
JLab Director's Theory Seminar, December 2, 2015

Lepton universality test 
in the photoproduction of e-e+ 
versus μ-μ+ pairs on a proton target

Vladiszlav Pauk
Thomas Jefferson 
National Accelerator Facility 
Newport News, VA, USA

2011 - 2014  —  PhD in theoretical physics 
under supervision of Prof. Dr. Marc Vanderhaeghen 
at Johannes Gutenberg University Mainz.
Thesis title “Light-by-light scattering and the muon’s anomalous magnetic moment”

2014 - 2015  —  Postdoc at the Institute of Nuclear Physics in Mainz
Project: Lepton universality test in the photoproduction of e-e+ versus μ-μ+     
pairs on a proton target



Summary of research activity

Electromagnetic properties of hadrons and their role in precision observables 
and searches for New Physics.
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Sum rules:

MTwo-photon production
and meson transition form factors
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FIG. 39: Angular dependence of the cross section in
the indicated W bin and results of the r

1

fit at Q

2

=

25 GeV

2. The lines are defined in Fig. 35.
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fit. The lines are defined in Fig. 35.
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FIG. 41: The measured helicity-2 TFF of the f

2

(1270)

as a function of Q

2. Short (long) vertical bars indicate
statistical (statistical and systematic combined) errors.
Each point can move up (down) by +15% (�15%) due
to overall systematic uncertainties. The solid line shows
the predicted Q

2 dependence in Table I by Ref. [2] and
those by Ref. [3]: Eq. (1) (dashed line) and Eq. (2) (dot-
dashed line).
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FIG. 42: The measured helicity-0 TFF of the f

2

(1270)

as a function of Q

2. Short (long) vertical bars indicate
statistical (statistical and systematic combined) errors.
Each point can move up (down) by +15% (�15%) due
to overall systematic uncertainties. The solid line shows
the predicted Q

2 dependence in Table I by Ref. [2].
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predictions for the TFF for f2(1270)
as a function of the photon virtuality  

Next: update of the analysis using new data

Belle (2015)

Phys. Rev. D 85, 116001
Phys.Lett. B725, 504-509
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TFF
a0, f0, f1, a2, f2

δaμ ≈ 16 × 10−11 FNAL expected accuracy:

aμ(a0, f0, f1, a2, f2) ≈ 6 × 10−11Total contribution of single meson 
exchanges beyond pseudo scalars:

(g-2)µ

model independent approach needed for 
the systematic account of the hadronic uncertainties

Eur.Phys.J. C74 3008

Phys.Rev. D90, 113012

new dispersive framework relate (g-2)µ to the absorptive 
part of the Pauli form factor 

in the time-like region

Next: realistic estimate of the contributions of the single- and two-pion thresholds 

Summary of research activity



The proton radius

elastic scattering atomic spectroscopy

proton radius
extraction

agree for the electron
(uncertainty ~0.6%)

mµ ⇠ 200 me

a0 =
~2

mee2
Bohr radius

stronger effect 
from the proton size

10x better
precision

muon vs electron
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Figure 1: Spectrum of ordinary hydrogen (not to scale).

where E and E 0 are the incoming and outgoing electron laboratory energies. Obtaining the form factors
by measuring the di↵erential cross section at a variety ofQ2 and scattering angles is termed a Rosenbluth
separation.

Relativistically, Eq. (3) is an approximation valid if the target’s Compton wavelength is small com-
pared to its size. For a proton the latter statement is marginal. Instead we define the form factors from
the matrix element given above, and for the electric and magnetic radii, we promote the former derived
result to a definition,

R2
E

def

= �6
dG

E

dQ2

����
Q

2=0

, (11)

with a similar relation between R
M

and the magnetic form factor.
The most accurate experiments for obtaining the form factors at low and moderate Q2 are done at

Mainz and reported in [5]. They quote their results by fitting form factors using a variety of di↵erent
fitting functions to their measured di↵erential cross sections. Their fits lead to

R
E

= 0.879(8) fm , (12)

where, following others [6], several uncertainties are combined into a single uncertainty limit.
The other way to obtain the proton radius using electrons is to measure the energy levels, the Lamb

shift but not only the Lamb shift, in ordinary electronic hydrogen. The proton radius measurements
made using ordinary hydrogen are quite remarkable because the proton radius e↵ects are very small.
Energy level splittings can be measured so precisely, and the proton size independent energies can be
calculated so reliably, that proton size dependent terms can be isolated.

As a reminder, the proton energy spectrum is illustrated in Fig. 1. The Figure is not to scale. (That
the Lamb shift—the splitting between the 2S1/2 and 2P1/2 levels—is about 10% of the 2P fine structure
splitting is the only relative splitting that is about right.)

The energy levels, at least the S-state levels, are a↵ected by the finite proton size. The size dependent
energy shift was worked out non-relativistically in [7], and is to leading order in perturbation theory
(in modern notation)

�E1 =
2⇡↵

3
|�2(0)|R2

E

, (13)

where �(0) is the electron wave function at the origin in coordinate space, �2(0) = (m
r

↵)3/(⇡n3), where
m

r

is the reduced mass and n is the principal quantum number. Interestingly, the result depends only
on the RMS proton radius squared and not on the detailed distribution of matter within the proton.
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The puzzle -05

Pohl et al.(2010)  

RE = 0.8409 ± 0.0004 fm RE = 0.8775 ± 0.0051 fm 7 σ difference !? 

ep/eH data: μH data: 

Antognini et al.(2013)  
CODATA(2012)  
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Bethe-Heitler processPhys. Rev. Lett. 115, 221804

Lepton pair production on a proton target

Measure the ratio of the e vs µ cross sections

2

⌧ ⌘ �t/(4M2
). Furthermore, for a fixed value of t, the

recoiling proton lab angle ⇥

lab
p is expressed in terms of in-

variants as :

cos⇥

lab
p =

M2
ll + 2(s+M2

)⌧

2(s�M2
)

p
⌧(1 + ⌧)

. (1)

The differential cross section for the dominating BH pro-
cess to the �p ! l�l+p reaction has been studied in different
contexts in the literature [19–21]. In this work, we will con-
sider the cross section differential in the momentum transfer
t and invariant mass of the lepton pair M2

ll, and integrated
over the lepton angles, which corresponds with detecting the
recoiling proton only. This cross section can be written as :

d�BH

dt dM2
ll

=

↵3

(s�M2
)

2
· 4�

t2(M2
ll � t)4

· 1

1 + ⌧

⇥
�
CE G2

Ep + CM ⌧ G2
Mp

 
, (2)

with ↵ ⌘ e2/4⇡ ⇡ 1/137, where � ⌘
q
1� 4m2

M2
ll

is the

lepton velocity in the l�l+ c.m. frame, with m the lepton
mass, and where the proton FFs GEp and GMp are functions
of t. The weighting coefficients multiplying the FFs in Eq. (2)
have the following general structure :

CE,M = C(1)
E,M + C(2)

E,M

1

�
ln

✓
1 + �

1� �

◆
, (3)

where the second term expresses the large logarithmic en-
hancement in the limit of small lepton mass in the BH process.
The coefficients C(1)

E,M , and C(2)
E,M are found to be expressed

through invariants as :

C(1)
E = t

�
s�M2

� �
s�M2 �M2

ll + t
� ⇥

M4
ll + 6M2

llt+ t2 + 4m2M2
ll

⇤
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�
M2

ll � t
�2 ⇥

t2M2
ll +M2

(M2
ll + t)2 + 4m2M2M2

ll

⇤
, (4)

C(2)
E = �t

�
s�M2
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s�M2 �M2

ll + t
� ⇥

M4
ll + t2 + 4m2

�
M2

ll + 2t� 2m2
�⇤
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�
M2

ll � t
�2 ⇥�M2

(M4
ll + t2) + 2m2

�
�t2 � 2M2M2

ll + 4m2M2
�⇤

, (5)

C(1)
M = C(1)

E � 2M2
(1 + ⌧)

�
M2

ll � t
�2 ⇥

M4
ll + t2 + 4m2M2

ll

⇤
, (6)

C(2)
M = C(2)

E + 2M2
(1 + ⌧)

�
M2

ll � t
�2 ⇥

M4
ll + t2 + 4m2

�
M2

ll � t� 2m2
�⇤

. (7)

In Fig. 2, we show the differential cross section d�/dt dM2
ll

for �p ! (l�l+)p which is accessed by measuring the recoil-
ing proton’s momentum and angle, for E� = 0.5 GeV and
for three values of �t : �t = 0.01 GeV2 (corresponding
with recoil proton momentum |~p 0|lab = 100 MeV/c), �t =

0.02 GeV2 (|~p 0|lab = 142 MeV/c), and �t = 0.03 GeV2

(|~p 0|lab = 174 MeV/c). As t is the argument entering the pro-
ton FFs, the values shown are chosen to cover the lower range
of the high-precision elastic ep scattering experiments [4, 5],
as well as the values for which the future MUSE elastic µp
scattering experiment [16] plans to take data. Furthermore,
the differential cross section d�/dtdM2

ll is shown as func-
tion of the squared lepton invariant mass M2

ll, which is dialed
through the recoiling proton lab angle, as shown on the lower
panel of Fig. 2. We show the cross section in a range of M2

ll,
which is kinematically separated from background channels,
well above the Compton and ⇡0 production processes on a
proton, corresponding with sharp peaks at M2

ll = 0 and at
M2

ll = 0.018 GeV2 respectively, and below the threshold for
⇡⇡ production, which starts at M2

ll = 0.078 GeV2. One no-
tices from Fig. 2 that around M2

ll = 0.06 GeV2, the µ�µ+

cross section is around a factor of 10 smaller than the e�e+

cross section, and increases with increasing M2
ll. By measur-

ing the cross section through detecting the recoiling proton
momentum and angle in the M2

ll window above the ⇡0 peak
and below ⇡⇡ threshold, and comparing cross sections at a

fixed value of t above and below µ�µ+ thresholds, it opens
the possibility for a high-precision extraction of the cross sec-
tion ratio :

Rµ/e ⌘
d�(µ�µ+

+ e�e+)

d�(e�e+)
� 1, (8)

where d� stands for d�/dt dM2
ll. The potential advantage of

such a ratio measurement is that absolute normalization un-
certainties to first approximation drop out. Indeed, at a fixed
value of t, the e�e+ cross section can be fixed by measur-
ing the cross section below µ�µ+ threshold, and the corre-
sponding normalization, mainly due to GEp, can be used to
determine the e�e+ cross section above µ�µ+ threshold. A
subsequent measurement of the sum of e�e+ + µ�µ+ cross
sections above µ�µ+ threshold, then allows to extract the ra-
tio Rµ/e, which is displayed in Fig. 3. One sees that in the
kinematic range where only the e�e+ and µ�µ+ channels
are contributing, this ratio varies between 10 to 13 %. We
like to notice that corrections, notably radiative corrections,
to first order also drop out of this ratio, measured at the same
value of the recoiling proton momentum and angle. An ac-
curate measurement of this ratio can therefore be envisaged,
opening a new perspective to perform a test of lepton univer-
sality. We have demonstrated this sensitivity in Fig. 3, by
varying the electric FF value entering the e�e+ production
process, denoted by Ge

Ep, which we take from [4, 5], versus
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Two-fold differential cross section of the Bethe-Heitler production to leading order
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tion ratio :

Rµ/e ⌘
d�(µ�µ+

+ e�e+)

d�(e�e+)
� 1, (8)

where d� stands for d�/dt dM2
ll. The potential advantage of

such a ratio measurement is that absolute normalization un-
certainties to first approximation drop out. Indeed, at a fixed
value of t, the e�e+ cross section can be fixed by measur-
ing the cross section below µ�µ+ threshold, and the corre-
sponding normalization, mainly due to GEp, can be used to
determine the e�e+ cross section above µ�µ+ threshold. A
subsequent measurement of the sum of e�e+ + µ�µ+ cross
sections above µ�µ+ threshold, then allows to extract the ra-
tio Rµ/e, which is displayed in Fig. 3. One sees that in the
kinematic range where only the e�e+ and µ�µ+ channels
are contributing, this ratio varies between 10 to 13 %. We
like to notice that corrections, notably radiative corrections,
to first order also drop out of this ratio, measured at the same
value of the recoiling proton momentum and angle. An ac-
curate measurement of this ratio can therefore be envisaged,
opening a new perspective to perform a test of lepton univer-
sality. We have demonstrated this sensitivity in Fig. 3, by
varying the electric FF value entering the e�e+ production
process, denoted by Ge

Ep, which we take from [4, 5], versus

at small t the ratio Rµ/e gives direct access to the ratio of the proton electric 
form factor in the µp versus ep scattering 

the deviation from the unity will be a sign of violation of the lepton universality
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⌧ ⌘ �t/(4M2
). Furthermore, for a fixed value of t, the

recoiling proton lab angle ⇥

lab
p is expressed in terms of in-

variants as :

cos⇥

lab
p =

M2
ll + 2(s+M2

)⌧

2(s�M2
)

p
⌧(1 + ⌧)

. (1)

The differential cross section for the dominating BH pro-
cess to the �p ! l�l+p reaction has been studied in different
contexts in the literature [19–21]. In this work, we will con-
sider the cross section differential in the momentum transfer
t and invariant mass of the lepton pair M2

ll, and integrated
over the lepton angles, which corresponds with detecting the
recoiling proton only. This cross section can be written as :

d�BH

dt dM2
ll

=

↵3

(s�M2
)

2
· 4�

t2(M2
ll � t)4

· 1

1 + ⌧

⇥
�
CE G2

Ep + CM ⌧ G2
Mp

 
, (2)

with ↵ ⌘ e2/4⇡ ⇡ 1/137, where � ⌘
q
1� 4m2

M2
ll

is the

lepton velocity in the l�l+ c.m. frame, with m the lepton
mass, and where the proton FFs GEp and GMp are functions
of t. The weighting coefficients multiplying the FFs in Eq. (2)
have the following general structure :

CE,M = C(1)
E,M + C(2)

E,M

1

�
ln

✓
1 + �

1� �

◆
, (3)

where the second term expresses the large logarithmic en-
hancement in the limit of small lepton mass in the BH process.
The coefficients C(1)

E,M , and C(2)
E,M are found to be expressed

through invariants as :

C(1)
E = t

�
s�M2

� �
s�M2 �M2

ll + t
� ⇥

M4
ll + 6M2

llt+ t2 + 4m2M2
ll

⇤

+

�
M2

ll � t
�2 ⇥

t2M2
ll +M2

(M2
ll + t)2 + 4m2M2M2

ll

⇤
, (4)

C(2)
E = �t

�
s�M2

� �
s�M2 �M2

ll + t
� ⇥

M4
ll + t2 + 4m2

�
M2

ll + 2t� 2m2
�⇤

+

�
M2

ll � t
�2 ⇥�M2

(M4
ll + t2) + 2m2

�
�t2 � 2M2M2

ll + 4m2M2
�⇤

, (5)

C(1)
M = C(1)

E � 2M2
(1 + ⌧)

�
M2

ll � t
�2 ⇥

M4
ll + t2 + 4m2M2

ll

⇤
, (6)

C(2)
M = C(2)

E + 2M2
(1 + ⌧)

�
M2

ll � t
�2 ⇥

M4
ll + t2 + 4m2

�
M2

ll � t� 2m2
�⇤

. (7)

In Fig. 2, we show the differential cross section d�/dt dM2
ll

for �p ! (l�l+)p which is accessed by measuring the recoil-
ing proton’s momentum and angle, for E� = 0.5 GeV and
for three values of �t : �t = 0.01 GeV2 (corresponding
with recoil proton momentum |~p 0|lab = 100 MeV/c), �t =

0.02 GeV2 (|~p 0|lab = 142 MeV/c), and �t = 0.03 GeV2

(|~p 0|lab = 174 MeV/c). As t is the argument entering the pro-
ton FFs, the values shown are chosen to cover the lower range
of the high-precision elastic ep scattering experiments [4, 5],
as well as the values for which the future MUSE elastic µp
scattering experiment [16] plans to take data. Furthermore,
the differential cross section d�/dtdM2

ll is shown as func-
tion of the squared lepton invariant mass M2

ll, which is dialed
through the recoiling proton lab angle, as shown on the lower
panel of Fig. 2. We show the cross section in a range of M2

ll,
which is kinematically separated from background channels,
well above the Compton and ⇡0 production processes on a
proton, corresponding with sharp peaks at M2

ll = 0 and at
M2

ll = 0.018 GeV2 respectively, and below the threshold for
⇡⇡ production, which starts at M2

ll = 0.078 GeV2. One no-
tices from Fig. 2 that around M2

ll = 0.06 GeV2, the µ�µ+

cross section is around a factor of 10 smaller than the e�e+

cross section, and increases with increasing M2
ll. By measur-

ing the cross section through detecting the recoiling proton
momentum and angle in the M2

ll window above the ⇡0 peak
and below ⇡⇡ threshold, and comparing cross sections at a

fixed value of t above and below µ�µ+ thresholds, it opens
the possibility for a high-precision extraction of the cross sec-
tion ratio :

Rµ/e ⌘
d�(µ�µ+

+ e�e+)

d�(e�e+)
� 1, (8)

where d� stands for d�/dt dM2
ll. The potential advantage of

such a ratio measurement is that absolute normalization un-
certainties to first approximation drop out. Indeed, at a fixed
value of t, the e�e+ cross section can be fixed by measur-
ing the cross section below µ�µ+ threshold, and the corre-
sponding normalization, mainly due to GEp, can be used to
determine the e�e+ cross section above µ�µ+ threshold. A
subsequent measurement of the sum of e�e+ + µ�µ+ cross
sections above µ�µ+ threshold, then allows to extract the ra-
tio Rµ/e, which is displayed in Fig. 3. One sees that in the
kinematic range where only the e�e+ and µ�µ+ channels
are contributing, this ratio varies between 10 to 13 %. We
like to notice that corrections, notably radiative corrections,
to first order also drop out of this ratio, measured at the same
value of the recoiling proton momentum and angle. An ac-
curate measurement of this ratio can therefore be envisaged,
opening a new perspective to perform a test of lepton univer-
sality. We have demonstrated this sensitivity in Fig. 3, by
varying the electric FF value entering the e�e+ production
process, denoted by Ge

Ep, which we take from [4, 5], versus
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FIG. 2: Upper panel: comparison of the (lepton pair) invariant mass
dependence of the �p ! e�e+p process (upper three curves) vs the
�p ! µ�µ+p process (lower three curves) at E� = 0.5 GeV, and
for three values of the momentum transfer t as indicated. The lower
panel shows the corresponding kinematic relation between the lepton
pair invariant mass and the recoiling proton lab angle.

the electric FF value entering the µ�µ+ production process,
denoted by Gµ

Ep. We compare the case of lepton universality
Gµ

Ep = Ge
Ep, with a lepton universality violation scenario in

which Gµ
Ep/G

e
Ep = 1.01. The latter value is motivated by the

around 1% larger value of Gµ
Ep at �t = 0.02 GeV2, resulting

from the proton radius as extracted from the muonic hydrogen
Lamb shift: Rµ

E = 0.8409± 0.0004 fm [1, 2], in comparison
with the proton radius as extracted from ep scattering or elec-
tronic hydrogen Lamb shift : Re

E = 0.8770±0.0045 fm [4, 5].
We notice from Fig. 3 that these two scenarios can be tested by
measuring the cross section ratio Rµ/e of Eq. (8) to 0.2 %, cor-
responding with a 2 % relative accuracy of this ratio measure-
ment. Although hadronic backgrounds have been eliminated
by our choice of the kinematical range in M2

ll, the remaining
concern is the physical background due to the indistinguish-
able timelike Compon scattering process, which results in the
same final state. We estimate this timelike Compton process
at the relatively low energy and momenta considered here by
its Born contribution, corresponding to a nucleon intermedi-
ate state [22]. The inclusion of the timelike Compton Born
contribution is also shown in Fig. 3. We found that the effect
due to the interference between the Born and BH contribu-
tions is around a factor of 15 smaller than the effect due to the

1 % variation in the value of Gµ
Ep, shown in Fig. 3. We are

therefore confident that the ratio of Eq. (8) is a promising ob-
servable for a lepton universality test at the 1 % level between
Gµ

Ep and Ge
Ep. Besides providing such a test, a measurement

of the absolute �p ! (e�e+)p cross section below µ�µ+

threshold has the added benefit that it will provide a useful
cross-check on the extraction of GEp from elastic ep scatter-
ing. As the systematics involved in both reactions are quite
different, an independent measurement of GEp may yield a
valuable further clue to shed light on the “proton radius puz-
zle”.
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FIG. 3: Ratio Rµ/e (in %), according to Eq. (8), of the differential
cross sections for the �p ! (e�e+ + µ�µ+) p vs �p ! (e�e+) p
processes. The lower (blue) curve corresponds with the lepton uni-
versality result, for which Gµ

Ep = Ge
Ep. The upper (red) curve as-

sumes a violation of lepton universality, for which Gµ
Ep/G

e
Ep = 1.01.

The difference between the lower solid (blue) curve and the dotted
(black) curve, is an estimate of the physical background due to the
interference with the timelike Compton process.

Besides the unpolarized cross section for the �p ! l�l+ p
process, we may also consider the sensitivity of polarization
observables to distinguish between the e�e+ and µ�µ+ pro-
duction processes. We will consider here the case of the linear
photon asymmetry defined as:

AlU =

d�k � d�?

d�k + d�?
, (9)

where d�k ( d�? ) stands for the differential cross section for a
photon with linear polarization parallel (perpendicular) to the
plane spanned by the photon and recoiling proton momenta.
When measuring the recoiling proton only, the asymmetry
above µ�µ+ threshold is given by the following weighted
sum of the asymmetries of the e�e+ and µ�µ+ channels:

AlU (e
�e+ + µ�µ+

) =

1

1 +Rµ/e

⇥
�
AlU (e

�e+) +Rµ/e AlU (µ
�µ+

)

 
. (10)

|~p 0|lab = 2M
p

⌧(1 + ⌧)

increase the count rates
the same systematics

no lepton acceptance corrections needed
large cancellation of radiative corrections

Detect the proton
integrate over the lepton phase space

recoil proton Lab angle

proton Lab momentum
|p0|lab = (100� 174)MeV/c

⌧ = �t/(4M)2

Lepton pair production on a proton target
Bethe-Heitler is highly peaked 

in the lepton forward region
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⌧ ⌘ �t/(4M2
). Furthermore, for a fixed value of t, the

recoiling proton lab angle ⇥

lab
p is expressed in terms of in-

variants as :

cos⇥

lab
p =

M2
ll + 2(s+M2

)⌧

2(s�M2
)

p
⌧(1 + ⌧)

. (1)

The differential cross section for the dominating BH pro-
cess to the �p ! l�l+p reaction has been studied in different
contexts in the literature [19–21]. In this work, we will con-
sider the cross section differential in the momentum transfer
t and invariant mass of the lepton pair M2

ll, and integrated
over the lepton angles, which corresponds with detecting the
recoiling proton only. This cross section can be written as :

d�BH

dt dM2
ll

=

↵3

(s�M2
)

2
· 4�

t2(M2
ll � t)4

· 1

1 + ⌧

⇥
�
CE G2

Ep + CM ⌧ G2
Mp

 
, (2)

with ↵ ⌘ e2/4⇡ ⇡ 1/137, where � ⌘
q
1� 4m2

M2
ll

is the

lepton velocity in the l�l+ c.m. frame, with m the lepton
mass, and where the proton FFs GEp and GMp are functions
of t. The weighting coefficients multiplying the FFs in Eq. (2)
have the following general structure :

CE,M = C(1)
E,M + C(2)

E,M

1

�
ln

✓
1 + �

1� �

◆
, (3)

where the second term expresses the large logarithmic en-
hancement in the limit of small lepton mass in the BH process.
The coefficients C(1)

E,M , and C(2)
E,M are found to be expressed

through invariants as :

C(1)
E = t

�
s�M2

� �
s�M2 �M2

ll + t
� ⇥

M4
ll + 6M2

llt+ t2 + 4m2M2
ll

⇤

+
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M2
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t2M2
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(M2
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⇤
, (4)

C(2)
E = �t
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M4
ll + t2 + 4m2
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+
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, (5)

C(1)
M = C(1)

E � 2M2
(1 + ⌧)
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M4
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, (6)

C(2)
M = C(2)

E + 2M2
(1 + ⌧)
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M4
ll + t2 + 4m2
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. (7)

In Fig. 2, we show the differential cross section d�/dt dM2
ll

for �p ! (l�l+)p which is accessed by measuring the recoil-
ing proton’s momentum and angle, for E� = 0.5 GeV and
for three values of �t : �t = 0.01 GeV2 (corresponding
with recoil proton momentum |~p 0|lab = 100 MeV/c), �t =

0.02 GeV2 (|~p 0|lab = 142 MeV/c), and �t = 0.03 GeV2

(|~p 0|lab = 174 MeV/c). As t is the argument entering the pro-
ton FFs, the values shown are chosen to cover the lower range
of the high-precision elastic ep scattering experiments [4, 5],
as well as the values for which the future MUSE elastic µp
scattering experiment [16] plans to take data. Furthermore,
the differential cross section d�/dtdM2

ll is shown as func-
tion of the squared lepton invariant mass M2

ll, which is dialed
through the recoiling proton lab angle, as shown on the lower
panel of Fig. 2. We show the cross section in a range of M2

ll,
which is kinematically separated from background channels,
well above the Compton and ⇡0 production processes on a
proton, corresponding with sharp peaks at M2

ll = 0 and at
M2

ll = 0.018 GeV2 respectively, and below the threshold for
⇡⇡ production, which starts at M2

ll = 0.078 GeV2. One no-
tices from Fig. 2 that around M2

ll = 0.06 GeV2, the µ�µ+

cross section is around a factor of 10 smaller than the e�e+

cross section, and increases with increasing M2
ll. By measur-

ing the cross section through detecting the recoiling proton
momentum and angle in the M2

ll window above the ⇡0 peak
and below ⇡⇡ threshold, and comparing cross sections at a

fixed value of t above and below µ�µ+ thresholds, it opens
the possibility for a high-precision extraction of the cross sec-
tion ratio :

Rµ/e ⌘
d�(µ�µ+

+ e�e+)

d�(e�e+)
� 1, (8)

where d� stands for d�/dt dM2
ll. The potential advantage of

such a ratio measurement is that absolute normalization un-
certainties to first approximation drop out. Indeed, at a fixed
value of t, the e�e+ cross section can be fixed by measur-
ing the cross section below µ�µ+ threshold, and the corre-
sponding normalization, mainly due to GEp, can be used to
determine the e�e+ cross section above µ�µ+ threshold. A
subsequent measurement of the sum of e�e+ + µ�µ+ cross
sections above µ�µ+ threshold, then allows to extract the ra-
tio Rµ/e, which is displayed in Fig. 3. One sees that in the
kinematic range where only the e�e+ and µ�µ+ channels
are contributing, this ratio varies between 10 to 13 %. We
like to notice that corrections, notably radiative corrections,
to first order also drop out of this ratio, measured at the same
value of the recoiling proton momentum and angle. An ac-
curate measurement of this ratio can therefore be envisaged,
opening a new perspective to perform a test of lepton univer-
sality. We have demonstrated this sensitivity in Fig. 3, by
varying the electric FF value entering the e�e+ production
process, denoted by Ge

Ep, which we take from [4, 5], versus
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Dilepton production 
by detecting electrons and muons

Forward-backward asymmetries
and study of the TVCS

access  the proton form factor  from the 
Bethe-Heitler  process  by  analyzing 
angular distributions of the lepton pairs

direct  measurement  of   the 
interference between TVCS and BH to 
extract  the information on the TVCS 
(polarizabilities, high-energy behavior)

Double-Regge exchange model for

π-p→π-η′p 

at  COMPASS
and explanation of JPG=1-+ exotics 

JPAC

JLab

Study the double-Regge limit of the 
2 ➙ 3 process and connect to to the resonance 

region by the finite energy sum rules

FESR


