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HERA: End of high energy run
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20.3.2007: The HERA high 
energy run data are “in the can”

e+p  e-p

HERA I    120 pb-1   16 pb-1

HERA II    190 pb-1 170 pb-1

H1+ZEUS together ~ 1fb-1 
➔ What can we reach in precision?



From HERA to LHC in a nutshell
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 W-

DGLAP

LHC Q2=6400 GeV2

HERA: Q2=150 GeV2

Gluons 
dominate!

MRST2002NLO

MRST2002NLO



➔ HERA u, d and gluon determine precision 
– how far can we improve this?

HERA proton PDF --> LHC W production   

'Lumi' process 
for LHC

Proton

Proton
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Prediction using ZEUS-S-PDF

W+
u

d

~±3.5% 
precision



HERA observables and Proton PDFs 
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e+p and e-p NC and CC inclusive cross sections:

U=u+c+b  

D=d+s  

HERA weak points: dbar-ubar asymmetry, s



Datasets Q2  [GeV2] L [pb-1]
NC  MB99/SVX00 0.2-8.5   0.5-2
NC e+p 00 10-150   28
NC e+-p 03/07 ~20-150 350
NC/CC e+p 03-07 >150 190
NC/CC e-p  03-07 >150 170
DIS jets 94-07 >150 470

p dijets 94-07 0 470

H1 PDF2000   and   H1 PDF-Final
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Datasets Q2  [GeV2] L [pb-1]
NC e+p 96/97 1.5-150   2-20 
NC/CC e+p 94-00 >150 100
NC/CC e-p 94-00 >150   16
BCDMS-p and D 7.5-230

H1 PDF 2000 H1 PDF-Final

+

➔ Many  systematic challenges, but still 
also  some statistical limitations

!!!

Something 
extremely nice



 xF3 and  valence quark densities  
 Results shown at ICHEP06 with 

partial HERA II statistics  
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xF3 ~ σ(e+p) −σ(e-p)~ 2uv+dv

Z interference flips sign  
when e+p -> e-p

e±

H1prelim-06-142

➔ ~80% more e+p data and 50% more e-p data still 
to be added -> expect ~30% stat. improvement 



QCD fit prospects    
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Study by   C. Gwenlan, A. Cooper-Sakar, 
 C. Targett-Adams, HERA-LHC  proceedings

Assumptions:
➔ 700 pb-1 Lumi at HERA II  ≈ reached by combining H1+ZEUS 
➔ Only statistical improvements, no systematical

 x≈>0.1 still statistically limited

➔ What about sea and gluon improvements at lower x<0.1?
➔ Improvement of PDFs at high x 

reflected in jets cross sections at LHC



                                                F2 – HERA reference  
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 2-3% precision reached with 
published 96/97 data 

➔ Is this the end of the story?
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Inclusive xsec projects 

H1 special 
runs 99/00 

 H1 00 data

H1 & ZEUS  
HERA II 

High y data 

 H1 & ZEUS 
HERA II high 

Q2 data

ZEUS 
x-> 1 



Analysis of H1 2000 Data
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H1 00

➔ Hard work to improve systematics! 
    Reduce F2 errors by factor up to 2! 

H1 published 96/97 data:

Estimated precision for H1 00 data: 

Estimated scattered electron 
energy scale error:



Electron energy scale control 
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➔ Within 1%  over full range

 y=0.8  y=0.03



Gluon density determination 
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Gluon density from F2 scaling violations  
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➔ More precision desirable, 
expect significant improvements, 

e.g. from analysis of H1 2000 Data



Gluon from jets 
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➔ At high Q2 and/or ET  HERA II jet data will 
remain statistically limited 

 ZEUS: assuming 1% Jet 
energy scale error above 

Etlab > 10 GeV

 'ZEUS-JETS' Fit 

x>0.01



s determination from Jets
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Expect ~70 k inclusive jets  
for Q2>125 GeV2 with 350 pb-1

Estimated final H1 exp. precision 
for s(mZ) from incl. jets:
  ± 0.0004 (stat.) 
  ± 0.0030 . (had.Escale)/4% 

 Statistically 
limited

 Syst. limited datapoints 

Final HERA  points will be more 
precise up to factor of ~2

Bethke 2006 

 Old results



17

 Q2 [GeV2]  stat sys tot

       25  ~6% ~8%   ~10%
     650  ~22%  ~15%   ~27%

 Q2 [GeV2]  stat sys tot

       25  ~3% ~4%   ~5%
     650  ~10%  ~10%   ~14%

 HERA I: H1 displaced tracks:

➔ D*, D+, etc. 
➔ Displaced tracks 
 

 HERA II Projection: 

 + ZEUS! 
 + D* tagging

F2cc

➔ Enter 'Sub 5% precision era'



18

Gluon density from F2cc alone 

NLO DGLAP fit,  experimental errors only, by K. Kutak

 Error band

 Q2=4 GeV2  Q2=1000 GeV2

➔ Relatively precise :-)
➔ However, g(x) from dF2/dlnQ2 is   
     factor  ~6 more precise 
➔ Crucial consistency check 
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HERA LHC
H,Z

LHC luminosity monitor: Z0 production
➔ gg -> bb -> Z0 is  5% contribution
➔ Must be known at 20% for 1% accuracy 

 Q2 [GeV2]  stat sys tot

       25  ~20% ~20%   ~30%
     650  ~40%  ~25%   ~50%

 Q2 [GeV2]  stat sys tot

       25  ~10% ~10%   ~15%
     650  ~20%  ~20%   ~30%

F2bb

 HERA I: H1 displaced tracks:

 HERA II projection:

 + ZEUS! 
 + other tagging

➔ 20% goal seems reachable



Assembly of final HERA PDF (H1 & ZEUS) 
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 Valence quarks: 
H1 & ZEUS  ~1fb-1 high Q2 NC and CC

F2cc, F2bb and FL measurements: 
Effect in global PDF fit rather 
marginal but provide important 

constraints for theory treatment
of heavy flavours and gluon

Sea and gluons at low x:  Further Improvements (not shown here) from inclusive low Q2 data:
➔ H1 2000 data  (~28 pb-1) – F2 improvement up to factor 2
➔300 pb-1 HERA II  Q2 >20 GeV2 on tape, extreme systematic challenge
➔H1 & ZEUS weighted average of 96/97 data-> Reduce dramatically the systematics 

Gluon at mid to high x: 
High pT jets at in DIS and  

photoproduction



The hadronic final state: 

21

● Diffraction:
  - DVCS: access to transverse degrees of freedom  in proton
  - High precision diffractive PDFs –> predictions for LHC
  - Vector mesons at highest t -> Test of BFKL dynamics

  
● Jets and particles: 
  - Dijets: How well can we determine 'intrinsic kt' of gluon in p? 
  - Multiple interactions/underlying event: Potential to 
    tune models for LHC with HERA data? 
  - Identified particle spectra and fragmentation

A wealth of information on the proton and on QCD 
to be revealed with the new HERA II data: 



Conclusions:
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➔ 20.3.2007:  End of the HERA II high Ep run,                          
     yielded ~360 pb-1 per experiment                                           
     H1 and ZEUS have collected together ~1 fb-1 good HERA data    

➔ Now write the “HERA handbook” of                                        
    Highest precision proton gluon and quark densities                  
    (improvements at hand often factor ~2, sometimes much more)

➔ Complete the HERA mission:                                                    
     Low Ep data are taken now for                                                    
     direct FL measurement


