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Status of MUonE and 
RadioMonteCarLow

(+ Strong2020)  activities  

“The closer you look the more
there is to see” (F. Jegerlehner)



We will deeply miss him

Simon



Muon g-2: present status
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• HVP is the main limitation 
to the improvement in 
precision to the SM 
evaluation aµ

• Recent evaluation(s) of 
HVP from lattice 
(BMW20) in tension with 
the e+e- evaluation 
(WP20)



A «Third way»: MUonE at CERN
(a space-like approach of aµ

HLO )

Measurement of Δαhad(t): hadronic contribution
to the running of the electromagnetic coupling

constant.
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-C. M. Carloni Calame et al  PLB 746 (2015) 325
-G. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139
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●A beam of 160 GeV muons allows to 
cover the whole aµHLO.

●Correlation between muon and 
electron angles allows to select elastic
events and reject background (e+e-

pair production).

●Boosted kinematics:                          
θµ < 5 mrad, θe < 32 mrad.

The MUonE experiment

Extraction of Δαhad(t) from the «shape» of the µ+ e- à µ+ e- elastic differential cross section

From theoretical calculation
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To be measured
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The experimental apparatus

× 40

5

Eµ = 160 GeV

Be Si Si Si

Beryllium target 1.5 cm thickness Tracking system: 3 pairs of silicon strip detectors

M2 muon beam at CERN
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40 stations + 3 years of data taking 0.3% statistical accuracy on aµHLO

Achievable accuracy

The big challenge of the 
experiment is to reach a 
comparable systematic accuracy

Systematic uncertainty of 10 ppm at the 
peak of the integrand function

• Longitudinal alignment (~10 µm)

• Knowledge of the beam energy (few MeV)

• Multiple scattering (~1%) 6

Competitive with the time-like accuracy.

(Iµ ~ 107 µ/s)

~10-3



Last years progress

1. Multiple scattering studies (TB 2017)

2. Test beam at µ beamline (M2) at CERN in 2018

3. Baseline choice of Si detectors (CMS)

4. MC NLO studies

5. LoI at SPSC

6. Test RUN approved for 2021 (à2022)

7. Theory progress towards NNLO MC
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-LoI https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf
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http://arxiv.org/abs/arXiv:1905.11677
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Test Beam 2018

Test beam at M2 in 2018
G. Abbiendi et al JINST 16 (2021) 06, P06005
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http://arxiv.org/abs/arXiv:1905.11677
https://arxiv.org/abs/2102.11111


Tracking system: CMS 2S Module
(baseline choice)

Requirements:
• Good resolution (~ 20 μm)
• High uniformity (ε ≳

99.99%)
• Capable to sustain high 

rate (50 MHz)
• Available technology (test 

run 2021)

Achievement: CMS 2S 
Module
• Thickness : 2 � 320 µm
• Pitch: 90 µm → σx = 26 µm
• Angular resolution: σθ ~ 30 

µrad
• Readout rate: 40 MHz
• Area: 10 cm � 10 cm

• Efficiency= 99.988 � 0.008

11
Provide complete and uniform angular acceptance,
background suppression from single-sensor hits and 

rejection of large angle tracks.

The concept of stub
Stub: Two close-by strip sensors reading the 

same coordinate.



Tracker: CMS 2S modules readiness

●Two dummy 2S modules have been assembled in Perugia.

●Assembly procedure is well defined, metrology measurements meet the CMS 
quality requirements.

●Ready to build functional 2S modules, as soon as components will be made 
available by CMS.

PGD2S2102PGD2S2101 10



Test Run 2021 setup

A Test Run with a reduced detector has been approved by SPSC, to validate our
proposal.

• Pretracker +

• 2 MUonE stations +

• ECAL

Main goals:
●Confirm the system engineering.

●Monitor mechanical and thermal stability.

●Check the DAQ system.

●Extract Δalep(t).

10 cm

7
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Location: M2 beam line at CERN

Beam momentum

σp/p ~ 3.75%

Beam spot: σx ~ σy ~ 2.7 cm

• Location: upstream the COMPASS detector 
(CERN North Area).

• Low divergence muon beam: σx’ ~ σy’ ~ 0.3 mrad.

• Spill duration ~ 5 s. Duty cycle ~ 25%.

• Maximum rate: 50 MHz (~ 3x108  µ+/spill). 8

p ~ 160 GeV
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Tracking station
(u, v) layer Target (Be or C)

Tilted
(x, y) layers

●(x, y) layers tilted by 233 mrad, to improve single hit resolution.
●Simulation studies show a resolution of ~10 µm.

●(u, v) layers to solve reconstruction ambiguities.

Low CTE mechanical structure: INVAR (alloy of 65%Fe, 35%Ni).

Relative position within a station must be stable at 10 µm.

11
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Tracking station
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Tracking station
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Aluminum mockup ready.
Stepper motors will be used to align the station to the beam.

They have been installed and successfully tested in Pisa.
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●5x5 PbWO4 crystals (CMS ECAL).

●2.85x2.85 cm2.

●Length: 22cm (~25 X0).  

●Total area: ~14x14 cm2.

●Readout: APD sensors, 10x10mm2 

photosensitive area.

ECAL

Mechanics and crystal tests currently ongoing in Padova.
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DAQ system

x3

~ 35Gbps per spill (TR)

CMS Serenity board

ECAL

STORAGE

●Test Run: read all data with no event selection.
●Information will be used to determine online selection algorithms to be used in the 
Full Run. 14
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Extraction of aµHLO

Dahad(t) parameterised according to the “Lepton-Like” form. 

Muon 
angle

Electron 
angle

2-parameters 
function (K, M)

From Dahad(t) best fit à aµHLO in the whole range 
aμ

HLO (MUonE) = (688.8 � 2.4)�10-10 vs 688.6 x10-10 (input value)

Template fit to the 2D (qe, qµ)  angular distribution from NLO MC 
generator with parameterised detector resolution à Dahad(t) best fit 

[full statistics, 1.5 x104 pb-1 (4x1012 evts with Ee>1 GeV)]



Sensitivity to Δahad(t) Test RUN
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Expected luminosity for the Test Run: L = 5 pb-1 ~109 events with Ee > 1 GeV
(θe < 30 mrad)

We will be able to extract the 
leptonic running (Δalep ~ 10-2)

Marginal sensitivity also to the 
hadronic running (Δahad ~ 10-3)

K = 0.137 ± 0.027

Template fit with just one fit parameter K= k/M in the Dahad parameterization. The other
parameter fixed at its expected value: M = 0.0525 GeV2

1+
2D
a

ha
d



Theory
• QED NLO MC generator with full mass dependence has been 

developed and is currently under use (Pavia group) 

• MC with approximate NNLO: MESMER (Pavia) and MCMule (PSI)

• Huge theoretical activity (“Theory for muon-electron scattering @ 10ppm”, 
P.Banerjee et al, Eur.Phys.J.C80(2020)591):  

• P. Mastrolia, M. Passera, A. Primo, U. Schubert, JHEP 1711 (2017) 198

S. Di Vita, S. Laporta, P. Mastrolia, A. Primo, U. Schubert, JHEP 1809 (2018) 016

M. Alacevich et al, JHEP 02 (2019) 155

M. Fael, JHEP 1902 (2019) 027

M. Fael, M. Passera, PRL 122 (2019) 192001

A. Masiero, P. Paradisi, M. Passera, PRD 102 (2020) 075013

P. Banerjee et al, EPJC 80 (2020) 591C

M. Carloni Calame, et al, JHEP 11 (2020) 028

P. Banerjee, T. Engel, A. Signer, Y. Ulrich, SciPost Phys 9 (2020) 02

R. Bonciani et al, arXiv:2106.13179

An unprecedented precision challenge for theory: a full NNLO MC 

generator for µ-e scattering (10-5 accuracy)

à International efforts!

G. Venanzoni,  EPS 2019 Ghent, 12 July 2019

https://doi.org/10.1140/epjc/s10052-020-8138-9
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Imperial College 
(London), Liverpool U.      
Exp-Th

CERN 
Exp

Krakow IFJ 
Pan  
Exp

Northwestern
U., Virginia U.

Exp

Budker Inst. 
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)
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Shanghai 
Jiao Tong 
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U.Zürich

Th

INFN +Univ. (Bologna, 
Milano-Bicocca, Padova, 
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Trieste)
Exp-Th

The MUonE
Collaboration

being formed, still 

growing up

+ other involved theorists from: U.Valencia (E), KIT/Karlsruhe (D), New York City Tech (USA)



Conclusions (MUonE)

●The new method proposed by MUonE to determine aµ
HLO

is independent and competitive (~0.3% stat error) with the latest
evaluations.

●A Test Run of 3 weeks is foreseen at CERN in Fall 2021-early 2022.
The aim of the Test Run will be to verify the detector design
and evaluate the analysis strategy.

●If the Test Run will confirm the goodness of our proposal,
a Run with the full detector is envisaged in 2022-24.

16https://web.infn.it/MUonE/

https://web.infn.it/MUonE/


Working Group on Rad. Corrections and MC 
Generators for Low Energies

• Meetings with theorists and experimentalists sitting together. 
• An informal room and a  valuable platform to exchange ideas, 

enriched of new subjects (and people) during the years
• First  meeting in Oct 2006.  20 meetings since then. More than 60 

participants  from more than 10 different countries
• 2 WG coordinators (H. Czyz, G. Venanzoni)
• 7 Subgroups
• A first report in 2010. Maybe an update is needed?

Web page: http://www.lnf.infn.it/wg/sighad/



Radio MonteCarlow WG page: www.lnf.infn.it/wg/sighad



The Subjects  covered:

• Monte Carlo generators for Luminosity
• Monte Carlo generators for e+e- into hadrons and 

leptons
• Monte Carlo generators for e+e- into hadrons and 

leptons plus photon (ISR)
• Monte Carlo generators for t production and decays
• Hadronic Vacuum Polarization, Daem(Z0) and (g-2)µ
• Gamma-gamma physics
• FSR models and Transition Form Factors

Each of them has 2 convenors



Not updated list



Not exaustive list



Not exaustive list

EKHARA



s�*

- ISR-Process calculated at NLO-level
PHOKHARA generator
(H.Czyż, A.Grzelińska, J.H.Kühn, G.Rodrigo, EPJC27,2003)

Precision: 0.5%

Radiator-Function H(s,sp) (ISR):

Radiative Corrections:
i)  Bare Cross Section

divide by Vacuum Polarisation d(s)=(a(s)/a(0))2

è from F. Jegerlehner
ii)  FSR

Cross section spp must be incl. for FSR
for use in the dispersion integral of am

FSR corrections have to be taken into account
in the efficiency eval. (Acceptance, MTrk) and in 
the mapping sp ® sg*

FSR contr. (sQED):

Net effect of FSR is ca. 0.8%

€ 

s ⋅
dσππγ

dsπ
=σππ (sπ ) × H(s,sp)

s�* > sp

Vac. Pol. corr:

Radiator:

(H.Czyż, A.Grzelińska, J.H.Kühn, G.Rodrigo, EPJC33,2004)

Radiative Corrections for ISR
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• Luminosity L is measured using 
Bhabha scattering at large angles

• Efficiency e is calculated via 
Monte Carlo + corrections for 
imperfect detector 

• Radiative correction d accounts 
for ISR effects only

All modes except 2p
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• Ratio N(2p)/N(ee) is measured 
directly Þ detector inefficiencies 
are cancelled out

• Virtually no background

• Analysis does not rely on 
simulation

• Radiative corrections account for 
ISR and FSR effects

• Formfactor is measured to 
better precision than L

2p

ISR+FSR

ISR+FSR+VP

Radiative corrections for energy scan:



Report from RMCWG: a common effort for 
RC and Monte Carlo tools

Eur. Phys. J. C. Volume 66, Issue 3 
(2010), Page 585



Eur. Phys. J. C. Volume 
66, Issue 3 (2010), 
Page 585

RMCWG Report



“Tuned” comparisons are essential!



Example:



























From H. Czyz (2006):





Using realistic cuts:



Going forward: Strong2020

• European project (http://www.strong-2020.eu)
• WP21 — JRA3 PrecisionSM: “Hadron Physics for Precision 

Tests of the Standard Model”
• Goal: combine theory and experiment for precision tests

SM & BSM
• Task 2: Hadronic Effects in Precision Tests of the 

electromagnetic sector of the Standard Model: Muon g-
2:

– 2.1 Hadronic Vacuum Polarization from spacelike and timelike
processes

– 2.2 Hadronic Light-by-Light Scattering Contribution to (g − 2)μ
• Deliverable for Task 2.1:

– database for low-energy hadronic cross sections in e+e- collisions.

http://www.strong-2020.eu/


• Collaboration:
• 35 participants (from main e+e- experiments)

• 3 Meetings (from June 2020)
• Next meeting (online):

“Workshop on Timelike vs Spacelike HVP” 24-25-
26 November 3-6pm CET

If you are interested please send a mail to 
gvenanzo(at)gmail.com and/or to 
Andrzej.Kupsc(at)physics.uu.se
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• Procedure:
• Precision SM web page (https://precision-

sm.github.io/)
• Input data (from HEPData)
• Check of «consistency» of input data 
• Responsive Plots 
• (Possible) Production of useful quantities (VP,  alpha_EM, 

Adler Function…) 
• Maintenance of the web page and polling to HEPData

https://precision-sm.github.io/
















• A lot of effort to refine/improve HVP 
determination:
• MUone at CERN (spacelike approach)
• RadioMonteCarLow activity for RC’s 

on e+e- (timelike) data
• STRONG2020 database activity of 

e+e- (timelike) data

Conclusions

If you are interested to contribute you are welcome!





Systematic Effects: Multiple Coulomb Scattering

Effect of a flat error of 1% on the core width of multiple scattering
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qe < 20 mrad - Fit qµ>0.4 mrad :
! = 0.137 ± 0.033(*+,+)././/01/.//2(*3*+)



Systematic Effects: Beam Energy scale
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• M2 beam average 
energy scale known at 
~1%

• Beam muon 
momentum measured 
by the COMPASS 
BMS spectrometer 
with ~0.8% resolution

• Absolute energy scale 
has to be controlled 
by a physics process:
v Inverse 

kinematic 
method on 
elastic µe events

v Fit of the 
average angle 
distribution

• Can reach <3 MeV 
uncertainty in a single 
station in less than 
one week

Effect of a syst shift of the average 
beam energy on the qµ distribution: 
1h run / 1 station


