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Lecture 1

 Introduction
* Tour in phase space
- Galileo vs Lorentz

Lecture 2

* Photon point of view
* Galileo vs Lorentz : round 2
* Nucleon 1D picture



Forms of dynamics 1/21

Space-time foliation Light-front components
¥
at = \/ii(ao + a?)

‘ “ « Space » A ce

= 3D hypersurface

y

« Time »
= hypersurface label

Instant-form dynamics Light-front form dynamics
Time z° at
Space T i,z
Energy P’ p-
Momentum 7] 7L, p+

[Dirac (1949)]



Instant form vs light-front form

Ordinary point of view




Instant form vs light-front form

Photon point of view rt =




Instant form vs light-front form 4/21

Initial frame
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Instant form vs light-front form

Boosted frame
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Instant form vs light-front form

(Quasi) infinite-momentum frame
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Light-front operators

Transverse space-time symmetry is Galilean = (K- J") = (K +J")
(73, J1] = i€ J] [K'Y, P7] = —iP}
[J3, K] = i3 K7 (K%, Pl = —is" Pt
(K, K] =0 (K, P =[], PT]=0

Transverse position operator can be defined !

K. — PR =y [R),P]]=io71
[R\,R}]=0
[J3, R ] = i3 R,

Longitudinal momentum plays the role of mass in the transverse plane P ~ M
Transverse boost p=p ]53_ =p, + p+’t_fJ_

[Kogut, Soper (1970)]



Quasi-probabilistic interpretation

What about the further issues with Special Relativity ?

\/ Transverse boosts are Galilean ==mm) No transverse Lorentz contraction !

dr” oo No sensitivity to longitudinal Lorentz contraction !

\/ | Particle number is conserved in Drell-Yan frame

Drell-Yan frame

é é l At =0,A,
ala

aTbT /\ *

k™ is conserved pt _AL pt AL
- ) 5 ’ 9
and positive

mmssm) | Conclusion : quasi-probabilistic interpretation is possible ! | (=




Non-relativistic phase space

Localized state in momentum space | = |P) momentum  © = Z ki
in position space @) = |R) coMm 5 2
position
&°P 555 et
= e |P)
(2m)?
Equal-time Wigner operator
W(k, 7,1 / A0 W (k, r)
Intrinsic phase-space/Wigner distribution
W(k,?"ﬁ0,0):/ 3 <?|W(I€,7‘,t)|—?)
\ (2m)
Identified with
intrinsic variables
Time translation 6(75) = eiﬁt 6(0) e_iﬁt
[Ji (2003)]

[Belitsky, Ji, Yuan (2004)]



Relativistic phase space

Localized state in momentum space  |U) = |Pt, P)) aCom>» P = Zigu
in position space @) = |PT, R,) «eoM» 3 _ 2ikiTiL k‘f TiL
2P position 'L T Sk
= / L e LR pt Pl)y
(27)*
[Soper (1977)]
[Burkardt (2000)]
Equal light-front time Wigner operator [Burkardt (2003)]
Wkt ky,r 7Lrt) = /dk— W (k,r) [ (2003)]
[Belitsky, Ji, Yuan (2004)]

Intrinsic relativistic phase-space/Wigner distribution

Pt AL o A f ot T e T by ot AL
V;{m Jk1,by) = Naaras) dr (2r)? (P, S W (P ky,r™ by, r )P, —55)
1 [d?A X L. B,
xr = P"‘ — 5/ (271_)2 <P+7 A_2L|W($P+ka-:OabJ_70)|P+v_TL>
Boost invariant !
/dk+ f(k+) =fd$P+f($P+) fl!:la:;;ttli':: 6(7‘) :eiﬁ'?ﬂa(o) e_iﬁ'r

Normalization  (P1|PT) = 2P1 27 5(0)
[C.L., Pasquini (2011)]



Relativistic phase space 11/21

Our intuition is instant form and not light-front form

NB: pw(z, k 1, l_)l) is invariant under light-front boosts

mmsss) Tt can be thought as instant form phase-space/Wigner distribution in IMF !

Transverse
momentum
bt — o pt Longitudinal
Transverse momentum
position

2+3D

(
{(

In IMF, the nucleon looks like a pancake Q y/

[C.L., Pasquini (2011)]



Link with parton correlators

Phase-space/Wigner distributions are Fourier transforms

g i 1 d2A A — — = —
pw (k1 b1) = 5/ (%); (PT, S W (2Pt ky,0,00,0)|PF, —55~)

EA, o~ - L
:/ (27T)J2_ e_ZAL-bL W(ZL',O, kJ_a AJ—)

Space-time translation

6(7“) _ ez’ﬁ-r 6(0) e—z‘ﬁ-r

General parton correlator

- 1 [dz d? ' Noax(  z z
Wi & R B = 5 [ oS e 10 (-5 03,

2 P:%(p’—l—p) k+:1‘P+
A=p —p AT = —2¢P*
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Adding spin to the picture

Wil (z, 6,k A _ 1 [demdPz g P AD(—ZYT (2 ) p. A
A AN Sy vy J_)_2 (271_)3 € <p7 WJ( 2) ¢(2)|p: >|z+:0

L Dirac matrix

~ quark polarization

Q Leading twist

SRR IV

=~
|
v
=
+
b

2 Y5 ~ (T3) A

i s ~ (i) wa

p:A p’,A’



Link with parton correlators

Adding spin and color to the picture

r - o 1 [dz—d%z1 . — .
W/[\’l\(a;afakJ_aAJ_QW) = §/W P2 N (=2 T W %§¢(§)|P1A>|z+_o
Wilson line
® Wia = P{e@‘gffdf*‘“}
k— % ,\\ k4 % Gauge transformation

000
0040

A

j\" U(a) = Ula)()

Wy — U(y)Wy U ()

g ™~
p,A \_// p,,A,

Very very very complicated object not directly measurable
mms)  Let’s look for simpler measurable correlators



Deep inelastic scattering

Coherent scattering




Deep inelastic scattering

Coherent scattering

Incoherent scattering
—'—i Qz
p t X




Deep inelastic scattering 17/21

Coherent scattering

e 4 . .'.
y i« 1 " .
9 ol

Incoherent scattering

— Hard/perturbative

Factorization

— Soft/non-perturbative




Parton model

QCD corrections

Deep inelastic scattering

;27 do_lp—)lX ~ Z fz(IL')

spbxé n

Probability to find parton
with momentum fraction

~«

%D&%Dé

—

7:: q‘fan:g
HF ~ R

1
dgzp%szzf dy
~Ju Y

Perturbative Non-perturbative
Process-dependent Process-independent



Deep inelastic scattering

do.lp—HIX

Cross-section must not depend on (; R
dlnp

mms) DGLAP evolution equations

d td
Ty /i) = Z/ ~P(2) il i)

¥ =In1x]

Non-perturbative

&%
e

BFKL

InQ(Y)=AY

Dilute systam

ALy

ina?



Parton distribution functions (PDFs)

Optical theorem Finacl;sttate

/
; 9 ( 3
Z ~  Om
X
PDFs
P X P p

L Y,
/7
PDF correlator
Fih@) = 5 [ e (PN TWIEIP A,
— /d%L Wik (2,0,k,,0,)
Parametrization
Fil(@) =" [@(P,A") T; u(P, A)] PDF;(z) discrate space-time symmetries

7



Parton distribution functions (PDFs)

1‘5 [ T T TTTTTT T T TTTTT]
LE . Vector .- .
C v ] Quark number
05 F dv‘ E
O : L JJl|||l| 1 : -
0.01 0.1 1 Axial =
Quark helicity
1.5 [ T T ||||||| T T \|||||_
- CTEQS.1 .
- Q2=10 GeV? .
19 ¢ e Tensor "
- S Quark transversity
05 o d ]
O 1 JJl|||l| 1 L1
0.01 0.1 1

—— [dx




Lecture 2

- Light-front coordinates are very convenient
* Relativistic phase space has 2+3 dimensions
* PDFs provide 1D pictures of the nucleon

:1?:12‘::?:1 PDF(z) = fdsz A%y pw (w, k1, b1)
Longitudinal
Transverse momentum 1.5 [ T T T T T T 11117
position - CTEQSB.1 ]
1 — Q%=10 GeV? -
0.5 E —:
(! 2+3D :
( L _
) / 0 o
Q ) 0.01 0.1 1



