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semi-inclusive deep-inelastic scattering
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A hadron h is detected in coincidence with the scattered lepton

Depends on: 
• Nucleon structure 
• Hard interaction 

• Hadron formation
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A hadron h is detected in coincidence with the scattered lepton

Kinematic variables (SIDIS) 
• fractional hadron energy 

• hadron transverse momentum 

• hadron azimuthal angle φh

z =
P · Ph

P · q

Ph? =

����~q ⇥ ~Ph

����
���~q
���

Kinematic variables (inclusive) 
• momentum transfer 

• photon-nucleon invariant mass 

• Bjorken scaling variable 

• fractional photon energy

Q2 = �q2

W2 = (P + q)2

x =
Q

2

2P · q

y =
p · q
p · k



factorization: separation of distance scales
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parameterizations

0

0.2

0.4

0.6

0.8

1

1.2

10 -4 10 -3 10 -2 10 -1

x

f(x
)

x

0

0.2

0.4

0.6

0.8

1

1.2

10 -4 10 -3 10 -2 10 -1

x

x 
f(x

) Knowledge of PDFs: 
→ Well constrained 
→ Up to NNLO 
→ Recent parameterizations 
(CTEQ6/CT14, MSTW2008, HeraPDF, NNPDF) 
agree within uncertainties 
→ calculable in lattice QCD
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Knowledge of PDFs: 
→ Well constrained 
→ Up to NNLO 
→ Recent parameterizations 
(CTEQ6/CT14, MSTW2008, HeraPDF, NNPDF) 
agree within uncertainties 
→ calculable in lattice QCD

Knowledge of FFs: 
→ Mostly from SIA (no 
individual quark contributions) 
→ Up to NLO 
→ Leading parameterizations 
(DSS07/AKK08/HKNS07) differ 
→ Room for improvement!



The HERMES experiment
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• HERA 27.6 GeV e± beam 
• Forward spectrometer 
→ Pure H and D atomic gas target 
→ Clean lepton-hadron identification 
→ Very good pion-kaon separation 

with the RICH



What is a SIDIS multiplicity?
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Multiplicity: Number of hadrons h 
produced in SIDIS off a nucleon H, 
relative to the number of  inclusive 
DIS events.
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SIDIS Multiplicities: HERMES results

(A. Airapetian et al, Phys. Rev. D 87 (2013) 074029)

• High statistics 
• 3D analysis (                    )
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High precision requires sophisticated analysis: 
• Trigger efficiencies 
• Charge-symmetric background 
• RICH unfolding 
• (optional): correction for exclusive vector mesons 
• Multidimensional smearing-unfolding for radiative 
effects, limited acceptance, and detector smearing
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High precision requires sophisticated analysis: 
• Trigger efficiencies 
• Charge-symmetric background 
• RICH unfolding 
• (optional): correction for exclusive vector mesons 
• Multidimensional smearing-unfolding for radiative 
effects, limited acceptance, and detector smearing

 Final results in 4π Born 
(one-photon exchange)

Systematics 
dominated
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Smearing-unfolding in SIDIS
Relation between a measured and Born cross section

Radiative effects

Limited acceptance

Detector resolution

Background

SMEARING MATRIX

�M(i) =
X

j

S (i, j)�B( j) + B(i)

• Solve by matrix inversion 
• Calculate from Monte-Carlo 

• model independent if: 
• acceptance flat within bin 
• cross section flat within bin



Importance of a multidimensional approach

• Neglecting to unfold in z 
changes the x dependence 
dramatically 

•cf: Phys.Lett. B666 (2008) 446-450, 
Phys.Rev. D89 (2014) no.9, 097101
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1D comparison with LO predictions

CTEQ6L/DSS: π+ and K+ well 
described, larger deviations 
for π - and K-
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Improvement in the 
disfavored sector!
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Next Generation of FFs

de Florian et al., Phys.Rev. D91 (2015) no.1, 014035

“DSS+” global 
extraction: very 
good fit to both 
HERMES and 

COMPASS pion 
multiplicities

Kaon multiplicities 
were harder to 

control 
(upcoming!)
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Recent TMD fits

M. Anselmino et al., JHEP 1404 (2014) 005
A. Signori et al., JHEP 1311 (2013) 194

Gaussian Ansatz works!

Evidence for flavor 
dependence of the TMD FFs



Limits of Factorization and Precocious Scaling
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• ...

Only break factorization if not 
properly accounted for

Simple probabilistic 
interpretation impossible
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separation of current and 

target “jets” required
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Limits on factorization: target remnant
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Observations: 

→ Jet FWHM: ΔηCM ≈ 2
→ Rising W: jet separation improves 
→ A ηCM cut can separate the jets

“Berger Criterion”: 
Full separation requires 

ΔηCM > 4 between the jets

Lower limit in W for 
this to be possible
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Implies a lower limit in z



HERMES as a measure of future challenges
  SOLID         HERMES

W
max

=
p

s

 

Berger Criterion: 
⌘max

CM

⇡ ln W/Mh = 4

→pions: W > 7.6 GeV 
→kaons: W > 27 GeV

Problematic? 
Factorization seems 
to hold at HERMES

Ebeam = 11GeV
p
s = 4.8GeV

Ebeam = 27.5GeV
p
s = 7.5GeV

 2GeV < W < 4.8GeV 3.2GeV < W < 7.5GeV



“Demonstrating” factorization at medium energies

Extract “indicator” quantities       

example: 
R
dv/

R
uv = 1/2

Multi-dimensional if possible to 
identify problem corners 

Can only show absence of evidence 
for factorization breaking
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�⇡
�

p / (4u + d̄)Du + (d + 4ū)Df + strange
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SYSTEMATICS! 
• Systematics dominant: pushing 
the limit of HERMES 

• On to CEBAF! 
• Multi-D binning key, for 
unfolding, but also for 
interpretation
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Systematics highly 
correlated

Asymmetries and ratios to 
increase precision
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also observed during 
HERMES LUND MC tuning



exclusive vector meson contamination
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tuned PYTHIA 
• Applied at fully differential 
level 

• Most of the correction 
canceled by the inclusive 
correction 

• systematic < 1% 
• results available both with 
and without this correction 

• This presentation: with VM correction
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