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“Sivers-effect ”
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Sivers distribution function f⊥q
1T (x, p2

T ) gives the correlation between parton transverse

momentum and transverse spin of the nucleon

non-zero Sivers function implies non-zero orbital angular momentum

generates left-right (azimuthal) asymmetries
(M. Burkardt, ( ))
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  1-hadron production x-section
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☛ disentangling the contributions:
☛ experiments with beam and target polarization states (U, L, T)
☛ extract the relevant Fourier amplitudes based on their azimuthal dependences

N(φ, φs) = σ0
UU

{
1 + 2〈cosφ〉UU cosφ+ 2〈cos 2φ〉UU cos 2φ

+ ST

(
2〈sin(φ− φs)〉UT sin(φ− φs) + 2〈sin(φ+ φs)〉UT sin(φ+ φs) +

2〈sin(3φ− φs)〉UT sin(φ+ φs) + . . .
)

+ STPl

(
2〈cos(φ− φs)〉UT cos(φ− φs) + 2〈cosφs〉UT cosφs +

2〈cos(2φ− φs)〉UT cos(φ− φs)
)}
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☛ disentangling the contributions:
☛ experiments with beam and target polarization states (U, L, T)
☛ extract the relevant Fourier amplitudes based on their azimuthal dependences
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☛ if no perfect detection efficieny:
ε(φ, φs)
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☛ disentangling the contributions:
☛ experiments with beam and target polarization states (U, L, T)
☛ extract the relevant Fourier amplitudes based on their azimuthal dependences
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☛ if no perfect detection efficieny:
ε(φ, φs)

☛ fit the cross section asymmetry for opposite spin states
☛ systematics of neglecting cosine terms found to be negligible
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leading twist amplitudes
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Collins effect

☛ the transversity DF            is sensitive to the difference of the number 
densities of transversely polarized quarks aligned along or opposite to the 
polarization of the nucleon

☛  “Collins-effect” accounts for the correlation between the transverse spin 
of the fragmenting quark and the transverse momentum of the produced 
unpolarized hadron 

☛ generates left-right (azimuthal) asymmetries

hq
1(x)

dσ = dσ0
UU + cos(2φ)dσ1

UU +
1

Q
cos(φ)dσ2

UU + Pl
1

Q
sin(φ)dσ3

LU

+ SL

[
sin(2φ)dσ4

UL +
1

Q
sin(φ)dσ5

UL + Pl

(
dσ6

LL +
1

Q
cos(φ)dσ7

LL

)]

+ ST

[
sin(φ− φs)dσ

8
UT + sin(φ+ φs)dσ

9
UT + sin(3φ− φs)dσ

10
UT +

1

Q
sin(2φ− φs)dσ

11
UT +

1

Q
sin(φs)dσ

12
UT +

Pl

(
cos(φ− φs)dσ

13
LT +

1

Q
cos(φs)dσ

14
LT +

1

Q
cos(2φ− φs)dσ

15
LT

)]

Wednesday, August 31, 2011



-0.02
0

0.02
0.04
0.06
0.08

2 
!s

in
("

+"
S)
# U

T
$ $+

-0.1

-0.05

0

0.05 $0

-0.08
-0.06
-0.04
-0.02

0

10 -1
x

$-

0.4 0.6
z

0.5 1
Ph% [GeV]

6

☛ non-zero Collins effect observed!
☛ both Collins FF and transversity sizable
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☛ non-zero Collins effect observed!
☛ both Collins FF and transversity sizable

☛ positive amplitude for π +
☛ compatible with zero amplitude for π 0
☛ large negative amplitude for π - 
☛ increase in magnitude with x
        ☛ transversity mainly receives 
               contribution from valence quarks
☛ increase with z
         ☛ in qualitative agreement with BELLE 
results
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hu
1 > 0

hd
1 < 0

H⊥,disfav
1 ≈ −H⊥,fav

1

u ⇒ π+; d ⇒ π−(fav)

u ⇒ π−; d ⇒ π+(disfav)

☛ role of disfavored Collins FF: 

☛ positive for π +  and negative for π -
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differences between K+  and π + amplitudes

☛ role of sea quarks in conjunction with 
possibly large FF

☛ various contributions from decay of semi-
inclusively produced vector-mesons

☛ the kT dependences of the fragmentation 
functions
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Sivers effect
“Sivers-effect ”
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UU + cos(2φ)dσ1
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Sivers distribution function f⊥q
1T (x, p2

T ) gives the correlation between parton transverse

momentum and transverse spin of the nucleon

non-zero Sivers function implies non-zero orbital angular momentum

generates left-right (azimuthal) asymmetries
(M. Burkardt, ( ))
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☛ Sivers distribution function                      describes the probability to find an 
unpolarized quark in a transversely polarized nucleon;  gives the correlation between 
parton transverse momentum and transverse spin of the nucleon

 ☛ non-zero Sivers function implies non-zero orbital angular momentum
 ☛ correspondence between TMDs and GPDs:  Sivers function and  GPD E
 ☛ due to the final state interactions,  Sivers effect generates left-right (azimuthal) 
asymmetries

f⊥,q
1T (x, p2T )
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Q
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Phys. Rev. Lett. 103 (2009) 152002

π+
☛ significantly positive
☛ clear rise with z 
☛ rise at low Ph⊥, plateau at high Ph⊥
☛ dominated by scattering off u-quark:
 

☛ u-quark Sivers DF<0
☛non-zero orbital angular momentum

π0
☛ slightly positive

π - ☛ consistent with 0
☛ u- and d-quark cancellation
☛ d-quark Sivers DF>0

! −f⊥,u
1T (x, p2T )⊗w Du→π+

1 (z, k2T )

fu
1 (x, p

2
T )⊗Du→π+

1 (z, k2T )
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2〈sin(φ− φs)〉UT = −
∑

q e
2
qf

⊥,q
1T (x, p2T )⊗w Dq

1(z, k
2
T )∑

q e
2
qf

q
1 (x, p

2
T )⊗Dq

1(z, k
2
T )

Sivers amplitudes for pions
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☛ non-negligible contribution from  
exclusive ρ0  largely cancels out

the pion-difference asymmetry
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provides access to Sivers u-valence distri-
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significantly positive Sivers amplitudes are obtained
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☛ significantly positive Sivers amplitudes
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the pion difference asymmetry
Aπ+−π−

UT =
1

〈|ST |〉
(σπ+

U↑ − σπ−

U↑ )− (σπ+

U↓ − σπ−

U↓ )

(σπ+
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U↑ ) + (σπ+

U↓ − σπ−
U↓ )
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K+
☛ significantly positive
☛ clear rise with z 
☛ rise at low Ph⊥, plateau at high Ph⊥
K-
☛ slightly positive
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Sivers amplitudes for kaons
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K+
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☛ clear rise with z 
☛ rise at low Ph⊥, plateau at high Ph⊥
K-
☛ slightly positive
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Sivers amplitudes for kaons
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“Pretzelosity”
“Sivers-effect ”
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Sivers distribution function f⊥q
1T (x, p2

T ) gives the correlation between parton transverse

momentum and transverse spin of the nucleon

non-zero Sivers function implies non-zero orbital angular momentum

generates left-right (azimuthal) asymmetries
(M. Burkardt, ( ))
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☛ “pretzelosity” DF                       gives a measure of the deviation of the 
nucleon shape from a sphere

☛ correlation between parton transverse momentum and parton transverse 
polarization in a transversely polarized nucleon

☛ it is expected to be suppressed at small and large x w.r.t.    ,       ,       

☛ satisfies the positivity condition: 

☛ envolve quark and nucleon helicity flips; 
       is related to chiral-odd GPD 

☛ gives the measure of ‘relativistic effects’ in the nucleon:

fq1 gq
1 hq

1
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sin(3φ -φs) amplitudes
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☛ suppressed by two powers of Ph⊥ compared 
to Collins and Sivers amplitudes

☛ compatible with zero within uncertainties

☛ pretzelosity might be non-zero at higher Ph⊥
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“worm-gear”
“Sivers-effect ”
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☛ gives correlation between parton transverse momentum and parton longitudinal / transverse 
polarization in a longitudinal / transversely polarized nucleon

☛ model dependent relations:

h⊥, q
1L (x, p2T ) = −g⊥, q

1T (x, p2T )

☛ worm-gear DF                     and                          describes the 
probability to find a longitudinal/transverse polarized quark in a 
transversely/longitudinally polarized nucleon

gq1T (x, p
2
T ) h⊥, q

1L (x, p2T )

h⊥, q
1L (x, p2T )☛ on a transversely target                        accessible in the measurements through                         

Fourier component
sin(2φ+ φs)
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the cos(φ-φs) amplitudes
2〈cos(φ− φs)〉LT ∝

C
[
− P̂h⊥·pT

Mh
g⊥,q
1T (x, p2T)D

q
1(z, k

2
T)

]

C
[
fq
1 (x, p

2
T)D

q
1(z, k

2
T)

]

☛ uncertainties are larger than in single-spin 
asymmetries scaled by the beam polarization 
value
π+
☛ slightly positive

π0
☛ compatible with zero

π -
☛ positive
☛ evidence for non-zero worm-gear 
distribution

K+
☛ slightly positive

K-
☛ compatible with zero
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subleading-twist amplitudes
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the subleading-twist
 sin(2φ+φs) amplitudes

☛ arises solely from longitudinal component of 
the target spin:

PTAU⊥(φ, φs) = STAUT (φ, φs) + SLAUL

☛ sin(2φ+φs) amplitude is suppressed by one 
powers of Ph⊥ compared to Collins and Sivers 
amplitudes
☛ compatible with zero within uncertainties 
except maybe K+

☛ longitudinal component of the target spin 
<15\%

sin θγ∗〈sin(2φ)UL〉☛ expected to scale as

l
q

!"

z’
l’

z

x

lepton plane

x’

☛ related to worm-gear DF h⊥,q
1L
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the subleading-twist
 sinφs amplitudes

☛ survive the integration over Ph⊥

F sinφS

UT (x, z,Q2) = −x
∑

a

e2a
2Mh

Q
ha
1(x)

H̃a(z)

z

☛ non-zero signal observed for π- and K-

∑

z

∫
dz z F sinφs

UT (x, z,Q2) = 0

☛ in one-photon approximation

∝ xfTD1 − Mh
M h1

H̃

z

−W1(pT , kT )
(

xhTH⊥
1 + Mh

M g1T
G̃⊥

z
−

xh⊥
TH

⊥
1 + Mh

M f⊥
1T

D̃⊥

z

)

☛ receives various contributions
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∝ W1(pT , kT , Ph⊥)
(

xf⊥
T D1 −

Mh

M
h⊥
1T

H̃

z

)

−W2(pT , kT , Ph⊥)
(

xhTH
⊥
1 +

Mh

M
g1T

G̃⊥

z
+

xh⊥
TH

⊥
1 − Mh

M
f⊥
1T

D̃⊥

z

)

☛ suppressed by two power of Ph⊥ and an 
additional factor 2M/Q compared to Collins 
and Sivers amplitudes

☛ compatible with zero within uncertainties

the subleading-twist
 sin(2φ-φs) amplitudes
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compatible with zero subleading-twist
 cosφs and cos(2φ-φs) amplitudes
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TSA in inclusive hadron production in p↑p
measurements of AN =

NR − NL

NR + NL
in p↑p → πX

ANL (1976)
√

s = 4.9 GeV
BNL (2002)

6.6 GeV

FNAL (1991)

19.4 GeV

RHIC (2008)

62.4 GeV

interpretations:

TMDs (Sivers effect)

twist-3 qg correlators

suggest:

increase of AN with increase of xF

decrease of AN with increase of pT at fixed xF

AN → 0 at high pT

-Ami Rostomyan- – p. 25
Ami Rostomyan                                                                      Transversity 2011, Veli Lošinj, Croatia
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Figure 1: Overview of measured SSAs in inclusive hadron production.

are undefined, like xB, Q2 or φS. A natural choice, an equivalent to the previous set of
“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,

• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.

The asymmetry was calculated as

AUT (pT , xF , φ) =

N↑

L↑
P

− N↓

L↓
P

N↑

L↑ +
N↓

L↓

, (2.1)

where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
binning was used for kaons and pions making comparisons and interpretations easier. See
Table 1 for details. For the 2D analysis, see section 4.2.

The differential yield for a given target spin direction (↑ upwards or ↓ downwards)
can be expressed as

d3N↑(↓)

dpT dxF dφ
=

[
L↑(↓) d3σUU + (−)L↑(↓)

P d3σUT

]
Ω(pT , xF , φ)

= d3σUU

[
L↑(↓) + (−)

L↑(↓)
P Asin φ

UT (pT , xF ) sin φ
]

Ω(pT , xF , φ). (2.2)

2
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Here, σUU is the unpolarized cross section, L↑(↓) is the total luminosity in the ↑ (↓)
polarization state, L↑(↓)

P =
∫

L↑(↓)(t) P (t) dt is the integrated luminosity weighted by the
magnitude P of the target polarization, and Ω is the detector acceptance efficiency. The
sin φ azimuthal dependence derivates from the integration of the spin-dependent part of
the cross section over all leptonic variables [11]; Asin φ

UT refers to its amplitude.
With the use of Eq. (2.2), it can be approximated, for small differences of the two

average target polarizations 〈P ↑(↓)〉 = L↑(↓)
P /L↑(↓), as

AUT (pT , xF , φ) % Asin φ
UT sin φ +

1

2

〈P ↓〉 − 〈P ↑〉
〈P ↑〉〈P ↓〉 . (2.3)

Variable Bins Bin borders

pT 10 [0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 3.0] GeV

xF 10 [-0.01, 0.1, 0.13, 0.17, 0.2, 0.23, 0.27, 0.3, 0.37, 0.43, 1]

φ 20 [0.0, 0.27, 0.54, 0.81, 1.08, 1.35, 2.02, 2.29, 2.56, 2.83,
3.10, 3.37, 3.64, 3.91, 4.18, 4.45, 5.17, 5.44, 5.71, 5.98, 6.29] rad

Table 1: Binning in the kinematic variables pT and xF . For the azimuthal angle φ, the
binning was carefully selected to avoid having bins with no (or very low) statistics due
to the gap in the acceptance around the beam pipe.

As shown in Table 2, 〈P ↑〉 and 〈P ↓〉 are the same for all data taking periods.

Year 〈P ↑〉 〈P ↓〉 〈∆P 〉 ∆Apol
UT

2002 0.783 0.783 0.041 5.24%

2003 0.795 0.795 0.033 4.15%

2004 0.737 0.737 0.056 7.53%

2005 0.705 0.705 0.065 9.24%

all 0.713 0.713 0.063 8.81%

Table 2: Average target polarizations for the data sets used in this analysis. The last two
column contain the average uncertainty on the measurement of the target polarization,
and the relative uncertainty which is transferred to the asymmetries.

The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)

3
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The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)
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spin dependent part of the cross section
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Asin φ
UT % pT

π+, K+:
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π+ and K+ asymmetries decrease at high PT
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comparison to SIDIS measurements
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comparison to previous measurements and theory

AN in p↑p is larger than in ep↑

u-quark dominance in ep↑ may explain the smaller size of π−

asymmetry
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the subleading-twist sinφs amplitudes
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 π-             amplitude and Collins 
amplitude

☛ similarities in size and the 
shape

sinφs

☛ might be due to correlations 
between amplitudes

☛ might be explained also by 
physics
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