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Polarized SIDIS Sivers Effect Experimental situation The model

Polarized SIDIS and Sivers effect

Cross section of polarized SIDIS

Ao X =37 (ke @) @ do ' @ Dfy (2,51, Q?)
q

where f, 1 is the parton q distribution function, DST is the

fragmentation function of parton q into a hadron h.
An asymmetry is defined as
A= dof"—dot

~ dof+do? )
Let us consider a particular case of
azimuthal modulations in parton
density distribution, the so called

Sivers effect.
D. Sivers, Phys. Rev. D41 (1990) 83; Phys. Rev.
D43 (1991) 261
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Polarized SIDIS Sivers Effect Experimental situation The model

SIVERS EFFECT

Intrinsic transverse momentum k| of partons inside the proton
plays crucial role in Sivers effect. Unpolarized quark distributions
inside a transversely polarized proton may be written as

A A

1
fq/pT(X,kL) = fq/p(X7kL)+EAqu/pT(X,kL)ST'(PXkL)

ki| .
= ol = £ k) B ingio— g5)

where Aqu/pT (x, k1) is the so called Sivers function which must
comply with the following positivity bound

Aqu/pT (Xv kL)

<1
2fq/p(Xy kL)
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SIVERS EFFECT

Intrinsic transverse momentum k| of partons inside the proton
plays crucial role in Sivers effect. Unpolarized quark distributions
inside a transversely polarized proton may be written as

A A

1
fq/pT(X,kL) = fq/p(X7kL)+EAqu/pT(X,kL)ST'(PXkL)

ki| .
= ol = £ k) B ingio— g5)

sin(énh—o¢s)

The arising SSA has the following form A7 =

| N : dsta=ta 7, _
Zﬁd{ﬁbh@SkL}A fq/pt (X, ki) sin(p — ¢5)d7QgJ;th(Za p.)sin(¢n — ¢s)
q

da.fq*%q

21 don d?k, fy(x, k) —

V4
JDLI;(ZapL)
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Polarized SIDIS

Sivers Effect Experimental situation

The model

We take into account dependence of parton distribution functions and
fragmentation functions on intrinsic transverse momenta k; and p :

K2
fo(x, k2) = fo(x)—5e “1),
q 1 q 7T<ki>
G 5 q 1 -
Dh(z,pJ_) = Dh(z)ﬂ'(pi>6 bt )

the unpolarised cross section becomes dependent on (p?) and (k7).

g ePehX 2 VvI=y(2—y)(k)zPr
dxdydzPrdPrden i @=yrl=4 ((p7) + 22(k2 >)Q cos(én)} -
90q(0) e T 00/,
2

where (P2) = (p?) + z2(K?)
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Polarized SIDIS Sivers Effect Experimental situation The model

We take into account dependence of parton distribution functions and
fragmentation functions on intrinsic transverse momenta k; and p :

L A
fa(x, k3) = fy(x)—5e “D
q(X7 J_) q(X)W<ki>e )
2 1 -
Dji(z,p1) = Dj(2) e Vi),

the unpolarised cross section becomes dependent on (p?) and (k7).
Using unpolarised SIDIS data on cos(¢y,) (Cahn effect) and P27 dependence
we obtain the values

(k%) = 0.25 GeV?,
(p?) = 0.2 GeV?
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Polarized SIDIS Sivers Effect Experimental situation The model

We take into account dependence of parton distribution functions and
fragmentation functions on intrinsic transverse momenta k; and p :

1 2L
fo(x, k2) = fo(x)—5e “1),
q L q 7T<ki>
2
Di(z. %) = DY(5)— e
RO TR a(p?) ’

the unpolarised cross section becomes dependent on (p? ) and (k7).

Z . LI
H g
3 E 01<2z<02 02<2z<04 04<z<1
3 X > 0.1 X >0.2 2 : : :
s r S
Z @
- s
8 ©
= T w .
<& w .
3 8 R .
'
3 | | I I I I I
o 2 4 6 2 4 6 2
0, (radians) 0y (radians) P, (GeV) P, (GeV) P, (GeV)
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Polarized SIDIS Sivers Effect Experimental situation The model

. sin
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Polarized SIDIS Sivers Effect Experimental situation The model

Experimental situation []

COMPASS Collaboration. Deuteron target. E, = 160 GeV.

Sivers & Collins Moments

E"-Z*au hadrons I leading hadrons I leading hadrons [ leading hadrons
<
Ig.élﬁaéflﬂ] bi ﬂéé&‘réi[ §1.<5} % ﬁ% g B
L i ﬁl!’x‘YT‘fTﬂ g“%f e T §
041 o - L
0.2 o . L o " L L o L L
<c%"-Z’au hadrons leading hadrons [ leading hadrons [ leading hadrons
0.1} o ‘L - s
0 i@%mé%%ﬂgv } %{?%%}}m I P )i}% ® é{} gj i{%é}%iw ﬂ;
e T?% 5% ety B KR
0.2, 1 n C 1 1 - 1 1 1 - 1 1 1 1
102 10" N 102 10" . 0.4 0.6 0.8 z1 05 1 p!;-L?GeV/c]z

positive (full points) and negative (open points) hadrons

COMPASS Collaboration, Phys. Rev. Lett. 94 (2005) 202002
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Polarized SIDIS Sivers Effect Experimental situation The model

The model for the Sivers function

Let us use the following form for the Sivers functions:
A f/pT(X kL) Nq(X)h(kL)fq/p(X, kL) s
Where f,,(x) is parton q distribution function,

by (g + b g) Babe)
aq bbq

)

Nq(x) = Ngx*(1 = x)

2k | Mo

k
h(k.) = \/%ﬁ e kLM o h(k,) = PR

where Ng, a4, bg and My (GeV/c) are parameters and g = u, d.
For the sea quark contributions we assume:

ANf i (x k) =0
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Polarized SIDIS Sivers Effect Experimental situation The model

The model for the Sivers function

Let us use the following form for the Sivers functions:
ANE (%, ki) = Ng(x) (kL) p(x, ki)

Where f,/,(x) is parton q distribution function,

q
b..)(aq+bq)
Nq(x) = Noxia(1 — x)to o LD
ag’ by’
q Pq
kL _k2 M2 2klM0
h(k, ) =V2e— 1/ hlk )= ————
(k1) Vi or hlk.) K+ M2

where Ng, a4, bg and My (GeV/c) are parameters and g = u, d.
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Results Parameters Description of HERMES data Description of CO

AZ"T(QS”_%) approximate result
o Ao
AS'”(¢h #s) P ~ S1V
uT (XBa Zh, T) %o )
2ma? 5 h 5
AO’SiV(XB?y’Zh? PT) = )@yzs Z eq 2'/\/-‘7()@) fq(%s) Dq(zh) [1 + (]‘ - .y) :|
q
De (k2 )? P2
.thTi\//ie\< 1) exp <—/T\>,
M(P7)2 (k1) (PT)

2ra?
00(%6, ¥, zn, PT) = 20 ——5~ Z eg fa(>6) Dg(zh) [1 +(1- y)z}
q

XBY°S
P2 )
exXp | — )
( (P%)

- (P%)

where
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Results Parameters Description of HERMES data Description of CO

ASf”(¢h—¢s)

UT approximate result
sin(¢p— Ao'siv
AUT(¢h ?9) (3, 2, PT) = ol
2ra?
Aoy (%6, Y, zn, PT) = % y%s Z €2 2Nq(%6) fa(6) D(zn) [1 + (1 — y)?]
q
V2e(K?)?2 P2
.z,,PTi/e\< 1) exp <—/T\>,
M(P%)2(k?) (P7)
21a?
oo(>s, y,zn, PT) = 2wm Z eg fq(s) Dg(zh) [1 +(1- y)z}
q
e ()
- ——5exp | — :
m(P%) (P7)
Aﬂ']r(¢h_®5) o« z,Pt and Aiij'f,g(b”_%) = 0 when z, = 0 or P+ = 0.
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Results Parameters Description of HERMES data Description of CO

Sin((ﬁh—és)

Description of A7

N, = 033+0.13 Ny = —1.00£0.11
a, = 028+0.34 ag = 1.19+0.46
b, = 0.46+2.71 by = 3.99 +4.14
M3 = 0.32+0.26 (GeV/c)? | x?/d.o.f. = 1.08

Table: Best values of the parameters of the Sivers functions.

Sivers functions are better constrained by current data on
ASi"(¢h*¢S)

uT -
It is interesting to compare the Sivers functions obtained here, with

those obtained by fitting the SSA observed by the E704
Collaboration in p! p — 7 X processes:

N, = 0.4,3, = 3.0, b, = 0.6
Ny = —1.0,a4 = 3.0, by = 0.5
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Results Parameters Description of HERMES data Description of CO

Comparison of Sivers functions

K
AN () = / Pk g AN, (0, k1) = 5D
mp

X wp The x-dependence of the first
gs k|, moment of the extracted
4 [ . .
< o Sivers functions for u and d
. quarks are shown
005 —
005 =
X
::’ 0
%_v
Zq 005 —
X
01—
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Results Parameters Description of HERMES data Description of CO

Comparison of Sivers functions

K
AN () = / Pk g AN, (0, k1) = 5D
mp

X o The dot-dashed line show the
gs first k; moments of the Sivers
z 005 |—
< functions obtained in
x| === A.V. Efremov, K. Goeke, S. Menzel, A.
I Metz and P. Schweitzer,
Phys. Lett. B612 (2005) 233
An assumption
1% 1(1)d 1(1)u
005 .
hr (x) = —fir (x)
L was made.
g, =
z< 005 —
X
01—
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Results Parameters Description of HERMES data Description of CO

Comparison of Sivers functions

K
AN () = / ks o A k1) = _FHa(

X owupb The dotted line show the first
gs k;, moments of the Sivers
4 . . .
i functions obtained in
F. Yuan, Phys. Lett. B575 (2003) 45
1(1)d : .
flT( ) (x) is negligible.
005 —
005 =
¥
S
z
<
X
01—

Alexei Prokudin Villa Olmo (Como), 7 10 September 2005 Sivers function: SIDIS data, fits and predictions



Results Parameters Description of HERMES data Description of CO

Description of HERMES data

~ 0 PDF: MRST LO 2001
¢ v I I Phys. Lett. B531 (2002) 216
g | — I FF: Kretzer
£r % %
"'<° 0 Phys. Rev. D62 (2000) 054001
L ‘ , ‘ . ‘ . ep — e X
m*(2002-2004) HERMES PRELIMINARY
- (X8 L not corrected for acceptance | and smearing
<
s / Q% > 1 GeV?,
35, W2 > 10 GeV?,
< 0.023 < xg < 0.4,
F ‘11_(2002‘_2004)‘ E— : 0.2<z,<0.7,
. 4 ' 0.1 <y < 0.85,
Z | === | ¢Zq Pt > 0.05 GeV )
< N 1
£r
"'<3 N The blue line corresponds

T P : . to the result of the fit.
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Results

Parameters Description of HERMES data Description of CO

Description of COMPASS data

R .» } h* | h
1 // i 7/
¢ A S~
o

Sk oot -
2
< ‘ ‘ ‘ ‘
10 10 Xp 1 10 10 Xp 1
o F
R h* h
e L
<
' . '
£
< 1 }
Sk ol * L
[C=]
> S ‘ ‘ ‘ . ‘ ‘ ‘
02 04 06 w oz 1w 04 06 ozt

P, (GeVic)
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Azi_:(d)h - 60)
Nl
m

PDF: MRST LO 2001
Eur. Phys. J. C4 (1998) 463
FF: Kretzer

Phys. Rev. D62 (2000) 054001

uD — ph*X

Q2% > 1 GeV?,
W? > 25 GeV?,
0<xg <1,

0.2 <z, <1,
0.1 <y <0.9,
Pr > 0.1 GeV

The blue line corresponds
to the result of the fit.
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Predictions of AT”" **) at HERMES [N

ep — eKX

|
|

All parameters are fixed

wl K LK LK Predictions of asymmetry
¢ in Kaon production at
g wr » » HERMES.
c
@ %

SIDIS data, fits and predictions



Results Parameters Description of HERMES data Description of CO

Predictions for COMPASS

£

Erk ol |

€l o PROTON TARGET
10 1’ Xg . 10 1’ Xg 4 up — ,uhiX

~ nu.sk % L h

éf ' — —— 0.2 <z, <1,

5 i Pr > 0.1 GeV

<. P

Asymmetry is around 5%

uT

P; (GeVic) P; (GeVic)
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Results Parameters Description of HERMES data Description of CO

Predictions for COMPASS

2 0 % o / PROTON TARGET
g'_ J pup — phtX
B D sk L
< 0.1 L L L 1
10° 10' XB 1 10° 10' XE 1
wf = 0.02 < xg < 1,
% o 0.4 <z, <1,
0 ——=== PT > 0.2 GeV

sin(op, - 6g)

< Changed cuts provide
bl . . .
02 0 0 oz, 0w 0 0 L A h|gher values of the

N L asymmetry. One should
? A find a compromise
é‘ ) =—_ | between statistic and
'ﬁ<'5 effect significance.

a e N

P; (GeVic) P; (GeVic)
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Results Parameters Description of HERMES data Description of CO

Predictions for JLab
JLab. Hydrogen target.

Sivers Asm(¢h 9s) , 6 GeV

) F
< =3
E
< Lo |
£ - Er
II}<=) =)
< | L

Sivers Asm(o” ¢5), 12 GeV

Tt [ JLab12

Tt JLab 6 GeV

=
N

02 04 06 02 04 06

o5 o :
2, Xg P, (GeVic) z,

Alsjl_ll'_'(% ds)
sin(os - og)
Apr

o N I

os .
Xs Py (GeVic)

High values of asymmetry are expected for 7" production.
Region of high xg; > 0.4 will be explored giving a possibility to
constrain behaviour of Sivers functions.
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Results Parameters Description of HERMES data Description of CO

Single spin asymmetries in Drell-Yan processes

. do! — do!
~ dol +dol’

for Drell-Yan processes, p! p — ¢t ¢~ X, pl p — ¢+ ¢~ X and
pl p— £+ ¢~ X, where do stands for

An

d*o
dy dM? d?q
and y, M? and q are respectively the rapidity, the squared

invariant mass and the transverse momentum of the lepton pair in
the initial nucleon c.m. system.
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Results Parameters Description of HERMES data Description of CO

Single spin asymmetries in Drell-Yan processes

Single spin asymmetry can only originate from the Sivers function
and is given by
M. Anselmino, U. D’Alesio and F. Murgia, Phys. Rev. D67 (2003) 074010

Zq 6(27 f d2kJ_q d2kJ_E’ 52(kJ_q I kJ-EI — q-,—) Aqu/pT (Xq, kj_q) fa/P(XEH kj_a)
2 Zq 6(21 f dzqu d2kLEy (52(qu + kLE/ — qT) fq/p(Xq, qu) f(—,/p(Xq, kLg])

where g = u,0,d, d,s,s and

M M
_ y o y
Xq = e Xg=—F—=¢€ 7.

NG
We use the relation
AN (k) p—y = —ANE 1 (x, k) sipis

J.C. Collins, Phys. Lett. B536 (2002) 43
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Results Parameters Description of HERMES data Description of CO

Predictions for RHIC and GSI

RHIC, p! p — ¢+ ¢~ X, 200 GeV W GSI, p' p — £+ ¢~ X, 14.14 GeV

0 e ; ; ; ; 0 ; ; ;
N . \/s=14.14GeV/
-0.05 \ T 1F T 1 -0.05 | Pz |
A A -
Y s
< <
v v
0.1 r -0.1 ]
Vs = 200 GeV. 0<y<3 T
4<M<20 GeV, O<y<3 4<M<6 GeV, ly|<1
015 o CRY " " " b 015 i b : "
0 02 04 06 08 10 5 10 15 20 4 05 0 05 10 2 4 6 8 10
XE M (GeV) XF M (GeV)
v

Ay is plotted as a function of x¢ and M. The lepton pair
transverse momentum has been integrated in the range
0<qgr <1 GeV.
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Conclusions

CONCLUSIONS

o Estimates of the Sivers functions for u and d quarks have been
obtained. These turn out to be definitely different from zero.
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CONCLUSIONS

o Estimates of the Sivers functions for u and d quarks have been
obtained. These turn out to be definitely different from zero.

@ Prediction for Kaon and 7% asymmetries for HERMES
experiment are given. K and 7° asymmetries are expected
to be sizable.
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CONCLUSIONS

o Estimates of the Sivers functions for u and d quarks have been
obtained. These turn out to be definitely different from zero.

@ Prediction for Kaon and 7% asymmetries for HERMES
experiment are given. K and 7° asymmetries are expected
to be sizable.

@ A sizeable asymmetry should be measured by COMPASS
collaboration once a transversely polarized hydrogen target
measurement is done.
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CONCLUSIONS

o Estimates of the Sivers functions for u and d quarks have been
obtained. These turn out to be definitely different from zero.

@ Prediction for Kaon and 7% asymmetries for HERMES
experiment are given. K and 7° asymmetries are expected
to be sizable.

@ A sizeable asymmetry should be measured by COMPASS
collaboration once a transversely polarized hydrogen target
measurement is done.

@ Large values of Ai'j';gqb"_%) are expected at JLab, both in the
6 and 12 GeV operational modes, for 7" inclusive production.
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CONCLUSIONS

Estimates of the Sivers functions for v and d quarks have been
obtained. These turn out to be definitely different from zero.
Prediction for Kaon and 7% asymmetries for HERMES
experiment are given. K and 7° asymmetries are expected
to be sizable.

A sizeable asymmetry should be measured by COMPASS
collaboration once a transversely polarized hydrogen target
measurement is done.

Large values of Ai'j';gqb"_%) are expected at JLab, both in the
6 and 12 GeV operational modes, for 7" inclusive production.
QCD relation Aqu/PT(X, kL)DfY = _Aqu/pT (X, kL)SIDIS
was used to compute the single spin asymmetries in Drell-Yan
processes. The predicted Ay could be measured at RHIC in

p p collisions and at the proposed PAX experiment at GSI, in
p p interactions. It would provide a clear test of basic QCD
properties.
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CONCLUSIONS

@ Estimates of the Sivers functions for v and d quarks have been
obtained. These turn out to be definitely different from zero.

o Prediction for Kaon and 7% asymmetries for HERMES
experiment are given. K and 7° asymmetries are expected
to be sizable.

THANK YOU! J

measurement is done.

@ Large values of Aiij'1T(¢”_¢5) are expected at JLab, both in the

6 and 12 GeV operational modes, for 7" inclusive production.

@ QCD relation Aqu/pT(X, kL)D—Y = _Aqu/pT (X, kL)SIDIS
was used to compute the single spin asymmetries in Drell-Yan
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