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ep	  elastic	  scattering	  –	  main	  processes	  
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Figure 17: Relative contribution of TPE to elastic ep scattering at E = 160 MeV. The results
in second Born approximation account for the Coulomb distortion (exchange of second soft
photon) only. Figure taken from Ref. [107].

shows that at forward angles the TPE contribution is dominated by the Coulomb distortion, while at
backward angles the exchange of two hard photons contributes appreciably. This is consistent with the
observations about the pointlike limit, and the independence of this limit from F2.

The behavior shown in Fig. 13 (left) can also be understood from the second Born approximation
[109]. The second interaction provides a “focusing effect” — accelerating electrons towards the target.
For a pointlike target this should increase scattering at backward angles. However, because of an
increased momentum transfer there is a competing effect from a reduction in cross section due to the
proton electric and magnetic form factors. At larger Q2 this reduction wins out, and the total cross
section is reduced at backward angles. For positrons, the opposite effect is expected.

4.6 High Q2 partonic models

In the regime of high Q2, two approaches to the TPE effect on elastic scattering have been taken by
different groups. In Refs. [55, 86], the hard scattering part of TPE was studied in a partonic approach
using different models for generalized parton distributions (GPDs). In this approach it is assumed that
both photons interact with the same quark. The results of these calculations on the cross sections and
other observables have been examined in detail in Ref. [110], and the details will not be duplicated here.

(a) (b) (c)

Figure 18: Typical pQCD diagrams for (a) one-photon exchange, (b) leading order TPE
involving 1 hard gluon, and (c) subleading order TPE involving 2 hard gluons. Figure
adapted from Ref. [111].

Our observations about the pointlike limit in Sec. 4.5 suggest that hard TPE corrections involving
both photons interacting with the same particle have the opposite sign to the hadronic calculations
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Effects	  of	  TPE	  in	  charge	  asymmetry	  
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Aodd =
σ e−p→ e−p( )− e+p→ e+p( )
σ e−p→ e−p( )+ e+p→ e+p( )

≈
Mγ

e−
2
+ 2Re Mγ

e−*Mγγ
e−*( )− Mγ

e+
2
− 2Re Mγ

e+*Mγγ
e+*( )

Mγ
e−
2
+ 2Re Mγ

e−*Mγγ
e−*( )+ Mγ

e+
2
+ 2Re Mγ

e+*Mγγ
e+*( )

The	   interference	   between	   1-‐photon	   and	   2-‐photon	   exchange	   amplitude	   has	  
opposite	   sign	   for	   electron	   and	   positron	   scaBering,	   leading	   to	   the	   charge	  
asymmetry:	  

Aodd =
σ e−p→ e−p( )− e+p→ e+p( )
σ e−p→ e−p( )+ e+p→ e+p( )

≈ −
4Re Mγ

e*Mγγ
e( )

2 Mγ
e
2 ≈ −2

Re Mγ
e*Mγγ

e( )
Mγ

e
2

The	  aim	  of	  the	  OLYMPUS	  experiment	  of	  the	  measurement	  of	  the	  contribu3on	  of	  
Two	  Photon	  Exchange	  in	  the	  charge	  asymmetry.	  
	  

For	  details	  of	  the	  OLYMPUS	  experiment	  see	  previous	  OLYMPUS	  talks	  



Radiative	  corrections	  for	  OLYMPUS	  
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Produc3on	  of	  real	  hard	  photon	  from	  Bremsstrahlung	  affects	  both	  kinema3cs	  and	  
cross	  sec3on	  significantly.	  

Dependence	   of	   angular	   distribu3on	   of	  
emiBed	  photon.	  
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Virtual	  correc3on	  to	  the	  cross	  sec3on	  remove	  infrared	  divergences:	  
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Aodd =
σ e−p→ e−p( )− e+p→ e+p( )
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Such	  processes	  affect	  the	  charge	  asymmetry	  as:	  
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Generator	  for	  the	  OLYMPUS	  experiment	  
•  Inclusion	  of	  ep	  elas,c	  sca6ering,	  bremsstrahlung	  and	  virtual	  
correc,ons	  

•  Specific	  condi,ons	  of	  the	  OLYMPUS	  experiment	  
•  Interface	  with	  GEANT4	  simula,on	  for	  realis,c	  es,ma,on	  of	  
radia,ve	  correc,ons	  in	  the	  experimental	  data	  treatment	  

•  Sta,s,cal	  analysis	  of	  generator	  data	  embedded	  within	  the	  
analysis	  of	  experimental	  data	  on	  the	  basis	  of	  ROOFIT	  
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Kinematics	  	  
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Q2 = 4EeE0 sin
2 θe
2

τ =
Q2

4M 2

1
ε
=1+ 2(1+τ )tan2 θe

2

k=(E0,p0)	  
e-‐	  

e-‐	  

p	  

p	   θγ	

θp	


k’=(Ee,pe)	  

p’=(Eppp)	  

γ	

ω=(Eγ	  pγ)	  

•  Ini,al	  e±	  energy:	  2	  GeV	  
•  Kinema,c	  obsevables:	  final	  
4-‐momentum	  of	  electron,	  
proton	  and	  photon	  	  

•  Events	  are	  considered	  to	  
follow	  the	  kinema,cs	  of	  ep	  
elas,c	  sca6ering	  when	  the	  
energy	  of	  the	  radiated	  
photon	  is	  less	  than	  10	  MeV	  

Some	  kinema3c	  variables:	  

θe	




1-‐photon	  cross	  section	  
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The	   differen3al	   cross-‐sec3on	   of	   ep	   elas3c	   scaBering	   is	   included	   at	   the	   one-‐
photon	   exchange	   Born	   approxima3on	   with	   the	   Rosenbluth	   formula	   (T	   is	   the	  
electron	  kine3c	  energy):	  

dσ
dΩ R

=
α 2

4T 2
1

1+ 2 T
Mp

sin2 θe
2

τ
ε(1+τ )

GM
2 (Q2 )+ ε

τ
GE
2 (Q2 )

"

#$
%

&'
cos2 θe

2
sin4 θe

2

The	  proton	  form	  factors	  are	  defined	  within	  the	  dipole	  approxima3on:	  

GE (Q
2 ) = 1

1+Q2 / 0.71( )
GM (Q

2 ) = µGE (Q
2 )



Internal	  Bremsstrahlung	  
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The	   	   cross	   sec3on	   of	   internal	   bremsstrahlung	   is	   included	   according	   to	   the	  
calcula3on	  in	  Ent	  (PRC	  64	  054610),	  Maximon&Tjon	  (PRC	  62	  054320):	  

dσ
dΩedΩγdEγ brem

=
αEγ
4π 2

p '
ω ⋅ p '

+
k

ω ⋅ k
−

k '
ω ⋅ k '

−
p

ω ⋅ p
$

%
&

'

(
)

2
dσ
dΩe R

dσ
dΩe

(Eγ < Ecut )
brem

= 1−δsoft (Ecut )−δhard( ) dσdΩe R

δsoft (Ecut ) =
dσ

dΩedΩγdEγ brem0

Ecut

∫ dΩγdEγ

δhard = 2α −
3
4π
lnQ

2

m2 +
1
π
−
1
3π

−
5
3
+ lnQ

2

m2

$

%
&

'

(
)

$

%
&

'

(
)

And	  including	  the	  virtual	  photon	  correc3ons:	  

Vacuum	  Vertex	  



Example	  of	  event	  generation	  
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Energy	  of	  generated	  par,cles	  in	  the	  final	  state	  
	  

In	  black	  full	  generated	  sta,s,cs,	  in	  blue	  events	  with	  only	  elas,c	  sca6ering	  



Example	  of	  event	  generation	  
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Polar	  angles	  of	  generated	  par,cles	  in	  the	  final	  state	  
	  

In	  black	  full	  generated	  sta,s,cs,	  in	  blue	  events	  with	  only	  elas,c	  sca6ering	  
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Example	  of	  event	  generation	  
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Example	  of	  event	  generation	  
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Selection of�ep scattering events �I�

5

SIMULATION

Coplanarity of�scattered electron�and�proton
Coplanarity	  between	  azimuthal	  angles	  of	  electrons	  and	  protons	  

	  



Example	  of	  generated	  events	  
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•  Example	  of	  Generated	  event	  through	  the	  OLYMPUS	  Monte	  
Carlo	  (GEANT4	  detector	  simula,on)	  

•  Color	  code	  tracks:	  blue	  proton,	  red	  electron,	  green	  photon	  
•  Color	  code	  hits:	  yellow	  wire	  chamber,	  green	  TOF	  



Rad.	  Corrections	  and	  analysis	  variables	  
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E0,1 =mp cot
θe
2
cotθ p −1

"

#
$

%

&
' E0,2 = Ee +Ep −mp

(E0,p0)	  
e-‐	  

e-‐	  

p	  

p	  

θe	


θp	
 (E0,p0)	  
e-‐	  

e-‐	  

p	  

p	  

Εe	


Εp	


In	  the	  two	  arms	  experiment	  the	  kinema,cs	  is	  over	  constrained	  
Selection of�ep scattering events (E0)

6

ǡଵܧ ൌ ݉ ��� ఏଶ ��� ߠ െ ͳ ǡଶܧ ൌ ܧ  ܧ െ ݉

Sensitive�to�angle�reconstruction Sensitive�to�energy reconstruction

The�kinematics is overconstrained because the��4Ͳmomenta�of�final particles are�measured

SIMULATION SIMULATIONGENERATOR	   GENERATOR	  



Rad.	  Corrections	  and	  analysis	  variables	  	  
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Selection of�ep scattering events (W)

ܹ ൌ ݉ଶ  ʹ݉ ܧ െ ܧ െ Ͷܧܧ݊݅ݏଶఏଶ
7

THEORETICAL�MODEL݉

ሺܧǡ Ԧሻ

ሺܧǡ Ԧሻ

ሺܧǡ Ԧሻ

ሺ݉ǡ Ͳሻ

ܹଶ ൌ ܲǡ  ܲǡ െ ܲ
ଶ ൌ ܲ

ଶ ൌ ݉ଶ

Invariant mass�of�the�intermediate�hadronic state:

(E0,p0)	  
e-‐	  

e-‐	  

p	  

p	  

θe	


θp	
 W = mp
2 + 2mp E0 −Ee( )− 4E0Ee sin

2 θe
2

Hadronic	  Invariant	  Mass	  
GENERATOR	  



Rad.	  Corrections	  Generator	  and	  analysis	  	  
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Selection of�elastic events

(a) No�cuts
(b)
(c) 

MeV
8THEORETICAL�MODEL

(a) (b) (c)

Study in�the�region of�geometrical acceptance of�the�OLYMPUS�detector�•  Study	  in	  the	  region	  of	  the	  acceptance	  of	  OLYMPUS	  
•  (a)	  No	  cuts	  
•  (b)	  179<Δφ<181	  
•  (c)	  1900<E0<2100	  MeV	  and	  W<1000	  MeV	  

Elas,c	  kinema,c	  band	  as	  a	  result	  of	  the	  cuts.	  Width	  dependent	  on	  radia,ve	  correc,ons	  



Determination	  of	  the	  ratio	  in	  generator	  
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Determination of�observable:�Ratio�R

9

Radiative�corrections are�sensitive�to�the�selection cuts.�

In the plot a preliminary estimation is presented based on a low statistics simulated
sample.

SIMULATION

Radia,ve	  correc,ons	  are	  sensi,ve	  to	  the	  selec,on	  cuts	  
	  
Preliminary	  es,ma,on	  based	  on	  low	  sta,s,cs	  test	  sample	  

GENERATOR	  

R
e+e−

=
σ e+p( )
σ e−p( )

=
1− A
1+ A



Outlook	  
•  New	  generator	  for	  the	  OLYMPUS	  experiment	  under	  
development	  and	  test	  

•  Preliminary	  results	  in	  agreement	  with	  theore,cal	  expecta,on	  
•  Interface	  with	  GEANT4	  simula,on	  	  
•  Sta,s,cal	  analysis	  of	  generator	  data	  on	  the	  basis	  of	  ROOFIT	  

•  Inclusion	  of	  model	  for	  TPE	  process	  (Maximon	  and	  Tjon…)	  
•  Inclusion	  of	  higher	  order	  bremsstrahlung	  
•  Inclusion	  of	  external	  bremsstrahlung	  
•  Inclusion	  of	  intermediate	  resonances	  
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