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(inclusive) deep inelastic scattering (DIS)
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the lepton tensor
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the hadron tensor

W (q: P,S) = Wi(q: P) +i W (q: P, S)

the DIS cross section
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e if target spin unobserved (only two independent vectors g, P*)
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Similarly, including spin d.o.f.,
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the Bjorken limit
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extracting spin structure functions from data

s

v
L
\.\_'r\‘ %

q

spin plane

£

lepton plane

_do" < —do”= _ Q®[(E+E cosO)MG, — Q*G)]
~ do— = +do— <= - 2EE’ [2W1 sin2 %9 + Ws cos? %0)]

A e do~¥ —do™"  Q’sinO(MG; +2EG,)

L= 40—t + do—% — 2E [2Wh sin? 19 + Wocos? I6] <7




; — GH 4 GH
with 5% = 5" 4 S

1

WWﬁﬁ)(q;P,S) = CEuwap qa{

MSP G, +[(P-q)S® — (S-q)P”] G,
r j

1 o
—Bj mEuvaﬁ q [Sf g1+ Sf (g1 + gz)]

i.e.
g1 describes the longitudinal polarization, g1 + g» describes the transverse polarization

From

g2(x) = / % aly) — &)

1 J—
= / dx x?71 {J 5 1 gi(x) + gz(x)} =0  Wandzura-Wilczek sum rule
0

1
/ dxg2(x) =0 Burkhardt-Cottingham sum rule
0




xd

d
xgq

(@*HGeV)

Left panel: HERMES results on ng and ng vs. x. Right panel: xg;’ from data for gf and gf (top), the x-weighted

o © HERMES (@7 <1GeV? |
« HERMES (Q*>1 GeV?) iM
¢+ E143 +Y |
ol © E155 (@%-averaged by HERMES) L |
+ SMC ull' ¢
+ SMC (low X - low G®) w II
ol & COMPASS M
§Mt'i }1
Lt o, BN
| }
.02 }& { }
A Y W T l
H Py
©E 11 it E:‘:E’a@
1 — £ "5\_1 E}-;mgw.“'-’“

xg}

-0.01

-0.02

-0.03

-0.04

: | 1&

+ H L l#!l ik
i TR T
S '*reiih#*wﬂ
i | ] |
'I . HEHMES(Q%iGIeVZ) I
: <j :;ﬂcmssm%mevz) I‘%
i % SMC (low X - low @) J ﬁ
F + Et55 ‘ #i#lﬁ*ﬂ“
i Pyt vt ‘

%;‘}'T Sl ﬁ

non-singlet spin structure function xgle obtained by HERMES (bottom).




L roton
Xg [ %
1 B HERMES
0.04F @ HERMES prel.
O HERMES prel. rev. & *
|l & E155
002y E143 aﬁ' ¥
6 L iy :
0.04f deuteron
0.02f , Mﬁ M%
i
|
9 * é
Rt !
3
0.02- neutron (*He)
0 P
by *? '
002k * E142 'HHM T
: A E154
JLab E99-117 prel.
-0'047\ I I I
0.0001 0.001 0.01

Left (right) panel: the world data on xg1 (g1)-

X

0.8 proton
gl 0.6 |
0.4 { % é‘
ke
0.2 I “‘
S *,
0 ‘O‘ HERM%S prel. rev.
02 H deuteron
0 luumh-
[RiAgR
0.2 ‘
! ® HERMES prel.
04 B HERMES
06 * SMC
& E155
0.8 | Y E43

neutron (SHe)

0.1

2 s
01 } H
0.2
03F x E142
04f A El54
05 JLab E99-117 prel.

| | | |
0.0001 0.001 0.01 0.1 X 1




0.01

X 0.04

-0.04
0.04

-0.04

Left panel: the SLAC data for xgo for the proton and deuteron as a function of Q? for selected values of x. Data are from
E155-03 (solid), E143 (open diamond) and E155-99 (open square). The curves show the twist-two ngWW (solid) and the bag
model calculation by Stratmann (dash-dot). Right panel: the QZ—averaged structure function xgp from E155-03 (solid circle),
E143 (open diamond) and E155-99. Also shown is the twist-two gZWW at the average @ of E155-03 at each value of x (solid

line), the bag model calculations by Stratmann (dash-dot-dot) and Song (dot) and the chiral soliton model of Weigel and

T T
x=0.098 DFuxar:%n x=0.098
[ i1 o
=016 X016
i’ .5 $ as | *
et et
L 1
[~ x=025 |~
, L L4
= ; +4
5 r
1
%=058

23 5710 201

23 5710 20

@? [(GeVic)?]

0.04 —

T
Proton

—0.04 |-

1
0.02

I 1 I
0.05 0.10 0.20
X

!
0.50

Gamberg (dash-dot) and Wakamatsu (dash). Anthony et al., P B 553 (2003) 18




light-cone dominance in DIS
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the quark-quark correlation function
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colour gauge invariance
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e kr-dependent correlation function:
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parton distributions
with A =1, =(1,0)
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parton distributions and Fock-state decomposition
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parton distributions as probabilities
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including antiquarks
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first moments of parton distributions
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no access to transversity in inclusive DIS

A(P)

possible access to transversity in Drell-Yan processes

B(P)




the Drell-Yan process with Born diagram
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transversity and the Drell-Yan dilepton production
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semi-inclusive DIS (SIDIS)
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the SIDIS hadron tensor
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including gluons
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kt-dependent correlation functions

kt=xP+ k1

o(x, kr) = /dk‘ o(k; P, S)

1 € ke, St
[eg
=3 {fl pe—fi7 Tp iy + 81575 fir

¥ hyr [$7, fix]s + bk KT ¢+]75+hfi [k !"+]}
2 2M 2M
+ % {e—esi'y5 =@ %%
v BT sy, g Tl
+ers $r+ gi%%—gﬁs LW,C,’(T”
i [¢+,2ﬁ—]75 b [sT’zl\"j,ThS—i-hi [m,zﬁ—} }
N.B. subscript s, e.g.: gis(x, k-2,—) =S g1 (x, k-2,—) - kSt g17(x, k%—)

N.B. eg.: fi(x) = /koTfl(x, K2)



correlation between target transverse polarization and quark transverse momentum

=gk
Sivers function: fllT P
St
1 2 _ 1 2
N.B. flT(X’ kT)|SIDIS = lT(Xv kT)|DY
correlation between quark transverse spin and momentum
q

Boer-Mulders function: hi- P T




quark fragmentation function

Ayi(k; Py, Sh)

Z(2Tlr)4/d4£eik~§<0‘¢k(g)|x; PnSh)(X; PhSh|4(0)[0)
X

= H{S1+Pivs+Vur" + Auv s + Tuv 130" 75}

1
Nj(z, kr) = —/dk‘A,-j(k;Ph,Sh)

_ Z / detd?er k€ (o wf(§)|h,X>(h,X|1/_)j(0) |0) o

(2m)3

A(z) = Z2/d2kTA(Z’kT)

22 because probability density w.r.t. k’T

k==P." /z,kT

zkT



z2/d2kTA(z,kT) = g/dkwkTA(k; Py, Sh)

1 {Di(2) p- = M Gi(2) porys + Hi(2) 5[ ST, #h-]s}
T {Dr(2) 47 p Suro + E(2) = M Ei(2) s
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quark fragmentation function

e one-hadron inclusive e"-e~ annihilation

S

(a7 )
z k T L do(ete™ — hX) .
= ) . T dQdz dzp ~ ; 63 D1 (zn)

P vy P
e ot
>

5;%\

+

e two-hadron inclusive e -e~ annihilation

da(e*e’ — h1h2X)
dQQ dzdz

~ Y &2 D{(21)Di(22)
a




do - SIDIS

2 2 2

1+*> Fi +eF +1/2e(l +¢€) cosp Fyyy
Y@ 20— ( ™ { w, T uu,L (1+¢€) cos gy

+ e cos(26p) F6052<‘>h e yf2e(l— <) sindy F sm(‘)h
+5 [m sin g Fip 7 + esin(264) S'HM}

+5) A {m Fii +/2e(1 — <) cos oy Fi o "h]

cos ¢p

4154 |:s|n(¢h _d)S)( sm(oh ?bs) te Fsm(g)h—us))

+ e sin(op + é5) ) 5'"(°’h ?s) T e sin(3¢p — ¢s) F5|n(3oh @s)

+ m sin g5 Fon S + m sin(2¢), — s) Fipp. (2¢h- (’5)}
FlELe [ 1— €2 cos(pp — ds) Fy COS(Oh ’s) + \/m cos ¢g FZ? vs

+1/2e(1 — €) cos(2¢y, — s )F°°5 (2éh— ¢s)] }

N.B. F = F(x, Qz, z, P}%J_) Bacchetta et al., hep-ph/0611265



introduce the unit vector h = Pj, | /|Pp, | | and the notation

e[wfD] = x Zef/dzpr d*k7 8@ (pr — kp — Py /2) wlpr, ky) £(x, pF) D (2, k%),
a

Fyu,T = C[AD1],

Fyu,. =0,
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FDOJJ":*C[* T(h,_,1 + 2y )*l(foD1+ hhff)}
Q My, M z M M z
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oS Py _ T L h PT 1 h
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(b —d Q.
(sl FEI;.((;_h QS):C[* I\/FI.T flj-}Dl], Sivers function

sin(pp— @
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plane of final hadron

correlation between hadron transverse polarization and quark transverse momentum

Collins function: HlL o




Cahn effect:
cos ¢ modulation of SIDIS
unpolarized cross section

normalized ¢ distributions of hadrons
about the virtual photon direction

Niev% = A+B cos ¢+ C cos 2¢+D sin ¢
(aynN<1o0
(b) N >1.0

i
~
o

4
]

1/NevdN/dp (degrees)
R
o

oaol < COSg >=-0.004 % 0.020 n< ]

0.05 n L 1 L L | L L L ' '
-] 90 180 270 360

@ ldegrees)

(b) ]

_T_

0.20|

1/Ney dN/dp (degrees]

0.0~ <COSg>=-0070+ 0023 n>1 J

oosL—« Vo0 1,
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Adams et al. (E665), P.R.-D 48 (1993) 5057



Cahn effect: cos ¢ modulation of the SIDIS unpolarized cross section
in charged hadron production

2Py,
(P+4q)?

XF =

do/ddy, (arbitrary units)

0y, (radians) 0y, (radians)

dashed line with exact kinematics, solid line includes terms up to O(k, /Q)
evidence for cos 2¢;, at small values of ¢y,

Anselmino et al., P.R. D 71 (2005) 074006, data from Arneodo et al. (EME), Z, Bhys. C 34 (19873 277
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azimuthal asymmetries in SIDIS ep — e'h X = F ;%" F ;"
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single-spin asymmetries (SSA) in SIDIS
I+p — I"+h+ X

longitudinal SSA: beam-spin asymmetry —> Fﬂj‘bh

do " (¢n) — do ™ (¢n)
do=(én) + do—(¢pn)

A(¢n) =

longitudinal SSA: target-spin asymmetry — Ff,'l1 e

do™ (¢n) — do=(¢n)
do= (én) + do<=(¢pn)

A(on) =

SSA for transverse target polarization —- Ff};whi%)

da(¢n, ds) — do(ph, ¢s + )

A(pn, ¢s) = do(¢n, ¢s) + do(pn, ds + )




CLAS beam-spin asymmetry in ep — 't X at 4.3 GeV

P,=0.038+/-0.005

ep—e'n X

0.1

£ 2005 | ﬁ’
< . ++ #

L Ay=P+Psing
L

-0.025
0 2 4 6 0 0.2 0.4 0.6 0.8

FIG. 3. The beam-spin azimuthal asymmetry as a function of

B FIG. 7. Beam SSA as a function of P, for Mx>1.1 GeV (filled
azimuthal angle ¢, measured in the range z=0.5-0.8. ¢ X (

circles) and My>1.4 GeV (open circles).

Avakian et al., P.R. D 69 (2004) 112004 + P.R.L. 84 (2000) 4047



beam-spin asymmetry in ep — e'm"

X
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HERMES single-spin azimuthal asymmetry in ef — &'7° X

assuming F(Sj'z 200 0, FZ'Z ®h hHE, b~

Asin¢

IS S
0.1

0.25 05 0.75 1
X

P, (GeVic)
range of predictions between h; = g1 (non-relativistic limit) and h; = %(fl + g1) (Soffer limit)

Airapetian et al,, P.R. D 64 (2001) 097101



HERMES SSA
on transversely polarized proton

Collins azimuthal moment
+ 1
"T(¢h ?s) o by H;
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Sivers azimuthal moment
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exclusive vector meson (p°) production
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COMPASS charged hadron single-spin asymmetries in SIDIS of high-energy muons on

transversely polarized °LiD
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AiifT“¢+¢5](x) for proton (a)

AiLiwnrmwsl(x) for proton (b)
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global best fit to HERMES and Compass SIDIS and BELLE e*-e~ at KEK
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BELLE ete™ — hih X

dae+e7—>h1h2X d&e+57—>q(51)4_7(52)
- D s: 7P D q,s; 7P
dzy dzo d?Py,, 1 d?Ph, ) dcosd qzz dcos@ /a5 (21 P 1) Dho,0 (22, Pt
51,5
. P, A a e
Dyyq,s(z, Pni) = Hi(z, Pri) + M, Hi (z,Ph1)8- (P X Phi)

8- (px Py) = cosop

depending on the selected kinematics to detect hadrons one defines

1 zizn <Sin2 02)

A == Pu=F
o(z1,2) = — 22+ 22 <1+cos292>( v P
1 (sin6

Aw(z1, z2) = e (Pu—=P1)

8 (1 + cos? 6)
with Py (PL) the contribution of unlike-sign (like-sign) pion production
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(deeply) virtual Compton scattering (DVCS)

DVCS BH
(©)
do o>xg y | |2

dxg dy d|A?| d¢ dgo 16m2Q2/1 + 4x2 M2/ Q2

TP = |Teul* + |Toves|” + Toves Tan + Toves Ten



virtual Compton scattering

Pt =1(Pr 4 P
(\)ﬁ)f\jﬂ/ AP = PIM _ PH = qp, _ qlﬂ
& t= (P — P)? = A2
At 3
25: —_— X=_
- P* P'
¢ =q-A
k+ia




the Compton amplitude

Th — i / d*z ™ (P'S| T[J(—12) I (12)]|PS)

to leading order

q ¢=q-A
k—31A kE+3A
P=P-3A P=P+1iA

v v ! — 1 1 2 —
Toves = &l / dx(x—§+ie+x+£—ie);eq":q(xv€vt)

-1

+ ia‘“’o‘ﬁman_g/

-1

1

_ 1 1 2 Fa/
X <X§+i6+x+fie>zq:eq Fixs

Xiangdong Ji, PRL 78 (1997) 610; PR D 55 (1997) 7114

Radyushkin, PL B 380 (1996) 417; Miiller et al., Fortschr. Phys. 42 (1994) 101



generalized parton distributions (GPDs)

_ 1 dz™ 5Ptz o iy T
q L ds  ixP'z 1 + 1
Fiet)=5 [ S (PLNT9(=32)7 (2) PN
1 _ [ o 7 I'O‘JraAa
:Fu(m') (607" + B ) e (),
dz™ 5Pt
Fixen=5 [ S—e (P N19(=32) v 5 9(32) [P, X) 0,270
N %”(P’,X) HIx, &, t) v s + E(x, &, 1) %A } u(P,A)
— 1 dz~ ixPTz— 7
Fixen=5[ 5—e (PN (=32)ic™ ys1p(32) |P,A) o 0ero
1 r o . +jaﬂAaﬁ
= L) [ e i+ B neP
+HeB A etelp
Gz e ) T Bays 7 Parys
+E7(X & t) — 4 E{(x,¢ 1) i }U(Pﬂ)v

Diehl, EPJ C 19 (2001) 485



link to ordinary parton distributions and form factors

@ in the forward direction: P=P' = ¢=0,t=0, X— x=kT/P*

f(x), x>0
H9(x,0,0) = B
—fi(=x), x<0
B gl(x), x>0
A9(x,0,0) =
gi(—x), x<0
hi(x), x>0
H%(x,0,0) = B
h{(=x), x<0

@ ¢-dependence disappears in first moments

1 1
/ dx HI(x, €, 1) = F3(t), / dx E9(%,£,t) = FJ(~1)

—1 -1
/1 dxE9(x,£,t) = GI(~1)

1

/1 dYFIq(Y7€7t) = GZ(_t)’
1



twist-two operators and polynomiality of GPDs

using Lorentz symmetry, parity and time-reversal invariance

<p/|@g1uzmun|p> = <P’|Eq,‘D(P‘1.”,'Dﬂn—l,y#N)wq‘P>
[nzl
= WP W Hu(P) S Agai(t) A ... AR P2 )
i=0
O'('u‘laiA [";1] )
— a i1 DH2i BHn
+u(P’ o U(P) ; Bgnoi(t)AF2 ... Ar2i PH22 P

1
+ Cyn(t)Mod(n +1, 2)MU(P’)u(P)A(”1 .. AHn)

1 [ngl
in particular / dXFHIRE ) = S Agnai() (26)7 + Mod(n+ 1,2) Con(£) (26)"
-1 i=0
1 12541
[ R ERED) = Y Bunai(e) (26— Mod(n +1,2) Con(t) (26)"
-1 i=0

1
= / dxx"[HI(x,&,t) + E9(X,&,t)]  even polynomial in £ of degree n
-1

Xiangdong Ji, J. Phys. G: Nucl. Part. Phys. 24 (1998) 1181



Ji's sum rule

e QCD angular momentum as gauge-invariant sum J = J; + J,

S 1k 3 Ok 0j _k
Jog =3¢ /d T Tq»gx)

e define form factor of quark and gluon energy-momentum tensor

B | o) (LAY
v _ —v P ioV*A, AFA
<PI|T¢§L,g|P> = U(P/) [Aq,g(A2)'Y(HP )JF Bq,g(AQ)T + Cq,g(AZ) M ] u(P)
Jt’:],g =3 [Aq,g(o) + Bq,g(o)] J

=  (PlLlP)=3=Js+ e =3O +Lg+ Jg

+1
=1 /_1 dx%[HI(%,€,t = 0) + E9(%,£, t = 0)]

Xiangdong Ji, P.R.L. 78 (1997) 610



parton interpretation

in terms of the “good” light-cone components of the field
Pa(=3y " 0(3y) = V2051 (= 3¥)85(3y)

with quark field in momentum space

B dk*dk ikt i
05 20) = [ g e OU) 5 {butwusth 7 ks

] () () = kL)

Z/dy P (=1y) v u(Ly)

c,c’

72\[/ k’*dkl oK )/ dktdk, ok

2kt (2m) 2k*(2m)3
ST b {6(2xP — K kY (W) bg(w) ul (K, 1Yy (k, p2)

wop' ey’
+ 6(2xP T K 4 ) dy(w )] (w) V(K 1 Yve (K, )
+ 8(2xP T+ K — k) dg(w )by (w) VI (K, 1 )us (K, o)

- B(@XPT — K 4 I Bl ()] () ul (K v (ko )}



the parton interpretation of GPDs
\ B X X+E JA ¥/E-x

X+E /‘ \ x-E

dt

L
b d
DGLAP

b bt
ERBL

DGLAP




b Bt b Bt

(x+E}p (=-t)p (x-t)p (x+&)p

g

(1+8)p (1-8)p (1-8)e (1:%)p

b d dt B

(x+E)p (E-x)p (E-x)p (x+E)p

g

(1+&)p (1-&)p (1-8)p (1+&)p
(b)
dt d dt d
-{x+E)p (E-x)p (E-x)p -(x+E)p
{1+8)p (1-8)p (1-E)p (1+8)p
(el

&-symmetry of GPDs (£ > 0): (a) x> ¢, (b)) =6 <x<& () x<—=¢&
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probing transversely localized partons

Burkardt, P.R. D 62 (2000) 071503
in impact parameter space, for purely transverse momentum transfer
(AT =0,ie £=0, t=—-A%)

2
q(vaJ-) :/?2?;2_

e_iAL.bl Hq(X7 05 _Aﬁ_)
probabilistic interpretation of form factors, parton densities and GPDs at £ =0

p(r)

f

I(x.r)

g

Belitsky, Radyushkin, Phys.

Rep. 418 (2005) ¥ =

DA



quark helicity projected out by g~v"[1+ Ays] g
density of quark with helicity A, momentum fraction x and transverse distance b, from
center of proton in state |A, S):

1 £ _ 1 >y il 9 2 i 2
= [F(x, b.)+ AF(X,bL)} = | M bl) = S B bL) + MA(x B)
proton polarization along X q(x,b.1)

— qX(X7 bJ_) -

w9

NB df = [ox [ @bbax(nbi) = [ EU(x,0.0) = 2

Ku = 2Kp + kn = 1.673, Kd = 2Kn + kp = —2.033

distortion + FSI = R
Dy d ’
—  Sivers effect VAN

KTiaat

Burkardt, Int. J. Mod Phys. A 18 (2003) 173



u(z,by)

N =05 5—
R — P e ——
Burkardt, Int. J. Mod Phys. A 18 (2003) 173

[m]

=



representation of a GPD in impact parameter space for £ # 0

@ in a frame with large P* the proton is seen as a bunch of partons

@ the center-of-momentum of the initial and final proton are differently displaced by a finite
longitudinal momentum transfer

@ GPDs probe the active partons at transverse position b

X+E x-E
1+& b

£<x<1 éb £y

1 | 15
E+x
&l Lejg S D

x| <€ 14 b £y

1€ | 15

Diehl, EPJ C 25 (2002) 223; (E) 31 (2003) 277



impact parameter representation of an unintegrated parton distribution

dzde_ ixpTzT —ik- _ — —
fl(kaT) :/W e’ krz <p’)\|q(07—%z 7_%2)7+q(07%2 7%Z)|p7 )‘>

fi(x,z) = /dzkr e'kr? fi(x, k)

z is the Fourier conjugate variable to the transverse momentum k1 of the struck parton
unintegrated parton distributions describe correlation in transverse position of a single quark

in contrast to GPDs, the struck quark now has different transverse location relative to spectator
partons in the initial and the final state, in addition to overall shift of proton center of
momentum dictated again by Lorentz invariance

Diehl, EPJ C 25 (2002) 223; (E) 31 (2003) 277



spin density in the transverse plane and GPDs

quarks with transverse polarization s projected out by 1Gv"[1 + (s7)vs] g
probability to find a quark with momentum fraction x and transverse spin s at distance
b from the center-of-momentum of the nucleon with transverse spin S

N

p(X7b,SJ_,SJ_) [F(X,b)—i—SiF-'}—(X bSJ_7SJ_:|

1 i i
= [H +5s'S (HT e AbHT> monopole

il
_Cli !
Ssbf—ME

N

— sisljbj— (E'T + ZI:IS—) dipole

+s'(2b'Y — b*6;)S — H?} quadrupole



Spin densities

unpol. quark in unpol. target  unpol. quark in L target L pol. quark in unpol. target

3 3
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