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LQCD result summarized in Theory
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1. Reduce the experimental error —

2. Improve theoretical precision — Dominant uncertainty: LO hadronic vacuum polatization term a
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Required precision on aﬁw < 1% implies a relative precision of

~107° on the shape of the elastic differential cross section I
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U — e elastic scattering

Simple kinematics

do_elastic relations (t <> 6) do_elastic :D Measuring the leptons

< > scattering angles
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Muon beam momentum = 150 GeV
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Experimental apparatus Forseen after CERN Long
Shutdown 3 (2027-2029)

40 tracking stations + Electromagnetic calorimeter + Muon filter

muon filter
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Achievable precision

To be competitive with previous theoretical estimates:

precision on aﬁ[w < 1%

40 stations + 3 yea.rs of data tz.tkin.g with e Slalistical error on
(tot: 60 cm Beryllium) an integrated /ﬁ;/ﬁmos_z?/ of agLo < 0.5%
1.5 10’ nb
Main systematics effect: The challenge is to control

o . the systematic effects at the
1. Intrinsic angular resolution.

same level
2. Multiple scattering;

3. Beam energy knowledge (few MeV)- longitudinal alignment.



Test Runs towards the final experiment

* 2017: dedicated test beam to study multiple scattering

JINST 15 (2020) P01017

* 2018: test beam to study elastic scattering properties and event selection

JINST 16 (2021) PO6005

* 2021: first joint test CMS-MUonE with a few 2S modules prototypes (parasitic)

* 2022: test 1 tracking station + test the ECAL

:[test with 2 tracking stations + ECAL ~ Ongoing analysis!

* 2024: 2 tracking stations (DAQ tests) + calorimeter (characterization)

2025:

run with a scaled version of the complete apparatus:

3 tracking stations + ECAL + Muon ID + Beam Momentum Spectrometer (BMS).
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Test Run 2023

160 GeV muons of M2 beam line at CERN North Area;

Max asynchronous rate at 50 MHz (2X108u per spill);

Setup: 2 tracking stations + ECAL;

Triggerless DAQ — Large data volumes processed offline.

Future plan: data filter on FPGA; now an offline skimming algorithm has been implemented to preselect

candidate events from target interaction: base on the hit pattern in the two stations.

MUonE preliminary Data 2023
[2]
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210 g muin. From ~12 B recorded events, the skimming procedure reduced
C ~— 2mu pileup int.
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1075 :
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10°L 2. 2,34 pile-up muons with interactions
10‘%—
10°F Figure: Fraction of different event multiplicities, in 2023 data, after
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Muon angle [rad]

2D scattering angles plots

From an elastic sample that passed an elastic selection

Details in backup
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Data/MC comparison of angular distributions after an elastic selection

With resolution correction
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MC normalization to the
number of real data events

Data/MC ratio as a function of
electron angle is mostly within
gray limits = +3%

NB: For the leptonic running of a(t) to be
observed, the MC description of angular
shapes must be accurate to at least +0. 5%.
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Test Run 2025

From April to July 2025 possibility to use the M2 beam line
at CERN;

More complete setup: 3 tracking station + ECAL + Muon
filter + BMS;

This consists in the Phase 1 of the MUonkE experiment,

presented in this proposal;

Now, the setup is all installed (with the exception of the
BMS - July);

Commissioning has ended, now data taking has started!

MAIN GOAL: Collect data to make Ay q(t) measurement
with a ~20% statistical uncertainty, providing elements to
optimize a full scale experiment (forseen after LS3)

11
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New trigger implemented on FPGA

We are able to directly filter online on FPGA different classes of events based on the hi# pattern in the three stations:

* Single muon interaction first (in the example) /second target

1 :

* Pileup muon interaction first (in the example) /second target

[l

* Single passing muon station 1 && 2 / 2 &&3

it

* Pileup passing muon station 1 && 2 / 2 &&3




Let’s consider events passing the trigger on single muon interaction in the first target

and in the second target .
We see elastics!

Details of the selection in backup

first target second target
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Conclusions

MUonE proposes an innovative and independent method for the evaluation of the hadronic

vacuum polarization term at LO a{;’ LO which is with the previous ones. MUonE is the only

opportunity to test experimentally the Lattice calculations!
First results and data/MC comparisons have been done with 2023 TR data;

Shapes comparisons of electron anole distributions stands within +3% from the MC prediction.
P g p

However, for the running of a(t) to be observed, the precision on the angular shapes must be

accurate to within at least £0.5%. Several improvements are expected next months;

Next important step:
2025 Phase 1: we presented a technical proposal to the SPSC 1n June for 4 weeks of running time
in 2025 to study the expected systematic errors and background under realistic conditions and make

preliminary measurements of Aa (t).

Thank you for the attention!

And if you want to join, contact us! ©
https://web.infn.it/MUonE/
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MC generators and reconstruction tools

%¥ Dedicated MC generator (MESMER) for the elastic signal and the main background :

* Background u*N - pu*NITl” withl =e,u - Opkg Z?

(G. Abbiendi, E. Budassi, C. M. Carloni Calame, A. Gurgone, F. Piccinini; Phys. Lett. B 854 (2024) 13872())

* Signal+photons e - ute (y) - 055X Z

Developed at NNLO (Catloni Calame, CM. et al; | High Enero. Phys. 2020, 28)

¥ Detector description for full simulation: GEANT4;

¥ 'Tool for offline reconstruction: FurV Uonl: software (based on HairRoot frameworks)
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Figure: Skimmed events of a run from Test Run 2023 (left), remaining reconstructed events after a basic elastic selection (right). 1


https://github.com/cm-cc/mesmer
https://www.sciencedirect.com/science/article/pii/S0370269324002788?via%3Dihub
https://doi.org/10.1007/JHEP11(2020)028
https://gitlab.cern.ch/muesli/offline-sw/fairmuone/-/tree/master/MUonE?ref_type=heads
https://github.com/FairRootGroup/FairRoot

. o . . G. Abbiendi,_
Analysis: Ay .4 parametrization and a{{ LO estimate Phys. Ser, 97 (2022) 054007,

[arXiv: 2201.13177]

Inspired to the 1-loop Parametrization with two variables K e M:
QED calculation of e e ——— - ==
the lepton vacuum ( 4M|N I
polarization term 5 4M 4M? M 1 2 1= 1- t I
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k R o G
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1. Template fit: generation of a grid of points in the parameters space (K, M);
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HLO

Analysis: Aap 4 parametrization and @, ™~ estimation

G. Abbiendi,_
Phys. Scr. 97 (2022) 054007
[arXiv: 2201.13177]

The value would be inserted in the master integral for ay

Aatpqq extraction in the final experiment

computed using 2D (8,0, )

Example of a pseudo-experiment:

—
@
=)
=
o]
o]
=

o

1.0016

1.0014

1.0012

1.001

1.0008

1.0006

1.0004

1.0002

1

fl_dt=1.5x1o4pb"

MUoNE simulation

6, >0.2 mrad

O

5 10

15

20

25
0, (mrad)

1

HLO

Rhad (ep.)

1.002

1.0015

1.001

1.0005

1

MUoONE simuiation

0

0.5

1

1.5

2

2.5

3

3.5

u

alll0 = 688.6x1071°

det=1.5x104pb'1:
>
HLO _
au =
4 45 5
0, (mrad)

Simulation result:

(688.8 +2.4)x10° 10

Input value for generation:

18


https://arxiv.org/abs/2201.13177
https://arxiv.org/abs/2201.13177
https://arxiv.org/abs/2201.13177
https://arxiv.org/abs/2201.13177
https://arxiv.org/abs/2201.13177

Thickness: 2 X 320 um Experimental apparatus: tracker and ECAL
Pitch: 90 um (ox~ 26 um) [ e ———

Readout rate: 40 MHz
Active area: 10X10 cm?

1 CMS 2S module = 2 coupled silicon
strip sensors (CMS-Phase2 upgrade)

Target Be/C
(low Z to reduce

19

Actually in a for the future Test Run aimed at

the validation of the experimental proposal:
25 cells in PbW O, (22 o)

* Surface ~ 14x14 cm?
* Readout: APDs read by 2 FEBs connected to a FC7 board

6 modules pairs

Laser pulse system (at 450 nm) for APD calibration



Results with data collected in 2023

As a function of the angle of selected golden muons:

1.

Tracking etficiency:
- Average module efficiency ~ 98%;
- Given passing muons with 6 hits in first station, look for reconstructed muon in the second station.

Result: flat efficiency at ~ 90% — consistent with combinatorial result of individual module efficiencies.
Angular resolution for different target thickness:

- A0 = Og¢q — Og¢9 — Sensitive to: intrinsic resolution, residual misalignment, multiple scattering (MS)
— Estimate of MS consistent with PDG expectation.

Station O Station 1

Angular resolution

X R XX x *

L i 1 MUonE preliminary Data 2023
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-passage-particles-matter.pdf

DATA-MC comparison of angular resolutions, we found a disagreement of ~ 20 — 30% (bringing huge systematics):
1.

2.

Angular resolution correction for 2023 data

Considering just golden muons in first and second station

Evaluate difference in angle: AQ = Ogpg — Og¢1 MS effects of Silicon and target;
Intrinsic resolution;
The uncertainty on A8 is: ag(Af) = \[ Obs + i, + 0y gnment Residual misalignment

Application of additional and constant effect to balance data/MC disagreement

MUonE preliminary Data 2023
= Single passing muons (160 GeV) - C target 3 cm

0.022

0.02

MC with resolution correction

0.018 RMS =5.2x 10°

Data

0.016 RMS =5.3x 10°
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Angular resolution

« g(AQ) = \/01\2,,5 +0l, +
e Differences between data and MC resolutions
* U(Aedata)z — U(Aemc)z X Ui271t+

is proportional to the difference of data and MC 1n intrinsic resolution and residual misalignment
(MS effects were demonstrated to be quite in agreement in data and mc). This can be treated in MC
as an additional and constant effect that smears the angular distributions to better describe data —

to balance the observed disagreement in angular resolution (~ 20%)
Oresidual(A8) = \/O'(Aedata)z — 0(80nc)? = 32.prad

* This is the correction on A@, so smearing on each individual @ results in:

AH — 01 — 62
o(A0) = /d(6)? + 0(6,)%2 =2 a(6)

Oresidual(0) = % = 23.urad — Smearing 0y, 0y of golden muon: Gaus(0, 0,esiqual)
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https://indico.cern.ch/event/1419048/contributions/5965337/attachments/2860530/5004643/angularResolution_MetrologySim_RP.pdf

MC studies in
Riccardo’s thesis
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https://etd.adm.unipi.it/t/etd-02222023-185026/

Acoplanarity distribution with and whitout smearing

Acoplanarity distribution of selected sample of elastic events
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Data-MC comparison of elastic events
Data sample: run 6 > 97X 10° events after skimming to be reconstructed

MC sample: MESMER generated signal elastic events — 16.5X10° to be reconstructed with realistic misalignment

scenario (simulated geometry from real metrology followed by track-based alignment as with real data)

. MUonE preliminary Data 2023
o o . . o] Target 2cm target
Fiducial selection: 3 1 9 o 291175, 0,3, 2081 o
g L 3cm target
* Npits;, = 6 = 1 per module: golden muon (GM); S I Hirgoi=911:27, Oen=0-88 cm
- c 0.8 P
c0.8f
* GM impinges last 2 modules in SO within 1.5 ¢m from centrein Xand Y; § [
061
* Reconstructed GM with 8 < 4 mrad. e [
-7 @] -
© 0.4
///’/ . Firstt %S m<2)dule
. . T 0.2+ Last pair of in station-
* Nhits,, = 15; - 25 modules
T B in station-1
* Reconstructed Z vertex > 906 cm; Q- P a—— =

890 895 900 905 910 915 920 925 930 935 940
Vertex z position [cm]

* 6,>0.2 mrad,5 < 6, < 20 mrad, >().2 mrad: main background removed

* Acoplanatity | A ¢| < 0.4 rad; <20 mrad: region less affected by systematics
* Elasticity condition: |6, — H:xp (6.)] < 0.2mrad 96;?96) — arcsin { sin 6. EZ(0.) — m2

[Ey + me — E(6e)]2 — m2,
J 25




Absolute luminosity normalization

From the knowledge of the number of golden muons (passing the fiducial selection) that

can potentially interact in the target, we can estimate luminosity: L

Fiducial selection:
Nhitsq, = 6 — 1 per module: golden muon (GM);

GM impinges last 2 modules in SO within £1.5 cm from centre in X
and Y ;
Reconstructed GM with 8 < 4 mrad.

Luminosity real data:
L= drarget * Plarger = Target thickness ,
2. Ny

Electron density target tharget =p

Run 6 = (1443.0 +8.0)ub™?

Main error on:

p=(183+0.01)g/cm3
_|_

dtarget = (3.000 £ 0.001) cm
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Data/MC ratio

=TT
_+_

Data/MC ratios

as a function of scattering angles

5<0,<20mrad

MC Normalization to the Data Luminosity X €y,,

MUonE preliminary

€nw = 0.850 + 0.035

Detector ef ficiency:
reconstruct 2 tracks, depends

on modules efficiency
(€Emoa = 0.980 + 0.005)

L =1.44 nb™

1.1

1.05

MUonE preliminary L =1.44 nb" e
o
Data 2023 - C target 3 cm —+— Data/MC (uncorrected) S
—4— Data/MC (corrected) = 11
©
©
= 1.05

+ ++++++ﬁ#¢ii oot

e

rt
1
<£+

Data 2023 - C target 3 cm

—)

++

_+_+_

—+— Data/MC (uncorrected)

—4— Data/MC (corrected)
. . . . x107

095 AN —
0.9 0.9
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0.85; T 15 20 0.85
Electron scattering angle [rad]

Systematic uncertainties bands:

* Luminosity ~ 0.5%
* Detector (€py) ~ 4%

expected detector efficiency €y,

o
o

:
Muon scattering angle [rad]

Ratio is on average in agreement with the
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First cross section measurements

Selected region: S Netastic
5<0,<20mrad EnpwL
: . , €nw = 0.850 + 0.035 :
Real data cross section within the selection: D tracks reconstruction
Odata = 75.1+ 3.1 ‘ub efficiency which depends on

modules efficiency
(Emoq = 0.980 + 0.005)

MC cross section within the selection (selection efficiency € = 76.5%):

ove = 77.75 + 0.14 ub

First measurement of cross section in the selected region is consistent with
the MC prediction
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Background

Reconstructed angle mu and mu/el signal with th_mu<35mrad
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