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Precision Rosenbluth Results 

•  Precision comparable 
to polarization transfer 

•  Agrees with electron 
Rosenbluth 
–  Disagreement is real 
–  High-precision 

measurement of the 
discrepancy 

I. A. Qattan et. al, Phys. Rev. Lett. 
94:142301, 2005 



TPE Calculations 

•  Difficult to Calculate 
 
 
 
–  Rough qualitative  

agreement (~5%  
ε-dependence) 

–  Different ε dependence 
–  Scale not well predicted 
–  Deviations tend to be linear except at extremes of ε 



Nonlinearity Tests 
•  Rosenbluth expects 

linearity in ε, TPE would 
cause a deviation 

•  E01-001 and NE11 show 
quadratic terms consistent 
with zero 

•  σR = p0[ 1 + p1(ε-0.5) + 
p2(ε-0.5)2 ] 

NE11: L. Andivahis et al, Phys. Rev. D50:5491, 1994 



What’s Different 

•  Extremes of epsilon 
– Where we expect the largest TPE effect 

•  Higher Q2 

•  More detail at low Q2 

– Uncertain whether  
there is a discrepancy 

•  Many points at two Q2 
– Detailed linearity test 



Magnitude of the Discrepancy 

Solid line – fit to E01-001 ‘Super-Rosenbluth’ 

Dashed line – taken from polarization transfer ratio 
half of the ε dependence at 2.64 GeV2 (left), and 85% at 4.1 GeV2  
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Figure 1: Elastic electron–nucleon scattering in the one-photon exchange (Born) approxi-
mation. Particle momentum is indicated in parentheses.

2.2 Born approximation

In the Born approximation (see Fig. 1), the electron–nucleon scattering invariant amplitude can be
written as

M! = !
e2

q2
j!µ J

µ
! (5)

where e is the electric charge, and the matrix elements of the electromagnetic leptonic and hadronic
currents are given in terms of the lepton (ue) and nucleon (uN) spinors by

j!µ = ūe(k
!) !µ ue(k) , Jµ

! = ūN(p
!)!µ

!(q) uN(p) . (6)

Our metric and other unstated conventions follow Ref. [4]. Note that other conventions for amplitudes
have also been used in the TPE literature [5, 6, 7, 8, 9]. The electromagnetic hadron current operator
!µ

! is parametrized by the Dirac (F1) and Pauli (F2) form factors as

!µ
!(q) = !µ F1(q

2) +
i"µ"q"

2M
F2(q

2) , (7)

where M is the nucleon mass. In terms of the amplitude M!, the di"erential Born cross section is given
by

d"

d#
=

!
#

4MQ2

E !

E

"2

|M!|2 =
"Mott

$(1 + %)
"R , (8)

where # = e2/4& is the electromagnetic fine structure constant, and the Mott cross section for the
scattering from a point particle is

"Mott =
#2E ! cos2('/2)

4E3 sin4('/2)
. (9)

The reduced Born cross section "R is given by

"R = $G2
E(Q

2) + % G2
M(Q2) , (10)

where the Sachs electric and magnetic form factors GE,M(Q2) are defined in terms of the Dirac and
Pauli form factors as

GE(Q
2) = F1(Q

2)! %F2(Q
2) , GM(Q2) = F1(Q

2) + F2(Q
2) . (11)

The form factors are normalized such that Gp (n)
E (0) = 1 (0) and Gp (n)

M (0) = µp (n) = 2.793 (!1.913) for
the proton (neutron).
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Rosenbluth 2007 

102 Kinematics  
points 

Q2 0.40-5.76 GeV2 

 

13 points at Q2=0.983 

10 points at Q2=2.284 

calculations, and thus provide a final resolution to the issue. With extensive experimental checks of the
TPE calculations, reliable estimates can be made for other reactions, and it will be possible to identify
other cases where TPE e!ects may be large enough that they pose concerns for the interpretation of
precision experiments.

It is therefore timely to review the recent experimental and theoretical e!orts dedicated to studying
TPE in electromagnetic processes, and more generally the impact of two-boson (! or Z) exchange
corrections which enter into weak processes induced by electromagnetic probes. In Sec. 2 we provide an
overview of the relevant electron scattering formalism, including definitions of kinematics and scattering
amplitudes. Section 3 discusses the initial evidence for TPE e!ects, as well as constraints from early
measurements. The formalism and calculations of TPE corrections are presented in Sec. 4, and their
impact on elastic scattering measurements examined in Sec. 5. Implications of TPE for observables
in other electron–hadron scattering reactions are discussed in Sec. 6. Finally, in Sec. 7 we review the
role of two-photon and !Z interference in parity-violating electron scattering and their impact on the
extraction of the strange form factors of the nucleon and the weak charge of the proton. We end with
conclusions and outlook for future studies of two-photon exchange in Sec. 8.

2 Elastic electron–nucleon scattering

In this section we define the general kinematics of elastic electron–nucleon scattering (Sec. 2.1), and
present amplitudes and cross sections in the one-photon exchange or Born approximation (Sec. 2.2).
The extraction of the electromagnetic form factors in the Born approximation using the Rosenbluth
separation and polarization transfer methods is discussed in Sec. 2.3.

2.1 Kinematics

For the elastic scattering process eN ! eN the four-momenta of the initial and final electrons are
labeled by k and k!, with corresponding energies E and E !, and of the initial and final nucleons by
p and p!, respectively. The four-momentum transfer from the electron to the nucleon is given by
q = p! " p = k " k!, with Q2 # "q2 > 0. Conventionally the scattering cross section is defined in terms
of Q2 and the electron scattering angle ", or equivalently the dimensionless quantities

# =
Q2

4M2
, $ =

%2 " #(1 + #)

%2 + #(1 + #)
, (1)

where % = k · p/M2 " # . In the target rest frame the variable $ is related to the scattering angle " by

$ =

!
1 + 2(1 + #) tan2 "

2

""1

, (2)

and is identified with the relative flux of longitudinal virtual photons. In terms of # and $ the incident
electron energy is

E = M
#
# +

$
#(1 + #)(1 + $)/(1" $)

%
, (3)

and the scattered electron energy is E ! = E " 2M# .
One can also express the elastic cross section in terms of any two of the Mandelstam variables s

(total electron–nucleon invariant mass squared), t, and u, where

s = (k + p)2 = (p! + k!)2, t = (k " k!)2 = q2, u = (p" k!)2 = (p! " k)2, (4)

with the constraint s+ t + u = 2M2 + 2m2
e. Furthermore, the variable % is related to the Mandelstam

variables by % = (s " u)/(4M2). The electron mass me can generally be ignored at the kinematics of
interest here. In particular, there are no mass singularities in the limit me ! 0 in either the one-photon
exchange amplitude or the total TPE amplitude.
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ToF High Side 

•  Excluding pions, faster 
than protons 

•  Elastic protons disappear  
quickly 

•  Cut just above proton 
peak 

•  At higher Q2 pion tail may 
extend underneath proton 
peak 

2.055 GeV 47 deg; 0.98 GeV2 



ToF Low Tail 

•  Look at exponential tails in dummy-subtracted Δ-ToF 
–  Dummy subtraction minimizes effect of deuterons, tritons 
–  Expect same tails at fixed Q2 

–  Found small angle dependence 
•  Pion tail expected  

similar to proton 
–  Too little gap to fit 

PID efficiency was  
ε-dependent 



Proton Spectrum 

•  Hydrogen elastics 
–  Compare to simulated 

elastics 
•  Background 

–  ‘Dummy’ runs for endcap 
subtraction 

–  Simulated π0 
photoproduction 



Background Separation 

2.28 GeV2, 
lowest and 
highest angles 

•   Lowest proton angle – Background larger than 
peak, but well separated 

•   Highest proton angle – Background 
significantly under peak, but much smaller 



L-T Separations 

•  GM
2 from intercept 

•  GE
2 from slope 



GM /µp GD 

•  Agrees with fit to previous data (solid line) 
•  Dashed line is what we would see with only 

single photon exchange 



µp GE/GM 

•  Errors get large above 3 GeV2 – unexpected ε 
dependence in particle identification 



µp GE/GM TPE Correction 

•   TPE correction of BMT 2005 
•  Increases with Q2, linear in ε 



Linearity Measurement 

•  Any deviation from linearity would necessarily  
be from TPE 

•  Fit a quadratic to find the size of the 
nonlinearity 



Linearity 

•  Negative curvature consistent with Chen, Blunden; 
not yet significant 

•  World data from combining different experiments 
•  V. Tvaskis, et al., PRC73 (2006) 025206 



Conclusions 

•  Improvement in 1.0 – 2.0 GeV2 range 
– Large errors above due to unexpected ε 

dependencies 
•  Suggest negative curvature 

– Consistent with hadronic or GPD model of TPE 
– Better limits from single experiment 

•  Uncertainties approaching what is needed to see 
model dependence 



Future Work 

•  High Q2 – Improved efficiencies 
– Explain unexpected ε dependence in PID 

•  Low Q2 – Improved simulation statistics 
•  Pion Photoproduction – may be possible to get 

cross sections from background subtraction 



Photoproduction Simulation 

•  Cross section known only  
roughly 
– Full scale is determined  

through fitting 
•  Compton scattering as  

photoproduction with  
different kinematics 

R. L. Anderson et al, Phys. Rev. D 14:679, 1976 

 



µp GE/GM 

•  Black – our data, red – prior Rosenbluth,  
blue – polarization transfer 


