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HERMES at HERA
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fixed target experiment

longitudinally/transversely polarized or
unpolarized internal gas target
(H, D, He, N, ... Xe)

using self-polarizing HERA lepton beam

cross section asymmetry in synchrotron
radiation emission leads to build-up of
transverse polarization (Sokolov-Ternov
effect)

spin-rotators provide longitudinal polarization
at HERMES interaction region
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nucleon structure

w�

w�

proton = uud+ sea + gluons

charge, momentum, magnetic moment, spin, vector
charge, axial charge, tensor charge

momentum:Z 1

0
x

“ X

i

`
qi(x) + q̄i(x)

´
+ g(x)

”
= 1

quarks only carry ≈ 50%

spin 1/2:

“ You think you understand something?
Now add spin... ” - Jaffe -

total quark spin contribution only ≈ 30%
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using the spin in NMR
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where does the proton spin come from

Jaffe and Manohar spin sum rule

longitudinal spin structure

Sz = 1
2

= 1
2
∆Σ + ∆G + Lq

z + Lg
z

∆Σ and ∆G can be measured in semi-
inclusive deep inelastic ep scattering

Ji sum rule

longitudinal spin structure

Sz = 1
2

= Jq
|{z}

1
2
∆Σ+L

q
z

+Jg

Jq and Jg accessible through exclusive ep

scattering

Bakker, Leader, Trueman sum rule

transversity sum rule (?)

ST = 1
2

= 1
2
δΣ + Lq

ST
+ Lg

ST
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where does the proton spin come from

Jaffe and Manohar spin sum rule

longitudinal spin structure

Sz = 1
2

= 1
2
∆Σ + ∆G + Lq

z + Lg
z

∆Σ and ∆G can be measured in semi-
inclusive deep inelastic ep scattering

Ji sum rule

longitudinal spin structure

Sz = 1
2

= Jq
|{z}

1
2
∆Σ+L

q
z

+Jg

Jq and Jg accessible through exclusive ep

scattering

Bakker, Leader, Trueman sum rule

transversity sum rule (?)

ST = 1
2

= 1
2
δΣ + Lq

ST
+ Lg

ST

∆Σ: -HERMES Collaboration: Phys. Rev. D 75 012007 (2007) -

∆G: -HERMES Collaboration: arXiv:1002.3921 (2010)-

orbital angular momentum: relations to GPDs and TMDs

tensor charge: transversity sum rule (?)
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quark structure of the nucleon

σ
FF

DF

integrated over transverse momentum

σep→ehX ∝
X

q

DF (x) ⊗ σeq→eq ⊗ FF q→h(z)

f 1
q= −g1

q= −h1
q=

unpolarized quarks 
and nucleons

longitudinally polarized 
quarks and nucleons

transversely polarized 
quarks and nucleons
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quark structure of the nucleon

σ
FF

DF

integrated over transverse momentum

σep→ehX ∝
X

q

DF (x) ⊗ σeq→eq ⊗ FF q→h(z)

f 1
q= −g1

q= −h1
q=

unpolarized quarks 
and nucleons

longitudinally polarized 
quarks and nucleons

transversely polarized 
quarks and nucleons

fq
1 : spin averaged

(well known)
vector charge

F1(x) =
1

2

X

q

e2
qfq

1 (x)

F2(x) = x
X

q

e2
qfq

1 (x)
10 2

10 3

10 4

10 5

10 6

10 7

1 10

〈x〉          c

Q2 [GeV2]

F
2 p
 ⋅ 

c

 0.679 1.618

 0.509 1.619

 0.366 1.620

 0.273 1.621

 0.211 1.622

 0.166 1.623
 0.134 1.624
 0.108 1.625
 0.089 1.626
 0.073 1.627
 0.060 1.628
 0.049 1.629
 0.040 1.630
 0.033 1.631
 0.025 1.632

 0.019 1.633
 0.015 1.634

 0.011 1.635

 0.008 1.636

SLAC
JLAB

BCDMS
NMC
E665

H1
ZEUS

HERMES
PRELIMINARY

GD07 fit
SMC fit
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quark structure of the nucleon

σ
FF

DF

integrated over transverse momentum

σep→ehX ∝
X

q

DF (x) ⊗ σeq→eq ⊗ FF q→h(z)

f 1
q= −g1

q= −h1
q=

unpolarized quarks 
and nucleons

longitudinally polarized 
quarks and nucleons

transversely polarized 
quarks and nucleons

fq
1 : spin averaged

(well known)
vector charge

F1(x) =
1

2

X

q

e2
qfq

1 (x)

F2(x) = x
X

q

e2
qfq

1 (x)

gq
1 : helicity difference

(known)
axial charge

g1(x) =
1

2

X

q

e2
qgq

1(x)
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quark structure of the nucleon

σ
FF

DF

integrated over transverse momentum

σep→ehX ∝
X

q

DF (x) ⊗ σeq→eq ⊗ FF q→h(z)

f 1
q= −g1

q= −h1
q=

unpolarized quarks 
and nucleons

longitudinally polarized 
quarks and nucleons

transversely polarized 
quarks and nucleons

fq
1 : spin averaged

(well known)
vector charge

F1(x) =
1

2

X

q

e2
qfq

1 (x)

F2(x) = x
X

q

e2
qfq

1 (x)

gq
1 : helicity difference

(known)
axial charge

g1(x) =
1

2

X

q

e2
qgq

1(x)

hq
1: transversity

(unmeasured for long time)
tensor charge

chiral-odd hq
1 involves

quark helicity flip

need to couple to chiral-
odd FF: Collins FF

! "

! "
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quark structure of the nucleon

σ
FF

DF

integrated over transverse momentum
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quark structure of the nucleon

σ
FF

DF

transverse-momentum-dependent (TMD) DF

σep→ehX ∝
X

q

DF (x, pT ) ⊗ σeq→eq ⊗ FF q→h(z, kT )

D!

#H
1

"
!

f1

g1

h1
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1-hadron production x-section (ep → ehX)
� XY

target:beam:
P l S L ST

dσ = dσ0
UU + cos(2φ)dσ1

UU +
1

Q
cos(φ)dσ2

UU + Pl
1

Q
sin(φ)dσ3

LU

+ SL

h
sin(2φ)dσ4

UL +
1

Q
sin(φ)dσ5

UL + Pl

“
dσ6

LL +
1

Q
sin(φ)dσ7

LL

” i

+ ST

h
sin(φ − φs)dσ8

UT + sin(φ + φs)dσ9
UT + sin(3φ − φs)dσ10

UT +

1

Q
sin(2φ − φs)dσ11

UT +
1

Q
sin(φs)dσ12

UT +

Pl

“
cos(φ − φs)dσ13

LT +
1

Q
cos(φs)dσ14

LT +
1

Q
cos(2φ − φs)dσ15

LT

” i

k′
k

ST

Ph

Ph⊥
q

φ

φS
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“Collins-effect ”
� XY

target:beam:
P l S L ST

dσ = dσ0
UU + cos(2φ)dσ1

UU +
1

Q
cos(φ)dσ2

UU + Pl
1

Q
sin(φ)dσ3

LU

+ SL

h
sin(2φ)dσ4

UL +
1

Q
sin(φ)dσ5

UL + Pl

“
dσ6

LL +
1

Q
sin(φ)dσ7

LL

” i

+ ST

h
sin(φ − φs)dσ8

UT + sin(φ + φs)dσ9
UT + sin(3φ − φs)dσ10

UT +

1

Q
sin(2φ − φs)dσ11

UT +
1

Q
sin(φs)dσ12

UT +

Pl

“
cos(φ − φs)dσ13

LT +
1

Q
cos(φs)dσ14

LT +
1

Q
cos(2φ − φs)dσ15

LT

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

sensitive to quark transverse spin

generates left-right (azimuthal) asymmetries in the direction of the outgoing parton

π

z

y x
π
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Collins amplitudes
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h
q
1(x) ⊗ H

⊥, q
1 (z)

final results!!!
-HERMES Collaboration: arXiv:1006.4221 (2010) -

non-zero Collins effect observed!
both Collins FF and transversity sizeable
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Collins amplitudes for pions
h
q
1(x) ⊗ H

⊥, q
1 (z)
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x

π-

0.4 0.6
z

0.5 1
Ph⊥  [GeV]

positive amplitude for π+

compatible with zero amplitude for π0

negative amplitude for π−

large π− asymmetry

role of disfavored Collins FF:

H⊥,disfav
1 ≈ −H⊥,fav

1

u ⇒ π+; d ⇒ π−(fav)

u ⇒ π−; d ⇒ π+(disfav)

positive for π+ and negative for π−

hu
1 > 0

hd
1 < 0
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Collins amplitudes for kaons
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q
1(x) ⊗ H

⊥, q
1 (z)

K+

K+ amplitudes are similar to π+ as
expected from u-quark dominance

K+ are larger than π+

K−

K− consistent with zero

K−(ūs) is all-sea object

differences between amplitudes of π and K

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 fragmen-
tation functions
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“Sivers-effect ”
� XY

target:beam:
P l S L ST

dσ = dσ0
UU + cos(2φ)dσ1
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” i
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 amplitudes for pions

2〈sin(φ − φs)〉UT = −
P

q e2
qf⊥,q

1T (x, p2
T ) ⊗w Dq

1(z, k2
T )

P
q e2

qfq
1 (x, p2

T ) ⊗ Dq
1(z, k2

T )

0
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0.1

2 
〈s
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-φ
S
)〉

U
T

π+

-0.1

0

0.1 π0

-0.05

0

0.05

10
-1

x

π-

0.4 0.6
z

0.5 1
Ph⊥  [GeV]

π+

significantly positive

clear rise with z

rise at low Ph⊥, plateau at high Ph⊥

dominated by u-quark scattering:

≃ − f
⊥,u
1T

(x,p2
T )⊗wDu→π+

1 (z,k2
T )

fu
1

(x,p2
T

)⊗Du→π+

1
(z,k2

T
)

u-quark Sivers DF < 0

non-zero orbital angular momentum

π0 -M.Burkardt (2002)-

slightly positive

π−

consistent with zero

u- and d-quark cancellation

d-quark Sivers DF > 0
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Sivers amplitudes for kaons
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K+

significantly positive

clear rise with z

rise at low Ph⊥, plateau at high Ph⊥

π+/K+ production dominated by
scattering off u-quarks:

∝ −
f⊥,u
1T (x, p2

T ) ⊗w D
u→π+/K+

1 (z, k2
T )

fu
1 (x, p2

T ) ⊗ D
u→π+/K+

1 (z, k2
T )

π+ ≡| ud̄〉, K+ ≡| us̄〉 ⇒ non trivial
role of sea quarks

K−

slightly positive
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“Pretzelosity”
� XY

target:beam:
P l S L ST
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” i

“pretzelosity”DF h⊥, q
1T (x) 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 w.r.t. fq
1 , gq

1 , hq
1
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the sin(3φ − φs) Fourier component
h
⊥, q
1T

(x) ⊗ H
⊥, q
1 (z)
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suppressed by two powers of Ph⊥

compared to Collins and Sivers
amplitudes

compatible with zero within uncertainties

h⊥, q
1T (x) might be non-zero at higher Ph⊥
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extraction of transversity and Sivers function

( ) )()( 11
sin zHxhA q
UT

S ⊥+ ⊗∝φφ

hXlld '→hXllp '→ Xhhee 21→−+

 d
(x

)
T∆

x 
 u

(x
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T∆
x 

  )
 d

(x
, k

T∆
x 

  )
 u
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x 
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-Anselmino et al. Phys. Rev. D 75 (2007)-
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-Anselmino et al. Eur.Phys.J.A39 (2009)-
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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
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TSA in inclusive hadron production in p↑p

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

-STAR collab, PRL 101, 222001 (2008) -

better test of models needed!
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TSA in inclusive hadron production ep↑

up to date: all data coming from pp-scattering

can be also measured in ep → πX

-Anselmino et al. (2009)-

AN =
NR − NL

NR + NL
=

2

π
Asin φ

UT

P
T

x

y

z

P
S

e beam

!

hadron 

scattering

plane

lepton beam

spin vector
up

k

↑ ↓With the use of Eq. (2.2), it can be approximated, for small di
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“ The measurement of these predicted asymmetries allows a test of the validity of the TMD factorization, largely accepted for SIDIS processes with two

scales (small PT and large Q2 ), but still much debated for processes with only one large scale (PT ), like the one we are considering here. A test of

TMD factorization in such processes is of great importance for a consistent understanding of the large SSAs measured in the single inclusive production

of large PT hadrons in proton-proton collisions. ” -Anselmino et al. (2009)-
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A
sin φ
UT % pT & xF

π+ and K+ asymmetries decrease at high PT

sign change for π−

AN in p↑p is larger than in ep↑

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

positive K− for xF ≅ 0
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GPDs are ’hybrid’ objects
form factors

ep → e′p′
GPDs
ep → e′Xp′

parton density
ep → e′X

parton’s transverse local-
ization b⊥

parton’s transverse localiza-
tion b⊥ for a given longitudi-
nal momentum fraction x

parton’s longitudinal
momentum distribution
q(x) at resolution scale
1/Q2
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GPDs are ’hybrid’ objects
form factors

ep → e′p′
GPDs
ep → e′Xp′

parton density
ep → e′X

parton’s transverse local-
ization b⊥

parton’s transverse localiza-
tion b⊥ for a given longitudi-
nal momentum fraction x

parton’s longitudinal
momentum distribution
q(x) at resolution scale
1/Q2

1Z

−1

dxHq(x, ξ, t, µ2) = F q
1 (t)

1Z

−1

dxEq(x, ξ, t, µ2) = F q
2 (t)

1Z

−1

dx eHq(x, ξ, t, µ2) = Gq
A(t)

1Z

−1

dx eEq(x, ξ, t, µ2) = Gq
P (t)

Hq(x, 0, 0) = q(x)

Hg(x, 0, 0) = xg(x)

eHq(x, 0, 0) = ∆q(x)

eHg(x, 0, 0) = x∆g(x)
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Exclusive reactions, GPDs

H , E ,�H ,�E

e
e '

� * �

N N '

Sz =
1

2
= Jq

|{z}
1
2
∆Σ+L

q
z

+Jg

second x-moment of GPDs

Jq =
1

2
lim
t→0

1Z

−1

dx x [Hq(x, ξ, t) + Eq(x, ξ, t)]

Jg =
1

2
lim
t→0

1Z

0

dx [Hg(x, ξ, t) + Eg(x, ξ, t)]

x, ξ longitudinal momentum fractions

t squared four-momentum transfer

an experimental evaluation is complicated

get convolutions of GPDs (F : H, E, eH, eE) and
hard scattering functions

F(ξ, t) =
X

q

Z 1

−1
dx Cq(ξ, x) F q(x, ξ, t)

the only presently known way
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deeply virtual compton scattering (DVCS)

γ*

pp

γ

p p

γ
e

e

e

e

same initial and final states in DVCS and Bethe-Heitler ⇒ Interference!
σep ∝ |TBH |2 + |TDV CS |2 + TBHT ∗

DV CS + T ∗
BHTDV CS| {z }

I

� XY

target:beam:
P l S L ST

dσ ∼ dσBH
UU + eℓdσI

UU + dσDV CS
UU

+ eℓPℓdσI
LU + PℓdσDV CS

LU

+ eℓSLdσI
UL + SLdσDV CS

UL

+ eℓST dσI
UT + ST dσDV CS

UT

+PℓSLdσBH
LL + eℓPℓSLdσI

LL + PℓSLdσDV CS
LL

+PℓST dσBH
LT + eℓPℓST dσI

LT + PℓST dσDV CS
LT

Bethe-Heitler contribution:
calculated in QED

DVCS contribution:

HERMES: |TDV CS |2 << |TBH |2

interference term:

depend on a linear combination of
Compton form factors

access to GPD combinations
through azimuthal asymmetries
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beam helicity asymmetry

AI
LU (φ) =

2X

n=1

A
sin(nφ)
LU,I sin(nφ) Asin φ

LU,DVCS ∝ sDVCS
1 sin φ

-HERMES Collaboration: arXiv:0909.3587 (2009)-
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large overall value

no kin. dependencies
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twist-3

overall value
compatible with 0

no kin. dependencies

model predictions:

overshoot the magnitude of Asin φ
LU,I by a factor of 2
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beam charge asymmetry

AC(φ) =

3X

n=0

A
cos(nφ)
C cos(nφ)

-HERMES Collaboration: arXiv:0909.3587 (2009)-
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C ∝ F1ReH
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C ∝ − t

Q
Acos φ

C

A
cos(2φ)
C ≈ 0: twist-3 GPDs

A
cos(3φ)
C ≈ 0: gluon helicity-

flip GPDs

theoretical predictions:

does not describe the
beam-helicity data, but
in good agreement with
this data
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GPDs, DVCS and HERMES

Amplitude Value
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HERMES DVCS
  Hydrogen
  Deuterium

     Preliminary

arXiv:1004.1077

arXiv:1004.1077

arXiv:0802.2499

arXiv:0909.3587

arXiv:0909.3587

arXiv:0911.0095

arXiv:0911.0095
H , E ,�H ,�E

e
e '

� * �

N N '

beam-charge asymmetry:
ReH

beam-helicity asymmetry:

ImH
transverse target-spin asymmetry:

Im(HE)

longitudinal target-spin asymmetry:

Im eH
double-spin asymmetry:

Re eH

towards global fits!
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longitudinal spin/
momentum structure

TMD

DVCS

GPD

transverse spin/
momentum structureexclusive meson

production

PDF

A
N
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