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The HERMES Experiment (†2007)

.

hermes
HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50

2

unpolarized (H, D, He,…, Xe) 
as well as transversely (H) 

and longitudinally (H, D) 
polarized (pure) gas targets  

27.6 GeV polarized e+/e- 
beam scattered off ...



Last* time at LightCone ...

* HERMES’ previous appearance: August 6th, 2002
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First glimpse of transversity?

4

HERMES 1996/97: longitudinal polarized proton target

transverse component ST

of target spin (w.r.t. virtual photon):

ST ∝ sin Θγ "
2Mx

Q

√

1 − y ∼ 0.15

⇒ glimpse on transversity?!

Longitudinal target SSA:

AUL(φ) =
1

〈P 〉
·
N+(φ) − N−(φ)

N+(φ) + N−(φ)
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transversity?
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transversity?

… or Sivers?
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Outlook

New Target Magnet for HERMES

• Transverse target (B = 0.295T )

• High uniformity along beam direction:

∆B ≤ 4.5 · 10−5T

• Transversely polarized hydrogen

• Target polarization above 80%

• 〈sin φ〉UT becomes dominant

• Sivers and Collins distinguishable

↪→ h1 and H⊥
1 as well as f⊥

1T accessible
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… and now the conclusion
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functions in black survive integration 
over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd

Spin-Momentum Structure of the Nucleon

7
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SIDIS Cross Section

(up to subleading order in 1/Q)
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1-Hadron Production (ep➙ehX)
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1-Hadron Production (ep➙ehX)

8

Collins Effect:
sensitive to quark transverse spin

.

Collins Fragmentation Function

!

z

y
x

!

Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21
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The HERMES Collins amplitudes
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The HERMES Collins amplitudes

non-zero Collins 
effect observed!
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The HERMES Collins amplitudes

non-zero Collins 
effect observed!

both Collins FF and 
transversity sizeable

9

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1 0.2 0.3

2
 !

s
in

("
 +

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

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



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

The HERMES Collins amplitudes
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Sivers amplitudes for pions

10

0

0.05

0.1

2
 !

s
in

("
-"

S
)#

U
T

$+

-0.1

0

0.1

2
 !

s
in

("
-"

S
)#

U
T

$0

-0.05

0

0.05

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$-

0.4 0.6
z

0.5 1
P

h% [GeV]

7.3% scale uncertainty

2〈sin (φ− φS)〉UT = −
∑

q e2
qf
⊥,q
1T (x, p2

T )⊗W Dq
1(z, k2

T )
∑

q e2
qf

q
1 (x, p2

T )⊗Dq
1(z, k2

T )



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Sivers amplitudes for pions
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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LuLz > 0

167

u

π+
FSI

φ = π

φS = π/2

Figure 8.4.6: Illustration of the scattering process off a u quark in the semi–

classical picture with the production of a π+ meson.

momentum adds to the quark momentum in the top and subtracts in the bottom. Hence,

a quark with a given momentum fraction xq is probed by the virtual photon at a higher

momentum fraction xobs > xq in the top and a smaller fraction xobs < xq in the bottom.

In the top the unpolarised DF is therefore shifted towards higher x values while in the

bottom it is shifted to smaller x values as shown in the right panel of Figure 8.4.5. Since the

unpolarised DF decreases with increasing values of x in the valence region, the increase

of the momentum on one side of the nucleon spin results in a larger number of quarks for

a certain observed momentum fraction xobs at this side. At the opposite side, less quarks

are observed at xobs due to the decrease of the quark momentum, resulting in a distortion

of the DF at xobs towards the top. For quarks with antialigned orbital angular momentum,

the DF is distorted towards the bottom. This semi–classical picture thus yields a positive

orbital angular momentum for u quarks and a negative orbital angular momentum for d

quarks.

In Figure 8.4.6 the scattering process is schematically illustrated for a nucleon spin

orientation perpendicular to the scattering plane, i.e., φS = π/2. For a positive orbital

angular momentum of the u quarks, the u quark density is enhanced in the left hemi-

sphere of the nucleon when looking along the virtual–photon direction so that it will be

absorbed more likely by a u quark in that region. After the absorption, final–state inter-

actions (FSI) (cf. Section 2.4.3) bend the quark towards the centre. The FSI are attractive

since struck quark and the spectators—the remaining quarks from the nucleon—form a

colour antisymmetric state. The outgoing positive pion that contains the struck quark is

therefore observed on the right–hand side of the nucleon spin, i.e., φ = π. Thus, the de-

scription of the quark DFs in the impact parameter space yields a positive Sivers moment

sin(φ − φS) = sin π > 0 for u quarks fragmenting into π+. This is consistent with the positive

Sivers amplitudes for π+ in the HERMES data which are dominated by the scattering off u

quarks. In case of π− production, both u and d quarks have to be taken into account

because of the quark–charge factor e2
q and the results cannot be interpreted solely in

terms of d quark scattering. Scattering from d quarks alone would yield a negative Sivers

moment so that the two quark flavours contribute with opposite sign to the Sivers moment

and their contributions might cancel.
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Sivers “difference asymmetry”
Transverse single-spin asymmetry of pion cross-section difference:

11

Aπ+−π−

UT (φ, φS) ≡ 1
ST

(σπ+

U↑ − σπ−

U↑ )− (σπ+

U↓ − σπ−

U↓ )
(σπ+

U↑ − σπ−
U↑ ) + (σπ+

U↓ − σπ−
U↓ )

〈sin(φ − φS)〉π+−π−

UT (φ, φS) ∝ −
4f⊥,uv

1T − f⊥,dv

1T

4fuv
1 − fdv

1
☛

-0.1

0

0.1

0.2

0.3

0.4

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$+
 % $-

0.4 0.6

z
0.5 1

P
h& [GeV]



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Sivers “difference asymmetry”
Transverse single-spin asymmetry of pion cross-section difference:

access to Sivers

u-valence distribution
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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The kaon Sivers amplitudes
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13

            production dominated
by scattering off u-quarks:
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convolution integrals depend on kT dependence of fragmentation functions
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K+ = |us̄〉 π+ = |ud̄〉
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Role of sea quarks
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〈sin(φ − φS)〉π+−π−

UT (φ, φS) ∝ −
4f⊥,uv
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Cancelation of fragmentation function
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Q2 dependence of amplitudes
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Pretzelosity - sin(3φ-φs)

no significant non-zero signal 
observed

suppressed by two powers of Ph⊥ 
(compared to, e.g., Sivers)
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Subleading twist I - sin(2φ+φs)
no significant non-zero signal 
observed except maybe K+

suppressed by one power of Ph⊥ 
(compared to, e.g., Sivers)

related to worm-gear      

arises solely from longitudinal 
component of target-spin 
( ≤15% )
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[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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Subleading twist II - sin(2φ-φs)
no significant non-zero signal 
observed

suppressed by one power of Ph⊥ 
(compared to, e.g., Sivers)

various terms related to 
pretzelosity, worm-gear, 
Sivers etc.: 
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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significant non-zero signal 
observed for negatively 
charged mesons

must vanish after integration 
over Ph⊥ and z, and 
summation over all hadrons 

various terms related to 
transversity, worm-gear, 
Sivers etc.: 

Subleading twist III - sin(φs)
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Subleading twist III - sin(φs)

Q2 dependence seen in 
signal for negative pions

23
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• Measurement of AN in p p-scattering for different center of mass energies:

1976 2002 1991 2008

4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV

3

NR - NL

NR + NL
AN = 

• Only two models consistently describing the data:
* TMDs (Transverse Momentum Dependent) distributions
* high-twist correlations

• Interpretation not yet completely satisfactory

• All available models predict AN goes to zero at 
high pT  values.

• BUT: not yet DATA at such kinematic region

• all available data coming from p p scattering

MOTIVATION
Alejandro López Ruiz

Universiteit Gent
Florence/DIS 10

SSA in inclusive hadron production 

at HERMES

ANL BNL FNAL RHIC

√
s =



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Inclusive hadron electro-production

25

ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Inclusive hadron electro-production

25

ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page

scattered lepton undetected
➥ lepton kinematics unknown 



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Inclusive hadron electro-production

25

ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant?



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010

Inclusive hadron electro-production

25

ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant?

cross section proportional to 
SN (k x ph) ~ sinφ



G. Schnell - DESY Zeuthen LC 2010, June 17th, 2010
10

single spin Asymmetry
sinPhi moments

SSA in inclusive hadron production 

at HERMES

Alejandro López Ruiz
Universiteit Gent
Florence/DIS 10

NU - ND

NU + ND
AUT = 

target spin UP
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transversely polarized target

unpolarized beam

collected hadrons with

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

relation to the left-right asymmetry:

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)
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where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
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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)
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The reader is also reffered to Florian’s thesis[10] for further information on the analysis
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all together:

Inclusive hadron electro-production
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ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant?

cross section proportional to 
SN (k x ph) ~ sinφ

AN ≡
∫ 2π

π dφ σUT sin φ−
∫ π
0 dφ σUT sin φ
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behavior and 
size similar to 
SIDIS Sivers 
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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(2φ±φS) modulations seen

significant (and surprising?) non-zero sin(φS) modulation 
for π-

SSA in inclusive hadron electro-production resemble 
Sivers effect but different in sign to pp collision

final Collins results coming out soon
28


