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In relativistic quantum mechanics = quantum field
, theory, scattering due to a force between particles
€ (e.g. E&M) is treated as if a virtual particle were

“1, exchanged between beam and target

e %
Y
proton .
Q\ force carrier

A E &M photon vy
strong gluon g

The virtual photon and Q2

The virtual photon y* is just a combination

of E and B fields ... “virtual” — short-lived weak W, 2
Kinematic variables of electron scattering
electron beam e k=[E,k] = [E,0,0,k|
scattered electron e’ k = [E’, K] m;=k-k=K-¥
virtual photon * g=,§l=[E—E k—k

2D =2 2 | ' Virtual photon has imaginary
0 q-q=1q|"=v=>0! mass, unlike a real photon!
N.C.R. Makins, NNPSS11
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At fixed beam energy, electron scattering xsecs

e % p depend on two variables: O” and v of the y*
SN ...or E"and 6 of the O? = 4EE'sin*(6/2)
scattered beam: v=EFE—-F

A s,
.
N
N
\ \

The Bjorken scaling variable x

(also define y = V/E = fractional energy of y*, range 0 — 1)

At high enough O? and 2 we scatter not from the whole proton,
but from a collection of pointlike, nearly-massless quarks

Elastic electron-quark scattering:
k+ps=k'+py — plag=q+pg
P')? =mg =(qtpy’ =q + pis+2qp; — 2qps=—q*= 0?

Suppose the struck quark carries a fraction x of the target proton’s 4-momentum P

Pq=XxP — pq = xP =[xM,, 0] in lab frame L 0>
_)Q2:2Q'pq:2VXMN 2MpV

We measure this for every event!
N.C.R. Makins, NNPSS11



Deep-inelastic scattering
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do do

| -
tie\r_rgs

When we are scattering from individual pointlike quarks within
the target, we are in the regime of deep-inelastic scattering

2 2
5y — ( 2) ) Z € Q(XaQ )
dxdQ”  \dxdQ"/ psineq—cq) g-udmids
The interesting, proton substructure
q(x,0?) part of the xsec is described by

parton distribution functions g(x)

e PDFs describe number density of quarks at
different momentum-fractions x

e one PDF

19(x);

per quark flavour

— u(x)ad(x) ; S(x)a ﬂ(x)7d_(x)7§(x)

e PDFs depend only very-weakly on O?

N.C.R. Makins, NNPSS11
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Deep-inelastic scattering and W2 % )4;[{
QMes

N In DIS, the proton breaks up into
D many hadrons (“fragmentation”)
\ hadronic final , i
A state: total W? = (g+P) = (vtM,)q]
Q invariant- =M2-0Q*+2M,v
7 mass IV
N 15— {" f K g:;gGeV
0 - ¢ i )
Z l R *q%’ l;?'r'll'l +
e ;! 4 T
: | v U
-.-g: : + } + '
. w 05— | “;‘ ¢t
g L ;
N e e e—
2 3 4

0 i
/ W (GeV/c?)
elastic scattering resonance region DIS regime: W > 2 GeV
ep — ep ep — el,eN*, ... ep — e(X =many hadrons)
N.C.R. Makins, NNPSS11



HERMES kinematics

Beam energy 27.6 GeV

N.C.R. Makins, NNPSS11
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Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

do" ~ Eeé g(x) - &6 - D7)

Many distribution and

_ perturbative part
fragmentation

ection for elementary

N functions to explore!
on-quark subprocess
Large energies = asymptotic freedom
= can calculate!
") The Distribution Function @ The Fragmentation Function
momentum momentum distribution of hadrons h
within their proton bound state formed from quark g

= lattice QCD progressing steadily = not even lattice can help ...



The Proton SPin Puzzle:

Quark and Gluon Polarization



The Pieces of the Spin Puzzle

—) ) % x Aq —>
/\/\,—» @—> @—> (: - — C >
only three possibilities 4:“> 5 EAZ +AG+L,+ L,

© Quark polarization
A = /dx (Au(x) + Ad(x) + As(x) + Aui(x) + Ad(x) + As(x)) = 25% only

@ Gluon polarization State of the art: DSSV global fit
to Aq and AG
AG = /dx Ag(x) small...?

full next-to-leading order QCD
© Orbital angular momentum DeFlorian, Sassot, Stratmann,

L.=L,+L, Vogelsang, PRL 101 (2008)
and PRD 80 (2009)

World Data: polarized eN and pp scattering
N.C.R. Makins, NNPSS 2011



Spin-Dependent
Deep Inelastic
Scattering (DIS)

polarized e polarized nucleon

—

The polarizeq photon m . goesto.. @ .

selects certain quark

polarizations : IMPOSSIBLE
/\/\/\/ + ... goes to ... for a spin 1/2
quark!
I 2 2
Double spin O10—032 &1 g€ Aq(x,07)
asymmetries Al = p—— ~ = 7 (5.0
are measured : 1/27T93/2 L 2g €54,

The story so far ... from inclusive measurements of g, (x, 0?)
® A2 is around 20-30 %
® some indication that As may be negative ... (-10% ?7?)
® some indication that AG may be positive ... ?



Semi-Inclusive DIS (SIDIS)

In SIDIS, a hadron h is
detected in coincidence
with the scattered lepton

1 1
Flavor Tagging Allz(x Q2) _ fzm,-n dzy, eé Aq(x, Q%) .Dﬂ/(za 0?)
in LO QCD: fZ’lndequg] q(x,0?) 'Dg(z, 02)

Dg(z, 0°): Fragmentation function Energy fraction

Measures probability for struck E,
quark g to produce a hadron /4 with I=—




Quark Polarization from Semi-Inclusive DIS (SIDIS)

In SIDIS, a hadron /4 is Flavor Tagging
detected in coincidence with Flavor content of observed hadron /% is
the scattered lepton: related to flavor of struck quark ¢ via the

fragmentation functions D

L dz3,e Aq(x,0%) - Dl(z.0)

(E,p’)

€ Ah ’ Q2 _
Q) S dz3g€2 q(x,0) - D)2, 0°)
&)
N h
© Rewriting ...
: Ag(x)
o A2 =Y RS

Purity matrix PC’; = probability that hadron h came from struck quark q

Purities are spin-independent ... compute using Monte Carlo




What results might we exl:)ect’?



Spin from the SU(6) Proton Wave Function

he 3 quarks are identical fermions = 1 antisymmetric under exchange

‘ Y =P(color) * P(space) * P(spin) * P(flavor) I

@ Color: All hadrons are color singlets = antisymmetric

Y(color) = 1/N6 (RGB - RBG + BRG - BGR + GBR - GRB)
@ Space: proton has / = /"= 0 — (space) = symmetric

OSpin2®2®2=(3,B1,)®2=4,®2 D2,
3
S+3)= 111

® 2, gand2, , have spin 1/2 and mixed symmetry:

® 4 symmetric states have spin 3/2, e.g.

S or A under exchange of first 2 quarks only, e.g.

1

F i = (11— LD

N.C.R. Makins, NNPSS 2011
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O Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...

® strong force is flavor blind
® constituent g masses similar: m ,m ;=350 MeV, m_= 500 MeV

=» SU(3)-flavor is approximate for u, d, s
SU(3)-flavor gives 3 ¥ 3 ® 3 =10, D 8, (P8, , D1,

» Proton: Y (s=1/2) from spin 2, 2,,, ® P(uud) from flavor 8, . 8

MS “MA

p") = (u'utd" +u'u'd" — 2u'u'dt + 2 permutations)/v/18

» Count the number
of quarks with spin » ::> « :>

up and spin down:

Ad = N(d") = N(d") = —

» Quark contributions Au=N(@u')—N(u") = +4
3

to proton spin are: 3

= AEX=Au+Ad+As=1 All spin present & accounted for!
N.C.R. Makins, NNPSS 2011



Proton Spin Constituent
Structure: the Sea Quark Model

Meson Cloud Models Chiral-Quark Soliton Model
Li, Cheng, hep-ph/9709293 _ ]
i eng, hep-p ngh t sea quarks Goeke et al, hep-ph/0003324
o polarized: ]
meso Instanton Mechanism
S Au~ —Ad >0 | —
Vg mst?tr;t)?n dg
» ) « ve dL
0.10 ‘ ‘ ‘ ‘ — UR UL
"valence" "sea"
0.05 -
=P Advalence > 0 | ‘tHooft instanton vertex
~ Ugrurdrdy transfers
> AGsea < 0 0.00 .
helicity from valence u
=p (| AG=0 quarks to dd pairs
-0.05 N
“Higher-order” cloud of No gluons
vector mesons can generate  _,,, . . . . . in these models

a small polarization. 00 02 04 06 08 10



What results do we get’:’



A Wealth of Spin Data

Polarized Deep-Inelastic Scattering |

electron / muon beams — Aq

)

virtual photon

polarized e
,A —

%e@es

T HERMES A"

a sdtebwsized p-p Scattering

+

e
1 HERMES A"} COMPASS A"

: : : IIIIII T
HERMES A‘]”}% 1

COMPASS A" %

;

1 1
e

AR

T 1 P4
A L A L

PARRE




0.4 —r—rrrrm—r
} x(Au + Au)

R / Ad+d

7] U
/ Alu+ i)
N -0.05
- +0.81
0.1} o
O ORI
wol ol C b ol — -0.15
1072 107 1072 T -
[ i T T '_""'I
0.04 F XAu JL xAd N
0.02 F u|s J

0047

DSSV Ay’=1

0.04
0.02
of
-0.02 —

004 Q= 10 GeV?

_ E — — GRSV max. Ag
i GRSV min. Ag

gluoné & sea: spm-palarlzatldns
all negative-ish zeros

DSSV NLO global fit: Aq & Ag

DeFlorian, Sassot, Stratmann, Vogelsang,

PRL 101 (2008) 071001, PRD 80 (2009) 034030

0.1 x(Au -Ad) . ~
0.05
0f
[ —— Dssv - - - CTEQ x(d-u)
- DNS -
GRSV (val) DSSV AX l 7]
RNt b o
1072 10'1 1
X
meas: extrap: erTor
x > .001 all x
AX 0.37 0.24 [|4+0.04 —0.06
Au 0.03 0.04 +0.06
Ad | -0.09 | -0.12 +0.09
As —0.01 —0.06 +0.03
AG 0.01 —0.08 +0.7 -0.3




Isospin Symmetry of the Light Sea % )6;{5
QMES

Unpolarized PDF’s for u and d:

. . . Polarized PDF’s forz and d ...
strong isospin-symmetry breaking

[ ‘ T T 1 ‘ T ‘ T T ‘ 1T T T ‘ T T ‘ T ] 0.2 _ _
22 - ] i x(Au-Ad)
2 Q% = 2.5 GeV?
18 -
16 -
2 14
© L
12 ¢
' 01 L - - -xQSM
0g | @ FNALE866/NuSea B L ® B. Dressler et al.,
T Nast ; I EPJ C14 (2000) 147.
| Creom : l ::::::ﬁ
06 -| — CTEQ4M 1 !
0.4 7\ I ‘ I | ‘ I I | ‘ I I | ‘ I I ‘ I N ‘ [ — \7 -012 L L : : : : : I I I I I :
0O 005 01 015 02 025 03 035 0.03 0.1 0.6
X X

® No isospin-asymmetry observed in the light sea polarization

» results favor meson cloud picture, not chiral-quark soliton model




So what’s left?



Orbital Shells

nucleus

neutron

of definite L LU /
/
\ & in atoms ...
"
1 Y /
\)
5/ ;,"./ @
. % . j‘-\ .
\j" K- -\~
® Ve
® . .
* in nuclei ...

X shell

(2 e'L.:._h_Lga_nn"a

... and within the proton? ...




The Pieces of the Spin Puzzle

H %

gx)="qx)+qx) Aglx)="7qx)—"g(x)
A el I e
11

only three possibilities ==y > 5= SAZHAGH L+ L,

© Quark polarization
AS = / dx (Au(x) + Ad(x) + As(x) + Aii(x) + Ad(x) + As(x)) = 30% only

@ Gluon polarization In friendly, non-relativistic bound states like

AG = /dx Ag(x) small...? atoms & nuclei (& constituent quark model),

© Orbital angular momentum particles are in eigenstates of L

L.=Ls+ L ? Not so for bound, relativistic Dirac particles ...
Noble L is not a good quantum number

N.C.R. Makins, NNPSS 2011



Unpolarized PDF Polarized PDF

NN\ (o)=¢q W@—»@—» Ag(x)

xq(x) [ ] - xau b b JENENE

0.2

L i | i IS .
.- [ mimeme== T ; :
CETETTYY
. [ x-Ad .
Or---- * ........... { ._-‘+ ---------- £.=.=._.:.:é':.:*:':_: =
0.2 + ;
——————

C { _ E;gsydzooo
- ‘AU s
0.1 [ % Q—L—L—Z"‘" BBO1 LO

'0.1 __ [ ] —

0.03 0.1 0.6




Strategy: Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

do" ~ Eeé g(x) - & - D7)
q

perturbative part

Many distribution and
fragmentation

ection for elementary

N .
functions to explore! _®n-quark subprocess
ge energies = asymptotic freedom
= can calculate!
) The Distribution Function @) The Fragmentation Function
momentum momentum distribution of hadrons h
within their proton bound state formed from quark g
= lattice QCD progressing steadily = not even lattice can help ...

N.C.R. Makins, NNPSS 2011



PDFs and the Optical Theorem

Proton  Vector charge (PS[¢~"e|PS) = [ dx q(z) —G(z)  — # valence quarks
Matrix axial charge  (PS|yy" ~ys|PS)= fol dx Aq(x) + Aq(x)— net quark spin
Elements tensor charge (PS|¢po" ~vs¢|PSE [ dx 8q(x) — 5g(x) — 222

2
Forward
the Optical ~ Im Scattering
Theorem P P Amplitudes
... can be calculated from ...
- -
g(z) ~ podi
— e
<=
Ag(z) ~ podii
- — ~ -y
..orin 4 14 1 ¥
dq(x) ~ /w\ ~ transverse (5 \“ - /@“
- 4= basis ... - | 1t )

N.C.R. Makins, NNPSS 2011



3 Classes of Parton Distribution Functions

O Traditional PDFs

ANAN— @-» + @—» f1.0(x) = ¢ (x) +q (x)
ANN— @—» - @-> g14(x) ="q (x) = "¢ (x)

o @ @ i g(x) = 4'(x) — 4 (x)

® TMDs: Transverse Momentum Dependent PDFs I

* SIVERS BOER-MULDERS
L S h

—

fqu'XkT tq(x7kT)NLq'S5]

N.C.R. Makins, NNPSS 2011



Functions surviving on
integration over
Transverse Momentum

Distribution Functions

® - &

transversity

fiT=é) - Gf)<:| Sivers
@ - ©<¢

== Boer-Mulders

=@ - @ h&=é - é@

The others are sensitive to intrinsic krin
the nucleon & in the fragmentation process

Mulders & Tangerman, NPB 461 (1996) 197

Fragmentation Functions

@ <== Polarizing FF
- <¢== Collins

“® - ©

One T-odd function required to produce

single-spin asymmetries in SIDIS

N.C.R. Makins, NNPSS 2011



beam target SIDIS, at

Measuring: Azimuthal Asymmetries

pol>  polnr leading twist
N/
Uu 1 ® f1= O ® Dy = O

cos(2¢} ) ® hi = (- QR Hi- = O-®
UL sin(2¢!) ®h1LL=®"@’ ®H1L=®‘®

UT sin(¢l + ¢%) ®h1=®—® @Hf:@—@
sin(), — o) ®fﬁ=é-@ 9Dy ="

sin(3¢! — ¢k) ®h1lT=®'é ®H1L=@‘@
LL 1 Qg =" oD =

LT cos(¢t —dY) @ qir= é'é ® Dy = O

N.C.R. Makins, NNPSS 2011



Transversity Photo-Album of our New Friends!

hl(X)

Collins

Favored / Disfavored Frag Functions
_|_ e
LSivers Drgyy = D' = Dd_wE —
— S
flT(xv kT) Ddis = D" = Dd_m = ...



® Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Scattering at high Q2 and W2 Four new distributions = “GPDs”
... but create only one particle . :
in final-state! helicity conserving — H (x,&,¢),E(x,E,1)

helicity fip — H(x,E,t),E(x,E,1)
/ meson
Qe

e TP
Y* = / “Femto-photography” of the proton

Fourier transform of t-dependence ...
bY
1/Q xP \
P(1+E) P(1-£) s b

X: average quark momentum frac” P
P

E: “skewing parameter” = x| — x; b,

£: 4-momentum transfer? to target » spatial distribution of partons !
' N.C.R. Makins, NNPSS 2011




Joshua G. Rubin 2007

N.C.R. Makins, NNPSS 2011



e DIS structure func’s: ¢(x)=HY(x,E=0,t=0)
forward limit (§ =0, t=0)

Connection to
Ag(x) = H(x,E=0,t =0 many observables

1 1
e Elastic form factors: F/(r) = / dx Hi(x,E,t) F)l(t)= / dx E9(x,E,1)
first moments in x - !

. 1 /!
e Ji sum rule: quif xdx H?(x,§,t =0)+FE9x,E,t =0
~1

|
J = AT+ L s model-independent access to L !

Note connection of H, E to
Dirac, Pauli form factors ...
and their connection to
nucleon magnetic moment:

FY(0)+ F,' (0) = py

N.C.R. Makins, NNPSS 2011



Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Cleanest example: Deeply Four new distributions = “GPDs”
Virtual Compton scattering

q helicity sum — H(x,E,t),E(x,E,1)
DVCS q helicity difference — H (x,E,t),E(x,E,1)

 involve quark helicity-conserving amplit’s

Four with q helicity flip = “GTDs”

q helicity sum — Hy(x,&,1),E7(x,&,t)
q helicity difference — Hy(x,&,t), E7(x,E,1)

Generalized Transversity Distrib’s are

X: average quark momentum frac" * chiral odd
e also called “tensor GPDs” because

&: “skewing parameter” = x| — x; of presence of ¢*" in their definition

. 4-momentum transfer?
N.C.R. Makins, NNPSS 2011



In Search of L

Transverse 5ing|e~5|:>in Asgmmetries

_/’—7




Single-spin asymmetries in p'p = nX Analyzing Power

‘

T AT
I Niete = NVright

-+ _
" @ AN = B N AT
beam 1 Veft right

_ Huge single-spin asymmetry
@ 1 for forward meson production

FNAL E704 [ Ay o+p —> O+X at vs=200 GeV
¢ 0.15H Spin 1
04 I omo % - T H A spine| f STAR Run 6
4w $ | Left j Right ) T sivers (HERMES fit)
0.2 | s ¢ T 0.1 {___twist—S
3 I i Y . L
ol = m;i____”_? ______ S J 0 025 0 o055 3/ |
P . ¥ mass (GeV/c?)
* 3 0-051 <n>=3.7 : [ <p>=3.3
-0.2 -
4 i / L ;
0.4 F t % i 0 —{?ﬁ -------------------- L } g ---- - AR
| | 200 GeV p! beam [ :
\ \ p \ I L | E_liﬁ L %:-—" l
0.6
0 02 04 06 08 1 —0s 0 S5 S OhE T
XE

Observable Sveam - (Pbeam X Pr) odd under naive Time-Reversal
N.C.R. Makins, NNPSS 2011



E704 Mechanism #1: The “Collins Effect”

Need an ordinary distribution function ... transversity * *
L q(x) Aq(x) hi(x)

... with a new, T-odd “Collins” fragmentation function [‘IlL (Z, pT)

E704 effect:

N.C.R. Makins, NNPSS 2011



E704 Mechanism #2: The “Sivers Effect”

Need the ordinary fragmentation function D (Z)

L
.. with a new, T-odd “Sivers” distribution function  f 1T(x> kT)

Phenomenological model of Meng, Boros, Liang:

Forward r+ produced from orbiting valence-u quark by
recombination at front surface of beam protons

quark orbital motion! E704 effect: ‘

& 5

i}
.

/

fir(x,kr) ® Di(z)

N.C.R. Makins, NNPSS 2011




Electro-Production of Hadrons with Tranvserse Target

Measure dependence of hadron production on
two azimuthal angles

Electron beam defines

scattering plane _
Target spin

transverse to beam

Azimuthal angles measured
around g vector ...

with respect to
scattering plane

(I)S = target spin orientation (I)h = hadron direction

N.C.R. Makins, NNPSS 2011



Separating Collins and Sivers

Collins mechanism
hi(x) @ Hi(z,pr) = sin(¢y,+ 0s)

Sivers mechanism

fir(x,kr) ® D(z) = sin(¢p — 0s)

Separate mechanisms!
Thanks to linear polarization of photon ...

Sivers: (¢, — Ps)
angle of pion relative €q initial quark spin

Collins: ((I)h + (|)5) = T+ ((I)h — (I)S)

angle of pion relative €qQ final quark spin

N.C.R. Makins, NNPSS 2011




The Collins

Fragmentation Function




2 (sin(¢+9g))iT

2 (sin(o+dg))iT

2 (sin(¢+dg))iT

o
—

0.05

0.05

-0.05

-0.1

Collins Moments for  from H !

X Z

P, , [GeV]
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_ lepton beam asymmetry, Collins amplitudes
- 8.1% scale uncertainty agr eement at ver )4
- | T | different scales!
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Understanding the Collins Effect t‘ W

The Collins fragmentation function exists
= spin-orbit correlations in pion formation

N.C.R. Makins, NNPSS11
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The Sivers Function
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Jargon Alert
The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like fi5. must arise from 2

interference ... but a distribution function 1 i q q
is just a forward scattering amplitude, <>
P P P

how can it contain an interference?

Brodsky, Hwang, & Schmidt 2002

B e i R
R Nterf ; and produce
pﬂ | an can mltehr ere 3 % " a T-odd effect!
—( — Wi 2 _  (alsoneed L, # 0)
It looks like higher-twist ... but no , these are soft gluons ™ . \ P
= “gauge links” required for color gauge invariance | I
Such soft-gluon reinteractions with the soft wavefunction are p_p’: "
final (or initial) state interactions ... and may be B B
process dependent! == new universality issues e.g. Drell-Yan

N.C.R. Makins, NNPSS 2011



sin (¢y, - ¢g)

uT

sin (¢, - ¢g)

uT

Global Fit to Sivers _ oos)
Asymmetries A
0 ;
015~ -0 HERMES - 2002-2005 0 | | L
0.1 L L .c
o.oz» %*%% - %
0.15- ‘J'E"" D ‘ ‘ ‘ -t -0.05 .':
0 I I 0.02 |- ' :
o.oz» %@ L / ,/ _
0.1- e - K4
4,?/7: * Wait a second ... how are we
o ] connecting the sign of the Sivers
0 0.1 0.2 03 04 0.5 .
X function to the
o G ™ sign of Lq? ,
-o.(:wi/j - N\\ e L
B e 7 Tl
(:’-1* %% i /% - : 0 Q_
0 s
-0.1+ - - -0.02 |- /,.’x
-0.2- . ‘ ‘ : 1 1 1 . : ) ) ) ) ) 0.02 ‘\.\
o K * * L
o#%% 0 ,.
-((:;: | | | | : | | | | : | | | | | 002 i /,-,...
0 0102 030405 02 04 06 08 0.2 04 06 0.8 1 10-3 10-2 10-1 1

*fir ' (x)

Y
> £H
o

X

z P; (GeV)

E. Boglione,

Transversity2008

Anselmino et al,
arXiv:0805.2677

N

antiquark
orbital L= 0
favoured!
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Phenomenology: Sivers Mechanism

Nearly all models
predict Lu>0 ...
@ M. Burkardt: Chromodynamic lensing

Electromagnetic coupling ~ (J, + J;) stronger for oncoming quarks

We observe (sin(¢}, — ¢4)) 5 > 0

(and opposite for 1)
‘ \ -, for ¢t =0, ¢}, = /2 preferred
FSI kick
® Model agrees!

@ D. Sivers: Jet Shadowing

Parton energy loss considerations suggest
quenching of jets from

+
JU
“near” surface of target /
Vo

= quarks from “far” surface should dominate

Opposite sign to data ... / -

N.C.R. Makins, NNPSS 2011




’ Meson Cloud on the back of an Envelope
P

p>=p+ Nn Pions have JP = 0- = negative parity ...
+ AT+ .. — need L = 110 get and an
orbiting sea! J
N7 cloud:
23 no 113 L,=0
1/3 pnd -
Am cloud:
T eo8 12 L.=-1
12 A
©:.: © AJ 5L
1/6 A% wt 1/6 L,=+1
L, >0

La <0

Dominant orbitingu: na™ with L.(7)>0
source of: " e A e —> Lgbar #0
| orbiting d: A" 7 with L.(w) <0

N.C.R. Makins, NNPSS 2011
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The Boer-Mulders function ‘

produces an azimuthal
modulation
with unpolarized
beam and target

Electron beam defines
scattering plane

(I)h = hadron direction

N.C.R. Makins, NNPSS 2011



2(cos(20,),

o
N

g
—

o

—
First charge-separated data on <cos(2®)>uu t‘ }6;{{

iy (x,kr) @ Hi (z, pr) — cos(29)

modulation

L ot
(@ Hydrogen
(@ Deuterium

LA

inar)

;_‘_‘GC

;..a

10" 0.4 0.6 0.8 04 0.6 0.4 0.6

y P, [GeV]

020" - HERMES Preliminary |

(@ Hydrogen [ ]

0.1 :_l Deuterium _:_

F - a ¢ L & ¢ ¢ ¢
10" 0.4 0.6 0.8 04 06 0.4 0.6

y P,, [GeV]

deuterium =~ hydrogen values — indicate Boer-Mulders functions of
same sign for up and down quarks (both negative, similar magnitudes)

N.C.R. Makins, NNPSS11



{ , —~
E(COS(Z(I)h)>! Model 3 ( One illustration of H = D impact j%
Zhang et al.

B. Zhang et al., Phys.Rev.D78:034035,2008

Boer-Mulders extracted from unpolarized p+D Drell-Yan data

XP(Kr/Ph)  hiU(z) = wH, 2t (1 - 2) fi(2),

hiL"’(.r. k7)) = hf“’(.l )

“1) " ay | C ) L
: hiL‘l(_.zﬁ) = wHyz (1 —x) 11(‘.1{).
g, 1 .
h.f‘ () = —Hzz"(1 —2), (),
Set I Set 11 °i
H., 3.99 4.44 hf“{(.zi) = —Hgz" (1 - z)f x),

Hg 3.831 -2.97

Collins parameterization to SIDIS and e+e- from
M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).

Rebecca Lamb

Hgz 0.91 | 4.68 Set II:

H; |-0.96| 4.98

22 lo.161]0.165] Boer-Mulders exfracted assuming

C 0.45 | 0.82 hitY and hll,d of opposife SigﬂS
x%/d.o.f.| 0.79 | 0.79

-> results in large h;- for antiquarks

f1 MRST2001 LO
D; Kretzer

CIPANP San Diego, CA May 29, 2009



A
. W
H<cos(2¢n)>: Hydrogen vs Deuterium e
in the (roughly implemented) Zhang model
So given that we are doing something reasonable for H,
g g g
let's calculate D...
2 ¢ 2 r
- Boer-Mulders Hydrogen i+ (solid) > - Boer-Mulders Hydrogen 7+ (solid)
1.5 - cos(2¢) Deuterium n- (dash) < 1.5 - cos(2¢) Deuterium n- (dash)
1F 1¢ mmmmmmenmeI
0.5 & — - 0.5 L e
0.5 F -0.5 |
1 ;_ Npq =0-35 nyy,, =-1 1 ; Mpq = 0-35 nyy,, =-1
15 L H,=3.99 H =3.83 H ,=0.91 H_ =-0.96 1.5 E.Setll) H =4.44 H,=-2.97 H, =4.68 H,,=4.98
'2 = —0161 F—oqsw—osskz—oz o i = b, 2—0165F—O§2m—065k 202
“0 00501 01502025030350404505 0 0.050.1 01502025030350404505
Ag 0.2: ¥ x /\g 0.2:h- X
Set 1 S o4 Deutersam S o1 Deutersam
73 [ 7 [ [
- LI I 8 [ gea | -
Like the data «~ o *+vee3— ~ o+ —+¢ . Not like the data
H~D mf____-__ 01F_- H~large D~0
-0.2 . ; -0.2 = ;

We MUST use H AND D data to determine the u/d sign!!!

CIPANP San Diego, CA May 29, 2009

Rebecca Lamb



_—
... and then there were Kaons: <cos(2®)>yu % }4;(5
er S

] HERMES preliminary |
H target

T BN R AR
VLR RN R RS

u-dbar vs u-sbar

'0-2-_,e,p,?.ﬁh+.x...:-...I...I...I.-"-...I...I...-".-..I...I......I...I-
10" 04 06 08 0.4 0.6 02 04 06 08 1
X y z P, [GeV]
3 ten ubar-d vs ubar-s 1 1 HERMES preliminary |
=~ 0. - : ! I H target
Tg - J' ' I ' | ¥ I
s 9 %
AN

 RUE AR A

'0-2-_,e,p.7.ﬁh-x....:-...I...I...I.-"-...I...I...-.-..I...I...I...I...I-
10" 0.4 0.6 0.8 0.4 0.6 02 04 06 08 1
X y z P, [GeV]

dramatic effects for Kaons, with strange quarks! = L in the sea?
N.C.R. Makins, NNPSS11




A Coherent Picture Yet?




A Coherent Picture?

® Transversity: 11,>0 ha<0
— same as g1, and g1, in NR limit

e Sijvers: firtu<0 firtg>0
— relat® to anomalous magnetic moment*
firtg ~ kg where x,~+1.67 Kg~=-2.03
values achieve k" = X, e, K, with u,d only

e Boer-Mulders: follows that 4+, and 1t g<0 ?
— QCD analogue of Sokolov-Ternov effect?

but these A A

TMDs are all /4|4 I ;L 3
independent * * S tf' v * Burkardt PRD72 (2005) 094020;

Barone et al PRD78 (1008) 045022;

« §0cen

2
®

2
o’
@

(5,-8,) =+0.5 (I,-5,) =+05 (5.-L)=0

N.C.R. Makins, NNPSS 2011



e DIS structure func’s: ¢x)=H%(x,§=0,t=0)

e Connection to
forward limit (§ =0, t=0)

Ag(x) =H(x,g=0,r=0) | many observables

1
e Elastic form factors: F/(t)= | dxHi(x,E;t) Fjl(t)= / dx E9(x,E,1)
first moments in x ! !
. 1 /!
e Ji sum rule: quif xdx H?(x,§,t =0)+FE9x,E,t =0
—1
|
q — _ q -1
JI= AT+ L mf) model-independent access to L

Note connection of H, E to
Dirac, Pauli form factors ...
and their connection to
nucleon magnetic moment:

F'(0)+ F;' (0) = py

N.C.R. Makins, NNPSS 2011
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Transverse spin on the lattice Hagler et al,
PRL98 (2007)

Compute quark densities in impact-parameter space via GPD formalism

nucleon coming out of page ... observe spin-dependent shifts in quark densities:

06§

- 9
L,>0 o Sivers : L, // Sy
' I
0.2} 6 __
3 5%
Q
-0.2¢ 3
04 f Expected
_0slUP 0 picture from
S 3  quark models
La<O oaf 25+ lensing
21 It | B2
€ = 0.2 N;— Ld // Sd
s 0 1t : 1.5 €
’ S = g
-02¢ 1 \_/\/ 1
-04} 1 1 0.5
06k .| [ down @ 0
-06-04-02 0 02 04 06-06-04-02 0 02 04 06
P[] by [fm]

N.C.R. Makins, NNPSS 2011



0.6

©
~

o
[\

Angular Momentum

e
o

... and longitudinal spin on the lattice ...

Thomas,
PRL101 (2008)

— no disconnected graphs, evolution applied via Ji, Hoodbhoy

| AG(Qe=0.4)=0 0
I Ju
I g 04
\ I—d i 0.2
N
— \‘—~__Lu- 0.0
D 1 Jyg
D
qual‘k 0*(GeV?) |attlce, eXpt
model scale scale

0%(GeV?) |attICe,
expt

— lattice shows L, <0 and Ly > 0 in longitudinal case at expt’al scales!

Evolution might explain disagreement with quark models,
but not with lattice calculations of transverse spin.

Are disconnected graphs — sea quarks — the reason for apparent
L. & Lq sign change from longitudinal to transverse ?

N.C.R. Makins, NNPSS 2011



by[fm]

Data Transverse:
Sivers moments

Lattice Transverse:

06F
04}

0.2}

—0.2}
—0.4}

-06¢t

T O

Qn'\

g density shifts

up

O

The L Scorecard

/!

Quark models:
Lu>0atlow Q2

Chromodynamic
Lensing

o ~Lu>0
‘ —) Transverse

FSI kick at high Q2

2|2

Lattice
Longitudinal:

/ Lu<O0 at hlgh Q2
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. i , ) 0
Lattice Ji, PRL 78 (1997) 610 Ji L What’s going on~

e The quark density shift is E
: 1 <1 /!
eEisnotL: J7=_AY+[7= 5/ xdx [HY(x,E,t) + E9(x,E,t)]—0
~1

2 /
PDF momentum sum /xq(x) dx not Aq!
Burkardt, Brodsky proofs

¢ E is the anomalous magnetic moment Kk / Pauli F2
(-- GPD basics)

e F2 (Brodsky) and k (Burkardt) require L # 0 (-- N spin flip amplitudes)

- - <
Contradiction? ~

>

=

171 L { /
L™ not yet uniquely defined __ Bashinsky, Jaffe, NPB 536 (1998) 303

\

= Which “L” conrols chromodynamic lensing? Maybe neither
= Are longitudinal and transverse Lq the same? Maybe not

N.C.R. Makins, NNPSS 2011



With spin
around, there’s
never a dull
moment ©

down C) |

~06-04-02 0 02 04 08
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DIS and Quark Parton Model

* Cross Section — Nucleon structure functions F;and F:

do CEW, @) L 2EW, @) . L,
dQdE  4F sin4(§)_ 1% o (2)+ 17 - (2)_
R:ﬁ:FzM[HKJ_I v=FE-F
o, Fv @ Q* =4 EF sin*(0/2)

* Quark-Parton Model (QPM) interpretation in terms of
quark probability distributions g,(x) (large @?and v):

ﬁ(x)%Ze?a,m A0 =X 600

 Bjorken X. fraction of nucleon momentum carried by
struck quark: x=%/2 Mv



F 2/7/ F 2p in Quark Parton Model

* Assume 1sospin symmetry:
(X)) =d"(X) = U X) uP(x)=d"(X)=T1(x)
d*’(x)=u"(X)= d(X) d’(x)=1"(x)=d(X)
s'(X)=8"(X)= 8(X) 87(X)=38"(Xx)=3(X)

* Proton and neutron structure functions:

high x limit: Bp:{g(u+y)+l(d+ 6_7')+l(5'+ 3)}

F 1+4d/u ’ )

FY 4+d/u Fz”:x{%(d+5’)+é(u+ﬂ)+é(s+3)}

* Nachtmann inequality: 1/4< F"/ EF <4



F gn/ F 2”, a/u Ratios and A, Limits for x— 7

F,/FF du A" A/f

SU(6) 2/3 1/2 0 5/9
Diquark Model/Feynman 1/4 0 1 1
Quark Model/lsgur 1/4 0 1 1
Perturbative QCD 3/7 1/5 1 1
QCD Counting Rules 3/7 1/5 1 1

A, Asymmetry measured with polarized electrons and nucleons. Equal in
QPM to probability that the quark spins are aligned with the nucleon spin.
Extensive experimental programs at CERN, SLAC, DESY and JLab.

Extensive recent review on the valence/high-X structure of the nucleon:
R. J. Holt and C. D. Roberts, Rev. Mod. Phys. 82, 2991 (2010).
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The three analysis methods indicate tremendous uncertainties in high-x
behavior of F,”/F, and d/u ratios ... d/u essentially unknown at large x!



Nucleon F,Ratio Extraction from He/°H

e Form the “SuperRatio” of EMC ratios for A=3 mirror nuclei:

3 He SH 3
2Ff+ F FP+2F RCH)

RCHe) =

* If R=0,/0r1s the same for *He and *H, measured DIS cross
section ratio must be equal to the structure function ratio as
calculated from above equations:

G3He_ F;He_/qkzlczp_l_/czn

o’ F;H FP+2F

* Solve for the nucleon F,ratio and calculate A~ (expected to
be very close to unity) using a theory model:

an _ZRK—F;HE'/F;H
sz 2F;He/ F;H_Rk




Tritium Target at JLab

_— Valves for filling cell
#" with target gas

1983

(0) = Parking Position — "
mao oy /72‘% ,Q,,. X

Warhead's i

Carbon Foils— 3 — Heat Sink

(0 1 00 00 01 |
1 »

Tritium Target Task Force
E. J. Beise (U. of Maryland)
B. Brajuskovic (Argonne)
R. J. Holt (Argonne)
W. Korsch (U. of Kentucky)
A. T. Katramatou (Kent State U.)
. . . D. Meekins (JLab)
JLab Review: June 3, 2010: T. O’ Connor (Argonne)
“No direct show stopper” G. G. Petratos (Kent State U.)
R. Ransome (Rutgers U.)
P. Solvignon (JLab)
B. Wojtsekhowski (JLab)

Details: Conceptual Design of a °H Gas Target for JLab,
Tritium Target Task Force, Roy J. Holt et al., May 2010.



Possible Jlab - Hall A Data for F,"/F,” and d/u Ratios
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Spin from the SU(6) Proton Wave Function

The 3 quarks are identical fermions = 1 antisymmetric under exchange

‘ P =YP(color) * P(space) * P(spin) * P(flavor) I

@ Color: All hadrons are color singlets = antisymmetric

Y(color) = 1/N6 (RGB - RBG + BRG - BGR + GBR - GRB)
@ Space: proton has / = [" = 0 — (space) = symmetric

OSpin2X¥2X2=(3,P1,)®2=4 D2 D2

3 3
>3

° 2MS and 2M , have spin 1/2 and mixed symmetry: S or

® 4, symmetric states have spin 3/2, e.g.

A under exchange of first 2 quarks only, e.g.

43 aa = (1 - LT

I 1
33 s = (1T + L1121 1S S+

N.C.R. Makins, NNPSS 2011



O Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...
® strong force is flavor blind

® constituent g masses similar:m ,m ,= 350 MeV, m =500 MeV

=» SU(3)-flavor is approximate for u, d, s

SU(3)-flavor gives 3 ® 3 ® 3 = IOS b 8MS &b 8\ A b 1,

» Proton: {(s=1/2) fromspin2 2 =& Y(uud) from flavor8 8

MS —“MA

p") = (u'utd" +u'u'd" — 2u'u'dt + 2 permutations)/v/18

» Count the number of
quarks with spin up » «
and spin down:

» Quark contributions to Au=N@u)—Nu) =42 Ad =N(d")—N(d") =

proton spin are: §
ot 24 2t 4l
6 6 6 6
= AX=Au+Ad+As=1 All spin present & accounted for!

N.C.R. Makins, NNPSS 2011



easy 10 See.:

v of struck quark energy of A

1) Quark-Diquark Model

1 mg+kT oml 4k

(

)]

QPD(% k_L) ~ €XP _[

85% x 1 —x
‘ ...asx — 1, VECTOR diq configD suppressed
d n
- - 0 I 1
. oy v 7 4
spectator diquark D in Au
> 1 Ad 1
scalar or vector state u O
d 3
@) pQCD Model
') ~ (1= x)° x — 1 wavefn obtained from “normal” wavefn by
q¢ : exchange of large invariant mass gluons from
q*(x)~(1-x) spectator ¢’s ... propagators ~ ﬁ small
E — small couplings, perturbative methods possible
E d 1 FJ 3 Ag
— — —thus = —- —, — — 1 foruand d
U 5 Fy 7T q

For A: Both models predict Aq—‘iA — 1 for all flavours!



MeAsurement of the FJ'/FY, d/u RAtios and A=3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei.

Jefferson Lab PAC37 Proposal, December 2010
R. Gilman, R. D. Ransome

The JLab MARATHON Collaboration Rutgers, The State University of New Jersey, New Brunswick, New Jersey, USA
J. Arrington, D. F. Geesaman, K. Hafidi, R. J. Holt, D. Potterveld, St Norbert Coll M. IZI) (2)18(?11 Wis i USA
P. Reimer, J. Rubin, J. Singh, X. Zhan wb. [Yoroert Lotege, Le Tere, Wisconsin, Us
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€. Forigiipakis University of Virginia, Charlottesville, Virginia, USA
Demokritos National Center for Scientific Research, Athens, Greece
Spokesperson: G. G. Petratos (gpetrato@kent.edu)

demant, B Jeeland . B, Baiien Gy iogner Co-spokespersons: J. Gomez, R. J. Holt and R. D. Ransome

Unwersity of Glasgow, Scotland, UK

E. Cisbani, F. Cussano, S. Frullani, F. Garibaldi, M. lodice, L. Lagamba,
R. De Leo, E. Pace, G. Salme, G. M. Urciuoli . . . .
Istituto Nazionale di Fisica Nucleare, Rome and Bari, Italy PAC3O PhySICS goals Of experlment

wpg . ”
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S. K. Nanda, B. Sawatsky, P. Solvignon, A. Saha, B. Wojtsekhowski
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Los Alamos National Laboratory, Los Alamos, New Mexico, USA Cond|t|ona| approval based on
E. Beise detailed SBS detector design

University of Maryland, College Park, Maryland, USA
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MARATHON & BONUS
Possible Jlab - Hall A Data for F,"/F,” and d/u Ratios
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