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Spin Budget of the Proton

Naive Quark-Parton Model: HERA

-. Aqu = % Aqd = —% -.
AY = Aqy +Aqq +Ags =1 —
Relat. Quark-Parton Model: at:

® OQuarkspin: AX ~ 0.6 Since:
EMC [PLB206(1988)364]: —

\Y) = 0.060 + 0.047 + 0.069 at:
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Proton spin budget:

collider results:

Gluons are important ® | J=1=U%)+J% @)
Measure AG! ®» G =AG+LC
COMPASS, HERMES, RHIC 8 JQ = LAY + L@

Agy = Agye + Ag3*® Q. Quark orb. ang. mom.

Measure J : DVCS!

Measure quf“! —

HERMES, polar. RHIC at: HERMES, JLAB
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DIS. Kinematics, Cross Sections, Asymmetry

Unpolarized cross section:

Cross section (helicity) difference:

Double-spin asymmetry: A =

Measured asymmetry: A = 755
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Virtual-photon kinematics:
QQ _ _q2 y — F — Ev/

Fraction of nucleon momentum

2
carried by struck quark: xr = 2?\2@

fraction of virtual-photon energy
carried by produced hadron h: z = %

Hadron transverse momentum: P |

—

oyr = 3(05 +07)

or; = %(ag — 0;)

OLL g1 : - -
—== ~ <= (neglecting small g», contributio
UL F ( g g g2
= =
1 (3 =(F)
< =
() 7+
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DI S Structure Functionsin Quar k-Parton M ode

1 il 0
h, h, U g q
Spin-1 Nucleon Spin-1 Deuteron

1 — «— 1 1 — —
FP™ =53 r€% (qf +qf):22f€?qf Ffl =33 €} (qf + 4y +q0)

A" =35 (a7 a5 ) = 3T fAy of =351} (a7 —ar)
1 — —

b =33 €} (2‘1? (a7 + g5 )

» g, measures a certain combination of quark + anti-quark

helicity distributions Agy = Agj* + Agie
= No new ¢; data published by HeErmEs Or Compass during last 12 months
® 1Y measures nuclear effects that make the deuteron

look different from Just the most simple proton-neutron system
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Tensor Asymmetry in DIS on Deuteron

2 2
d”Omeas . d”Tunpol

drdQ?  dxdQ?

1
1 — PZPBDAI + §PZZAZZ

SRS SR T
® Oyppol =0 +0'F+o vector term | tensor term
+ .~ 5.0
® P,=n +ﬂf@ _ﬁ};}) o'l | +|P,- Pg] +PY
O'Tl _|PZPB| +Pz()z
ol <0.01 _2Pz0z
AZZ — 0 ‘PZ 'PB‘ 20.45i0.04
3O-unpolpzz

PY =0.83+£0.03

Tensor structure function b; from tensor asymmetry A,,:

d_ 3 4d 1d d _ 1+Q*/v*)FY
bl — _§AzzF1 Fl — 2z(1+R) 2
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Tensor Structure Function b (x)

o1k < HERMES result [PRL95 (2005) 242001]
0.1} Theory work < 1997:
0.05¢ + b # binding&Fermi motion effects at x > 0.2
0:_ ..................................... e ... o ... ot
oosp—————=—————| Theory > 1997: Double scattering
0.002] + + t » diffr.nucl.shadowing+pion excess mech.
o S S Nikolaev et al., PLB 398, 245 (1997)
0002} b # coherent double scattering
vopa] T - Edelmann et al., PRC 57, 3392 (1998)
Lk . o o °*° » double scattering through VMD
T Bora & Jaffe, PRD 57, 6906 (1998)
10 107 1

— observe significant enhancement of by at small xg:
> Close-Kumano sum rule [ dx b;(x,Q?) = 0 violated ??
> Interpretable as tensor polarization of the quark sea ?
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Sea Quark Flavor Asymmetry

_________________ | [ (PP B e e

i —- BBO1LO

- G -~ GRSV 2000
O — LO val

.o N

R P - IR e S
[ x[As f +

0.03 0.1 0.6

X
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< HerRMEs:. 5-parameter flavor separation

[PRD 71(2005) 012003]: semi-inclusive pion
& kaon and inclusive asymmetries:

> €3 Aqp (@) D) (2)
XS Fu @D

with D% (z): Fragmentation function

Al(x, 2)

®» HerwmEes: Sea quark flavor asymmetry:

095323(Aqu(:v) — Agqq(z)) dz = 0.05 4+ 0.06 £ 0.03
[PRL 92 (2004) 012005]

0.2 —
C X(Au-Ad)
0.15

F Q?=2.5GeV?
0.LF | [
0.05 ---------- J

O F=——=———9%—; | ._._._I..__.._ -----
-0.05 [ ‘;
0.1 | -] xQSM
F -— meson cloud
-0.15 |

-0.2 C 1 1 1 | 1 1 1
0.03 0.1 0.6

X
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Spin Contribution of Strange Quarks

HeErMES ‘Isoscalar’ extraction method uses only deuterium data:
® K&K~ multiplicities, inclusive asymmetry A<, kaon asymmetries AX" | AKX~
= Fit parameters:AS(x) = gs(z) + ¢s(z); AQ(z) = qu(x) + qu(x) + qa(z) + Ga(x)
0 AS(x) da = 0.006 4 0.029 4 0.007  [preliminary 2005]

= small AG? (suggested:gluon splitting into strange sea through axial anomaly)

® Note: uncertainties very sensitive to fragmentation function input

% 2 I HERMES PRELIMINARY S(x)=s(x)+S(x) % 0.2 | HERMES PRELIMINARY Q(X)=u(x)+u(x)+d(x)+d(X)
X 1f Sl ¢
) : o I
< ot Joa1f '
: f ¢
-1 C i +
L 0 L ?,,,,,’ ,,,,, +, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2 F I
L PR | -1 " " " " " " " " " " PR | _l "
10 10
XB]. XBj
D)Q’ | HERMES PRELIMINARY 8 0.2 | HERMES PRELIMINARY
x L + + =
) . g 01 ++
s ¢t +
-0.1 C — 0 [T ST
1 PR l n
10 10
XBj XBj
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Next-to-leading Order QCD Fits

Typical (and most recent) results by AAC [hep-ph/0603213]: NLO in o, M .S scheme

0.5 2

2 _ 2 — DIS+1° (type 1) : .
0a] QTT1GEV A B DIS (AACO3) -, |Assumptions:

» Flavor-symmetric Aggeq

XAG(X) -/ | ® Integrals of Agi* and Agy* fixed
ooor  oor o1 . by weak decay constants F' and D

Input experimental data:

-0.014

d
002 o A]f from Compass,JLAB,HERMES
— DI+ (type 1) 0.03] B 0
- DIS(AACKS) XAQ(X) ® AT . from PHENIX
-0.2 T T -0.04 T T LL
0.001 0.01 0.1 1 0.001 0.01 0.1 1
X X

Results at Q2 =1 GeV?: AY = 0.25+0.10
AG =0.47+ 1.08 (DIS alone); AG = 0.31 + 0.32 (DIS+PHENIX)

NOTE: From g} : AXS" _ | ~ 0.35+0.03, while AX]” _,, ~ —0.13+0.11 s
obtained for low-x 'extrapolation’ (due to stiff shape of PDF parameterizations)

ALSO: low-x data urgently needed to constrain gl’d (E-RHIC,ELIC)
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Deter mination of Gluon Contribution to Nucleon Spin

® Process: High-p; hadron pairs in quasi-real photoprod.: (Q?) ~ 0.1 GeV?

» Sensitivity through ~v*¢ ‘direct’ hard scattering or ‘resolved-photon’ process

left graphs: direct processes; right graphs: resolved-photon processes [Compass analysis]

® Extraction heavily relies on
PyTHiA Simulation (LO only !)

PGF

o

~_ = vg-qd| |
—~79-qg |

QCDC |=7va-d]
qq—aqq’ i |7
ag—dg
g9—gg
low P, L
Leading =

Other processes:

70
-0
—-€0

e

® Hard scale 2 ~ 3 GeV?
only ‘loosely’ correlated
with z, ((x,) ~ 0.1)

® Cowmprass: Open-charm production (v*g — cc)

» HerwMmes: Quasi-real photoproduction of single high-p; hadrons
® RHic: Apy, ininclusive direct v & 7° production, inclusive jet production
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Results on Gluon Distribution 22 (x,)

Most precise result from high-p; hadron pairs || COMPASS U

- ———
1 Q% <1GeV? ({(x,) ~ 0.085):

% — 0.016 + 0-058stat + 0055syst
[PLB 612,154 (2005)]

O  sMC Q>1 GeV?
® COMPASS, Q’<1 GeV?
A HERMES, all Q?

TYT[TIT[TIT[TTT[TT]
||||||}\|l

e mind 02 > 1 GeV? ((wg) == 0.13) [prel.]:

OF i | 1 22 =0.06 £ 0.315q¢ £ 0.065ys¢
0.2 |- — GRsV2000 i
' [~ AACO3 T :
-0.4 |-~ LSS05. L 1 Open charm ((z,) ~ 0.15) [prel.]:
1072 10™

X4 % = —0.57 = 0.31 544+

® Results of other experiments:

»

Hermes high-p; hadron pairs (all @2, (x,) ~ 0.17) [PRL84 (2000) 2584]
24 — 0.41 +0.184ar + 0.03cap—syst

PHENIX: Presently only confidence limits for different % assumptions
[PANICOS5 talk]
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Thethird twist-2 PDF: Transversity

%<> 2"’ ‘“‘% }

Optical theorem:/! P

qr(x) = q7(x)+q5(z) ~Im(Ap oy + A4 0)
Age(w) = g7 (@) —qf (@) ~Im(Apq g — Ao o)
dqr(x)  alias hl(x) ~Im Ay _4

Positivity limit & Soffer bound:
0gy(2)| < gqr(x)

dqy(2)] < 5 (a7 (x) + Agy())
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How to Measure Transversity?

® Hard interactions conserve chirality

< In DIS:chirality-flip diagram suppressed by quark mass

® The transversity distribution function is chiral-odd
=- not accessible in DIS!

Semi-inclusive DIS: ‘ oeH—ehk o D q pH—=d g gea—ed g Fa—h I

where D denotes a distribution function and F a fragmentation function
(Factorization not yet proven for transv.-mom.-dependent subleading 1/Q terms)

Need another chiral-odd object: Collins fragmentation function Hy

$ also ‘T-odd’ (=odd under naive time reversal)
® represents interference of 2 amplitudes with different imaginary parts
= H{ can generate a single-spin asymmetry
NOTE: SIDIS alone can not independently determine 6¢ and Hy (only shapes!)

® Collins function from BeLLE eTe™ data: 1st result ! [hep-ex/0507063, acc. by PRL]
® Drell-Yan can yield transversity: upgraded RHic, Pax? (only large x, 2012 ?)
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SIDIS:. Two contrasting T-odd Phenomena

A single-spin asymmetry can arise from some (naive) T-odd mechanism
With transverse target polarization two mechanisms become distinguishable

Transversity + T-odd Collins FF

® Transversity: polarizations of quark
and nucleon correlated

® Photoabsorption flips quark
polarization component in lepton
scattering plane

® Quark polarization correlates with

fragmentation k — Py, |
l.e. hadron

production plane

— Single Target
Spin Asymmetry
oX Sin (qb —+ gbs)

Wolf-Dieter Nowak (DESY)

T-odd Sivers distrib. function f;--

pr Of UNpolarized struck quark
correlated with target polariz.

pr Survives fragmentation,
Inherited by hadron Py, |

Orientation of lepton scattering
plane is irrelevant

= Single Target
Spin Asymmetry
x sin (¢ — ¢s)
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Extraction of Sivers & Collins Azimuthal Moments

Study azimuthal distributions of hadrons in: e* p! — et 7t + X
unpol. beam (U), transv. pol. target (T)

L N(¢,¢s) = N7 (9, ¢s)
A€ 7 —
ur (9, ¢s) (ST) ij(q57 bs) + N#(% ¢s)

~ Sin(gb — ¢S) Z 63 I:wSiv(pTa PhJ_)fl_Lj;qCCaprF) Dg(’% k%)}
q

+ Sin(Cb + ¢S) Z 63 1 wC’OZZ(kTv PhL)h(iT(xvp%) HlJ_jq(Zv k%)} + .

[...] : convol. integral over initialq(pT) and final (k) quark transverse momenta

= can NOT DIRECTLY extract transverse-momentum-dependent functions !

= Determine (simultaneously) Sivers and Collins convolution integrals by a fit:

14 14

A1, 65) = 2{ sin(6—5)),_sin(6 — 6,) + 2{ sin(o+6s) ), . sin(6 + bs)

NOTE: asymmetry weighting by P}, /(zM}) makes convolution integral
calculable (involves acceptance dependence)
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2 Bin(e-og)Jr

2 Bin(e-¢g)Ir

VM fraction

0.12

0.1 f
0.08
0.06
0.04

0.02 |

0.06 |
0.04 |

0.02 [
-0.02 |

-0.04

-0.06

0.15 F

0.1

0.05

Resultson Sivers M omentsfrom 2002-2004 data
2<sin (p—as) > ~ 2<s1n (p— gb5)> X =) e; {wsw fT’ (z,p3) DI(2)

-HERMES PRELIMINARY 2002-2004

[6.6% scale uncertainty
[ comparison with model in PRD72, 094007 (2005)

s e Tt i T T T E'|—|_'|_;—|
0.1 0.2 0.30.2 03 04 05 0.6 0.2 04 06 08 1
X z P [GeV]
T F A F PYTHA
mTl C - modifieq by HERMES
ATL C
| |
=A L A A N
|| C ] [ A &
L A - A I | |
S, Fa FatE,
[ | L
|||||...||...‘.l.‘l...l...l...l...l..'...l...l...l...l...l.
0.1 0.2 0.30.2 03 04 05 0.6 0.2 04 06 08 1

X z P [GeV]
Wolf-Dieter Nowak (DESY)

< 1st measurement: HerMESs (proton target
® 1 positive; 7 consistent with zero
< well described by phenomenol. model

» first unambigous evidence for a non-zerc
T-odd distribution fct. in DIS !

= a signature for quark orbital angular
momentum

® f-" negative (using Trento convention)

=- consistent with Burkhardt's picture of
‘Chromodynamic lensing’ !

® Cowprass: ‘zero’ results (deuteron target!)

< NOTE: Contamination (2-16%) by decay
of exclusively produced vector mesons
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Resultson Collins M omentsfrom 2002-2004 data

2<sm(gb—|—q§5)> > 2<Sln qb—|-§/5s)> X Zq €q {w(}oll h1T(337PT) Hf’q(z,k%:

% LB "HERMES PRELIVINARY 2002-2004| # [POS. HERMES 7t results — no surprise:
& ool oo oo uncergt] u-quark domin. and g > 0 as Ag > 0
o + | ‘ ®» negative HeErMEs 7~ results were a
= + 1 I surprise — now understood to require
o disfavored Collins function be large and
002 ¢ A opposite in sign (Artru fragm. model)

ro1o o T T T
0.02 |

-0.02 |

2 Bin(@+ey)Gr

fffffffffffffff ‘ < grey bands: predictions [hep-ph/0603054]

: 1 of chiral quark soliton model:
-0.04 | A
2N [ > X-dependence: mean Collins function
; ] fitted and found to be x-independent
s —-——_ > z-dependence: Collins fct. extracted
02 0% 80 80 from BELLE e e~ data [hep-ex/0507063]
S osp Y " Ehelied ees | @ ComPAss: ‘zero’ results (on deuteron!)
@© L [ m [
= 01, - - R .
S e, L . fama, = HERMES, CompAass and BeLLE compatible
g I....=.I...‘.I.:I...I...I...I...I..;...I...I...I...I.:I.
0 01 02 0302 03 04 05 06 02040608 1 @ COMPASS will take proton data In 2006
X 4 PhD [GeV]
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Deeply Virtual Compton Scattering

Y Y
p’ P p’ P p’
. - (b> .
Same final state in DVCS and Bethe-Heltler = Interference!
da(eN — eny) X |TBH‘2 —+ ‘Tpvcs‘Q _|_,\TBH75VCS -+ TEHTDVCg

~

7
Ty Is calculable in QED and parameterized in terms of
Dirac and Pauli Form Factors i, Fy

Tpvcog 1S parameterized in terms of Compton form factors
H., E,H, E (which are convolutions of resp. GPDs H, |, H, E)

(Certain Parts of) interference term 7 can be filtered out by
forming certain cross section differences (or asymmetries)

— GPDs . I, I, I indirectly accessible via interference term 7
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Azimuthal Asymmetriesin DVCS

DVCS—Bethe-Heitler Interference term 7
Induces azimuthal asymmetries in cross-section:

o

Beam-charge asymmetry Ax(¢) [BCA] :
do(et,¢) —do(e™,¢) < Re[F1H] - cos ¢

Beam-spin asymmetry Ay (¢) [BSA] :
da(?, ¢) — dO’(Z, ¢) o< Im|F1H]| - sin ¢

=
\@
z

Long. target-spin asymmetry Ay (o) :
do(P, ) — do(P, d) o Im[FyH] - sin ¢ [LTSA]

Transverse target-spin asymmetry Ayr(o, ¢s) [TTSA]:

do(p, ¢s) — do(¢, s + ) o< Im[FyH — [1E] - sin (¢ — ¢g) cos ¢
+ Im[FoH — F1EE] - cos (¢ — ¢pg) sin @
(Fy, Fy are the Dirac and Pauli elastic nucleon form factors)
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First Data on Beam-charge Asymmetry

o (¢)—do~
Ac(¢) = St o ImFYH - cos ¢ + ..

= extract ‘amplitudes’ by fitting in every ¢-bin
Ac(9) = const. + AS®? cos ¢ + AL ?? cos 2¢ + AL cos 3¢

® First measurement by Hermes (unpolar. proton target) [hep-ex/0605108, subm. to PRL]:

(@) 0.2 - 8‘ :' T rTrr T T T T T ':
of 01F + + .
o1f ol = + ;
02 _ i TI | | | | |
|9l (rad) M, (GeV)
® use symmetrization (¢ — |¢|) to get rid of sinusoidal terms
9 A‘(}Ow = 0.060 4 0.027, other contributions insignificant (dashed = pure cos ¢)
® asymmetry only in exclusive and ‘associate’ M x region (— resol. smearing)
® preliminary deuteron data (not shown) completely consistent
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0.2

-0.2

First Conclusion on GPD Models ?

BCA t-dependence can distinguish different GPD model versions:

[ e p/d - e"yX (M<1.7GeV)
L (in HERMES acceptance)

[ e proton
. = deuteron (prelim'+nary)

- Regge, D-term
Regge, no D-term

_______________ .* fac., D-term
i fac., no D-term

0 01 02 03 04 05 06 07 08

-t (GeVZ)

| @

9

1 ®

©

A*?: elastic + associated production

d-data: contributions per ¢-bin

of associated production: 5,11,18,29%
= highest ¢-bin mostly affected

GPD H dominates, H and E suppressed
[Goeke,Polyakov,Vanderhaeghen,PPNP 47(2001)401]

Curves (code [Vanderhaeghen,Guichon,Guidal])
calculated for 4 different parameter sets

BCA insensitive to profile fct. parameters

®» HerMmes HErRA-1 data disfavor Regge-inspired ¢-dependence with D-term

® 5 times more precise BCA data on HeErmes disk from HerA-II

(this data may benefit from recoil detector, presently being commissioned)

® Further BCA data only in far future (Compass> 2010 ?, JLaB> 2015 ?7?7?)

Wolf-Dieter Nowak (DESY)
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L ongitudinal Target-spin Asymmetry

App (@) = i - L (0=do"(0) 1\ I P H 4+ E(Fy + Fo)H + ...} sin ¢

(PLl)  do=(¢)+do=(o)

= extract ‘amplitudes’ fitting per ¢-bin Ay (¢) = ¢+ AS Ul ?sin ¢ + Asm °? gin 26
| L s
e 04l (in HERMES acceptance) ] ' = CLAS
02[- - . ’ + A=s+gsngtssnzp 03 | e +
<5 :,;T.i ------------------------------------------------------------ | 02 * * 0.2 , }
N o L] %\ | )F* o-l/%‘ %%
0.2 e T\’+/ + W o %
0a I | T omemy [
i w o4l s, -0.113+0.034 (stat) ]
L ——————— —_— : <—t>‘=0.12Ge‘V2, <xB>To.10, <c€2>=2.5(3‘ev2 ] —0-2; e ]
08 "5 "[00 150 200 250 300 350 e R T R 001 02 05 04 o5 06 07
0 Degree ¢ [rad] -t [GeV?]
® I1st published measurement: CLAS 2000-01 proton data [hep-ex/0605012]
» May 2005 prel. HErMES results (1996-2000 proton and deuteron data)
® both data sets have similar statistics and show expected sin ¢ behaviour
® HerMmEes can approach lower t-values
® CLAS vs GPD model [PRD60,094017(1999)]: large contribution from GPD H !
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ASIN(@95)cos(@)

cos(@¢)sin(@)

uTt

Transverse Target-spin Asymmetry: Sensitivity to J,,

_I T T T T I T I__ T T T I T T T 1T T T T T I T T T T I_
ES I . . I ]
LIMINARY I ep'oe'yx 1 3

uT

3 E
o + 1T fa v e Aur(9,¢3) = 7575
o2t +++ ------- bl phete do(¢,¢s)—do(¢.ps+m) _
do($.05)+do(¢.pstm) —
e e e [ P
0.2 —+ -+ —— + % __ + + ) _ Asin (p—¢s)cos¢ sin (¢ — ¢g) cos ¢
0 :—-‘+'- o - R oo —:—-++'““ AL oo - UC:,;S (p—g) sin ¢ _
o2f i 1 1 HAypT T Tecos (¢ - ¢s)sing
0.4F + E ool
-0.6 — I —— I —— I (hep—ph/0I506264)—:

0 0.25 0.5 0O 01 02 03 0 25 5 7.5 10
-t (GeV?) Xg Q? (GeV?)

® First Ay measurement by Herves (U:unpolar. beam, T:transv. pol. target)
(twice more HerMEs statistics on disk)
® JLaB: transv. target > 2008 ?, Compass: plans for 2010

® GPD E can be modeled in forward limit by e(x) = Agyaqi(x) + Bd(x)
acc. to YQSM model [Prog.Part.Nucl.Phys.47(2001)401]

& ATN(979s)cs? gansitive to JJ,, not to the other parameters [hep-ph/0506264]
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M odel-dependent Constraint on J,, vsJgq

Unbinned maximum likelihood fit to A5 \%~%<) 5 at average kinematics

(fitting prel. HErmEs data against VGG-model based calculations), leaving
J, and J; as free parameters = model-dependent 1-o constraint on J, vs. Jy:

>

= 1L HERMES 2002-04 Preliminary e p” - ety X (M<1.7 GeV)
B A PRI 149 + 0.058(stat) + 0.033(syst)
- <t>=0.12 GeV?, <x>=0.095, <Q°> = 2.5 GeV?
0.8 GPD Model: LO/Regge/D-term=0
L [Goeke et al., Prog.Part.Nucl.Phys.47(2001),401]
- Code: VGG [vanderhaeghen et al., priv. comm.]
0.6 “*, /5 o V66
L A 0
.27
0.4] S
A= for/ ¢
i l 7006 (bVG%
L Vs
B [1,00])
02 N . val 2 2
- Il Lattice QCDSF J ™ (u°= 4GeV )
i stat. uncertainty only [PRL92(2004),042002]
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 1 | 1 1 1 | 1 1 1

-1 -0.8 -06 -04 -0.2 -0 0.2 0.4 0.6 0.8 3 1
d

® Quenched lattice calculation done with pion masses 1070, 870, and 640 MeV,
and then extrapolated linearly in m2 to the physical value

® Uncertainties on VGG model parameters shown as separate uncertainty (£0.06)
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Summary and Outlook

Improvement over last 4 years:

$» Spin-independent & helicity PDFs

Ag
®» COMPASS. —

® HERMES: Aqy, Aqy, Ags
& JLae: Ag,,Agy atlarge x
= more. CoMPASS,HERMES,RHIC

® Transversity & TMD-PDFs:
® HERMES: Sivers function
® BELLE: Collins (fragm.) function

— more: BELLE,COMPASS,HERMES

transversity, Sivers & Boer-Mulders fct., ...

®» GPDs:
finishing pioneering phase ...

WDN/AH - Oct. 2002

I well known

mE known — much more to come:

1 measured with large uncertainties
] to be measured in next years

— fulre measuiemens HERMES,JLAB,COMPASS,JLAB-12 GeV
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