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SIDIS program in EIC
• Flavour separation in 

collinear PDFs. 
• Polarised PDFs. 
• TMD (polarized) PDFs.

2

EIC extended
 kinematic coverage



• SIDIS Process with TM of hadron measured.

Accessing TMDs in SIDIS
•  Measurement of the transverse momentum of the 
produced hadron in SIDIS provides access to TMD PDFs/FFs.

• TMD PDFs
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✦  Need the knowledge on PDFs and (in particular) FFs. 

✦  Their extractions not necessarily independent, but 
naturally interlinked.

Accessing Parton Properties at EIC
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Masters of the Universe

PDF

pol PDF Frag Fns

A

3He

deuteron

transversity

di-had
FF

towards “universal” (combined) fits 

A. Accardi



6EICUG meeting, Trieste – 21 July  2017accardi@jlab.org 8

5+ years: new fitting methods
 

 More compu4ng power, e@cient implementa4ons

– New ��ng, analysis methods

 In traditonal "ts:

– Detailed c2 scans, re"ned sta4s4cal analysis

 Monte Carlo "Ang methods:

– NNPDF: bootstrap + neural network "t

– JAM: bootstrap + Itera4ve Monte Carlo (IMC) approach
 

Large number of parameters, trustable uncertainty es4mates

 Self organizing maps → Liuti et al.

→ Sato, Ethier et al (since 2015)

→ Nocera’s talk

A. Accardi

NNFF1.0
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Need combined fits!

Most slides by J.Ethier – mistakes misinterpreta4ons are all on me

JAM 17
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Fragmentation Functions

 Data set

A. Accardi



8EICUG meeting, Trieste – 21 July  2017accardi@jlab.org 21

Polarized PDFs

 Data set

EICUG meeting, Trieste – 21 July  2017accardi@jlab.org 22

Strange polarization

 Data set

But, possibly large 

hadron mass e ects

A. AccardiJAM 17
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Fragmentation Functions

 Data set









Additional FF data from e+e-

12

R. Seidl

e-　

  e+　

Ph１

Ph2

gain additional flavor sensitivity 
by looking at pairs of hadrons



Tagged Structure Functions
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Tagging: free neutron structure
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Tagged DIS with deuteron: model for the IA

pD

pR

pR pD

q

X

R RTp,

proton

neutron

t = ( ) 2

pn

⌅ Hadronic tensor can be written as a product of
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detect recoil proton from  
deuteron target to study 

neutron structure

W. Cosyn



Tagging: polarized neutron structure

On-shell extrapolation of double spin asymm.
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⌅ Systematic uncertainties
cancel in ratio (momentum
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⌅ Precise measurement of
neutron spin structure
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Tagged Structure Functions
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Tagged DIS with deuteron: model for the IA
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detect recoil proton from  
deuteron target to study 

neutron structure

can also look at helicity 
distributions of neutron

W. Cosyn
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Impact - summary

  

 Energy scan ↔ L/T separa)on

– Large improvement in gluon uncertainty

– Li4le eGect on d-quarks

– (CC have very li4le eGects on u,d,g)

 Tagged neutrons

– No)ceable improvement for d-quarks u

– Some eGects on gluons

40-50% be4er gluons

40-50% be4er

d-quarks

A. Accardi



Tagging method to study meson structure

16

How do we want to measure ?

4

•  Sullivan	Process	
->	Hard	electron	sca4ering	from	meson(kaon)	cloud	of	
nucleon	

•  Direct	measure	the	mesonic-nucleon	content	

Tagged Deep Inelastic Scattering (TDIS)
.. provides reliable access to a meson target as t becomes space-like (the meson pole dominance of the 
process)

πTDIS kTDIS4

K. Park



Hadronization

17

✦ Hadronization: describes the process where colored quarks and 
gluons form colourless hadrons (in deep inelastic scattering).

q̄

q

γ, Z

e−

e+

electro-weak pQCD

detected protons, pions ...

hadronization

 17

• The conjecture of Confinement: 

✦NO free quarks or gluons have been directly observed: 
only HADRONS.

 17



Fragmentation Functions

‣The non-perturbative, universal functions encoding parton 
hadronization are the: Fragmentation Functions (FF).
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‣ Unpolarized FF is the number density for parton i to produce 
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Modelling Hadronization

➡ Need to understand the non-perturbative mechanism of 
hadron formation.

➡ To include the TM dependence and polarization.

➡ Connection between the one hadron and dihadron FFs.

➡ Implementation in MC generators (PYTHIA, etc).

19



• SIDIS Process with TM of hadrons measured.

TMD PDFs with Two-Hadron FFs
•  Measuring two-hadron semi-inclusive DIS: an additional 
method for accessing TMD PDFs.

• TMD PDFs
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Di-hadron	mass	dependence

July 21, 2017 R.Seidl: Fragmentation in e+e- and EIC 15

Similar analysis in same hemisphere and mass – combined z 
binning. Important input for IFF based transversity global analysis

%&&

'()
dzd%&& 

Belle: RS et.al. arXiv:1706.08348

R. Seidl
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Quark-jet Model

‣ Recursive framework for quark hadronization based on Field-
Feynman model.

‣ Description of arbitrary quark polarization via spin density 
matrix formalism. 

‣  Encode spin transfer via 8 TMD quark-to-quark elementary 
TMD FFs.

‣ Extraction of the complete set of one- and two-hadron 
polarized FFs for pions.

22

A. Kotzinian





Quark-jet: Results A. Kotzinian

EICUG2017 meeting, 21/07/2017 Aram Kotzinian 19

Monte Carlo implementation: Collins effect

EICUG2017 meeting, 21/07/2017 Aram Kotzinian 19

Monte Carlo implementation: Collins effect

EICUG2017 meeting, 21/07/2017 Aram Kotzinian 25

Results for G1
ꓕ FFs

Small (~2−3%) analyzing power
for z about 0.4−0.5.

Analyzing power of
Collins effect is about 20%

using the same model for SFs

Fast saturation when
increasing number 
of produced pions

EICUG2017 meeting, 21/07/2017 Aram Kotzinian 25

Results for G1
ꓕ FFs

Small (~2−3%) analyzing power
for z about 0.4−0.5.

Analyzing power of
Collins effect is about 20%

using the same model for SFs

Fast saturation when
increasing number 
of produced pions

24

One hadron: Collins effect

Two hadron: Helicity-dependent DiFF



Recursive quark fragmentation
 with spin

• Complete  description of hadronization in hard process: 
Quark Multiperipheral model satisfying LR symmetry.

25

Theory : two complementary models

Quark Multiperipheral (QMPM) String Fragmentation (SFM)

q
q

g*

confinement 

built-in

loop 
diagram 

g*

q1

qN q4 q3 q2

h1h2h3
hN …...................

q-1

q-1

Recursive model

qA (kA) → h1(p1) + q2(k2),

q2 (k2) → h2(p2) + q3(k3),

… etc.

= iteration of the splitting process q(k) → h(p) + q’(k’) 

momentum conservation:  k’ = k - p

In a Monte Carlo method, p is drawn with the splitting distribution   

F(p,k) dZ/Z d2pT (dZ/Z d2pT = d3p/p0)

Z = p+/k+ ,    p± = p0± pz
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® Collins asymmetry of alternate signs

® large Collins asymmetry for the ‘‘unfavored’’ fragmentation
® "hidden spin" effect:   ápT
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2ñpion

The LR symmetry
Symmetry under quark Line Reversal (or ‘‘Left-Right’’ symmetry) 

→ Lund-symmetric model
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X. Artru



Synthesis of string and 3P0 inputs 
(pseudoscalar mesons only)

ûq(kT) =  Σ h ò dZ/Z  d2pT t† t

= [û0(kT
2) + û1(kT

2) s · (z ´ kT) / |kT| ]

( t = T without the last line )

Tq’hq (k’,k) = Cq’hq

� exp(-½ bTk’T
2) 

� (1-Z)a/2 exp(- bL ε2/2Z)

� (μ + σz σ.k’T) 

� σz

� ûq
-1/2 (kT)

Flavor

transverse momentum cutoff

string model

3P0

Pseudoscalar

reduced single quark density matrix

X. Artru
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Di-hadron asymmetry: comparison with COMPASS
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Comparison with COMPASS Collins asymmetry
1) as function of 2%

• ^ is a scale parameter
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Di-hadron asymmetry: comparison with COMPASS
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Parton Branching Solution
for QCD Evolution Equations

28

F. Hautmann

Validation: vs DGLAP at NLO All flavours of TMDs

❖ Consistent with “orthodox” solutions 
up to NNLO at high precision.

❖ Provides the complete final partonic 
state with kT.

❖ Determination of TMD for all flavours 
up to NLO: NO free parameters. 

❖ TMD evolution implemented in xFitter 
- applicable for DIS processes.



Hadronization in Nuclear Medium

29
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Theore�cal Models

• Important modeling ques�ons are

– Absorp�on mainly due to parton energy loss or hadron absorp�on?

– Is there a modi.ca�on of the evolu�on in medium?

– If yes, is it sizable in cold nuclear ma&er or only seen in hot nuclear ma&er?

• Many models exist with di�erent hypothesis

– Some pure models (either parton energy loss or hadron absorp�on)

– Mixed models (with all possible combina�ons represented in the literature)

• At EIC only parton energy loss will be relevant

R. Dupre

HERMES data on 
multiplicity ratios to D

607/21/17

A�enua�on for HERMES

• Good descrip�on with qhat = 0.36 GeV2/fm

– Single parameter model

– Directly comparable to heavy ion collisions

• Not consistent with observed transverse momentum?

– Of the order of 0.03 GeV2

11 

Q2 evolu�on

• The Q2 dependence permit to 

measure any modi=ca�on of 

the DGLAP evolu�on in medium

• The Q2 varia�on is a very 

important tool to constrain 

energy loss calcula�ons.

Q2 evolution with EIC projectionsMC with parton energy loss in medium

407/21/17

The HERMES data



Impact of EIC on nuclear PDFs

30
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An EIC at its highest energy provides a factor 10 larger 
reach in Q2 and low-x compared to available data

S. Fazio



Impact of EIC on nuclear PDFs
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An EIC at its highest energy provides a factor 10 larger 
reach in Q2 and low-x compared to available data

additional charm tagging will further help constraining gluon 
especially at high (gluon) x

S. Fazio
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OPEN%CHARM:%%A%DIRECT%PROBE%OF%GLUONS

• EIC:
• Nuclei
• CM(Energy
• Luminosity

• Count(rate(reach(to(“high”`x

• Small(branching(fractions

• Particle(ID,(vertexing

18—22(July(2017C.(Hyde EIC(Users(Group,(Trieste(Italy 10

Charm and beauty production with EIC
E. Chudakov, D. Higinbotham, Ch. Hyde, S. Furletov, Yu. Furletova, D. Nguyen,

M. Stratmann, M. Strikman, C. Weiss∗, BEACH2016, George Mason U., June 12–18
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the EIC era

with a higher energy realization 
of an EIC

19/2232

P. Zurita



MODELS RELATE TRACE ANOMALY TO 
J/Ѱ PRODUCTION NEAR THRESHOLD

4

t = 4-momentum 
transfer of the proton

Q2 = 4-momentum 
transfer of the electron

W = center of mass energy 
virtual photon + proton

e.g. D. Kharzeev, EPJ C9 459 (1999)

J/Ѱ AND Υ PRODUCTION NEAR 
THRESHOLD AT THE EIC?

8
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