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SPS proton SPS proton beambeam:       2.6 10:       2.6 101313//spillspill  of 9.6s of 9.6s eacheach  48s, 400 48s, 400 GeVGeV/c/c  
  SecondarySecondary  hadron hadron beamsbeams    (( , K, …): 6.10, K, …): 6.1088  //spillspill,  50,  50--200 200 GeVGeV/c/c  
  TertiaryTertiary  muon muon beambeam  (80% (80% polpol):       4.610):       4.61088  //spillspill, 100, 100--200 200 GeVGeV/c/c  
      --> > LuminosityLuminosity  ~ 10~ 103232  cmcm--22  ss--11    GPD GPD withwith  ++  and a 2.5m long LH and a 2.5m long LH targettarget  

                                                        ~1.2 10~1.2 103232  cmcm--22  ss--1   1   DYDY        withwith  --  and a 1.1m long NHand a 1.1m long NH33  targettarget  

                                                    
                                                       

LHCLHC  

              high energy beams, broad kinematic range, large angular acceptance  

SPSSPS  

            CNGSCNGS  
Gran SassoGran Sasso  
      732 kms732 kms  

COMPASSCOMPASS  



      
  
  
  
  
  

     

      COMPASS-II: A Facility to study QCD 

   COCOMMON 

         MMUON and 
             PPROTON 
                AAPPARATUS for 
                                        SSTRUCTURE and 

                       SSPECTROSCOPY    

COMPASSCOMPASS--II II has been has been recommendedrecommended  by SPSC (29 sept 2010) andby SPSC (29 sept 2010) and  

                                                                                                                                    approved approved by the Research Board (1by the Research Board (1rstrst  decdec  2010)2010)  

           
  PrimakoffPrimakoff  withwith  ππ, K , K beambeam    Test of Chiral Test of Chiral PerturbPerturb. . TheoryTheory    

  

                      + Pilot + Pilot RunRun  of DVCS of DVCS withwith  μμ  beamsbeams    
  

  DrellDrell--Yan Yan withwith    beamsbeams  Transverse Transverse MomentumMomentum  DependentDependent  PDFsPDFs  
    
  DVCS & DVMP DVCS & DVMP withwith  μμ  beamsbeams    TransvTransv. Spatial . Spatial DistribDistrib. . withwith  GPDsGPDs  

 

        SIDIS (SIDIS (withwith  GPD GPD progprog.) .)   StrangeStrange  PDF, PDF, FragFrag. . FunctFunct. and . and TransvTransv. . MomMom. . DepDep. . PDFsPDFs  
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KinematicKinematic  domaindomain  (Q(Q22, , xxBB) for ) for GPDsGPDs  

                fixed target 
 

collider 

 
 Explore the intermediate xBj region 
  Uncovered region between 
      ZEUS+H1 & HERMES + + JLabJLab  
 before new colliders may be available 
  
  Transverse structure at  x~10x~10--22  
 essential input for phenemenology  
 of high-energy pp collision (LHC) 

  

x1 

Proton1 

Proton2 

M Higgs  = 140 GeV and s =14 TeV 

Higgs? 

x1,2 = M Higgs / s    10-2 

COMPASS unique for GPDs 
CERN High CERN High energyenergy  muonmuon  beambeam    

  100 100 --  190 190 GeVGeV  
  
  



CERN High CERN High energyenergy  muonmuon  beambeam    
  100 100 --  190 190 GeVGeV  
  μμ++   andand  μμ--   availableavailable  

  

  80% Polarisation80% Polarisation  
withwith  opposite opposite polarizationpolarization  
  
  
4.6 104.6 1088  ++  

  

for 2.7 10for 2.7 101313  protons / SPS protons / SPS spillspill  
            (9.6s (9.6s eacheach  48 s)48 s)  
  

LumiLumi= 10= 103232  cmcm--22  ss--1 1   

              withwith  2.5m LH2 2.5m LH2 targettarget  
  

COMPASS unique for GPDs 

B 

                fixed target 
 

collider 

 

       KinematicKinematic  domaindomain  (Q(Q22, , xxBB) for ) for GPDsGPDs  



Experimental Experimental requirement for exclusive measurementrequirement for exclusive measurement  

μμ’’  

p’p’  

μμ  

             
  

Tests in 2008Tests in 2008--09 (COMPASS)09 (COMPASS)  
40cm LH2 40cm LH2 targettarget  + 1m RPD+ 1m RPD  
  
Phase 1: 2012Phase 1: 2012--16 (COMPASS16 (COMPASS--II)II)  
  2.5 2.5 m m LH2 LH2 targettarget  + 4m RPD+ 4m RPD  
  
Phase 2: > 2016 (in future)Phase 2: > 2016 (in future)  
PolarisedPolarised  Transverse Target Transverse Target   
integratingintegrating  RPDRPD  

                          ECAL1 ECAL1 upgradedupgraded    

ECAL2ECAL2  

ECAL1ECAL1  

                       

DVCS :DVCS :  μμ    p p     μμ’ ’     p   p           
  

SM2 

+ + ECAL0 ECAL0 beforebefore  SM1SM1 

SM1 



μμ’’  

p’p’  

μμ  

           

ECAL2ECAL2  

ECAL1ECAL1  

                       
SM2 

4 

SM1 

ECAL0 made of 248 modules (12 ECAL0 made of 248 modules (12   12 cm12 cm22))  
    of 9 of 9 cellscells    readread    by 9 by 9 MAPDsMAPDs  

Prototype of thePrototype of the  
2.5m long LH2 2.5m long LH2 targettarget  
+ test of the cryostat+ test of the cryostat  

4m long 4m long ToFToF  barrelbarrel  
  

            + 1 GHz + 1 GHz digitizationdigitization  
            of the PMT signal toof the PMT signal to  
            copecope  for for highhigh  raterate  
            ((GANDALF GANDALF boardsboards))  

 
  

Experimental Experimental requirement for exclusive measurementrequirement for exclusive measurement  

DVCS :DVCS :  μμ    p p     μμ’ ’     p   p           
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guide light 

upstream side 

downstream side 

ToF between 2 rings of scintillators   (ToF) < 300ps 

RecoilRecoil  Proton Detector CAMERAProton Detector CAMERA  

Realization by Freiburg, Mainz, Saclay and Warsaw 

0.06 < t < 0.8 GeV/c2 



 

Contributions of DVCS Contributions of DVCS and and BH BH atat  EE ==160 160 GeVGeV  

θ μ’ 
μ 

*  

p 
Deep VCS Bethe-Heitler 

  BH BH ddoommiinnaatteess                    studystudy  of of InterferenceInterference                    DVCS DVCS dominatesdominates  

excellent excellent                                                             ReRe  TTDVCSDVCS                                                                studystudy  of of dd DVCSDVCS//dtdt    

referencereference  yieldyield                                          or  Im Tor  Im TDVCSDVCS                                                                  Transverse ImagingTransverse Imaging  

dd     |T|TDVCSDVCS||22  + |T+ |TBHBH||22  + + InterferenceInterference  TermTerm 

Monte-Carlo 
Simulation 
for COMPASS 
set-up with  
only ECAL1+2 

Missing 
DVCS acceptance 
without ECAL0 
 



251 evts 135 evts 54 evts 

|BH|2 |BH|2 |BH|2 

0.005 < 0.005 < xxBB  < 0.01                          < 0.01                          0.01 < xB < 0.03                     0.03 < 0.03 < xxBB    
 
 

BH 

2009 DVCS test 2009 DVCS test runrun  (10 (10 daysdays, short RPD+, short RPD+targettarget))  

  5454 evts  20  BH  
              + 2222    DVCS 
              + about 12  from 0   

                ЄЄ p  ’  p    35%35%  
  

 (0.8)4 for SPS + COMPASS avail. + trigger eff + dead time 
 

    εεglobalglobal    0.14 0.14      confirmed   εεglobalglobal  = 0.1= 0.1  
         as assumed for  COMPASS II predictions 



Projections for Phase 1 in COMPASSProjections for Phase 1 in COMPASS--II II   
(1 (1 monthmonth  in in autumnautumn  2012 and 2 2012 and 2 yearsyears  20152015--16)16)  
  

with recoil proton detection and hydrogen target   
 
Transverse Imaging : d /dt  

 

Constrains on the GPD H 
     



 

θ μ’ 
μ 

*  

p 

DeeplyDeeply  Virtual Compton Virtual Compton ScatteringScattering  

  

Phase 1: DVCS experiment 
 

   with + , -  beam  + unpolarized 2.5m long LH2 (proton) target                   

SSCS,UCS,U   d (  + )  + d (  - )    

Using SCS,U and BH subtraction 
  and  integration over  

 

 

dσ(μp μp ) = dσBH   + dσDVCS
unpol 

   + Pμ dσDVCS
pol 

  

 

                   + eμ aBH Re ADVCS        + eμ Pμ a
BH Im ADVCS 

 

to study the transverse imaging 

dd   DVCSDVCS
  //ddtt      ~~    exp(exp(--BB||tt||))  

 

sin. 1
IntDVCS

unpol
BH

sKdd



 
 
 
 
 
 

mainly dominated by H(x,H(x,  =x, t)=x, t)  

                                          Transverse Transverse imaging at imaging at COMPASSCOMPASS  
    

   0.65 0.02 fm 
 

   H1  PLB659(2008)  

                                                            

  1. 
 

 
0.5 

2
r

? 
xB 

COMPASSCOMPASS  

           BB(x(xBB))    =  ½ < r=  ½ < r 2 2 ((xxBB) >) >                                                    relatedrelated  to to   ½ < b½ < b 2 2 ((xxBB) >) >  

    
           distance between the active quark                                    distance between the active quark 
           and the center of momentum of spectators                    and the center of momentum of the nucleon 

 
Impact Impact ParameterParameter  RepresentationRepresentation  
  
  

     q(x, bq(x, b   ) <) <-->  >  H(x,H(x,  =0, t)=0, t)      
  

      

Transverse size of the Transverse size of the nucleonnucleon 

dd   DVCSDVCS
  //ddtt      ~~    exp(exp(--BB||tt||))  

 



2 2 yearsyears  of dataof data  
160 GeV muon beam 
2.5m LH2 target 
  global global = 10= 10%%  

           without any model we can extract B(xB)  
B(xB)  =  ½ < r 2 (xB) >  

   r  is the transverse size of the nucleon  

AccuracyAccuracy  > 2.5 > 2.5   if if αα’ = 0.125 and full ECALS’ = 0.125 and full ECALS    

B(xB) = b0 + 2 αα’’ ln(x0/xB) 

ansatz at small xB 

inspired by  
Regge Phenomenology: 

αα’’    slope of Regge traject 

                                          Transverse Transverse imaging at imaging at COMPASSCOMPASS  
    dd   DVCSDVCS

  //ddtt      ~~    exp(exp(--BB||tt||))  

 



           2012:   we can determine one mean value of B 
                      in the COMPASS kinematic range 
 

DVCS test in 2012DVCS test in 2012  
 
With 1 1 weekweek  
Using the 4m long RPD  
 + the 2.5m long LH2 target 
 
1/40 of the complete  
                    statistics 

                                          Transverse Transverse imaging at imaging at COMPASSCOMPASS  
    dd   DVCSDVCS

  //ddtt      ~~    exp(exp(--BB||tt||))  

 



dσ(μp μp ) = dσBH   + dσDVCS
unpol 

   + Pμ dσDVCS
pol 

  

 

                   + eμ aBH Re ADVCS        + eμ Pμ a
BH Im ADVCS 

 

Phase 1: DVCS experiment to constrain GPD H 
 

   with + , -  beam  + unpolarized 2.5m long LH2 (proton) target                   

           and   Im(F1 H) 

                                and        Re(F1 H) Int
c 1,0

SSCS,UCS,U   d (  + )  + d (  - )    
Int
s1

DDCS,UCS,U  
 d (  + )  - d (  - )    

DeeplyDeeply  Virtual Compton Virtual Compton ScatteringScattering  

AngularAngular  decompositiondecomposition  of of sumsum  and and diffdiff  of the of the DVCS cross sectionDVCS cross section  
willwill  provideprovide  umambiguousumambiguous  wayway  to to separateseparate    
the the ReRe  and and ImIm  of the of the Compton Compton FormForm  FactorsFactors    

fromfrom  higherhigher  twist contributionstwist contributions  

cos10

IntInt cc

sin.
10
IntDVCSBH
sKcd



dσ(μp μp ) = dσBH   + dσDVCS
unpol 

   + Pμ dσDVCS
pol 

  

 

                   + eμ aBH Re ADVCS        + eμ Pμ a
BH Im ADVCS 

 

Phase 1: DVCS experiment to constrain GPD H 
 

   with + , -  beam  + unpolarized 2.5m long LH2 (proton) target                   

           and   Im(F1 H) 

                                and        Re(F1 H) Int
c 1,0

SSCS,UCS,U   d (  + )  + d (  - )    
Int
s1

DDCS,UCS,U  
 d (  + )  - d (  - )    

DeeplyDeeply  Virtual Compton Virtual Compton ScatteringScattering  

  

 Re H ( ,t)= P  dx H(x, ,t) /(x- ) 

 Im H ( ,t)=  H(x= , ,t)  

   xB / (2-xB) 
Note: dominance of H at COMPASS kinematics 

cos10

IntInt cc

sin.
10
IntDVCSBH
sKcd



            Beam Beam Charge and Spin Charge and Spin Difference Difference (using DDCSCS  ,,UU)   
 
 

Comparison to different modelsComparison to different models  

2 2 yearsyears  of dataof data  
160 GeV muon beam 
2.5m LH2 target 
 global global = 10= 10%%  

  

High High precisionprecision  beambeam  flux and flux and acceptanceacceptance  determinationdetermination  
SystematicSystematic  errorerror  bands bands assumingassuming  a 3% chargea 3% charge--dependentdependent  effecteffect    
betweenbetween  + and + and --      (control (control withwith  inclusive inclusive evtsevts, BH…), BH…)  

 

θ μ’ 
μ 

*  

p 

’=0.8 

’=0.05 

(asymmetries +cross section) 
 

      (only asymmetries) 



Beam Charge and Spin Difference over the kinematic domainBeam Charge and Spin Difference over the kinematic domain  

StatisticsStatistics  and and SystematicsSystematics  
 

Diff = (NBH+NDVCS)
+ /a+  - ( NBH+NDVCS)

-/a-  

 

             a= lumi acceptance  
 

Diff Syst = a/acharge dependent    Sum 
                    3% (hypothesis) 
 

Diff Stat= 1/ (NBH+NDVCS)  Sum 
 
 
 
 
 



                               and        Re(F1 H ) cos10

IntInt cc Intc 1,0DDCS,UCS,U  
  d (  + )  - d (  - )    

PredictionsPredictions  withwith  
VGG VGG andand  D.MuellerD.Mueller  

With ECAL2 + ECAL1 + ECAL0 2 2 yearsyears  of dataof data  

Int
UCS

cA
1

cos
,

  torelated 

Re(F1 H )   > 0    at H1 

                                        < 0    at HERMES/JLab  
            Value of xB for the node? 



Constrains on the GPD E 
 

    on transversely (and long.) 
    polarized protons (NH3 target) 
     
1) without recoil detection (2007 & 10) 
 
2) with recoil detection Phase 2 (in a future addendum)Phase 2 (in a future addendum) 

 

  the GPD  E  allows nucleon helicity flip  
   so it is related to the angular momentum 
 

Ji sum rule:  2Jz
q

 =  x (Hq (x,ξ,0) +Eq (x,ξ,0) ) dx 
 

       
 

      
The GPD E is the ‘Holy-Grail’ of the GPD quest 

t 

p  p 

q q 

E 



Constrains on the GPD E 
 

    on transversely (and long.) 
    polarized protons (NH3 target) 
     
1) without recoil detection (2007 & 10) 
 
2) with recoil detection Phase 2 (in a future addendum)Phase 2 (in a future addendum) 

 

  the GPD  E  allows nucleon helicity flip  
   so it is related to the angular momentum 
 

Ji sum rule:  2Jz
q

 =  x (Hq (x,ξ,0) +Eq (x,ξ,0) ) dx 
 

       
 

      
The GPD E is the ‘Holy-Grail’ of the GPD quest 

t 

p  p 

q q 

E 



Constrains on the GPD E 
 

    on transversely (and long.) 
    polarized protons (NH3 target) 
     
1) without recoil detection (2007 & 10) 
 
2) with recoil detection Phase 2 (in a future addendum)Phase 2 (in a future addendum) 

 

  the GPD  E  allows nucleon helicity flip  
   so it is related to the angular momentum 
 

Ji sum rule:  2Jz
q

 =  x (Hq (x,ξ,0) +Eq (x,ξ,0) ) dx 
 

       
 

      
The GPD E is the ‘Holy-Grail’ of the GPD quest 

t 

p  p 

q q 

E 



 

θ μ’ 
μ 

*  

p 

Phase 2 (in future): DVCS experiment to constrain GPD E 
 

 with + , -  beam and transversely polarized  NH3 (proton) target 
    

  

 

             Im(F2 H – F1 E)  sin( - S) cos  
DDCS,TCS,T   d T (  + )  –  d T (  - )   

DeeplyDeeply  Virtual Compton Virtual Compton ScatteringScattering  



 
Prediction for phase 2 (in future)  
With a transversely polarized NH3 (proton) target: 
 

 
 
 
 
 

and Transverse Target and Transverse Target AsymmetryAsymmetry      

relatedrelated  to H and Eto H and E  

DDCS,TCS,T  

CS,T 

With ECAL2 + ECAL1  

2 2 yearsyears  of dataof data  
160 GeV muon beam 
1.2 m polarised NH3  target 
  global global = 10= 10%%  



GPDsGPDs  investigatedinvestigated  withwith  Hard Exclusive Photon and Hard Exclusive Photon and MesonMeson  ProductionProduction  
                                                                                                                    

                                                                                                                    + , -  160 GeV  

                                                                              COMPASSCOMPASS--II 2012II 2012--16: 16: with  LH2 target + RPD (phase 1) 
  

 the tthe t--slopeslope  of the DVCS and HEMP cross sectionof the DVCS and HEMP cross section  
  transverse distribution of partonstransverse distribution of partons  

 

  the the BeamBeam  Charge and Spin Charge and Spin SumSum  and and DifferenceDifference  
ReRe  TTDVCSDVCS  and and ImIm  TTDVCS DVCS for the GPD H for the GPD H determinationdetermination  

  

Longitudinal contribution of Longitudinal contribution of VectorVector  MesonMeson  00,, ++,, , , ΦΦ      GPD HGPD H  
  

Total contribution of Total contribution of 00    GPDsGPDs  E E and Eand ETT  

  

 
                         UsingUsing  the 2007the 2007--10 data:  10 data:  transv. polarized NH3 target without RPD 
                            In a future addendum > 2016:  In a future addendum > 2016:  transv.  polarised NH3 target with RPD (phase 2)  
  the Transverse Target Spin the Transverse Target Spin AsymmAsymm  
                  GPD E and GPD E and angularangular  momentummomentum  of partonsof partons  

 
  

SummarySummary  for GPD @ COMPASSfor GPD @ COMPASS  

~~  



JlabJlab  
COMPASSCOMPASS  

                                    HERA HERA   
                                        HERMESHERMES  

And future And future colliderscolliders  

««  This desserves the voyage….This desserves the voyage….  » »   
 

A A veryvery  long and long and beautifulbeautiful  triptrip  


