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@ Parton distributions

@ k, dependent parton distributions
@ Sivers function

@ Interpretation of the Sivers function

@ Semi-inclusive deep-inelastic scattering (SIDIS)
@ Extraction from HERMES data

@ Gauge-Link

@ Sivers asymmetry in Drell-Yan (DY)

@ Predictions for various experiments

® Summary and Outlook
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Parton distributions

Parton model

Model to describe the distribution of the nucleon’s
constituents (partons). Mathematical description via
guark-quark-correlator

&x) = [ G (P15 W (0.9 (€)|P)

collinear parton

model parton distributions

All partons move inthe | @ f(x) or g(x) , e.g. given by
same direction as the Tr(P~T)

nucleon @ g (x) helicity distribution

= no transverse
parton momentum

Q hi(x) transversity
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k, - dependent parton distributions

Parton model with k.

@ Partons can also move into transverse direction
(compared to the target motion)

@ = more parton distributions, depending on x and also
onk

@ Nucleon momentum:
P — (P+,P—,o)

@ Parton momentum:
ki — (kﬂk‘,kl)

@ By integration over the
transverse momentum one
gets back to the three forward

) @ e parton distributions.
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Quark-Quark correlator

Correlator

o1 (152) - [ L 5 (o o 0)w ()]

°f (O,f‘,ﬁ) ° A.“ : Gluon field
@ Light-cone gauge
@ W =Pexp (ig [darA,(x)) AT =0
g @ W = lin light-cone
gauge, but only if there
| iS no transverse
£ momentum
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Sivers function

@ introduced to explain the large Single-Spin
asymmetries in e.g. p'p — X @ FNAL (1990's)

@ Measurement of non-zero Sivers Asymmetry also in
SIDIS @ HERMES

9 (ST X pT) PN L

@ the Gauge-Link is necessary for the existence of the
Sivers effect (e.g. calculation of the Sivers effect in a
diquark model)

@ the Sivers effect is quantified in terms of the Sivers
function f;

@ Probability to find an unpolarized quark in a
transversely polarized target
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Sum Rules for Sivers function

Burkardt Sum rule
[M.Burkardt, Phys.Rev. D69 (2004) 091501]

3 /Oldx/dzlﬁﬁfﬁa (x.k2) =0

a=q,q,9

(k, ) vanishes when summed oder all partons.

Has been checked in model calculations.
[K. Goeke, S. Meissner, A. Metz, M. Schlegel, Phys.Lett.
B637 (2006) 241]
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Connection to GPD’s

Connectionto Eq(x,&,A)

[M.Burkardt, Phys.Lett. B 595 (2004) 245-249]

@ Transform Eq(x, &, A) to impact parameter space
Eq (X 5 bT )

@ rewrite Sivers function (from scalar diquark spectator
model)

@ From model calculations
Eq oc (1 —x)° = fit oc (1 —x)°

@ Newer calculations predict fit oc (1 —x)*
[S.J. Brodsky, F.Yuan, hep-ph/0610236]
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Connection to quark angular momentum

In the calculation of the Sivers function the same light-cone
wave functions enter as in the calculation of the anomalous
magnetic moment

[S.J. Brodsky, S. Gardner, hep-ph/0608219]

But the SSA matrix elements can only be related to those
contributing to x and are not identical

kp = 1.79
u- and d-quark Sivers
#in = —1.91 function should have
LU/P S 0 opposite sign!
KI/P <0
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Measuring the Sivers function

@ The Sivers function can be measured via a Single-Spin
asymmetry (SSA).

@ Assume a model for the Sivers function and fit
parameters

@ Semi-inclusive deep-inelastic scattering off a lepton on
a transversely polarized target

@ Drell-Yan with one transversely polarized nucleon

@ Can also be measured with hadronic final state
pr — jetl jetz X,jet H X
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Semi-inclusive deep-inelastic scattering (SIDIS)

Aur o< Sin(¢n + ¢s) hiHi +sin (¢u — ¢s) fir D1 +...

CollinsEffect SiversEffect

o = opartonic X Pdf x FF x Soft factor

HADRON PRODUCTION PLANE q I I / Q 2 q 2

@ ;- PP
2P .q ~ P-gq

LEPTON SCATTERING PLANE As|n(¢H (ZSS) o< f ( )Dl (Z)
Bundestinisterium uT fl (X) Dl ( )

filr Bildung
4
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Hermes data

ATOD(x) @ ATO®(x) ®)
005 —(j{k\ 1 :
A \\\\'\\\\\ : 0
ol E—— I
[ HERMES data ¢ | -0.05 7 HERMES data & |
005 |- best fit& 1-0 range &= _| L best fit& 1-0 range==> |
L L o b b b b
0 01 02 03 04 X 0 01 02 03 04 X
HERMES o w_e fit the f|r§t moment of the
Collaboration, Sll\(/le)rs f””Ct'O”ﬁ e . o
Phys.Rev.Lett. 94 fir () = [ dkr g fir (X kf)
(D) GAANIe @ kr-dependence is assumed to
be Gaussian

T
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Fit to HERMES data

Reduce number of parameters

o ff_—rvsrqvg — O
o Large - Nc = f7" = —f7% [Pobylitsa, hep-ph/0212027]

= only need to fit ;="

xfll_-r(l)u(x)

T = @ Ansatz for Sivers function
oot | xflLT(l) = AxB(1 —x)°
1 (also checked with (1 — x)%)
003 T e g e @ Gaussiank; and p;

L dependence

1
0 02 04 06 08 x

48" 'phys.Rev. D73 (2006) 014021
Sivers functions and its parametrizations



http://www.ruhr-uni-bochum.de
http://www.ruhr-uni-bochum.de
http:www.tp2.ruhr-uni-bochum.de
mailto:simonem@tp2.rub.de
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Py(A)0n Gev
——
HERMES data  *
Gauss model, our fit— —
0.6 — Gauss model, Ref.[33} - -~ _|
A
% |
R =
04 p------m T e |
——"
02 - i
0 | | ‘
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Determining the Gauss width
@ — 3 Parameters to fit from external conditions
@ p3,, ki, from HERMES Py, -data
p3, =0.16Gev? k2, = 0.33GeV?

@ use positivity constraint

Pulsl 2 K2 ) = k2 Kinp
i (GKD) <fa (X kT Kiv < —22 02
4+ N_unp (477
ek2 (fl(x))
Siv
0=  0<k2 <k2
< Kgiy < Kinp
@ k2, -range gives only 10% inaccuracy

@ choose average k2, = 0.15 GeV ?

SIV
P @ Bundesministeriur
fir Bildung
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Comparison to COMPASS data

COMPASS does not measure any significant Sivers
asymmetry!
5 COMPASS uses a
= oos Deuterium target

l = number of u- and
T 2% ‘% I d-quarks is equal.
5 ﬁ’{ %

Large-Nc Ansatz
implies this result
naturally, because

-0.05F

-0, [

X Llu 1,d
flT — _flT

@ Bundesministerium
fir Bildung
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Validity of Large-N ¢ Ansatz

AP0 @® AP0 ®)
0.05 -
o b
[ best fit —— _| [ best fit — |
-0.05 [ 1/N,- corrections ------ ] -0.05 [ /N~ corrections ----- |
nnnaflonnnlanaallnnnallonnn nonnflonnnlananllonnolonon
0 01 02 03 04 S 0 01 02 03 04 X
ASN®9) at compass (a) ASI@®(y) ar comPAss (b)
02 [T ‘H:l 0.2 [T
hadrons hadrons
estimate for /- corrections - =~ -~ estimate for 1/} corrections -
02 [Binamal 0 ool 0 oo nnod 02 Bl il

x El

0.01 0.1 0.01 0.1
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Comparison to other groups

hep[-ph/0511017]

Phys. Rev. D 71 074006 J.C.Collins, A.V.Efremov, K.Goeke,
S.Menzel, A.Metz, P.Schweitzer :
£ — Axb(1 — x)5 % e ()
(k%)
Phys. Rev. D 70 117504 M.Anselmino, M.Boglione, U.D’Alesio,
A.Kotzinian, FMurgia, A.Prokudin :
ANfy/p1 = 2Ng(X)fa/p(x)g (K2 ) 1 (K2)
by )(2a+ba)
Ng(x) = Nox?(L — x)% (Btier =
g (l?i) h (l?i) Gaussian or other function

Phys. Rev. D 72 054028 W.Vogelsang, F.Yuan:
= F .,
Fa() = 15072 = 3 fazk, [l (v i2)
p. of D{ is neglected

TR

Simone Arnold Sivers functions and its parametrizations



http://www.ruhr-uni-bochum.de
http://www.ruhr-uni-bochum.de
http:www.tp2.ruhr-uni-bochum.de
mailto:simonem@tp2.rub.de

Comparison to other groups

[hep-ph/0511017]

) xff:r(l)q(x)

T T T T T T
Anselminoetal. —— |

x 15512
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03 |- .. Ansiminoet al. %i
[ Collinsetal. ——-1 02k 5 (ogelsang et al. ------ 3
0B/ = d-quark ] T . ]
NN -quarl o1 b/ E
7/ NN ]
0 === 0% 2
N N ]
= -0.1 -
r Sl u-quark £ E
005 - 02 [ e
[T TT—T 1 HERMES x-range - FITT_T T 1 HERMES x-range k|
01l 1 ! ! - OB ! L E
0 0.2 0.4 0.6 0.8 X 0 0.2 0.6 0.8 X
”
@ all 3 describe the data equally well
: lud
@ all 3 describe only ;-
1T )
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Gauge-Link

@ ensures the color gauge-invariance of the quark
operator

@ generated by so-called final state interactions (FSI)

@ the scattered parton can exchange gluons with the
target remnant

@ also called Wilson line

V.

W = Pexp <ig /da”Aﬂ(a))
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Gauge-Link in SIDIS and in Drell-Yan

1 L+ | Gauge-Linkin SIDIS and in
DY run the other way round

st Collins, Phys. Lett B 536,43
supported by BMBF (2002)
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DY @PAX

ATO-%) 4, plp —I""X ar PAX

0.15 -

0.1

0.05

0 HERMES-x

- al a0z a3 04 -

- L P
-1 0 1 y
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DY @COMPASS

ATHO-99) T X ar cOMPASS

0.15 -

0.1 -

0.05
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DY @RHIC — antiquark

g can give significant contribution

PAX: Collision of protons and antiprotons

COMPASS: Callision of protons an 7~

= Sivers antiquark distributions hardly visible

RHIC: Proton-proton collisions _

sensitive to fllT’ijY (x1)f(x2) and f! (xl)fllT’f*DY (x2) on equal
footing

= Antiquarks should give significant contribution!

Models for Antiquark

distributions
1q _ AL
Q f1=25%f;"

L.q d
e @ L
P I flT’q f]l:l+ff

Measurement can give first
boundaries on q distributions

uuuuuuuuuuuuuuuuu
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Antiquarks at PAX and COMPASS

AO9) s X arpax APRO99) e rX ar compass
o1s [ ol T 015 [ s ‘

HERMESs
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DY@RHIC some Q = 4 GeV

J.C. Collins, A.V. Efremov, K. Goeke, M. Grosse Perdekamp,
S. Menzel, B. Meredith, A. Metz, P.Schweitzer
[Phys.Rev. D73 (2006) 094023]

AFT®-99 5 oo X at RHIC Q=4Gev A ™ inplp_ fI'x atRHIC Q=4Gev
[ Eaaanaa st
01 STAR + | 01 - STAR + |
i PHENIX = i PHENIX =
005 - . 005 4

0 0
L HERMES-X ] £ HERMES-X ]
-0.05 — 0.‘023:?5:0'3 0.4— -0.05 o,ms 0.4—
N T I P I S I P
3 -2 -1 0 1 2 3 Y 3 -2 -1 0 1 2 3 Y
V. v

.................
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DY@RHIC Q = 20 GeV

J.C. Collins, A.V. Efremov, K. Goeke, M. Grosse Perdekamp,
S. Menzel, B. Meredith, A. Metz, P.Schweitzer
[Phys.Rev. D73 (2006) 094023]

AFH®-9 iy oo X at RHIC Q=20GeV ABH® % inplp_ 11X at RHIC Q=20GeV
e e

01 - = 01 - -

005 - . 005 4

0 T 0
i HERMES-X ] L HERMES-X ]
-0.05 o023 0.1 02 03 04 — -0.05 | o023 0.1 02 03 04 —
Lnnnollannallannnllananllal | I P P
-2 -1 0 1 2y -2 =il 0 1 2y
V. v

.................
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Summary

@ Definition and descriptions of the Sivers function

@ Properties
@ Interpretation

@ Parameterizations of the Sivers function

@ Gauss-Ansatz and Large N¢

@ Comparison of different parameterizations
@ Future measurements of the Sivers function

@ Testing QCD (change of sign in SIDIS — DY)
@ Sivers antiquarks (RHIC)
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Outlook

@ Get more accurate data of Ayt
@ Decide which parameterization is right
@ Relax Large-N¢ ansatz
@ Future experimental data
o ASDIS:
@ COMPASS (proton target)
@ HERMES (weighted data, more statistics)
@ hadronic final states
@ RHIC (p'p — jetijetrX; jetHX; etc.)
@ RHIC (p'p)
o ADY:
@ PAX (p'p)
@ COMPASS (p'77)
@ RHIC (p'p, Antiquarks)
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