xd*q T W, 5_.5(Xq) EO
/ dxd*q @é

In standard WW: ~ distribution in energy only,
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~ in Phase Space
[e]e]e] ]

Issue of Current in WW
In standard WW approximation, A-body current classical:
Ju(x) = Zev, 3(X — x° V)

S (Xq) = / A% e, (x + X/2) ji(x - %/2)

classical

Then

=22e2v,v, 6(qv) d® (X — xOV)
d(q v) stems from current conservation, photons purely
spacelike in emitter frame; go = g1, v, ~ q, in lab frame
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~ in Phase Space
[e]e]e] ]

Issue of Current in WW
In standard WW approximation, A-body current classical:
Ju(x) = Zev, 3(X — x° V)
resalx) = [ 650, (x 1 %/2) [ (x - X/2)
=22e2v,v, 6(qv) d® (X — xOV)
d(q v) stems from current conservation, photons purely
spacelike in emitter frame; go = q;, v, ~ g, in lab frame

Then

Us: good approximation for g < p, when one can construct an
A-packet such that g < (Axa)™" < pa
The current of body A in terms of Wigner functions:

Jaw (Xq) = / d*ge " (A (q — §/2)|A) (A]j*(q + §/2)|A)
= /d4Pi d*pr 6 (i — pr — q) T (q. i, Pr) falx py) Far (X PF)
For g < (Axa) ™" < pat T (. pi. pr) =~ Z2 €2 (pi+Pr) (P05 [€
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~ in Phase Space
[e]e]e] ]

Issue of Current in WW
In standard WW approximation, A-body current classical:
Ju(x) = Zev, 3(X — x° V)
resalx) = [ 650, (x 1 %/2) [ (x - X/2)
=22e2v,v, 6(qv) d® (X — xOV)
d(q v) stems from current conservation, photons purely
spacelike in emitter frame; go = q;, v, ~ g, in lab frame

Then

Us: good approximation for g < p, when one can construct an
A-packet such that g < (Axa)™" < pa
The current of body A in terms of Wigner functions:

Jaw (Xq) = / d*ge " (A (q — §/2)|A) (A]j*(q + §/2)|A)
= /d4Pi d*pr 6 (i — pr — q) T (q. i, Pr) falx py) Far (X PF)

For g < (Axa) ™" < pa: Tyu(q, pi pr) ~ Z2 &2 (Di+pr) (Pi+Pr)w
= If packet localized on g~ scale, we could take J* ~ J4* . |
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~ in Phase Space
[ Je]

Propagator in v-Exchange

Scalar propagators:

+ _ c _
G"(p) = 02 P T ieps G°(p)

Propagator in phase space:
G(x,q) = / d*% e G(x + ¥/2) G(x — ¥/2)

]
P% — m? + e
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~ in Phase Space
[ Je]

Propagator in v-Exchange

Scalar propagators:

+ _ c _
G"(p) = 02 P T ieps G°(p)

Propagator in phase space:
G(x,q) = / d*% e G(x + ¥/2) G(x — ¥/2)

]
P% — m? + e

Massless > 5\ SiN (2V/)\2)

Gt =40 0 (A
scalar (Xp) (XO) (X ) ( ) /72 -
where \2 = (xp)2 — x2p2.  — DF . (XQq) = Gu gy G* (X Q) LNSCL

pvp'v
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~ in Phase Space
00000000

Other Implications

Features of Retarded Phase-Space Propagator

g°-Case  Special Frame Moving Frame

(9°,q",07)
>0 (@°.0) X <x® <y X0 S o XS o
XTI < —=
q
<0 (04500 RSl % S,
%|s
~ VI
0 Li< 1 19T < X0
©
©n
NSCL
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Features of Retarded Phase-Space Propagator

g°-Case  Special Frame Moving Frame
(9°,9".07)
>0 (@°.0) X <x® <y XS o IXH S
vl < _1
XTI S
<0 (04500 RS d O S,
X7 < —15
l9°|
0 _ |yl < 1 13T < x0
Off-shell propagation limited, from emission point,
by the inverse of energy, momentum or mass - ©
On-shell propagation limited, from the classical trajectory, @é

by the inverse of energy
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~ in Phase Space
[ le]

~ Phase-Space Distribution for Static Charge
Putting current + propagation together yields ~ distribution:
4(qv)
A (xq)=22eP v v —L A
A /_q2
where A is dimensionless, semi-analytic and gives shape:
1000 T T T

500 | photon 4-momentum

g, = (0,0.788,07) MeV/c

X [fm]

-0.25 -0.25

Lorentz contraction
in the direction of

=500 |

d 0 0 photon momentum
-1000 . L L
—-1000 -500 0 500 1000 LNSCL
X [fm]
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~ Phase-Space Distribution for Moving Charge

Charge moving at v = (0.9¢,07)

Collinear Photons High ar Photons
00 T

T

500

X [fm]
o
T
>

—500 | =2

q q
-1000 L L L
~1000  -500 0 500  -1000  -500 0 500 1000

x, [fm] x, [fm]

Photon g* = (me, me/ v, 07) & g* = (Me, Me/Vv;,0.56 MeV/c, 0)
Again contraction in the photon direction
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e-Processes
e0

Positron Production
k y+B—e+H

Process amplitude
S,\),B*)éB/ = /d4X d4_y AII(X) ”Ué(X S)

> 4 x ev" S(x — y) Vee—p(Y)
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e-Processes
e0

Positron Production
k y+B—e+H

Process amplitude

S’yB%éB/ = /d4X d4_y AII(X) ”Ué(X S)

A
v x ey" S(x —y) Vee—p(¥)
B
Transition No = |S,5_sp|° = € /d4yd4pd4x d*q T:OIT A (xQq)

x Gy — x,p) 0 (k +q—p) Tt{Vae_p:(y,p) (B—...).. .}
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e-Processes
e0

Positron Production
k y+B—e+H

Process amplitude

S,\),B*)éB/ = /d4X d4_y AII(X) ”Ué(X S)

A
> 4 x ey" S(x —y) Vee—p(¥)
B
Transition No = |S,5_sp|° = € /d4yd4pd4x d*q T:OIT A (xQq)

x Gy — x,p) 0 (k +q—p) Tt{Vae_p:(y,p) (B—...).. .}
Distribution of virtual electrons for a photon:

e e[ ©
d X—G —X,P)AL(X,p—k
d3yd3pdp2 ’ko y p) /Y ( P ) @‘
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e-Processes

oe

Virtual Electron Distribution

Point charge, moving at 0.9c to the right, is the source of
photons that are the source of virtual electrons

Electron Distribution

v position 0 1000 '
500 -
p £ o i
y +
Electron momentum
p" = (2.0,2.05,0) MeV/c 0 .

- 0
Forward-backward . - , ©
asymmetry due to € recoill -1000  -500 0 500 1000 @)‘

x, [fm] NSCL
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e-Processes
[ ]

Interference in 2-v Interaction
Transition No = |S1p_1rpres]? = / d*Rd*r ...

x G(rp) 6™ (g1 + g2 — ki + ko)

x {A(R—r/2,q1) A" (R+r/2, )
< 3@ (g +p— ki) + A (R+r/2,q1)
x AU (R = r/2,q5) 6*)(qy + ko — p)

" A N K k
+/d4r2cos[r-(p+ 1; 2)fr-(ch—qz)}
x AT (R—F/4,q1) A (R+T/4, )

2 direct terms + HBT-like interference term
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e-Processes
[ ]

Interference in 2-v Interaction
Transition No = |S1p_1rpres]? = / d*Rd*r ...

x G(rp) 6™ (g1 + g2 — ki + ko)
x {A(R—r/2,q1) A" (R+r/2, )
x 60 (g +p— ki) + A (R+r/2.q1)
x AL (R r/2,q2) ™) (qn + ko — p)
e . ki + k
+/d4r2cos [r-(—p+ ! Z 2)fr-(q1 —qz)}
< AT (R—T/4,61) A (R+T/4, )}
2 direct terms + HBT-like interference term
The direct terms factorize into

e-density x absorption.
The interference term does not.
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e-Processes
[ ]

Interference in 2-v Interaction
Transition No = |S1p_1rpres]? = / d*Rd*r ...

x G(rp) 6™ (g1 + g2 — ki + ko)
x {A(R—r/2,q1) A" (R+r/2, )
x 60 (g +p— ki) + A (R+r/2.q1)
x AL (R r/2,q2) ™) (qn + ko — p)
e . ki + k
+/d4r2cos [r-(—p+ ! Z 2)fr-(q1 —qz)}
< AT (R—T/4,61) A (R+T/4, )}
2 direct terms + HBT-like interference term
The direct terms factorize into

e-density x absorption.
The interference term does not.
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Other Implications
[ ]

Propagation with Mass and in Medium
?Massive propagator? om
G*(xp) =G (xp) — = 0(x°) 0(x*)
/\/72 sin (2\/>\2 - §2p2)
/\2 212
Gg — massless propaogator; the correction remgv%sppieces
close to the light cone...
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Other Implications
[ ]

Propagation with Mass and in Medium
?Massive propagator? om
G*(xp) =G (xp) — = 0(x°) 0(x*)
/\/)T2 sin (2\/>\2 - §2p2)
/\2 212
Gg — massless propaogator; the correction remgvésppieces
close to the light cone...

In medium, fluctuation-dissipation theorem: G2 = Gt 2 G~
In Wigner representation:

G2(xp) = /d4y d*p' Gt (xpry p') Z2(y p')
~ /d“y Gt (x—y.p)Z2(yp)

G< — density, ¥< — source
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Other Implications
L 1)

QCD DGLAP Cloud
Q\/\Z nolarge® & -FF<K-¢...< G
. 1 increasing virtuality

n_
2 decreasing portion of beam momentum

Kﬁm 1<x <0 < X1 < Xp
p 1
> >

N

7

7

707,

N |
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Other Implications
L 1)

QCD DGLAP Cloud

Q\/\Z n Large @ & QP < —Q3...< Q2
. 1 increasing virtuality

decreasing portion of beam momentum

n_
5 2
ﬁ 1<x < ... <Xp1 < Xp

Y~

N

: : Rbag .l
First source localized to (LA,Q, Rbag1).
Propagation increases R by ~ :

V-a
Because of large virtuality Ry ~ Ry

In || direction size increases by L,

Rag

I ——

; | Roag 1
l.e. RnN T—i_ Xn P

-
e If £'5 > fe partons delocalized
Rogft + 3P, beyond the nucleus. .. NoCL
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Other Implications
oce

QCD BFKL Cloud

Q n
5o 2

strongly ordered low-x

No constraints on g2 ;
p 1 in practice g2, ...,4%, > 1/Roag-
> >

1 R :
If 57 > ~2« partons delocalized
beyond the nucleus.

= Support for McLerran-Venugopalan | (&)

©,

b

Rbag /Y + 17195l

SCL
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Summary

@ Without interference, probabilities from tree-type diagrams
can be expressed in terms of transparent phase-space
convolutions of source-propagator form.

@ Massless phase-space propagators in analytic form;
massive involve 1D integral.
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Summary

@ Without interference, probabilities from tree-type diagrams
can be expressed in terms of transparent phase-space
convolutions of source-propagator form.

@ Massless phase-space propagators in analytic form;
massive involve 1D integral.

°
@ Phase-space propagation is causal for the retarded

propagators. Deviations from classical motion are limited
by energy, momentum or mass.
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Summary

@ Without interference, probabilities from tree-type diagrams
can be expressed in terms of transparent phase-space
convolutions of source-propagator form.

@ Massless phase-space propagators in analytic form;
massive involve 1D integral.

°

@ Phase-space propagation is causal for the retarded

propagators. Deviations from classical motion are limited
by energy, momentum or mass.

® Wee partons extend farthest from a nucleus and should be @
first to interact. NoCL
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