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7 & eN Scattering

* The only thing we can measure is a cross section.

e But by separating kinematics from nucleon structure, we can identify robust,
experimentally determined objects, the structure functions:

do 2002 y2 5
dx dy dy - Ty Q? 2 (1—¢) {@ T S||)‘€ \/1 — & 25’7@91 —7°g2)

/ ¥ — |8 | e \/2 e(1 —€) cos ¢g 2:1:7@91 + gzD}
L 0

>
q
P, M—> ik w e Thus, Fr, Fi, g1, g2(x,Q?) can be extracted for all x, Q2.

e Experiment tells us where these can be interpreted in
- N terms of parton distribution functions (PDFs) in pQCD
Lorentz invariants: and where complications show up.

qeq = -Q°  PDFs are known only through model fitting of structure
peq/M = v functions.

(p+q)* = W?2 » The same holds for transverse momentum dependent
(ktp)2=s distributions (TMDs) and generalized parton
-g°q/(2p=q) = distributions (GPDs)

poq/pok =y =

En/v =2

\.
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Structure Functions

e Structure functions have a
simple interpretation in the
parton model

e Realistically, we measure
convolutions of PDFs that are
extracted through NLO QCD

analyses

Parton Model:

Fi(z,Q% = 3 Tief(q"

Fy(z,Q°%) = 2$F1(~’BaQ )
gi(z, Q%) = 3 i€}(q'(2) — ¢*(z) + §'(2) — ¢*(2))
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F.P(x,Q2) and g+P (x,Q?)
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o & I Parton Distribution Functions

<

Fits to all the world’s data yield the probability distributions for
finding a quark or a gluon with momentum fraction x at scale Q2.

1

0.8

0.6
CTEQ fits

area gives <x>i
0.4 J |

X
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& Polarized PDFs

L ll"lll

- X(Au + Au)

DSSV fits

" Q2 evolution is used to
 determine Ag

J

4 . . N
[ & Large uncertainties
N 5 kremain

: Pe% %% Ax2=1 (Lagr. multiplier) i

J

Ax2=1 (Hessian)
1 lllll 1 1 LA lIllI

1072 10t

y .

deFlorian, Sassot, Stratmann, Vogelzang
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DSSV PDFs

x range in Eq. (35) 0? [GeV?] Au + Aii Ad + Ad

0.001-1.0 1 0.809 —0.417
= 0.798 —0.417

10 0.793 —0.416

0.785 —0.412

1 0.817 —0.453
(4 0.814 —0.456
10 0.813 —0.458
0.812 —0.459

A2

~\

J

e Significant contributions from x<0.001
e AG vanishes with increasing Q2

o At Q%=4 GeV?, L, = 0.474 (large)

e Errors on AG are still very large
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TMDs

e Any confined quark must have transverse momentum

e Therefore, colinear PDFs cannot give the whole story

e Transverse momentum is related to L;

e There has been much recent work trying to understand
transverse momentum distributions (TMDs)

U

zf1 (x) zfi'(z,07)

|

Standard collinear PDF
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Cahn Effect

Cahn, Phys. Lett. B78(1978)269

* Parton model for electron-quark scattering
* Transverse momentum-dependence at higher twist

[ . , B ) )
My = (), u P (k) 7 up ()

R/
Wy 1% =

2 _ 42
Mpgl™ =4s
(mRL
s=(p+k)*=2pk

u=@p—k"?

2 = 4,2

p=(xP,p cosy,p, sin go,xl”)'=x1"+pl
\ J

y = (E-E’)/E {fractional energy transfer}
p. = quark transverse momentum

¢ = azimuthal angle of struck quark

[
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Azimuthal moment
suppressed by 1/Q

il

4 _ _ )
K: Incident electron

K': scattered electron
p: incident quark
\p’: scattered quark

r

.

/

g xs? +uy? a (1 — (PL/Q)\/I — ¥ €08 50)2 )
+(1 =) (1 —(P,/0V1 =) cos p)*

2pi) Q-»VI—yp

s ={G: L+(1 )2

(1 —-»)
1+ (1 —y)

cos20g ()
CoS wesz_{
Q

KPH 2011




Semi-Inclusive DIS
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) & SIDIS Cross Section

— Bacchetta, et al., JHEP 2(2007)093

dz dy dip dz dgp, P2,

a2 y2 72 cos ¢
14+ — Fyur +eFyu,L + \/25(1 + €) cos ¢p By "

zy@Q? 2(1 —¢) 2

+ £cos(20n) FE??" + Ao /2e(1 — €) sin ¢y, Fin " Leading Twist

+ S |V/2e(1+¢) sin¢n FERom 4 e sin(2¢) F(Sj-122¢h] Sub-Leading Twist

: (extra factor of 1/Q)
+ S Xe | V1— €2 Frp++/2e(1 —¢) cos ¢y FEeon 0 (i.e. R=0L/071=0)

) A, = {UL terms}/{UU terms}
A = {LL terms}/{UU terms}

& sin(éy + ) F;i;(qshws) + & sin(3dy — dbs) Fls}i;(sm—qbs) etc.

+ 151 | sin(én — ¢s) (ng;fgih_%) + e B —¢9)

+1/2e(1 +¢) sin pg FSR9S 1 \/26(1 + €) sin(2¢p — dg) Frm2on—9s)

+ 1S 11X [ V1 — €2 cos(dp, — bs) Fz‘;f(‘ph—ﬁbS) +1/2e(1 —€) cos ps Fom

+ \/2 e(1 —€) cos(2¢p — ¢s) cm:;f'(2¢h_¢5) },
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TMD Structure Functions

ClwfD] =2 Y et [ dpydhys® (pr — ey — Pro/2) wlpr kp) £2(o,p8) D(2, k)

Unpolarized

Four = C[lel]F fragmentation function;
’ ~integrates to D1(z,Q?)

Unpolarized structure

. function; integrates to

_ Polarized structure

: : function; integrates to
sin —+ ’

FUT(¢h ¢s) _ C 01(x.Q?)

Fsin(qsh—ng) —C ’ fragmentation function

urT
\The Sivers structure

And there are more... function
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Primary TMDs

Black: survive pr
integration

Red: T-odd

U 1 /(Boer-lvlulders)

(Sivers
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& & Intuitive TMDs

from Bacchetta

7 p—
transverse nucleon spin L _ Q@ —
- transverse nucleon sp fir e "

@ longitudinal nucleon spin Y/

f

h1 =

—

=% transverse quark spin

longitudinal nucleon spin

S v P transverse quark momentum
4
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Diquark Spectator Model

Bacchetta, PRD78(08)074010
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Diquark Spectator Model

Bacchetta, PRD78(08)074010
0.6 : j 0.3 F : 0
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Diquark Spectator Model

Bacchetta, PRD78(08)074010

fi

fir

T T

u 2
down, x=0.02 g1 (X, PT)
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Diquark Spectator Model

Q%=2.5 GeV

Bacchetta, PRD78(08)074010

x h{ (%)

0.4 0.6
X
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Collins Fragmentation

Artru, Acta Phys. Polon. B39(1998)2115

q./
S~ |
_— \
v
(Struck quark )

TT

e Imagine that the qq pair is created in a 3Po spin
state with vacuum quantum numbers JFP¢=0**

e Quark spins are opposite the orbital ang. mom. L=1

* Pion (with no spin) acquires transverse momentum

* This simple model breaks down if the fragmentation
string does not conserve J (i.e. if there are torques)
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R & Function Zoo

Leading Twist TMDs Sub-Leading Twist TMDs

N/q L T N/q L T

U hi U g he

L 21 hf_L L g hL; €L

T L aqT h1 hf_T i\ 8T gT hT; Cr, hTa 6T

ik
1
L

Leading Twist FFs Sub-Leading Twist FFs

q/h T U T

— DILT . DL DT, D%
Gy L | G Gr, Gy
H, H:; HE Hy, Ep, Hx B3
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(e e Annihilation ) ~ Z eg Di(z,k7) ® Di(z, k%)
qT 7

qr=kr+kT
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Polarized pp Asymmetries

z0.5
<

a) b)

0.2<p;<0.7GeV

" FAVOURED

H7

parton from target

‘ 200 GeV beam
‘~\\‘L{[~\|~FAVOURED _ Pt > 40 GeV/c
. O<plL<15GeVic

Fig. 1. Inclusive pion production. Two events (a) and (b), symmetric
with respect to the yZ plane, are represented. Without polarization, : ' ‘ L e
they would have the same probability. In the polarized case, the ' 02 04 06 08 '
Collins effect favours the case (a). The arrows labelled g; represent Xr
the momenta of the quarks in the subprocess. The spins are denoted
by the arch-like arrows. The Collins effect acts at the last stage,
where the quark g, fragments into the pion carrying momentum p.
h, is the pion’s transverse momentum with respect to the quark g,

Fig. 5. Single spin asymmetry measured by E704 collaboration for
charged pions at 0.2 < p, < 2.0 GeV [6]. The curves are our model

results calculated with quark transverse polarizations 4, u/u =
—A4,dj/d =x*and B =1

Bravar, PRL77(1996)2626 FNAL E704 1 NT _Nl

pl +p — 7T_(7T+) + X Av = Pg{cos ¢) NT +N|

¢ is angle between beam polarization axis and the normal to the production plane
Collins effect gives the right trend to explain the large asymmetries seen
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Collins Fragmentation

Seidl, PRD78(08)032011 (Belle)

N(p1 + ¢2) ~ argcos(p1 + ¢2), a1z ~ Hi-(z1)Hi-(22)

rta— , (et 7)), (7=, 7m7),(x",77)

Ajg = aqy a9

Anselmino, AIPCP1149(09)465 [Fits]

* e'e T

0.2<2,<0.3

o

03<2z,<0.5

/

* As2: Ratio cancels QCD radiative and
acceptance effects
e CM energy ~10.5 GeV; L=550 fb"

1 1

0.5<2 <0.7

0.7<2z,<1 T

1 | | 1

1 | 1 |

hrust axis n

02 04 06 08

Zy

02 04 06 038

22 pH 2011



Kinematic Coverage

14 November 2011 KPH 2011



Transversity+Collins

A () ) + Ag(0)

Arq(x,k )

24 (2) Dpjg(2)h(p 1)

fav

ur

psin(éntés) _ [_

Notation is not yet standard!

Anselmino, AIPCP1149(09)465 [Fits]
Diefenthaler, arXiv:0706.2242 [HERMES
Alekseeyv, arXiv:0802.2160 [COMPASS]

sin (¢ +4¢,)

14 November 2011

sin(é +¢

2
02 04 06 08 1 0 02 04 06 08 1

X k (GeV)

proton

HERMES
prefimnay

#_

Aur‘h ) Aur‘h sA;:'”n’°s’

| P; (GeV)
KPH 2011

o
o
T

bod
»
T

°
&

o
> N

o
©

-A“ Dunl(z)lznnn'(z) AN Dlu(z)lzo (Z)

o
(5

-
T

(-3

— ' 4 °
02 04 06 08 0

4

deuteron

02 04 06 08 1

P, (GeV)

COMPASS

ﬁ."-‘-'—;'-R,

2003-2004

e [

- +

.t ! 1 1 1
. 02 04 05 08B 1

z




Sivers

e
s

Airapetian, PRL103(09)152002

- m Q%< (@%(x)) [ = Q%> (Q%(x,)

2 (s in((b-d)s))m
o
&

-
T Trrrrr T

2 (sin(0-0g)yr
e

o
T L

©

o
T T

2 (sin(d-0g))yr

o
(%)

2 (sin(0-0g))yr
o

-
o
T TT T T

L. * COMPASS protons h
Anselmino et al, Eur Phys. )
A39(2009) 89

2 (sin(¢-0g))yr
o

-
T T L | T

e COMPASS protons h
Ansclmino ct al, Eur Phys. )
A39 (2009) 89

©

2 (Sin(‘p'(ps»ur

-
o
T L

p" (GeVic)
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Worm-Gear TMD

~

— b h -
E;f(th ¢s) _ C[ Pr air Dl] -

M

giL

flLT agir

Jin Huang, Hall A, Jefferson Lab, arXiv1108.0489

I

Neutron

WW-Type [26]
—— WW-Type [26, 27]

LCCQM [12, 16]
e LCQDM [21]

o
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Worm-Gear TMD

A

sin2¢h:C 2 (h’kT) (’A”'pT) B
UL

= HERMES

4 CLAS ~ - Worm Gear
Collins

COMPASS

t !
a7 ||

102 0. . 03 . . . . - 03 04 05 06 07 08 09 1

|. Savin, DI$201O | 28 p! GeVic

0.01

=3
o
(=
®

~
~ 0.005

0

-0.005

-0.01
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Boer-Mulders

~

2 (h'kT) (i"'PT) — kp-pr

hi Hi

.h+

.n"'
* K+

Rith PoS(ICHEP 2010)169

.« & 4

02 04 os 08 1 AR e + 1 I HERMES preliminary ]
z P, [GeV] ] ]

Contalbrigo, DIS2011
Kaons HERMES

o + L -
T TS ST %% CARTRRTS 0 0 D . ETTRARR 0000'0'0"‘ AT TARIK R RRIL R LLLLA
SIS 9.9, 99999, VOG99 9.9.9. OTOTOTT 2O 2% %% %, il SZOT070 0200 22020 20220 2 %
L 4 ] ]
ff 8 o L
d . t |

e S S ST ]
PR BARLKKA
n

| & & & & @

0.2 04 06 08 1
z P, [GeV]
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Pretzelocity

17T

Asymmetry is
consistent with zero

-8~ positive all hadrons 2002-2004 data
A =& negative A COMPASS

}

P PP PP |
-2 -1 « z
10 10 2 0.4 ! : ! : Z

X P} (GeVic)
A. Bressan, IWSS10

2 (sin(3¢-dg))y
oo o 2
o =22 o = 8

o

S. Gliske, APS2009
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_2p2 3)
2 X “br (uD+z2u0)(ugD+z2u2)
3

eg1-dvcs data | egl-dves a(ﬂ
Pt dependence — o # U2 “\\(\
e\

nt (red) ﬂ @.\$(c%) 7

o1 (blue) ' Q
etV (green)

b l L l L l L l

04 06 08 1
P, (GeV)
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Sub-Leading Twist

e Aghasyan, PLB704(11)397 (CLAS)
Airapetian, PLB648(07)164 (HERMES)
Avagyan, SpinPhysProc(03)239 (117)

e AuL™ (™) for an unpolarized H: target

e Beam: 5.8 (CLAS) & 28 GeV (HERMES)
eQ2>1:04<z2<07

e Similar results at different Q2s

b
.
}—
-

ingn  2M [ h-k Gt
FZU%:?C[— MhT(zeﬂl +—f1—>

0.15

= )
3

<

m CLAS <Q>/f(y)
+ O HERMES <Q>/f(y)

g

TGRS e s

m CLAS <Q>/f(y)

L

0 HERMES <Qs/f(y) 0.1

lIIIIIIIII

005 0.1 015 0.2 025 0.3 035 0.4 045 . 0.1 02 03 04 05 06 07 08 09
P, (GeV)
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Cahn and More

C[’wa] =X Z €C2L / d2pT dsz 5(2) (pT o k’T T PhJ_/Z) w(pTa kT) fa(va’_%“) Da(za k%)

A ~ A ~ N
h-kr . M . D+ h-pr{ .. M, | H
— hHi + — fi=— | — D1 + —5hi —
[ Mh(x 1+Mflz) i xf’l—*_Mlz

J

T

q/h
U
L
T

aiT

L

g
g
gTag%

1
1
L

g/h
U
L
T

Helicity
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Unpolarized SIDIS cos@

0.035

| 0.03 |
"l0.025 14\
0.02 |
0.015 |

0.01

1/N dn/d¢ (rad.™)

0.005

0—1 ol |

| P -

Breitweg, PLB481(2000)199 (ZEUS)

ZEUS 1996-97

. ZEUS (total)

11 L1 L1 L1 011 11 L1 L
-n ~-n/2 0 ©w/2 = - -n/2 0 ©wn/2 nw

L [ Ahmed & Gehrmann

| -

B IR |

¢ (rad.) ¢ (rad.) 025 05 075 1 1.5 1.5 1.75 2 225

 Fyu for charged-hadron SIDIS

o <x>=0.022; <Q%>=750 GeV?; 0.2<y<0.8; 0.2<z<1

* Data fit well to a + b cos@ + ¢ cos2¢

e Both <cos@> and <cos2¢p> # 0 at high Q2
e <cos®> at leading-order comes from QCD

Compton scattering ( y*q —qg)

p. (GeV)

<cos 29>

A

g | L
0 2 2.25

’.""Jll,Al.l.l.
0 0.25 05 0.7 1 1.25 1.5 1.75

e <cos2@> at leading-order comes from photon- p. (GeV)

gluon fusion ( y*g — qq )

* Non-pert. <cos@> from LT interference

14 November 2011
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Drell-Yan

4 momenta of hadrons
4 momenta of virtual gamma quanta

squared invariant mass of the lepton pair

s= (P, + p2)2 = 2P, P, squared energy of colliding hadrons in the center of mass system

Qz Q2 Bjorken variables of colliding hadrons
X, = == X, = =%
' 2Pq Tt 2Pg

1. X, rapidity
y = - 1) ==
2 x,

Xp=X; — X; Feynman variable

3 relation between x, ,, xpand y
Xpt+d4ttXx, £y ’
= e
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Drell-Yan

Arnold, PRD79(09)034005

= Jem {((1 + cos?0)Fy,, + (1 — cos*6)F%,, + sin26 cosPF? + sin?6 Cos2¢ Fy, cos2¢)
Fq? uU uU

+ 8,.(sin20 sing F52¥ + sin20 sin2p F522?) + S, (sin20 sing Fin? + sin26 sin2¢p Fir-?)

+ |8, 7Ilsin (1 + cos20)FL, + (1 — cos20)F2,, + sin26 cos¢Ff}°5¢ + sin%6 cos2¢F§‘§2¢)

+ cos¢,(sin20 sing Fin? + sin? sin2p F5e2?)] + |S,r|[singd, (1 + cos20)FL, + (1 — cos20)F2,,
+ $in26 cosP Fes? + sin26 cos2p Feos-?) + cosehy,(sin26 sing Fon? + sin?6 sin2p Fom?) ]

+ S8 (1 + cos?0)FL, + (1 — cos?0)F2, + sin20 cospFS5? + sin26 cos2p Fo2?)

+ SarlSprllcosdy((1 + cos20)FL, + (1 — cos20)F2, + sin26 cosp F5%? + sin6 cos2p Fio>?)

+ sing,, (sin26 sing F32? + sin20 sin2p F522%)] + |S,71S, . [cosd (1 + cos?)FL, + (1 — cos20)F2,

+ $in260 cospFr? + sin260 cos2p F5>?) + sing ,(sin26 sing Fr? + sin?60 sin2p Fr2?)]
+1S,711Ssrllcos(d, + é5)(1 + cos20)FL, + (1 — cos?6)F2, + sin26 COSPFS%? + sin?f cos2pFoos>?)
+ cos(p, — ¢p)((1 + cos?0)Fl, + (1 — cos20)F2, + sin26 cosp F5on? + sin26 cos2p F5o>?)

+ sin(¢p, + ¢,)(sin20 sing Fim? + sin?6 sin2¢p Fin-?)

+ sin(¢, — ¢,)(sin20 sing F5m? + sin?6 sin2p F5m-?) .

What PANDA can measure with a transversely polarized proton target
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Drell-Yan

.

fir(xkp)| =

hy(x,kp)| =

~
1

~hy(xkp)|

2M M,

Fs1n(2¢+qbb) [2(h ka)[z(h kaT)(h ka) aT ) ing] o

(

. VA

F81n(2¢ Py) — ( FCOS2¢ Slll2¢) Fsm(2¢+¢b) __ ( Fcos2¢ Fi}l;?qb)
y

quark pol.

nucleon pol.
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Dihadron SIDIS

Bacchetta, PRD69(2004)074026

2

. R [1 i . M X
d op0= > 2 A1 (x)D (2,4 . M?) = V(y)cos g —— “[1(0)D* (2,0, M}) + 3 -xh(x)HT (2.4, M?)
27TQ y a Q h

R\ M 1 -
d70L0— 2 )\2 xe(x)Hf(z,{,M;?‘,)+—f1(x)G{(z,§,Mi)‘
2704y 2

Leading Twist

| ~
€ V(y)SlIl ¢R| QT| th(x)H?:(Z ag,Mizl) +;gl(x)G{(Za£’Mi)‘

—

——|§, |2 e IB(y)s1n<¢R+¢5>' rl

hy(x)H ¥ (z,0,M?) Sub-Leading Twist
27TQ y a

(extra factor of 1/Q)

Ry’

M
2 ——H7 “WDyq §Mh)) thfr(x)Dl(Z,CaM%)”

h

M, 1_ i
'*‘V()’)Slnﬁbsa hi(x) EH(Z,faMh)+

a? 1
d opr=——> > )\|S¢|2 eZW(y)cos pg—- [ ng(x)Dl(Z g, Mh)__hl(x)E(Z { M;,)1
27Q%y Qo

aZ

d'oy = 0%y )\SLE e [C(y)gl(x)Dl(z L M) - W(y)cosrﬁR'Q'[ 81(x)D*(z,{,M})

M 1 - . .
—AThxeL(x)H{(z {, M,,)” {= VMi—|R|*- \/M§—|R|2—2|R|COS 0)
h
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Dihadron SIDIS
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Interference Fragmentation
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& A EG1-DVCS at JLab
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CLAS Eg1-dvcs
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CLAS Eg1-dvcs

(Measurements with @ moments in 2 independent variables!)
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CLAS Eg1-dvcs
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CLAS Eg1-dvcs
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CLAS Eg1-dvcs
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CLAS Eg1-dvcs
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CLAS Eg1-dvcs
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&) & Conclusions

r

* In order to truly understand the nucleon, we will need
to explore transverse momentum distributions (TMDs)

e The formalism is complicated and the number of
useful objects many

* However, objects like the Collins Fragmentation
function show up in many different measurements.

* If these objects prove to be universal, we will have a
bright future in the next decade measuring them
using eN, NN, and e*e" reactions.

e Although TMDs are sensitive to spin-orbit
correlations, there is no easy, intuitive way to connect
them to L..

.
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