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Nucleon Structure

Hadron properties <===) parton d.o.f

Encoding the non-perturbative information
of hadron(QCD)

Essential for revealing the structure of
hadron

Setup:

_ight-Cone Coordinates: »- L & (P° g3
_ight-Cone gauge: A" =0

nfinite Momentum Frame: P — oc

.

»



e A Cartoon of boost to IMF
Under large boost: P, P* — oo

Nucleon — branch of collinear partons

B= 0.9000 B= 0.9000
)5




PDF and its extension
% o

GTMD(x.k | JA) p P

Wigner Distribution(x.k) .5 )

AP _ P

GED(x.A) Tmpact

Parameter Space
Diztribution(x.b | )

ransverse Charge
FF(4) Distribution(4 | )

\
A=A, 2DFT on A

TNSD( ) )

* The factorization

scale is 'mp“C|t Parton Number A=0



Wigner Distribution

Quantum phase-space distributions
Provide the most complete information
Not measurable — Uncertain Principle

Not positive definite , no probability
iInterpretation (projs. may have prob. int.)

For any dynamic operator

0)= [ &y [ @ O Wy



* Definition in Parton Physics
dy i g, i
=~y (F -5 g
- / AL ik, *gdn ML ik
(2m)? (27)?

_ 1 fdyd?
W (kb )= / ?zw)m ”“7<P’F“(

= l/dQAL e—iAL dnd"i, otk
x) (27)? (27)3

V. ' Gauge invariant fields, contains gauge link

Wq(x,lg,bL

\__/

P)

Quark OAM Distribution from Wigner Dis.
l(SC) = fd2kiLd2bL bL X ’{?J_W(LIZ,’{iL,bL)
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Light-Cone Constituent
Quark Model

* Light-Cone Wave Functions (LCWFs)
the wave function of nucleon Fock States

BEE = =

* Low-energy scale: D.O.F = valence quark only

1P 1) =U=Y ggg) + T grgrq))
+ U= gq09) + 95D 191



Light-Cone Wave Functions

» LCWFs " = ({1, vz, 23}, (ki by ki })
momentum fraction: z; = j;
relative transverse momentum: k- = p;- — z, P+
Sxy=1, Y ki =0+

eg. =9 = %(w)u 2,3) + 1P k1akap@(1, 2, 3))
14243

(1) 19283 x;, k; a1a90a
Y 1(1,2,3) =4 ({ L}\/—H\/le“( 10203
—+ (&3 —+ 2al)ku_ sz_ —+ 2&1’62J_)

@) W e L ! a1 +a
¢ (17273) —w({ Zasz_})\/gIZI \/N(Q?Z,kzj_)(Q 1% 3)




* Projected Wigner distributions

W (ry, ky) = /dx/dry/dky Wi (r, k,z)

14



Quark (k) Distribution

-06 -04 -02 0.0 0.2 0.4 0.6
b, [fm]

by [fm]

(k) (b)) = / A2k, / do k, Wb, k, )

0.6

-06 -04 -02 00 02 04
b [fim]

C. Lorce, B. Pasquini, X. Xiong, F. Yuan, PRD, 2012
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Quark OAM in LCCQM

o I :/dzrl/d%ﬂ/dx?u xk Wilr,, k,, x)
.=0 L=1 IL=-1 1.=2 | Total
@ | 0013 0139 —0046 0025 | 0131
(@ | 0013 0087  —0.090  0.011 | —0.005
‘. 0 0226  —0.136 0036 | [0.126]
p. | 062 0226 0136 0018 1

« Cant be compared with high energy experiments
and lattice, needs scale evolution

C. Lorce, B. Pasquini, X. Xiong, F. Yuan, PRD, 2012
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Patronic Nucleon Spin Structure

* Transversely Polarized Nucleon
Transverse Polarization Sum Rule

X. Ji, X. Xiong, F. Yuan, PRL, PLB, 2012

* Longitudinally Polarized Nucleon
Longitudinally Helicity Decomposition

X. Ji, X. Xiong, F. Yuan, PRL2012, PRD,2013



Transverse Polarization

* Longitudinal Momentum Distribution
py (@.6.5%) =o [ (PSR-, €v w3 OIPS™)

non-zero under
=xP"H(z,0,0) integral with ¢,

pt(x.E5%) 1 SL’

- - _ 1 2§_LA_]_
= 23:P [H(x,0,0) +E($,O,O)]Alir50 M28

a BT (:13, e S L) is already a Wigner distribution

d)\ 1 1 n

e, 54 = [ tpsHEH(-2 OF R )| PS Y
=xPTH(z,0,0)

1 St
i = A8 ZEJ_AJ_
+ 2:1:P \H(x,0,0) 4+ E(x,0,0)] Aligo — e
19



 Transverse Polarization Sum Rule
Construct from Pauli-Lubanski vector

/
e - g

M2
1 _ N 2 + 1
Wejg(@)|+s = 2P+ (27)20)(0) /d $ 'OQ/g(x’é’S )

xr
— SiZ [H,(x,0,0) + E,(x,0,0)]

X

VVqJZq(CEMTWLL — SLZ [HQ(:Cv 07 O) + EQ(:Cv Oa O)]

Transverse AM distribution

X
Saig(®) = 5 [Hasg(,0,0) + Egyq(x, 0,0)]

20



Helicity

* Quark Wigner Distribution

7 AL x5 dn‘d25 i AL LT A
Wq(a:,k,bL)—/(Qw;e ALbL/ (QW)gLe k£<P+AT‘¢(_g>7+£ [_ga g}w(%)}P_AT>

« Gauge link choice
Fockg—Schwinger gauge link:  Light-Cone gauge link:
e 5 §-A (f) =0 (£ wey 4t A (f) =0

—————=i

- gauge inv. OAM . canonical OAM

///

pd
/ - - o
- (0.0) (0) &

I3

£ &
(—2,-2)

(P8 | @7 (M) (7o xiDL) ¥ (7)| P.8) (P8 | @7 (1) v+ (7 x i0L) v (7
2 2

:/dx/d2ng2EL <gJ_ X EJ_) I’/VFS (I7EJ_,[;L) :/dﬂf/ d2gj_d2EJ_ (gJ_ X EJ_) VVLC (.T,,EJ_,[;J_)

21
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« Gauge Inv. OAM

~ twist-2 + twist-3 GPD, measurable
moments reduce to local operator

—Z@b ZD+ <m_ x@) (Z'D+)n—1—i¢(0)

lattice calculable

3-particle correlation,
twist-3 GPD

« Canonical OAM
~ twist-2 + twist-3 GPD

can be made gauge inv. through Gauge Invariant
Extension (GIE), then measurable

~ 54
10+ = iD+ +/ dn‘L[gﬂf]gFJ“L (n7,€1) Lip—)

but non-local



Twist-3 GPDs

e D- type
/ / d pIN@E—Y) iy <p” [ M(O)fiDL(WW(MH B S>

oHE (@, y, 1, ) U(P) v U (P) +

2

* F- type

/ /zmm Na=w) it (P S | (0)y T gF T (um)p(An)| P, S)

:TA HE (29,0, )0 (P)y U (P) +

« Canonical

/ /dﬂ iN@—y) oiny p’ S’@Z(O)eriéL(un)w()\n)‘P, 5>

(:1: v, n, U (P )y U (P) +



 Relation to OAM distributions

n—1
1
Gauge Invariant L) = /dx/dy— E R~ (1 —y)kH?)(B)(x,y,O,O)
n

k=0
GIE of Canonical [,(x) = [:[(53)(:1:, 0,0)

n—1
1 g 1
potential term [ . = — / d:c/dy ~ E ol ) P.V.ZH;],(S)(:U, y,0,0)
k=0

Lq/g(aj) 2 lq/g(fE) + lq/g,pot(aj)

|

HE" (2,4,0,0) = —=P.V.LHES 1 §(y) Hi (2,0, 0)

24
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Light-Cone PDF

. Operator Definition =t ~t 7 iotLays
= [ % e (PSR- SITL- 5 Sl (E)
in vo/wng time component £° — zg u
measurable but can’t be calculated on laftice
« Moments
¢ = fdza"q(z) = i <PS ‘@Bm) (fﬁﬂ”hb(@)l PS>
reduce to matrix elements of local operator
hard to simulate high order derivative on lattice

PS)

26



Quasi PDF

* Operator Definition [ =12, v5, io*lns
i(2) = [ &2 e (PS|(- > £l-5 51(3)
pure spatial correlation
directly calculated on lattice, no prob. int..
 Moments
"= Jdz 2" q(x) = o <PS |¢(0) (7;7)}2)”—1%(0)‘ PS>
recover L.C. moments when boost fo IMF
with higher twist correction

PS)

2]



T Regions . ’

* For quark PDF in quark g
i(f—m) Dyv(p—Fk)
quark, gluon propagators > k) Eic

— _ k2 +m?2—ie i 2 - . WE
* LCkpolesk =" andk =p + <P§(1_§3§+

O0<z<1l = [dk (--)#0
large boost, no parton can move backward

* Quasi.x'poles 1 = £k + m? Fic and k0 = p0 £ \/(p — k) Fic
reR = fd/c—(---);éo
large but finite Pz parton can move backward

28



. /dk“ —> Time ordered diagrams

b W

z < E: >4l

-
R X

d

O<x <1

« L. C. : (b)~(f) are 1/p* suppressed.

only (a) survwedm Mlnp =T

 Quasi: (a)~(f) all contribute in finite



Light-Cone Dis. VS Quasi Dis.
I R N

operator definition — _ n
YEDNLIE, 017 ¥ (0) (&%) L [€%, 0] v*(0)
On Lattice imaginary time, spatial correlation
only calc. moments directly calculable
— = n _ <— n
0( D—i—) + 0 ( z) z
S O)(iD ")y w(0) )i D*) 7 (0)
~ (PY)" ~ (P%)"
nucleon momentum p+ 00 pz finite
momentum fraction 0< 1 <1 o0 < T < 00
Accessibility experiments: direct lattice calc.

DIKY /
Matching Condition

(Factorization theorem) 30



One-loop matching on PDFs

« Quark non-singlet case

a(x) —d(z) = [ELZ(2) [uly) — d(y)]
« ZW from the wave function renormalization and

p

(1) , - M
ZAZZO » 1 + Zzgpk , + p—k

« Transverse cut-off regularization scheme
k1| <p

X. Ji, X. Xiong, J,H. Zhang, Y. Zhao, 2013



« Matching condition <= Factorization Theorem

no parton, — has parton,
probability q +— A ® q probability
interpretation interpretation

rather than (=R |

has parton,

« E.g. Collinear factorization o = H ) g [probability

interpretation

rather than ¢ Q) o



+ Matching Factor 7 (¢) =6 (¢~ 1)+ 20 (&, 2°)

-

quasi: () (1 + 52}”) 5(1— )4 §® (x)

L.C.: §(z) = (1 + 52}”) 5 (1 — 2) g ()
Self-energy vertex
correction < L > Correction

« Matching Condition
jla) = [, 27 (%) a(y)

(1+5ZF)5(1 —z) + ¢V (x)
—/Ol%y [5(5—1)+Z<1><f,5)][(1+5217)5(1—y)+q<1>(y)}

Y y U



5(1 — x) = fldya( 1)5(1—y):5(1—w)

Z) <w 7) = 6(1 — x)

:/01@5@—1) [62p5 (1 —y) + ¢V (y)] +/01d—yZ”) (§7K>5(1—y)

Y Y

—0Zp6 (1 —2) + ¢ () + z<1>( P)
v

20 (,22) = 4 (2)— D (@) + (0Zr —02r)6(1 — 2)

34



Matching Factor Results
« Unpolarized PDF:

Finite p~
11—|—:)3 111 1+1+_1 M2pz> .flf>1,
~ asCr 1 m xPZ)2 1 (Q;x) 4 4;
qV(z, p, P?) = > 1“93 In e e B zpr» 0<z <1,
11+'Ex lnw 1_1+_(1_352Pz ’ ZE<O,
IMF Limit
~(1)()_@SCF 0, r slbor x <",
T = s =1 —g)2— 2 g<z<].
Mathcmg Factor
) L il
OésCF 2 z)2
7() _ - 11+_f§>1n<ig +(1+f)1n[4§(1—§)]— o+l s, 0<é<,
| () e — 1+ e et

+ (Z;” - Z) 61— w)



Single, Double Pole

« Single Pole (S. P.) and Double Pole (D. P.)
(1-¢)7", (1 - ¢) *originate form gluon
propagator in axial gauge
« S. P. regularized by plus prescription

f«Sf
fdfu €)+_f0 d¢ () (1)

* D. P. Is associated with linear divergent term (1_52[)2
which disappear in Dim. Reg. and large pz limit
Reduce to S. P after including 7 ,and regularized by
P.V.



* Helicity distribution

Finite p~°
N =Y S >
o
Ag(l)(x): ;WF 11+l£1 (m2)2+11tw; 11114—:533— +2$+3+(1 z)2P* 7 0<£B<1,
1+x
1+$1n 1+W’ x <0.
IMF Limit
" :OéSCF 7 xr>1lorax <0,
AGH () 5 1422 ln _1Jf"' In 1—3:2—%4—23:, Uy < 1.
= 1 1-%
Mathcing Factor
c () S L e -
o - 2
VAR ﬂt%)ln%%“&>1n[4£<1—5>1—1g+3+w O<g<t,
1+CE f 1

+ (z}{}) Z}ﬁ) 51 — x)



Transversity distribution:

Finite p?
a f12$1nx1_|_(1l)2pz’ Tz > 1
~ asgUp T z)2 T T
5q(1)($) = o < 12 1H<P2) +12 1111 $_14 _l_(l :5)2Pz , Oz <1
\123: lﬂml‘l’(l z)2 Pz ) r <0
IMF Limit
asCr (0, Sl or gl
(5(](1)<$) — 9 { gy 1 u2 2x 1 ) 2x
. 1_$nm2_1—m“(1_5'3)_ﬂ’ =T <1 .
Mathcing Factor
(
asC 1255>1n551+<11>19i’ 3 o
sUp “)
VAR G < 12§€> ln(iz) +<125)1n[4£(1_§>]_1255+(1—l€)21%’ U< 1,
\ 12_§£>1ngg1+(1 “gr "
+ (21(;1) — Z;ﬁ) 61 — )



* The quasi dis. captures all the collinear
behavior of the LC dis.

* Also working on quasi-TMDs, quasi-
GPDs...



TMDs and GPDs
on Euclidean lattice (under working)



Quasi TMDs

« The k£ unintegrated dis.
« Has the same collinear behavior as the L.C.

Definitions

~ dZdQF ileP?21k 7 — - il
(o ks) = [EEECT R (P (7L, 2) £ oo0i (7, 2)

DL [o0; (0)] ¢ (0)] P)



z

Unpolarized, finite p

Cro [ 1 Pl 4 kpmie =gl (< VR T F P-4 2)° + k)
qZ(I, kL) — S
em \ (L (G mt) R+ 221+ 2 + 921+ 2)) >R (T + 2P
A (—2m6— kipg+ pia® (-1 + 27) (p?xﬂ?o\/ ki +m?+ p?ﬁ) —2m* <—p§(—3 +z)z +p°/ki +m? + p?frz))
_|_

vl (k1 +m? + pa?) 32 (m2+p§x+p0\/ki+m2 +p§x2)2

. 1 7 @gmz (2]92:1:2 (—2+29)+ (1 —62+323 p°/kT +m? +p§x2) +k% <;3m4;m2 <pz (1 +4z—2%)+2p°\/k? +m? +p§x2))>
z—1 (kT +m?2 + p2a?)3/2 (m2 + px + /(p2 + m?) (k1 + m? + pﬁﬂ)) 2
1 p(-1+u) (+ki (+p§ (pﬁ(—Q + z)z? + (=1 +2)?p° kT + m? + p§x2)>)

r—1 (k3 + m? + p2a?)3/2 <m2 + p2x + pO/kT + m? + p§x2> 2

+

Unpolarized IMF [imit

Cros (1+x2)ki—|—(1—w)4m2
(] (1—:13)[13%_—!—(1—;17)27712]2
0 other

s O<zxx<l1
dimMrF —
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Helicity, finite p

Cras 1 kP (m? +ple) - pi(—1+ ) (—p0+ VEL+pi(—1+12) + \/p§+m2x)
o \CLrap (VR FPECT T 0 +p2(—1+2)) 2B+ 21+ 2
e Gkipu(‘Hx)(m”pgxz) (2m2 (p()*\/kﬁ +m? + pil’g) +p3(1 +2) (xp0+ NG pExQ)))
r—1 (k% 4+ m?2 + p2a?)3/2 (m2 + p2z + PO /k2 + m? + pﬁxz) 2
1P (ki (m2p°(—2+x)+p§ (w3p°+ VI mEpZa? —2x\/RZ A m2+ pZa? + 2 (—2p0+\/k:i+m2+p§x2\))>)
vl (k1 +m? + p2a®) 3/ (m2+p§x+p°\/’fi+m2+p§x2)2

Helicity IMF limit

Cras <1+$2)k’i—(1—x)4m2
2 (l—x)[ki+(l—a:)2m2}2
0 other

O<x<l

z,0
drpmr =



Transveristy, finite p*, 1

ol Crosg 1 xpik?

2mp* \ (1= )" (p0 /BT + p2(=1 + ) + p:2(—1 + 7)) 2/ + p2(—1 + 2)?

1 %%+m%%*+%%@h+ﬁ¢ﬁ+m“mﬁﬂ+mﬂﬁﬂ+@”ﬂw¢ﬁ+mﬂmﬁﬂ)
1—=x

q

_|_

(k2 +m? + p2a?) ¥ (m? + pla + p0/R + m2 + 727 ) 2
1 kL <3m4 + pia® +m? (pﬁ 2+ + 22) + 20° /K2 + m? + png))

1 -2 (ki + m?2 + p.222)3/2 (mz + p.2x + po\/ki 1 m?2 —l—pz2w2) 2

+

Transversity IMF limit

CFQS 2$I€3_SJ'

T (1-2)[k2 +(1-2)*m?]
0 other

L - T < 1

divmr —



Matching on GPDs

» Tree level only has H(z, &, A?)

Unpolarized quark GPD
d&~

5= TP+ 3 S[P(=3 LI=5 310G p - 2.9)
=H(x,§, A )U(p+ 5)v'U(p— %)
s ANIOPA, A
+ E(xafaA )U(p-l— ?) I U(p - 7)

« Momentum fraction: z = k*/p?
« Skewness: ¢ = A*/2p?



r, & Regions

pP-2 P+5 P-2 P+2

a. £E<x <l bh. —&<r < T < —¢&

 a. take out a quark then insert back
* b. take out a quark anti-quark pair
 c. take out a anti-quark then insert back




L : i(KEA/2—m) Dy (p—k)
Lk 7 ko poleS IN (/{:I:A/2)2—m2+7:€7 (pik)Z—l—ie

L.C.: k= :FAQ— G (kRi=AL/2RmE e g b+ (p, k1) tic

2P+ (z£E) 2(1-x)
r<1 = [dk (--)#0
p 0
Quasi: ° = —%i \/(k:+A/2)2+m2q:ze
o A° 2
K= -k = A/2)° +m2 Fie

and/fozpoi\/(p—k)2:Fie
TER — [dKO(---)#0

« Complexity : involve mother parton’s transverse
momentum, transverse cut reg. scheme



Further More...

« Continuous limit and lattice lagrangian matching

* Quasi pion distribution amplitude, Wigner
distribution, LCWF, higher-twist distributions...






Backup Slices



Spin, Polarization and Helicity

 Transverse AM doesn’t commute with the
longitudinal boost

J,,K.] #0 = Frame dependent

1
« Pauli-Lubanski Vector w, = — 5 Eupo P T7

Boost

Frame mdependent



* NR
Spin Operator § — %5’ )
Polarized along 77 : eigen state of 7 - S
« SR
Polarized along n* (n* = -1, n- P =0):
eigen state of —n - W/M
(1) rest frame —w,/nr = J,
(2) trans. polarized »n* = (0,7, 0) v
—n - W/M =+"J,#J, = trans. polarization
(3) long. polarized n* = (0,0., #/|P|)
—n-W/M=J - P/|P|—= helicity



Long. Mom. Dis.

* Operator definition

d i
fim &[S 6 (P AL SR £ )y ) P A 5

» Transition on O (£)) = PO (0)eiPréx

lim z d)\ ZA£<P+%,SL‘¢( ) +¢(>\n)‘P_|_AJ_ SJ_> A€

A —0 Tr
« Expandin A
. dA AT & gl
im o [ PP SHG(-4)y oIS (1 + i)

AJ_—)O 47T

o [ [dA |
1 e py Al Sl pPrAL g\ A AL
- Jim o e (Pt Py )} Aue




* Apply GPD definition, Gordon |dentity

[ e (PLslo(-3) 79 (3)

:US (Pl>’y+U5 (P) (CIZ f If)—l-US (Pl>

P,S)

+pA
2M N

PUs (P) E (x,&,t)

only keeps the linear term in ;32— {---}, _, gives

d
py(@.6,5) = [ APSHB(-3.€)7 (. OIS

=xPVTH(x,0,0)
SJ_

1
= i L 1€J_AJ_
+ 2£CP [H(x,0,0) + E(z,0,0)] Alirﬂo —M28



Longitudinal Polarization

* Longitudinal AM of quark and gluon

._._lq _________ .lp;o_t_._._\
- ( /I_) = /\_) i
oyt = {r[@%*(é x i(‘?)w] [—%* (5 X g/f) %
\._..\ ............... 5
2q N
2 4
Lq




Quark OAM Distributions

e Canonical
ly(2) = / 2 / AN Nz (PS|B(0)y+ £, 4(€)| PS)
ij 0 d§— iz Pt /
=Vl | [ Soe TP SIGO i (O |PS)|

« Gauge Invariant

Ly(x) =

27p+ /d2 /d)\e e PS4 (0)yT €D 4 (€)| PS)

E W e
— i oo | [ e P SIEOn iDL PS)|



* Quark potential AM
Defined through it's moments

&
Inverse M. T.
« Relation between quark AM distribution

Ly(x) = ly(x) + g pst(T)
* Analogous for the gluon case
eg. gluon potential AM

2'S
A =0

mo —eiﬂ 10
2:pot (PH)™ 0A 1,

By (D) g A8 (0)(iD*)4(0)

)

0 —ej‘_ﬁ 10
g:pot 47-‘-(P+>n aAJ_a

S FHO) (D) A% (0) (D% A1 (0)

)



OAM Distribution and GPDs

* Twist-3 GPDs, D-type
quark:

/ /d“ Pa=veimy (P S 14hp(0)yTiD (un)p(An)| P, S)

5 2 (@, y, 0, ) U(P )y U (P) +

gluon

/2 P+/d” Aae=einy (S| FH(0)iD (un) FH (An)| P, S)
A

1 2N @,y 0, ) U(P )y U (P) + - -



« Twist-3 GPDs, F-type
quark:

/ /2WP+ z/\(x—y)eiMQ <})/7 IS }@(U)WJFQFJFL(Mn)w()\n)‘ P, S>

:_A Hq( ', y,m, ) U (P )y U (P) +

gluon:

iXN(x— ) / b - ]
/Qﬂp+/2ﬂp+ (—y) iny <p 7S|FJr (0)gF ™ (un)F™ ()\n)}P, S>

:TA H{ (@, y,n, )T (P")y+ U (P) +



» Canonical (GIE)
quark:

/ /d,u iNz—y) piny <p/ S)@Z(O)WjLiéL(,un)zb()\n)‘P, S>

q )(xvyanat)U(P,)ﬁ)/—'_’YE,U(P) -+

2

gluon:

/ 27Tp+ / At girie—) W<P’ S‘F+i(0)z‘5L(W)F+@‘(An)|p, s>

aHg(S) (xa Yy, 1, t>U(P,)7+’Y5U(P) -+

4



« OAM distribution and GPDs are related in
the forward limit;

quark: n
L} = /dx/dyEan—l—k(x—y)ngg)(x,y,O,O)
k=0

ly(x) = HP (2,0,0)
n—1

n 1 n—1— 1 3
Iy bt = —/daz/dngaz ! k(a:—y)kPgH%( )(a:,y,0,0)
k=0

gluon: .
" — d du — n—1—k - k:—lHQ(3) 0.0
g / 2 / Y n kz; L (.CU y) D (CU, Y, Y, )

ly(x) = ﬁgg?’)(:z:, 0,0)

n—1
n 1 n—1— e
Ly vot :—/da:/dyEZx k(g — gy)* 1P§H?}<3)(x,y,0,0)
k=0



 Relations between twist-3 GPD and OAM
distribution

HE* (2,9,0,0) = —PLHE® 1+ 5(y) H{Y) (2, 0,0)

Lq/g(x) — lq/g(x) + lq/g,pot(x)

verified by taking moments



» Longitudinal helicity sum rule
Angular momentum distribution
Jg(x) = %AZ(x) + lg(x) + g pot(T)

Jo(x) = Ag(z) + lg(x) — lgpot(2)
J(z) = Jy(x) + Jy(x)

E %AZ(I) + lg(@) + (@) + ly(2)

%: /daj BAZ(:E) + lg(x) + Ag(x) + ly(x)



Gauge Invariant Extension

 fixed-gauge result gauge-invariantly
extrapolated to any other gauge
eg. gluon spin is not gauge invariant
S = [d°F (E)L X §L>3
gluon helicity operator is gauge invariant
S;'nv. 5 %f da fd3 geixg‘P+F+p @ ) CIF00 ﬁ+p (0)

-+
nu. _ Q3
and S |, =S,

Sy is the GIE of gluon spin

GI/E. non-local, no simple Lorenitz Transformation
Hard to compute and measure, scale mixing
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Impact Parameter Space

[Burkardt, 2002]

Origin: [P* R, =0.) = N [ CE [P P))
R, = P—a_fd”l“_dZT'J_ TJ_T++

in parton language R, = =z.r, (like CMS)

Define impact parameter dependent distribution
q(z,b,) = |N|2/ d;;; ixPtE~ <P+ R, = 0| ¢ (_%’ ) +?/) («S bJ_) ‘P+ R, — O>
_|N| /df_ P+£/d2PL/d2PJ_< Pt P }e—PLbL ( %7 ) +¢(770J_)€ZPJ‘bL|P+;PJ_>

W

/d AL ALbL<N|/d2Pi>/ wPE pt P | (_%7 ) +¢( ()L)}P+PL>




e
S = 7 b f2
A=k —k, k:’“f;ki

conjugated variables
kf'Ti—/ff'Ti:A'b—k"é

GPD:/kolGTMD 7,k , Ay £ =0,A#0

TMDZ/deLWigner (2,k.,b)) ‘ EL#0,A=0
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Trans. Coordinate and OAM

. f:Zanﬁn:Z<Fn—ﬁ) « (ﬁn—xnﬁ)
+§X2(ﬁn—xnﬁ)+2xnfnxﬁ

= AMx P+ Rx P

where E:anfn, an: 1, Zﬁn:ﬁ



Gauge Invariant Extension

. GIE of 9% and A

~

-
107 = 1D + / dn - L[g—,n—]9F+a(77_> E1) Ly e

AT = /f dn”~ Lig- 1 F (07, €0) Ly g
[(x)and I, (z)are made gauge invariant through
GIE
GIE reduce to normal 207, A9 in light-cone
gauge,
also I(x), I, () and their GIE coincide



LCWF

* There are only two parameters in the model
1. quark mass m
2. confinement parameter 3, enters in the S —
wave orbital wave function



Operator Definition of XPDs

[ e (P a5 L5 S ()| PS)
TMD
ey o ) S| (-G~ )y L= S0, S[PS)
GPD




Meilin Transformation

* Melin Moments

fm = /dx e ()

* Application
Convert convolution to product (eg. Evolution of

PR L [0 (3) = 177

* Analytical Inverse Transformation

On a complex plane
1 c+100

F@) =g [ e

271 J oo



* Numerical Inverse Transformation

e.g. 1. Least square approximation:

assuming g(z) = _ Cwz* ,minimize M(Cy) = /d:z: [f(z) = g(2)]"
SM(C) =0="_ ggf%ck — Zﬁf}f =0 solving Cx
e.g. 2. Fixiﬁg Parameterization

Assuming f(z) ~ g(=.pi.p2. - pa), [ = g"({p;}) , SOIVING {p:}

A distribution function is equivalent to its
moments <mm) distribution could be defined

through it's moments
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0ZrINn axial gauge

* In n-A =0 gauge

B(p27n p)

2(p) = AW P+ =5

5Zp = A+ B

1

* Transverse cut-off breaks Lorentz Symmetry

B(p*,n - p)

Y(p) = A(p*,n-p)p + #+Cn - pif




S.P.and D. P.

« S. P. regularized by plus-prescription

[z L&) — [ gy f@-1Q)

 D.P.reduce to S. P., then regularized by
Principle Value prescrlptlon g arc 'de”t'ty

(w) —q(z) = 1 \y\Z(l / dg[_n/]] F=q
:/_oody [ﬂ”(y) T Z(l)(;) 7‘]




* Near{ =1 —= y=2+x0, 0 =0

235(2) 12 - 29, (4) 142

. 1 [q(a:) +¢'(z)oz) @]

- 07 [ (1 +9) |
xq' (x) — q(z)

- O

We don’t know for higher order in o



P.V. prescription on D.P.

1 1 1 :
7(E) ~ P = lim —
(€) e [(1 — 7 iP® (1_Zm i)

near ¢ =1 — y=x+x9, 0 -0

2o (2) 48 _ zo() 1

y) |yl v/ |z

+ 0x)
70 _ 52 _ 701 £ 5
=0 5 S

| 1 1 q(x) + ¢ (x)xd
2 [(—5+i€)2 "y (=6 — i6)2] |z| (1 4 9)
B 1] q(a)

2[®+RP+Q&4QJ|ﬂ
Olg(x) — 2q'(x)]

e

q(x)




juid Xenon Det ’

# . . . .
e-Carlo simulation on Effective Sci
lency

detected and WIMP-Nuclel interacting e

ef f 1S the correspondence between sig &
v

A




/e Scintillation E

4 /s
- Matter Direct Detection with

Drift Field




L7 is used to reconstruct the WIMP-Xe
Interaction energy--

lack of experiments an theoretical calculation
In low energy region ( £, < 30keV )

Binary collision theory
Quenching Factors

Altom spatial distribution (Isofopic not
homogenous)

Monte-Carlo simulation on cascade



. T

topping Pow!

scribe an energetic charged part
raveling inside a medium

- Stopping pa é
~ (devided by
~ density ) fo
Xe

Fukuda Measured
L—S Theory

- B—K Theory
SRIM Data

Se = 1.906 x E*%
Tilinin Theory

100
(enon Energy E [keV]




p’-

lation Algo

E, +— FE,

I:

v
Incident nuclei [

‘

Generate target Xe,
(PCF)

Binary 47~ [ s
collision 7. = (& - azyswd)

‘ , .
SSE. <« S E.+ AE;

|

N Y

17 T > Eou T
End
cascade
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Atom Spatial Distribution

» Pair Correlation Function (PCF)

local/global density >

I'=1614K

p(M) =9(Mpo 3"
N 1.0%

0.5F

0.0F

Theoretically: Molecular Dynam“ics r[A]
Experimentally: Neutron Diffraction



Screened Potential

 The interaction between to nuclei dressed
by the electrons

 General Form
Hartree-Fock

AV A (r creening radius
Ulr) == Q/

Hartree-Fock
Screening Function

P (x) =0.1818¢ > + 0.5099¢ 4
+0.2802¢ 1028 4 0.02817e *2016¢




Quenching Factor

* Nuclear Quenching Factor

Nuclear Recoil Energy [keV]

 Scintillation Quenching Factor

__ Mse(£r)
QSC(ET) - 4 Er
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