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The MUonE experiment

Phys. Lett. B 746 (2015), 325

New independent evaluation of a "P'°, based on the AR e o S L2
H Letter of Intent CERN-SPSC-2019-026
measurement Of Aahad(t) |n the Space_llke reg|0n Proposal for Phase 1 of the MUonE experiment
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10*5\\‘\\\‘\\\‘\\\‘\\\‘\\\l\l\l\l\
-0.14 -0.12 -0.1 -0.08 -0.06 —-0.04 -0.02

t [GeV?]

< »
<

MUonE kinematic range 5



https://www.sciencedirect.com/science/article/pii/S0370269315003573?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-017-4633-z
https://cds.cern.ch/record/2677471
https://cds.cern.ch/record/2896293/

The MUonE experiment

~100 cm

l
_’( l — dadata(Aahad)

" > dovic(Aapaq = 0)
160 GeV ; TEEE e e From MC
v -

low-Z target 6 Si strip detectors (3 XY points)

~ 1+ QAOdhad(t)

~1.5cm
= 0.005—
f; - Beam Test 2018 simulation
0.004:; . . .
 Observables: (6, HH) 00035 Signal: elastic scattering
0003 - Background:
. Exp|0it (Qe, 8“) correlation 0.0025 e*e pair production
to reject background
(main source: y N - N e*e)




The MUonE experiment

’( ~ 100 cm R
1 > dadata(Aahad)
" c —# donc(Aapag = 0) )
—]-| ¢ wess =
—_— _.a.z——/jﬂr””’fﬂ -, From MC
L v -
' e muon 1D
M2 u beam > B s | [ I O | O _
BMS 160 GeVie _f// Iz
station #1 #2 #3 #k 40
ECAL
* Modular layout: * ECAL: PID + e energy
each station measures . Muon ID: PID

the incident muon direction
for the following one BMS: beam momentum spectrometer )
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MUonE final goal:

* ~3 years post LS3 (>2030)
* 40 stations
° HVP,LO « 05%

I

Systematic error goal: 10 ppm

* 10 pm longitudinal alignment

* Beam energy measured to few MeV
* Multiple scattering 1%

* Angular intrinsic resolution

* Uniform detector response
over full angular range

* Need of dedicated MC generators:
signal (>*NNLO), main backgrounds
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The MUonE experiment NE

- [Lor-sps’ MUonE |7 :::*_‘q%}omf’de' multiple scattering 1%
fast SITUIBION | g+ 19% systematic effect
= no background 8, > 0.2 mrad
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Phys. Scr. 97 (2022) 054007
RP PhD Thesis
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— Elasticity curve

------- Elasticity band

Phys. Lett. B 854 (2024)
Nuclear pair production event

generator in MESMER (also signal)

MESMER
McMule

0, [mrad]


https://etd.adm.unipi.it/t/etd-02222023-185026/
https://iopscience.iop.org/article/10.1088/1402-4896/ac6297
https://link.springer.com/article/10.1007/JHEP11(2020)028
https://www.sciencedirect.com/science/article/pii/S0370269324002788?via%3Dihub
https://scipost.org/10.21468/SciPostPhys.9.2.027

Staged approach

towards the full experiment

* 2017: test beam, multiple scattering studies st 15 020) po1017
* 2018: test beam, elastic scattering properties and event selection studies

JINST 16 (2021) P06005

* 2021: first joint test CMS-MUonE
with 4 2S modules prototypes (parasitic)

« 2022:
* test 1 tracking station
* test the calorimeter

« 2023: test with 2 tracking stations + calorimeter
« 2024 2 tracking stations (DAQ tests) + calorimeter (characterization)

* 2025: run with a scaled version of the complete apparatus


https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06005
https://iopscience.iop.org/article/10.1088/1748-0221/15/01/P01017

Tracking system

(u, v) layer INVAR (Fe/Ni alloy)
CTE~ 1.2 ppm/K

Laser holographic system
to monitor stability

(x, y) layers

* (x,y) layers:
tilted by 233 mrad —» ~2X hit
resolution improvement

* (u, v) layers:
solve reconstruction
ambiguities



Tracking system

(u, v) layer

INVAR (Fe/Ni alloy)
CTE~ 1.2 ppm/K

Laser holographic system
to monitor stability

(x, y) layers 2S modules

>(CMS Phase2 upgrade)

TDR CMS Tracker Phase2 Upgrade

* (x,y) layers:
tilted by 233 mrad —» ~2X hit
resolution improvement

* ~90 cm? active area

2 x 320 ym thickness

40 MHz, binary readout

90 pm pitch

(~26 pym hit resolution)
7

* (u, v) layers:
solve reconstruction
ambiguities



https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf

Calorimeter ON

 5x5 PbWO, crystals, used in the CMS ECAL:

* area; 2.85x2.85 cm?
* length: 23 cm (=25 X,)

* Total ECAL area: ~14x14 cm?
* Readout: 10x10 mm?2 APD

|
|
|

| || - EndofTR2023;
_m ECAL data integrated
. g! in the main DAQ
1
'~ Eg * TR 2025: tracker-ECAL
1533 time sync achieved



DAQ system

M2 beam line at CERN: ° High intensity: ~2x108u*/ 5s spill » ~40 MHz
unique environment * Beam asynchronous to DAQ clock

Serenity board (developed for CMS Phase2 Upgrade)

Triggerless readout @ 40 MHz

10G UDP  10G UDP
from FF to SFP

Event aggregator on FPGA

Data aggregation on 4 PCs

Transmission to EOS
into 1GB files

40 MHz domain

--------- Asynchronous



https://pos.sissa.it/343/115

Test Run 2023

° 2 traCking stations Controlled environment
* Ctarget W e Y
(2 or 3 cm thickness used) Wt e T
° ECAL station-1 ™ station-2 ECAL
. MUonE preliminary Data 2023
8 - Target 2cm target
o 1= M go=911-75. Oex=0-81 €
g | ot
. = B Miprgor=911:27, 00,=0.88 cm
* Demonstrated continuous 50.8_—
© L
readout @40 MHz. -
3 L
* Study detector performance, S 04l
reconstruction algorithms, 02:_ _ S 2 module
: L emodules
event selection. - instation- l
0 | | B L,

895 900 905 910 915 920 925 930 935 940
Vertex z position [cm] 10

00}
©
of



Test Run 2023 - Data/MC

Select elastic events in a clear region

MUonE preliminary L = 1.44 nb"
= 0.005¢ nb
g 0.0045F Data 2023 - C target 3 cm 600
Q M M
S 0.004] Dlets'lls on Evel?t o
g 0.0035 - selection in backup
< 0.003] 400
0.0025[
o 300
0.002 |-
0.0015F- 200
0.001F
- 100
0.0005}
R S B S S H S U B R
% 0005 001 0015 002 0025 003 °

Electron angle [rad]

Count N, on target — luminosity estimate

Data/MC comparison of the cross section
within event selection:

Ogaa = (75.1 + 3.1) ub
ovc = (77.75 + 0.14) ub

Entries

Data/MC

MUonE prefiminary L =1.44 nb’
Data 2023 - C target 3 cm
10* = a1
o ——
- 2 -
- —f—
——
B o=
s -
A=
and
A MC
, % data
10
PO T R T TR TN T NN TR SN TN NN TN T SN NN T N T NN T S SN N T T
0.008 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Electron scattering angle [rad]

MUonE prefiminary L =1.44 nb’

1.08

1.04

Data2023- Ctarget3em  Smagl| fraction of data:
limited by statistics

1.02

il
4

—

0.96

0.94

0.92

0.9 L

Bty e

L L
0.006

. M PP PRI o PRI B
0.008 0.01 0.012 0.014 0.016 0.018 0.02
Electron scattering angle [rad] 11



MUonE Phase-1: Test Run 2025 ONE

Proposal for Phase 1 of the MUonE experiment

Controlled environment

VSRR (AVGSURURAG (VU V! p—
BMS | - U I SRR — i |
station-1 ™ station-2 T2 station-3 ECAL muon ID
* 3 X tracking stations, each equipped * Timing detector: time of arrival of muons.
with 6 pre-production 2S5 modules 2 plastic scintillators before and after the

tracking stations

* 2 X Ctargets | |
(each 2 cm thick) * Muon ID: y PID. Equipped with

4 prototype 2S5 modules

* ECAL: e PID + E. measurement * BMS: measure py event by event.

2 X tracking stations, each equipped with

4 prototype 2S modules
12


https://cds.cern.ch/record/2896293/

ONE

Muon ID




BMS (Beam Momentum Spectrometer) [/ONE

30 m MUonE
tracker

* Bending power: 16 T*m
(30 mrad @160 GeV)

* Proof of concept in 2025.
Challenges:

* Time synchronisation
with the rest of the system

* Alignment

- B-fiel itori ‘
ield monitoring Tm long, 2 (%, y) non-tilted layers .,



System increasing in complexity...

Move to a 2 stages
DAQ design * Stage 1: 36 communication links with subdetectors

From detector

Y — * 30x2S modules < 2xTiming Detector
* 4xECAL

* Online selection based on tracker modules occupancy.
~x 100 reduction of recorded events compared to 2023.

Event topologies

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

T

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

| | | [] | | | ] ! ! .
I | | I S 1 s S

* Single passing muon station 1 && 2 / 2 &&3
| | | | | |
1| ! ! | l | I | |

* Pileup passing muon station 1 && 2 / 2 &&3
] ] ]
e ——— e —

0= SE———— 15
e R R e R R e T T R e e T e e e e e R R e



System increasing in complexity...

Move to a 2 stages
DAQ design * Stage 1: 36 communication links with subdetectors

f d

ETETE e * 30x2S modules  « 2xTiming Detector

! * 4xECAL

* Online selection based on tracker modules occupancy.
~x 100 reduction of recorded events compared to 2023.

* Stage 2: event building.

* Group information from all subdetectors
in a time-coherent packet of data.

* Online decoding of data provides ready-to-use
ntuples for DQM and prompt analysis.

15



Test Run 2025 - timeline

March April May June July August

2S modules
]
characterisation in lab

Noise tests + modules grading




Test Run 2025 - timeline

March April May

2S modules characterisation ]
]

Tracker, ECAL, MuonID

installation  [ncluding infrastructure and services

July

Lione

August

S il

o Ly
P vy
; -l
n.%. L



2S modules characterisation

Tracker, ECAL, Muon ID installation
DAQ and detector commissioning

Fraction of matched events

—

o
o)

o
o

o
~

o
()

A TN T T T T AT AL i L 0 P S P L R

ne

March April May June July
)
I
R

August

Numerous tests accomplished despite technical challenges (...and SPS inefficiencies)

Tracker time synchronisation

Fix the internal clock of a reference module, then scan the possible delays
of the other modules to maximise their coincidences with reference

MUonE preliminary Data 2025
L. H —-Any time
Before time sync ’

L . —Intime
B :':_H_H*H— = L ioBng
- L ‘ —~+50ns
L L -50ns
; — —
B —— e .
R e o I S s e SIS Sharasa-a NS
0 5 10 15 20

Module ID

Fraction of mathched events

—

o
o

o
o

o
~

o
[S)

MUonE preliminary

Data 2025

- —Any time
~ e —In time
T == s :8::.::::::::&'::'::‘:53:':: —~+25ns
; —=-25ns
= - +50ns
: -50ns
- After time sync
7\ _.;—a—:ﬁ:l_ﬁ__*__n__ﬂ_:n—vzﬁzw:?:tz?z =t

0 5 10 15 20

Module |ID



DAQ and detector commissioning
Alignment

Entries

Hardware (stepper motors):
center the beam profile on each module, then
align the 3 stations one relative to the other.

Software:

local x? minimization on a sample

of single passing muons.

Examples of residuals

*Std Dev is not the hit resolution: track fit error to be subtracted

Non-tilted module

Tilted module

x10° x10°
4.51 Mean = 0.050 um g Mean = 0.053 um
4 Std Dev =29.4 um Std Dev =14.7 um
3.5F o
3F
2.5F -
2F
150 L
£ i}
1 | r
0-53 L
I B

Eoi it il [ e 1 11101 Lol il Ll
—%00 -150 100 -50 0 50 100 150 200 BOO -150 100 50 O
XTrack = XHit [um]

[T AR A
50 100 150 200
XTrack ~ XHit [um]

Efficiency

uniformity over the entire data taking

.

0.98

0.96

0.94

0.92

08 -3 -2 -1 0 1 2 3 4

Module efficiency

Station 2 Module 1 (tilted)

Right FE electronics

Left FE electronics
Lo b b b a b o bo v L

X e (€M)

Uniform efficiency

over the entire modules surface

Work in progress: efficiency time




Test Run 2025 - timeline

March April May June
2S modules characterisation ]
Tracker, ECAL, Muon ID installation ]
DAQ and detector commissioning ]

Targets installed
First physics runs

x‘*

NG

July

August




March April May June July August
2S modules characterisation ]
Tracker, ECAL, Muon ID installation [ ]
DAQ and detector commissioning O
Targets installed |
First physics runs o
Technical stop: LHC oxygen run ]

Metrology measurements of the detector (100 pm precision)

* 3D scanner photogrammetry: sp SSros s ’ | N sa 8 LLL
position and orientation " ‘ ' :
of each module within a station

* Laser survey:
relative position of the different
subdetectors; absolute position
with respect to beam elements

* To be used as starting point



Test Run 2025 - timeline

March April May June July August
2S modules characterisation ]
Tracker, ECAL, Muon ID installation ]

DAQ and detector commissioning ( )

Targets installed |

First physics runs ]
Technical stop: LHC oxygen run ]

Resume physics runs
BMS installation




Test Run 2025 - timeline

March April May June

2S modules characterisation ]
Tracker, ECAL, Muon ID installation

S
DAQ and detector commissioning ]
Targets installed |
First physics runs ]
Technical stop: LHC oxygen run

Resume physics runs
BMS installation

Overnight runs

AMBER takes over as main user.
They kindly agreed that MUonE could continue

to take data during nights, while they exploit daytime
to install new hardware

July

August

23
SR R R A A1) B AT R B S 00008 B S S e 48 4 81D A N BT ISR 1 ) SRR HASaAe ASRASRNS=AN AR naHSNA AAEESA SARAN A A A A S R EE A AARA T RARA R ARS



Test Run 2025 - timeline ON

March April May June July August
2S modules characterisation ]
Tracker, ECAL, Muon ID installation [ ]
DAQ and detector commissioning ]

Targets installed |

First physics runs

Technical stop: LHC oxygen run
Resume physics runs

e ation _..,Accumulated interaction triggers
Overnight runs £

Number of events

2- > 5x 10" interaction triggers recorded!

23



Elastic events from both targets

1500

1000

500

640 660 680 700 720 740 760 780 800
Reconstructed z position of best vertex [cm]

Can use ECAL or MuonID
to resolve the ambiguity

Tracker-only analysis of elastic events

Not able to discriminate between p and e
plot Bmax VS Bmin to avoid misidentification when 6. < 5mrad

Data 2025

= 0.0051 - —30
g ] s Loose elastic selection
‘©0.0045 _
g . Entries: 151465 |55
C 0 004 :. . - . . .
= i & Expectation: kinematic relation 6,(6e)
0.0035p~ | - ' " Referenceline 6,= 6.
0.003fF | : ' '
0.0025 [
0.002 —
0.0015[—
0.001—
0.0005 -
% 0.005  0.01 0.015 002 0025 003

Max angle [rad]



ECAL-based PID

. . 5 0005
Correlation between ECAL energy deposit L oue
and 6. reconstructed in the tracker o oo
0.0035
%‘ T T 171 ! T T 11 ! T 111 ! T 111 ! T 1 Ertrios — 9717 OOOZZ-
o : :
:1 02 . PP P 0.002
o I S 0.0015
R OSSR SO
= 0.0005 -+ ;-
B T TrTTTTTTmmmATmm s T % G005 0.01 .;J.mls 0.02 0.025 0.03
IR : H ; : Orna [radl]
: Tracker-only event selection + ECAL-based PID
IS § - ST g 0.005 = - 3 ! : En'tries 9717
10: e 0.0035-
- 3.~ e -, 0.003
- . ' T Y PN 0.002{E
:: 0.001_.
O —— 'o.oios' o 0'01“‘0:015' ":".'0'.02" = 'fo' = 03
. 0, [rad]
° ECAL energy > 1 GeV L) MatCh|ng between
0005 001 0015 002 0025 003 candidate e track and

0, [rad] ° Loose elastic selection  pca| cluster centroid 25



Muon ID-based PID

* Propagate tracks to the Muon ID

* Look for matching between W 0y b H
a track and muon ID hits: wo Il W . H
select the muon track station-2 T2 station-3

Controlled environment

ECAL

muon ID

Tracker-only event selection

Tracker- only event selection + muon ID-based PID

= 0.005 30 = 0.005—
g Loose elastic selection o 3 Loose elastic selection
'©0.0045 '©0.0045 Muon Filter PID
o Entries: 151465 - 2 Entries: 150240 25
£ 00044 Expectation: kinematic relation 6,(6.) . Expectation: kinematic relation 6,(6.)
0.0035[F Reference line 6,= $0.0035[- | Reference line 6, = 6. 120
i ' 0.003 [
0.0025 15
0.002{
F 10
0.0015—
0001~ ]
0.0005 =
0

Electron anglé [rad]

Max angle [rad]

Work in progress: ECAL + muon ID combined PID

26



Conclusions MUonE

ONE

web site
A lated i o
* MUonE 2025 Test Run: Ly, Accumu ated interaction triggers
*  Successful ~3 months data taking with i ,‘/
3 stations (2 targets), ECAL and muon ID. /
- Integration of the BMS in the main DAQ o

in the last few days of run.

*  Opportunity to run further tests
parasitically in September (no ECAL).

Number of events
[ N w
\%

* Analysis campaign underway. Goals: N
»  Proof of principle measurement of Ag,_(t) pr' Q«&' @g; &9; qu’l &,&
(and comparison with 2023 data). E A S A . 4

« Preliminary measurement of Aa, _(t)
(~20% statistical error + similar systematic).
¢ Study systematic effects.

¢ 2025 data will serve as a basis for the full-scale experiment proposal (40 tracking
stations + ancillary detectors) to be prepared during the CERN Long Shutdown 3.

27



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

BACKUP



Data-MC comparison of elastic events

Data sample: run 6 - 97%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
Fiducial selection: 2 L b T o .
“_é : scxnatarget
* Nhitsg, = 6 = 1 per module: golden muon (GM); S | Hiygu 91127, G\000,=0.88 G
c 0.8
. . - - . - x B
* GM impinges last 2 modules in SO within +1.5 cm from centre in X and Y ; g_ i
_ 208
* Reconstructed GM with 8 < 4 mrad. c |
O L
. . © 0.4
Elastic selection: 3
n rir::a%is module
i 0.2 n station-
" Nbits, < 15; C s
. i in station-1
* Reconstructed Z vertex > 906 cm; [l L

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

9# > 0.2mrad,5 < Be < 20 mrad; ?{?.2 mrad: mgm backgré}lnd removed
>5 mrad: Avoid ambiguities in PID

Acoplanarity |A¢| < 0.4 rad; <20 mrad: region less affected by systematics

Elasticity condition: |6, — H;xp (6.)| < 0.2mrad 0 (9 ) = arcsin {smﬂ \/[ E%(0e) — m? }
B,
.

+ me — Ee(0e)]* —m2

—




S S S s S S S S s s
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: J/

Fiducial selection:

Nhitss, = 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 teal data: Golden muons on target

— N e . e —_ 1
L=N,r-d rarget Deavger = Target thickness

] Z
Electron density target Ptearget b Ny

Run 6 = (1443.0 + 8.0)ub~!

Main error on:

T
G AU p=(183+0.01)g/cm3

diarget = (3.000 £ 0.001) cm
€ny = 0.850 + 0.035 :

2 tracks reconstruction

efficiency which depends on
modules efficiency MC selection efficiency on omc estimate: 76.5%

(Emoa = 0.980 + 0.005)
T ——



Muon ID-based PID event selection

1stub/module for each track

1 track in the station before target; 2 tracks in the station after target

No stubs shared between different tracks

lz -z | <2cm

vtx target

Reject acoplanar events (acoplanarity < 0.4 rad)

Tracker-only event selection + muon ID-based PID

= 0.005 Pata 2925
I : @ Loose elastic selection
©0.0045 Muon Filter PID
e 4 4 o Entries: 150240 =
.004 : . . . .
. © Expectation: kinematic relation 6,(6e)
20.0035[ 4 Reference line 6,= 6. 120
0.003f § .-
0.0025 15
0.002
10
0.0015
0.001 .
0.0005

Electron angle [rad]



Summary of the main sources of systematic errors
and corresponding uncertainties for the 2025 run

oNe

Source of systematic error | Uncertainty on the| Uncertainty | Uncertainty
systematic source | on Aoy, ondoc

Intrinsic angular resolution | 0.5% 10% 200 ppm

Multiple scattering 1% 10% 200 ppm

Beam energy scale 25 MeV 10% 200 ppm

z coordinate 100 pum 10% 200 ppm

Beam energy spread (3.75%)

current BMS 4% (o, /p ~ 1%) 1% 20 ppm

upgraded BMS 1% (0,/p < 0.5%) | <0.5% Sppm

Other contributions

(i.e. tracking efficiency and 15% 300 ppm

reconstruction uniformity,

residual background)

Total 25% 500 ppm




e S S S S
TR 2025 - tracker time synchronisation

Station2_ . ECAL__.._Muan_Eilter__

\|

\

L\
|

0.8

0.6

0.4

Fraction of matched events

0.2

Delay scanned [0, 24] ns

MUonE preliminary Station 0 Module 5 Data 2025
-=-Any time
— ~=-In time
- +25ns
L b_._‘b_._:—O—Ctzl—Q—‘ L —--25ns
;_._'_._,_H_H_H—H—H—HH_'_H_H_H LT - +50ns
B e L -50ns
R e S e s i, i s, s = i
0 5 10 15 20 25

Time offset [ns]



First measurement of Ao, (t)

Expected event yield: ~10° elastic events within acceptance
(one order of magnitude larger than 2023)

do AO&h .
Riad = ~ d?tg(a ad)o) ~ 1+ 2A0a4(1) Template fit procedure
OMC had —
"—'i [TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T I|IIII|III|: to extract Aahad(t)
‘% 1.005— MUonE Jldl=5pb4g 60_ 1
£ - fast simulation ] o
- 1.004F- no background = 51450__ A@had(t) ~ —1—5Kt
1003 E -+ K=0.136 +0.026
1.002/- = o (20% stat error)
1.001E- = -
- 7 30—
1: : :
0.999% —i 20[
0.998 E :
0.997F E " muone
- ] I fast simulation _—
0-996:_|| L1 | L1l | LIl | L1l | LIl | L1l | LIl | LIl | 1111 | 11 II_: ; ho baCkground J.L dt _5 pb
0 05 T 15 2 25 3 35 4 45 5 01 0 o1 o2 o3 oa

6, (mrad) K



Strategy for the systematic effects

* Study the main systematics in the normalization

Promising strateqy:

region (large systematic effects but no sensitivity

to Ao

had)'

* Include residual systematics as nuisance
parameters in a combined fit with signal.

o

©
3 0.0014

<

0.0012
0.001
0.0008
0.0006
0.0004
0.0002

0

6, [mrad

.

— — Aahad(ee) : —20
| |— do/db, 1 7
- ) -8
— i 16
: Signal i =
- : 10
L 1 ]
— - —8
I 1 ]
- : —6
- I Normalization =
L 1 . -
- : region —2
5 10 15 20 25 a0 35 ad

[ub/mrad]

do
de,

ONE

Example:
+10% systematic error on the
angular intrinsic resolution

1.4 : p . -
- |~ Nominal model|Normalization region
| — (T”nr- 10% }1‘
13__ —_— Glntr + 10% !
i 6, > 0.4 mrad
1.2__ MUonE :
- fast simulation I
L no background |
[ 1
1.1 JLdt=5pb" :
B 1
js =
B _1—'—|_
B I
| 1
0.9} ]
| 1
| 1
| 1
0.8~ "
B I
: |
_IIII|IIII|IIII|||||||II|IIII|I
O'?O 5 10 15 20 25 30
0, [mrad]



The need of including systematic effects in

the analysis

Some systematic effects can produce huge distortions
in the shape of the elastic scattering cross section

Example: £10% error on the angular intrinsic resolution

& 14 T Nominal model | Normalization region E [ - —— Nominal model
of B . -10% | o C (15 MUonE o
C |7 it o" j > 1.03[— : fast simulation |~ Ojny - 10%
1.3 |~ Oy + 10% il no background | —— O, + 10%
- 0, > 0.4 mrad o2l ! 0, < 20 mrad
. 1 -1
12~ MuUonE ! [ Jl dt =5 pb
. . . 1 1
B fast simulation I 1 |1
- no background | 1.01 |4
N | -
1. JLdt=5pb" : 5 -
: : 1_ = T
1 ] i
- T 5 B
B I 0.99 |1
B 1 1 |1
0.9 | H |
- i 0.98 |}
| 1 B 1
0.8F i it
B ) 097 i
OT_IIII|IIII|IIIIIIIII|IIII|I||||| ||IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
"0 5 10 15 20 25 30 0O 05 1 15 2 25 3 35 4 45 5

6, [mrad]  Normalization region 6, [mrad]



Systematic error

on the muon beam energy

IVIS<I 5 105 4 |— Exact model
Acceler.ator division e fLotmssm | gy
pr0V|des Ebeam S 1.04{ 7] —E,...+1GeV
) . . ﬁ : 8, <32 mrad
with O(1%) precision 8 ol i
e I il N
(-1 GeV) Lottt A L g
R SR
0.98 :— ‘L———H\F\LLHJ_H’LIH llf-[ J lIJ“ Lﬁ
This effect can be seen (|| muonE ]
. B fast simulati
from our data in 1h 0961~ 1o background
of data taking per station Y] S ST U SR TS P NN

0, [mrad]



Combined fit

signal + systematics

* Include residual systematics

, , , « K_,=0.137 * shiftintr. res: +5%
as nuisance parameters in the fit.

- shift MS: +0.5%  * shiftE _ :+6 MeV
* Simultaneous likelihood fit to K

and systematics using the Combine tool.

Selection cuts Fit results
2 7o 6, >02 mrad K = 0.133 £ 0.028
S sl 9, <32 mrad ) ] pnis = (0.47 +0.03)%
- MUonE e < 32mra
50:_ fast simulation de > (0.2 mrad Hintr = (5-02 + 0-02)%
= no background T— (6. 5+ 0. 5) MeV
40— Jrat-spp” v = —0.001 + 0.003
30; _— : :
- Similar results also for different selection cuts
20—
10— Input shifts identified correctly.
oF- | | | | | No degradation on the signal parameter
-0.1 0 0.1 02 03 04



TR 2023 - tracking eff|C|ency

Target |
Select events with
single passing AVF J{, Ad—» : J“' ‘H” Sd‘ o
Mmuons.

N(Ty - Ty)

Tracking efficiency = >+ 1)

N(Th)
MUonE preliminary Data 2023 s MUonE preliminary Data 2023

> 1.2 . .
¢ [ Consistent with combinatorial
- result from the 2S modules

efficiency (~98%).

— WHPHH %MMHH«w\wMHHWWWMwmww«NHWHHWMMWHHWHHHH

. 065 05 T 15 2 25 3 35
T k gI ef_[ra d] Track radial position [cm]




TR 2023 - angular resolution
and MS effects

dllO dllO
) Target N
Select events with | . T
. . 2
single passing AVF —"> . Ad-> ' '
muons. | 7 ﬁ
0.06 MUonE preliminary Data 2023
§ ' Single passing muons (160 GeV)
E i 3 cm target
b“é 0.055- AQ = 9T2 - 9T1 2 cm target Target Oag [Urad] | oys(target) [urad] Gﬂ?G(target) [urad]
- no target 3emC | 489 £ 2.1 28.1 £ 0.6 28.2
0.05- 2ecmC | 468 £ 2.1 243 £ 1.4 22.6
T No Target | 40.0 2.2
0.045- T
T * Angular resolution of a station: ~28 prad
S ——
_ S —|—_'_
0,035 * Target MS effects:
S good agreement with the expectations
0.03 Ll ‘

| T T I I |
30 05 1 15 2 25 3 35 4 45 5
9statiom [mrad]



TR 2023 - vertexing

777777 Station 1 _Target Station 2
,,,,,,,,,,,,,,,,,, >
YA

___ MUonE preliminary Data 2023 ) ) . .
3 0 Target  2omtarget * Simple selection: events with 2 outgoing
o 1~ utarget=911.75, G, or1x=0-81 CM ] i )
s [ 3om target tracks within geometrical acceptance
g L utarget=911.27, Gverlex=0'88 cm O 2 32 d
0.8 (0.2 - 32 mrad)
x —
S I * The target center is shifted
5 0.6 :
% B by 0.5 cm by changing between
o 3 cm and 2 cm target
© 0.4

I * Interactions in the Si sensors

L First 2S module ..

0.2 Last pair of in station-2 are visible
B 28 T‘:_d'-“";'s
B In station- .
oL /N JU ]+ Vertex resolution: ~8 mm

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



TR 2023 SN

pu-e elastic scattering event selection

Pre-selection Initial event selection
- Single py. candidate « =1 hit/module * 2y = Zigrgeel <3 €M
* oy €4, PAIr candidate « CutonN,_ (station2) -+ Acoplanarity cut
— 5 MUonE preliminary Data 2023 . 5 MUonE preliminary . Data 2023
8 F 8 F FEzstol 7 27 7| After selection cuts | 260
£ 4.5 3000 N R R Lo
QO yE [ I N N
2 45 2500 = 45 Uil 220
® 3 5F B3 5. P
= = = EFLoTel —180
S 5 2000 = ghsl ol L 160
2.5F 2554 140
1500 EEEE—— - 120
2 25 100
1.5 1000 1.5k -
1 1
500 - i S L
0.5 0.5k : e n T
% 10 20 30 40 50 60 70 80 90 100" % 10 20 40 50 60 70 80 90 100"

Max angle [mrad] Max angle [mrad]



TR 2023 - MC performance:

angular resolution of scattered particles

T ,
© Muon angular resolution
g 8
.|D|_
s F s ~0.1mrad
=)
2 T a
S L a
@ ‘@nmmﬁfm
= [ ~40 prad
g =
—%— 0 hit share
<CE —e—?:it:am:
107% — —Z— 2 hit shared
T T T S T S S TR
. Muon scattering angle [mrad]
&
E Electron angular resolution o
C | 3
9 : * ~3mrad
= 1=
=) E
o E 3
T a®”
- o
o 50
10" —
D E 0
< p° =
] 0 hit shared
~504Jrad ~2+ 1 hit shared
=&~ 2 hit shared
102 = | I Fad PR omgw pwy padmny

10

=

* Compare track reconstruction
with MC truth.

* Muon angle: ~40 prad resolution
for small scattering angles.

* Electron angle:
stronger impact of MS.
Resolution is ~3 mrad for large
scattering angles (E_ ~1-2 GeV).

5 — 15. EGI . 25' ISGI
Electron scatterlnﬂ anﬁle |mrad|



Backgrounds

2 107" S 1
— = 107 —
E S Emal = 160 GeV, C E . ENl — 160 GeV, Si
T 102 i —e— |onization = 102 e P —e— |onization
© g : 1 e .
9] e —e— Pair production S e 0 —o— Pair production
e he A= e
w 1072 "'o-...._ —e— Bremsstrahlung » 107° "'-.-_,_‘_ =—eo— Bremsstrahlung
-o-"-.._.,‘_._ —e— MuonNuclear . ‘__._Wa-m*m::-g-_h. —e— MuonNuclear
L} L e
107 ..._..._-.-r&'."" o> 00000, _._*:-.- . 10 - ...'.'-l-_.,‘
- e e - =~ b T
107 .- .."'_..:".- " 107° -..:::"-. .
Y . “":“ o L. g
-0 M -o-‘ L) -, . e
107 0o oo~ 00000 o0~ "% o '.'-0-: 10 ""*:a._.,_.:-o- i
- 0. P '.'-.--.- '.'0:..
; e “‘: 107 - ey
10° -, *
*+ 1078 -
107 t T
H 107 | | | | 5
s - - L, L g 10 107 107 107 107 10
10 10° 10 10° 10° 10
s/EImu
e/E

mu

<
6, [mrad]

GEANT4

S e e ey o UN — uN-~

MESMER
o e~ — pe It
l=eu ® puN — puX
o UN — ,LLNl+l_



e S S S S
New Background MC generator

Main background: e+e- pair production
Implemented in MESMER
and interfaced with the MUonE detector simulation

Numerical results for u*C — p*Cete™ (3)

5 102

f}< —— Elasticity curve

10!

_100

0, [mrad]

.10—1

d?0/df.do, [nb/mrad?]

.10—2

0 [mrad ]




Laser holographic system

2 Compare holographic images of the same object at

= (different time

— * Fringe pattern is related to deformations of the

mechanical structure

* 532 nm fiber-coupled laser.
Resolution: ~0.25 pm (half wavelength)

* Current limitation: Si sensors are sensitive to visible
light = continuous monitoring is not possible

* Improvement: use >1500 nm laser (IR)

Reflected
"object"”
beam

i

'.

'Object#
beam

source




BMS (Beam Momentum Spectrometer) [/ON

o/P, %
o
N
|

0.4 :_ ......................... - E— S @ ......................... ...........
0.3 L S ......................... ...........

0.2 :_ ________ S S [ R ......................... ......................... ____________

0.1 :_ ........... S S— ________________________ ......................... ____________

hit resolution, mm



Muon ID - SciFi

prototype

4 mm

SPATIAL
AesoluTlhN

Polistyrene round fibres. 4 fibres coupled to 1 SiPM.

<0.5 ns timing resolution.
Pitch: 1.25mm. Expected resolution: ~360 pm

Same technology could be used as timing detector
between BMS and main tracker,



e beam, 50 GeV

Enlries 1338854
/ ndf 455.4/81
Constant 1.794e+04 1 3.305e+01
Mean 50.3510.00
Sigma 0.4353 £0.0011
Alpha 0.8497 +0.0087
N 19.18+2.73
2000+

..‘.. T R ,-:-_:",‘rr-——-u
48 dg 50 5t 52
Energy 3x3 cluster in the ECAL [GeV]

TB 2024, M2 beamline



x < 0.936

180 200
E, [GeV]

III‘III
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* 160 GeV muon beam
on atomic electrons.

Vs ~ 420 MeV
—0.153GeV? <t < 0GeV?

A(}fhad(t) g 103

100 ¢

0.01

0.55

] (1073 GeV?)
2.98 10.5 35.7

0.001

0.4 0.6 0.8



Ao, . parameterization

Inspired from the 1 loop QED contribution of lepton pairs and top quark att <0

/ 4M
]__ __t
/ 4M

5 4M (4M2 M 1) 2 }Zparameters:

K, M

Allows to calculate
the full value of aﬂHLO

Dominant behaviour in the
MUonE kinematic region:

1
A()éhad(i) ~ _EKt

0 01 02 03 04 05 06 07 08 09 1



Extraction of Aa,__ (t)

5 4M  [(4M2 M 1 2 1= 471 — <K
Aopeg(t) = KM { —= — = — + (#_L = = u) In 2 parameters:
e { 9 3¢ \3£ 3 6/ fi_a | /7_%} K M
Template fit to the 2D (6, Gp) distribution:
6 102:2‘: bins d o UK M@ 2
MUonE data - X2:Z( ata; tj;ﬁi( : ))

4400

3
f

4350

M - Mre )/o(M)

4300

1
25

30
6, [mrad]

4250

MonteCarlo Sk
Aa, (6 K, M)

4200

4150

4100

4050




Extraction of apHLO

dU(Aahad) a .
Rpoa = HLO — 20 [ d2(1 — 2) Acpealt : .
do(Aapaa = 0) T 4 Bl il Results from fast simulation
assuming the final statistics:
S | MUONE simusion  Jraztsxigo] S "L MUORE simion  [ua-1ssm0' - apHLO = (688.8 £ 2.4) 101°
& oozl 1 © 10014  O>02mrad ]
[ — E Input value:
1.0015|- 1001) - apHLO — 688.6 101°
1.0008 -
1.001— N
1.0006- -
1.00045 =
1'0005__ muon angle 1_0002: electron angle B
it sl Ly L g | | PENTIEEETIRRETR
0 : 15 2 3 35 4 45 0 5 10 15 20 25



Alternative method to compute q,"° from

MUonE data

Ignatov, RP, Venanzoni, Teubner, Phys. Lett. B 848 (2024) 138344

; _ alI:ILO M 4 aELo an a/I:ILO () aELo (IV)
Jgrom _ _ @ en d Qpaa() MUonE |
: T c= nl di® A P 999 LL S —
grom _ &L % e Thaa(s) Time-like I
r T 27 |s|=s0 S pQCD i
2 g data Pol —
HLO () _ &~ [ 4as - —
o o | UG — K] AG) s - —
2 00 i
HLO (IV) _ @ @ o pQCD R I
ay 3.2 W S (K (s) — Ki(s)]R(s) 1% GdR2 _._._
GdR3 _._._”
_r’_
Competitive results independently GdRa B
of the parameterization chosen RS o
to fit Aahad(t) 652.5 6850 687.5 690.0 6925 695.0 697.5 700.0

afito x 1010


https://www.sciencedirect.com/science/article/pii/S0370269323006780?via%3Dihub

	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19
	Diapositiva 20
	Diapositiva 21
	Diapositiva 22
	Diapositiva 23
	Diapositiva 24
	Diapositiva 25
	Diapositiva 26
	Diapositiva 27
	Diapositiva 28
	Diapositiva 29
	Diapositiva 30
	Diapositiva 31
	Diapositiva 32
	Diapositiva 33
	Diapositiva 34
	Diapositiva 35
	Diapositiva 36
	Diapositiva 37
	Diapositiva 38
	Diapositiva 39
	Diapositiva 40
	Diapositiva 41
	Diapositiva 42
	Diapositiva 43
	Diapositiva 44
	Diapositiva 45
	Diapositiva 46
	Diapositiva 47
	Diapositiva 48
	Diapositiva 49
	Diapositiva 50
	Diapositiva 51
	Diapositiva 52
	Diapositiva 53
	Diapositiva 54
	Diapositiva 55
	Diapositiva 56
	Diapositiva 57
	Diapositiva 58

