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Non  Perturbative  Physics 
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The	  3D	  Nucleon	  Structure	  
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3D	  Vision	  
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Dynamic Spin 
  - parton polarization 
  - orbital motion   
  - Form Factors 
  - Anomalous MM 

Color charge density 
   -  nucleon tomography 
   -  Diffractive physics 
   -  Gluon saturation 

Hadronization 
-  spin-orbit effects 
-  parton energy loss 
-   Jet quenching 

Parton Correlations 
     - Short range  
     - MPI 
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SIDIS 
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SIDIS:	  rich	  phenomenology,	  the	  most	  explored	  so	  far	  

e+e-‐:	  B-‐factories	  as	  powerful	  fragmenta>on	  laboratories	  

DY:	  challenging	  for	  experiments	  (only	  unpolarized	  so	  far)	  

Hadron	  reac>ons:	  challenging	  for	  theory	  (ISI	  +	  FSI)	  
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A	  World-‐wide	  Challenge	  	  	  
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A	  World-‐wide	  Challenge	  	  	  
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EIC (eRHIC, MEIC, LeHC, …)?  
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Electron	  Ion	  Colliders	  
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HERA@DESY LHeC@CERN eRHIC@BNL MEIC@JLab HIAF@CAS ENC@GSI 

ECM (GeV) 320 800-1300 70-150 12-70 à 140 12 à 65 14 

proton xmin 1 x 10-5 5 x 10-7 4 x 10-5 5 x 10-5 7 x10-3 à3x10-4 5 x 10-3 

ion p p to Pb p to U p to Pb p to U p to ~40Ca 

polarization - - p, 3He p, d, 3He (6Li) p, d, 3He p,d 

L [cm-2 s-1] 2 x 1031 1033-34 1033 à 1034 1034-35 1032-33 à 1035 1032 

IP 2 1 2+ 2+ 1 1 

Year 1992-2007 2025 2025 Post-12 GeV 2019 à 2030 upgrade to FAIR 

EIC CEIC 
Europe Europe China US 

Possible Future Past 

Hadron Physics High-Energy Physics 



CM	  vs	  Luminosity	  Landscape	  
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CEIC1 = Chinese version 
    of Electron-Ion Collider 
      (“A dilution-free mini-COMPASS”) 

 
MEIC1 = EIC@Jlab 
 
eRHIC = EIC@BNL 
 
LHeC = ep/eA collider  

        @ CERN 
 
CEIC2 
MEIC2 
HL-eRHIC 
FCC-he 

-e 



EIC	  based	  on	  the	  States	  	  
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✓  First polarized electron-proton/light ions collider 
✓  First electron nucleus collider 
✓  Making use of existing facilities 
✓  Large active community with all needed experty 
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EIC	  based	  on	  the	  States	  	  
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✓  High polarized (~ 70%) electron and nucleon beams 
✓  Ion beams from deuteron to lead 
✓  Variable center-of-mass energy from 20 up to 100 GeV and beyond 
✓  High collision luminosity 1033-1034 cm-2s-1 

Goals: 

 NPQCD 2015, 22thApril 2015, Cortona 

The ultimate facility for 3D nucleon study 
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The	  3D	  Nucleon	  Structure	  
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Parton	  Number	  Density	  
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Related to: 
 
✓ Low-pT regime: 
    precise xsec measurements  
 
✓ Parton correlations: 
    short range, MPI




✓ Low-x physics: 
    color glass condensate 
 
✓ Hadronization: 
    parton dynamic in medium 
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The	  Ph	  -‐unintegrated	  mul9plici9es	  T	  

0             0.5               1.0               
Matevosyan++   [arXiv:1111.1740] 

P. Schweitzer++   [arXiv:1210.1267] 
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σUU ∝ f1 (kT…)⊗D1 (pT…)

z 

f1(x,kT) 

kT 

Large tiles extending up to the inverse  
of the gauge field fluctuation scale ρ<<M 

Short range parton correlations may 
manifest also in pp MPI  

Reflect different fragmentation 
 
May be enhanced in medium. 
 
Parton propagation in cold matter 
as complementary study to QGP 
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The	  Ph	  -‐unintegrated	  mul9plici9es	  T	  

Disentanglement of z and        : access to the  
transverse intrinsic quark kT and fragmentation pT,  
  
        i.e. from gaussian anstaz: 

T Ph 

Ph⊥
2
= z

2
kT
2
+ pT

2
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σUU ∝ f1 (kT…)⊗D1 (pT…)

Not yet clear sensitivity on kT, pT flavor dependence 

A. Signori++   [arXiv:1309.3507] 

M. Anselmino++   [arXiv:1312.6261] 
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Fragmenta9on	  Func9ons	  @	  B-‐factories	  
Babar                 [arXiv 1306.2895] 

Belle                 [arXiv 1301.6183] 
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f
1
⊗D

1TMD	  Evolu9on	  

Drell-Yan 

z ~ 0.5 

SIDIS 

Indication of a kT and pT broadening with c.m. energy: TMD evolution 

P. Schweitzer++   [arXiv:1003.2190] 
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Fixed target SIDIS 
 

  Q2 ~ few GeV2 

B-factories 
 

  Q2 ~ 100 GeV2 

TMD Q2 evolution ≠ DGLAP 



Medium	  modifica9on	  	  
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In terms of the QCD, there are several contributions to PT distribution of hadrons produced in SIDIS: 
•   primordial transverse momentum, 
•   gluon radiation of the struck quark, 
•   the formation and soft multiple interactions of the “pre-hadron” 
•   the interaction of the formed hadrons with the surrounding hadronic medium 

 NPQCD 2015, 22thApril 2015, Cortona 

HERMES               [arXiv: 0906.2478] 

= fs 

N-B Chang ++  [arXiv:1402.3042] 



Medium	  modifica9on	  	  
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DIS LHC 

Pb+Pb N-B Chang ++   [arXiv:1401.5109] 

 NPQCD 2015, 22thApril 2015, Cortona 

JET Coll.     [arXiv:1312.5003] 



Medium	  modifica9on	  	  
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DIS LHC 

Pb+Pb N-B Chang ++   [arXiv:1401.5109] 

 NPQCD 2015, 22thApril 2015, Cortona 

RHIC 

JET Coll.     [arXiv:1312.5003] 

Au+Au 



Medium	  modifica9on	  	  @	  	  	  	  EIC	  
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A. Accardi et al.  [arXiv  1212.1701] 
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RM Comparable precision 
but much limited range  
@ JLab12: 

 
Light vs heavy quarks 
D0 enhancement due to the different FFs 
 

Slope sensitive to the transport parameter 
Shape sensitive to ν	


Unprecedent precision over a wide Q2, ν range 
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Low-‐x	  Physics	  

[V. Radescu @ DIS14] 

Interplay of the data cut at low Q2 and impact on gluon at low x   

x 

 NPQCD 2015, 22thApril 2015, Cortona 
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QCD	  Phase	  Diagram	  

BFKL must be the correct theory  of low-x QCD  
 
It naturally incorporates kT-unintegrated PDFs 
 
Mechelen at DIS2014: no clear evidence of BFKL in experimental data 

 NPQCD 2015, 22thApril 2015, Cortona 
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F. Hautmann and H. Jung   [arXiv 1312.7875] 

Starting distribution for gluons at q0 

CCFM (BFKL like) evolution  + Herafitter package σ 2 = q0
2 / 2

Gluon	  TMDs	  

 NPQCD 2015, 22thApril 2015, Cortona 

CMS   [arXiv:1303.5900] 
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Gluon	  Satura9on	  @	  EIC	  

 NPQCD 2015, 22thApril 2015, Cortona 

Ions effectively enhance gluon density contribution when 
coherent length ~ 1/x is larger than nucleus diameter ~ A1/3 
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Spin-‐Orbit	  Effects	  

 NPQCD 2015, 22thApril 2015, Cortona 
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Transverse	  Momentum	  Dependent	  Distr.	  

Interference between wave functions with different  
angular momenta: testing QCD at the amplitude level 

Off-diagonal elements: 

T-odd elements: 

           Sign change between DY and SIDIS 
             Generalized universality of TMDs  

DF

σ
FF

Related to: 
 
✓  Parton Spin-Orbit effects: may 
      explain pp SSA & DY Lam-Tung 
 
✓  Parton Orbital motion 



σUT
sin(φ−φS ) ∝ f1T
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Interference between proton wave function 
components with different orbital angular momentum 

Sivers	  Signals	  
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May generate the misterious  
hadronic SSA 
 

p pà πX M. Anselmino et al. [arXiv 1304.7691] 

Sivers from  
polarized SIDIS 

HERMES              [arXiv:0906.3918] 
COMPASS           [arXiv:1205.5122] 



SIDIS: 
ep     e’hX + + 

- + 

Interference between proton wave function 
components with different orbital angular momentum 

Boer-‐Mulders	  Signals	  
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May explain the Lam-Tung 
relation violation in Drell-Yan 

σUU
cos(2φ ) ∝h1

⊥
⊗H1
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NA10 

E866 

E615 

Unpol. SIDIS 

HERMES   [arXiv:1204.4161] 

COMPASS [arXiv:1401.6284] 
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SIDIS	  News	  in	  2016+	  
COMPASS-II: 
 
LH2 target 
160 GeV/c muons 
L~1032 cm-2s-1 

JLAB12: 
 
LH2, HD-ice, NH3 target 
12 GeV/c electrons 
L~1035 cm-2s-1 

 NPQCD 2015, 22thApril 2015, Cortona 

Boer-Mulders signals: 

Boer-Mulders signals: Sivers signals: 
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p p @ Brookhaven 

 Flavor Structure of the Nucleon Sea, 1st July 2013, ECT* 

u

d

The	  Drell-‐Yan	  Landscape	  	  2015+	  
pp, pd  @ Fermilab π H   @ CERN 

yW yγ* 

pp   @ AFTER 

TMD SIGN  
CHANGE ? 
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Sivers	  @	  EIC	  

 NPQCD 2015, 22thApril 2015, Cortona 

A. Accardi et al.  [arXiv 1212.1701] 
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Gluon	  Linear	  Polariza9on	  @	  LHC	  

 NPQCD 2015, 22thApril 2015, Cortona 

Quarkonium @ AFTER Higgs @ LHC 
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Orbital	  Mo9on	  

 NPQCD 2015, 22thApril 2015, Cortona 



Generalized	  Parton	  Distribu9ons	  
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E

E

Related to: 
 
✓  Nucleon form factors 
 
✓  Impact parameter: 
     nucleon tomography, gluon radius 
 
✓  Parton Orbital motion: 
      may solve the proton spin puzzle 

Jq =
1
2
ΔΣ+ Lq

= lim
t→0

dx x H (x,ζ, t)+E(x,ζ, t)[ ]
−1

1

∫
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Spin	  Budget	  from	  LaZce	  

With      connected diagrams 

HERMES: arXiv:0609039 

 NPQCD 2015, 22thApril 2015, Cortona 

Lu+Ld~0 
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Spin	  Budget	  from	  LaZce	  

With (dis)connected diagrams 

Bali ++,: arXiv:1112.3354 

HERMES: arXiv:0609039 

Liu ++, arXiv:1203.6388 

Δs (DI) = -0.12(1)  
Lq mainly from sea and up to 50 % of the proton spin  

 NPQCD 2015, 22thApril 2015, Cortona 
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Parton	  Helicity	  	  	  @	  	  	  EIC	  

 NPQCD 2015, 22thApril 2015, Cortona 

1
2
=
1
2

(qf
+ −

f
∑ qf

− )+ Lq +ΔG + LgProton Spin Decomposition: 

EIC measurement at high-Q2 and low-x à Precise helicity flavor decomposition 

JLab 12 



 e p → e p 

 e p → e p 

PRC 68, 034325 
(2003) 

xF 

GPDs	  from	  FFs	  
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R
p
=GE

p
/ (GM

p
/µp )

Diehl	  et	  al.	  arXiv:	  1302.4604	  

BaccheOa	  et	  al.	  arXiv:	  1107.5755	  

 NPQCD 2015, 22thApril 2015, Cortona 
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GPDs	  from	  DVCS	  
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Present 

JLab12   (H & E): 

COMPASS-II (H): 
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Parton	  Spa9al	  Distribu9on@	  EIC	  	  

 NPQCD 2015, 22thApril 2015, Cortona 

X-sec 
GPD H 

AUT, AUL 
GPD E 

p n 

Simultaneous binning in x, Q2 and t 

k=E/H 



Gluonic	  Radius	  @	  EIC	  
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From t slope of  dσ/dt( epàep J/ψ) 
           à average impact parameter 

EIC 

 NPQCD 2015, 22thApril 2015, Cortona 

From valence to sea 

J/ψ	




The	  Next	  QCD	  Fron9er	  
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3D nucleon: 
an endeavor on NPQCD dynamics 

with many  
connections with other QCD topics 

 
EIC is a unique opportunity  
for a comprehensive study 

and possible breakthroughs 
 

A strong effort is ongoing to make it 
a reality by a motivated 

and experienced community 
all over the world 

 
This projects deserve the strongest  

support as we may all benefit !! 


