Spin Structure of the Nucleon:
Experiment

‘Electron-lon Collider: Qol.laboratlon Méetmg ‘
-Lawrence Berkeley Natlonarlgﬁafaferya”;ﬁi}g%;
‘December 411378008 i g o il G e R

!-.-,‘ ' S Al s S d 3 e
M . si| O sy T _ o Gy -
ﬂgggk ! g E ?;‘:pl.‘:‘i }", ; T ',“' oy :

Matthias Grosse Perdekamp
University of lllinois at Urbana Champaign




Content

o Motivation

Precision measurements of the quark and gluon
structure of the fundamental bound state of the

strong interaction.

o Helicity Structure

o Transverse Spin Structure _

Examples for:

Physics goals
Experimental needs
Required theory Input
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A Fundamental and Old Question: What are

Structure and Origin of Matter in the Universe?

Asked early: Leukipp and Demokrit (~ 450-400 BC)
—> atomic hypothesis !

There are small particles, atoms, of which
all matter 1s made and which cannot be divided
in smaller parts.

Some 80 generations later:

Modern experimental tools provide
quantitative answers!
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The Nucleon as QCD Laboratory

The proton is the fundamental bound
state of QCD - quarks and gluons are
the constituents:

Can we understand the wave
function of the nucleon from
first principles QCD ?

Present (modest) status:

Description of proton in hard
scattering processes with parton
distribution functions (often model
dependent!).
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Helicity Structure =» Goals

%=Lq+%AZ+LG+AG

Goals: (l) Precise measurements of AZ and AG and therefore total L,

present A = 0.35 ¥ 0.06

= ¥ 0.01 ? (has a goal been quantified ?)
present AG = 0.01 ¥ 0.1 + extrapolation uncertainty

= ¥ 0.02 ? (has a goal been quantified ?)

QCD (II) Bjorken sumrule to 2% (factor 5 better than present) !

tests!
(1) g, evolution to 2%

(IV) Can L, be directly accessed (in a model independent way)?
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Helicity Structure = Measurements

Inclusive: g, (including evolution) and g; for
proton and 3*He or d beams

Semi inclusive: A | for identified charged pions and kaons

Exclusive: DVCS
Jets: A, for di-jets
Heavy flavor: A, for D°

=>Full acceptance detector with hadron pID capabilities,
heavy flavor tagging, jet reconstruction, excellent momentum
resolution, relative luminosity monitors and local polarimeters
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Helicity Structure = Needs & Input

Absolute polarimeter: < 2% (both beams)
Local polarimeters: < 2% (both beams)

Extrapolation uncertainties: < 2%

pQCD framework for PDF extraction: test with cross section
=>» normalization (luminosity) to < 2%

Fragmentation functions: need to be know to < 3%

Control of radiative corrections: < 2%
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Helicity Structure =» g, at EIC

TN 2N 1
Ndj ® EiC Ndf
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A ol
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Helicity Structure = SIDIS at EIC

p.=5 GeV on p =50 GeV : Aulu
EIC projected §I3ata 1;or1 t TR = enables study of
100 days at 10%em™s™ flavor asymmetry for
[Ed Kinney, Joe Seele] - Ad/d Bl anti-quark helicity
| ) ) distributions
oy E As/s + _
Excellgnt statistical 03~ x|Aiz (x) - Ad (x)
resolution for all quark —————— : | - HERMES
and anti-quark helicity t Au/u bol % |
distributions! . ot gl
----- L —a— ""/.'--. | T\{
= * o= I R . S
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Xg; '
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Need Hadron FFs for Studies of Quark-Gluon Structure

iIn Hadron Production in pp and SIDIS

e*e” information on

Example: extraction of the gluon helicity distribution
from the QCD analysis of inclusive neutral pion produc-
tion in polarized pp at RHIC:

0

" in plep ®n’+X

LL
From A, to AG(x)
- pQCD
.TIJO - Aq(’xl) \
LL
q(x,)

x T 0-15“ PR EN ERY AN X

PHENIX extract ) £
DIS FFs T 52

from e*e"
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Need Hadron FFs for Studies of Quark-Gluon Structure

iIn Hadron Production in pp and SIDIS

e*e” information on

Example: extraction of the gluon helicity distribution
from the QCD analysis of inclusive neutral pion produc-
tion in polarized pp at RHIC:

little data

0 at large z

" in plep ®n’+X

LL
From A, to AG(x)
- pQCD
K
0 A X R 0
ZIJL - q( 1) \ qg an (Z)
q8 q9.8
q(xl) gluon FF
x nknown
PHENIX T extract
DIS FFs Js /2

from e*e"
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Possible Solution: Precision FF

10

Em December 13 t

Information from e*e™ in Belle:
Belle: Charged h*'",

, kaons, protons

corrected = h+-

“ pions
_ = kaons
e VA « protons

precision

at high z!

00 01 02 03 04 05 06 07 0809 10 o

Belle sensitivities for identified
charged hadron multiplicities
(Monte Carlo projections)

Vs=10.52 GeV

Inclusive hadrons
Pions

Kaons

Protons

Goal: early 2010
(UIUC/RBRC)

zZ =

Js /2
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Helicity Structure = AG from

AG/Gine+p > D0+ X

Requires displaced vertex

resolution of 100 um

[Antje Bruell]

Excellent statistical
resolution!

Also: g, evolution
and di-jets

Charm at EIC

N — GSA(LO)
O CSB(LO)
< — G6SC(LO) o~
0.4 — GRSV(LO) std. ond val. ?
0.2
0 |-F=-¢----- -'-A:-#—-++-¢-¢--0-0-+0---+-0-+-- --
-0.2 ® FIC, £,=10, E,=250, L=1.0x10%
® EIC, E,=5, E,= 50, L=0.25x10%
O HERMES
O COMPASS
-0.4 |-
10> 1072 107

Em December 13 t

EIC Collaboration Meeting at LBL

13




Sofar: Nucleon Spin Decomposition in the

Infinite Momentum Frame =» Jaffe-Manohar

i 1 | gati LTS
MT2 = -2—q_|_(:i" x 10)3qy + §q1_75q+ + 2TrF 17 (2 x i0)A? + Tre T~ F 1 A
in AT = 0 gauge.

Each term here does have a partonic interpretation. The second term is the quark spin
operator, responsible for ¥ and equal to fol dzAq(z,Q?). The fourth term is the gluon
spin operator in AT = 0 gauge where, remember, it is local, and it is equal to

fol drAg(z, Q?).

The other two are convective angular momentum in terms of the canonical quantum fields
in null-plane quantum field theory.

from Bob Jaffe,
z=L,+3:X+L,+AG

Urbana Workshop
on Gluon Polariztn.

3= Jo do {Ly(2,Q%) + Aq(w, Q?) + Ly(w, Q) + AG(,Q)}

ﬁm December 13 1
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Alternative: Nucleon Spin Decompostion
iIn the Rest Frame = “Ji Sum Rule”

(!

AMOL2 qu(f x D)3q + %qfai”q +2TrE’ (2 x D)3A7 + Te(E x A)3.

I ] What do we
st Wty y +IA, + AG learn by measuring
2 e H the orbital angular
momentum “here”?
e No parton representation for Lg, Lg, or AG. s [Brala e
e X is the integral of the helicity weighted quark distribution. Urbana Workshop

on Gluon Polariztn.

e But AG is not the integral of the helicity weighted gluon distribution.

e L, and L, are not separately gauge invariant, so only the sum is meaningful.

e The “orbital angular momentum’’ terms are really interaction dcpcndcnt quantities
whose interpretation as OAM is dubious.
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Generalized Parton Distributions

to Access Orbital Angular Momentum ...

GPDs HY, HY, EU, E9 provide access to total quark
contribution to proton angular momentum in exclusive
processes [+ N2> '+ N +y

Proton spin sum | > =75 (AutAd+As) + L +J,

'
J q

Ja = %fxdx[H‘l(x,E,O)"' Ea(x,E,0)]

1
X. Ji, Phy.Rev.Lett.78,610(1997)
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Transverse Spin: Transversity vs

Sivers vs Boer-Mulders
Correlation between transverse
proton spin and quark spin
S, S,— coupling

. Correlation between transverse proton

spin and quark transverse momentum
S, Ly~ coupling ?

@ Correlation between transverse quark

spin and quark transverse momentum
o L4 coupling ?

Enmnber 13t EIC Collaboration Meeting at LBL 17




Transverse Spin = Goals

% = Lq + %fdx[é (x)+ 6(?(x)]+ L. Bakker, Leader, Trueman

Goals: (I) Precise measurements of h,; (transversity) and fﬂT (Sivers) to TBD%

0
(Il) Tensor charge to TBD % } (Lattice) QCD tests!

(1) h,;evolution to TBD %

(IV) Can L, be accessed through Sivers measurements?

Tensor Charge &7 =fdx[6 (x) - 65(36)]

Enmnber 13t EIC Collaboration Meeting at LBL 18




Lattice QCD Moments

Chiral Extrapolation of Moments

from John Negele at
Urbana Workshop

on Gluon Polarization

12 _ -
Experiment T

0-9_ | -_ ]
charge .
. J Lattice ]

08F  <idpag <ppy <Cud <Omad <gpsg <Xavad

Gluon Polarization 6-16-08 | W. Negele 38
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Transverse Spin = Measurements

Semi inclusive: Ay Sivers, Collins and IFF asymmetries

=>Full acceptance detector with hadron pID capabilities,

treavy ftavor tagging; jetTeconstruction, excellent momentum

resolution, relative luminosity monitors and local polarimeters

December 13 EIC Collaboration Meeting at LBL 20



Transverse Spin = Needs & Input

Absolute polarimeter: < TBD (hadron beams)
Local polarimeters: < TBD (hadron beams)

Extrapolation uncertainties: < TBD

pQCD framework for PDF extraction: test with cross section
=» normalization (luminosity) to < TBD

Fragmentation functions: need to be know to < TBD

Control of radiative corrections: < TBD

Enmnber 13t EIC Collaboration Meeting at LBL 21




[Harut Avakian, Antje Bruell]
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High statistical resolution!

Link to orbital angular momentum

Is model dependent!
ep—e' T +X

[Harut Avakian]

® EIC (projected)
" HERMES
A CLAS12 (pr.)

¥ COMPASS (pr.)
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Transversity =» Collins A, at EIC

o ELIC at 7 (e) + 150 (p) = 432000 pb™
Excellent statistical ":>,“ o
resolution over a large T | Ws0ptaaGev L e
. L] h - 2
region in Q! 5 0.5 [ 100 days at 5E+34+ ( Jooo00
[Naomi Makins, Ralf Seidl] < e I
: } s e s s m s ow oo 89.6 <02 <121.7
o 0 2 __ T 68.6 <02 <89.6
A1 ~ Transversity(x) x Collins(z) *2- o
6 A SDODSOEDEM
With Collins from e*e" E b oo e e e
transversity can be extracted w ol .
and the tensor charge can be : e e
calculated! MEL b
A R R R R U.050% 2122
. . OF = &« s e e s o an - 10.0 <Q%<11.0
However, extraction relies on S S N S B I R
6 d alt y 3 25 -2 15 -1 -05 0 05
assumptions and alternative log, ()

ossibiities exist!
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Plans for Transversity Extraction and

e'e” = C(Collins FF

from Belle

Transversity
& Tensor Charge

Enmnber 13t EIC Collaboration Meeting at LBL 24



Extraction of Quark Transversity Distributions

and Collins Fragmentation Functions SIDIS + e*e"

HERMES A3m{(##t9s) Fit includes:

HERMES SIDIS
Q12
b s
I HERMES 2002-2005
oo
< oo *
.% E aa:/ e /:_-.—1"6 —
< 202
a2
> o} % L=
< Q02 o — b S
Hh  an . —
E  ams ‘\
£ a0
"’<: -ml - \~\\ Anselmino, Boglione, D’Alesio,
mz . Kotzinian, Murgia, Prokudin, Turk
0 Q10203040505 02 04 05 03 1 02 04 05 08 1 and MeliS at TranSVGrSity 2008
- - Py (GeV) Ferrara. Previously:

Phys. Rev. D75:05032,2007

>
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Extraction of Quark Transversity Distributions

and Collins Fragmentation Functions SIDIS + e*e"
COMPASS A3 #rtost) Fit includes:

HERMES SIDIS

s | i + COMPASS SIDIS

" x° COMPASS 20032004

s a0

:;c: ol o® o!.‘. o esete ® A - *®

S k. \ .

8 o-as

< a1 : .

= o

o 0 / s

;:_n o." .o"-. “w - ° < ‘o.g ®

S =

3<= e Anselmino, Boglione, D’Alesio,
* ' Kotzinian, Murgia, Prokudin, Turk

and Melis at Transversity 2008,
Ferrara. Previously:
Phys. Rev. D75:05032,2007
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Extraction of Quark Transversity Distributions

and Collins Fragmentation Functions SIDIS + e*e"

|8

] -

[ 02<z,<03 [ 03<z <05
---.___.-- /
+ 'Pi--. -
L | . e
0.5<2,<07 0.7 <z, <1
>

" 02 04 08 08

Z,

02 04 08 08

Z,

Fit includes:

HERMES SIDIS
+ COMPASS SIDIS

+ Belle efe-

Anselmino, Boglione, D’Alesio,
Kotzinian, Murgia, Prokudin, Turk
and Melis at Transversity 2008,
Ferrara. Previously:

Phys. Rev. D75:05032,2007
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Extraction of Quark Transversity Distributions

and Collins Fragmentation Functions SIDIS + e*e"

Fit includes:
HERMES SIDIS
ol + COMPASS SIDIS
0 o
+
ol Oldfit ol Newi Belle e'e
L1 :" 01 . .
- transversity dist.
< 005 > 005}
X X
T 0 T O
a7 g
% Q1 % 01
I 0l x=01 Anselmino, Boglione, D’Alesio,
Kotzinian, Murgia, Prokudin, Turk
o 02 04 06 08 1 'M. 02 04 08 08 1 and Melis at Transversity 2008,
X kL(GOV) Ferrara. Previously:

Phys. Rev. D75:05032,2007
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Extraction of Quark Transversity Distributions

and Collins Fragmentation Functions SIDIS + e*e"

Fit includes:
r 1+ 2_ 2
08| New fit a' oal LT HERMES SIDIS
oo old fit i o8t + COMPASS SIDIS
0.4} z, 0.4}

+ -
1 / 0.2 + Belle ee

-> transversity dist.
+ Collins FF

-AMD, (z)2D,(z) AND,,(z)/2D, (2)

-A" Dylz, py)

Anselmino, Boglione, D’Alesio,
Kotzinian, Murgia, Prokudin, Turk
z p,(GeV) and Melis at Transversity 2008,
Ferrara. Previously:
Phys. Rev. D75:05032,2007
J
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Transversity vs. helicity

Prokudin et al. at Ferrara © Solid red line — transversity
0.5 distribution
0.4
X o3/ ATq(x)
S 02
J o0l this analysis at Q? = 2.4 GeV2.
=0 7 Gl e e — Sef i emne
0.1
o q(x) +Aq(x)
' 2

GRVO98LO + GRSVO8LO
© Dashed line — helicity

o2l distribution

Aq(x)

GRSVI98LO

||
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Transversity, comparison with models

. Prokudin et al. at Ferrara
New extraction is close to most models.

Q Barone, Calarco, Drago PLB 390

287 (97)

© Soffer et al. PRD 65 (02)

Q Korotkov et al. EPJC 18 (01)

© Schweitzer et al. PRD 64 (01)

© Wakamatsu, PLB B653 (07)

@ Pasquini et al., PRD 72 (05)

0.2 04 06 038 1 @ Cloet, Bentz and Thomas PLB 659
o )
“ @ This analysis.

||
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Tensor charges

Aru=059T014

—0.13"

A1d = —0.20

. —4— our result =

- o - o

- [ 2 o

- o S o

N o 4 o—

| [ |

0 05 1 15 -06 -04 02 0

A u A d

+0.05
—0.07

at Q2 = 0.8 GeV?

o

Q

Q

Q

Prokudin et al. at Ferrara

Quark-diquark model:
Cloet, Bentz and Thomas
PLB 659, 214 (2008), Q% = 0.4 GeV?

CQSM:

M. Wakamatsu, PLB B 653 (2007) 398

Q% = 0.3 GeV?

Lattice QCD:

M. Gockeler et al.,
Phys.Lett.B627:113-123,2005 , Q?
GeV?

QCD sum rules:

Han-xin He, Xiang-Dong Ji,

PRD 52:2960-2963,1995, Q2 ~ 1 GeV?
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Cross Checks with Different Target:

Proton-Target at COMPASS

Preliminary COMPASS Collins Asymmetries for
Proton Target vs predictions from Anselmino et al.

0~+§g. {E | rhgai® } ~'1' )

N
. \;\L\\ ]

_ § oo 5 \.Q\'\\“‘ COMPASS 20?7 proton data GOOd agreement Of
' ViR ; : i COMPASS proton data
’ . with preditions from

0.1F - I fit to HERMES, Belle
020wt ! : : ' ' and COMPASS-d!

10° 10" ) 0.5 7 05 1 15
X z P, (GeVic)
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Collins Extraction of Transversity: Model Dependence
from Transverse Momentum Dependences!

d(Ao)

o .
f dd)qu)hd k,0q(x; k +) H IJ,_q (z :PJ,) sin(Qg +¢ +¢; )sin(dg +9,)

A Collins _ q

d(Ao .
S ei b’k akn 57 Dl
% v é@o
% 0
%, 2P
Coge R
k. transverse quark momentum in nucleon Anselmino, Boglione, D'Alesio,

] ] Kotzinian, Murgia, Prokudin, Turk
pL transverse hadron momentum in fragmentation Phys. Rev. D75:05032,2007

The transverse momentum dependencies are unknown and
difficult to obtain experimentally!
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Measurements of Transversity with Transverse

Momentum Independent Functions !

plpl—®I+1+X
p'pt—® jet+ X
ep! —® A"+ X
' —® A+ X

ep! —®n +n" + X
pp'—®n +nt+ X

(PAX,FAIR) Drell Yan = req. polarized anti-protons
(RHIC) need to improve systematics on rel. luminosity
(SIDIS,EIC) need Lambda-FF - e*e

(RHIC, JPARC) need Lambda-FF - e*e

(SIDISat JLab-12 GeV, EIC) need IFF = e*e

(RHIC, JPARC) need IFF - e*e

E,n December 13 t
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First IFF Asymmetries in Hermes and COMPASS

D 0'07 o j . ¢0MP
2 o06F HERMES PRELIMINARYl 2002-2004 data all +/- pairs \J
2 0.05F ,/‘ — !
£ 0.04F g % il
E £0.03F | S )
"< o002} + H_Hiii* 1
0.01 | 2
0kE— __proton _t_e_l_r_gg_t_ _________________ - 7 «?/[‘,,Zl.,2
s a,
'0-01 } GO/T scalzle ulncell'talnty o /“];
s b b b ' 1 1
03040506070809 11.11.2 _' 0.5 TM.. [GeVic?]
o L GeV]
A. Bacchetta, M. Rad|C| hep-ph/0608037 modglogalculatlons
0.2 :
proton deuteron COMPASS kin
~ 0.5 HERMES kin E’ 0.015 |
5 +
3 S
‘:35. FIS
< <

0.4 0.6 0.8 1 1.2

M, (GeV) | | . |
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Projections for IFF Measurement at BELLE

IFF sensitivity projection from data

002 b 025mo4  04<m <055
[V S SRR et o * o SBY SRR . *
-0.02 B
I L 1 L I 1
9 0.02 0.55<m,<0.77 ~ 077<m12
0 E—A—-A——-f--——-ﬁ——————————t»---- E-A“A---t-~~~~-t~---~~-~--‘---~~-
-0.02 -
PP P U T | PRI B BRI
N
+ - + - + - h 122 0.5 1 1.5
e e ® (ﬂ: T )jetl(n ge )jeIZX :2e mass/GeV
A4 Hls (Zlaml)Hls (z,,m,)cos(¢, +¢,) Ll e e . it
- avg: U* IH 21
Artru and Collins, Z. Phys. C69, 277 (1996) -0.02 - ayg=0+1.41421
S SRR BPET T P I ey
Boer, Jakob, and Radici, PRD67, 094003 (2003) 05 11 15

mass/GeV
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Projections for IFF Measurement at BELLE

IFF sensitivity projection from data

™~

oy 0.02 - 025<m,<04 ~ 04<m<0.55
[V S SRR et o * A~ A=~k & *
-0.02 - -
| | | o | |
“g 0.02 0.55<m,<0.77 0.77<m,<12
(0 St G Sty * = A= A= e e SR
: -0.02 - .
axis PEPE [ENEPETSNE UEUENEPE) [N | PPN (ST I
l‘,2 0.02 - 12<m <2 0.5 1 1.5
IFF provides clean access to [ mass/GeV
transversity distributions and 0 Pt e I T
. . . o b avg=011 41 3.'('|
IS an interesting alternative -
-0.02 - avg=0+141421
channel for EIC ! PRI PP B B I

0.5 1 1.5

mass/éeV
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Summary

e EIC offers high luminosities and high center of mass energies
for the study of nucleon structure.

e Precision measurements with clean theoretical interpretation
will become possible:

Helicity decomposition, transverse spin decompostion,
Bjorken sumrule, tensor charge, precision tests of QCD
evlolution of g, and h,;.

e Significant effort and care will be needed to meet the experimental
and theoretical challenges: high luminosity + polarization, high
performance detector, precision polarimetery, tools for the clean
pdf extraction.
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