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* @ is a dimensionless factor which encodes all the possible
virtual interactions between the fermion and the magnetic field

- Attreelevelisg = 2

- After counting for the virtual contributions from the entire
Standard Model it becomes g = 2.002331...
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virtual interactions between the fermion and the magnetic field

- Attreelevelisg = 2

- After counting for the virtual contributions from the entire
Standard Model it becomes g = 2.00233183...
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* @ is a dimensionless factor which encodes all the possible
virtual interactions between the fermion and the magnetic field

- Attreelevelisg = 2

- After counting for the virtual contributions from the entire
Standard Model it becomes g = 2.00233183620(86)
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Why Muon g-2

 Any discrepancy between experimental measurement and
theoretical prediction could be a hint of new physics

Leptons are the only elementary fermions that we can easily
produce and store

=0.511 MeV/e? =105.67 MeV/c? =1.7768 GeV/c*
-1 -1 -1
12 e 12 }"l 1/2 T

electron muon tau
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Why Muon g-2

 Any discrepancy between experimental measurement and
theoretical prediction could be a hint of new physics

Leptons are the only elementary fermions that we can easily
produce and store

 The electron g-2 is already measured and calculated with
extremely high precision -» g_ = 2.00231930436146(56)
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 Any discrepancy between experimental measurement and
theoretical prediction could be a hint of new physics

 Leptons are the only elementary fermions that we can easily
produce and store
» @

electron

 The electron g-2 is already measured and calculated with
extremely high precision -» g_ = 2.00231930436146(56)

* The muon is 200 times more massive = 40’000 times more
sensitive to new massive particles
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Any discrepancy between experimental measurement and
theoretical prediction could be a hint of new physics

 Leptons are the only elementary fermions that we can easily
produce and store T (e
- @ |- @

electron muon

 The electron g-2 is already measured and calculated with
extremely high precision -» g_ = 2.00231930436146(56)

* The muon is 200 times more massive = 40’000 times more
sensitive to new massive particles

 The tau would be even better, but it's impractical
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Any discrepancy between experimental measurement and
theoretical prediction could be a hint of new physics

 Leptons are the only elementary fermions that we can easily

produce and store
-~ @I @ |- @
e The electrp— ="+ A “~ad with
extremel : : 6(56)
Y The muon is our golden ticket
* Themuon o explore the unknown... les more
sensitivel) st measure it very precisely!
® The tau WUUIU NGC VOl = rrY rreoEw T - IIII'.JI UCUITCUl1

06/27/23




(NN
< there a hint?

Before 2021
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« BNL E821 Experiment (2006) and
Standard Model theory (2020) were
different by 3.70

 Fermilab E989 Experiment goal:
improve the experimental precision
by a factor of 4 to 140 ppb
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< there a hint?
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. e Fermilab Run-1 result published in
« BNL E821 Experiment (2006) and 2021 with 460 ppb prepcision R

Standard Model theory (2020) were : : |
different by 3.7c Discrepancy increased to 4.20 !

W P @

. . _ * New precise Lattice-QCD calculations
) !:erm|lab E989 Exp_erlment goal_. : of the hadronic contribution to a_in
improve the experimental precision fensi th the data-dri SM H
by a factor of 4 to 140 ppb ension wi € data-driven
prediction -» a new g-2 puzzle !
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I How to measure g-2

oo}

* |n a magnetic storage ring, the muon
spin precesses slightly faster than the
cyclotron frequency

B} geB e } eB
o= =5 — = (1=7)— de=——
2m mey moy

* |If we do the difference we get...
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I How to measure g-2

oo}

* |n a magnetic storage ring, the muon
spin precesses slightly faster than the

cyclotron frequency
b= 5 geg eé . eé
Gy =% ——(1=7)—  G=——
— m mry — mey
* |If we do the difference we get...
L g—2\eB _ _eB]
e T e =Ty ) T T,

« The “a_nomalous_" precession frequency of the Momentum
muon is proportional to the g-2 and to the Spin
magnetic field strength

« Virtual particles make this happen!

- | -2

« Measure w, and B - obtain a, = gT
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Let’s build a g-2 @»
experiment

Polarized muons

,,,,,,,,,,,,,,, o * Produce muons artificially

,,,,,,,,,,,,,,,,,, ‘,g‘ * Very pure and polarized beam

/ e * Luminosity as high as possible
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experiment

Polarized muons

Let’s build a g-2

TR

Istituto Nazionale di Fisica Nucleare @

Produce muons artificially
Very pure and polarized beam
Luminosity as high as possible

Inject beam into a continuous magnet
Store the muons until they all decay
Keep the beam focused and centered
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experiment

Polarized muons

_ m# Wq Storage
aHJ o = > ring
e B
\ Measure w,, B

~2 GeV
/ ~1GeV

~0.5 GeV

Let’s build a g-2

TR

Istituto Nazionale di Fisica Nucleare @

Produce muons artificially
Very pure and polarized beam
Luminosity as high as possible

Inject beam into a continuous magnet
Store the muons until they all decay
Keep the beam focused and centered

Detect all the decay positrons
Measure the magnetic field
Measure the beam distribution
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Polarized muons IN FN 4‘

Istituto Nazionale di Fisica Nucleare
- 'I-[ + - +
P M

16 bunches of 10%? protons
boosted @8 GeV to recycler ring
and sent toward a fixed target

Recycler Ring

« Positive pions are extracted from
the interaction with target

 Four turns in the delivery ring to
separate remaining protons and
let pions fully decay into muons

« High energy muons are naturally
polarized

.--.’ <...-I.-.
- _—
v, U

Muons enter the g-2 ring O
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Storage
ring
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Storage
ring

Inflector magnet

cihe
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Kickers
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Storage
ring

Inflector magnet
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Tracker modules

Calorimete

a
rss
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Rcriage “trolley”
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Serial inductor coil Base piece w,

End cap with tapped hole double crimp connection
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Inner crimp ring

Inner conducter of capacitor
PTFE tuning piece with slot

PT1000 macor support  aluminum shield

Parallel inductor coil

macor support
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How to measure . =~

a
Momentum
Spin
Muon decays in a Parity violation — positrons Spin precession = the energy
positron and 2 neutrinos in CM preferably in the specFrum in the lab frame
direction of the muon spin oscillates through time
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How to measure . =~

a
- Momentum
Spin
Muon decays in a Parity violation — positrons Spin precession = the energy
positron and 2 neutrinos in CM preferably in the_ specFrum in the lab fr.ame
direction of the muon spin oscillates through time
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W, u;(Tr,«) p(H)my, g, Constants known from
a, = = > other experiments with
wp( ?")’ Hoe (H) e MM, 2 high precision (25 ppb)

N/149.2 ns

Three measurements:

e wW_: Muon anomalous
precession frequency

« w_: Larmor precession
frequency of protons (B field)

Y (mm)
w
(=}
T
X
>;3/,
2
ol G R -

 p,: Muon distribution in the
storage ring

> ©
intensity [arb. u.]

o e
Relative muon
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I Painstaking detail

| —

R(w,) with detailed systematics categories [ppb]

Many cross-checks and validation routines

Every systematic effect to be studied at ppb level

1a 1 1c 1d\

INFN

Istituto Nazionale di Fisica Nucleare

Many analysis teams performing the same measurements independently

- that’s 0.0000001% !

Run-1 uncertainty table

Quantity

Correction [ppb]

Uncertainty [ppb]

w, (statistical)

w, (systematic)

434
56

Ce
Cp
Crni
Cha

489
180
-11
-158

93
13
5
75

fcalib(w;(l‘v Y, ¢) : M(I’ Y, ¢)>

-17

56
92

q
B, 27 37
11/ fte - 10
My /M - 22

0

Total systematic uncertainty 652 705 540 4838 c. b) 471 464 534 475
Frequency Standard 1ppt Time randomization 14.8 1.7 9.2 .9 — g (PP )
Frequency Synthesizers 0.1 ppb T cormection 39 12 11 10 Statistical uncertainty 04 05 04 0.2
Digitization Frequenc 2 o0b Sain 124 94 89 48 Fourier method 8.4 13.4 144 3.9
€ d Y PP Pfleu" o . et a7 ook 309 Momentum-time correlation 52 52 52 52
i Pileup artificial dead time 30 3.0 3.0 3.0
Total Systematic 2 ppb D; .
Muon loss 22 1.9 5.2 2.4 Quad alignment/voltage 6.4 6.4 6.4 6.4
fC|0Ck cBO 420 495 315 352 Fieldindex 1.7 15 1.7 4.0
Ad-h ti 211 214 224 10.3
— y uncertainty 53 54 54 53
w a C.
1a 1 1c 1d
Cp(ppb) 176 199 191 166
Statistical uncertainty <0.1 <0.1 <0.1 <0.1 Data St Rumla Rumib Rumlc Rumid Data Set _Run-la Ruu-l‘lr) Run-lc  Run-1d
Tracker alignment/reco. 11.0 12.3 12.0 10.7 ot 14 3 7 7 Cpa -181 -165 -117 -164
e 5 o i Stat. uncertainty 23 20 15 14
Tracker res. & acc. removal 3.3 39 37 3.0 ¢ Form of (1) 5 0 1 Tracker & CBO 73 13 11 14
Azimuthal avg. & calo. ace. 1.0 13 22 1.1 Jioss function 2 1 2 Phase maps 52 49 35 16
) i Linear sum (oc, ) 6 2 1 Beam dynamics 27 30 22 45
Amplitude fit 1.2 04 1.0 2.9 mt Total uncertainty 96 74 60 80
Quad alignment/voltage 4.4 44 44 44 le c
Systematic uncertainty 12.4 13.7 13.6 123 pa
p
Quantity Symbol
Diamagnetic Shielding T dep [EREESCTCH -10.36(30)
Bulk Susceptibility & -1504.6 £4.9 ppb run-1 (substructure) 77.4ppb
Material Perturbation 5 152£133 ppb azimuthal shape*® 7.6 ppb
Source Uncertainty (opb) Paramagnetic Impurities 5 0+2 ppb skin depth 12.6 ppb
ICHECED Po=ed Radiation Damping S0 0:3 opb frequency extraction (0.4/1ms) 1.6 ppb
Soulazao) 2 Proton Dipolar Fields & 0+23 ppb Q3L: fit, position 1.5ppb
Trolley 25 repeatability 13.3ppb
Fixed Probe Production | <1 correction [ppb] uncertainty [ppb] drift 10.2 ppb
Fixed Probe Baseline |8 Dataset ™ 1b w 14 o 1 T 14 radial dependency 1.4 pph
Tracking Drift 22-43 T Tracker and 7 | 53 | 1oe | 105 27 8- pulses 14.0 ppb
Total 4362 ;a'(‘:’;:““ total —15.0 ppb 81.7 ppb
. 16 15 17 14 5.2 4.7 52 49
effects
3.Infill time
e 19 | 23 | 12 | -41
\\ Total 03 | 08 | o5 | 27 | 106 | 141 | 165 | 203
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I A lot of data

More than 7 PB of raw data have been accumulated in 6 years of data taking

* All the detected ~10*! positrons are reconstructed and carefully calibrated in
time and energy

e ~3x107 cpu-hours of Grid production every year + simulation

Last update: 2023-06-26 23:24 ;(Total = 21.89 (xBNL))

- Muon g-2 (FNAL) // B
% 207 Run-6 | -
= 3
= Production - sl
> °T =
2 151 almost complete, o : 5
= started analyzing i3 =
S data T
_:. 10' 3
S N
2 . .
¥ 5 Run-3 Final review stages i
New publication is near
,,,,,,,,,, Rup-2  J
ro — : :
0. £Run-1l . — > 5A> of statlstlcs, publl§hed in 2|021
WD \ O A9 90 90 A rL’\ ’\ A Ol Ol D
N N N
\‘\3 3\) \‘\‘3 3\) )@‘(\ \Na‘g'\ )@‘(\ P‘Q( 0’\ 30\’\,\ 060 \Na.‘ )\g(\ 0'\ '?@‘0
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Takeaways

 The Muon g-2 is a fashinating topic that touches a large
portion of modern physics

* Impossible to cover all aspects of g-2 in 10 minutes
— | hope | sparked a bit of curiosity

* Possible hints of new physics could come via extreme
precision measurements

 New tensions are arising on the theory side too

 New publication at ~220 ppb coming as soon as analysis
review is complete. Stay tuned!

Thank you for listening! m
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