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The HERMES experiment (1995-2007)
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Comparison of rise time curves
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<Pt>  ≈80% 

storage cell internal to e���  
      beam  

prerequisites 

��S,K 

@HERA: 1995-2007 
27 GeV polarised e����
<Pb>≈55% 

pure nuclear-polarised H & D 
<Pt>  ≈80% 

storage cell internal to e���  
      beam  

pure gas targets  
> longitudinal target polarisation: 

H, D, 3He 
> transverse target polarisation: H 
> unpolarised targets:  

H, D, 4He, 14N, 20Ne, 84Kr, 131Xe  
> unpolarised targets with recoil 

detector: H, D 
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prerequisites 
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@HERA: 1995-2007 
27 GeV polarised e����
<Pb>≈55% 

pure nuclear-polarised H & D 
<Pt>  ≈80% 

storage cell internal to e���  
      beam  

prerequisites 

��S,K 

@HERA: 1995-2007 
27 GeV polarised e����
<Pb>≈55% 

pure nuclear-polarised H & D 
<Pt>  ≈80% 

storage cell internal to e���  
      beam  

hadrons

excellent lepton/hadron separation
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The HERMES experiment (1995-2007)
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prerequisites 

��S,K 

@HERA: 1995-2007 
27 GeV polarised e����
<Pb>≈55% 

pure nuclear-polarised H & D 
<Pt>  ≈80% 

storage cell internal to e���  
      beam  

prerequisites 

��S,K 

@HERA: 1995-2007 
27 GeV polarised e����
<Pb>≈55% 

pure nuclear-polarised H & D 
<Pt>  ≈80% 

storage cell internal to e���  
      beam  

π / K / p separation over whole momentum range 
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spin and hadronisation
HERMES main research topics: 
> origin of nucleon spin 

➡ longitudinal spin/momentum structure 
➡ transverse spin/momentum structure 

> hadronisation 
➡ flavour separation of fragmentation 

functions
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hunting for spin of proton

>1980s - 1990s:   
EMC (CERN),  
E130, E143, E155, 
E142, E154 (SLAC),  
SMC (CERN),  
HERMES (DESY) 
➡ small quark spin 

contribution to 
proton spin

Ami Rostomyan SPIN 2014

>1990-2000s → future:   
HERMES(DESY),  
COMPASS (CERN),  
RHIC-Spin (BNL) 
➡ individual quark spin flavour 

decomposition   
➡ surprisingly small gluon spin 

contribution (0.05 < xg < 0.2) 
➡ significant contributions of 

• gluons and/or sea quarks  at 
low x 

• orbital angular momentum

>nowadays → future:   
HERMES(DESY), 
COMPASS (CERN), 
RHIC-Spin (BNL), 
JLab 
➡ hunting for the spin of 

proton turned into 
hunting for the orbital 
angular momentum
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nucleon tomography
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W (x, k?, b?, ~S)
cannot be measured… but its projections in coordinate or momentum space
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cannot be measured... but its projections in 
coordinate or momentum space 

GPDs                                                                 TMDs 

transverse 
coordinate space 

transverse 
momentum space 

[generalised parton distributions]                        [ transverse momentum dependent PDfs/FFs] 

      exclusive reactions                                      fully differential semi-inclusive DIS                                                                                        

�S,K 

[... preferably with polarised beam and/or target ...] 

GPDs 
[generalised parton distributions] 
➡ exclusive measurements

transfers 

m
om

entum
 space

[... preferably with polarised beam and/or target ...]

π	

K

TMDs 
[transverse momentum dependent PDFs] 
➡ semi-inclusive measurements

p
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semi-inclusive DIS
> 4-momentum squared of virtual 

photon
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Q2 = �q2 = (k � k0)

x =
Q

2

2P · q , x 2 [0, 1]

z =
P · Ph

P · q , z 2 [0, 1]

pQCD factorisation:

parameterise the 
nucleon structure

parameterise the conversion of a quark into 
a certain type of hadron

�DIS /
X

f

�̂part ⌦DF (x)⌦ FF (z)

> fraction of proton momentum 
carried by the struck quark

> energy fraction carried by the 
produced hadron
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Interference between wave functions with different  
angular momenta: contains information about parton  
orbital angular motion and spin-orbit effects 

Off-diagonal elements: 

1
f

Number  

1
g

Helicity 

1
h

Transversity 

!

T1
f

Sivers 

!

1
h

Boer-Mulders 

g1T
!
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T1
h

!

L1
h

Density 

Survive transverse momentum integration  
(A collinear analysis is possible) 
 

Multidimensional approach to investigate 
factorization and transverse momentum dependence 

Diagonal elements: 

 DESY PRC 71, 28th April 2011, Hamburg Contalbrigo M. 

Worm-gear 

Worm-gear 

DF

!
FF

DF

FF
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> 4-momentum squared of virtual 

photon
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Q2 = �q2 = (k � k0)

x =
Q

2

2P · q , x 2 [0, 1]

z =
P · Ph

P · q , z 2 [0, 1]

pQCD factorisation:

parameterise the 
nucleon structure

parameterise the conversion of a quark into 
a certain type of hadron

�DIS /
X

f

�̂part ⌦DF (x, k?)⌦ FF (z, Ph?)

Ph?

proton

pion
lepton

> fraction of proton momentum 
carried by the struck quark

> energy fraction carried by the 
produced hadron

> transverse momentum of hadron

A. Bacchetta
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Multidimensional approach to investigate 
factorization and transverse momentum dependence 

Diagonal elements: 

 DESY PRC 71, 28th April 2011, Hamburg Contalbrigo M. 
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TMDs
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Interference between wave functions with different  
angular momenta: contains information about parton  
orbital angular motion and spin-orbit effects 

Off-diagonal elements: 
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Survive transverse momentum integration  
(A collinear analysis is possible) 
 

Multidimensional approach to investigate 
factorization and transverse momentum dependence 

Diagonal elements: 

 DESY PRC 71, 28th April 2011, Hamburg Contalbrigo M. 
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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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semi-inclusive measurements
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            highlights 
> first demonstration of Sivers effect 

➡ PRL 94 (2005) 012002   
➡ PRL 103 (2009) 152002

(probing TMDs)

> first evidence for Collins effect 
➡ PRL 94 (2005) 012002   
➡ JHEP 06 (2008) 017 
➡ PLB 693 (2010) 11]

! +

! -

u

Wednesday, August 24, 2011

> correlation between the transverse spin of the 
fragmenting quark and the transverse momentum of 
the produced unpolarised hadron

> correlation between the transverse momentum of 
the fragmenting quark and the transverse 
momentum of the produced unpolarised hadron
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semi-inclusive measurements
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            highlights 
> first demonstration of Sivers effect 

➡ PRL 94 (2005) 012002   
➡ PRL 103 (2009) 152002

(probing TMDs)

> first evidence for Collins effect 
➡ PRL 94 (2005) 012002   
➡ JHEP 06 (2008) 017 
➡ PLB 693 (2010) 11]

! +

! -

u

Wednesday, August 24, 2011

> correlation between the transverse spin of the 
fragmenting quark and the transverse momentum of 
the produced unpolarised hadron

> correlation between the transverse momentum of 
the fragmenting quark and the transverse 
momentum of the produced unpolarised hadronFrom firs

t explorations we went to
 detailed studies - fu

lly diffe
rential analysis!!!
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Collins asymmetries: 1D

>K+ are larger than π + 

>  K- consistent with zero

Ami Rostomyan SPIN 2014
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Phys. Rev. Lett. 103 (2009) 152002

>positive amplitude for π + 

> large negative amplitude for π - 
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Collins asymmetries: 3D 
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NEW

> π -: increase in magnitude with x and Ph⊥

➡ transversity mainly receives contribution from valence quarks
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Collins asymmetries: 3D 
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NEW
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➡ transversity mainly receives contribution from valence quarks
> K+ amplitudes are larger than π +

➡ role of sea quarks
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Sivers asymmetries: 1D 
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Sivers asymmetries: 3D 
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NEW
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> K+ amplitudes are larger than π +  in most kinematic regions 

➡ role of sea quarks
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multi-dimensional analysis
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NEW
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multi-dimensional analysis
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multi-dimensional analysis
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multi-dimensional analysis
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NEW

http://hermes.desy.de/notes/pub/trans-public-index.html

> complete set of asymmetries: 
➡ for π, K, protons 
➡ transverse target 
➡ longitudinal beam
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> LO interpretation of multiplicity results (integrated over Ph⊥):
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FIG. 9. Comparison of the vector-meson-corrected mul-
tiplicities measured on the proton for various hadrons with
LO calculations using CTEQ6L parton distributions [45] and
three compilations (see text) of fragmentation functions. Also
shown are the values obtained from the HERMES Lund
Monte Carlo. The statistical error bars on the experimen-
tal points are too small to be visible.

charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results
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shown are the values obtained from the HERMES Lund
Monte Carlo. The statistical error bars on the experimen-
tal points are too small to be visible.

charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results

- HERMES Collaboration - Phys.Rev. D87 (2013) 074029

> proton: 
➡  fair agreement for positive hadrons   
➡  disagreement for negative hadrons  

> deuteron: 
➡ results are in general in better agreement with the various predictions
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> LO interpretation of multiplicity results (integrated over Ph⊥):

12

M
u

lt
ip

li
c
it

y

-110

1

-1

1

0.2 0.4 0.6 0.8

-210

-110

z
0.2 0.4 0.6 0.8

-1

proton
CTEQ6L/DSS
CTEQ6L/HKNS
CTEQ6L/Kretzer
HERMES LEPTO/JETSET

proton
CTEQ6L/DSS
CTEQ6L/HKNS
CTEQ6L/Kretzer
HERMES LEPTO/JETSET

+
π

+
π

-
π

-
π

+K+K
-

K
-

K

FIG. 9. Comparison of the vector-meson-corrected mul-
tiplicities measured on the proton for various hadrons with
LO calculations using CTEQ6L parton distributions [45] and
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shown are the values obtained from the HERMES Lund
Monte Carlo. The statistical error bars on the experimen-
tal points are too small to be visible.

charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results
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charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results

- HERMES Collaboration - Phys.Rev. D87 (2013) 074029

> proton: 
➡  fair agreement for positive hadrons   
➡  disagreement for negative hadrons  

> deuteron: 
➡ results are in general in better agreement with the various predictions✓ inclusion of th

e data in the future global analyses will g
ive an im

proved knowledge on FF
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new data sets in global analysis of DSS+ 
➡ Belle, BaBar, Compass, Hermes, Star, Alice

Old and new data: SIDIS
charge/flavor separation
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and Q
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Fig. 4.
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FIG. 1. Diagram describing the relevant momenta involved in a semi-inclusive DIS event: a virtual photon (defining the
reference axis) strikes a parton inside a proton. The parton has a transverse momentum k

?

(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P

?

(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
the transverse components. In this regime, PhT ⇡ zk

?

+ P
?

(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])

FUU,T (x, z,P
2

hT , Q
2) =

X

a

e

2

a

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT , Q
2) , (7)

where the convolution upon transverse momenta is defined as

⇥
f ⌦ D

⇤
(x, z,P 2

hT , Q
2) = x

Z
dk

?

dP
?

�

�
zk

?

+ P
?

� PhT

�
f(x,k2

?

;Q2)D(z,P 2

?

;Q2) . (8)

In Fig. 1, we describe our notation for the transverse momenta (in agreement with the notation suggested by the
white paper in Ref. [2]), which is also reproduced below for convenience:

Momentum Physical description

k 4-momentum of parton in distribution function

p 4-momentum of fragmenting parton

k
?

light-cone transverse momentum of parton in distribution function

P
?

light-cone transverse momentum of final hadron w.r.t. fragmenting parton

PhT light-cone transverse momentum of final hadron w.r.t. virtual photon

A. Flavor-dependent Gaussian ansatz

The Gaussian ansatz consists in assuming the following functional form for the transverse-momentum dependence
of both the TMD PDF f

a
1

and the TMD FF D

a
~

h
1

in Eq. (7):

f

a
1

(x,k2

?

;Q2) =
f

a
1

(x,Q2)

⇡hk2

?,ai
e

�k2

?/hk2

?,ai
D

a
~

h
1

(z,P 2

?

, Q

2) =
D

a
~

h
1

(z;Q2)

⇡hP 2

?,a
~

hi e

�P 2

?/hP 2

?,a
~

hi
. (9)

2

Although the HERMES and COMPASS data cover similar Q2 regions (1  Q2  10 GeV2), they
di↵er in the experimental set-up, in the statistics, in the binning choices and in the explored xB range; in
addition, there seems to be some discrepancy between the two measurements. We then fit the HERMES
and the COMPASS multiplicities separately. A simultaneous fit of both sets of data would lead to poor
results and is not presented here.

Recently, another study of the unpolarised TMDs has appeared [28], which follows a procedure somehow
similar to that of this work, but which considers only the HERMES set of experimental data and does
not include any attempt to check for signs of scale evolution.

After a short Section II devoted to the formalism, we present our main results in Section III. In Section
IV we briefly discuss the possible role, and look for possible signs, of TMD evolution. In Section V we
compare our present results with those of previous analyses [9, 11] and check their consistency with other
measurements of SIDIS cross sections and PT -distributions [10, 12, 13, 29] which were not included in
our fits. Further comments and concluding discussions are presented in Section VI.

II. FORMALISM

The unpolarised ` + p ! `0 hX, SIDIS cross section in the TMD factorisation scheme, at order (k?/Q)
and ↵0

s, in the kinematical region where PT ' k? ⌧ Q , reads [30, 31]:

d�`+p!`0hX

dxB dQ2 dzh dP 2

T

=
2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2

⇥
X

q

e2q

Z
d2k? d2p? �(2)

⇣
P T � zhk? � p?

⌘
fq/p(x, k?)Dh/q(z, p?) (1)

⌘ 2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2
FUU ·

In the �⇤ � p c.m. frame the measured transverse momentum, P T , of the final hadron is generated by
the transverse momentum of the quark in the target proton, k?, and of the final hadron with respect to
the fragmenting quark, p?. At order k?/Q it is simply given by

P T = z k? + p? . (2)

As usual:

s = (`+ p)2 Q2 = �q2 = �(`� `0)2 xB =
Q2

2p · q y =
Q2

xBs
zh =

p · Ph

p · q (3)

and the variables x, z and p? are related to the final observed variables xB , zh and P T and to the
integration variable k?. The exact relations can be found in Ref. [9]; at O(k?/Q) one simply has

x = xB z = zh . (4)

The unpolarised TMD distribution and fragmentation functions, fq/p(x, k?) and Dh/q(z, p?), depend
on the light-cone momentum fractions x and z and on the magnitudes of the transverse momenta k? =
|k?| and p? = |p?|. We assume these dependences to be factorized and we assume for the k? and p?
dependences a Gaussian form, with one free parameter which fixes the Gaussian width,

fq/p(x, k?) = fq/p(x)
e�k2

?/hk2
?i

⇡hk2?i
(5)

Dh/q(z, p?) = Dh/q(z)
e�p2

?/hp2
?i

⇡hp2?i
· (6)

The integrated PDFs, fq/p(x) and Dh/q(z), can be taken from the available fits of the world data: in
this analysis we will use the CTEQ6L set for the PDFs [32] and the DSS set for the fragmentation
functions [33]. In general, the widths of the Gaussians could depend on x or z and might be di↵erent

> flavour-independent analysis 
M. Anselmino, M. Boglione, J.O. Gonzalez,  
S. Melis, A. Prokudin JHEP (2014)

4

Due to its simplicity, this ansatz has been widely used in phenomenological studies but with constant widths hk2

?

i and
hP 2

?

i. Here, for the first time we introduce an explicit dependence on flavor a for both average transverse momenta
hk2

?,ai and hP 2

?,a
~

hi. In principle, there are no reasons to prefer the Gaussian ansatz over other functional forms, and
indeed more flexible forms should be investigated in the future. Model calculations typically lead to a non-Gaussian
behavior [10, 12, 17–19, 43]. The ansatz is also not compatible with the proper QCD evolution of TMD PDFs: it could
be at most applicable at one specific starting scale, but would soon be spoiled by QCD corrections. In our analysis,
we completely neglect Q2 evolution, even in the collinear part of the functions, which we evaluate at Q2 = 2.4 GeV2.
We can do this only because the range in Q

2 spanned by the Hermes measurements is not large. From now on, we
drop the Q

2 dependence of the involved functions.
The convolution on transverse momenta in Eq. (8) can be solved analytically:

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT ) = f

a
1

(x)Da
~

h
1

(z)


e

�k2

?/hk2

?,ai

⇡hk2

?,ai
⌦ e

�P 2

?/hP 2

?,a
~

hi

⇡hP 2

?,a
~

hi

�

= x f

a
1

(x)Da
~

h
1

(z)
1

⇡hP 2

hT,ai
e

�P 2

hT /hP 2

hT,ai
,

(10)

where the relation between the three variances is

hP 2

hT,ai = z

2hk2

?,ai + hP 2

?,a
~

hi . (11)

In this way, for each involved flavor a the average square value of the transverse momentum PhT of the detected
hadron h can be related to the average square values of the intrinsic transverse momenta k

?

and P
?

, not directly
accessible by experiments.

Inserting Eq. (10) in Eq. (7), we simplify the multiplicities as

m

h
N (x, z,P 2

hT ) =
⇡P

a e
2

a f
a
1

(x)

⇥
X

a

e

2

a f

a
1

(x)Da
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,ai+hP 2

?,a
~

hi

�

⇡

�
z

2hk2

?,ai + hP 2

?,a
~

hi
�

.

(12)

If the distribution functions describe a parton a in a proton target, obviously the above expression is valid for N = p,
i.e., for a proton target. We can deduce the corresponding result for a neutron target by assuming isospin symmetry.
For a deuteron target, we can assume an incoherent sum of proton and neutron contributions. Under these assumptions
the necessary label for the parent hadron on PDFs is omitted and PDFs refer to the ones of the proton. We remark
also that each quark flavor is described by a single Gaussian with a specific width. The multiplicity is then a sum of
Gaussians and thus no longer a simple Gaussian. The above expression can be used with minor modifications also
if we assume that the distribution and fragmentation functions for some flavor are themselves sums of Gaussians.
We will in fact adopt such an assumption for the up and down quarks, where we distinguish a valence and a sea
contribution, each one having a di↵erent Gaussian width. For example, the up contribution to the multiplicities is

⇥
f

u
1

⌦ D

u
~

h
1

⇤
(x, z,P 2

hT ) =
⇥
(fuv

1

+ f

ū
1

) ⌦ D

u
~

h
1

⇤
(x, z,P 2

hT )

= x f

uv
1

(x)Du
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,uv
i+hP 2

?,u
~

hi

�

⇡

�
z

2hk2

?,uv
i + hP 2

?,u
~

hi
� + x f

ū
1

(x)Du
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,ūi+hP 2

?,u
~

hi

�

⇡

�
z

2hk2

?,ūi + hP 2

?,u
~

hi
�

,

(13)

where f

uv
1

= f

u
1

� f

ū
1

, and similarly for the down quark.
Previous data obtained in unpolarized Drell-Yan and semi-inclusive DIS processes were compatible with calculations

based on a Gaussian ansatz for unpolarized TMD PDFs and TMD FFs with flavor-independent constant widths. In
this case, Eq. (12) would display a simple Gaussian behavior in PhT with the same width in every target-hadron
combination. However, the Hermes multiplicities display significant di↵erences between proton and deuteron targets,
and between pion and kaon final-state hadrons. Hence, they strongly motivate our choice in Eq. (9) for a flavor-
dependent Gaussian ansatz.

B. Assumptions concerning average transverse momenta

As mentioned in the previous section, we introduce di↵erent widths for the Gaussian forms of the valence and sea
components of up and down TMD PDFs. However, we assume that the Gaussian widths of all sea quarks (ū, d̄, s

> flavour-dependent analysis 
A. Signori, A. Bacchetta, M. Radici and G. Schnell 
JHEP (2013)
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FIG. 1. Diagram describing the relevant momenta involved in a semi-inclusive DIS event: a virtual photon (defining the
reference axis) strikes a parton inside a proton. The parton has a transverse momentum k

?

(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P

?

(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
the transverse components. In this regime, PhT ⇡ zk

?

+ P
?

(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])

FUU,T (x, z,P
2

hT , Q
2) =

X

a

e

2

a

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT , Q
2) , (7)

where the convolution upon transverse momenta is defined as

⇥
f ⌦ D

⇤
(x, z,P 2

hT , Q
2) = x

Z
dk

?

dP
?

�

�
zk

?

+ P
?

� PhT

�
f(x,k2

?

;Q2)D(z,P 2

?

;Q2) . (8)

In Fig. 1, we describe our notation for the transverse momenta (in agreement with the notation suggested by the
white paper in Ref. [2]), which is also reproduced below for convenience:

Momentum Physical description

k 4-momentum of parton in distribution function

p 4-momentum of fragmenting parton

k
?

light-cone transverse momentum of parton in distribution function

P
?

light-cone transverse momentum of final hadron w.r.t. fragmenting parton

PhT light-cone transverse momentum of final hadron w.r.t. virtual photon

A. Flavor-dependent Gaussian ansatz

The Gaussian ansatz consists in assuming the following functional form for the transverse-momentum dependence
of both the TMD PDF f

a
1

and the TMD FF D

a
~

h
1

in Eq. (7):

f

a
1

(x,k2

?

;Q2) =
f

a
1

(x,Q2)

⇡hk2

?,ai
e

�k2

?/hk2

?,ai
D

a
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, Q

2) =
D
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~

h
1
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⇡hP 2

?,a
~

hi e

�P 2

?/hP 2

?,a
~

hi
. (9)

2

Although the HERMES and COMPASS data cover similar Q2 regions (1  Q2  10 GeV2), they
di↵er in the experimental set-up, in the statistics, in the binning choices and in the explored xB range; in
addition, there seems to be some discrepancy between the two measurements. We then fit the HERMES
and the COMPASS multiplicities separately. A simultaneous fit of both sets of data would lead to poor
results and is not presented here.

Recently, another study of the unpolarised TMDs has appeared [28], which follows a procedure somehow
similar to that of this work, but which considers only the HERMES set of experimental data and does
not include any attempt to check for signs of scale evolution.

After a short Section II devoted to the formalism, we present our main results in Section III. In Section
IV we briefly discuss the possible role, and look for possible signs, of TMD evolution. In Section V we
compare our present results with those of previous analyses [9, 11] and check their consistency with other
measurements of SIDIS cross sections and PT -distributions [10, 12, 13, 29] which were not included in
our fits. Further comments and concluding discussions are presented in Section VI.

II. FORMALISM

The unpolarised ` + p ! `0 hX, SIDIS cross section in the TMD factorisation scheme, at order (k?/Q)
and ↵0

s, in the kinematical region where PT ' k? ⌧ Q , reads [30, 31]:

d�`+p!`0hX

dxB dQ2 dzh dP 2

T

=
2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2

⇥
X

q

e2q

Z
d2k? d2p? �(2)

⇣
P T � zhk? � p?

⌘
fq/p(x, k?)Dh/q(z, p?) (1)

⌘ 2⇡2↵2

(xBs)
2

⇥
1 + (1� y)2

⇤

y2
FUU ·

In the �⇤ � p c.m. frame the measured transverse momentum, P T , of the final hadron is generated by
the transverse momentum of the quark in the target proton, k?, and of the final hadron with respect to
the fragmenting quark, p?. At order k?/Q it is simply given by

P T = z k? + p? . (2)

As usual:

s = (`+ p)2 Q2 = �q2 = �(`� `0)2 xB =
Q2

2p · q y =
Q2

xBs
zh =

p · Ph

p · q (3)

and the variables x, z and p? are related to the final observed variables xB , zh and P T and to the
integration variable k?. The exact relations can be found in Ref. [9]; at O(k?/Q) one simply has

x = xB z = zh . (4)

The unpolarised TMD distribution and fragmentation functions, fq/p(x, k?) and Dh/q(z, p?), depend
on the light-cone momentum fractions x and z and on the magnitudes of the transverse momenta k? =
|k?| and p? = |p?|. We assume these dependences to be factorized and we assume for the k? and p?
dependences a Gaussian form, with one free parameter which fixes the Gaussian width,

fq/p(x, k?) = fq/p(x)
e�k2

?/hk2
?i

⇡hk2?i
(5)

Dh/q(z, p?) = Dh/q(z)
e�p2

?/hp2
?i

⇡hp2?i
· (6)

The integrated PDFs, fq/p(x) and Dh/q(z), can be taken from the available fits of the world data: in
this analysis we will use the CTEQ6L set for the PDFs [32] and the DSS set for the fragmentation
functions [33]. In general, the widths of the Gaussians could depend on x or z and might be di↵erent
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Due to its simplicity, this ansatz has been widely used in phenomenological studies but with constant widths hk2

?

i and
hP 2

?

i. Here, for the first time we introduce an explicit dependence on flavor a for both average transverse momenta
hk2

?,ai and hP 2

?,a
~

hi. In principle, there are no reasons to prefer the Gaussian ansatz over other functional forms, and
indeed more flexible forms should be investigated in the future. Model calculations typically lead to a non-Gaussian
behavior [10, 12, 17–19, 43]. The ansatz is also not compatible with the proper QCD evolution of TMD PDFs: it could
be at most applicable at one specific starting scale, but would soon be spoiled by QCD corrections. In our analysis,
we completely neglect Q2 evolution, even in the collinear part of the functions, which we evaluate at Q2 = 2.4 GeV2.
We can do this only because the range in Q

2 spanned by the Hermes measurements is not large. From now on, we
drop the Q

2 dependence of the involved functions.
The convolution on transverse momenta in Eq. (8) can be solved analytically:

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT ) = f

a
1

(x)Da
~

h
1

(z)


e

�k2

?/hk2

?,ai

⇡hk2

?,ai
⌦ e

�P 2

?/hP 2

?,a
~

hi

⇡hP 2

?,a
~

hi

�

= x f

a
1

(x)Da
~

h
1

(z)
1

⇡hP 2

hT,ai
e

�P 2

hT /hP 2

hT,ai
,

(10)

where the relation between the three variances is

hP 2

hT,ai = z

2hk2

?,ai + hP 2

?,a
~

hi . (11)

In this way, for each involved flavor a the average square value of the transverse momentum PhT of the detected
hadron h can be related to the average square values of the intrinsic transverse momenta k

?

and P
?

, not directly
accessible by experiments.

Inserting Eq. (10) in Eq. (7), we simplify the multiplicities as

m

h
N (x, z,P 2

hT ) =
⇡P

a e
2

a f
a
1

(x)

⇥
X

a

e

2

a f

a
1

(x)Da
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,ai+hP 2

?,a
~

hi

�

⇡

�
z

2hk2

?,ai + hP 2

?,a
~

hi
�

.

(12)

If the distribution functions describe a parton a in a proton target, obviously the above expression is valid for N = p,
i.e., for a proton target. We can deduce the corresponding result for a neutron target by assuming isospin symmetry.
For a deuteron target, we can assume an incoherent sum of proton and neutron contributions. Under these assumptions
the necessary label for the parent hadron on PDFs is omitted and PDFs refer to the ones of the proton. We remark
also that each quark flavor is described by a single Gaussian with a specific width. The multiplicity is then a sum of
Gaussians and thus no longer a simple Gaussian. The above expression can be used with minor modifications also
if we assume that the distribution and fragmentation functions for some flavor are themselves sums of Gaussians.
We will in fact adopt such an assumption for the up and down quarks, where we distinguish a valence and a sea
contribution, each one having a di↵erent Gaussian width. For example, the up contribution to the multiplicities is

⇥
f

u
1

⌦ D

u
~

h
1

⇤
(x, z,P 2

hT ) =
⇥
(fuv

1

+ f

ū
1

) ⌦ D

u
~

h
1

⇤
(x, z,P 2

hT )

= x f

uv
1

(x)Du
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,uv
i+hP 2

?,u
~

hi

�

⇡

�
z

2hk2

?,uv
i + hP 2

?,u
~

hi
� + x f

ū
1

(x)Du
~

h
1

(z)
e

�P 2

hT /
�
z2

hk2

?,ūi+hP 2

?,u
~

hi

�

⇡

�
z

2hk2

?,ūi + hP 2

?,u
~

hi
�

,

(13)

where f

uv
1

= f

u
1

� f

ū
1

, and similarly for the down quark.
Previous data obtained in unpolarized Drell-Yan and semi-inclusive DIS processes were compatible with calculations

based on a Gaussian ansatz for unpolarized TMD PDFs and TMD FFs with flavor-independent constant widths. In
this case, Eq. (12) would display a simple Gaussian behavior in PhT with the same width in every target-hadron
combination. However, the Hermes multiplicities display significant di↵erences between proton and deuteron targets,
and between pion and kaon final-state hadrons. Hence, they strongly motivate our choice in Eq. (9) for a flavor-
dependent Gaussian ansatz.

B. Assumptions concerning average transverse momenta

As mentioned in the previous section, we introduce di↵erent widths for the Gaussian forms of the valence and sea
components of up and down TMD PDFs. However, we assume that the Gaussian widths of all sea quarks (ū, d̄, s
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A. Signori, A. Bacchetta, M. Radici and G. Schnell 
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FIG. 3. Data points: Hermes multiplicities m

h
p(x, z,P

2
hT ;Q

2) for pions and kaons o↵ a proton target as functions of P 2
hT for

one selected x and Q

2 bin and few selected z bins. Shaded bands: 68% confidence intervals obtained from fitting 200 replicas of
the original data points in the scenario of the default fit. The bands include also the uncertainty on the collinear fragmentation
functions. The lowest P 2

hT bin has not been included in the fit.

mHx,z,PhT2 ,Q2L, deuteron target
Xx\~0.15
XQ2\~2.9 GeV2
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FIG. 4. Same content and notation as in the previous figure, but for a deuteron target.
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FIG. 1: The multiplicities M⇡+

p obtained from Eqs. (12) and (8), with the parameters of Eq. (15), are compared
with HERMES measurements for ⇡+ SIDIS production o↵ a proton target [15]. The shaded uncertainty bands
correspond to a 5% variation of the total �2.
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FIG. 2: The multiplicities M⇡�
p obtained from Eqs. (12) and (8), with the parameters of Eq. (15), are compared

with HERMES measurements for ⇡� SIDIS production o↵ a proton target [15]. The shaded uncertainty bands
correspond to a 5% variation of the total �2.

9

Parameters for TMD FFs

⌦
P̂ 2

?,fav

↵ ⌦
P̂ 2

?,unf

↵ ⌦
P̂ 2

?,sK

↵ ⌦
P̂ 2

?,uK

↵
� � �

[GeV2] [GeV2] [GeV2] (random) [GeV2]

Default 0.15± 0.04 0.19± 0.04 0.19± 0.04 0.18± 0.05 1.43± 0.43 1.29± 0.95 0.17± 0.09

Q

2
> 1.6 GeV2 0.15± 0.04 0.19± 0.05 0.19± 0.04 0.18± 0.05 1.59± 0.45 1.41± 1.06 0.16± 0.10

Pions only 0.16± 0.03 0.19± 0.04 — — 1.55± 0.27 1.20± 0.63 0.15± 0.05

Flavor-indep. 0.18± 0.03 0.18± 0.03 0.18± 0.03 0.18± 0.03 1.30± 0.30 0.76± 0.40 0.22± 0.06

TABLE IV. 68% confidence intervals of best-fit parameters for TMD FFs in the di↵erent scenarios.

0.5 1.0 1.5 2.0 2.5 3.00

20

40

60

80

c2êd.o.f.

n r
ep

FIG. 2. Distribution of the values of �2
/d.o.f. for the default fit. On the vertical axis, the number of replicas with �

2
/d.o.f.

inside the bin. The bin width is 0.1.

Figs. 3 and 4 illustrate the agreement between our fit and the Hermes data. For each figure, the upper panels
display the results for pions (⇡� on the left and ⇡

+ on the right), the lower panels for kaons. The results show the
multiplicities m

h
N (x, z,P 2

hT , Q
2) for N = p proton and N = D deuteron targets, respectively, as functions of P 2

hT
for one selected bin hxi ⇠ 0.15 and hQ2i ⇠ 2.9 GeV2 (out of the total five x bins we used), and for four di↵erent
z bins (out of the total seven z bins we used). The lowest P 2

hT bin was excluded from the fit, as explained in
Sec.IIIA. The theoretical band is obtained by rejecting the largest and lowest 16% of the replicas for each P 2

hT bin.
The theoretical uncertainty is dominated by the error on the collinear fragmentation functions D

1

(z), which induces
an overall normalization uncertainty in each z bin. The di↵erent values of the fit parameters in each replica are
responsible for the slight di↵erences in the slopes of the upper and lower borders of the bands.

In Tab. III, the values of the average square transverse momenta for TMD PDFs are listed. We note that they can
range between 0.13 and 0.57 GeV2 within the 68% confidence interval.

In the left panel of Fig. 5, we compare the ratio hk2

?,dv
i/hk2

?,uv
i vs. hk2

?,seai/hk2

?,uv
i for 200 replicas. The white

box represents the point at the center of each one-dimensional 68% confidence interval of the two ratios. The shaded
area represents the two-dimensional 68% confidence region, it contains 68% of the points with the shortest distance
from the white box. Since for each flavor the x dependence of the average square transverse momenta is the same (see
Eq. (14)), these ratios are x-independent. The dashed lines correspond to the ratios being unity and divide the plane
into four quadrants. Most of the replicas are in the upper left quadrant, i.e., we have hk2

?,dv
i < hk2

?,uv
i < hk2

?,seai.
The white box shows that dv is on average about 20% narrower than uv, which is in turn about 10% narrower than
the sea. The crossing of the dashed lines corresponds to a flavor-independent distribution of transverse momenta.
This crossing point lies at the limit of the 68% confidence region. In a relevant number of replicas dv can be more
than 40% narrower than the uv, and the sea can be more than 30% wider than uv. From this fit, it seems possible
that the sea is narrower than uv, but unlikely that dv is wider than uv.

In the right panel of Fig. 5, we compare the ratio hP 2

?,unfi/hP 2

?,favi vs. hP 2

?,uKi/hP 2

?,favi in the same conditions as
before. All points are clustered in the upper right quadrant and close to its bisectrix, i.e., we have the stable outcome
that hP 2

?,favi < hP 2

?,unfi ⇠ hP 2

?,uKi. The width of unfavored and u ! K

+ fragmentations are about 20% larger than
the widht of favored ones.



18

 fragmentation of quarks involving transverse degrees of freedom

Ami Rostomyan SPIN 2014

- D. Boer and P.J. Mulders -   
Phys. Rev. D57 (1998)

 - R.N. Cahn -  
Phys. Lett. B78 (1978)

Boer-Mulders effect 
➡ correlation between quark’s transverse 

momentum, transverse spin and 
transverse momentum of the produced 
unpolarised hadron

16

 fragmentation involving quark’s transverse degrees of freedom

Ami Rostomyan SPIN 2014

R.N. Cahn, Phys. Lett. B78 (1978)

Cahn effect 

� kinematic effect caused by quark 
intrinsic transverse momentum. 

(cosφh)

Boer-Mulders effect 

� correlation between quark’s transverse 
momentum and transverse spin. 

(cos2φh)

D. Boer and P.J. Mulders, Phys. Rev. D57 (1998)

16












+

⋅
−

⋅
−= ⊥⊥ ......

ˆˆ2
1111

cos Dfx
M

kh
Hhx

M

ph

Q

M
F T

h

T
UU

rr

!φ











 ⋅−⋅⋅
−= ⊥⊥

11

2cos )ˆ)(ˆ(2
Hh

MM

pkphkh
F

h

TTTT
UU

rvvr

!φ

BOER-MULDERS 

EFFECT

Cahn and Boer-Mulders effects
kT kT

sT

sT

⊥hP

⊥hP

kT

kT

⊥hP

⊥hP

⊥⊥
11 Hh

⊥⊥
11 Hh

CAHN EFFECT

11Df

Cahn effect 
➡ kinematic effect caused by quark 

intrinsic transverse momentum

16

 fragmentation involving quark’s transverse degrees of freedom

Ami Rostomyan SPIN 2014

R.N. Cahn, Phys. Lett. B78 (1978)

Cahn effect 

� kinematic effect caused by quark 
intrinsic transverse momentum. 

(cosφh)

Boer-Mulders effect 

� correlation between quark’s transverse 
momentum and transverse spin. 

(cos2φh)

D. Boer and P.J. Mulders, Phys. Rev. D57 (1998)

16












+

⋅
−

⋅
−= ⊥⊥ ......

ˆˆ2
1111

cos Dfx
M

kh
Hhx

M

ph

Q

M
F T

h

T
UU

rr

!φ











 ⋅−⋅⋅
−= ⊥⊥

11

2cos )ˆ)(ˆ(2
Hh

MM

pkphkh
F

h

TTTT
UU

rvvr

!φ

BOER-MULDERS 

EFFECT

Cahn and Boer-Mulders effects
kT kT

sT

sT

⊥hP

⊥hP

kT

kT

⊥hP

⊥hP

⊥⊥
11 Hh

⊥⊥
11 Hh

CAHN EFFECT

11Df



18

 fragmentation of quarks involving transverse degrees of freedom

Ami Rostomyan SPIN 2014

- D. Boer and P.J. Mulders -   
Phys. Rev. D57 (1998)

 - R.N. Cahn -  
Phys. Lett. B78 (1978)

Boer-Mulders effect 
➡ correlation between quark’s transverse 

momentum, transverse spin and 
transverse momentum of the produced 
unpolarised hadron

16

 fragmentation involving quark’s transverse degrees of freedom

Ami Rostomyan SPIN 2014

R.N. Cahn, Phys. Lett. B78 (1978)

Cahn effect 

� kinematic effect caused by quark 
intrinsic transverse momentum. 

(cosφh)

Boer-Mulders effect 

� correlation between quark’s transverse 
momentum and transverse spin. 

(cos2φh)

D. Boer and P.J. Mulders, Phys. Rev. D57 (1998)

16












+

⋅
−

⋅
−= ⊥⊥ ......

ˆˆ2
1111

cos Dfx
M

kh
Hhx

M

ph

Q

M
F T

h

T
UU

rr

!φ











 ⋅−⋅⋅
−= ⊥⊥

11

2cos )ˆ)(ˆ(2
Hh

MM

pkphkh
F

h

TTTT
UU

rvvr

!φ

BOER-MULDERS 

EFFECT

Cahn and Boer-Mulders effects
kT kT

sT

sT

⊥hP

⊥hP

kT

kT

⊥hP

⊥hP

⊥⊥
11 Hh

⊥⊥
11 Hh

CAHN EFFECT

11Df

Cahn effect 
➡ kinematic effect caused by quark 

intrinsic transverse momentum

16

 fragmentation involving quark’s transverse degrees of freedom

Ami Rostomyan SPIN 2014

R.N. Cahn, Phys. Lett. B78 (1978)

Cahn effect 

� kinematic effect caused by quark 
intrinsic transverse momentum. 

(cosφh)

Boer-Mulders effect 

� correlation between quark’s transverse 
momentum and transverse spin. 

(cos2φh)

D. Boer and P.J. Mulders, Phys. Rev. D57 (1998)

16












+

⋅
−

⋅
−= ⊥⊥ ......

ˆˆ2
1111

cos Dfx
M

kh
Hhx

M

ph

Q

M
F T

h

T
UU

rr

!φ











 ⋅−⋅⋅
−= ⊥⊥

11

2cos )ˆ)(ˆ(2
Hh

MM

pkphkh
F

h

TTTT
UU

rvvr

!φ

BOER-MULDERS 

EFFECT

Cahn and Boer-Mulders effects
kT kT

sT

sT

⊥hP

⊥hP

kT

kT

⊥hP

⊥hP

⊥⊥
11 Hh

⊥⊥
11 Hh

CAHN EFFECT

11Df



19

quarks’ transverse degrees of freedom

Ami Rostomyan SPIN 2014

16

-1

U
U

〉
φ

c
o

s
2

〈
2
 

-0.2

-0.1

0

0.1

+h

x  

-110

U
U

〉
φ

c
o

s
2

〈
2

 

-0.2

-0.1

0

0.1

-
h

0.4 0.5 0.6 0.7

-0.2

-0.1

0

0.1

y  
0.4 0.5 0.6 0.7

-0.2

-0.1

0

0.1

0.4 0.5 0.6

-0.2

-0.1

0

0.1

z  
0.4 0.5 0.6

-0.2

-0.1

0

0.1

0.3 0.4 0.5 0.6

-0.2

-0.1

0

0.1

 e h X→e p  
 Xπ e →e p  

 e K X→e p  

  [GeV]⊥hP
0.3 0.4 0.5 0.6

-0.2

-0.1

0

0.1
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-1

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 +h

x  

-110

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 -
h

0.4 0.5 0.6 0.7
-0.3

-0.2

-0.1

0

0.1

0.2

y  
0.4 0.5 0.6 0.7

-0.3

-0.2

-0.1

0

0.1

0.2
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

z  
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2  e h X→e p  
 Xπ e →e p  

 e K X→e p  

  [GeV]⊥hP
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

> negative asymmetry for π+ and positive for π- 
➡  from previous publications (PRL 94 (2005) 012002, PLB 693 (2010) 11-16): 

➡ data supports Boer-Mulders DF       of same sign for u and d quarks

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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FIG. 10. cos 2� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.
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FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

> negative asymmetry for π+ and positive for π- 
➡  from previous publications (PRL 94 (2005) 012002, PLB 693 (2010) 11-16): 

➡ data supports Boer-Mulders DF       of same sign for u and d quarks

>  K- and K+ : striking differences w.r.t. pions 
➡  role of the sea in DF and FF

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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FIG. 10. cos 2� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.
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FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

> negative asymmetries for π+ and π-

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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FIG. 10. cos 2� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

-1

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 +h

x  

-110

U
U

〉
φ

c
o

s
〈

2
 

-0.3

-0.2

-0.1

0

0.1

0.2 -
h

0.4 0.5 0.6 0.7
-0.3

-0.2

-0.1

0

0.1

0.2

y  
0.4 0.5 0.6 0.7

-0.3

-0.2

-0.1

0

0.1

0.2
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

z  
0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2  e h X→e p  
 Xπ e →e p  

 e K X→e p  

  [GeV]⊥hP
0.3 0.4 0.5 0.6

-0.3

-0.2

-0.1

0

0.1

0.2

FIG. 11. cos� amplitudes from a hydrogen target for positive (upper panels) and negative (lower panels) unidentified hadrons
(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
Points have been slightly shifted horizontally for visibility.

> negative asymmetries for π+ and π-

> negative asymmetries for K+ and compatible with zero asymmetries for K- 

➡ suggest a large contribution from the Boer–Mulders effect

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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(triangles), pions (squares) and kaons (circles), integrated over the kinematic range B of table III. Uncertainties as in Fig. 4.
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Points have been slightly shifted horizontally for visibility.

> negative asymmetries for π+ and π-

> negative asymmetries for K+ and compatible with zero asymmetries for K- 

➡ suggest a large contribution from the Boer–Mulders effect
> even larger amplitudes in magnitude for K+ than those for π+

- HERMES Collaboration - Phys.Rev. D87 (2013) 012010 

fully differential 4D extraction of asymmetry amplitudes (900 bins in x, y, z, Ph) 
http://www-hermes.desy.de/cosnphi/

http://www-hermes.desy.de/cosnphi/
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> π+ and π- 
➡ the role of the twist-3 DF or FF is sizeable
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➡ the role of the twist-3 DF or FF is sizeable
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towards differential 3D (in x, y, z, Ph) extraction of asymmetry amplitudes 
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> first measurement in ep scattering	

> High statistics (100 Mil hadrons: K and pions )

S. Yaschenko, Overview of recent HERMES results 16
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- HERMES Collaboration - Phys. Lett. B 728 (2014) 183 

Figure 1: The definition of the azimuthal angle  .

and  , the azimuthal angle about the beam direction be-
tween the “upward” target spin direction and the hadron
production plane, in accordance with the Trento Con-
ventions [65] (see Fig. 1).

The cross section for inclusive electroproduction
of hadrons using an unpolarized lepton beam and a
transversely polarized target includes a polarization-
averaged and a polarization-dependent part and is given
for each hadron species as

d� = d�UU
h
1 + S T Asin 

UT sin 
i
. (1)

Here, the first subscript U denotes unpolarized beam,
the second subscript U (T) an unpolarized (transversely
polarized) target. The dependences of the cross sec-
tion and of the azimuthal amplitude Asin 

UT on PT and
xF have been omitted. The sin azimuthal dependence
follows directly from the term ~S · (~Ph ⇥ ~k) in the spin-
dependent part of the cross section (see, e.g., Ref. [60]),
with ~S being the target-spin vector, and ~k and ~Ph the
three-momenta of the incident lepton and of the final-
state hadron, respectively.

The sin amplitude Asin 
UT is related to the left-right

asymmetry AN along the direction of the incident lepton
beam and with respect to the nucleon-spin direction,2
measured with a detector with full 2⇡-coverage in  and
constant e�ciency, by

AN ⌘
R 2⇡
⇡

d d� �
R ⇡

0 d d�
R 2⇡
⇡

d d� +
R ⇡

0 d d�
= �2

⇡
Asin 

UT . (2)

2The sign convention of AN in hadron collisions commonly di↵ers
through defining “left” and “right” with respect to the momentum and
transverse-spin directions of the incoming polarized hadron.
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Figure 2: Asin 
UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
els of Fig. 2. The amplitudes are positive for the pos-
itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-
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Figure 1: The definition of the azimuthal angle  .

and  , the azimuthal angle about the beam direction be-
tween the “upward” target spin direction and the hadron
production plane, in accordance with the Trento Con-
ventions [65] (see Fig. 1).

The cross section for inclusive electroproduction
of hadrons using an unpolarized lepton beam and a
transversely polarized target includes a polarization-
averaged and a polarization-dependent part and is given
for each hadron species as
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. (1)

Here, the first subscript U denotes unpolarized beam,
the second subscript U (T) an unpolarized (transversely
polarized) target. The dependences of the cross sec-
tion and of the azimuthal amplitude Asin 

UT on PT and
xF have been omitted. The sin azimuthal dependence
follows directly from the term ~S · (~Ph ⇥ ~k) in the spin-
dependent part of the cross section (see, e.g., Ref. [60]),
with ~S being the target-spin vector, and ~k and ~Ph the
three-momenta of the incident lepton and of the final-
state hadron, respectively.

The sin amplitude Asin 
UT is related to the left-right

asymmetry AN along the direction of the incident lepton
beam and with respect to the nucleon-spin direction,2
measured with a detector with full 2⇡-coverage in  and
constant e�ciency, by
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2The sign convention of AN in hadron collisions commonly di↵ers
through defining “left” and “right” with respect to the momentum and
transverse-spin directions of the incoming polarized hadron.
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Figure 2: Asin 
UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
els of Fig. 2. The amplitudes are positive for the pos-
itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-
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and  , the azimuthal angle about the beam direction be-
tween the “upward” target spin direction and the hadron
production plane, in accordance with the Trento Con-
ventions [65] (see Fig. 1).

The cross section for inclusive electroproduction
of hadrons using an unpolarized lepton beam and a
transversely polarized target includes a polarization-
averaged and a polarization-dependent part and is given
for each hadron species as

d� = d�UU
h
1 + S T Asin 

UT sin 
i
. (1)

Here, the first subscript U denotes unpolarized beam,
the second subscript U (T) an unpolarized (transversely
polarized) target. The dependences of the cross sec-
tion and of the azimuthal amplitude Asin 

UT on PT and
xF have been omitted. The sin azimuthal dependence
follows directly from the term ~S · (~Ph ⇥ ~k) in the spin-
dependent part of the cross section (see, e.g., Ref. [60]),
with ~S being the target-spin vector, and ~k and ~Ph the
three-momenta of the incident lepton and of the final-
state hadron, respectively.

The sin amplitude Asin 
UT is related to the left-right

asymmetry AN along the direction of the incident lepton
beam and with respect to the nucleon-spin direction,2
measured with a detector with full 2⇡-coverage in  and
constant e�ciency, by
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2The sign convention of AN in hadron collisions commonly di↵ers
through defining “left” and “right” with respect to the momentum and
transverse-spin directions of the incoming polarized hadron.
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Figure 2: Asin 
UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
els of Fig. 2. The amplitudes are positive for the pos-
itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-
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three-momenta of the incident lepton and of the final-
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UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
els of Fig. 2. The amplitudes are positive for the pos-
itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-
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and  , the azimuthal angle about the beam direction be-
tween the “upward” target spin direction and the hadron
production plane, in accordance with the Trento Con-
ventions [65] (see Fig. 1).

The cross section for inclusive electroproduction
of hadrons using an unpolarized lepton beam and a
transversely polarized target includes a polarization-
averaged and a polarization-dependent part and is given
for each hadron species as
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. (1)

Here, the first subscript U denotes unpolarized beam,
the second subscript U (T) an unpolarized (transversely
polarized) target. The dependences of the cross sec-
tion and of the azimuthal amplitude Asin 

UT on PT and
xF have been omitted. The sin azimuthal dependence
follows directly from the term ~S · (~Ph ⇥ ~k) in the spin-
dependent part of the cross section (see, e.g., Ref. [60]),
with ~S being the target-spin vector, and ~k and ~Ph the
three-momenta of the incident lepton and of the final-
state hadron, respectively.

The sin amplitude Asin 
UT is related to the left-right

asymmetry AN along the direction of the incident lepton
beam and with respect to the nucleon-spin direction,2
measured with a detector with full 2⇡-coverage in  and
constant e�ciency, by
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through defining “left” and “right” with respect to the momentum and
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UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
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itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-

4

> Sivers effect or higher twist effects ? 
> similarities with                      ?

Figure 1: The definition of the azimuthal angle  .

and  , the azimuthal angle about the beam direction be-
tween the “upward” target spin direction and the hadron
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three-momenta of the incident lepton and of the final-
state hadron, respectively.

The sin amplitude Asin 
UT is related to the left-right

asymmetry AN along the direction of the incident lepton
beam and with respect to the nucleon-spin direction,2
measured with a detector with full 2⇡-coverage in  and
constant e�ciency, by

AN ⌘
R 2⇡
⇡

d d� �
R ⇡

0 d d�
R 2⇡
⇡

d d� +
R ⇡

0 d d�
= �2

⇡
Asin 

UT . (2)

2The sign convention of AN in hadron collisions commonly di↵ers
through defining “left” and “right” with respect to the momentum and
transverse-spin directions of the incoming polarized hadron.
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Figure 2: Asin 
UT amplitudes for charged pions and kaons as a func-

tion of PT (top) and xF (bottom). Positive (negative) particles are
denoted by closed (open) symbols. When visible, the inner error bars
show the statistical uncertainties, while the total ones represent the
quadratic sum of statistical and systematic uncertainties. Not shown
is an additional 8.8% scale uncertainty due to the precision of the mea-
surement of the target polarization. The bottom subpanels show the
PT dependence (xF dependence) of the average xF (PT ). Data points
for negative particles are slightly shifted horizontally for legibility.

Experimentally, the Asin 
UT amplitudes were extracted

by performing a maximum-likelihood fit to the cross
section of Eq. 1, i.e., the measured yield distribution for
the two target-spin states weighted with the inverse of
the trigger e�ciencies and luminosity, binned in PT and
xF , but unbinned in  . The detection e�ciency, if in-
dependent of the target-spin state, cancels in the fit as
long as the polarization-weighted luminosity vanishes,
i.e.,
R
S T (t)L(t)dt = 0, as is the case for the present data.

The extracted Asin 
UT amplitudes for charged pions and

kaons are presented as a function of PT in the top pan-
els of Fig. 2. The amplitudes are positive for the pos-
itive hadrons, being slightly larger for kaons compared
to pions. They rise smoothly with PT up to a maximum
value of approximately 0.06 (0.08) for pions (kaons) at
PT ' 0.8 GeV and then decrease again with increasing
PT . Note that at PT = 0 GeV the amplitude Asin 

UT van-
ishes by definition. For PT > 1.3 GeV, the statistical un-

4

> xF and PT h
ighly correlated 

➡ clear conclusions require 

multi- d
imensional extraction! 

see the talk by A. Rostomyan
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> deeply virtual 
Compton scattering

probing the orbital angular momentum

Generalised Parton Distributions
(GPDs)
hard exclusive reactions

Deeply Virtual Compton
Scattering (DVCS)

H , E , H ,E

e
e '

N N '

(γ∗ → γ): H, E, eH, eE (twist-2, chiral even)
H and eH conserve the nucleon helicity
E and eE describe the nucleon helicity flip
Ji relation

Jq =
1

2
lim
t→0

Z 1

−1
dx x [Hq(x, ξ, t) + Eq(x, ξ, t)]

=
1

2
∆Σq + Lq

why DVCS?
the cleanest probe of GPDs
theoretical accuracy at NNLO
no gluons in the LO

Compton form factors
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)

-Ami Rostomyan- – p. 2

> DVCS 
➡ at leading twist: 
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> vector and pseudoscalar  
meson production

> deeply virtual 
Compton scattering

probing the orbital angular momentum

Generalised Parton Distributions
(GPDs)
hard exclusive reactions

Deeply Virtual Compton
Scattering (DVCS)

H , E , H ,E

e
e '

N N '

(γ∗ → γ): H, E, eH, eE (twist-2, chiral even)
H and eH conserve the nucleon helicity
E and eE describe the nucleon helicity flip
Ji relation

Jq =
1

2
lim
t→0

Z 1

−1
dx x [Hq(x, ξ, t) + Eq(x, ξ, t)]

=
1

2
∆Σq + Lq

why DVCS?
the cleanest probe of GPDs
theoretical accuracy at NNLO
no gluons in the LO

Compton form factors
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)

-Ami Rostomyan- – p. 2

> vector mesons:  
➡ at leading twist:  
!
!

> pseudoscalar  mesons  
➡ at leading twist:  

➡ higher twist:      

➡ higher twist:        

> DVCS 
➡ at leading twist: 
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exclusive measurements
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>measured complete set of beam helicity, beam charge 
and target polarisation asymmetries   

> first measurement of associated DVCS

(probing GPDs)

�

HERMES and GPDs

0

A
UTSDME

A
UT

SDME

A
UT

SDME

A
UT

cross

section

A
UL

0
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> complete set of SDMEs on unpolarised H and D targets 
> first measurement of SDMEs on a transversely polarised target 

            highlights

ωφ

π+ > first measurement of asymmetry on transversely polarised 
target sensitive to HT 
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theoretically the cleanest probe of GPDs
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> unpolarised target

> longitudinally polarised target

> transversely polarised target
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complete set of DVCS asymmetries
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Sergey Yashchenko  |  Hard Exclusive Leptoproduction of Photons and Mesons at HERMES  |  26.08.2014  |  Page 19

Overview of Published HERMES DVCS Results

> Beam-charge and beam-spin asymmetry 
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> Longitudinal target & double spin 
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> the spin-state of the vector meson is 
reflected in the orbital angular 
momentum of the decay particles
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  vector meson production cross section

> production and decay angular distributions:

Ami Rostomyan SPIN 2014

> parametrised by SDMEs > the spin-state of the vector meson is 
reflected in the orbital angular 
momentum of the decay particles

r 
V

V '



 *


0

-Schilling, Wolf (1973)- -Diehl  (2007)-

➡ 15 SDMEs → unpolarised target 
➡ 8 SDMEs → longitudinally polarised beam  
➡ 30 SMDEs → transversely polarised target
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SDMEs of vector meson production
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15

scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r5
00/

√
2 and r8

00/
√

2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-

HERMES and GPDs

0

A
UTSDME

A
UT

SDME

A
UT

SDME

A
UT

cross

section

A
UL

0

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 22
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Fig. 6. The 23 SDMEs for exclusive ! electroproduction extracted in the entire HERMES kinematic region with hQ2i =
2.42 GeV2, hW i = 4.8 GeV, h�t

0i = 0.080 GeV2. Proton data are denoted by squares and deuteron data by circles. The inner
error bars represent the statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added
in quadrature. Unpolarized (polarized) SDMEs are displayed in the unshaded (shaded) areas.

found to be consistent with each other within their quadrat-
ically combined total uncertainties, with a �2 per degrees
of freedom of 28/23 ⇡ 1.2. In Fig. 6, the eight polarized
SDMEs are presented in shaded areas. Their experimen-
tal uncertainties are larger in comparison to those of the
unpolarized SDMEs because the lepton beam polariza-
tion is smaller than unity (|Pb| ⇡ 40%) and in the equa-
tion for the angular distribution they are multiplied by
the small kinematic factor |Pb|

p
1 � ✏ ⇡ 0.2, cf. Eq. (14)

vs. Eq. (15).

5.2 Test of the SCHC Hypothesis

In the case of SCHC, the seven SDMEs of class A and
class B (r04

00, r1
1�1, Im{r2

1�1}, Re{r5
10}, Im{r6

10}, Im{r7
10},

Re{r8
10}) are not restricted to be zero, but six of them

have to obey the following relations [3]:

r1
1�1 = �Im{r2

1�1},
Re{r5

10} = �Im{r6
10},

Im{r7
10} = Re{r8

10}.

The proton data yield

r1
1�1 + Im{r2

1�1} = �0.004 ± 0.038 ± 0.015,

Re{r5
10} + Im{r6

10} = �0.024 ± 0.013 ± 0.004,

Im{r7
10}� Re{r8

10} = �0.060 ± 0.100 ± 0.018,

and the deuteron data yield

r1
1�1 + Im{r2

1�1} = 0.033 ± 0.049 ± 0.016,

Re{r5
10} + Im{r6

10} = 0.001 ± 0.016 ± 0.005,

Im{r7
10}� Re{r8

10} = 0.104 ± 0.110 ± 0.023.

Here and in the following, the first uncertainty is statistical
and the second systematic. In the calculation of the sta-
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D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r5
00/

√
2 and r8

00/
√

2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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found to be consistent with each other within their quadrat-
ically combined total uncertainties, with a �2 per degrees
of freedom of 28/23 ⇡ 1.2. In Fig. 6, the eight polarized
SDMEs are presented in shaded areas. Their experimen-
tal uncertainties are larger in comparison to those of the
unpolarized SDMEs because the lepton beam polariza-
tion is smaller than unity (|Pb| ⇡ 40%) and in the equa-
tion for the angular distribution they are multiplied by
the small kinematic factor |Pb|

p
1 � ✏ ⇡ 0.2, cf. Eq. (14)

vs. Eq. (15).

5.2 Test of the SCHC Hypothesis

In the case of SCHC, the seven SDMEs of class A and
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and the second systematic. In the calculation of the sta-
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SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at least one s-channel helicity-changing
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statistical uncertainties. The full error bars represent the quadratic sum of the statistical and systematic uncertainties. In
addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
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00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗
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2) and
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11/N . The dominant contributions for classes D

and E contain terms T10T ∗
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11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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Fig. 6. The 23 SDMEs for exclusive ! electroproduction extracted in the entire HERMES kinematic region with hQ2i =
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0i = 0.080 GeV2. Proton data are denoted by squares and deuteron data by circles. The inner
error bars represent the statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added
in quadrature. Unpolarized (polarized) SDMEs are displayed in the unshaded (shaded) areas.

found to be consistent with each other within their quadrat-
ically combined total uncertainties, with a �2 per degrees
of freedom of 28/23 ⇡ 1.2. In Fig. 6, the eight polarized
SDMEs are presented in shaded areas. Their experimen-
tal uncertainties are larger in comparison to those of the
unpolarized SDMEs because the lepton beam polariza-
tion is smaller than unity (|Pb| ⇡ 40%) and in the equa-
tion for the angular distribution they are multiplied by
the small kinematic factor |Pb|

p
1 � ✏ ⇡ 0.2, cf. Eq. (14)

vs. Eq. (15).
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Comparison with Theoretical Calculations

>GPD model originally developed to describe exclusive meson production

Peter Kroll, Hervé Moutarde, Franck Sabatié, From hard exclusive meson electroproduction 
to deeply virtual Compton scattering, Eur. Phys. J. C (2013) 73:2278

In comparison with HERMES data

Full points – DVCS pre-Recoil data, JHEP 07 (2012) 032

Open points – DVCS Recoil data, JHEP 10 (2012) 042
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