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Spin-Momentum Structure of the Nucleon
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@ functions in black survive integration
over fransverse momentum

@ functions in green box are chirally odd

@ functions in red are naive T-odd
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Spin-Momentum Structure of the Nucleon
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Transverse-Momentum-Dependent DF
- > nucleon with transverse or longitudinal spin

= ) (® parton with transverse or longitudinal spin flJ_ T = _@> - —@>
parton transverse momentum
OO
— O, _ ®

gl

hJ_ ® O,

1L o) e
1 _

Courtesy of A. Bacchetta
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1-Hadron Production (ep—>ehX)

1
do = doty + cos2¢ doiry; + g cos ¢ dody + A

1
+571, {Sin2¢daéL+ésin¢dJ%L+)\e [ ]}

+S {sin(¢ — ¢g) dogp +sin(¢ + ¢g) doprp + sin(3¢ — ¢g) dogry

1

+—= (sin(2¢ — ¢s) dogrp + sin ¢g dogrr)
OXY Q

Beam Target 1
Polarization  + ¢ {COS@ — ¢3) dgi:cgr =+ @ (COS ¢s dU#T + cos(2¢ — ¢3) dUFT)] }

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep—>ehX)

1 1
do = da(O]U + cos 2¢ dalljU + — cos o dU(ZJU + )\eé sin ¢ dO%U

Q

1
+571, {Sin2¢daéL+ésin¢dagL+)\e [ ]}

+ST {sin(¢ — ¢g) dcf?j—T + sin(¢ + ¢g) dO‘%T +'Sin(3¢ — ¢s) dall]OT'

—I—% (sin(2¢ — ¢g) dogir + sin ¢g dall]QTﬂ

Beam Target 1
Polarization  + ¢ {COS@ — ¢3) dU?p =+ @ (COS ¢s dai‘lT + cos(2¢ — ¢3) deST)] }

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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The HERMES Experiment (12007)

27.5 GeV et /e~ beam of HERA

_—
—
—
-

transversely polarized
hydrogen target with in
average /2% polarization

G. Schnell - DESY Zeuthen 5 DIS 2010 - Firenze



Extraction of amplitudes
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Extraction of amplitudes

@ ideal world:

(sin(n¢ 4

G. Schnell - DESY Zeuthen

- 0s))

o f d¢ d¢5 Sin(ngb .

- ¢5)|do(¢, ¢s) — do(@, ps + )]

o f d¢ d¢5[d0(¢7 ng) T dO'(gb, ng - W)]
or fit experimental yield, e.q.,

N(p,p5) ~ 1 + 2{(cos ), cos P+ 2(cos2¢),, cos2¢

+ St [2<Sil’l(gb —

¢S)>UT Sin(gb _ ¢S) T .. ]
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Extraction of amplitudes

@ ideal world:
in(no £ 651, = 40 d0ssin(nd £ 65)[d0(6,65) — do(, és + )
- o = J dpdes[do(e, ds) + do(e, s + )]

or fit experimental yield, e.q.,

N(p,ps) ~ 1 + 2(cos @), cosd + 2(cos 2¢),,, cos 2¢
+ St [2<Sil’l(gb — ¢S)>UT sin(¢p — ¢g) + ... ]
@ real world (no perfect detection efficiency):

N(o,d5) ~ €e(d,05){1 + 2(cos @), cosd + 2{cos2¢),., cos2¢
b Sp [2(sin(6 — @) or sin(6 — d5) + .. ]}

@ can eliminate efficiency by target-polarization balancing
® if cosine modulations unknown then extract Fourier

components of 2sin(¢ — )}, Sin(d — b)) + ...

AUT (¢7 ¢S) — 1 + 2<COS ¢>UU COS gb -+ 2<COS 2¢>UU COS 2¢

systematics of neglecting cosine terms found to be negligible
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The Sivers effect - a long way
since first evidence from DIS



[A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002]
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HERMES Sivers amplitudes

=0.15 F

G. Schnell - DESY Zeuthen

gfirs’r evidence for
T-odd Sivers effect

in SIDIS!
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HERMES Sivers ampln‘udes
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HERMES Sivers ampln‘udes @
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Sivers amplitudes for pions

7.3% scale uncertainty
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Sivers amplitudes for pions

7.3% scale uncertainty
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2 (sin(¢-0g))yr 2 (sin(d-dg))yr

2 <Sin(¢'(|)s)>UT

o
=3

o
=)
a1

o

=
=3

o

S
=3

0.05

-0.05

Sivers amplitudes for pions

7.3% scale uncertainty

o
LI T

- JU B B +
I + i
++++IF++__++++Jt+_++}+++ ______
X z P, [GeV]
6. Schnell - DESY Zeuthen 9

@ clear rise with z

o prise at low Pn.
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2 (si n(q)'(bs»UT 2 (si n((p'(l)s»UT

2 <Sin((|)'(|)s)>UT

o
=3

o
=)
a1

o

=
=3

o

S
=3

0.05

-0.05

Sivers amplitudes for pions

7.3% scale uncertainty

@ clear rise with z

4 o pise at low Pp,

o
LI T

Y ++++++++++++ . »

Sl g e | = slightly positive
_JT; | ] | | _. N
[ [ +
S _f____j_i-__+__+_ 1 LS
= e __'_'_1'_._._1._;'_—11
10'1 04 0.6 0.5 1
X z P, [GeV]
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Sivers amplitudes for pions

7.3% scale uncertainty
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@ clear rise with z

@ rise at low Pn.
@ plateau at high Py,

| @ slightly positive

@ consistent with
zero
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Sivers amplitudes for pions

2<Sin (¢ o ¢S)>UT -

7.3% scale uncertainty

1
> g €afit’ (z,p7) @w Di(2, k)

>_q€alf1(x,p7) ® Dy(z k)
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2 (sin(¢-dg))yr 2 (sin($-dg))yr

2 <Sin((|)'¢s)>UT

o
—t

0.05

=
—h

o

©
—h

0.05

-0.05

Sivers amplitudes for pions

2<Sin (gb o ¢S)>UT -

7.3% scale uncertainty

1,
Zq eﬁfyrq(l’ap%) @w Di(z, k1)
>_q €31 (@, p7) ® Di(z, k7))

o

o

. bbbl +_ .+ + | 7* dominated by u-quark
t : . "L ++ . .
_________________ e L scattering:
' S r—— e U U—>T
o @) ow D (2. k)
o N - o U u—mTT 2
] *: _ + f (x’pQT)@)Dl (Z7kT)
*+++++++++++++++++
___ir SN ® y-quark Sivers DF < O
RN T TR E +
__f____+_!r_*___Jr___+_!r____+-+-+-+__+_H_+..+.-+ ______
10" 04 0.6 0.5 1
X z P, [GeV]
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2 (sin(¢-dg))yr 2 (SiN($-dg))yr

2 <Sin(¢'¢s)>UT

o
—t

0.05

o

=
—h

o

S
—h

0.05

-0.05

Sivers amplitudes for pions

2(sin (¢ — @s))ur =

7.3% scale uncertainty

2q

1,
€3f1Tq(33ap52r) W D%(Zv k?r)

o

G. Schnell - DESY Zeuthen

>_q€alf1(x,p7) ® Dy(z k)

n* dominated by u-quark
scattering:

1,u u—m T
fit"(x,p3) ®w D] (2, k7)

fi(z,ph) @ DY=" (2, k%)

® y-quark Sivers DF < O

® d-quark Sivers DF > O
(cancelation for m°)
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o
—t

0.05

2 <Sin(¢'¢s)>UT

o
o - o

2 <Sin(¢'¢s)>UT

_O 1
o ©
m —t

2 <Sin(¢'¢s)>UT

-0.05

Sivers amplitudes for pions

2<Sin (gb o ¢S)>UT -

7.3% scale uncertainty

1,
Zq eﬁfnq(%p%) @w Di(z, k1)
>_q €31 (@, p7) ® Di(z, k7))

o

3 — +'l 44+ | @ dominated by u-quark
4 ' ERL : ' .
N - ! scattering:
S
I
TR TN
: + l + l
. —
T - -
RN T TR E +
__f____+_!r_*___Jr___+_!r____+-+-+-+__+_H_+..+.-+ ______
10" , 0405y P:f[Ge\;] [M. Burkardt, Phys. Rev. D66 (2002) 014005]
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Sivers "difference asymmetry"

@ Transverse single-spin asymmetry of pion cross-section difference:

+ — + ~
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Sivers "difference asymmetry"

@ Transverse single-spin asymmetry of pion cross-section difference:
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0.2

0.1

2 <Sin(¢'(|)s)>UT

0.1

2 <Sin(¢'¢s)>UT

-0.1

G. Schnell

The kaon Sivers amplitudes

7.3% scale uncertainty
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0.2

2 <Sin(¢'¢s)>UT

0.1

2 <Sin(¢'¢3)>UT

-0.1

G. Schnell

0.1F

The kaon Sivers amplitudes

7.3% scale uncertainty
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@ clear rise with z
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0.2

2 <Sin(¢'¢s)>UT

0.1

2 <Sin(¢'¢3)>UT

-0.1

G. Schnell

The kaon Sivers amplitudes

7.3% scale uncertainty

0.1F
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b @ clear rise with z
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SR o IR o prise at low Pn.
@ plateau at
__K- i | - high PhJ_
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The kaon Sivers amplitudes

7.3% scale uncertainty
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@ clear rise with z

o prise at low Pn.

-~~~ plateau at

high PhJ_
@ slightly positive
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The "Kaon Challenge”
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I B |
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+
©
—h
I
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2 <S| n(q)'(l)s»UT
o

2 <Si n((l)'(l)s»UT
o
&

o ]
L I L
o
' | | | |

/KT production dominated
by scattering of f u-quarks: =

1.,u u—nrT /KT
17 (%, P'?[‘) Ry Dy / (z,k%)

u u—nt /KT
fi(x,p3) @D} /N (2,k3))
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The "Kaon Challenge”

Kt — gt

Tl?+

2 (sin(cp-(I)S))tlj;r - 2 (sin(d-dpg)uT

o o
o © .
Gl = O
! I

o

IIIIIIII

-
Ul

S
(-
(&)
b

: : 10
m " /K™ production dominated |, , X

: fi7 (%, p%) @w Dlll_”#/K+ (z, k7))
by scattering off u-quarks: ~ S S .
f'(x, p1) ® Dy (z, k7))
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The "Kaon Challenge”

_K—I-_ﬂ.-l-

Tl?+

2 (sin(cp-(I)S))tlj;r - 2 (sin(d-dpg)uT

o o
o © .
Gl = O
' I

o

IIIIIIII

-
Ul

S
(-
(&)
b

: : 10
m" /K" production dominated = | , X

f— 2 ]:)u—>7r+/KJr 12
by scattering of f u-quarks: ~ — — (x, p1) ®w Dy (z, kT)

" u—nt /KT
fi'(x,p3) @D} " /5 (2,k3))

[ K' = |u5)&n" = |ud) = non-trivial role of sea quarks?
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The "Kaon Challenge”

R e S
£ 015

<

5 0.1F

) !

< O—+ --------- Jur-
E

% -0.05

) I

: : 10
m" /K" production dominated = | , X

. fi7"(x, p3) ©w DY " (2,13
by scattering off u-quarks: ~ S S .
f'(x, p1) ® Dy (z, k7))

[ K' = |u5)&n" = |ud) = non-trivial role of sea quarks?

[} convolution integrals depend on kr dependence of fragmentation functions
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The "Kaon Challenge”

R e S
£ 015

R i

5 0.1F

- : L

< O—+ --------- Jur-
E

% -0.05

) I

: : 10
m" /K" production dominated = | , X

. fi7"(x, p3) ©w DY " (2,13
by scattering off u-quarks: ~ S S .
f'(x, p1) ® Dy (z, k7))

N K = |us)&n™ = |ud) = non-trivial role of sea quarks?

[} convolution integrals depend on kr dependence of fragmentation functions

[} possible difference in dependences on the kinematics integrated over
G. Schnell - DESY Zeuthen 13 DIS 2010 - Firenze



Role of sea quarks

[A. Airapetian et al., PLB 666, 446 (2008)] +.E -
/’% [ KT —
x T < 0.15
<{<>0-4 [ ... CTEQSL ‘? ;
: ‘ - x(u(x)+d(x)) s 0.1F
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L T T £5 0050 1Ty |
§ o e k... = U
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Role of sea quarks

[A. Airapetian et al., PLB 666, 446 (2008)]

S I _ Fit
‘{<>°-4 §  CTEQS6L

differences biggest in

region where strange

sea is most different
from light sea

G. Schnell - DESY Zeuthen 14
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Cancelation of fragmentation function

— 4
(sin(p — ps))VEp ™ (s s) o< ——1L

G. Schnell - DESY Zeuthen

J—au'v L f]ézdv
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Cancelation of fragmentation function

g e _fJ_,d,,,
(sin(¢ — &)~ (¢ bs) fi
— J1

should be flat
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Q¢ dependence of amplitudes

@ separate each x-bin into two Q° bins:

31;+
T

2 : L Q% <(Q%(x)) £ ® Q%> (Q%(x))
< 0.15F = 3
s -
3 0.1 - + L F
s - 1 - | - :
15 005 ++'+l| HT . .
& oz—+ ......... J--'r-_. ................. S .
= - | [
% -0.05 . .
B I L1 I
1 -1 1
10 10 10
X X X

@ only in low-Q? region significant (>90% c.l.) deviation
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Q¢ dependence of amplitudes
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Q¢ dependence of amplitudes

= | . QZ < (Qz(xi»
z : o Q% > (Q%(x,))
Z 0.1]
. i
~— i 4)*
(q|
0_" """"""""""""""""""""""""
N; 10? — | c;
0 : O
(.2. I m
> - O B u r
O © 4 *H
~— 1_ II y A
-1
10 X

G. Schnell - DESY Zeuthen 17 DIS 2010 - Firenze



Q¢ dependence of amplitudes
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Q¢ dependence of amplitudes
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@ hint of Q° dependence of kaon amplitude
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The others *)

*) excluding Collins amplitudes
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Subleading twist III - sin(2¢+¢s)
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Subleading twist IIT - sin(2¢—¢s)
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Subleading twist III - sin(¢s)
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Subleading twist III - sin(¢s)

3 gqim — nervesiprReLminary] @ significant non-zero signal
3 ) = 7.3% scalef uncertainty .
£ 005 N ng observed for negatively
k= OF -yttt TURWIL B TR ST BAFU R
n ' C C
e e P charged mesons
-0 C C
0.05ET | S . o .
og_+_+_l+ gttt @ must vanish after integration
e + 3 e n over Pn. and z, and
e S summation over all hadrons
o T T S TATI
0055 " Tty E Tty it t| @ various terms related to
-0.1- — - .
" : : transversity, worm-gear,
S 02 K Sivers etfc.:
;2? 0.1 ;_ o | ;_ | + I ;_ y m Mh I:'I
@ 0;‘+';"'+'T'q."";“i'i-"+"!'1'L"':';_+‘T’+‘+"1.-'"'+'OC XtrDa = rh s
N QI B
0.1 FK £ g . M, Gt
i . e i /ey W — W(pT,kr,Pn1) || xhrHy + —g17—
OF--ét11 1 | T M 7,
» ' +T ) l T + 1 + | l Il ] +
-0.1 ;_ | - ' | n ! + M f)J‘
: : — h
'0.2__I — — e __I‘I—-—I-_I. R — (thJf\Hil__ — MflJ_Tz>:|
10'1 04 0.6 0.5 1

6. Schnell - DESY Zeuthen X z P, [GeV];; DIS 2010 - Firenze



Subleading twist III - sin(¢s)
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Summary & Outlook

@ clear signals for Sivers function observed

@ indication of positive (negative) u-quark (d-quark) orbital
angular momentum

@ pretzelosity either too small or its contribution to semi-
inclusive DIS too much suppressed

@ no sizable sin(¢p+x9s) modulation seen

@ significant (and surprising?) non-zero sin(¢s) modulation
for m

® double-spin asymmetry A_r analysis ongoing

@ final Collins amplitude results coming out soon
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