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§ RENEW: Reaching a New Energy Sciences Workforce (DOE initiative)
Mar 12, 2024: DE-FOA-0003280

§ "Traineeship on secondary beams at Jefferson Lab”
Apr 30, 2024: Pre-proposal 
Jul 23, 2024: Full proposal, PIs: M. Kohl (HU), P. Achenbach (Jlab)
Nov 4, 2024: Pre-award notice, $100k / 2 yrs, Jan 1, 2025 - Dec 31, 2026
à one graduate student, one partial UG, conference travel
Jan 19, 2025: Recommended for funding – however, award never made

§ Development of secondary beam facility behind the Hall A beam dump 
using a high-intensity e-beam at 11 GeV (22 GeV after upgrade)
à Muons, neutrinos, and DM particles
à μ-e scattering, ν-A scattering, BDX
à High-intensity detector test facility

§ Vault design with beam stopper and collimation system to enable, 
collimate, or stop charged particles and photons 

§ Characterization of beam properties
§ Simulations
§ Detector commissioning

RENEW-HEP
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§ t-channel process, sensitive to running coupling α(t)
§ Sensitive to hadronic vac. polarization (HVP), lead correction for gμ-2
§ G. Abbiendi et al., https://arxiv.org/pdf/1609.08987

Muon-electron scattering
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Fig. 1 Comparison between the SM predictions and the experimental
determinationsaSM

µ andaExp
µ . DHMZ is Ref. [22], HLMNT is Ref. [23];

SMXX [24] is the average of the two previous values with a reduced
error as expected by the improvement on the hadronic cross section
measurement; BNL-E821 04 ave. is the current experimental value of
aµ; New (g-2) exp. is the same central value with a fourfold improved
precision, as planned by the future g-2 experiments at Fermilab and
J-PARC [1]

From the experimental side, the error achieved by the BNL
E821 experiment, δaExp

µ = 6.3 × 10−10 (corresponding to
0.54 ppm) [19], is dominated by the available statistics. New
experiments at Fermilab and J-PARC, aiming at measuring
the muon g-2 to a precision of 1.6 × 10−10 (0.14 ppm), are
in preparation [20,21].

Figure 1, from Ref. [1], shows the status of the g-2 dis-
crepancy compared with what could be expected after the
new g-2 measurements at Fermilab and J-PARC, assum-
ing that the central value would remain the same. Together
with a fourfold improved precision on the experimental side,
an improvement on the LO hadronic contribution is highly
desirable. Differently from the dispersive approach, which
relies on time-like data from annihilation cross sections, our
proposal is to determine aHLO

µ from a measurement of the
effective electromagnetic coupling in the space-like region,
where the vacuum polarization is a smooth function of the
squared momentum transfer. This method has been recently
proposed [25] by using Bhabha scattering data. A method to
determine the running of α by using small-angle Bhabha scat-
tering was proposed in [26] and applied to LEP data in [27].
The hadronic contribution to the running of α can also be
determined unambiguously through the t-channel µe elastic

scattering process, from which aHLO
µ could be obtained, as

detailed in this paper.
The paper is organized as follows. After a short review of

the theoretical framework in Sect. 2, we present our exper-
imental proposal in Sect. 3. Preliminary considerations on
the detector and systematic uncertainties are given in Sect. 4
and Sect. 5, respectively, while our conclusions are drawn in
Sect. 6.

2 Theoretical framework

With the help of dispersion relations and the optical theorem,
the LO hadronic contribution to the muon g-2 is given by the
well-known formula [3– 5,28]

aHLO
µ =

(αmµ

3π

)2
∫ ∞

4m2
π

ds
K̂ (s)Rhad(s)

s2 , (1)

where Rhad(s) is the ratio of the total e+e− → hadrons and
the Born e+e− → µ+µ− cross sections, K̂ (s) is a smooth
function and mµ (mπ ) is the muon (pion) mass. We remark
that Rhad(s) in the integrand function of Eq. (1) is highly
fluctuating at low energy due to hadronic resonances and
threshold effects. The dispersive integral in Eq. (1) is usually
calculated by using the experimental value of Rhad(s) up to a
certain value of s [18,29,30] and by using perturbative QCD
(pQCD) [31] in the high-energy tail. For the calculation of
aHLO
µ , an alternative formula can also be exploited [25,32],

namely

aHLO
µ = α

π

∫ 1

0
dx (1 − x)$αhad[t (x)] , (2)

where $αhad(t) is the hadronic contribution to the running
of the fine-structure constant, evaluated at

t (x) =
x2m2

µ

x − 1
< 0, (3)

the space-like (negative) squared four-momentum transfer. In
contrast with the integrand function of Eq. (1), the integrand
in Eq. (2) is smooth and free of resonances.

By measuring the running of α,

α(t) = α(0)
1 − $α(t)

, (4)

where t = q2 < 0 and α(0) = α is the fine-structure constant
in the Thomson limit, the hadronic contribution $αhad(t) can
be extracted by subtracting from $α(t) the purely leptonic
part $αlep(t), which can be calculated order-by-order in per-
turbation theory (it is known up to three loops in QED [33]
and up to four loops in specific q2 limits [34– 36]).

Figure 2 (left) shows $αlep and $αhad as a function of
the variables x and t . The range x ∈ (0, 1) corresponds
to t ∈ (−∞, 0), with x = 0 for t = 0. The integrand
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Fig. 2 Left: Dahad[t(x)] ⇥ 104 (red) and, for comparison, Dalep[t(x)] ⇥ 104 (blue), as a function of x and t (upper scale). Right: the integrand
(1� x)Dahad[t(x)]⇥105 as a function of x and t. The peak value is at xpeak ' 0.914, corresponding to tpeak ' �0.108 GeV2.

3 Experimental proposal

We propose to use Eq. (2) to determine a
HLO
µ by measuring

the running of a in the space-like region with a muon beam
of Eµ = 150 GeV on a fixed electron target. The proposed
technique is similar to the one used for the measurement of
the pion form factor, as described in [25]. It is very appealing
for the following reasons:

(i) It is a t-channel process, making the dependence on t

of the differential cross section proportional to |a(t)/a(0)|2:

ds
dt

=
ds0

dt

����
a(t)

a(0)

����
2
, (5)

where ds0/dt is the effective Born cross section, including
virtual and soft photons, analogously to Ref. [26], where
small-angle Bhabha scattering at high energy was consid-
ered. The vacuum polarization effect, in the leading photon
t-channel exchange, is incorporated in the running of a and
gives rise to the factor |a(t)/a(0)|2. It is understood that
for a high precision measurement also higher-order radia-
tive corrections must be included. For a detailed discussion
see Refs. [15, 26].

(ii) Given the incoming muon energy E
i
µ , in a fixed-

target experiment the t variable is related to the energy of
the scattered electron E

f

e or its angle q f

e :

t = (p
i

µ � p
f

µ)2 = (p
i

e
� p

f

e
)2 = 2m

2
e
�2meE

f

e
, (6)

s = (p
f

µ + p
f

e
)2 = (p

i

µ + p
i

e
)2 = m

2
µ +m

2
e
+2meE

i

µ , (7)

E
f

e
= me

1+ r
2
c

2
e

1� r2c2
e

, q f

e
= arccos

0

@1
r

s
E

f

e �me

E
f

e +me

1

A , (8)

where

r ⌘

q
(Ei

µ)2 �m2
µ

Ei
µ +me

, ce ⌘ cosq f

e
; (9)

The angle q f

e spans the range (0–31.85) mrad for the elec-
tron energy E

f

e in the range (1–139.8) GeV (the low-energy
cut at 1 GeV is arbitrary).

(iii) For E
i
µ = 150 GeV, it turns out that s ' 0.164 GeV2

and �0.143 GeV2
< t < 0 GeV2 (i.e. �l (s,m2

µ ,m
2
e
)/s <

t < 0, where l (x,y,z) is the Källén function). It implies that
the region of x extends up to 0.93, while the peak of the in-
tegrand function of Eq. (2) is at xpeak = 0.914, correspond-
ing to an electron scattering angle of 1.5 mrad, as visible in
Fig. 2 (right).

(iv) The angles of the scattered electron and muon are
correlated as shown in Fig. 3 (drawn for incoming muon en-
ergy of 150 GeV). This constraint is extremely important to
select elastic scattering events, rejecting background events
from radiative or inelastic processes and to minimize sys-
tematic effects in the determination of t. Note that for scat-
tering angles of (2–3) mrad there is an ambiguity between
the outgoing electron and muon, as their angles and mo-
menta are similar, to be resolved by means of µ/e discrimi-
nation.

(v) The boosted kinematics allows the same detector to
cover the whole acceptance. Many systematic errors, e.g. on
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§ https://web.infn.it/MUonE/
§ M2 beamline with 160 GeV muons, 40 stations planned
§ Conceived 2016; engineering run 2023; small-scale experiment 2025
§ Coverage of x < 0.93

MUonE @ CERN 

2024 MUonE Proposal https://cds.cern.ch/record/2896293

https://web.infn.it/MUonE/
https://cds.cern.ch/record/2896293
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§ FLUKA simulations
§ High flux of muons up to several GeV
§ 2.5x10-6 (3x10-7) μ/EOT  x 50 μA electrons à few 108 (107) μ/s on 1 m2

§ M. Battaglieri et al., https://doi.org/10.3390/instruments8010001
§ A. Fulci, Master’s thesis, University of Messina (2021) 

Muon flux behind Hall A

Figure 1: Left: Simulated momentum spectrum of muons produced by an 11 GeV (blue) electron beam,

with the peak at p = 235 MeV/c arising from Kµ2 decays. Pair production is shown in red and hadron decay

is shown in black. Right: Comparison of muon yields from 22 vs 11 GeV electron beams. Both figures are

from Ref. [1].

Hall A beam dump, Je↵erson Lab has begun to consider and engage in preparational activities such as

• Transfer and refurbishing of 1,200-1,500 calorimeter crystals from SLAC to JLab

• Formation of task group including JLab engineering, Radiation Control to work with INFN to design

shielding beyond the Hall A beam dump in advance of the MOLLER experiment start

• Preliminary design for a suitable detector area and requisite services (dehumidification, power, etc.)

The possibility of a up to 11 GeV/c muon beam, or even up to 22 GeV/c at high intensities opens the door

for new endeavors and explorations of using muons for a physics program. While a low-momentum muon

beam of a few 106 muons/s is presently used by the MUSE experiment at PSI (co-initiated by PI Kohl) for the

purpose of studying the proton radius puzzle, radiative e↵ects, two-photon exchange and lepton universality

in the same experiment, available muon momenta up to 11 GeV/c allow to study muon-electron scattering

cross sections, similar to the MUonE program at CERN [3]. The MUonE experimental program aims to use

CERN’s M2 muon beam at 160 GeV to measure the muon-electron scattering cross section very precisely,

which is linked to the running of the fine structure constant and to the leading-order hadronic correction

in calculations of the muon’s anomalous magnetic moment. The reach in x with M2 is up to about 0.93

to constrain the Hadronic Vacuum Polarization (HVP). Measuring muon-electron scattering cross sections

in the accessible kinematic region at 11, or later at 22 GeV electron beam energy would provide valuable

complementary data for this quantity at the onset up to about x ⇡ 0.5. Understanding the muon anomalous

magnetic moment and the theoretical discrepancy from the experimental value is one of the most significant

contemporary hints for physics beyond the Standard Model [4].

The ambitious plans for a secondary beam facility at the Je↵erson Lab Hall A beam dump open a new

avenue for student trainees to engage in these preparations long before the actual facility becomes a reality.

The traineeships will be of “exploratory” character for the purpose of this RENEW program and will have

two focus areas:

2
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§ At 11/22 GeV: partial overlap with MUonE; coverage of x < 0.5
§ Diffuse beam of unseparated μ+ and μ-; high-Z target plate(s) 
§ Consider magnet for charge separation to isolate charge-odd effects
§ Forward muon in coincidence with recoil electron
§ Tracking of incoming μ± and outgoing μ± e- pair (GEMs)
§ Vertex reconstruction, scattering and recoil angles from 3 tracks
§ Typically, up to ~20o opening angle for recoiling e-
§ Strong correlation between recoil electron angle and momentum
§ Fast timing counters for trigger and vetos
§ PID and μ±, e- energies with Cerenkov (aerogel, RICH), EM calorimeter

§ Precision Standard Model measurement, test of radiative corrections
§ Precise measurement of differential cross section dσ/dt, onset of HVP
§ Precise simulations including radiative effects; model independence
§ Textbook experiment
§ Collaborators welcome

Muon-electron scattering at JLAB


