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Physics topics: 
•  Hard exclusive photon and meson production 
•  Unpolarized PDFs and TMD effects in SIDIS 
•  Pion induced Drell-Yan muon pair production (TMD) 
•  Experimental studies of chiral perturbation theory 
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What makes Compass unique ?	  

CERN High energy muon beam  
•  100 - 190 GeV 
•  80% Polarisation 
•  µ+ and µ- available 

 Opposite polarization 

⇒  Will explore the intermediate 
      xBj region 

⇒  Uncovered region between 
    ZEUS+H1 and HERMES+Jlab 

Gluon, sea and valence quarks 

Luminosity limit 

Foreseen program : 
DVCS and meson production off 
a liquid H2 target (unpolarized) 

xBj	  



Comparison of BH and DVCS at 160 GeV	  

BH dominates             BH and DVCS at the same level        DVCS dominates 
excellent                      access DVCS amplitude          study of dσDVCS/dt  
reference yield             through the interference  

φ	   φ	  

φ 

θ	  µ’	  µ γ* γ 

p	  

DVCS	  :	   Bethe-‐Heitler	  :	  



Azimuthal angular dependence analysis 

dσ(μp→μpγ)	  =	  dσBH	  	  	  +	  dσDVCS
unpol	  

	  	  	  +	  Pμ	  dσDVCS
pol	  

	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  +	  eμ	  aBH	  Re	  ADVCS	  	  	  	  	  	  +	  eμ	  Pμ	  aBH	  Im ADVCS	  

Twist-3 M01 

from	  Belitsky,	  Kirchner,	  Müller	  :	  
	  	  	  	  	  	  	  	  	  polarized	  beam	  off	  unpolarized	  target	  

Twist-2 M11 Twist-2 gluon M-11 

eμPμ	  ×	  

eμ	  ×	  

Pμ	  ×	  

>> 

←	  Known	  expression	  

φ	  

θ	  µ’	  µ γ* γ 

p	  



Angular dependence analysis 

Case	  of	  COMPASS	  :	  μ+(P=-0.8)  and μ-(P=+0.8)
                  unpolarized H2 target 	   φ	  

θ	  µ’	  µ γ* γ 

p	  

DU,CS	  :	  dσμ+-‐	  dσμ-‐=	  2	  Pμ	  dσDVCS
pol	  

	  	  +	  eμ	  aBH	  Re	  ADVCS	  

€ 

s1
DVCS sinϕ

€ 

c0
Int + c1

Int cosϕ + c2
Int cos2ϕ + c3

Int cos3ϕ

=> Re ( )	  

€ 

c0
DVCS+BH + c1

DVCS+BH cosϕ + c2
DVCS+BH cos2ϕ

€ 

s1
Int sinϕ + s2

Int sin2ϕ

SU,CS	  :	  dσμ++	  dσμ-=	  2(dσBH+dσDVCS
unpol	  )	  +	  2	  eμ	  Pμ	  aBH	  Im ADVCS	  

=> Im (F1H)	  
=>	  dσ/dt	  



   0.65 ±0.02 fm 

   H1  PLB659(2008)  

	  	  1.	  

0.5	   ?	  
xB	  

From SU,CS	  : transverse imaging 
Using SU,CS	  :	  	  	  	  	  
   dσDVCS / dt  ~  exp(-Bt) 
                  B ~ ½ <r2>	  

Ansatz at small x : 
B(x) = b0 + 2 α’ ln(x0/x)	  
α’ =0.125 GeV-2 (FFS)    

160	  GeV	  muon	  beam	  
2.5m	  LH2	  target	  
2	  years	  
L	  =	  1222	  pb-‐1	  

εglobal	  =	  10	  %	  

2.5	  σ	  slope	  meas.	  for	  :	  
α’ > 0.26 (ECAL 1+2 )  
α’ > 0.125 (ECAL 0+1+2) 	  	  

Assuming  3% syst. error  
on BH subtraction  



Exclusive production of rho mesons 

160	  GeV	  muon	  beam	  
2.5m	  LH2	  target	  
2	  years	  
L	  =	  1222	  pb-‐1	  

εglobal	  =	  10	  %	  

Sensitive to the nucleon size  
         + the transverse size of the meson 

        Q2=1  GeV2    B ~ 8 GeV-2 

        Q2=10 GeV2   B ~ 5.5 GeV-2 



Angular dependence analysis 

Case	  of	  COMPASS	  :	  μ+(P=-0.8)  and μ-(P=+0.8)
                  unpolarized H2 target 	   φ	  

θ	  µ’	  µ γ* γ 

p	  

DU,CS	  :	  dσμ+-‐	  dσμ-‐=	  2	  Pμ	  dσDVCS
pol	  

	  	  +	  eμ	  aBH	  Re	  ADVCS	  

€ 

s1
DVCS sinϕ

€ 

c0
Int + c1

Int cosϕ + c2
Int cos2ϕ + c3

Int cos3ϕ

=> Re ( )	  

€ 

c0
DVCS+BH + c1

DVCS+BH cosϕ + c2
DVCS+BH cos2ϕ

€ 

s1
Int sinϕ + s2

Int sin2ϕ

SU,CS	  :	  dσμ++	  dσμ-=	  2(dσBH+dσDVCS
unpol	  )	  +	  2	  eμ	  Pμ	  aBH	  Im ADVCS	  

=> Im (F1H)	  
=>	  dσ/dt	  



DU,CS	  :	  Beam Charge & Spin Difference 

φ	  

θ	  µ’	  µ γ* γ 

p	  

160	  GeV	  muon	  beam	  
2.5m	  LH2	  target	  
2	  years	  
L	  =	  1222	  pb-‐1	  

εglobal	  =	  10	  %	  

=> Re ( )	  

€ 

....+c1
Int cosϕ + ...

DU,CS	  :	  dσμ+-‐	  dσμ-‐=	  2	  Pμ	  dσDVCS
pol	  

	  	  +	  eμ	  aBH	  Re	  ADVCS	  

€ 

s1
DVCS sinϕ

€ 

c0
Int + c1

Int cosϕ + c2
Int cos2ϕ + c3

Int cos3ϕ
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Figure 8: Projected statistical accuracy for a measurement of the φ dependence of the

beam charge & spin difference. For further explanations see caption of Fig. 7.

surements will be done successively by changing as often as possible from one setting to

the other. The quantities F+
and F− will have to be kept as close as possible to one

another (F+ ∼ F−), which means that the duration of a µ− measurement will be about

three times the duration of a µ+
measurement in order to compensate for the different

maximum beam intensities available.

When calculating the systematic errors on DCS,U one can distinguish between the

normalisation factors which are independent of the beam charge and those which depend

on it, the latter having more impact on the systematics than the former. For this purpose

we consider the factor a+(−)
= F+(−)�+(−)

and decompose the systematic errors on a+
and

a− into i) an error common to a+
and a−, denoted as charge-independent error ∆aci, and

ii) an error which affects only the difference, denoted as charge-dependent error ∆acd:

(∆Dsyst)
2

= (
∆aci

a
D)

2
+ (

∆acd

a
S)

2.

For simplicity, in this section the notation D is used for DCS,U and S for SCS,U . The

relative contributions of |BH|2, |DVCS|2 and interference terms were shown in Fig. 5.

Figures 10 and 11 show for 12 bins in (xB, Q2
) the φ variation of the sum S and the

difference D of the hard-exclusive single-photon cross section. It becomes apparent that

the ratio of D over S varies from below the percent level to values close to unity, so that

for small values the determination of D becomes more difficult.

The µ+
and the µ− data are recorded during separate data taking periods, with

different beam intensities and different beam line and spectrometer settings (all mag-

netic fields are reversed). Presently, there is no information on the magnitude of the

charge-dependent error ∆acd. We therefore chose to estimate what we consider a tol-

erable level and define the specifications required to achieve this goal. For the pro-

24



DU,CS	  (φ) over the kinematical domain   

φ (deg) 
	  using	  the	  VGG	  model	  
Phys.	  Rev.	  D60:094017,1999	  

160	  GeV	  muon	  beam	  
2.5m	  LH2	  target	  
2	  years	  
L	  =	  1222	  pb-‐1	  

εglobal	  =	  10	  %	  

Syst.	  :	  3%	  μ+/μ-‐	  norm.	  	  



Sensitivity of COMPASS: cosϕ modulation 
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B	   B	   B	  
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BCSA = DU,CS	  /SU,CS	  =	  A0	  +	  ACS,U	  cos	  ϕ	  +	  A2	  cos2ϕ	  	  
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⇒ related to c1
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Continuation of the GPD program : 
constrain the GPD E 

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

160	  GeV	  muon	  beam	  
1.2	  m	  polarized	  NH3	  target	  (f=0.26)	  
2	  years	  -‐	  εglobal	  =	  10	  %	  



proton	  

γ	  

μ’	  

2008	  	  DVCS	  beam	  test	  Experimental	  realisa9on	  

Compass	  hadron	  set-‐up	  

• 	  New	  «	  superRPD	  »	  and	  H2	  target	  
• 	  Herme9c	  calorimetry	  :	  Move	  ECALs	  upstream	  and/or	  complete	  ECAL2	  
• 	  New	  ECAL0	  upstream	  of	  SM1	  

Talks	  of	  	  
F.	  Haas,	  S.	  Neubert	  



Recoil Proton Detector 

Gandalf Project: 
1 GHz digitalisation  
of the PMT signal to 
cope for high rate 

•  4 m long scintillator slabs 
•  ~ 300ps timing resolution 
•  Full scale prototype  
           tested successfully 



ECAL	  0	  

Requirements 
- Photon energy range 0.2- 30 GeV 
- Size: 320cm x 320cm ;  
- Granularity 4x4 – 6x6 cm2 
- Energy resolution < 10.0%/√E (GeV)     
- Thickness < 50 cm,  
- Insensitive to the magnetic field.       

Prototype under studies  
•  Shaschlyk module with AMPD readout 
•  Tested  

DVCS+BH	  

EC
A
L1
&
2	  



2008-2009 DVCS tests  

Ring A 

Ring B 
Compass	  hadron	  run	  
Target	  region	  

SelecNon	  	  of	  events	  :	  	  
	  	  	  -‐	  one	  vertex	  with	  μ	  and	  μ’	  
	  	  	  -‐	  no	  other	  charged	  tracks	  	  
	  	  	  -‐	  only	  1	  high	  energy	  photon	  (Δt<5ns)	  
	  	  	  -‐	  1	  proton	  in	  RPD	  with	  p	  <	  1.	  GeV/c	  DVCS	   Bethe-‐Heitler	  



 (deg)!
0 50 100 150 200 250 300 350

 (
d

e
g

)
!

0

50

100

150

200

250

300

350 COMPASS 2008 DVCS TEST RUN  - PRELIMINARY -

 p(perp) (GeV/c)!
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

e
v

e
n

ts

0

20

40

60

80

100

120

140
COMPASS 2008 DVCS TEST RUN  - PRELIMINARY -

 (deg)!"
-300 -200 -100 0 100 200 300

e
v
e
n

ts

0

20

40

60

80

100

120

140 COMPASS 2008 DVCS TEST RUN  - PRELIMINARY -

2008 beam test : exclusivity cuts 

Δp⊥	  =|P⊥μ’+γ|-‐|P⊥RPD|	  
Δpperp	  <	  0.2	  GeV	  

Δϕ=ϕmiss	  	  -‐	  ϕRPD	  

Δϕ	  <	  36	  deg	  

Transverse	  plane	  

proton	  

γ	  μ’	  

μ’+γ	  

Δϕ	  
miss 



2008 beam test : Bethe-Heitler signal 

	  	  	  	  	  Monte-‐Carlo	  simula9on	  	  
	  	  	  	  of	  BH	  (dominant)	  and	  DVCS	  

Axer	  all	  cuts,	  
Q2>1GeV2	  

Deep	  VCS	   Bethe-‐Heitler	  

Detec9on	  efficiency	  :	  
	  	  	  	  	  	  ε	  μ+p-‐>μ+p+γ	  =	  0.32	  +/-‐	  0.13	  	  

Global	  efficiency	  :	  
-‐	  μ+p-‐>μ+p+γ	  efficiency	  	  
-‐ 	  SPS	  &	  COMPASS	  availability	  
-‐ 	  Dead	  9me	  
-‐ 	  trigger	  efficiency	  

⇒ 	  εglobal	  =	  0.13	  +/-‐	  0.05	  

ProjecNons	  of	  errors	  
	  	  	  	  	  	  are	  realisNc	  

=>	  Bethe-‐Heitler	  observed	  

~ 10 times more data taken in 2009 



2009 beam test : DVCS signal 

⇒ Excess	  of	  events	  for	  xbj>0.03	  
	  	  	  	  	  	  	  	  	  	  is	  a	  sign	  for	  DVCS	  

~ 10 times more data taken than in 2008 



Conclusions & perspectives 

  COMPASS has a great potential in GPDs physics 

•  Study of the GPD H with a LH2 target: 2013- 
    measurement ot t-slopes – transverse partonic structure of the nucleon 
    measurement of Beam Charge and Spin differences & asymmetries 
•  Equipments needed : 

          4m long RPD, 2.5m LH2 target, Extended & improved calorimetry 

•   at a later stage :  
        study of the GPD E with a transversely polarized target     

the COMPASS-II proposal has been submitted 

•  Wide physics case proposed : 
   GPDs, TMDs, Chiral perturbation theory, unpolarized PDFs 

•  SPS Committee meets at the end June 





DU,CS	  :	  Beam Charge & Spin Difference 

φ	  

θ	  µ’	  µ γ* γ 

p	  

160	  GeV	  muon	  beam	  
2.5m	  LH2	  target	  
2	  years	  
L	  =	  1222	  pb-‐1	  

εglobal	  =	  10	  %	  

=> Re ( )	  

€ 

....+c1
Int cosϕ + ...

DU,CS	  :	  dσμ+-‐	  dσμ-‐=	  2	  Pμ	  dσDVCS
pol	  

	  	  +	  eμ	  aBH	  Re	  ADVCS	  

€ 

s1
DVCS sinϕ

€ 

c0
Int + c1

Int cosϕ + c2
Int cos2ϕ + c3

Int cos3ϕ



proton	  

γ	  

μ’	  

2008	  	  DVCS	  beam	  test	  ECAL0	  and	  ECAL1	  

Ver9cal	  

Horizontal	  

ECAL0	  

“superRPD”	   SM1	  

ECAL1	   ECAL2	  



Hρ0 = 1/√2 (2/3 Hu + 1/3 Hd + 3/8 Hg) 

Hω  = 1/√2 (2/3 Hu – 1/3 Hd + 1/8 Hg) 

Hφ  =               -1/3 Hs  - 1/8 Hg 

Transversely polarized  target asymmetry on vector meson :  
          ⇒  E/H   ( studied at COMPASS without RPD ) 

⇒   ρ	  :	  ω	  :	  	  φ	  	  	  ∼	  	  	  9	  :	  	  1	  :	  2	  	  at large Q2 

Cross section measurement : 
Vector meson : ρ,ω,φ…	  	  	  	  	  ⇒  H  &  E	  
Pseudo-scalar : π,η…	  	  	  	  	  	  	  ⇒   H  &  E 	  ~	   	  ~	  

Would allow for flavor separation : 



GPD program : new equipments 

µ’ 

p’ 

µ 

DVCS  µp → µ’p’γ 

          γ  ECal1 + ECal2 
                 θγ ≤ 10°  2.5 m liquid H2 target 

4m long Recoil Proton Detector  

Hermetic calorimetry 
new ECAL0 

Later stage…  
Transversely polarized target 
Associated RPD 



Hadron	  program	  RPD	  

Proton identification in RPD 
Elastic scattering (hadron beam) 
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Kinematical consistency : ϑγ*γ 

Events	  rejected	  
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cosθ
γ *γ
µµ 'P =

1
1+ 4MP

2 x 2 /Q2
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RPD(2008) MuRex (2006) 

B L=1m; th=1cm 
Atten length = 0.7m 
σB = 300 ps 

L=4m; th=5cm 
Atten length = 4m 
σB = 200 ps  

A L=50cm; th=5mm 
σA = 180 ps 

L=2.83m; th=4mm 
σA = 270 ps 

ToF σToF = 350 ps     
RB-RA= 85-12 = 63 cm                   

σToF = 310 ps 
RB-RA= 110-25 = 85cm 



Generalized  Parton  Distributions 

contains	  pdf	  
H(x,0,0)	  =	  q(x)	  	  
	  	  	  	  	  	  measured	  in	  DIS	  

	  contains	  form	  factors	  

measured	  in	  elasNc	  sca[ering	  

FactorisaNon:	  
Q2	  large,	  -‐t<1	  GeV2	  

Generalized	  Parton	  DistribuNons	  

GPDs 
x+ξ	
 x-ξ	


P P’ 

hard	  

sob	  

γ* γ,π,ρ	


t	  

€ 

F(t) = dxH(x,ξ,t)∫

€ 

x(Hq (x,ξ,t = 0) +Eq(x,ξ,t = 0))dx = Jq∫
contains	  informaNon	  on	  the	  nucleon	  spin	  :	  
Ji’s	  sum	  rule	  :	  

for	  quarks	  :	  	  	  	  	  	  	  	  	  	  
	  	  	  	  4	  funcNons	  H,E,H,E(x,ξ,t)	  

∼  ∼	  



3-D partonic structure of the nucleon (Pz,ry,z)	  
        Hard Exclusive Scattering 
  Deeply Virtual Compton Scattering 

Burkardt,Belitsky,Müller,Ralston,Pire  

GPDs : H( x,ξ,t ) 

ep→ epγ   

p GPDs 

γ* Q² 

x+ξ x-ξ 
p 

γ  

t 

x P 

y 

 z 

r⊥ 

x boost 

  access to correlations : 
             ( Px, ry,z  ) 

Fourier	  (ξ=0)	  


