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Discrepancy between experiments & theories

¢ = S - New experimental average with SM
Significance will likely decrease Fermilab 1+2+3 p red ICtI on (W P_2 02 O ) g IVES > 50—
with an updated SM prediction (2023)
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SM: e+e- HVP World Average
T.I. White Paper (2023)
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¢ = =% * New experimental average with SM
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Discrepancy between experiments & theories

¢ - S * New experimental average with SM
Significance will likely decrease Ferm2+3 predICtlon (WP-ZOZO) glves > 50—
with an updated SM prediction (2023) - .
< 515 > * Since then, two important
SM: evo- HVP World Aversge developments on SM prediction:
T.I. White P 2023 .
2020) (2029) . Lattice QCD from the BMW (2020)
! . I « Newete™ - mtm~ cross section from
wih Whie Pape (2620 SM: Lattice HVP CMD-3 (2023)
BMW Collab.
(2020)
® » Disclaimer:
SM: e+e- HVP The CMD-3 point is a visual exercise. It is not a fully updated SM prediction!
using only CMD-3
data below 1 GeV « Tl White Paper result has been substituted by CMD-3 only for 0.33 = 1.0 GeV.

* The NLO HVP has not been updated.
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Standard Model (SM) predictions

* The uncertainty in the SM prediction of a, is entirely limited by our
knowledge of the hadronic leading order contribution af¢ (a;,""*?)
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Hadronic Leading Order
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* HVP: hadronic vacuum polarization -
e HLbL: hardronic light-by-light

Hadrons



Muon g — 2 Puzzle
Standard Model (SM) predictions

* The uncertainty in the SM prediction of a, is entirely limited by our

knowledge of the hadronic leading order contrlbutlon a,"’ (a,

* Approaches

(at low-E):

1) Lattice QCD Method: Ab-initio calculation on lattice
2) Dispersive Method: using o(e*e~— hadrons) data

W‘M ffr(s q?)
“‘w—
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Standard Model (SM) predictions

* The uncertainty in the SM prediction of a, is entirely limited by our
knowledge of the hadronic leading order contribution af¢ (a;,""*?)

* Approaches (at low-E):
1) Lattice QCD Method: Ab-initio calculation on lattice
2) Dispersive Method: using o(e*e~— hadrons) data

4 a(s)
(3s)

aEVP — (ﬂ)z f,::z g Rnaa () K(s)

- 2 . Rnad(s) = o(e"e” — hadrons) /

70
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Chaotics in ete™ - wtm~ for aﬂVP

» e*e” - mw*m~ channel is the major source of uncertainty in a;""
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Chaotics in ete™ - wtm~ for aEVP

el before CMD2 « Discrepancy between KLOE and
I . . cmDp2 BABAR result needs further
- ~ sND investigation
| ;:zisqmb  Arecently published CMD-3 result was
o | . BEs | different from all the previous data!
| . CLEO
——— ~ SND2k

——a—— CMD3

Aod l T l T l Akl l b l Al il l | . - . l | . - .-

360 365 370 375 380 385 390
a™™ (0.6 <(s <0.88 GeV ), 10™"°
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A quick summary on the muon g-2
theory puzzle:

* a,, " represents a major uncertainty

e ete data-driven < Lattice conflict

* Conflicts in the data-driven method:
« BABAR < KLOE

« Latest CMD3 < all the previous data

20/04/2024 Ce Zhang | MIP 2024 11



MUonE Experiment

A new approach measuring a;;'" with running of Aay,g

pone

IS via the time-like formula:

HVP,LO

» The dispersive approach to compute a,,

am,\2 roo Rpaq (S)K(s) (! x2(1 — x)
=(_ﬂ) fmz ds hd:; S’ K(S)_fodxx2+(1—x)(s/mﬁ)

0

« Alternatively, exchanging the x and s integrations - space-like formula:

alVP = £ (1 gy (1 — ) Aapaa[t(x)],  t(x) = xTm <0
t=q2<0 H 70 had ’ x—1

Hadrons

* Aay,q IS the hadronic contribution to the
running a (electromagnetic coupling constant)



MUonE Experiment

Running of Aay,,4: ‘Time-like’ vs ‘Space-like’

Aahad q / ds
(8" — ¢*)
0
« Time-like: characterized by the « Space-like: very smooth behaviour
opening of resonances b
E s>0 6L

S 13 —— Hadronic + leptonic S ——— Hadronic + leptonic
< = leptonic <1 5 leptonic

E = /s [GeV]
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Aay .4 Via Muon-electron scattering

* Aapaqlt(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute”

~ 1+ ZAOéhad(t>

 doyic(Aapag = 0)

To be determined
in this experiment

14
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MUonE Experiment

Aay .4 Via Muon-electron scattering

* Aapaqlt(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute”

Shape of this is measured

f

dadata(Aahad>
dUMc(AOzhad = 0)
The NNLO differential cross

section from theoretical
calculation

i = ~ 14 ZAOéhad<t>

To be determined
in this experiment
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MUonE Experiment

Aay .4 Via Muon-electron scattering

* Aapaqlt(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute”

Coverage of a, ¢

e 8 [ x~0.936
T X ~092 ——> s 09X
H R peak % - E=160 GeV e
g e 9 _ 0.85/-covers ~ 88%
%5 A
= 5 0.8
aF 2
o - T 075
Shape of this is measured 3 IR
T 2_ 0.7F
C o, N
dadata(Aahad> - 88% C
Ryaq = ~ 1+ ZAahad(t> - 0.65]
dO'MC(AOZhadZO) ] Qe Tl L i IR RN VU EPTIN EPRIS IR
To be determined ~ © 0.102 0.3 04 05 06 07 08 0.9 1 60 80 100 120 140 160 180 200

The NNLO differential cross
section from theoretical
calculation 17

. . . E, [GeV]
in this experiment



MUonE Experiment

Setup overview

M2 u beam - 7// -
160 GeV/e //
station#1  #2  #3 /
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MUonE Experiment

Setup overview

M2 u beam

160 GeV/e

station #1

/\

#2

#3

~100cm

Target k+1

Targ‘|‘et k
------------ h.‘e% %l—tl module (2 sensors) # -AHL e
| + T

layer 3

layer 1

layer 2

layer 3 layer 1

20/04/2024

Ce Zhang | MIP 2024

19



MUonE Experiment

Setup overview

) e muon filter
M2 u beam > 7// B — 1 | [ p chamber
160 GeV/c // i
station #1  #2  #3 I #k #N
Target k+1 * Be (or C) target divided

~ 100 cm

1 module (2 sensors) :

Rk 1

layer 3 layer 1 layer 2 layer 3 layer 1

into 40 slices with a few
cm thickness

e Tracking system:
3 pairs of silicon strip
detectors

 ECAL: energy and PID

20/04/2024 Ce Zhang | MIP 2024
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MUonE Experiment pone

Setup overview

e muon filter

M2 ubeam ==
160 GeVy/e // 7
/1 #k

station #1 #2 #3

Muon beam momentum = 150 GeV

« Angle correlation between muon and
electron allows to select elastic events and
reject background (LN — u N ete’).

Muon scattering angle (mrad)
S

 Boosted kinematics:

 Single detector to cover full acceptance

FrTT T[T ITTT T TTT]TTTTT]TTTTTI
[ =TT | | l

* 8, <5 mrad, 6, <32 mrad.

Electron scattering angle (mrad)

20/04/2024 Ce Zhang | MIP 2024 21



MUonE Experiment
Setup: the tracking station

(u, v) layer « Two (X, y) layers and (u, v) layer
* (X, y) layers tilted for better resolution

* (u, v) layer rotated to solve
reconstruction ambiguities.

* Relative position between
stations must be stable at 10 ym
-> a super precise experiment!

« Low-CTE material (INVAR, carbon)

» Well-controlled temperature

Tilted
(x,y) layers \—
= :

« Laser system to monitor stability

20/04/2024 Ce Zhang | MIP 2024 22



MUonE Experiment
Setup: the tracker (CMS 2S Module)

« Silicon strip sensors currently in production for the
CMS-Phase 2 upgrade (HL-LHC).

« Each module is divided in two independent halves.

A single half:

* 1016 strips

e 5cmlong

* Divided in 8 sectors

* Each sector has
independent read-out

20/04/2024 Ce Zhang | MIP 2024 23



MUonE Experiment

Setup: calorimeter

« A forward ECAL covering part of the total scattering acceptance

« Useful for PID & systematic study (an independent kinematic measurement)
« Support from FNAN muon g-2 ECAL

Transverse dim: ~ 1x1 m?

\

5x5 PbWO4 crystals:

* Area: 2.85x2.85 cm?

e Length: 22 cm (~25 XO0).
* Total area: ~14x14 cm?.
* Readout: APD sensors.
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Test runs
Joint test with CMS tracker group from 2021 to 2023

Oct — Nov 2021

* First test of the 2S module with tracker DAQ system
e Also confirmed thermal stability of the mechanical structure

pone

20/04/2024 Ce Zhang | MIP 2024 28



Test runs
Joint test with CMS tracker group from 2021 to 2023

pone

Oct — Nov 2021

* First test of the 2S module with tracker DAQ system
e Also confirmed thermal stability of the mechanical structure

July and Oct 2022
e 1 full station (6 modules) + ECAL in the proposed MUonE location

* Beam intensity and profile measured in the real beam conditions

20/04/2024 Ce Zhang | MIP 2024 29



Test runs IJENE

Joint test with CMS tracker group from 2021 to 2023

Oct — Nov 2021

* First test of the 2S module with tracker DAQ system
e Also confirmed thermal stability of the mechanical structure

July and Oct 2022
e 1 full station (6 modules) + ECAL in the proposed MUonE location

* Beam intensity and profile measured in the real beam conditions

Aug — Sep 2023

* First physics data taking to for the Aaje, measurement

20/04/2024 Ce Zhang | MIP 2024 30



Test run 2023

2 stations (pre-tracker + target + tracker) + ECAL

« Expected luminosity: ~ 1pb-
« ~10'2 n accumulated on target with ~2.5x 108 elastic events with E, > 1 GeV

- Goal: demonstration measurement of AaEPwith a few % precision

ECAL
Station 1 Station 0
e <~ ” I l
| | I H
10 cm
100 cm Target
< >

20/04/2024 Ce Zhang | MIP 2024



Test run 2023

2 stations (pre-tracker + target + tracker) + ECAL

rrﬂ[ Siéinlgl j

l“ A :
\'c
. ’ " e /, b ¢
; tion2 . 2983
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Test run 2023

Data sets under various configs

* 160 GeV muons with max asynchronous rate of 50 MHz (2E8/spill)

Beam intensity Particle type Target thickness ECAL Estimated muons

Muon ~1e9
High Muon 2cm N >300e9
High Muon 3cm N under production
High Muon 2cm Y under production
Low Electron 2 cm N N/A

20/04/2024 Ce Zhang | MIP 2024 33



Test run 2023

Muon beam profile & intensity

» Silicon strip helps us ‘see’ the beam profile at the target position

h2 CICO_module_0_stat 1 Rate [M HZ] h2_CICO_module_0_stat_1 Rate [MHZ]
1000 $+ 1000
o T . . o B . . —
= -High intensity r —1os = Low intensity run 0.008
& 300_— o A 800|—
i B o4 —1{0.004
600— eoo_—
- 0.3 B
400—— 02 400_—
b 01 200—
PN A TP B B P BRI BPEPEP B o 0_.|...|...|.. | 0
254 256 258 260 262 264 266 268 270 200 202 204 206 208 210 212
Time [sec] Time [sec]
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Test run 2023

Muon beam profile & intensity

pone

» Silicon strip helps us ‘see’ the beam profile at the target position

h2_CIC0O_module_0_stat_1 h2_CIC0O_module_0_stat_1
N — Entries 6. 514513le+07 N - Entries 1.121ézée+07
L — . . . % Mean . 532.7 L 0.0045— . . ! ' Mean 546.8
= [ Highintensityrun / % o4 Dov ite - Low intensity run o St beu oo
0.25 — , 0.004 — M
C / 5 B b,
- i 5 0.0035— , - '
0.2— s E ' R . ,
- / 0.003 |— .
u / i - I’VJ!
P f;’ S 0.0025 ;— f , \
- :_; & 0.002 — A \
0.1 __ ' ‘\% E ' n:'h
Ar _// \ 0.0015—
- : \ = S
B g \ 0.001 —
0.05 — 7/ X, -
- " K 0.0005 — v
0 - i | —"_"r/l’ 1 1 I 1 1 1 I 1 1 1 \l\l\—‘ I 0 - 1 1 1 I 1 1 1 I 1 1 1 I 1 L L I 1 1 L I
0 200 400 600 800 1000 0 200 400 600 800 1000
Strip # Strip #
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Test run 2023

Muon beam profile & intensity

» Silicon strip helps us ‘see’ the beam profile at the target position

Beam profile from high intensity run

. R InTre Tgt XY
§ F Meanx 03280 | o, = 1.34 cm
— 6= Meany 0.5102 o . 0 68
> E StdDevy  06as g, = V.06 cm
- 1800
‘E hoe Confirmed the beam profile fits our
— 1200 . .
‘E -~ detector dimensions
2:_ 00
Y 60O
E 400
6:_ 200
g e e e e
X [cm]
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Test run 2023 IJENE

Module alignment, resolution and efficiency

* |t is extremely challenging for MUonE to achieve precise alignment of less than
1 um transversely and ~10 um longitudinally for the modules and stations.

* Hardware level: metrology measurements using laser survey

« Software level: implemented with FairMUonE

° aaad Residual before alignment

a I aser - 50000 Residual after alignment
| holographic w0000
system |

developed at |
INFN 20000;

10000 |

30000 |

%00 —400 -200 o0 200 400

600

1 L
Xtrack = thUJm]
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Test run 2023

Module alignment, resolution and efficiency

IoNe

* Module consistency check performed jointly with CMS tracker team

Ratio of events
with at least a stub
in a given module
when all other
modules have
measured a single
stub, as a function
of comparator
threshold

Plots approved by
CMS

20/04/2024

Ratio of matched events

CMS Tracker Preliminary

Joint CMS-MUonE Beam-Test

_— 0—**\3’:?"'7"? —
— \ '\\! «
0.8— N
L q‘; \
= !
— ‘ \\._.‘\
0.6— '\\
L “‘-, \
| Upstream Station \
0.4— | —*— Module 1 (x-aligned) \
| —=— Module 2 (y-aligned) LA -
B *— Module 3 (u-aligned) i
0.2l Module 4 (v-aligned) N\
- Module 5 (x-aligned) ‘:\\\
r Module 6 (y-aligned) N \ "
0_ | 1 1 | | 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | | | | | “77 7]""?‘!\:57—‘;};‘;’ 1 1 1
0 5000 10000 15000 20000 25000 30000 35000
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Ratio of matched events

CMS Tracker Preliminary

Joint CMS-MUonE Beam-Test

N -‘7:—:‘:;*—\" .
0.8/—
0.6/ \
_ W
: Downstream Station
04— —— Module 1 (x-aligned)
~ *— Module 2 (y-aligned) b
| —*— Module 3 (u-aligned)
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0 5000 10000 15000 20000 25000 30000 35000
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Analysis for test run 2023 pone

Software framework

« NNLO Monte Carlo generator: MESMER BHEP mvsmo s e
« ‘MUE’ fast simulation (Geant4-based) P
* (B, 6,) up to the NLO generator o
 Limited detector effects (multiple scattering) included First NNLO prediction!
» ‘FairMUonE’ dedicatedlty developed for this project DL MUOE s flaa
* Full detector effects and track reconstruction T
- Event selection & weighted (6., 0,) for template fits = ]
- ‘Combine’ tool for analyzing systematic effects
O‘I‘Ig‘H|1‘0|"l1J5I‘I‘ZJ()I‘l‘le‘;Jl(n‘ltri:g)(j‘) 39
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https://github.com/cm-cc/mesmer/
fast%20simulation%20to%20include%20detector%20effects
https://gitlab.cern.ch/mgoncerz/fairmuone
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/

Analysis for test run 2023 pone

Event reconstruction & selections

o SOme baS|C Crlterla Skimming + 2 outgoing tracks + (min, max) angular cuts
« Track candidate quality (y?) g 12000 -
- Vertex position in the target POOF Lt i lane of -
. 8000} first station First Si plane of {
» Acoplanarity - second station |
6000!— (929.22 cm) 7
« Kinematic considerations 4000~ -
. E,u(beam)! HH' 0, : 20002— —;
* 6, :tune background of e*e" pairs R | | .

850 895 900 905 910 915 920 925 930 935 940
* 0, :tune acceptance z [em]
* E,eam) IS in principle described by two angles

« PID: muons can be distinguished from electrons using solely the angular information

20/04/2024 Ce Zhang | MIP 2024 40



Analysis for test run 2023 pone

Event reconstruction & selections

« Some basic criteria

. . — 10—
- Track candidate quality (x?) T
o : F Ideal angular
» Vertex position in the target s o resolution
=
 Acoplanari 3
oplanarity z:_ Blue: correct PID
. . . . E i .
- Kinematic considerations i \ Green: wrong PID
sf
e E 6, 0.: 3 :
u(beam), Yu» Ve 2
* 6, :tune background of e*e" pairs 8 \
« 6, : tune acceptance S A S N

e 1 1 H : Oright [mrad]
* Ej,(beam) iS in principle described by two angles ght

« PID: muons can be distinguished from electrons using solely the angular information

20/04/2024 Ce Zhang | MIP 2024 41



Test run 2023

First elastic scattering results

Angle distribution before selection

« 3tracks (1 incoming & 2 out)
« Acoplanarity cut (<=1)

100 « Vertex reconstructed +/- 1 cm of the target
mean position

* Angles: 6,> 0.2 mrad; 6, <32 mrad

0.0025 120

0.002
0.0015

0.001
0.0005

% 001 002 0.03 004 0.05 0.06 0.07 0.08 0.09 0.1 °

§ 0-005; .:{-."'-'! J'::i:;':‘:'lf-?'..l'%f:_.l"“-{ l:.] :":,I':'l'.j -4 ‘l % 5 | I ]'].I_ T l .V T Ir;. [alr;glllel LB l: SeIeCtiOnS:
50'0045:— - | Entries  2162111] 250! o
£ 0.004- o L * Angles from the best vertex fit in
= : eany .000181 .
50.0035/- . . |sdpevx 00188 200( FairMUonE
s - - R Std Dev.y 0.0002937
0.003 ;v

500

AN PKENE SRNNARRURT SNARE NN AUNTE ARNNEDE
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Test run 2023

First elastic scattering results

Angle distribution before selection Angle distribution after selection
— 0_005_ '.-'-‘-.-! T:im'-.l‘l o Tk T [ 13 1_]'! ] T.T 1 l 4 R | I T T T ] [ T 18- ] | G5 l_ o 0-005 _I | B B | | 5.3 §.0 l TT T 1 l T T 171 l T T 171 l TT 171 ] TT 11 l TT1rrr [ T T 171 ] | 5N B | I_ ]
g © & o el h_angle |- B sk 3%
500045:_ =17 7o [Enties 21621114 (250! & E —— =
_8 0.004F o eenx el = § 0.004} Mean x 0.02587 | | —125
- . | Meany 0.0001817 - - = Meany 00003217 | -
30.0035: = .- .|StdDevx  0.0188 200! 0.0035— StdDevx  0.01302 | —
0.003- LR 0.003} e
0.0025 = 0.0025" .
0.002 = 0.002" E
= 100( A i 10
0.0015 _ — 0.0015 =
0.0005| : 1] 0.0005 =
0 T T = 0 0 T s tes 'y R [Ty Y i : 5% fa) = ﬁ':ﬁélnl P I I T 1: O
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 01 0.02 003 004 005 006 0.07 0.08 0.09 0.1
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Test run 2023

First elastic scattering results

Angle distribution before selection Angle distribution after selection
6‘ 0_005_ '.-'-‘-.'! T:im"-‘“l o Tk T [ 13 1_]'! ] T.T 1 14 R | I T T T ] [ T 18- ] TT 1 I_ %‘ 0-005 :I | B B | | 5.3 §.0 ] TT T 1 l T T 171 l T T 171 l TT 171 l TT 11 l TT1rrr [ T T 171 ] | 5N B | I: _30
© - 3 o L h _angle - © 4 = ——— ]
EO 00455_ st oo v [Emries 216211150 5 2501 E0.00 55 Entries 7|
_8 0.004F o eenx el = § 0.004} Mean x 0.02587 | | —125
- . | Meany 0.0001817 - - = Meany 00003217 | -
30.0035: = .- .|StdDevx  0.0188 200! 0.0035— StdDevx  0.01302 | —
s - ~-. |Sud Dev‘y 0.0002937 = > E StdDevy 00002148 | - —120
0.003F A= 0.003- —|
0.0025 = 0.0025" .
0.002 = 0.002" E
= 100( A i 10
0.0015 _ — 0.0015 =
0.0005| : 1] 0.0005 =
0 T T = 0 0 T s tes 'y R [Ty Y i : 5% fa) = ﬁ':ﬁélnl P I I T 1: O
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 01 0.02 003 004 005 006 0.07 0.08 0.09 0.1
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Timeline I,I§Ne
)

- Experimental proposal to be submitted this year! (June 2024
* The first physics run in 2025 before LHC Long Shutdown (2026 - 2028)

- 3 stations; 2- 4 months data-taking; about 20% precision of a!/'°

u

 Full run with 40 stations after LS3 with final goal ~0.3% precision

2023 [ 2024 2025 2026 2027 2028 2029
J|FMAM |3 |AlSOINID|[FMAM3 3 AlSIo[N D] [FIMAM ) |1 ]ASIOINID| ) FMAIM 113 TASION D! I [FIMAM]) ) [AISIOINID[3 FiMIAM ) 3 |alSloiNiD] ) [FIMAM |3 |AS|OIN[D]
’ len 3 , Long Shutdown 3 (LS3)-
Test Run  Test Run  Physics 40 stations
2023 2024 run
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E &4 UNIVERSITY OF

Summary & LIVERPOOL

* Muon g — 2 puzzles:

 Conflict between Muon g-2 SM predictions and experimental measurement

° aEVP’LO represents a major uncertainty in the e*e- data-driven method for SM prediction

HVP,LO
u

* An independent determination of Aay,,4 for the first time

 MUonE: a new approach for a via u — e scattering

A high-precision experiment; lots of hardware & software developments
» We are now analyzing 2023 data demonstrative for Aae,

* Promising test lead us to the first physics run in 2025 and full run for 2028+
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50+ people from over 9 countries https://web.infn.it/MUonE/

INFN +Univ. (Bologna, CERN .
Imperial College (London),
l] Milano-Bicocca, Padova, Bp-Th N % Livre)rpooIU gE)(tp-Th )

Pavia, Perugia, Pisa, Trieste)

S m N Durham U.
Cornell U.,
Northwestern U.,
Krakow IFJ Pan Regis U.,
Bxp N Virginia U.
Bp

Budker Inst.

i e MUONE m ] Do
Bp =
Collaboratuon

Shanghai - Yol
Max-Planck Inst.
Jiao Tong U. H PSI (Villigen), BEp-Th

U.Zlrich, ETH Zurich

+ other involved theorists from: New York City Tech (USA), Vienna U. (A)


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

Backup

20/04/2024

Ce Zhang | MIP 2024
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’izg’ UNIVERSITY OF
Muon g — 2 & LIVERPOOL
* The anomalous magnetic moment of the muon:

. . . . e 2
« Magnetic moments precess in a magnetic field u = g%S Y

* g - factor quantifies interaction strength

* Interactions with virtual particles cause g to deviate ’ ’
from 2 (g > 2). Muon magnetic anomaly is defined
as:

20/04/2024 Ce Zhang | MIP 2024



Station O

Real Data Alignment - Resolution

Station 1

At

LinkID 0 - DUT-ID = 0. Track C.L.(x%) = 0.99

Mean  -0.03965
3 SiDev 2389

8020
7000 —
6000 —
5000 -
4020 —
3000 —
2000 —
1000 -
%)0 50 100 0 S‘l) 00 30 200
e 180
LinklD 4 - DUT-ID = 4. Track C.L.(x%) = 0.99
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10000 —
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1 (e | L
L T R ] T R
ER
LinklD 8 - DUT-ID = 8. Track C.L (%) = 0.99
oot Mean 007347
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q(‘)O 50 |‘C-0' 50 K“ 00 30 20
(=
LinklD 5 - DUT-ID = 5. Track C.L.(x%) = 0.99
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2000 -
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7000 &~
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5090
4000 -
000
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000
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Yy Yy 0
LinkiD 9 - DUT-ID = 9. Track C.L.{z2) = 0.99
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6000
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|
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LinkID 2 - DUT-ID = 2. Track C.L (%) = 0.99
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o i
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sooon |-
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LinkiD 10 - DUT-ID = 10. Track C.L.(x°) = 0.99
i = Mean  0.03751
sl T StdDev  25.38
6000 b~
woof-
000 -
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Everes

LinkiD 3 - DUT-ID = 3. Track C.L.(x*) = 0.99

%00 Mean -0.1027
3 SidDev 2294
Teoo -
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S0V
me—
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-
E 1 1 1 1 1 1
ol 150 100 " ° o "0 150 20
Ty h Y
LinkiD 7 - DUT-ID = 7. Track C.L.{x?) = 0.99
F Mean 0.114
12000
E Std Dev  16.12
10500 -
8000
8000 b
oy
XW-.—
e R o e T o T e
Taen Ny oy
LinklD 11 - DUT-ID = 11. Track C.L (%) = 0.99
b Mean -0.05167
,,m_ SidDev 2884
5000~
AG)OE"
200~
2000~
sl
h:

The tracker is aligned with
passing beam muons leaving

one hit in all the 12 detector
modules

three coordinates aligned per
each module:

Strip local position (local X)
Rotation angle around the Z axis
Orthogonal coordinate (local Y)

Unbiased residuals on the

tracker modules after the
alignment: RMS consistent with

expected resolution
On-going development to

include the metrology
measurements as starting point

18



Results from test run 2023 §Ne

Preliminary result on scattering events! o© 0.003¢ 9“:—‘5123;5 y
* Runs with a 3-cm target installed fff o.oozs:_;;. ............ PREL'M'N ARY 84 1,
* N single muons 2.9x108 in used sample & g o02F) ?F.'.?Nﬁ.?l?.,?.“?_.?? .......................... e 1 dyo
(assuming no hit loss and overlap) z ST | %
=) - 4 —8
] ] . 005
. One track in the 15t station + 2 tracked in & °0915F
nd i - —16
the 2 Statlon 0-001-_ ................................................................................................................................................................
+ Chi2/ndf track cut<5 : 4
« Zvix selection applied after selecting two B ko ﬂ m”!%&%”#f 1,;
[l [l [l g | ™ X g '. A .' " . :.".' '.: ) ] "‘u' :'."' A l H
outgoing tracks within the target position 030,01 002 003" 0 04 005 006 o070

angle(trk1,trkin), rad
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Elastic Scattering Analysis
‘FairMUonE’ Package

* The package developed dedicated to MUonE { Coanta ] {producﬁon] [ detector ] user

) ) ) . config job config Input
* Both simulation and track reconstruction in the P

same package

ROOT FairMUonE
+ Digitization of tracker & calo are implemented R
X projestion Y projection simulation

6 6

a- - | event filter ‘ | ntuple \

+ F /

oF o S T e S digiti-

o , zation

=F —— 2L recon-

*‘:ZZ?L'E.L"'“‘”““ S E— struction

B T T e S A
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Elastic Scattering Analysis l,l§[\|e

Template Fit

* Extracting Aaqy,4(t) through a template fit to the (6., 6,) distribution

izati 5 AM [(4M* M 1 5 1- /14
* Ady,q parameterization (K, M): Aau(t) = KM § -5 - 25+ <§t_2 i 6) Ji- . Sl
g t

» ‘Lepton-like’ parameterization
» K:related to ay and the electric charge of the lepton in the loop (had: quarks colour charge)
* M: related to the squared mass of the particle in the loop (m}, m3, m?)

* In the hadronic parameterization, K & M don’t have real physical meaning
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Elastic Scattering Analysis

Template Fit

(M- Mre')/G(M)

Aq,,.4 parameterization (K, M)

0.9 0.92 094 0.96 0.98 1

5 4M 4MQ+]\J 1 2 l
—— =t — — = n
32 3t 6

20/04/2024

01 02 03 04 05 06 07 08 09 1

Ce Zhang | MIP 2024

Extracting Aaqy,4(t) through a template fit to the (6., 6,) distribution

1—4/1—4M

t

4M 4M
J1- 4 /1M

Preliminary template fit:

|

« Luminosity: 1.5x10% pb™!

« 4x10'2 elastic events with E, > 1
GeV (0, < 32 mrad)

* Input a,"0: 688.6 x 10°1°
- Fitted a,M-©: (688.8 + 2.4) x 1010

* 0.35% statistical error

54



Test of template fit for A,

* Input about 1e4 MC events into the template fit
« 3cm_HitSharing1_NoAlignment_Alpha2

» Passing ‘default_gold_angles_aco_zvtx’ to fast simulation, do reweighting and generates
40 templates

» Usual trick: use the same MC set for the pseudodata and the templates. Smear the
pseudodata according to the expected statistics to make it independent of the templates

DET Electron and Muon angles

Template fit parameters:

- Kref =0.0023223 +/- 8e-05

- Mref=0.000511 +/-0

- Sigma limit=5

- Sigmastep=4

- Weights normalization: 1345.26 ub




Test of template fit for Aq,,

336

334

332

330

328

326

324

322

320

FitPar template fit

III|I\I|HI|\II‘II\‘II\|III|III|III

0.0019 0.002 0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 0.0028
FitPar

16/05/2024

50

40

30

20

10

FitParBest distribution (x2 minimzation of 1000 toys)

hBestValues

1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ‘ 1

Entries 1000
Mean 0.002321
Std Dev  0.0001045

0.0021 0.0022 0.0023 0.0024 0.0025

0.0026
FitPar

Fited best K =0.00232086 +/- 0.000104678

(~¥4.4%, but it doesn’t mean much!)
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Test run 2023

Muon (M2) beam-line at CERN Prévessin site

« CERN North Area M2: upstream of the COMPASS detector
« Maximum 50 MHz (2-3x108 p*/spill) for 102 400 GeV/c incident protons

. - TR Mean 158.7 ’é‘ S0
O Std Dev 7.216
L Constant 1.198e+04 é o, ~ 13 Mm
10000 . X
- Mean 159.3 > 200
C Sigma 5.961 ] O. ~ 22 mm
8000[— 100k Y
s~ p~ 160 GeV/c E °
wo g /p ~3.75%
2000:— \‘ .3
0— 1 ] I { R o I 1 1 | [ 1 1 | [ 1 1 | I 1 1 | I 1 | . | I L1 | T I ? - :l N N N l A s a l P 2 l S g l Y 1 , l , , L
0 20 40 80 80 100 120 140 160 180P émV/z': 309 o . 8 ™ — A
(GeVic X (mm)
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Test run 2023 F@\'e

« 21 Aug — 17 Sep

« 2 stations (pre-tracker + target + tracker) + ECAL

« Expected luminosity: ~ 1pb-

« ~10'2 u accumulated on target with ~2.5x 108 elastic events E, > 1 GeV

» Goals: ol

- Engineering stability & detectors performance S

Aa, (t) ~ 102

107%F

—i=had
—i=lep

« Background study

° . . 10—4E
Reconstruction & prompt analysis : Ad,_ (1)< 10°

« Demonstration measurement of Aa'EPwith a few % precision! 44

Ci1 11 1111 | 1 1111 | | 1111 ‘ 1
0 5 10 15 20 25 30
6, [mrad]
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Test run 2023
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Test runs
2021, 2022 and 2023

* Intense Beam Test activities with detector in real beam conditions

Beam Spot

—{35(

~130(

—25(

Y Module Strip#

10 cm <

% 200 400 600 800 1000 1200 1400 1600 1800 2000
X Module Strip#

2S module firstly tested on Nov 2021 1 full station (6 modules) + ECAL in the proposed MUonE location, Oct 2022
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Systematic Effects pone

General Considerations

» The main challenge of the MUonE is the control of systematic effects at the
same level of the stat precision

- ~0.3% statistical accuracy on a;; ' -° X

T T T
F. Jegerlehner’s hadrbni12

16 - Fit to pseudo-data (Padé) ——
pQCD + time-like data —a—

« Competitive with dispersive data-driven method 14}

pseudo-data —e—i

« 3 years data-taking with full stations > 4E12 events =

« Estimated 10 ppm systematic uncertainty

a,H.0: (688.8 + 2.4) x 10710

.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Systematic Effects e D)

- - iad = oAt = 0
General Considerations onc(Aapag = 0)

~ 1+ ZAOéhad(t>

* Theory input: MC generator of radiative contributions at NNLO level

* Experimental requirements:
« Uniform detection efficiency (modules, across all angular range)
* Precise alignment (10 um longitudinally)

 Main sources:

« Multiple-scattering (accuracy of 1%)
* Angular resolution (a few %)
 Beam energy
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Systematic Effects
Strategy

« Main systematics have large effects in the normalization region.

 Large statistics but not sensitivity to Aa;,4

102

= g - Aoy4(0) 220
= S 0.00141— | 4o/do, =
— g - —18
=10 0.0012}— e
. ) 7 0.001]\ —|14
Normalization region =1 - i
= 0.0008— T -
‘ B —10
10° N .. =
0.0006— statistics —18
107 0.0004|— EN
- . —4
0.0002|— sensitivity -
. . 107 - « =2
0 1 L 1 L L L L L L 1 L L _ 1 1 1 l 1 1 1 1 l llllllllllllllll ‘_
0 5 10 15 20 25 30 % 5 10 15 20 25 30 35 20
0, [mrad] 0, [mrad]
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Systematic Effects
1) Multiple Scattering

« Effect of @ £1% error on the multiple scattering core width

» Previously studied in a Beam Test in 2017 with 12-20 GeV electrons on the 8-20 mm Carbon
targets: G. Abbiendi et al JINST (2020) 15 P01017

B F . —— Nominal model] 3"
T 004~ MUONE simuiation | —— Oy + 1% © m! MUonE simuiation
. } 1 — Opye - 1% 1.0041+| ! jL dt=5pb”
- Ldt=5pb" L3 H| o ==
1.003 |- .[ a3 I 6, > 0.2 mrad iy
" ' 1.002H| 1 | [
1.002 I A . {
1 u [ el ' |
E 1 =
[ a |
L3 0.008L| ! —— Nominal model
[ [ i : —Oys - 1%
0.999 - I Hl — Oys + 1%
- [ o e . 0.996 0, < 32 mrad
0.998[— ' Normalization region !
: IlllllllllllllllllllllllIlllla 0994|IIlIIIIIIIIIIIIlIlIIlIlIlIlIlllllIll|l|l|l||||||
0 5 10 15 20 25 30 Y] 0.5 . 1 . 15 2 . 25 3 3.5 4 g.s[mrad]
9, [mrad] Normalization region .
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https://iopscience.iop.org/article/10.1088/1748-0221/15/01/P01017

Systematic Effects

(2) Angular Intrinsic Resolution

« 2S modules resolution (from
beam test): 8-11um

* An effect of a +10% error on
the angular intrinsic resolution

20/04/2024

| MUonE simulatior\l —— Exact model s -t MUonE simulation —— Exact model
E101- ~ O 10% 2104 | ~ Ojy - 10%
- det =5pb’ 1 |— O +10% o 1 _[Ldt =5pb’ — Oy + 10%
= I 9,>0.2 mrad s <
- 1 H 1.03H| 1 Ge <32 mrad
- I oo
1.005 | 1.02F 1
] . |
! 1.01~»"_L'r|\
1 a 1
1 1 1f
: Jf.er
099 L |
= 1
0.995- ooslt| 1
> uif
- ! .. 1 097 1
- 1Normalization ion H| 1
0.99— 1 0 96§_)'
_\\I\lJI\IlJ\IJ!\l\l]J\\\l\ll\‘| o b b b bees b b b b
0 5 10 15 20 25 30 0 05 1 15 2 25 3 35 4 45 5
6, [mrad] 6, [mrad]

Normalization region
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Systematic Effects

(2) Angular Intrinsic Resolution

« 25 module§ resolution (from 2" Wuone smuatof | 2 e smuion | Bt model
beam teSt) 8'11 l.lm « va J-Ldt=5pb" : ;_(;“;lns?r?:"ad‘ o 1.03 J : ILdt=5pb" ‘—0::::+10%
ws I 0, <20 mrad
* An effect of a +10% error on - 1ozl |
the angular intrinsic resolution 1ot |
1.1 i L
* 6, > 0.4 mrad (6, < 20 mrad) 1 | H Jﬁ -
gives better normalization osoft [ |
region 0 0.98 :
: |
0.8 > :
zation region { :
R S T R T ST ST ST 0'%o(_}gs‘ TR s s

45 5
DL . 45
Normalization region \ [mrad]
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Systematic Effects pone

(3) Muon Beam Energy

)

—_
o
(o2}

—— Exact model

 Accelerator provides Eg ., With ~petnes,
O(1%) precision (~ 1 GeV) - goal  1.04] ¢ det=35 nb" | — Epgy + 1 GeV

~  MUonE simulation

nominal

of 10 ppm in the differential cross 5 1 O =82 mrad L
section TR T TR LJH ][t
] g 1;: :HIHHH
» The effect can also be seen in a : R
quick data taking (~hours) for oot
calibration 0.96/+
0'940_l - I0!5l | IILII II1!5I — I|2I — I2!5I - IC[}] - I3!5I = |4|l| = I4!5I |
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Systematic Effects

(4) Residual Systematics: the ‘Combine’ Tool

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

« We can adjust the distortions in the shape of
the differential cross section due to the
residual systematics

« Combine tool performs a likelihood fit to the
nuisance parameters for each template

» The profile likelihood as a function of K

» Best fit value of K is determined by parabolic
interpolation among the template points.

* Nuisance parameters values for K = Ko it

20/04/2024 Ce Zhang | MIP 2024
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https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/

Systematic Effects

(4) Residual Systematics: the ‘Combine’ Tool

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

« We can adjust the distortions in the shape of
the differential cross section due to the
residual systematics

Selection cuts Fit results

K = 0.133 & 0.028
pins = (0.47 £ 0.03)%
finee = (5.02 +0.02)%

f,. = (6.540.5) MeV

v = —0.001 £+ 0.003
(Input shifts identified correctly)
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Alternative method to extract a "-©

Open to new ideas!

HLO _ HLO (1) , HLO (i) | HLO (1) | HLO (IV)

a, ~ =ay +ay +ay +ay
MUonE | gio 0 _ &y ad?, ~99% of a,H0
T = n!dt" -0
« Tracker (25 module?), Calorimeter e | a0 = o s
like L P
_ . dat HLO (III) _ a® [%ds ~1% HLO
o Eff|C|ency, p||e_up, L af\lda ay —W/s[h —[K(5) ~Ki (9)IR(s) 1% of a,
pQCD HLO (1v) O [<ds >
. ay =5 | —I[K(s)=Ki(s)]R(s)
* Mechanics wh "

Talk at Bern, 8th Sep by GV

» A new method to extract a;;© using the same MUonE data

« Software developments (systematic effects, prompt data analysis, computing...)

* Working towards TDR next year - an important milestone
* New collaborators & ideas are welcome!
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https://indico.cern.ch/event/1258310/contributions/5515433/attachments/2710994/4707478/gv_TIBern_MUonEDer_080923.pdf

Muon g — 2 Puzzle

ete” - ntm~ Channel

CLEO = ¥

376.9+ 6.3

SND

3717+ 5.0

BESIII
368.2 + 4.2

CMD-2
3724+ 3.0

BABAR

376.7 + 2.7

KLOE
366.9 = 2.1

<>

*

—<{—

L L LI L rrrr1yrrrrrr7 rr1rrr7 11T
| I I [ [ I I
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HVP, LO [+~
a"‘ [J'I: T ] I[0.6, 0.9] GeV

20/04/2024
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E 3% Y vy
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E&d4d UNIVERSITY OF

Muon g — 2 Puzzle & LIVERPOOL

ete” - ntm~ Channel

T T T I T 1} T T l 1 T T T I T T T T I T T T T I T T T T I T T T T I T T T 1400
BaBar (09)
CLEO I ¥ i 0.2 | KLOE combination
376.9+ 6.3 ®e*e’ - x*1) 4 1200
SND LA ; i —
371.7+ 5.0 2 0.1 ‘ & 1000 i
BESIII = g A 0
368.2 + 4.2 ‘E o b ’ . 800 +
(o]
CMD-2 —O0— w 1 600 I
3724+ 3.0 g ] "
o S
BABAR —— o\: -01 | 4 400 c>b
376.7 + 2.7 o
KLOE —o— o 1 200
. 366.9x 2.1 . ' | . 1 .
[ TR b S S S S S S S S S S S S S S S S S S S S S S S S - | 2 | | L L | \ _ 0
355 360 365 332 o 375 380 385 o 06 065 07 075 08 08 09
s S Py
. [ [0.6, 0.9] GeV [x107] Vs [GeV]

« The discrepancy between BABAR and KLOE needs to be understood
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Track Reconstruction

Production loop — reconstruction — algorithm

e 2D tracks reconstructed in X and Y projections e for each target, all possible vertices are reconstructed
o seeding with hit pairs e if enabled, also adaptive vertices
e additional hits assigned based on distance from track . .
e track refitted until no new hits can be added o signal vertices
e clones with same sets of hits removed single incoming and two outgoing tracks required (fixed number)
e trivial hit pairing with intended detector setup z position fixed in the middle of the target

kinematic fit with tracks restricted to an interaction point

[ ]
[ ]
e 3D tracks reconstructed from all pairs of X and Y tracks o
o

e stereo hits assigned based on distance modifies track parameters — improved 6 angle resolution
e tracks with no stereo hits must have at least 3 X and Y hits e adaptive fitter

e only tracks with stereo hits allowed with intended detector setup implemented for alignment using pions
e tracks fitted and sorted based on x?/ndf
[ J

shared hits removed from worse tracks

only outgoing tracks required (at least 2, variable)

seeding based on distance in target, window size to be optimized
e if adaptive fitter enabled, Kalman filter is ran on tracks

e linking based on deposited charge
e full digitization — no direct matching

doesn’t modify tracks, assigns Tukey weights instead

fits vertex position, including z

e 3 tracks with highest deposits assigned to each stub, sorted
e reconstructed track linked to track with highest weighted sum
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[ . —_ -/- [ |

The digitization algorithm

1) Primary ionization

/

Start from the trajectory of a particle in a Si sensey +
energy deposit.

.The trajectory is sampled into ionization points (10 um steps).
An even fraction of the total energy deposit is associated
to each point. - e -

.The fraction of energy deposit

Is converted into a charge
20044Q = E, /3.6 eV). Ce Zhang | MIP 2024

dep
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https://twiki.cern.ch/twiki/pub/MUonE/2SDigitiser/DocumentationDigitiser.pdf

The digitization algorithm

2) Drift
.The ionization points are drifted on the T T té
sensitive surface of the Si. le
A Gaussian charge diffusion model is le )
applied to the ionization points. o
3) Induce signal Oarige o< Vdrift distance

.The inonization point is expanded to a 2D cloud. The dimension depend
on the drift distance.

.The total amount of charge in each strip is obtained by adding
c0/04/20entribution from all the particlesang | mip 2024
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MUonE : signal/normalization region

1.2 : 16
LO cross selction -
Aapgg kK 103 —— 14
1 |4
Signal 12
08 | e}
N | 10 g
9 10-5<A0;,,4<10-3 =
~0.6 8 X
2 Normalization "
3 )
< o e
4L S
Aahad<~1o-5 4 =
O' 2 ~ Ndata (t: ) Ndata
{2
0 ] | T - 0
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6. (mrad) 0. [mrad]

0,norm
N%ata(ti) - Voo ) X O(I)w —r~1-2Aa, (t)+Aa, (L))
N ( tl) Nnorm O (t,) P

data MC

Ratio of the HLO
theoretical cross a,"?ato.3% —>These two

section (with no VP) ratios should be known at 105

Ratio Of data Nsignal(t)/Nnormalization
G. Venanzoni, PSI Colloquium, 28 March 2019
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