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MUonE motivations 

Ø completely independent and complementary method to measure the leading 
hadronic contribution to the running of 𝛼 and to the muon g-2. Standard 
approach involves ~40 cross section measurements fitted together, quoted 
precision is quite aggressive and has reached its limits. MUonE aims at a similar 
or better precision in a single experiment.

F. Jegerlehner, [arXiv1804.07409]
“the very different Euclidean approaches, lattice QCD and the proposed alternative 
direct measurements of the hadronic shift Da(-Q2) [MUonE], in the long term will be 
indispensable as complementary cross-checks.”

Ø in the context of (g-2)𝜇, the measurement of the hadronic contribution makes 
the theoretical expectation more precise, trying to cope with the improving 
experimental uncertainty (Fermilab and JPARC experiments)
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MUonE: alcune date
• 7 Settembre 2016: prima presentazione al Workshop «Physics Beyond Colliders» al 

CERN
• Paper sottomesso a rivista, pubblicato in Eur.Phys.J. C(2017)77 

doi:10.1140/epjc/s10052-017-4633-z
• 12 Maggio 2017: prima presentazione all’INFN CSN1 
• 2017 Test Beam al CERN (setup UA9)

– Paper pubblicato in JINST. 15 (2020) P01017
• 2018 Test Beam al CERN (North Area)
• Maggio 2019: INFN referees: T.Dorigo, T.Lari, P.Meridiani, F.Petrucci
• 5 Giugno 2019: Letter of Intent, presentata al SPSC, CERN-SPSC-2019-026 , SPSC-I-

252,  http://cds.cern.ch/record/2677471
• 1 Ottobre 2019: INFN CSN1 ha approvato un finanziamento di 105 KEu per il 2020, 

per la preparazione di un Pilot Run nel 2021
• 14 Ottobre 2019: Prima discussione con i referees del CERN (Arnaud Ferrari, Urs

Wiedemann)
• 20 Gennaio 2020: Seconda discussione con i referees (oltre a U.W. e A.F., Marcella 

Bona)
• 21 Gennaio 2020: prima presentazione MUonE nella sessione aperta del SPSC 

(C.Matteuzzi)
• 22 Gennaio 2020: decisione interna del SPSC
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Sede Attività prevista

Bologna DAQ, simulazioni e analisi

MI-Bicocca Calorimetro, meccanica di supporto, analisi

Padova Calorimetro, codice GEANT, simulazioni

Pisa (+Firenze) Meccanica (alloggiamento, raffreddamento), qualifica sensori, 
analisi

Trieste Allineamento sensori con metodo olografico

IC London DAQ e sistemi di controllo; trigger FPGA

Budker inst. Novosbisrsk Monitoring, simulazione, analisi

U. Krakow DAQ, pattern recognition

U. Liverpool Tracking

U. Shanghai Calorimetro

U. Virginia Calorimetro

CERN Survey, alignment, thermalization, beam optimization

Istituti / Attività Sperimentali (pre-approval) 

+ Attività teoriche a: Padova, Parma, Pavia, PSI, U.Dublin



Outcome of the SPSC
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Informal message containing the SPSC 

recommendation. The final decision

will be taken by the Research Board 

and CERN management



Outcome of the SPSC (II)
The committee debated internally the perspectives of MUonE beyond the 
test beam in 2021.

• 1. At this moment, MUonE is not yet a Collaboration. You do not have
yet a collaboration MoU. That’s also the reason for why the SPSC minutes 
talk about recommending a “test beam” in the M2 beam line, rather than
a pilot run. Prior to SPSC recommending substantial beam time beyond
this test beam, MUonE should become an approved collaboration.

• 2. Beam beyond the 2021 test beam will be contingent on assessing in 
detail the feasibility of your detector design. This would require a fully
worked-out proposal including relevant MC simulations. The 2021 
testbeam results will verify and reassess your key experimental
benchmarks.

• 3. As you know, there are several competitive and mutually
incompatible requests for use of the M2 beam line in the years 2022-24. 
While at present, SPSC is not in a position to recommend beam for MUonE
in these years, the SPSC has avoided fully committing the use of the M2 
beam line in the outyears. This means that there remains a window of 
opportunity for a substantial MUonE run [order of magnitude 1 year] prior
to LS3 in case that you can address point 2. above in a timely manner.
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With ~3 weeks of good data ~10^8 elastic events could be collected (with Ee>1 GeV)
Preliminary meas. of the differential cross section and test of the leptonic running 
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Potential sensitivity to the hadronic running ~ 3 s
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Need to collect ~4 x 1012 elastic events with Ee> 1 GeV to achieve a statistical error of ~0.3 %

~4 x 107 s
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BACKUP
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Muon anomalous magnetic moment
Dirac equation - the magnetic dipole moment of a spin ½ particle (l = e, µ) is:


Ml = gl

e
2ml


S gl = 2gyromagnetic ratio

QED – loop corrections give rise to the anomaly: al ≡
gl − 2
2

This observable can be both precisely measured experimentally and predicted 
in the Standard Model, providing powerful tests of the SM.

aµ
SM = aµ

QED +aµ
EWK +aµ

Had

     = (11659182.0±3.6)×10−10

QED corrections known up to 5 
loops, rel. precision ~7x10-10

Leading order term (Schwinger)          
= a/2p ~ 0.00116

EWK corrections 
~ 10-9

rel. uncertainty 
less than 1%

Hadronic LO contribution
-not calculable by pQCD-
aμ

HLO = (693.3±2.5)×10-10

rel. uncertainty ~0.4%

Keshavarzi, Nomura, Teubner, 
Phys. Rev. D 97, 114025 (2018)

Dominant Theoretical uncertainty

0.3 
ppm
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Measurement of aµ

E821 experiment at BNL :  Bennett et al, Phys.Rev.D73 (2006) 072003

aµ
E 821 =11659209.1(5.4)(3.3)×10−10 Precise measurement : 0.54 ppm

Dominated by statistics 

aµ
E 821 −aµ

SM ~ (27.1±7.3)×10−10 Intriguing discrepancy with 
Standard Model: about 3.5 s

Sensitive to new physics (Supersymmetry, dark photons) 

New g-2 experiment at Fermilab has started, targeting a 
reduction of the experimental error by a factor of 4
First results expected by summer 2020

Theoretical precision should be improved as well 
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aµ
HLO: standard approach

aµ
HLO =

αmµ

3π
!

"
#

$

%
&

2

ds K̂(s)Rhad (s)
s24mπ

2

∞

∫

Rhad(s) =  s(e+e-àhadrons)/s(e+e-àµ+µ-)
K smooth function

Dispersion relations, optical theorem:

Traditionally the integral is calculated by using 
the experimental measurements up to an energy 
cutoff, beyond which perturbative QCD can be 
applied.
Main contribution: low-energy region (1/s2

enhancement), highly fluctuating due to hadron 
resonances and thresholds effects

aµ
HLO = (693.3± 2.5)×10−10 Rel. uncertainty ~0.4%

Alternative evaluations by lattice QCD not yet competitive, though expected to improve

F.Jegerlehner, EPJ Web Conf. 118 (2016) 01016
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KESHAVARZI, NOMURA, and 
TEUBNER
PHYS. REV. D 97, 114025 (2018) 

A. Keshavarzi, D. Nomura, T. Teubner, Phys. Rev. D 97, 114025 (2018)

39 measurements
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aµ
HLO: alternative approach (space-like data)

aµ
HLO =

α
π

dx(1− x)Δαhad[t(x)]
0

1

∫

C.M. Carloni Calame, M. Passera, L. Trentadue, G. Venanzoni Phys.Lett. B746 (2015) 325
-Initially proposed for use with Bhabha scattering data from flavour factories-

t(x) = −
x2mµ

2

1− x
0 ≤ −t <∞
0 ≤ x <1

0.001

0.01

0.1

1

10

100

0.2 0.4 0.6 0.8 1

0.55 2.98 10.5 35.7 1

�
↵
i

✓
x
2
m

2 µ

x
�
1

◆
⇥

10
4

x

|t| (10�3 GeV2)

i = had

i = lep

0

1

2

3

4

5

6

7

0 0.2 0.4 0.6 0.8 1

0 0.55 2.98 10.5 35.7 1

(1
�
x
)
·�

↵
h
a
d

⇣
x
2
m

2 µ

x
�
1

⌘
⇥

10
5

x

|t| (10�3 GeV2)

aµ
HLO

Integrand function smooth: no resonances
Low-energy enhancement: peak of the integrand at x=0.914 -> t=-0.108GeV2 à Dahad ~ 0.8x10-3

Dahad is the 
hadronic
contribution to 
the running of a
in the space-like 
region (t<0)

α(t) = α
1−Δα(t)

Δα = Δαlep +Δαhad

30/Jan/2020 18



MuonE experimental Proposal
Elastic scattering µeàµe with a µ beam of E=150 GeV on 
atomic electrons of a fixed target with low Z (Be or C)

– From the measured differential cross section determine 
Dahad(t) and then aµ

HLO by the space-like approach

G.Abbiendi, C.M.Carloni Calame, U.Marconi, C.Matteuzzi, G.Montagna, O.Nicrosini, M.Passera, 
F.Piccinini, R.Tenchini, L.Trentadue, G.Venanzoni, Eur.Phys.J.C 77 (2017) 139

150 GeV

µ
e

target

dσ
dt

≈
dσ 0

dt
α(t)
α(0)

2

≈
dσ 0

dt
1

1−Δα(t)

2
Δα(t) = Δαlep(t)+Δαhad (t)

running of a
Leading mechanism. Higher-order corrections to be considered as well… 

to be measured !known from QED
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LO µ-e elastic 
scattering

Da(t) = Dalep(t) + Dahad(t)

Simple kinematics:  t ≅-2 me Ee
Ee can be determined from the scattering angle qe and the beam energy
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Angular distributions

statistics corresponding to the nominal integrated Luminosity L = 1.5 x 107 nb-1

qe
qµ
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Running a
The hadronic running of a is most easily displayed by taking ratios of the observed 
angular distributions and the theory predictions evaluated for a(t) corresponding to 
only the leptonic running. 

Example toy experiment shown with statistics corresponding to the nominal 
integrated Luminosity L = 1.5 x 107 nb-1

qeqµ
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Experimental proposal

Ø Only t-channel at LO: running coupling a2(t) factorized in the cross 
section
² Instead Bhabha scattering at flavour factories involves both s- and t- channel 

diagrams

Ø Simple kinematics determined from the initial muon energy and either 
one energy or angle of the scattered particles, e.g.
² Or incoming muon energy determined from both qe and qµ

Ø For beam E=150 GeV the phase space extends up to:
x<0.932, –t<0.143 GeV2 corresponding to 87% of the aµ

HLO integral. 
² The full integral can be obtained with a proper fit model with negligible 

error.

Ø Boosted kinematics: qe<32mrad (for Ee>1 GeV), qµ<5mrad
the whole acceptance can be covered with one 10x10cm2 silicon sensor 
at 1m distance from the target, reducing many systematic errors

Elastic scattering µeàµe with a µ beam 
of E=150 GeV on atomic electrons of a 
fixed target with low Z

t ≅ −2meEe

150 GeV
µ
e

target
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Elastic scattering in the (θe , θμ) plane

e-out

μ-out

μ-inθe

θμ

Ø The scattering angles qe and qµ are correlated: important constraint to 
select elastic events, rejecting radiative or inelastic processes. 
² Ambiguity for scattering angles of 2-3 mrad to be solved by pID

Ø Similar technique already used in the past by the NA7 experiment
30/Jan/2020 24



NLO MC and elastic selection

NLO Setup 1 is the inclusive selection (no cuts) 
Setup 3 has an acoplanarity cut  |p-(fe-
fµ)|<3.5 mrad

M.Alacevich et al, JHEP02(2019)155

Without any selection the signal sensitivity of 
the electron angle is destroyed -> necessary to 
implement an “elastic” selection

Instead the muon angle is a robust observable, 
stable w.r.t. radiative corrections -> it can be 
used with an inclusive selection
(theoretically advantageous)
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Detector resolution and PID

Target
MSC effects

Δθ =0.02mrad

Δθ =0.06mrad
Δθ =0.1mrad
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CERN muon beam M2

COMPASS exp.   P.Abbon et al, Nucl.Instrum.Meth.A 577 (2007) 455

From SPS

High average intensity 
> 107 µ/s

Spill duration: 4.8 s 
within the SPS cycle of 16.8 s
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Experimental apparatus

The experiment  has a ‘simple’ setup, but it is extremely  challenging and difficult, 
due to the request of keeping the systematics at the same level as the statistical 
error .

ECAL

M2 µ beam
150 GeV/c

station #1 #2 #3 #k

e

µ
#N

muon filter
µ chamber

40 ‘independent’ stations will provide 60 cm Be target material (1.5cm each)
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Last	station		

EC
A
L	

μ	-	filter	

Active	μ-chamber			

Station	k:			3	layers,	6	modules,	12	sensors	

1	module	(2	sensors)		

layer	2		

e	

μ	

Target	k	 Target	k	+1	
~	100	cm	

layer	1		 layer	3		 layer	1		layer	3		

layer	2		

e	

μ	

Target	n-1	

layer	1		 layer	3		layer	3		

Detector (not on scale)

40 ‘independent’ stations will provide 60 cm Be target material
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Location at CERN M2  
• Between BSM and COMPASS

Space available : 40 m upstream  COMPASS
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Location at CERN M2  
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Test Beam 2017: the setup

• Feasibility studies: Multiple Scattering and elastic events signature
• We used the UA9 tracking system to record scattering data
• Alignment, tracking, pattern recognition developed from scratch

beam

ECAL

UA9 detector

C  targets upstream downstream 
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Paper: MSC results of the TB
JINST 15 (2020) P01017
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DqX (rad)
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2017 Test Beam Result

160 GeV muon beam, 8 mm C target
Golden selection: single track in, and two tracks out  

Evidence of the elastic scattering
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Test beam 2018
With remote control

beam
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Elasticity curve: beam momentum (187 ± 7) GeV

Data with E > 1 GeV

EC
AL

Data: using the Calorimeter
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Signal
Background

angle_µ vs angle_e

Simulation: Test beam 2018, GEANT4

With Ee > 1 GeV energy cut
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Effect of the resolution: GEANT4
UA9 resolution 7μm 

Signal
Background

With Ee > 1 GeV energy cut
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Detector choice: CMS Phase2       
Outer Tracker 2S module
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Signals generation
• Muons (average intensity ~50 MHz) have a random phase with respect to 

the reference clock at 40 MHz. 
• CBC has several options for selecting the duration of the comparator 

output, which can be studied for optimized performance. 

Efficiency of Hit Detection

13

Eff < 1%

Eff >99%

Simulated efficiency for the CBC to detect a minimum ionising particle 
signal as a function of comparator threshold and sampling time.30/Jan/2020 46



CBC3 stubs 

0 1 2 3 4 5 6 7 8 9 10
5−10

4−10

3−10

2−10

1−10

1
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Number of stubs

fr
ac

tio
n Hottest CBC

Prob ~ 0.1%
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Flux to EB reducible by a FPGA based tracking trigger: 400kHz × 8kb < 10Gb/s 

FPGA based
tracking

Alternative solutionThe DAQ and trigger system

ECAL
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Mechanics and cooling

• The tracker mechanics is based on a Carbon Fiber structure with inserts 
supporting the Beryllium target and the Silicon modules.

A station 1m long requires a CTE of the order of 10-6 K-1 to keep the z 
position stable within 10 µm for temperature variations of ΔT < 1∘
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Monitoraggio olografico della distanza e della 
posizione relative tra i piani di tracciamento

• Materiale ottico di base 
per l’equipaggiamento 
di una “station” di prova

– laser 532 nm (P~ 
mW)

– 2x fibre ottiche 
multimodo

– 2x beamsplitter (BS) 

– 4x specchi

– 2x sensori CCD

vista laterale

vista dall’alto
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• Systematics due to the 
uncertainty δz on the longitudinal 
position: Δθ/ θ = δz/L 

• <Ebeam> measurable by reverting 
the kinematics

• ~40 hours of data taking to get 
106  useful elastic events

• N~106 implies δ<θ> ~ 0.02 
mrad/sqrt(106) ~ 2×10-5

• It sets the scale of the 
systematics: 10 µm/ 1m

Requirements in sensors positioning 

µe equal-angle related 
to the beam energy

Min. chi2: 
150.000±0.002 GeV



Dahad parameterization
Physics-inspired from the calculable contribution of lepton-pairs and top quarks at t<0

Low-|t| behavior dominant in the MUonE
kinematical range:

aµ
HLO calculable from the master integral in 

the FULL phase space with this 
parameterization.

Instead simple polinomials diverge for x->1
(green is a cubic polinomial in t) 

Measurable 
region

Xmin = 0.3 
Ee=1.4 GeV

Xmax = 0.932
Kinem.limit for 
Ebeam=150 GeV

M with dimension of mass squared, related to the mass of the fermion in the vacuum polarization loop
k depending on the coupling a(0), the electric charge and the colour charge of the fermion
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Template fit
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Statistical Significance: toy experiments
Template fit of muon angle (NLO inclusive, with detector resolution and beam E spread)

0.3% (stat. only)
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Effects of the energy scale <Eμ>

Could be <Eμ> a parameter to fit?
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