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QCD 

Folks, we need to stop “testing” QCD 
and start “understanding” it 

Yuri Dokshitzer 

1998, ICHEP Vancouver, CA in his Summary Talk 
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2004	
  For	
  the	
  discovery	
  of	
  asymptoJc	
  freedom	
  in	
  QCD	
  



While there is no reason to doubt QCD any more, our 
level of understanding of QCD remains extremely 

unsatisfactory 

Dissatisfaction: Understanding Mass & Spin in QCD 

We are only beginning to explore high-energy  

many-body dynamics of QCD 
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Origin of mass & QCD 

•  More than 99% of proton’s 
mass is due to self-
generating gluon fields 

•  Higgs mechanism which is 
often credited to the mass 
generation, does not play a 
role in this case 
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•  Similarity between proton 
and neutron mass indicate 
that the gluon dynamics is 
identical in them, and more 
important than the quarks 

•  Lattice QCD supports this  



How well do we understand the gluons 
in nucleons and nuclei….?  



Measurement of Glue at HERA 
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Gluons still not well understood! 
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Diffraction: A surprise at HERA 

•  Diffraction  in the final state, the proton remains intact 

•  HERA: 820 GeV protons and 27 GeV electrons 
–  In proton’s rest frame the collisions is equivalent to what 

you would get when a 50 TeV electron beam hits a 
stationary proton 

•  Surprise: 1/7 of the time, the proton remain intact. 
Completely unanticipated, astonishing phenomena 

•  Presently only explained quantitatively by theoretical ideas 
based on non-linear gluon dynamics at low x (CGC) 

–  Prediction (CGC) predicts that in e-A, the 1/7  1/4 

–  Needs to be experimentally verified… 
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How well do we understand the nucleon 
spin? 



Nucleon Spin Crisis Puzzle 
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ΔG(x) @ Q2=10 GeV2 

•  Global analysis: DIS, SIDIS, RHIC-Spin 
•  Uncertainly on ΔG large at low x 
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Beyond form factors and quark distributions 
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The Proposal: Future DIS experiment 
A high energy, high luminosity (polarized) ep 

and eA collider and a suitably designed 
detector will address these and such 

fundamental questions in QCD  

[2] 

[3] 

[1] 
Measurements:	
  
[1]	
  	
  Inclusive	
  
[1]	
  and	
  [2]	
  or	
  [3]	
  Semi-­‐Inclusive	
  
[1]	
  and	
  [2]	
  and	
  [3]	
  Exclusive	
  

Inclusive	
  	
  Exclusive	
  
Low	
  	
  High	
  Luminosity	
  
Demanding	
  Detector	
  capabiliJes	
  



EIC  in the US: Basic Parameters 
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Scientific Frontiers Open to EIC 

•  Nucleon Spin structure 
–  Polarized quark and gluon distributions  

•  Longitudinal spin structure (Low x critical) 
•  Transverse spin structure (wide Q2 arm critical) 

–  Correlations between partons 
•  Exclusive processes --> Generalized Parton Distributions 

–  Precision measurements of QCD and of EW parameters in SM 

•  Un-polarized Nucleon Structure 
–  Understanding confinement with low x/lowQ2 measurements 
–  Un-polarized quark and gluon distributions 

•  Nuclear Structure, role of partons in nuclei 
–  Confinement in nuclei through comparison e-p/e-A scattering 

•  Hadronization in nucleons and nuclei & effect of nuclear media 
–  How do knocked off partons evolve in to colorless hadrons 

•  Partonic matter under extreme conditions 
–  For various A, compare e-p/e-A 
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Machine Designs 

eRHIC at Brookhaven National Laboratory using the 
existing RHIC complex 

ELIC at Jefferson Laboratory using the Upgraded 
12GeV CEBAF 



4 GeV e x 250 GeV p – 100 GeV/u Au: MeRHIC  

120m SRF linac 
3 passes, 1.3 GeV/pass 

STAR 

3 pass  
4 GeV ERL 

Polarized  
e-gun 

Beam 
dump 

M/eRHIC 
detector 

Medium	
  	
  
Energy	
  
eRHIC	
  

Or	
  	
  

MeRHIC	
  

Stage	
  1	
  of	
  eRHIC	
  

Possible	
  by	
  2018+	
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STAR 

Polarized  
e-gun 

Beam 
dump 

10 to 20 GeV e x 325 GeV p – 130 GeV/u Au 
 eRHIC 

2 x 200 m SRF linac 
4 (5) GeV per pass 
5 (4) passes 

4 to 5  vertically 
separated 
recirculating 
passes 

Possibility 
of 30 GeV 
low current  

operation 

5 mm 

5 mm 

5 mm 

5 mm 

20 GeV  
e-beam 

16 GeV  
e-beam 

12 GeV  
e-beam 

8 GeV  
e-beam 
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Gap 5 mm total 
0.3 T for 30 GeV  

eRHIC 
detector 
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eRHIC	
  2020+	
  



MeRHIC eRHIC IR1 

p /A e p /A e 

Energy, GeV 250/100 4 325/130 20 

Number of bunches 111 105 nsec 166 74 nsec 

Bunch intensity (u) , 1011 2.0 0.31 2.0 0.24 

Bunch charge, nC 32 5 32 4 

Beam current, mA 320 50 420 50 

Normalized emittance, 1e-6 m, 
95% for p / rms for e 15 73 1.2 25 

Polarization, % 70 80 70 80 

rms bunch length, cm 20 0.2 4.9 0.2 

β*, cm 50 50 25 25 

Luminosity, cm-2s-1 0.1x 1033 as is  
1 x 1033 with CeC 

2.8x 1033  

< Luminosity for 30 GeV e-beam operation will be at 20% level>  

eRHIC IR2 

p /A e 

325/130 20 

166 74 nsec 

2.0 0.24 

32 4 

420 50 

1.2 25 

70 80 

4.9 0.2 

5 5 

1.4 x 1034   

Luminosity in eRHIC 
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MEIC:  A Medium Energy EIC 
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Three compact rings: 
•  3 to 11 GeV electron 
•  Up to 12 GeV/c proton (warm) 
•  Up to 60 GeV/c proton (cold) 

Possible	
  2020+	
  



ELIC: High Energy Upgrade 

3/26/2010	
   EIC:	
  Status	
  and	
  Prospects	
   30	
  

Ion 
Sources 

SRF 
Linac 

p 

e 

e e 

p p 

prebooster 

ELIC 
collider 

ring 

MEIC 
collider 

ring 

injector 

12 GeV CEBAF 
Ion ring	
  

Electron ring	
  

Vertical crossing	
  

Interaction Point	
  

Circumference m 1800 

Radius m 140 

Width m 280 

Length m 695 

Straight m 306 

Stage	

 Max. Energy  
(GeV/c)	



Ring Size  
(m)	



Ring Type	

 IP
#	



p	

 e	

 p	

 e	

 p	

 e	



Low	

 12	

 5 (11)	

 630	

 Warm	

 Warm	

 1	



Medium	

 60	

 5 (11)	

 630	

 Cold	

 Warm	

 2	



High	

 250	

 10	

 1800	

 Cold	

 Warm	

 4	



Serves as a large 
booster to the full 
energy collider ring 

Possible	
  2025+	
  



ELIC Main Parameters 
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Beam Energy GeV 250/10 150/7 60/5 60/3 12/3 

Collision freq. MHz 499 

Particles/bunch 1010 1.1/3.1 0.5/3.25 0.74/2.9 1.1/6 0.47/2.3 

Beam current A 0.9/2.5 0.4/2.6 0.59/2.3 0.86/4.8 0.37/2.7 

Energy spread 10-3 ~ 1 

RMS bunch length mm 5 5 5 5 50 

Horiz. emit., norm. µm 0.7/51 0.5/43 0.56/85 0.8/75 0.18/80 

Vert. emit. norm. µm 0.03/2 0.03/2.87 0.11/17 0.8/75 0.18/80 

Horizontal beta-star mm 125 75 25 25 5 

Vertical beta-star mm 5 
Vert. b-b tune shift/IP 0.01/0.1 0.015/.05 0.01/0.03 .015/.08 .015/.013 
Laslett tune shift  p-beam 0.1 0.1 0.1 0.054 0.1 
Peak lumi/IP, 1034 cm-2s-1 11 4.1 1.9 4.0 0.59 

High energy Medium energy Low 
energy 

Presented	
  at	
  the	
  last	
  EIC	
  Collabora4on	
  Advisory	
  
Commi:ee	
  mee4ng,	
  Nov.	
  2-­‐3,	
  Jefferson	
  Lab	
  



First ideas for a detector concept 
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 	
  Dipoles	
  needed	
  to	
  have	
  good	
  forward	
  momentum	
  resoluJon	
  
 	
  Solenoid	
  no	
  magneJc	
  field	
  @	
  r	
  ~	
  0	
  

 	
  DIRC,	
  RICH	
  hadron	
  idenJficaJon	
  	
  π,	
  K,	
  p	
  
 	
  high-­‐threshold	
  Cerenkov	
  	
  fast	
  trigger	
  for	
  scagered	
  lepton	
  
 	
  radiaJon	
  length	
  very	
  criJcal	
  	
  low	
  lepton	
  energies	
  



MeRHIC Detector in Geant 
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Work	
  in	
  progress….	
  



EIC Data & its impact 

•  Type [1]: Inclusive DIS: Lep ~ 2 fb-1  
–  Good EM Calorimetry, tracking & good e,p polarimetry 

•  Type [1,3]: Semi-Inclusive DIS: Lep ~ 4-10 fb-1 

–  Good EM Cal, tracking, good particle ID, good e,p polarimetry 

•  Type [1,2,3]: Exclusive DIS: Lep ~ > 10 fb-1 

–  Excellent EMCal, tracking, particle ID, polarimetry, high rate 
operations, maximal acceptance 

•  Precision tests of SM and exploration beyond SM? 

Detector requirements & its integration with machine lattice most 
demanding for the exclusive measurements 
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EIC Luminosity vs. Time (Detector)  

Inclusive	
  

Semi-­‐
Inclusive	
  

Exclusive	
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World Data on F2
p 
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An EIC   makes it possible! Region of existing g1
p data 
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Precision measurement of ΔG 

•  Different g1(x,Q2) 
curves for different ΔG 
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Anti-Quark Distributions 

•  Although RHIC Data will 
allow an independent and 
important avenue to 
determine anti-quark pdfs, 
the low x will remain 
unexplored. 

•  A future machine needs to 
be able to access this. 
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D.	
  DeFlorian,	
  Hi-­‐pT	
  WS	
  at	
  RBRC	
  3/16/2010	
  
Now	
  

Future	
  with	
  RHIC	
  



RHIC-Spin region 
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d Many models 
predict 

Δu > 0, Δd < 0 
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DVCS/Vector Meson Production 

•  Hard Exclusive DIS 
process 

•  γ (default) but also 
vector mesons possible 

•  Remove a parton & put 
another back in! 
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GPDs and transverse parton imaging 
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x < 0.1 x ~ 0.3 x ~ 0.8 

Fourier transform in momentum transfer 

x ~ 0.001 

2) ξ ~ 0  the 
“take out” and 
“put back” gluons 
act coherently. 

2) ξ ~ 0 x - ξ	

 x + ξ	



,γ	


d 



Fundamental Measurement in QCD:  
One example there could be others 



BjSR:  
Status Bj sum rule measurement: 

•  Experimental measurement uncertainty ~8% 
•  Low x extrapolation uncertainty ~10% 

•  QCD corrections are known to ~[αS(Q2)]4  
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Confirm	
  Bj	
  sum	
  rule:	
  get	
  the	
  best	
  
possible	
  value	
  of	
  the	
  strong	
  
interacJon	
  constant	
  αS	
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Why not consider using this machine for  
precision EW-Physics measurements? 



Topics under consideration*: 
•  High energy collisions of polarized electrons and protons and 

nuclei afford a unique opportunity to study electro-weak 
deep inelastic scattering 
–  Significant contributions from W and Z bosons which 

have different couplings with quarks and anti-quarks 

–  Polarized protons, nuclei (are there nuclear 
modifications?) 

•  Parity violating DIS: a probe of beyond TeV scale physics 

–  Measurements complimentary (higher Q2) than the PV 
DIS 12 GeV at Jlab 

•  New window for physics beyond SM? 

–  Lepton flavor violation searches? 
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e− + p→ τ− + X

*IniJated	
  through	
  discussions	
  with:	
  M.	
  R.	
  Musolf,	
  K.	
  Kumar	
  	
  
Being	
  pursued	
  by:	
  W.	
  Marciano,	
  K.	
  Kumar,	
  W.	
  Vogelsang,	
  &	
  A.	
  Deshpande	
  (approved	
  BNL-­‐LDRD)	
  	
   Also	
  Jlab	
  WS:	
  KK	
  &	
  K.Paschke	
  



Very Preliminary Parity Violation Study 
(studied EIC 150 x 10 GeV, e-d scattering) 
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Measurement	
  of	
  Weinberg	
  angle	
  at	
  a	
  different	
  scale	
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Study of Glue facilitated by e-A? 

•  An e-p collider at high energy: HERA (1992-2006) 
–  No unambiguous evidence of non-linear QCD effects 

•  eA at the EIC: will probes interactions over distances L ~1/(2mNx) 
–  For L > 2RA ~A(1/3) probe interacts coherently with all nucleons in the 

nucleus 
•  Hence nuclear enhancement: 

   Kowalsky & Teany PRD 68:114005 ==> b & x dependence of Qs from 
    diffractive and exclusive measurements at HERA 

–  Enhancement of Qs with A ==> non-linear QCD regime at significantly 
higher x (I.e. lower CM) in A than in a proton! 

–  This enhancement is crucial for making the case for i.e. selecting proper 
values for beam energies and nuclei for eA@RHIC  
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How does e-A really help? 
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eA physics drives Ee  

•  We do not know for sure where 
saturation will be seen 

•  What is a safe margin over 
HERA? A 50-100 times 
improvement may be desired 
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What measurements for e-A physics? 
•  Precision inclusive measurements of structure functions of 

nuclei  

–  eA  e’X  F2, FL 
–  eA  e’X+gap  F2

D, FL
D (Inclusive diffraction) 

•  Semi-Inclusive measurements  

–  eA e’(π, K,Φ, D, J/Ψ) X 

•  Exclusive final states 

–  eA e’ A’ (π, K,Φ, D, J/Ψ) 
–  Measurements of x, Q2, t, Mx

2 for light and heavy nuclei 
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Preliminary e-A simulations 
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Physics Opportunities for EIC 
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EIC in the NSAC 2007  2012 

3/26/2010	
   EIC:	
  Status	
  and	
  Prospects	
   61	
  

The	
  CollaboraJon	
  now	
  preparing	
  for	
  NSAC’s	
  approval	
  for	
  the	
  project	
  
For	
  construcJon	
  in	
  its	
  long	
  range	
  planning	
  meeJng	
  anJcipated	
  in	
  2012	
  



The EIC WG/Collaboration 
http://web.mit.edu/eicc  
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  Collabora4on	
  Contact/Spokes	
  Persons	
  



EICAC Report : Summary 
•  Matrix of Science, Design and Cost 

–  EIC Stage 1 and the full EIC 

•  Identify a few most compelling  “golden physics” measurements  

–  e-p (with polarization) and e-p/e-A physics for the wider 
physics community 

•   Dedicated working group activities towards the golden 
measurements  

–  Physics, accelerator, detector studies in detail 

•  Develop detailed resource loaded schedule 
–  Timeline,  technical developments and staged realization 

•  Strive for a timeline with data taking earlier than 2020 

•  Develop a common accelerator development R&D plan 
•  Develop and present a common plan for R&D, deliverables, and the 

resource needs by the next EICAC meeting  
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Finally….  

•  Physics of EIC is very compelling to most of us: understanding 
“what we are made up of (gluons) and how (spin)” is a most 
fundamental curiosity 

•  The EIC community is gearing up for the approval of the project 
in NSAC 2012 Long Range Planning Exercise 

–  Realization including cost optimization with science reach 
–  EIC Collaboration & JLab Users workshops 

•  Simulation studies to finalize the machine and detector 
design have begun;  Detector R&D funding soon 

•  INT 2010 Workshop in Seattle 

•  Join us, contribute to the studies, and play a decisive role in the 
project. Now is the time to do it….  
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