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Why search for new physics?

Standard Model of Elementary Particles @ Standard Model (SM) describes the universe
e remarkably well but doesn’t answer all questions:

: ¢ — How does gravity fit in?
- "—J h—'"J - LJ L oo - What is dark matter made of? What is dark energy?
N & — Why is there not more anti-matter?
domn l e l boton | P"m" — How do neutrinos obtain their mass and how heavy are they?

=Fe e e % _

electron || muon tau Zboson | L2 . " .
g o e e = &f @ Intensity Frontier: a way to probe the SM using
Ol @l 1 og . . . .
AN _} 9 g high-intensity beams of particles

- — rare processes

Frontiers of Particle PhYSICS ~ precise measurements e.g., Muon g-2 experiment

Energy Frontier

Cosmic Frontier

Intensity Frontier
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The g-factor and the muon anomaly

@ Muon: elementary particle with spin-1/2 and magnetic
moment proportional to spin through the g-factor:

- q z
#_mepS

@ Atfirst order (Dirac theory for s = 1/2 particles) g =2
but with higher order corrections (vacuum effects) g > 2:

gu=20+a,) = ay = >-— muon anomaly
————

Dirac
—> a, can be calculated with the SM (all particles contribute):

QED Electroweak Hadronic VP Hadronic LbL
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The g-factor and the muon anomaly

@ Muon: elementary particle with spin-1/2 and magnetic
moment proportional to spin through the g-factor:

- q 2
—g-——3S§

@ Atfirst order (Dirac theory for s = 1/2 particles) g =2
but with higher order corrections (vacuum effects) g > 2:

g=2(1+a,) = |a,=2>-—| muonanomaly
————

Dirac
—> a, can be calculated with the SM (all particles contribute):

x x x é

- + y + + (
AT “/\ v @ .
\ 7 UUL@'U‘LFJ . n m
QED Electroweak Hadronic VP Hadronic LbL New Physics?

—> If new particles contribute the SM will disagree with measurement:
precise test of the SM and look for new physics
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Experimental measurement vs. SM calculation (before 2021)

@ Long-standing > 3¢ discrepancy

—~~ 40 BNL E821 Value
? 30 + @ EB821 (BNL) experimental value:
Expected FNAL Muon g-2 precision
= aB82LBNL _ 116592080(63) x 10711
~ 20 H
S [Phys. Rev. D, 73 (2006) 072003]
& 10
)
S H } # H + @ SM value re-evaluated in 2020 by
| i S
- \ g Muon g-2 Theory Initiative:
S -10 Previous SM Estimates ‘ aZM,2020 =116591810(43) x 10711
—-201 [Phys. Rept. 887, 1 (2020)]
1“““ 190% 10\’1 10\’6 1010

@ In the meantime: FNAL Exp. was constructed and began collecting data in
2018, continuing operations until 2023 aiming to improve uncertainty with
140 ppb goal

[E821, BNL uncertainty: 540 ppb; ~ SM, 2020 uncertainty: 370 ppb]
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SM calculation of the muon anomaly

. . . I ~ v v v v
@ Calculation is continuously updated g 17 -,
& . ba,
@ Largest contribution but lowest & 1078
uncertainty from QED °
2 107 )
3 (=3
@ EW terms are also well known £ =
. . § 10~ 2 =
@ Uncertainty dominated by 3 - =
strong-interaction contributions (HVP 1011 § h
and HLbL)
lC)ED + EW 4 HW + HLbL,
@ Hadronic Vacuum Polarization LO-term: Y
virtual loops with hadrons calculated with o s P Esimates
two approaches o T
— data-driven: experimental data (e*e”) plus  § uncise
dispersion theory (used by WP20) i Fectikacore _ by
— direct calculation with lattice QCD e b »
(-) Proposal: from the shape of the . — e elastic L AN N |
. . . £ &|bHmz19 -
scattering cross section vs. space-like squared 2«0 .
momentum transfer MUonE Experiment g™ | | L

| PRSP (o ) 5
R T e e R TR TR
SM exy 10
(a. -a"*)x 10
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Experimental measurement vs. SM calculation (2021)

@ In April 2021 were published:

@ anew measurement from FNAL Muon
g — 2 Exp. Run-1 data that confirmed
BNL result from BNL:
a, (FNAL) = 116592040(54) - 101 (460 ppb)
— e a, (BNL) = 116592089(63) - 107! (540 ppb)
FNAL (Rup-1) a, (Exp) = 116592061 (41) - 10711 (350 ppb)
[Phys. Rev. Lett. 126, no.14, 141801 (2021)]
—— —_——A 60— . .
WP2020 BMW, lattice QCD  Experimental @ anew theoretical calculation
Standard Model Standard Model avefage .
a,(BMW, HVP - LO) based on Lattice
= 420 g QCD in tension with a;, (WP, HVP — LO)
150 T calculation based on e*e™ data
v i b b B b b b by [Nature593(202])51-55]

175 180 185 190 195 200 205 210 215
a, x 10" - 11659000

@ In this talk: review of the FNAL Run-1 measurement and I will present you
the latest FNAL Run-2/3 result (announced on Aug 10, 2023)

[Phys. Rev. Lett. 131, 161802 (2023)]
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Experimental technique

Proton bunch

Pions

1. InjeCt polarized muons into a J\_’ Nﬂlarized Muons
magnetic storage ring Target
2. Muons circulate around the ring at fg=2=w a = 0
the cyclotron frequency: = BO
bc=—1B |
Yy l
3. Muon spin precession frequency =
(Larmor) is given by: momentum —>

R q I spin R —
ws = ——B(1l+vya . ¢ —
s ymy (1 +7yay) g#F2=> (“HEHNEB

4. Muon anomaly is related to — B®
anomalous precession frequency:
J)aE(,T)S_(T)(;EaHiE T l‘
my
5. Measure B and w, to extract the —
anomaly momentum —

spin —
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Final formula

Muon anomaly is determined with:

»(Tr)
a4 wga | HpUr) u.(H)my g,
=~
Wy (T7) | pe(H) e me 2
~—
ratio of frequencies (R,) fundamental factors
measured by us (combined uncertainty 25 ppb):
| Hpy (Tr) / e (H) from [Metrologia 13, 179 (1977)]
- e (H)/ e from [Rev. Mod. Phys. 88 035009 (2016)]
E‘“' mu/me from [2018 CODATA (Web Version 8.1)]
wy: Muon anomalous :Wm /2 from [Phys. Rev. Lett. 130, 071801 (2023), P
. W AN AAAAANAAANAAAAAA A 8 rom ys. Rev. Lett. ) , Prog.
precession frequency A A A A AR Theor. Exp. Phys. 2022, 083C01 (2022), and 2023
) . VWVV\'\MW\MWW“’VW“NWWM update]
Extract from decay positron time spectra . R
N = Npe 5[ + Acos(@,1+ @)] ﬂ";g"» PR mART v

Wow ar W W w7
e ol 160 23

wp (Tr): magnetic field B in terms of (shielded) proton
precession frequency (proton NMR Zwp = 24, B) and =N " \ i o
weighted by the muon distribution &7 1) :
(shielded = measured in spherical water sample at 7, = 34.7 °C)

Radial Position[mm]

Map the magnetic field Muon distribution in the storage ring
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Production of the muon beam

@ Recycler Ring: 8 GeV protons
from Booster are divided in 4
bunches

Recycler Ring

@ Target Station: p-bunches are
collided with target and =* with
3.1 GeV/c (+10%) are collected

magnetic lenses select y*
from 7+ — p*v, then u* are TR :
separated from p and z* in ‘\Q;
circular ring Target Stau?n .’;

. N : 2
° polarized u* are
ready to be injected into the
storage ring

A

2% 8shots ~14s

E‘?ﬁ Muon Campus
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FerMilab
?

The storage ring journey: from BNL to FNAL in Summer 2013
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Storage ring magnet

@ Three superconducting coils provide
1.45 T vertical magnetic field

@ Vacuum chambers surrounded by a
cryosystem and C-shaped yokes to
allow the decay positrons to reach the

detectors.
@ Achieved 50 ppm on field uniformity

thanks to low-carbon steel poles, edge inner coi ey )

shims, steel wedges, surface correction (.E

coil A

wedge [ —
(~ m variation: d
= Sgg E 2016 (~ 50 pp‘;:)variaalign;s o= shim —> =s%s .
S 120027 /A /'\/\ ,A fixed NMR probes B
o 12000 A \ A\ LA J
oF 1000 / ; L AAA
AR AT N TR Y ] ( COE,,..za::zz]i. | outer ool
o 600 ] ;
@ 400F- /\f ‘N /‘/
= 200F- IE
00 50 00 50 00 250

final field ~ 3 times more uniform than at BNL
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Injection of the muons into the ring

@ Beam enters the ring through a @ T0 Counter (thin -
2.2 m-long 10 cm hole in the iron yoke scintillator read out -
N by PMTs) to measure ..

beam time profile -

; @ Inflector magnet provides nearly
field free region for muons to enter
the storage region

‘ System (scintillator fiber grids) to
1 / measure beam spatial profile

IBMs iy IBMS spatial beam proflles IBMS 1 X

"RMS: 20 lbers, 5.4 RMS: 25 foerer 158

____-lml.._____ ___....lMIIIII-
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Muon storage

@ Injected beam is 77 mm off from storage Kicker Magnets
region center @ 3 pulsed magnets deflect beam
- ~10 mrad onto the closed storage

orbit in less than 150 ns

inflector

[ =L
( Kickers [
{ 5
—~150 T T T T
:_ == Kicker Pulse from Magnetometer Data
S = TO Pulse
> -—~-Cyclotron Period
‘@
2 100
2L
£

o
3

1
2 0.0 0.2 04 06 08
Time (us)
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Vertical focusing

Electrostatic Quadrupoles

@ 4 sets of quads provide vertical
beam focusing

| N

@ E-field component cancels out
(at first order) when muons at

magic momentum:

7 ..
" e > 1 BXxXE
W, = —— |ayB—|a, -

“ m|* Foy2-1] ¢
N——

~0if y=29.3 i.e., p,=3.094 GeV/c
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Detectors and field probes

24 Calos around the ring

@ Each made of 6x9 PbF, crystals
read out by large-area SiPMs

@ 1296 channels individually
calibrated by 405nm-laser
system

2 in-vacuum straw trackers

@ Each with 8 modules consisting
of 128 gas filled straws

i Trackers at 180°
”’"F‘ & 270°

B335 554¢&8 83

~\ 2 types of field probes
@ 378 fixed NMR probes above
and below storage region
— measure B-field 24/7

@ Trolley with 17-probe NMR

— 2D profile of B over the entire
azimuth when beam is OFF

9 _six-probe station
Fixed probes s
four-probe station [
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Master formula for Muon g-2 analysis

wq beam dynamics corrections

_ ]CCIOCIC . wZ’ZeaS . (]. + Ce + Cp + le + Cpa + Cdd)

R, =
H ’
Jeativ - 0, (x,y, ) @ M(x,y, $) - (1 + Bi + By)
Ep (T;) field corrections
C, : electric field correction
Jetocr : blinded clock Cp : pitch correction
wl'®? : measured precession Cp,; : muon loss correction

frequency Cpa :phase-acceptance correction
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Caq : differential-decay correction

fealip - absolute magnetic field

calibration
), (x,y,¢) :field maps By ‘Fransient field from eddy current in
M(x,y,¢) : muon beam distribution kicker

By :transient field from quad vibration
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Measuring the magnetic field seen by the muons

Dipole Moment

RMS = 17.5 pom

e

R = (lf;:lock co - (14 Co+Cp+Cry+ Cpa + Cdd))

. trolley runs _
calib - 0, (%, Y, ) ® M(x,y, ¢)- (1 +Bi + By) -

TFixed

~ probe tracking

“Azimutnal Positon (deg)

@ w;, is proportional to the magnetic
field and it is mapped every 3 days
using 17 NMR probes on a trolley

Blinded Dipole Moment [ppm]

R-Ro (cm)

@ During data taking fixed NMR probes
located above and below the storage Cowmen T
region monitor the ﬁeld (9300 O7ab00 150000 070000 154000 Gre0dn 199600 07000

1.0
Bl i<'d homogeneity [ppm]

@ Fixed probes to interpolate the field
between trolley runs @

y [mm]

@ Field maps are weighted by beam
distribution (extrapolated from the
decay e* trajectory measured by the
trackers and simulations)

Relative muon intensity [arb. u

[ 20 40
x [mm]
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Magnetic field corrections Ry = (f"”k 0572 U+ Cot Gpt o+ Coa ¥ C""))

Jeatis - (%, y, ®) ® M(x,y, $) - (14 B {[B)

e o ' . . . ]
@ due to eddy currents produced by s F 1
kicker pulses & *F 3
@ measured using == . A0F 3
Faraday 20l .
magnetometers F — Rt ]
0.0 0.2 04 0.6 0.8 1.0
Time After Kick (ms)
@ g 400
Quads transient field : 20
@ due to mechanicals vibrations from
pulsing the quads a0
@ mapped using special NMR Egobes R
200 T T T
100 Fn ring

5]
3

g
a
=
b
9
2 0
)
2
&
T
4

XIS}
8 o
3 S

bl

| |
400 39 a a1 22
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Measuring w,

@ Polarized muon decay:
o et +ve+v,

@ High energy e* are preferentially
emitted in direction of u* spin
(parity violation of the weak decay)

@ Energy spectrum modulates at the
w, frequency

@ Counting the number of e* with
E.+ > Emreshold as a function of time
(wiggle plot) leads to w,:

muon lab-frame lifetime g-2 phase
—_— —_—

N(t) = Noe‘t/T[l + Acos(wyt + ¢)]
N—— N——

normalization g-2 asymmetry

E¢+- and t are measured by the calorimeters with a blinding factor applied

to the digitization rate

B (f:clock |@Z*)- (1 + Ce + Cp + Cny + Cpg + Caa)

Jeatib - 05 (%, y, ) ® M(x,y, ¢) - (1 + Bk + By)

Counts

N/149.2ns

x10*
1 Womentum Spin
1 @t
2000 ! Spin
; aligned
1500~ !
Spin i
1000/~ anti-aligned
Moenum Spn |
so- @ 4
i
o L | .
1 15 2 25 3
Energy [GeV]
i - Data |
L WIS
o ;\,\/\/\/\NWWV\/\A/\/\/\/\,\/W
RN o
106" NANANNAAA,
10E Fermilab Muon g-2 Experiment 3
10' @ . Combined Run-1 Data 3
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Wiggle plot

@ Calorimeters data is reconstructed into
energies and times

raw calorimeters traces

—> 2 (Run-1) or 3 (Run-2/3)

independent reconstruction routines

Reconstruction

Energy [MeV]
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180 200
Time (us]
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Wiggle plot
@ Calorimeters data is reconstructed into
energies and times Energy-Time Wiggle Plot
> 2 (Run-1) or 3 (Run-2/3) 5 TITTRTTTTYTITTV YRR
independent reconstruction routines
@ Different and software independently
blind analysis techniques:
o Threshold (T) Method
— only positrons above energy threshold
o Asymmetry-Weighted (A) Method:

- p9s1trons divided into energy bins and Diferent Anieis (6 Rz o)
weighted by g-2 asymmetry PR —

e Ratio (R) Method
— muon lifetime exponential decay

removed before fitting i
o Ratio Asymmetry-Weighted (RA)
Method

o Integrated Charge (Q) Method:

— sum of raw calorimeter traces (unique
method independent of reconstruction)
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Fitting procedure

@ Fit — Residuals — Fast Fourier

Eé 3, 8 E 107 F 2In.df. = 4167/4132 1
Transform (FFT) Fy T g mMMMvava\AMXNV‘MNVWV\)’V\V‘“,\,WM’WW
@ Analyses of FFT fit residuals shows £ or & 1o RASCTONE00000mmnnan
Fhat simple 5-parameter model is c £ TOORN00000 )
lnadequate 051 e < » Time after injection modflg 1025 ILZ]
@ Flat FFT of residuals using a (typical) 3 33 , o lecmomyi
. [ 3 — Full fit function
22-parameter fit function that 1. i S son b
includes beam dynamics effects T R VR S TR
Frequency [MHz]

|'\V‘JE_L (1 + A-Apolt)cos(wat+ & -édpolt)) ) Nepol(t) - Nywl(t)

- Ny(t) - Nacpol(t) - J(t)

Ago(t) =1+ A,cos(wepo(t) + E‘\)"?"'i;‘”
énol(t) = 1+ Agcos(wenol(t) + do)e” =0
Nepol(t) = 1+ Acpocos(wepol(t) + dopo)e” o

Naocro(t) = 1 + Ascrocos(2wepo(t) + dacro)e Fomo

Wego, Wzcro radial oscillations

NMow(t) = 1 4 Avweos(wyw (D)t + dyw)e ™ . s
vw(t) vweos(wyw (1)t + dvw) @y, Wyy vertical oscillations

Ny(t) = 1+ Aycos(wy ()t + dy)e 7

Red = free parameters /‘
Jt)y=1—k A(t)dt Lost
Blue= fixed parameters ® wa f A ) st muons

wepo(t) = wot + Ae™75 + Be™7d
wy(t) = Fwepoy v 2we/Fwepo(t) — 1

wyw (£) = we — 2wy (£)
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Fitting procedure

@ Fit — Residuals — Fast Fourier

5 im 8 E 107 ¥2n.d.f. = 4167/4132 1
Transform (FFT) 3 T 2 10 A IOTOTOTON0N v
@ Analyses of FFT fit residuals shows £or 2 1o BASCCOSO0T00NCnmananny
. . @ £ r"\"’\’\’\’WVv\/\/vvv\/v\,\,\,\,\,v\1
that simple 5-parameter model is E £ 10 UIEoo AR
inadequate 051 . “e ® Tim:l)aﬁer injeggon madjgmz.s [:12]
@ Flat FFT of residuals using a (typical) LB B , L teomonim
. P [ & — Fullfitfunction
22-parameter fit function that L -

. . 00 1 1 1
includes beam dynamics effects T T R T

Frequency [MHz]

| Noe ¥ (1 + A - Apo(t)cos(wa t + & - bno(t))) - Neno(t) - Nuw(®)- Ny(t) - Nacsolt) - (1) |

The muon beam oscillates and breathes:
. ————

Nacpo(t) = 1+ Ascaocos(2ucno(t) + drcpo )~ T72m0

Now(t) =1+ 4 s(wvw (D)t + duw)e” T -
owit) =1+ Avweos(wvw (D)t + dvw)e @y, @y vertical oscillations
Ny(t) = 1+ Aycos(wy(t)t + dy)e” v

Apo(t) =1+ Ascos(wepo(t) +d.4)e

dmo(t) = 1 + Ascos(weno(t) + ¢

Nopol£) = 1+ Acpocos(wepo () + dopole” ™

RIS of Rag. Pos. [mm]  Mgan Red. Pos. [mm]

Red = free parameters RPN 255
P J()=1-k \,[ A()dt  Lost muons g
Blue= fixed parameters t
152
woso(t) = wot+ Ae” 7% + Be RN : : S
. s
oy(t) = Fugy 2oe/Fuwcpo(t) —1 ; L L
wy(t) = Fasco( Vel Fcaoll) T 0 B R R R R S
i e o it o8

wvw (2) = we — 2wy (t)
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Fitting procedure

@ Fit — Residuals — Fast Fourier

:: 3 8 ‘ E 107 2/n.d.f. = 4167/4132 1
Transform (FFT) 3 T g;m“’WWWWV\WNWW\’,WW
@ Analyses of FFT fit residuals shows £or 2 1o BASCCOSO0T00NCnmananny
; ) ; g £ 16 OOUGn 000NN
j[hat simple 5-parameter model is £l £ 17 BICRT0NCs )
lnadequate 05 [ < ® Tim:l)aﬁer injeggon mad\ig 1025 [:12]
@ Flat FFT of residuals using a (typical) LB B , L teomonim
. P [ & — Fullfitfunction
22-parameter fit function that S O T A -
includes beam dynamics effects T B TR R S—

| Noe ¥ (1 + A - Apo(t)cos(wa t + & - bno(t))) - Neno(t) - Nuw(®)- Ny(t) - Nacsolt) - (1) |

Apo(t) =1+ Ascos(wepo(t) +d.4)e

dmo(t) = 1 + Ascos(weno(t) +

Time since injection: 6.6 us.

Frequency [MHz]

Nopol£) = 1+ Acpocos(wepo () + dopo)e

Naco(t) = 1+ Ascpocos(2ucno(t) + drcpo)e” 72m0

Nyw(t) =14 4 s(wyw (t)E + & W, e
rw(®) + Avw enslovwr(1)t-+ duwe Wy, Wyy vertical oscillations
Ny(t) = 1+ Aycos(wy(t)t + dy)e” v

Red = free parameters /"
J)=1-k A(t)dt
Blue= fixed parameters @ o b ) ost muons

wero(t) = wot + Ae” 7% + Be 7§
wylt) = Facpo(e) v/ 2we/Fucpo(t) — 1

wvw (2) = we — 2wy (t)
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RIS of Rag. Pos. [mm]  Mgan Red. Pos. [mm]

08 i0THs 2 2s 50 as A‘utaa[s]q

21/37



Fitting procedure

@ Fit — Residuals — Fast Fourier
Transform (FFT)

@ Analyses of FFT fit residuals shows
that simple 5-parameter model is £ 10 BSN0scs
inadequate 05 B e o

2
S10F ¥2n.d.f. = 4167/4132 1

g 10° VVWVWWVVWV\NW\,WVV,
o 10°

— feso

FFT magnitude [a.u.]
5
T
5
&
8

@ Flat FFT of residuals using a (typical) i3 38 , L teomonim
22-parameter fit function that 1.0 Lo s b

includes beam dynamics effects T N

Frequency [MHz]

| Noe ¥ (1 + A - Apo(t)cos(wa t + & - bno(t))) - Neno(t) - Nuw(®)- Ny(t) - Nacsolt) - (1) |

The muon beam oscillates and breathes:
. ——

Apo(t) =1+ Ascos(wepo(t) +d.4)e

dmo(t) = 1 + Ascos(weno(t) + ¢

Nogolt) = 1+ Acsocos(wopo (t) + ¢ono)e” ™ H - 2,
< £
- g E
Naco(t) = 1+ Ascaocos(2weno(t) + bacno)e” Fomo i g
. 3 o 5
Nyw(t) =1+ A s(wyw (1)t + by )e” VW _— g go
ow(t) =1+ Avweos(vw (1) + uw )f @y, @y vertical oscillations H o 5o
Ny(t) = 14 Aycos(wy(t)t + dy)e™ o =
£ [
Red = free parameters SN ko E25
J@)=1-kew [ Alt)dt  Lost muons
Blue= fixed parameters @ e () 0 820,
515
weso(t) = wot + Ae” 77 + Be @ By i
- o o
- 5
wyt) = Pcpor v2ee/Fecaoll) ~ 1 . STITTINTRTRNITVTITE AL A
R Time o8]

wvw (2) = we — 2wy (t)
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Fitting procedure

@ Fit — Residuals — Fast Fourier

Transform (FFT)

@ Analyses of FFT fit residuals shows
that simple 5-parameter model is

inadequate

=

FFT magnitude [a.u.]

0.5

@ Flat FFT of residuals using a (typical)
22-parameter fit function that

includes beam dynamics effects

| Noe ¥ (1 + A - Apo(t)cos(wa t + & - bno(t))) - Neno(t) - Nuw(®)- Ny(t) - Nacsolt) - (1) |

Apo(t) =1+ Ascos(wepo(t) +d.4)e

dmo(t) = 1 + Ascos(weno(t) + ¢

Nopol£) = 1+ Acpocos(wepo () + dopole” ™

Nacpo(t) = 1+ Ascaocos(2wcso(t) + dacso)e

Now(t) =1+ 4 s(wvw (D)t + duw)e” T i g
owit) =1+ Avweos(wvw (D)t + dvw)e @y, @y vertical oscillations
Ny(t) = 14 Aycos(wy (D)t + dy)e™ ™ .

J(#)=1—ke \;[ A(t)dt Lost muons =
t

Red = free parameters
Blue= fixed parameters

wero(t) = wot + Ae” 7% + Be 7§
wylt) = Facpo(e) v/ 2we/Fucpo(t) — 1

wvw (2) = we — 2wy (t)

A. Driutti (U. Pisa and INFN)

0.0 p4+

@
s
S 10

- feso

; g 10° VVWVWWVVWV\NW\,WVV,
- o 10°

2 2 YVAAANAN

¥2n.df.=4167/4132 1

- 'CBO -f

80 10!
Time after injection modulo 102.5 [us]

No CBO or p*loss
§  — Fullfitfunction

bk oo

1 1
2 25 3
Frequency [MHz]

o, acpo radial oscillations) The muon beam oscillates and breathes:

“Time since injection: 4.9 us
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Fitting procedure

@ Fit — Residuals — Fast Fourier

Transform (FFT) § -4 § v MWWWWM&

@ Analyses of FFT fit residuals shows £ 2 1o RSUSEI0000a000mean]

. . £ 5 OOS O IN AIAAAAANANAAAAA AN

that simple 5-parameter model is c £ 10 RIXNssom AR K

inadequate Tosf. L B oo ke 1025

@ Flat FFT of residuals using a (typical) LRI No B0 or ks
22-parameter fit function that 1.0 Lot -
includes beam dynamics effects B B TR S —

Frequency [MHz]

Additional term to account for muons that

hit the collimators and are lost:

Noe ¥ (1 + A - Apo(t)cos(wat + & - dno(t))) - Neno(t) - Now(®)- Ny(t) - Nacsolt) - (1) |

Apo(t) =1+ Ascos(wepo(t) + da)e” T80

N . g1
dro(t) = 1+ Ascos(wepo(t) + du) wepo, W2cpo radial oscillations

Nepolt) = 1+ Acsocos(wepo (t) + ¢cno)
Nacgo(t) = 1+ Azcrocos(2wenol(t) + dacuo)e

Nyw(t) =1+ Aywcos(www (t)t + dvw

. Wy, Wyy vertical oscillations
Ny(t) = 1+ Aycos(wy(t)t + dy)e v

Red = free parameters

¢
Blue= fixed parameters J)y=1—kem /; A(t)dt { Lost muons

woRo(t) = wot + Ae™ 7% + Be™ 5
wylt) = Facpo) v/ 2we/Fucpo(t) — 1

wvw (t) = we — 2wy ()

A. Driutti (U. Pisa and INFN) QNP2024 - July 12, 2024
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Fitting procedure

@ Fit — Residuals — Fast Fourier
Transform (FFT)

@ Analyses of FFT fit residuals shows
that simple 5-parameter model is
inadequate

@ Flat FFT of residuals using a (typical)
22-parameter fit function that
includes beam dynamics effects

| Noe 5 (1 + A - Apo(t)cos(wa t+ ¢ - dpo(t))) - Nepo(t) - Nyw(t)- N,(t) - Nacpolt) - J(t) |

Ago(t) = 1+ Axcos(wepo(t) +da)e”

dBo(t) = 1+ Ascos(wepo(t) + du)e

Nopolf) = 1+ Acpocos(wepo (t) + fopo)e”

Nacso(t) = 1+ Ascocos(2uenol(t) + b

Nowl(t) = 1+ Avw cos(wyw (1)t + byw)e” W .
owlt) vw cos(wvw (£)E + dvw) @y, @y vertical oscillation:

Ny(t) = 1+ Aycos(wy(t)t + dy)e” v

Red = free parameters /-' .

J)=1-k A(t)dt

Blue= fixed parameters @ L) (2) Lost muons
wonol(t) = wnt + A7 + Be” %

wy(t) = Fercgoq v 2we/Fucnol(t) — 1

wvw (2) = we — 2wy ()

A. Driutti (U. Pisa and INFN)

FFT magnitude [a.u.]

wcpo, Wacpo radial oscillations

w, = 0" - (1 +

ol S0F indf. = 41674132
I B SR A A oe
pye 3
1.0 o 10 "‘’VVV\/\NWvv\/\,\,\,\,\,\,vvvv\a
3 10 DOODDNAAAAAAAAAAAAA IO
£ "VVWVVVV\NV\N\,\M,\NVM
3 10 BN VN MANAAAAAAA OO
2 2 YVAAAAAY ]
0.5 20 40 60 80 101
P - Time after injection modulo 102.5 fus]
2 8 g No CBO or y loss
| % & — Fullfitfunction
F ; SN N S
RARR T oy Iy o, bt A ')
0.0 L I I 1 1 1
05 1 15 2 25 3

@

Frequency [MHz]

+ beam dynamics corrections:

[Electric Field]

Phase
‘Muon Loss‘ Acceptance

QNP2024 - July 12, 2024

+ C44 (in Run-2/3)
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Correction for Effects on Spin Precession
_ (fclack cwg (1 +++ Cini + Cpa + Cdd))

. . . . . . Jeativ - 0y(x,y,®) ® M(x,y,¢) - (1 + By + By)
Non-simplified spin-motion is described by: ' !

N e > 1 BX E' b > o\ o £ qC ] 0
waz——aB—(a,— ) -a (B~ﬁ)ﬁ 5 Runta
m | ! r?-1 ¢ Pyl § os TE:EE?
:é -Run 1d
. . = 0.6~
Electric Field
0.4
@ due to momentum spread around pagic og Lo emenin
@ measured using momentum distribution o ; ]
provided by the calorimeters in terms of e T R T
equilibrium radius Equilibrium Radius [mm]
Pitch e
. : : E16000F (b) . AmpitudeFa
@ due to vertical beam oscillation < 1000l e ayanca Gotecion
ie s . . . S12000F
2 10000
Muon vertical position BOOOE
o _ "7 77 " Orbit plane 60005
4oooi
@ measured using the beam vertical 2000y
o .
0 10 20 30 40 50

amplitude from the trackers, calorimeter
data, and simulations

Vertical Oscillation Amplitude [mm]
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Corrections for Phase-Changing Effects
R - (fd,,ck cp® - (1+Ce+Cp +@]++ Cdd))

featin - ﬂ);;(xva(/’)@M(va’v ¢) - (1+Bx +Bq)

cos(wat + ¢(t)) = cos(wat + ¢o + ¢t + ...)

N =cos((wat @)t +do+ )

5 0005 : ; ; ; ;
Muon losses £ ooost
. 3 E
@ cause a phase shift because < 0003E
muon-phase and muon loss rate are Zzi
momentum-dependent 0000k
@ measured using data-driven technique 00015
0.002F Run-ta Run-1cJ
E = Run-1b Run-1d J
0,003 25— ——56 " "150 "~ "%00 250 300 350

. . Time [us]
@ correction to account for high

momentum muons having a longer
lifetime

RASMASSS asesassns
Cartoon of phase -~
_tof-&beamwidth

Phase acceptance
@ phase changes due to early to
late variations of the beam
@ measured using tracker data 3
and simulations

Muon Weighted Phase [mrad]
o, (0 [mrad]

¢, =-21319 +0.004 mrad
A@ =-0.34 +0.03 mrad
©=304 +3.1ps
DecayY[mm 2/ ndf = 52.4/ 45

SRt AN T, Yty
—-40 30 -20 -10 O 10 20 30 40

50 100 150 200 250 300 350 400 450
Time [us]
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Simulation Tools

Muon Campus

@ Beam dynamics from simulations:

o for beam dynamics
corrections

e to propagate the muon
distribution around the ring g

Delivery Ring
Muze

Centralorbit  ——
injected muons

@ Main simulation tools:

ESQ System
24 Calorimeters

[*] MARS Kicker plates Tracking Stations
Muon e
o G4BEAMLINE Campus
e BMAD Simulation
° Storage Ring R
Simulation N +H

o GM2RINGSIM

(Y(40 ps)) — (y(300 ps)) [mm]

@ simulation tools are cross-checked
against benchmarks and against
each other.

Calorimeter Number
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Blinding/Unblinding R, = e - (1 +Co+ Cp+ Cout + Cpa + cm)

¥\ feativ - @) (%, y, ) ® M(x,y,¢) - (1 + Bi + By)

Clock frequency (f;1ock):
@ frequency that our DAQ clock ticks
@ stable at pptlevel
@ hardware-blinded to have (40 - €) MHz
—> ¢ kept secret from all collaborators
@ revealed only when physics analysis is
completed:
—> Run-1 result unblinded on Feb 25, 2021
during a virtual meeting
—> Run-2/3 result unblinded on Jul 24,
2023 during the collaboration meeting

B e B -2 [N a8 N -
e RV
a L
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First production run

Muon g-2 (FNAL)

@ March 26 —July 7 2018 : Runl
@ 1.2 x BNL after data quality selection

Run1

x - > ) = -
e I S

Main challenges:
@ Non-ideal kick

— low amplitude and ringing

— beam not centered in storage region

@ 2 of 32 HV Quad resistors were damaged
— slowrecovery time, enhanced Cp,

HV's from measured plates (13.1/18.3kV)

~150 - - —_— 0
S — Kicker Pulse from Magnetometer Data
S —T0Puse §
= ----Cyclotron Period 1 0
100 - 30u8
£ . - Measured [ (e
z s 3 . r - ©  QILB measured
% . Nomlnal QILT nominal
50 g = QILE nominal
. Measurement Start
e T T T T T T T
0 50 100 150 200 250 300 350
50 P I T S L
oo e e (u;e @ Temperature variations larger than 1°C
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Run-1 Result

BNL +——&—+ | @ First FNAL g — 2 result:

FNAL Run +——0—+ a, = 116592040(54) x 107! (462 ppb)

a,%10° - 1165900

175 180 185 190 195 200 205 210 215 @ GoodagreementwithBNLg—z

Quantity Correction Terms Uncertainty
(ppb) (ppb) )
. . I g statistical) — 434
@ Run-1 result uncertainty is wa (systematic) 56
statistics dominated o e o
o :
o Ma]or systematic uncertainties: Cont ]1; ?f
Phase Acceptance and Quad g:fi.,(u;,(.r.y.g) X M(z,5.9)) ” ga
: 27 a7
field transients B !
@ Next: reduce as much as 1L (34T°) e - 10
possible the experimental o - =
uncertainty on g-z ! [Total systematic 157 |
Total fundamental factors 25
Totals 544 462
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Run-2 and Run-3 Statistics Improvement

Last update: 07-31-2023; Total statistics = B5.2 [billions)

100 1600
Muon g-2 (FNAL)
T 80 g0 2
2 =
2 g
2 60 Run-3 600 2
g 4
- (=3
& w
g a0 400 2
w [}
':{ Run-2 "E
s T @
£ 20 200 3
Run-l/j_/
0 ] B ] o ] o 0
ks khY ) Y RS ik
o e " A 0&_‘)‘3“ Q.y\}l\ 0\,@“ Dy‘bﬁg
Dataset Stat. Unc.
Run-1 434 ppb
@ ~ 4.7 more data in Run-2/3 than Run-1 Run-2/3 201 ppb

Run-1+Run-2/3 185 ppb
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced faulty quads HV e
resistors Less beam motion and 1
reduced Cpa “ Nominal 1-Step

Nominal 2-Step

Cpa : —158 + 75 ppb — —27 + 13 ppb % 10 . P Tme.
8 Damaged 1-Step
- Damaged 2-Step

Fpgl 0]

e 150 200 250

T [us]
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:
—> Replaced faulty quads HV
resistors

—> Magnet covered with a thermal
blanket
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced faulty quads HV
resistors Rinz  Runs

—> Magnet covered with a thermal TR
blanket e ,/”W'

@ Before Run-3:

Hall Temperature

—> Hall temperature control
improved
= Better field stability = Fewer muon losses = Better detector stability

Before insulation ool _— —
Afterinsuigtion /Cumulative losses

i, ‘ w07/

i/

»
PRELIMINARY wonl/ PRELIMINARY run2 K
PRELIMINARY
day01 day02 day02 day03 day03 day03 dayO0d . runa
19:12  04:48 1424 0000 09:36 19:12 04:48 w 50 700 50 200 250 300 04/08 04115 04122
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced faulty quads HV

resistors

—> Magnet covered with a thermal

blanket
@ Before Run-3:

—> Hall temperature control

improved

@ During Run-2 and Run-3:

Muon g — 2 E989

Equilibrium Radius vs. Total Kick Voltage
Run III: Feb 24-25, 2020 Ramp Test

« 20-minute sampling
— Fit to 20-min data

. 140 145 150 155 160
- lfziell)(lace(i l;(\:}(gr C'ableid = Total Kick Voltage (kV)
CKers a esign value
Run-1 = Better beam centering £ __ Run-1 = Reduced Beam
5 Oscillations
] I m
__ End of Run-3 8. WWWW
uf £ £ _Run3
x[r:m] i ng E % E ‘: i - %‘mw
o L S sl
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Run-2 and Run-3 Measurement Improvements

@ Improved w, analysis technique:
- added new positron
reconstruction algorithms
— improved pile-up subtraction

ESQ4 ESQ2
T

Transient (ppb)
[*]
(=1
]

technique eagrement gi!

@ Improved quadrupole field % \"h‘g'al' '“""-‘4._
transient (B,) uncertainty by -200: LB ]
measuring all azimuthal locations .400 i

00 0 100 200
s, : 92ppb — 20 ppb Azimuth (deg)

Summer 2022 vs. Fall 2020 Noise Level Comparison
—2020 Magnet-On

—2022 mﬂl-c}

Run-1 Measurement
Run-2/3 Measurement

@ Improved kicker field transient (By)
uncertainty by performing new 0
measurements and a cross-check
with a new magnetometer

Fisid (mi3)

b, : 37ppb — 13 ppb B R B TR

A. Driutti (U. Pisa and INFN) QNP2024 - July 12, 2024 30/37



Run-2/3 Result

BNL —+—t———

FNAL Run-1 +—0O—+

FNAL Run-2/3 —O—

FNAL Run-1 + Run-2/3 —e—t

@ New (2023) FNAL g — 2 result :

a, = 116592057(25) x 107! (215 ppb)

A. Driutti (U. Pisa and INFN)

180 185 190 195 200 205 210 215
a, 10" - 1165800

Both Run-1 and Run-2/3 results
uncertainties are statistics
dominated

Run-2/3 systematic
uncertainty of 70 ppb is lower
than our TDR goal of 100 ppb!
Run-1+ Run-2/3 combination
uncertainty of 203 ppb
(assuming systematics 100%
correlated)

@ Good agreement with FNAL Run-1
BNLg -2

Quantity Correction Uneertainty
i [ppb] lppt]
W™ (statistical) @
wy' (systematic) 5
Ce 451 32
Cp 170 10
Cra -7 13
Claa =15 17
Crmt 0 3
Jean(6dy(7) % M () = 1
By, =21 13
By -21 20
pp(34.7°)  pte - 11
Ty e - 22
e /2 0
Total systematic 70
Total external parameters
Tatals 622 215
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Experimental world average and field dependence

@ Combined world average dominated by

FNAL value: @ Measurements were taken at

a, (Exp) = 116592059(22) - 1011 (190 ppb) different Magnetic Fields:

°
4 & 225
BNL 23 [ o I
28 200f T T g T
% & t
21 175
15
-1 Pt
FNAL Run-1 229082/ © BNL b
e FNAL fey+i1d
FNAL Run-2/3 —— _ 229.080] — Exp. Average oo
N
T 3b -
FNAL Run-1 + Run-2/3 —@—+ X 229.078 24
- .
S 229,076
3 :
2290747 R _&
—o—t +
World Average 229.072| Ree
61790.0 617905 61791.0 617915 61792.0

175 180 185 190 195 200 205 210 2i5 G2 [khz)
a,%10° - 1165900
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Experimental measurement vs. SM calculation

<

5.00 >

+—o—+

Significance will likely decrease Fermilab 1+2+3

New results in tension
with White Paper (2020)

with an updated SM prediction (2023)
< 510 >
+—o—t
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

SM: Lattice HVP
BMW Collab.
(2020)

19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900

@ 5.1¢ discrepancy between 2023 World average and WP (2020)
] (i.e., changing in WP (2020) result the HVP term from dispersion with

lattice-QCD calculation) falls in between WP (2020) and the experiment

A. Driutti (U. Pisa and INFN)

QNP2024 - July 12, 2024

33/37



Experimental measurement vs. SM calculation

5.00
< ),
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
+—o—+
SM: et+e- HVP World Average
T.I. White Paper (2023)
(2020)
Important tensions at the level of e*e” HVP:
- New results in tension o
before CMD2 with White Paper (2020) SM: Lattice HVP
CMD2 BMW Collab.
SND (2020)
KtoBcomb SM: eve- HVP
BABAR only for demonstration:{ using only CMD-3
BES data below 1 GeV
CcLEO
SND2k 5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
o T a,x10° 1165900
360 365 370 375 380 385 390
™ (0.6</5<0.88 GeV), 10 New cross-section measurement in the Tt channel fromCMD-3
@ 5.10 discrepancy between 2023 World average and WP (2020)
o (i.e., changing in WP (2020) result the HVP term from dispersion with

lattice-QCD calculation) falls in between WP (2020) and the experiment
@ Newete™ — ntn-result from CMD-3 in tensions with previous exp. results
@ A clarification of the theoretical prediction is needed for the comparison.

A. Driutti (U. Pisa and INFN)
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What’s next?

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

350 500
\ Muon g-2 (FNAL) _-—TRinG
7
280 < F400
Run-5
210 300

140+ \ \ ™

Analyzed positrons (AMethod) [billions]
w, statistical precision [ppb]

—_ |
70 Run3 T mme=mmmmmeem 100
Run-2
/—'Run( .
S a0 1& ﬂ D PP DD D
kar\'o‘i V‘\a‘lg\/\ 0\/\3“ @3‘0\\3“ V;\’o \;\a‘! g\,\é\ g\a ‘J\eﬂg\/\\ \/\a‘\ \1\6‘ ‘y\a‘! O

@ Completed all runs (collected > 21xBNL): there is more data still to analyze!
@ In Run-4/5/6 not only statistical improvement:
— improved running conditions (quad RF in Run-5/6 reduced horizontal beam oscillations)
— extensive systematic measurements & Studies in Run-6 for better understanding and
modeling of beam dynamics also with new detectors (scintillating fibers) for direct beam
measurements

A. Driutti (U. Pisa and INFN) QNP2024 - July 12, 2024 34 /37



Not only Muon g-2 measurement

EDM previous searches statistical limited
(109 cm), goal to reach 1072!e cm.
Search for an up-down oscillation,
out of phase with w,.

CPT/LV using long period of data collected
we can look if the spin precession

rate changes over a sidereal day (as
predicted by Standard-Model
Extension).

DM Muon g — 2 experiment enables the
direct search for two (scalar and
pseudoscalar) ultralight dark matter
candidates that primarily interact
with muons.
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Summary and Conclusions

@ FNAL g - 2 Experiment goal is to measure a, with a precision of 140
ppb (4xBNL precision)

@ The result from the analysis of the Run-1/2/3 data confirmed result
from BNL experiment

@ With Run-2 and Run-3 data measurement achieved a factor 2
uncertainty reduction both in statistics and systematics!

@ Next: analysis of Run-4, Run-5 and Run-6 (expect to achieve the
uncertainty goal), also other analysis EDM, CPT/LV and Dark Matter
searches are been developed.

Thanks!

Enjoy the latest paper:

PRL 131, 161802 (2023)

and stay tuned for the
next result!
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Bonus Slide: A journey inside the storage ring:

https://www.youtube.com/watch?v=54KRCQJgvTA

Click here to Start the Muon g-2 trolley journey
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