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* The anomalous magnetic moment of the muon:

. . . g — € =
« Magnetic moments precess in a magnetic field » = g%S

* g - factor quantifies interaction strength
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Muon g — 2 ¢/ LIVERPOOL

* The anomalous magnetic moment of the muon:

. . . g — € =
« Magnetic moments precess in a magnetic field » = g%S

* g - factor quantifies interaction strength
 Dirac predicted g = 2 for spin-1/2 fermions

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

g —_— 2 First order QED correction by Schwinger:
a _—,— _ g1 — 2 _ g O 2
K o) a="5 =5 10 I | /

= 0.00116140.
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» The anomalous magnetic moment of the muon:

; : - — € =
« Magnetic moments precess in a magnetic field » = g%S

* g - factor quantifies interaction strength
 Dirac predicted g = 2 for spin-1/2 fermions

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

g—2
a":T
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* An experimental trick:

g=2xX(1+a,)=2+0.002

~1000 gain by measuring a,, instead of g-factor !
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* Muon as a probe to New Physics:

AV

: - _ SM NP
* For possible new physics a, = a,™ + q,

. : NP UERY.
Its effects is enhanced by ;" « (7—)
NP
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Why Muon g — 2 ¢/ LIVERPOOL

* Muon as a probe to New Physics:

N\ \.2

: - _ SM NP
* For possible new physics a, = a,™ + q,

. : NP UERY.
Its effects is enhanced by ;" « (7—)
NP

« Muon is more sensitive by a factor of (m—“)z ~ 4.3x10%
e
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Why Muon g — 2
* Muon as a probe to New Physics

* A great tool for experimentalists
« Can be produced copiously in proton collisions and pion decays
« Can select momentum and polarization

» Decays are very simple (Michel distribution due to weak decay)
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Spin
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Pion decay to generate polarized muon

Muon decay
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Why Muon g — 2
* Muon as a probe to New Physics

* A great tool for experimentalists
« Can be produced copiously in proton collisions and pion decays
« Can select momentum and polarization

» Decays are very simple (Michel distribution due to weak decay)
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180°] ... g ....
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270°
B 26.4 MeV 35.0MeV H 45.0 MeV
B 300Mev & 40.0MeV H 50.0 MeV

Michel spectrum:
highest energy positrons are
aligned with muon’s spin
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Muon g — 2 Experiment at Fermilab

Experimental Principle

* The muon precession frequency is the rate at which the muon’s
spin and momentum accumulate relative angle:

1 )ﬁxE

C

)
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Experimental Principle

* The muon precession frequency is the rate at which the muon’s
spin and momentum accumulate relative angle:
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Muon g — 2 Experiment at Fermilab

Experimental Principle

* The muon precession frequency is the rate at which the muon’s
spin and momentum accumulate relative angle:

Magic “Y”: 12 = 1 11
ay
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Muon g — 2 Experiment at Fermilab

Experimental Principle

* The muon precession frequency is the rate at which the muon’s
spin and momentum accumulate relative angle:

ﬁxE)

C
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Muon g — 2 Experiment at Fermilab

Experimental Principle

* The muon precession frequency is the rate at which the muon’s
spin and momentum accumulate relative angle:

B _m_u(aﬂB B (#) BB - <a”_y2—1)ﬁ:E)

Extract 17



Muon g — 2 Experiment at Fermilab

Experimental Principle

W, M
=B e
1. Measure w/;": modulation of decay positron time spectrum

a

2. Measure B: proton nuclear magnetic resonance (NMR) — 2’ B = hw',(vacuum)

3. Extract a,

18
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Experimental Principle

W, M
=B e
1. Measure w/;": modulation of decay positron time spectrum
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Muon g — 2 Experiment at Fermilab

Experimental Principle

W, M
=B e
1. Measure w/": modulation of decay positron time spectrum

a

2. Measure B: proton nuclear magnetic resonance (NMR) — Zu’p(HZO, T.)B = hw',(H,0,T;)
3. Extract a,

A real-world equation:

oy y (L+C.o+Cp+ Cpy+ Cag + Cp) y w(T,) u,(H) m, g,
=g (1+ By + By w(H) p, m, 2

20



Muon g — 2 Experiment at Fermilab

Experimental Principle

W, M
=B e
1. Measure w/": modulation of decay positron time spectrum

a

2. Measure B: proton nuclear magnetic resonance (NMR) — Zu’p(HZO, T.)B = hw',(H,0,T;)
3. Extract a,

A real-world equation:

A

g = w y (14+Ce+Cy+ Cpg + Cyq + Cpy) y lﬂé(Tr) u,(H) m, ge]
b ol (1+ By + By) p(H) p, m, 2
\_Y_l

Corrections from Magnetic
Field Transient

21



Muon g — 2 Experiment at Fermilab

Experimental Principle

W, M
=B e
1. Measure w/": modulation of decay positron time spectrum

a

2. Measure B: proton nuclear magnetic resonance (NMR) — Zu’p(HZO, T.)B = hw',(H,0,T;)
3. Extract a,

A real-world equation:

A

L =@ A+ Cet Gyt Cpat Caat Crd [ﬂ,;(Tr) u(H) m, ge]
b= o (1+ By + By W) e m, 2
\—"—} \ Y J
Corrections from Magnetic External constants precisely o5

Field Transient known ( to 25 ppb)



Muon g — 2 Experiment at Fermilab

Setups: Injecting, Kicking, and Storing the Muon Beam

* Injecting polarized muons into a storage ring

3.1 GeV/c u* enter the ring
Cyclotron period: 149.2 ns

A cycle of 16 bunches repeating every 1.4 seconds
~4000 p*/bunch in the storage ring in Run-2/3

10 ms 197 ms 1063 ms
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Cycle length 1.4 sec
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Muon g — 2 Experiment at Fermilab

Setups: Injecting, Kicking, and Storing the Muon Beam

* Injecting polarized muons into a storage ring

Inflector

Injected Cryostat
muon beam Central Orbit j Inflector Body Inflector
Services

Fixed NMR [ Jzz7
SPebtcecs 77 ”5’
Probe - = 7555552

g\
1\
LU

Muon Beam Vacuum Chamber

e Inflector creates a “field-free” region

- Helium Channel
e (for cooling)
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Muon g — 2 Experiment at Fermilab

Setups: Injecting, Kicking, and Storing the Muon Beam

3 pulses magnets changes muon angle onto the good orbit (~10 mrad)

Inflector

SJEVRI)Y
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Muon g — 2 Experiment at Fermilab

Setups: Injecting, Kicking, and Storing the Muon Beam

* Electrostatic Quadrupoles (ESQ) provide vertical focusing of the beam

- Quads cover 43% of azimuth
* Focus beam to a simple harmonic motion about closed orbit

26



Muon g — 2 Experiment at Fermilab

Setups: Injecting, Kicking, and Storing the Muon Beam

* 1.45T superferric magnet shimmed to 50 ppm uniformity (~3x uniformity)

inner coil top hat

wedge B —
iron foil = 5
laminations B "\ outer coil

000
muon

region é/ fixed NMR probes
900

pole piece
surface .
L& correction coil E_ L/ outer coil

]

C top hat

inner coil
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Muon g — 2 Experiment at Fermilab

Setups: Detectors

* Detect decay positrons with 24 calorimeters and 2 tracker stations

Decay e+

Top down view of ring section

— e

Calorimeters Tracker

'w .!‘ll.uu /l’, iL

PbF, crystals
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Muon g — 2 Experiment at Fermilab

Setups: Detectors

* Detect decay positrons with 24 calorimeters and 2 tracker stations

Decay e+

Top down view of ring section

— e

Calorimeters Tracker

Straw tracker developed in Liverpool
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New Results from the Muon g — 2 Experiment

at Fermilab

v Analysis
* Precession frequency
+ Beam dynamics
- Field
+ Blinding, combination, etc.



New Results from the Muon g — 2 Experiment

at Fermilab

Precession
\/ Analysis frequency Corrections from Beam Dynamics
? [ A 1}

* Precession frequency m
C
« Beam dynamics a. = Wa X A+ + C’p + Cpa + Caa + Cn1) 5

. Field ol (1 + By + By)

+ Blinding, combination, etc. . v .
B-field and its corrections

[...]
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Muon Precession Frequency % LIVERPOOL

* The number of detected high-energy positrons oscillating above an energy
threshold is modulated by the anomalous precession frequency w,

s 6 Real data, Run-3a
> 6000710 . . — _ 50x10
2 C Time since muon injection: 30.1 us 2 E spin =
3 = 45—
2 =k momenitum —
- 5000 energy threshold ~ 40 omentu
R ‘ S asf
4000 o F
30—
3000 252_
i 205—
2000
L 15—
i 1of-
1000+ pp—
~ Energy spectrum sE-Time spectrum
_l 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 L 1 L i 1 i ) B EI Ll | 1 Ll I Ll 1 I | - I ) - [ 1 L1 I Ll 1 | ) - I 1
00 500 1000 1500 2000 2500 3000 0 32000 34000 36000 38000 40000 42000 44000 46000
Energy [MeV] Time [ns]
Count positrons above an energy Coun’[S OSCi"ate at a)a and extract

threshold frequency from time spectrum 32



Muon Precession Frequency

The “Wiggle Plot’

Run-3a: d w, (stat) = 329 ppb, 15.3B positrons (~50% of Run-2/3)
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Muon Precession Frequency

The “Wiggle Plot’

Run-3a: d w, (stat) = 329 ppb, 15.3B positrons (~50% of Run-2/3)

l_...) [ TTTT

10’

<
<l

Counts/149.2 ns

< _TTTTT]

& i L7 ]
o~ ~ P ER H <
L ~ Y] iov oS
L DN oA A A M A Y Y-
LS Y E E Y
VoY Fon [ v F ANTANN DA
106 e W V -'-v.-' L s ATV AN Ao~

— v vl PR P . ~

E 9 % N L ™

= Vv W ; % AN AT

AN ~ ~ Y ¥ N S

R DN oA A vy W Poviond

Y i ™ Yo

v b
SRV
1 05 "n' A & N, o~
= FA
Y Py ATV AR A A
W v §Sovi o w4 Y s
- v Y i B A
VoW
= v
o A
.;'-,_ "“ __/" ~ ~ - -
4 - oL i A N
10" = ¥ AR
= W
— hd £y
CA% ™ A A
= AN A N,
DY L N A S
f RN A A
W . 5 i N
L ' . . B
P

—
o
w

i s PN AT
b v CR R
hd v N LR,
¥ W
i : S
Vi it AN AT
st v s : g ;
d W FoNE oS
Y

© 7
)
o
N
o

80 100
Time modulo 102.5 us [ns]

x10°

exponential decay:
boosted lifetime ~ 64.4 us

C&d UNIVERSITY OF

&7 LIVERPOOL

34



C&d UNIVERSITY OF

Muon Precession Frequency % LIVERPOOL
The “Wiggle Plot”

Run-3a: dw, (stat) = 329 ppb, 15.3B positrons

Simple fit to extract the frequency:
an exponentially decaying oscillation at g-2

N(t) = Noet/D[1 + Acos(w,t — P)]

Counts/149.2 ns
3,
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40 60 80 100
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Muon Precession Frequency % LIVERPOOL
The “Wiggle Plot”

Run-3a: dw, (stat) = 329 ppb, 15.3B positrons

Simple fit to extract the frequency:

§ an exponentially decaying oscillation at g-2
¥ 10

< N(t) = NoeC/D[1 + Acos(w,t — ¢P)]
© 10 °

x10

Peaks on the Fast Fourier
Transform (FFT) of fit

2,
5;;;;; ‘ll
':'Z:')
FFT Mag [arb.]
S © =
|III|II||

4 8
10 13 residuals:
45_ simple fit is not sufficient;
10° = 5 - J need a better model
: L N X |/n‘df‘=‘51|5:|30/.41.59 x10° ZDU \\h ak . " . L
0 20 40 60 80 100 N T T
Time modulo 102.5 ps [ns] W, Freq Mz
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Extra terms in the Fitting Function

w5 uncertainties

* A better model must account for detector

effects, beam oscillations coupled to
acceptance, lost muons and fast e
rotations that disrupt pure exponential

Decay e+ Residual slow term 197 g i
2 B Run-2+3

Top down view of ring section Vacuum Chamber
m | ;
imes 1,
Tracker T _ e e
Total systematic a

Calorimeters

300 400 500

Some muons are lost before they decay 0 150 %0
or (ppb)
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Extra terms in the Fitting Function

w5 uncertainties

A better model must account for detector
effects, beam oscillations coupled to
acceptance, lost muons and fast -
rotations that disrupt pure exponential oo J:

BN Run-1
BN Run-2+3

* | will elaborate two major systematic st st
sources: ‘

. Pileup Total systematic -:"“:"-'- ----------------------------------------------------------------
« Coherent betatron oscillations (CBO)

0 100 200 300 400 500

or (ppb)
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Muon Precession Frequency % LIVERPOOL
Pileup

* Two or more positrons are misidentified as a single positron due to
arriving too close in time/space

Signal

. « Two low energy

M 0.8F ppsitrons fake a

'Spin .k positron signal
High Ener Calo of . .
g 9y F " - Probability of pileup
- N It o TN decreases over fill
-10 0 10 20 30 40

Sample Number

39



Muon Precession Frequency

Pileup Correction
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 Correct data with empirically determined pileup spectrum

* Improved clustering algorithm for a pileup reduction

10'°
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Counts/50.0 MeV

107 e
10°
10°
10*
10°
10°
10

1

HHHW Hm T H‘ L

Energy spectrum

Decay
endpoint :

Data

Constructed Pileup (positive)

Constructed Pileup (negative)

Run 3a

.nl

107! =

0

TR BT NN (R A R
1000 2000 3000 40

IREIIN RRETE R R S
00 5000 6000 7000 8000 9000

100
Energy [MeV]

Count

Spectrum before/after correction

50000 \
40000|

— Original spectrum

— Corrected spectrum

30000
20000_\ \ e
10000}

—3000—— 350040004500 50005500 60C

Energy [MeV]

. .0
Pileup ‘Fﬁ

Reduced pileup in Run-2/3 spectrum

108_

106_

104_

102_

Run-2 Data
—— Run-1 Clustering
—— Run-2/3 Clustering

2000 3000 4000 5000

Energy [MeV]

0 1000 600!
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Coherent Betatron Oscillations (CBO)

I

+
/;L Inflector

* As muons circulate around the storage ring,
they slowly oscillate between the plates

« Coherent betatron oscillations (CBO)
horizontally couples to detector acceptance
and modulate signal

Time since injection: 5.0 us

=2F . : : 100
£ Horizontal oscillation I<_?;LC_>I
s80 | | ”
s [seen.by tracker . . o | o X (radial)
o) N s o L
E . . "EF LR .- . u
0 : 60
o 0
) S o 2 4 /1 6 s
A p Tp
3 ! I 1 G 1
. 5 | adetector
60—
: L \ | | I | Loy 0

C 111 111 111 =11 111 111 111 11
80 60 40 20 0 20 40 60 80 41
Radial Position [mm]
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Coherent Betatron Oscillations (CBO)

I

+
/;L Inflector

* As muons circulate around the storage ring,
they slowly oscillate between the plates

« Coherent betatron oscillations (CBO)
horizontally couples to detector acceptance
and modulate signal

6
Time since injection: 5.0 us = g
_80r - - - 100 £
£ [Horizontal oscillation g b
geol- = | |e—cBO
: seen by tracker . . 60 L 1of
S0 T T R -
U e of
208 : 60 C
— : 8__
6l—
ol 40 ]
A
—40— C
C 20 - :
C 2 Beats with g-2
60 «—
C 0 ) ettt s i A et bebos s
_l 11 I 1 1 1 ‘ 1 1 1 |'| 1 1 | 11| | 111 | 1 1 1 I 1 1 1 0 0'5 1 1'5 2 2'5 3
8% 60 40 =20 0 20 40 60 80 ° Freq [MHZ|.

Radial Position [mm]
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Coherent Betatron Oscillations (CBO)

n +
/;L Inflector

« The amplitude of CBO decreases over time
because of the decoherence of muons

Exponential + Constant envelope

<§ 0H0SE o2 1 ndf 47.23/32 _ _
0003 o omsmeoocs | o Time-dependence is
- pt 243 + 39.74
o - p2 0.0001992 + 0.0003603 mOd e I I ed
o002 « Assess uncertainty by

testing many different
models

0.0015—

N ‘ p0*exp(-x/p1)+p2

0.0005—

0 C L1 11 I 111 | I 1111 | 11 1 1 I 111 | I { I I A | [ 111 1 I 1
0 50 100 150 200 250 300 350
Time in fill [us]
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Full Fit and Uncertainty improvements
« Modified fit function for beam dynamics effects gives good fit quality

2%Indf = 4086/4138

>_<106

Run 3a

106} . Simple Fit Function
WWW\/\W\/\N\/\/\NV\NW b Full Fit Function

Counts/149.2 ns
S
5
FFT Mag [arb.]
S
|

‘/VV\N\/V\A/\/W\A o
ok AAAVVTY :
WNWWVW\/WWWW\W '3
AAVAVAVAV VAV,
L 1 1 1 1 1 1 1 L 1 | 1 L 1 | 1 1 1 | )(103 --'» NIRRT L AT padh s unfin s A A AL A T - i
0 20 40 60 80 100 0 0.5 1 1.5 2 25 3
Time modulo 102.5 ps [ns] Freq [MHz]
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Full Fit and Uncertainty improvements
* Run-2/3 uncertainty is 2.2 times smaller than Run-1

Correction  Uncertainty Wa uncertainties

uantit
2 Y [ppb] [ppb]
wg' (statistical) - 201 434.0
wg' (systematic) = 25 Statistical
Ce 451 32
Cy 170 10
Cha -27 13
Caa -15 17
le 0 3 Total systematic = EEE:;+3
Featib(wp(7) x M (7)) - 46
By -21 13
B, -21 20 e
1 (34.7°) / pe - 11 4370
s e - a2 Total .
e / 2 s 0 ota
Total systematic - 70
Total external parameters - 25 . . . . .
Totals 622 215 0 100 200 300 400 500

or (ppb)
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Beam Dynamic Corrections ¥ LIVERPOOL

(,()gl (1+C8+Cp+Cpa+Cdd+le)X

a,, = T X [ - ]
H Wy (1+Bk+Bq) a)a=—i[...+(aﬂ— 21 )ﬂXE]
m/v y2—1" ¢
E-field correction (momentum dispersion from ‘magic’ y)
}

2 Ap Le

- C — =(1—n)—

_E 0.8 Po ( )RO

* The correction depends on the muon radius distribution
<X.2> wrt the ‘magic’ radius. This distribution can be
measured with either calo or tracker data:

0.6:
0.4:
0.2}

ok ) b ] < £I32>
1 ‘ 11 1 | H e (8 l | . l | - l 0 I - l 1 1 1 l 11 1 l el 2 e
40 30 20 -10 0 10 20 30 40 Ce ~ 27?,(1 . n),BO
Equilibrium Radius [mm] RO 46
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Beam Dynamic Corrections ¥ LIVERPOOL

(,()gl (1+C +C +Cpa+Cdd+le)

a,, = X
v oyt (1+ B + By) X[

Pitch correction from muon’s small vertical momentum component\

= ET T T % & S5 & ¢ ¢ 7wy e 25101 & &<

Erone 1, = @y == [...+——(B-B)p]
P i — Amplitude Fit m y+ 1

S 8000— —

=

6000

1 ¢ Calculated by measuring (or reconstructing) vertical
“ position distribution:

2000%— — . 1 n
_ Cp = 5 = 11 (4 = 5 (W= 0)")

U R N VA S AR o LA M T
-40 -20 0 20 40
Vertical Decay Position [mm] 47
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Beam Dynamic Corrections & LIVERPOOL

a, = —zX T B B X[...]
wp ( + k + q)

Phase acceptance correction by decay-position dependence of positron phase

Decay y [mm]

J ' J ! ' 5 L e B B I I I I L B
w E @ A, Tpneee o | ° Early-to-late beam motion
= o -10F — . .
. B - I A . T CasEeany - modulation leads to time-
§ E T - .
2 o dependent phase
=0 2 E
o .%
40 8 =
8 5
50 8 2
1 W60 )
PR (7 SO A [0 A T |0 T W [N W D (O -
40 20 0 20 40 T
Decay x [mm] '

Decay Y [mm]
Wiggle plots for (1) # (2) 48
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Beam Dynamic Corrections ¥ LIVERPOOL

(,()gl (1 + Ce + Cp + Cpa + Cdd + le)
a, = X X

[..]

v oyt (1+ B + By)
Caa Differential decay correction as high momentum muons have longer lifetime
* Coherent time dependence of ¢ over fill &1 (X1, %1, Y1, Y1, T1, P1)
could bias measured w, : o
0008000 & (x), %), V5, V5 T2,
Aw, 1 dg, ....... h2(x2,%2,Y2,¥Y2,T2,D2)
= - 00 9%0 .’ :
Wg w, dt .....
!/ !/
P (Xn) X, Yns Yrs Tns Pn)

e New correction in Run-2/3 Muon bunch
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Beam Dynamic Corrections ¥ LIVERPOOL

A, =—7 X X[...]
v wy (1+ B + By)

Muon loss correction from initial phase-momentum correlation in muons

= 0005 o o
E o0o0af  Muons are lost in time, there is time-dependent
S r ]
R change in phase:
0.002
0.001F
0.000F d¢0 d¢0 d < p >
0.001F 7 —
-0_002:— Run-1a Flun-1c_E dt d < D > dt
z B Run-1b Run-1d -
0.003=55~~"700 750 200 250 300 350
Time [ps]
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Beam Dynamic Corrections ¥ LIVERPOOL

Uncertainty Summary

Corrections Uncertainty Uncertainty in
[Ppb] [PPb] Run-1 [ppDb]

451 32 53
170 10 13
-27 13 75
-15 17

0 3 S

580 40 93
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Beam Dynamic Corrections ¥ LIVERPOOL

Uncertainty Summary

Corrections Uncertainty Wi VASME °  Cpa etc have been greatly
[ppb] [ppDb] Run-1 [ppb] reduced after fixing the 2

broken HV resistors in Run-1

451 32 53
170 10 13 g—zz.z— crrrTTTTTTT T T T T T
= w, phase change
& 2025/ E
-27 13 75 55 | H | E
e coooet, otat 4 ,1l+ l L, l |+
223 contnnstvetntotvotin st Ll
- _ - | + Mk
1> 17 -22.35] + + -
0 3 - _22'4; ‘ * Run-1d
580 40 93 2245, - Run3a |-
o I T R S
Time [ps]
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Magnetic Field Measurement

Field in Muon Storage Region

[ppm]

o X [mm]

>

>

inner coil

‘©

s thermal
top hat =N ‘jrj.sulbatlo.n)
E—— W
b pi " outer coil
S @ ?\
= fixed NMR probes B :
outer coil
L/

.

inner coil

top hat

C&d UNIVERSITY OF

&7 LIVERPOOL

7.112 m radius ‘C’-
shape magnet with
vertically-aligned field
B=145T

Dipole field has ppm-level uniformity (<20 ppm RMS across the full azimuth)
Shimming devices (active and passive) minimise gradients and keep field uniform
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Magnetic Field Measurement % LIVERPOOL
NMR: Trolley and Fixed Probes

0.0

™ (ro ]
¢« 30mm —¢— 30 mm —
Trolley probe

A trolley with 17 NMR probes maps the
magnetic field in muon storage volume
every ~3 days

Run-1: 14 trolley maps; Run-2/3: 69 maps

-104

-40 -30 -20 -10 0 10 20 30 40
orizontal position [mm]
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Magnetic Field Measurement

NMR: Trolley and Fixed Probes

0.0

¢ 30 mm = 30mm —

ey

fro) ]

/7 (3) ~ (1) '\

/ @ O 10) \

(18){ 8 ) 1){8)(8)

1" - - — — }

\ (16) (2) (8) /
K Y~ (8) N~ /
-35.0 -17.5 0.0 30.0 45.0
X [mm]
( & 6]

['&’d UNIVERSITY OF

» 378 fixed NMR probes, above
or below storage volume
permanently installed (“fixed”)
at 72 locations around the ring
(every ~5°)

e Track changes in the field
continuously during muon
storage

&7 LIVERPOOL
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Magnetic Field Measurement % LIVERPOOL

Field Interpolation
* Need to know the precise field at the times when muons are present in the ring

* Fixed probes don’t measure storage region directly — need to calibrate it with
trolley measurement

 Offset driven by small changes in the field regions with low FP sensitivity

2000F" 4 T T T 7 7 7 T T T 0 tomected |
840 L *.’ :\, cccccccc ted ]
8 TrO”ey Runs B ‘A.\ ¢ trolley value 1
(7] | _ 1000 r 1 ¢ trolley value 2]
T 839 o) : 3 ]
= Q [ X ~
Q 3 1 .
— 838 el - ] Run-2/3 uncertainty
£ 7 £ | - 1 ~17 ppb
2 837 2 -1000(- 3 I‘- K
[ — E /"‘—\ i
g Interpolated g : ” 7
£ 836 ’ ac -2000+ \.. . P
Field i 1
835 | -3000F W -
04/22 04/22 04/23 04/23 04/24 04/24 04/25 gy

00:00 12:00 00:00 12:00 00:00 12:00 00:00 :
Time (h) 56
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Muon Weighting
W'
q. =

« Magnetic field maps weighted by muon distribution determined by trackers
« Use beam dynamics simulations to extrapolate distribution around ring

Average radial beam position

- virtual trolley

@
@®

o o o
N

dipole [ppm]
[+ @ (<]
2

Ax [mm)]

©
o N
o o
N

Plot: Brynn MacCoy

» i ; il
1.0 4 ==~ tracker stations ! PIOt B’I}lnn Maccoy

sairiitilveg}
Azimuthal dependence of field moments
o7

150 200
azimuth [deg]
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Magnetic Field Measurement % LIVERPOOL
Muon Weighting
W =2 a)pé(;)pu >

« Magnetic field maps weighted by muon distribution determined by trackers
» Use beam dynamics simulations to extrapolate distribution around ring
« Improvement in Run-2/3: better centred beam

1.0
[l Fic!d homogeneity [ppm] Bl <'d homogeneity [ppm]
40 s 0005 20 40 00 7 A5

Run-2/3 uncertainty:
7 -13 ppb

T T
——————
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Magnetic Field Measurement % LIVERPOOL

Quad Transient Fields Correction: By,

. = wg"  (A+Cet-) » Kicker creates eddy currents = transient magnetic field
K <wp'> (1+By+By)
Cube;l vSummer 2022 vs. Fall 2020 Noise Levelv Comparison:

=) n =) o = o
-

Field (mG)

Return Fiber TGG Crystals

etu
Collimators

L
o

Run-1 Measurement
Run-2/3 Measurement

N
S

N
o

Beam-Splitter “o 0.5 1 15 2 25 3
Cube 2 Time (ms)

Faraday magnetometer

* Run-2/3 has lower vibration noise vs. Run-1

Release talk by James Mott, _
10th August 2023 » Uncertainty reduces from 37 ppb to 13 ppb
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Magnetic Field Measurement % LIVERPOOL

Quad Transient Fields Correction: B,

o (14 Cot )
a

W= oms XTTE T ) X oo » Pulsing quads’ plates vibrate = oscillating magnetic fields

* Measured with a new NMR probe housed in insulator

ESQ4 ESQ2 ESQ3
- —I [ T - T l’ - - [ T - - I r - T I T . T . 3 : T T T T I T T T T I T T T T | T T :
9 400F -| § 400 .
& N 1 = N n
o 200F - $ 200 Run-1 Measurement i
(@) B T N Locations i
c O 1 C = il
© E © o / \ ]
- B 1 B i
O 200 4 00k i
ke, . . . n 1
) - i [ -
i 400 ¥ PP S S '} Nuon fills - -400— n

20 40 60 80 100 _ ] L 1 L l 1 1 1 1 I 1 1 1 1 l il 1
Time (ms) -100 0 100 200

Azimuth (deg)

« For Run-1 analysis, we had limited measurement positions
Release talk by James Mott,

10th August 2023  Largest Run-1 systematic: 92 ppb
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Magnetic Field Measurement % LIVERPOOL

Quad Transient Fields Correction: B,

o (14 Cot )

a, = X X e « For Run-2/3 analysis, probe runs on the trolley rails
H <wp > (1+Bg+By) _ _
 Allows full mapping of all quad stations:
A ESQ4 ESQ2 ESQ3
2 B ] N Bl
a 400~ [l g i
§ 200_ 2:! L\un 1 Mj:i‘as;rement
Z’ il il '
s °+”"“|| Mll ||'/Wlll|l l, "l "l\' }' "'Hmlll
-2001- :3 ll 1 ‘
400+ | ]
, b, | NN, | | N R 1S
Measurement probe mounted — ¢ 100 200

on trolley rail train Azimuth (deg)

Release talk by James Mott, * Uncertainty is reduced to 20 ppb
10th August 2023

61



C&d UNIVERSITY OF

Magnetic Field Measurement % LIVERPOOL

Uncertainty Summary

Absolute Calibration
Trolley Calibration
Spatial Field Maps

Tying

Tracking

Analysis Choices*
Muon Distribution
Booster Transient
Quad Transient

Kicker Transient

sl Run 2
s Run 1b B Run 3a
e Run 1c

= Run 1d

0 20

uncertainty / ppb

 Main reduction in the

uncertainty comes from better
understanding of the transient
field effects (B, and B,)

* Interpolation uncertainty also

reduced with increased trolley
runs

- TDR goal already achieved
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-32.0

['&’d UNIVERSITY OF

Consistency Check ¢J LIVERPOOL

* We perform many consistency checks: fit residual FFTs, fit start time
scans, fits by calorimeter, fits by positron energy, etc.

E ? / ndf 11.82/:
30.0 1 5 s S B S B S | X n . £ P
5 - E .
* Run-3a Ra-Method g8 F PO -69.51=0.32¢ & -60 — fit: constant=-80.7418 + 0.340, y’/ndf=7.71/18
5 -66 7] ¢ Run-2 Ratio
] Q
29

-70

-72|F

10 _73F

AT s

2 = T N B I .
40000 60000 80000 100000 120000 140000 0 5 10 15 20 1250 1500 1750 2000 2250 2500 2750 3000

Fit Start Time [ns] Energy Bin Center [MeV]

Lo bl

Fit start time scan Per-calorimeter fits Energy-bin fits
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Consistency Check ¢J LIVERPOOL

* We perform many consistency checks: fit residual FFTs, fit start time
scans, fits by calorimeter, fits by positron energy, etc.

= x? / ndf 7.39/4 _ _ 2«27 ndf 0.4975/ 1
& -889— Prob 0.1167 ; 885.2— Prob 0.4806
0 n po —893.8 +0.3385 - p0 -886 +0.2914
o~ -8o0 | 8854 —
u -885.6—
-891— Mag het temperature -
C )
C 885.8 —
-892 — ™
= ; -886/—
-893— r
L - [ ]
= I -886.2—
e } : D ight
: anosl ay vs nig
-895— C
: ' TS AT BRI I A B B S B B BN R B S A B B SN TR E B —-B886.6 __ [ D R R D R T T N T T T R T T T T T T
25 252 254 256 258 26 262 264 266 268, 1 1.2 1.4 16 1.8 2
Temperature [ C] Day_night
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Datasets and Combination ¢J LIVERPOOL

 Three datasets based on different running configurations (Run-2; Run-3a; Run-3b)

« 7 analysis groups for a total of 19 analysis methods (results)

« Final combination only considers 6 of them (asymmetry-weighted methods)

« Assuming 100% correlated systematics across datasets

dataset quad HV indexn kicker HV beam < x > magnet fills  wq statistical

[kV] [kV] [mm] temp, AT X 10° uncertainty [ppm]
Run 2 18.3 0.108 142 o-6 ~3 °C 18 0.34
Run 3a 18.2 0.107 142 4-5 ~0.2 °C 33 0.29
Run 3b 18.2 0.107 165 0-1 ~0.2 °C 12 0.47
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Datasets and Combination &J LIVERPOOL

 Three datasets based on different running configurations (Run-2; Run-3a; Run-3b)
e 7 analysis groups for a total of 19 analysis methods (results)
« Final combination only considers 6 of them (asymmetry-weighted methods)

« Assuming 100% correlated systematics across datasets

-~ Run2 Run3a - R Sb] H
el o Common hardware blind

36 4 ! - . - + + *TrE ’ + + + + * + + + 3.7073504 =
= — |ls (+1.200]
o ™ S V' \
o
= 19 analyses =
3«1 _> = Ty

= ~ 2 3.7073484
= Different =
=2 ¢ hardware 8
= blinding & |
m ~ = - ' ai .
o 3.707346 1.22c
44 4
{ } T T T
Run2 Run3a Run3b
PRI IS S S SRS S Il b o S-S S S S Sl Sl ST S ST S S S S S S S S S S 3 S 33 330 330 I I3 I 3
FSE N A N TG VTS EEETF LN LML L A EEE IS TGN NN LI I EEESE T
S& N & *g‘q;ow NS S SG NS FFTES {i’g‘?qyow NI S S G NS TS *;f_f
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Blinding Analysis ¢J LIVERPOOL

Locked Clock Panel

Wa felock Wa,meas (1+ce+ Cp + Cmyy + Cpa)

~

/

b ftield <wp ® P,u> (1 + Bgt + Byick)

* Perform analysis with software & hardware
blinding

» Hardware blind comes from altering our clock
frequency

* Non-collaborators set frequency to (40 — €) MHz

 Clock is locked and value kept secret until

analysis completed
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New Results from the Muon g — 2 Experiment

at Fermilab

> Introduction
> Analysis

v Result
+ Unblinding
 Discrepancies with SM prediction(s)

> Outlook & Summary
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Unblinding ¢J LIVERPOOL
24th of July, 2023

* Muon g-2 analysis has software & hardware blinding
* Unblinding meeting in Liverpool:

Photo credits: McCoy Wynne

* Unanimous vote from all collaborators to unblind!

» Secret envelopes were finally opened to reveal the hidden clock
frequencies and the result...

69



['&’d UNIVERSITY OF

New Result ¢/ LIVERPOOL
Released on 10" of Aug 2023
 PRL (...) has been accepted

FNAL Run-1 (2021)

BNL (2004) — & = confirmed BNL
(Brookhaven, 2004)
measurement

FNAL Run-1 (2021) + {1

175 180 185 190 195 200 205 210 215
a,x10° - 1165900
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New Result
Released on 10" of Aug 2023
 PRL (...) has been accepted

['&’d UNIVERSITY OF

&7 LIVERPOOL

. FNAL Run-1 (2021)

BNL (2004) & = confirmed BNL
(Brookhaven, 2004)
measurement

FNAL Run-1 (2021) + 0

 FNAL (2023):
Excellent agreement
with BNL and Run-1;
Uncertainty more than
halved to 215 ppb

FNAL Run-2/3 (2023) +—{1+—

175 180 185 190 195 200 205 210 215
a,x10° - 1165900
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New Result
Released on 10" of Aug 2023
 PRL (...) has been accepted

KR

W/

['&’d UNIVERSITY OF

LIVERPOOL

BNL (2004) — A

FNAL Run-1 (2021) + 0O

FNAL Run-2/3 (2023) +—1t+—

FNAL Run-1 + Run-2/3 (2023) +—@—t

+—o—

Experiment
Average
(2023)

175 180 185 190 195 200 205 21.0
a,x10° - 1165900

215

Combined FNAL result
uncertainty: 203 ppb

Combined world
average uncertainty is
190 ppb

Average is dominated
by FNAL value
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The Current Puzzle

Discrepancy between Experiments & Theories

5.00
< =
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
<: 510 ;>
L 4 +—eo—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900

C&d UNIVERSITY OF

&7 LIVERPOOL

* New experimental average with SM
prediction (\WWP-2020) gives > 50
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The Current Puzzle ¢J LIVERPOOL

Discrepancy between Experiments & Theories

¢ = =% * New experimental average with SM
Significance will likely decrease Ferm2+3 predICtlon (WP-ZOZO) glves > 50—
with an updated SM prediction (2023) ] .
< 515 i  Since then, two important
SM: ove- HVP " - developments on SM prediction:
A = « Lattice QCD from the BMW (2020)
.
New results in tension &
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° - 1165900

74



The Current Puzzle

Discrepancy between Experiments & Theories

<

5.00 >

New results in tension
with White Paper (2020)

+—eo—t

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 5.10 >

® +—e—t

SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

SM: Lattice HVP
BMW Collab.
(2020)
L g
SM: e+e- HVP
using only CMD-3
data below 1 GeV

C&d UNIVERSITY OF

&7 LIVERPOOL

* New experimental average with SM
prediction (\WWP-2020) gives > 50

Since then, two important
developments on SM prediction:
« Lattice QCD from the BMW (2020)

« Newete™ — mtm™ cross section from
CMD-3 (2023)

» Disclaimer:
The CMD-3 point is a visual exercise. It is not a fully updated SM prediction!

17.5 18.0 18.5

190 195 200 205  21.0
a,x10° - 1165900

« Tl White Paper result has been substituted by CMD-3 only for 0.33 = 1.0 GeV.
* The NLO HVP has not been updated.

+ |tis purely for demonstration purposes = should not be taken as final!
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The Current Puzzle
Standard Model (SM) predictions

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

knowledge of the hadronic leading order contribution a;/"° (a,,

SM contribution on a,

10—3_

=
<
wu

=
9
~

[}
<
©

10—11_

HVP HLbL
———

Hadronic Leading Order

C&d UNIVERSITY OF

&7 LIVERPOOL

- HVP: hadronic vacuum polarization 2>

- HLbL: hardronic light-by-light

HVP,LO)

Hadrons

fy
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The Current Puzzle ¢J LIVERPOOL
Standard Model (SM) predictions

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

knowledge of the hadronic leading order contribution a//“° (a;"""°)

* Approaches (at low-E; pQCD doesn't work): oo
1) Lattice QCD Method: Ab-initio calculation on lattice M'v

2) Dispersive Method: using o(e*e~— hadrons) data

@@=/ qzﬂmw.w |M‘
2im @

2 2
c+
o« o(ete” — hadrons) | \
nn

had.
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The Current Puzzle

Dispersive Method Using Collider Data

C&d UNIVERSITY OF

&7 LIVERPOOL

« ete”™ -» ™ channel is the major source of uncertainty

102 | I | I I | | I

|Full hadronic R ratio

'
1 “. i
10 | . KK —
I i 1 00—
't
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(7t"1t'1t01t°1:0)noH |
onm
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(@1 11’0, , —
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|
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The Current Puzzle
Dispersive Method Using Collider Data

« ete”™ -» ™ channel is the major source of uncertainty

2
10 I I I I I ' ! ul ronic R rati
L ‘FllhadOCR;: LIRS I I I O O I S O Y I N Y [N N O Y L B
1 rirn’
10 KK m— CLEO ; ¥
wn — 376.9+ 6.3
0 n:gm; I
0 oo SND
B p— 371.7+ 5.0
107" Kin  — R
(nnnnuno) I BES”' ks
‘L’”‘ — 3682+ 4.2
10_2 (G 4 W oy
m:][y I CMD'2 | e ® |
3 All other states ~ I—_—_ 3724+ 3.0
10— (nnnonono) oy I
o BABAR —O—A
107 L, e — 376.7+27
0.0_0_0
(nnnnun) L] KLOE
107° 3669+ 2.1 . | . | |
e e 355 360 365 370 375 380 385
s [GeV] HVP, LO [+ - 10
X
ap‘ [Tl: i ] '[0.6, 0.9] GeV [ 10 ]

The discre panc between BABAR and
KL O needs to be understood
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The Current Puzzle
Dispersive Method Using Collider Data

« ete”™ -» ™ channel is the major source of uncertainty

102 _ | Full hacronic R ratio
ol s - — . before cyloz
e = ; : :
100 skl = . | SND
I Y - i i
KKnn i ]
107" | il— = —— KLOE comb
—~ | (n*nnnuono)non ] :
£ i —— BABAR
_ (G 4 W E i : g
10 2t 0 — e it : BES :
[ ny — - i
All other states  IG—
10-3 ._ no’a — — ‘ CLEO
4 nnm — - : e : SND2k
107 F z : : =
[ o — E r — CMD3
10_5 - AA i AAAAAAAA l AL AL l Ab A l AL L L l AA A i AL A

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]

360 365 370 375 380 385 390
a"™ (0.6 <\s <0.88 GeV ), 10"
A recent CMD-3 result is different from

all the previous data = more puzzles! 80



Outlook

* Towards solving SM prediction (aﬁv

« KLOE & BABAR discrepancy (MC generator, ...)

« Outstanding CMD-3 result

VP,LO

« MUonE to better understand aﬁ

)

&4 UNIVERSITY OF

¢ LIVERPOOL

0, . . .
) inconsistencies:
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Outlook

» Towards solving SM prediction (aﬁVP’LO

« KLOE & BABAR discrepancy (MC generator, ...)

« Outstanding CMD-3 result

VP,LO

« MUonE to better understand aﬁ

« Experimental updates:
 Final result from Fermilab (Run-4/5/6)
* New Muon g — 2/EDM experiment at J-PARC

&4 UNIVERSITY OF

¢ LIVERPOOL

) inconsistencies:
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Outlook

Final Result from Fermilab (Run-4/5/6)

350

Analyzed positrons (AMethod) [billions]

0

29

Last update: 07-31-2023; Total statistics = 334.5 (billions)

280 -

210 -

140 1

~
o

Muon g-2 (FNAL)

N\

\

Run-2
-—aﬂﬁuml/: ;

Run-5

e
_=TRun-6
=

-300

WO 8 49 O 10 0 9N 9y P
NS
Y Y o

P bt Q. 9P 9 9D 9D
PRI DL R\ R B B\

500

S
o
o

N
o
o

[
o
o

w, statistical precision [ppb]

['&’d UNIVERSITY OF

&7 LIVERPOOL

* With data in Runs

4,5,6, we can double
our sensitivity again
and likely surpass our
goal of 140ppm total
uncertainty

- Expected ~ 2025
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C&d UNIVERSITY OF

&7 LIVERPOOL

Muon g — 2/EDM Experiment at J-PARC

Features:

Muon cooling

e Surface muon (3.4 MeV, large emittance)
=» thermal muon (0.2 eV, low emittance)

Muon LINAC

® Muon acceleration to 212 MeV

3D spiral injection

® Large kick angle within a few ns
e Good injection efficiency

e Compact storage ring
® Tracking detector

Proton beam (3 GeV)

Surface muon (3.4 MeV)

“Thermal muon (25 meV)

MLF muon experimental
facility H-line

Thermal muonium
production, Muon linac
lonization laser 3D spiral injection

Muon storage

magnet(3T)  positron tracking
detector
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C&d UNIVERSITY OF

&7 LIVERPOOL

Muon g — 2/EDM Experiment at J-PARC

Goals:

a, (statistically limited)

® 0.45 ppm (phase-1, ~ BNL/FNAL Run-1)
e 0.10 ppm (phase-2, ~ FNAL Final)

Muon EDM (sensitivi

* 1.5%1072! ¢ . cm (x70 better)

Schedule:
First data taking phase

e Start from 2028 and beyond
® Running time of 2 x 10”s (240 days)

Proton beam (3 GeV)

Surface muon (3.4 MeV)

“Thermal muon (25 meV)

MLF muon experimental
facility H-line

Thermal muonium
production, Muon linac
lonization laser 3D spiral injection

Muon storage

magnet(3T)  positron tracking
detector
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Summary

Muon g — 2 Experiment at Fermilab

Better than 200 ppb precision achieved in Run-2/3

Precession Frequency = Beam Dynamics Corrections Magnetic Field

Consistency Check; Blinding; Combination etc.

&4 UNIVERSITY OF

¢ LIVERPOOL
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Summary

Muon g — 2 Experiment at Fermilab

Better than 200 ppb precision achieved in Run-2/3

Precession Frequency = Beam Dynamics Corrections Magnetic Field

Consistency Check; Blinding; Combination etc.

SM prediction(s)

Data-driven method (WP2020) conflicts with the LQCD

Discrepancies within the data-driven method:

+ KLOE - BABAR
+ CMD-3 with all previous results

&4 UNIVERSITY OF
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Summary

Muon g — 2 Experiment at Fermilab

Better than 200 ppb precision achieved in Run-2/3

Precession Frequency = Beam Dynamics Corrections Magnetic Field

Consistency Check; Blinding; Combination etc.

t Up to 5-sigma discrepancy

SM prediction(s)

Data-driven method (WP2020) conflicts with the LQCD

Discrepancies within the data-driven method:

+ KLOE - BABAR
+ CMD-3 with all previous results
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Summary &J LIVERPOOL

Muon g — 2 Experiment at Fermilab Future experimental results

Better than 200 ppb precision achieved in Run-2/3 » * Final result (Run-4/5/6) from Fermilab (~2025)
* New Experiment at J-PARC (2028)

Precession Frequency = Beam Dynamics Corrections Magnetic Field

Consistency Check; Blinding; Combination etc.

t Up to 5-sigma discrepancy

SM prediction(s)

Data-driven method (WP2020) conflicts with the LQCD

Discrepancies within the data-driven method:

+ KLOE - BABAR
+ CMD-3 with all previous results 89
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Summary &J LIVERPOOL

Muon g — 2 Experiment at Fermilab Future experimental results

Better than 200 ppb precision achieved in Run-2/3 » * Final result (Run-4/5/6) from Fermilab (~2025)
 New Experiment at J-PARC (2028)

Precession Frequency = Beam Dynamics Corrections Magnetic Field

Consistency Check; Blinding; Combination etc.

t Up to 5-sigma discrepancy

SM prediction(s) Future SM update

Data-driven method (WP2020) conflicts with the LQCD » e The Muon g — 2 Theory Initiative is Coordinating

the SM prediction update
Discrepancies within the data-driven method:

+ KLOE - BABAR
+ CMD-3 with all previous results 90

 MUonE Project at CERN to directly measure HVP
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Muon Precession Frequency % LIVERPOOL
Fast Rotation Effect

» Each individual detector can only sample the muon beam at a particular
phase of the cyclotron period.

* In terms of the debunching effect, this sampling implies that the positron data
will contain a modulation at the cyclotron period (149 ns << 4.3 us) that

decoheres over the measurement period.

10° - x10°
'''''''''''''''''''''''' =
12 _— - g 3
— Without time randomization -
1 m —— With time randomization 25
10 H s
2] H 2
2 i
© oH 1.5§
o | ull U[ , |
§ 7 i 0.5 \ I
6 :
. Lasaal., Laaaal., | P |
5 B T S [ EE T 40 a1 42 43 a4 a5 a6 47
\ Time (us) Time (us)
4
(a) Fast rotation signal in the positron (b) Fast rotation signal in the positron

|||||||||||||||||||||||||||||||

2k 20 o e T'm?ee i o 40 = + data for calorimeter 1, at early times data for calorimeter 1, at later times 96
ime [us] when the signal is strong. when the signal is reduced.




(&4 UNIVERSITY OF

Magnetic Field Measurement % LIVERPOOL

Absolute Calibration

> Trolley and fixed NMR probes use petroleum jelly as the proton sample - low volatility

> Need to measure protons in H,0 (measurement standard) - calibration

> Trolley and cylindrical H,0 calibration probe switch places to repeatedly measure the same
field in the same place. Calibration performed ~once per year.

Cylindrical H,0 probe

Calibration region calibration probe  c_ b ation region

-8

Uncertainty
17 ppb

<= aluminum rod

holder for 17 NMR probes

EPS talk by Saskia
Charity, 21st
August 2023

Cross-check with spherical probes
Uncertainty: 9 ppb

support rail structure |~ AX

97
Trolley probes



Muon g — 2 Experiment at Fermilab

Experimental Principle

W, M
=B e
1. Measure w/": modulation of decay positron time spectrum

a

2. Measure B: proton nuclear magnetic resonance (NMR) — B = iy f‘e(H) M 1
2 #p(HZO) pe(H) pe

3. Extract a,
A real-world equation:

A

_ (Ugl (1 + Ce + Cp + Cpa + Cdd T le) Je /*L;)(H2O) Ne(H) mu

a, = X X
# wgz (1+ By + By) 2 pe(H)  pe me
\—Y—l L\ Y J
Corrections from Magnetic External constants precisely 08

Field Transient known ( to 25 ppb)



Why Muon g — 2

* Muon as a probe to New Physics

&4 UNIVERSITY OF

¢ LIVERPOOL

8
: — ~SM NP l
» For any new physics au =y ta, 7 0
m
: NP L N2
- lts effects is enhanced by " & (A—NP)
m
. " Hy2 4 o M
» Muon is more sensitive by a factor of (=) = 4.3x10
e
1 05 0P o8 ]
355 %8(235 ’ , - Trapped electrons allow the most precise measurement of
SM with ao(Rb) —C4" . g-2
SM with o(Cs) Og
1795 180 1805 181 1815

(-u/p, - 1.001 159 652 000) x10"?
0.1 ppb uncertainty on (g-2).

Gabrielse, PRL 130, 071801 (2023)

- A factor of 40 improved measurements on (g-2)e is heeded

to provide a compatible crosscheck with the muon (with a factor
of 2 improved a measurement)
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Beam Dynamic Corrections ¥ LIVERPOOL

a, = —zX T B B X[...]
a)p ( + k + q)

E-field correction (momentum dispersion from magic y)

Pitch correction from muon’s small vertical momentum component

Phase acceptance correction by decay-position dependence of positron phase
Differential decay correction as high momentum muons have longer lifetime

Muon loss correction from initial phase-momentum correlation in muons
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MUonE Experiment IJ§N9

A New Approach towards a;/¥* with running of Aay,g

HVP,LO

" IS via the time-like formula:

* 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:

GHVP = & (L0 (1 — ) hapag[t ()], t(x) = M
t=q2<0 Hadrons K w0 had ’ x—1

* Aay,q IS the hadronic contribution to the

running a (electromagnetic coupling constant)
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MUonE Experiment

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

G) 2 @ 5 [, R()
Aoeq(q7) = 3.4 / ds,s’(s’ ~ )

0
« Time-like: characterized by the « Space-like: very smooth behaviour
opening of resonances t<0
s>0
2 Z::E —— Hadronic g 005_ —— Hadronic
e leptonic CE leptonic
E = E =+—t[GeV] (0o



MUonE Experiment IJ§N9

Aay,q Via Muon-electron Scattering

* Aapaq[t(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute~

103



MUonE Experiment

Aay,q Via Muon-electron Scattering

* Aapaq[t(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute~

Shape of this is measured

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,q Via Muon-electron Scattering

* Aapaq[t(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute~

[t] (107* GeV?) [t] (107 GeV?)
055 298 105 357 x 0 055 298 105 357 oo

100
22

i (1 - x) . Aahad ul < 0

X —

10

1}

('—L’:’A”,"' ) x 10*

Shape of this is measured

dadata (Aahad>
dUMC(AOZhad = 0)
The NNLO differential cross

section from theoretical
calculation 105

0.1 ¢

Ay

(1—2x)- A(n,ml(%) x 10°

Rhad — ~ 1+ 2Aahad<t> 0.01 |

i : : . : 0 L L L L
TO b.e determlned e 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
in this experiment




MUonE Experiment

Aay,q Via Muon-electron Scattering

* Aapaq[t(x)] can be extracted from the shape of the differential cross-section of
muon-electron scattering ute™ - ute~

Coverage of ay o

°7 X ~092 —> 8 o x~0.936 -
o b peak T g | E=160GeV
& g e 9 _ 0.85/-covers ~ 88%
X 5- 5 |
o C é 0.8:
4 @ ¥
B i 0.75-
Shape of this is measured % 075
2 Tr
dadata(Aahad> r 88% -
Ryaq = ~ 1+ ZAahad(t> - 0.65]
dovio(A =0) To be d ed  GTGT 0205 04 05 06 070806 6080 100 120 140 160 180 200
: : O be determine A 02 0.9 04 05 0.6 0.70.6 0.
The NNLO differential cross . ) X B, [GeV]
: . in this experiment
section from theoretical 06

calculation



MUonE Experiment

Setup Overview

muon filter

| u chamber

Be (or C) target divided
into 40 slices with a few
cm thickness

Tracking system:
3 pairs of silicon strip

detectors

e
/ ]
M2 u beam 7///_ —r | |
160 GeV/c // i
station #1 ~ #2  #3 I #k #N
Target k Target k+1 .
} ~100cm {
1 module (2 sensors) | e |
------------ 1t~ .—‘# 1
_ L IiBCERIE
layer 3 layer 1 layer 2 layer 3 layer 1

ECAL: energy and PID
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MUonE Experiment

Setup Overview

pone

/| e muon filter
2 beam g e s 0 | O
160 GeV/e // 7
station #1 ~ #2  #3 I #k #N
ECAL

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

 Boosted kinematics:

» Single detector to cover full acceptance

* 0, <5 mrad, 6, <32 mrad.

Muon scattering angle (mrad)
S

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

Muon beam momentum = 150 GeV

Electron scattering angle (mrad)
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