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Muon g-2

»Tension between data-driven and lattice
determinations of SM prediction of a,,
SM ED EW HAD
o af}? +a, +a,
is the largest source of
uncertainty on the theoretical
determination as it cannot be calculated
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»a, is calculated by : ¢
5 gHAD.LO

. . SNDOG . Phys. Rept. 1143 (2025) 1-158
using perturbation theory " oo
> Different methods of using e¥e™ are in T —
disagreement with each other ' M3 el
» Lattice in agreement with data but in Latie HVP Avs. 1 e
. . + — WP25 } L |
disagreement withe e~ . s
»Muon g-2 — there is still work to do ! e R |

—40 —30 —920 _10 0 10 20
10 SM
10 x (@ — a5®)



Motivation of MUonE

»The aim of MUonE is to have an

independent measurement of ay"? using :

@110 — 2 /0 dz(1 — 2YAapaq[t(z)]
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»This integral is in the space-like region with
negative momentum transfer, t(x)

»Advantage of this integral : smooth function
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U - e Elastic Scattering

Aay,q(t) can be extracted from the shape of the elastic
scattering differential cross-section

Advantage of the u —e elastic process is the simple

kinematics.
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s [ ] events are planar, and the background events are not
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»The extraction of Aay,,4(t) -> template fit on the
distribution of the two scattering angles

Extraction of Aaty,,4(t)
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»>Sensitive to Aay,,4(t) with large muon angles and small electron angles
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Experimental Setup

At M2 Beamline in CERN north area

Each station has its own low —=Z target of around 2 cm thickness and tracking
system.

One station is made up of silicon strip sensors

40 tracking stations

Modular structure to decrease effects of multiple scattering

muon filter

4
/ _—'_—________.-
pvms | M2ubeam / _ | | u chamber
160 GeV/e y

station #1 #2 #3 I #k 40
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PrECISiOn Of MUO”E Example: +10% systematic

error on the angular intrinsic

» The challenge of MUonE is on the precision of the resolution
experiment. 2z 4 —gorﬂiq%lo/mdel Normalization region
» The goal is to have a statistical uncertainty of 0.3% b | — o+ 10%
and a similar systematic uncertainty. - |__8>0.4 mrad
[ MUonE
> Cross section to be known at 10ppm in the signal "2F fast simulation
re gl on - no background
1A Ldt=5pb’
» Such precision is predicted to take 3 years of data : |
taking with 40 stations. T !
» To take place after CERN Long Shutdown 3 (2027- 0-9;* E
2029) - ]
0.8 :
Main systematics effect : - I
1. Intrinsic angular resolution, 1 um T S N ‘3'0‘d
o ° mra
2. Multiple scattering; 1% o[mred]
3. Beam energy knowledge (few MeV)- longitudinal alignment. Ry.q(6) = do (6, Aapgq)
4. Longitudinal alignment in z <10 pm ¢ do (0, Aapaa=0)

5.The ratio of NNLO/LO should be 1e™%* — 173



Proposal for Phase 1 of MUonE F’EN e

2025 Test Run

> BMS o
» 3 Tracking stations ~2om ~20m
» ECAL +\*H-\
> Muon filter station — Tacer o
> Tlmlﬂg detectors Upstream BMS ﬁigﬂi Downstream BMS
Tracker ECAL Muon Filter

r AR R = i |

. Station 0 Carbon Station 1 Carbon Station 2 .
Tlmlng Graphite Graphite Tlmlng
detector Target Target detector

m
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Beam profile

M2 beamline

Ee-Ox~1.6cm o,~2.0cm|
>~4_ 5
2—_
» MUonE location: upstream of the AMBER o-
detector i
4+
> 160 GeV muons By, PanEDmsaEs
-6 -4 -2 0 2
» Spill duration 4.8 s, ~ 25% duty cycle

» Muons asynchronous to the DAQ clock

The DAQ is designed to this feature

»>~2x108p+/spill > 40 MHz average rate in-spill

10
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2S Modules

2 silicon strip sensors of 320 um thickness that
are reading the same coordinate

The two sensors are separated by 1.8mm
Suppresses background of single sensor hits
Reject large angle tracks

Pitch : 90 um

Readout rate : 40MHz , M2 beam has a similar
intensity

Area :10x10cm?

The Phase-2 Upgrade
of the CMS Tracker
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Tracking System

MUonE preliminary
3 [ Data 2025
x10 Non-tilted module 5 '
n [ %10 Tilted module
D Mean = 0.050 pm )
2 4 Std Dev-29.4 um |€ 10- Mean = 0.053 um
o SR £ Std Dev = 14.7 um
L c L
L g
3_ -
6._
2r L
4+
T Al
P Ll

8007900 0 100 20 %00 00 0 100

XTrack = XHit [um] Xtrack = XHit [um]
Hit resolution after track error subtraction:
chit(non-tilted) ~22 um chit(tilted) ~12 um

X and Y modules :
tilted by 233 mrad _

(u, v) modules:
solve reconstruction
ambiguities

Invar support
structure

— 2% hit resolution
improvement

2 cm graphite
target 12



DAQ

» Beam is asynchronous to DAQ clock

» Serenity board (developed for CMS Phase?2
Upgrade)

1. 36 communication links with sub-detectors
30 2S modules
4 ECAL

2 timing detectors

Online selection based on tracker modules
occupancy.

Event rate is reduced from 40 MHz (no
selection) to ~500 kHz

2. Event building:

Group information from all sub-detectors in
a time-coherent packet of data.

Online decoding provides analysis-ready
data in real time

Tracker
(18x 28)

Muon Filter
(4x 28)

BMS
(8x 28)

ECAL
(4x LPGBT)

Timing Detector

(2xLPGBT) ||

1
1
1
1
1
—.>: Stage 1 10x 25 Gbls Stage 2
: KU15P FPGA Csp KU15P FPGA
1
1
1
1
'

FC7

Serenity Z1.1
#16

4x 10
Gb/s

! Ethernet
' (switched)

MUEDAQO1

MUEDAQ02

MUEDAQ03

MUEDAQO4

EOS



MUonE PID

ECAL

Muon Filter

> 5x5 PbWO4 crystals (CMS ECAL) » Tracks muons after the ECAL, where electrons have been
» Area: 2.85%x2.85 cm?2, length: 23 cm absorbed

» Total ECAL area: ~14x14 cm?2 » Improves PID by connecting tracks before and after the

» Readout: 10x10 mm2 APD ECAL

| > Fi L
» Independent measurement of electron energies (1-150 GeV) Filters beam contamination

» Compare energy against track angle to filter radiative > In 2025 test : made of 4 25 modules with no tilting

background : MuonID

» Useful for the independent measurement of Aay,,4 With
electron energy

14



The Beam Momentum Spectrometer (BMS)

40m
4"*
4' I. m.
+ / ﬁ :
Q29 Q30 B6 Q30 SC5 Q29

BMS
station 1

station O

» B6 : bending magnet
~30mrad vertical deflection of the beam
Bending Power =16 Tm

» The BMS allows us to measure the energy of individual
incoming muons before they reach the tracker.

» This is important as knowledge of the beam energy is
one of the main sources of systematic error on the

extraction of aﬁ'w

30m
=
—

Tracker
Stations
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Preliminary BMS Analysis Hone

30~ MUonE preliminary  Data 2025

2 -
There are 3 structures visible : & o5 100
. . + -
Investigating number of (A)1 particle in Station O of the 2 s0f o
particles detected in the BMS | tracker and 1 particle in the BMS = b
stations and compare to what : : : £ b
o 5) track (B) 2 particles in Station O of the 3 o
we ?’f‘-’ SEEING ININE LrACker tracker and 2 particles in the BMS » L
stations 5 10[—
— (C) there is a smaller amount of 3 g L
particle in station O of the tracker § = 20
and 3 particles in the BMS " U - PO T
0 5 10 15 20 25
Number of stubs in Tracker Station 0
o MUonE preliminary Data 2025 . MUORE prefiminay  Data 2025 Peflectlon between stations
6000 — ( soooz— IS present
- - | This is not the real deflection
5000 — Entries  3.138796e-+08 7000 = Entries  3.138796e+08
- Mean ~0.7448 s000 Mean ~12.95 the beam
4000 — Std Dev 5.248 = Std Dev e
= 5000 — . . .
3000 E To give full interpretation of
= = these results a full metrology
— 3000 — .
00E - is needed as the two slopes
— 2000 . .
1000 — = are calculated in two different
L 1000
- reference systems
00 15 0 5 0 5 _ 10 15 20 T T T e S S - T 0 Y WIP 16

Difference between x slopes of BMS0 and BMS 1 [mrad] Difference between y slopes of BMS0 and BMS 1[mrad)
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Performance of Tracker

XTrack [cm]

—. 0.5 MUonRE preliminary Data 2025
E ' . \ . .
= — Station 0 \ Station 1 Station 2
@ L | .
E B | The Residuals are
g - b 4 bt + + { aligned < 0.2 um
g 0 ¢ . } t .
8 - \
s L | +
_g | \
2 |
© — |
g _05 | | | ‘ | | | | | | |
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MUonE preliminary Data 2025
é" L " MUonE preliminary Data 2025
Q Um < i | -~ Any time
o L I I oy it it 8 ) = Y Y ~Intime )
Efficiency™~ & [ W%wﬁm W{W E aiiialiaaiiia T e e s Successful fine
0.98— = -25ns ) )
98%-99% : £ 08p «+50m5 time tuning on
< u -50ns
0.96 < o6l each module
i s F
0.94- Q 0.4
: L L
- — | RFE Electronics i
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i __| LFE Electronics 0.21
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Elastic Scattering Events in the Tracker

The events selected have :
»1 incoming track

» 2 outgoing tracks

»No extra hits in the stations
»Reject non-planar events

»Selecting z-vertex :

3500

:~ MUonE preliminary

soof.  Data2025 Target 1
z Target 0

2500

20005—

1500

1000

s00f-

0 640 660 680 700 720 740 760 780 800

Reconstructed z position of best vertex [cm’

. 0.0051 MUonE preliminary Data 2025 _
S e Loose elastic selection
©0.0045
=2 Entries: 151465 |
© 0.004 : ' o 25
% ;: E - : 8“ _.He
0.0035( | - ' - Expectation: 0
0.003 [ o kinematic relation
0.0025 — - | S . o _Qu () 15
o002l . -
F 10
0.0015 -
0.001F-
— 5
0.0005 =
00:' 0
Max angle [rad]
Not able to differentiate between u
and e- in the region where 8,< 5
mrad 18



ECAL PID IONE

MUonE preliminary Data 2025
T 0005 ¥
Loose e | astic @ N Tracker onlyu e preselection
= 0.0045 ' .
> o Everts : 15428
: o
selection g oo
1 C  0.0035
MUonE preliminary Data 2025 MUonE preliminary Data 2025 = 0.003 .
; .IIIIIIIIIIIIIIIIIIIIIIIIIIIII S T T T T [ T T T T [ T T T T [ T T T T [ T T T T T 1 T T 1T 1T
8 2% . Tracker & ECAL p e preselection [} % I I I Trackerg!ECAL“ep!'esemchn - .
=l . Electron candidates : 10818 ) + ECAL elastic cut 0.0025 — .
2 B
510 ls. - 3102_— Electron candidates : 10487} -E *
L & 1 I 0.0015 f— .
2 | 2 =g .0
S Fs 3 0.001F— X .
< ) < ' :_,"
O O =S .
e} w &
0.0005 =
-z,
-
% 0.025 0.03
Max angle [rad]
MUonE preliminary Data 2025
T 0.005 ¥
© N Tracker and ECALp e preselection
BRE | o 0045 N + ECAL elastic cut
o . o¥ey .- g of 1 oi0r Y h i — ol .
! 0.01 0015 002 0025 0.03 001 0015 002 0025 003 2 0004 K Events : 10482
Electron scattering angle [rad] Electron scattering angle [rad] «© o
C  0.0035 N
O ”
=] "
=  0.003f

ECAL energy
: » ECAL energy > 1 GeV 0.002
deposit

» Matching between 00015

-
.‘-.
-

correlation to e—track and ECAL ot
93 cluster 000022, o NSica A Mt v v

Electron angle [rad]



ECAL Muon Filter

Muon Filter PID |+ I

on Station 2

» Particle Identification is defined by matching the extrapolated tracks with hits in
the Muon Filter.

»The muon track is tagged by a successful matching, while the electron track is
requested not to match.

0.005 —MUoONE preliminary Data 2025 _ . _ 0005 —MUoNE preliminary Data 2025
T U E o 7 3 E Loose elastic selection
© : - Loose elastic selection = I : .
'20.0045 ©0.0045 Muon Filter PID
= Entries: 151465 B Py 2 : Entries: 150240 120
® 0.004 S 0.004
= = :
s =] !
0.0035[F 20 2000350~ 5 - S —20
0.003 [ 0.003
0.0025 k 15 0.0025 — 15
0.002 [ 0.002 [
r C 10
00015 10 0.0015—
0.001 :_ 0.001 :—
3 5 = 5
0.0005 0.0005 =
0y % 0025 003 0

~ Max angle [rad] Electron angle [rad]

20



»The aim of MUonE is to provide an independent measurement of aﬁAD’LO

» 2025 test run was completed with 3 tracking stations, BMS and PID.
»Analysis of 2025 test run is ongoing , with aims to:

Summary

1. Proof of principle measurement of Aalep (t)

2. Preliminary measurement of Aahad (t) (¥20% statistical error + similar
systematic).

3. Study systematic effects.

» 2025 data will be the basis for the full-scale experiment proposal ( 40
tracking stations + ancillary detectors ) to be prepared during the CERN
Long Shutdown 3.
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Physics-inspired from the calculable contribution of lepton-pairs and top quarks at t<0

4M
5 4M  [4M®: M 1 v) 1—y/1==7

2 = Ao () =kl —= - — [ -4 =2 ) ———]
Q2=t<0 had (1) 5 3r+(352 +3 6) ’—_4_M0g1+ an
t f

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

18 - 20

. . . 16 |
Low-|t| behavior dominant in the _or
MUonE kinematical range: S 412
212 - 8
1 k 4
D01 4
Adpoq(t) = ———t
ad
15M ~' 8- 0 ! . 1 I |
- 0.9 0.92 0.94 0.96 0.98 1
Sk
for t 2 —0 ol
-3 Aajit —
4| Mo
o) (L o -
had - IV - " epo
3\ %M "3 N Y
fOf‘ t 9 —00 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

G.Abbiendi
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