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Introduction: the muon anomaly

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

g2mu

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

&gu=210+a,) = a, = =>——| muon anomaly
N———
Dirac

—> Theoretically calculated using the Standard Model (SM) :

A A A

Electroweak Hadronic VP Hadronic LbL

—> Comparlson to measurement allows for a precise test of the SM and
to look for new physics
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Experimental measurement vs. SM calculation

@ Long-standing > 3¢ discrepancy
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@ EB821 (BNL) experimental value:
afPHBNL = 116592080(63) x 10711

[Phys. Rev. D, 73 (2006) 072003]

@ SM value re-evaluated in 2020 by
Muon g-2 Theory Initiative:

ag™?%%0 = 116591810(43) x 10711

[Phys. Rept. 887, 1 (2020)]

@ In the meantime: FNAL Exp. was build and is collecting data since 2018
aiming to improve uncertainty with 140 ppb goal
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Experimental measurement vs. SM calculation

@ In April 2021 were published:

pa—

BNL g2

FNAL g-2

BMW, latlice QCD  Experimental

Standard Model Average
< i3q >
P D
175 18 185 19 195 20 205 21

a, x 10° — 1165900

@ anew measurement from FNAL Muon
g — 2 Exp. Run-1 data that confirmed
result from BNL:
a, (FNAL) = 116592040(54) - 1011 (460 ppb)
a, (BNL) = 116592089(63) - 10~ (540 ppb)
a, (Exp) = 116592061 (41) - 10~ (350 ppb)
[Phys. Rev. Lett. 126, no.14, 141801 (2021)]
@ anew theoretical calculation
a, (BMW, SM) based on Lattice QCD in
tension with a;, (WP, SM) calculation

215 basedonete” data

[Nature 593 (2021) 51-55]

@ This talk: status of the FNAL Muon g — 2 exp. — Run-1 result and beyond
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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

dc = —1B |
Yy l

3. Muon spin precession frequency =

(Larmor) is given by: momentum

. q = -
wS—Y_myB(1+YaH) g¢2$wagaﬂiB
m

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:

wa | Hp(Tr) po(H) My ge

a,, =
u ~
Wy (T7) | pe(H) e me 2
S————
ratio of frequencies (R,) fundamental factors
measured by us (combined uncertainty 25 ppb):
l
y;, (Tr)/ pe (H) from [Metrologia 13, 179 (1977)]
e (H)/ e from [Rev. Mod. Phys. 88 035009 (2016)]

@a MUON anomalous  ju I e my /me from [Phys. Rev. Lett. 82, 711 (1999)]
precession frequency LAY

"

Extract from decay positron time spectra

N() = Ne™"5[1 + Acos(art + )]

1"

},(Tr): magnetic field B in terms of (shielded) proton o | B
precession frequency (proton NMR Zwp = 24, B) and = " : b :};
weighted by the muon distribution " 5

(shielded = measured in spherical water sample at 7, = 34.7 °C)

A. Driutti (U. Pisa)
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BN AAANNAAANAA AN 8e /2 from [Phys. Rev. A 83 052122 (2011)]
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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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The storage ring journey: from BNL to FNAL in Summer 2013
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(B-B,,)/B,, (PPM)

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 coil ey )
shims, steel wedges, surface correction (.E
coil A
wedge [ —
i N
2015 (~ 1400 ppm variations) edge outer coll
1600 E 2016 (~ 50 ppm variations) hi I'Q .
1400~ AN i L fixed NMR probes B
1200100 / .._/'\ % A :
1000 Q€L R Y RY ST
sooir | ¥ AT N T [ COE,,.:HZ:%%“] | et
400} /\f n /|
200 H 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-

A. Driutti (U. Pisa) MUONE22- November 14, 2022 9/30



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

g

T T T
— Kicker Pulse from Magnetometer Data
—T0Puise

~—-Cyclotron Period

Intensity (a.u.)
38

=02 0.0 02 0.4 6 0.8
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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First production run

@ March 26 -July 72018 : Runl
@ 1.2 x BNL after data quality selection

Main challenges:
@ Non-ideal kick

@ 2 of 32 HV Quad resistors were damaged
— low amplitude and ringing

— slowrecovery time
— beam not centered in storage region HV's from measured plates (13.1/18.3kV)

)

~150 S

3. —KLkerr Pulse 'Jum Ma‘gne(o!meler ;)aba H
Lﬂ/ = TO0 Pulse 1 §
g ----Cyclotron Period B T
@100 [~
E = § F MeasurEd o QILT measured
= £ ® ~Nominal My

50 g -+ QILB nominal

. Measurement Start

e T T 1 T 1 1 1
0 50 100 150 200 250 300 350
_50 I L L I L. tfus]
02 00 0z 04 06 08 @ Temperature variations larger than 1°C
Time (us)
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Master formula for analysis of Run 1

wq beam dynamics corrections

_ Jetock - 07" - (1 + Co + Cp + Cpyy + Cpy)
Jeativ - 0, (x,y,¢) ® M(x,y, ¢) - (1 + Br + By)

Ry

op(Tr) field corrections

s )

ferocr : blinded clock
wl'*? : measured precession

frequency

C. :electric field correction
Cp : pitch correction
C,,; :muon loss correction
Cpa :phase-acceptance correction

fealip : absolute magnetic field

) calibration By :transient field from eddy current in
w,(x,y,¢) :field maps kicker

M(x,y,¢) : muonbeam distribution B, : transient field from quad vibration

\.
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Measuring the magnetic field seen by the muons

Dipole Moment

RMS = 17.5 pom

e

. trolley runs _

TFixed

~ probe tracking

Ry

“Azimutnal Positon (deg)

3 fetock - W5 - (14 Ce + Cp + Gy + Cpa) )
 \[featib - wp(x, ¥, 8) ® M(x, y,¢)|- (1 + By + By)

@ 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 i S |
region monitor the ﬁeld 190000 070000 19:00:00 07:0000 19:00:00 07:0000 19:00:00  07:00:00

10

Bl i<'d homogeneity [ppm]

@ Fixed probes to interpolate the field
between trolley runs x

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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. . fotock * @7 - (1 + Co + Cp+ Cont + Cpa)
R, =
Magnetic field corrections v =T 0.7, 9) © M.y, 6)- @ B B
~ 10p . :
@ due to eddy currents produced b % 00f- : E
kicker pulses ok R
@ measured using Faraday E
magnetometers 20 Data |
£ — Fit
000z 04 06 08 10

By ~30ppb 6, ~ 40 ppb

Time After Kick (ms)

Quads transient field
@ due to mechanicals vibrations from
pulsing the quads
@ mapped using special NMR probes

200

Relative Field (ppb)

-200F

-400F

20 40, 60 80 100
Ld;, __ Time (ms)

200 T T T
—

pinring

|
[

B; ~17ppb &, ~ 92 ppb

— 0p, dominated by incomplete map
— expected to be reduced by factor 2 ]
for Run 2 and after o E

Relative Field (ppb)
]
8 o
\l
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Measuring w, [ felock 0F=]: (L4 Co+ Gpt G+ Cpo)
* 7\ o - 0p(%, ¥, 8) @ M(x,y, ¢) - (1 + By + By)

@ Polarized muon decay: , KO '
t | el
o et +ve+v, ©20001 e
1500~ H

@ High energy e* are preferentially o |

emitted in direction of u* spin 1000 antialigned

(parity violation of the weak decay) 500 ot ¥
@ Energy spectrum modulates at the ol R ‘

w, frequency oY Bagyiden

T T T o

@ Counting the number of e* with . pata”

E.+ > Emreshold as a function of time - VWV\NWWVVVWWVWW
(wiggle plot) leads to w,: - m

N/149.2ns

muon lab-frame lifetime g-2 phase 10t WVVVVV\/\/VVV\/\/V\,\,\,\,\/M
’/\—t/r — " W
N ( t) :\N’/O € [ 1 +\.A C_./OS ( Wa L+ ® ) ] L4 )y Fermilab Muon g-2 Experiment 3
Wi @ Combined Run-1 Data ]

normalization g-2 asymmetry : ‘ ‘
0 20 40 60 80 100

Time after injection modulo 102.5 [us]

E¢+- and t are measured by the calorimeters with a blinding factor applied
to the digitization rate
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Wiggle plot

@ Calorimeters data is reconstructed into raw calorimeters traces
energies and times

—> Two independent reconstruction
routines

@ Different analysis techniques used to
reduce systematic errors :
o Threshold (T) Method

— only energy threshold applied to select
positrons
o Asymmetry-Weighted (A) Method:
— positrons divided into energy bins and
weighted by g-2 asymmetry
o Ratio (R) Method
— exponential decay due to muon
lifetime is removed before fitting
o Integrated Charge (Q) Method:
— sum of raw calorimeter traces (unique
method independent of reconstruction)

Reconstruction

-

2D Wiggle

n
=3
1S3
3

o
<
=3

=
.
=
>
=
15
2
i

=)
<3

e e o s s e o Al i i
—> 11 independent analysis performed 2™ ™ %0 0%, w000 70000
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Fitting procedure

@ Fit — Residuals — Fast Fourier = ey
= 8 S0f x2in.df. = 4167/4132
Transform (FFT) 3 T g mMMMvava\AMNV‘M’VVWV\)’V\V"‘,\,WM’WW
@ Analyses of FFT fit residuals shows £ & 1o RASCTONE00000mmnnan
Fhat simple 5-parameter model is £ g ,WWWVWW\MMANWV\MNWWW
inadequate 05k P oo oo 1025
@ Flat FFT of residuals using a 3 Eg , e
. [ & — Fullfitfunction
22-parameter fit function that 0.0 B ot SR
includes beam dynamics effects T R VR S TR
Frequency [MHz]

|'\V‘JE_L (1 + A-Apo(t)cos(wat+ & -édpolt))) - Nepol(t) - Nywl(t)- Ny(t) - Nacpo(t) - J(t)

Apo(t) = 1+ Ascos(weno(t) + d)e” 50
duolt) = 1 + A coslweno(t) + do)e T @cpo, W2cso radial oscillations

Ncgo(t) = 1+ Acpocos(wepo(t) + ¢opo)e 000
Naocro(t) = 1 + Ascrocos(2wepo(t) + dacro)e Fomo
Now(t) = 1 + Ay cos(wvw () + dyw e~ ™7 ’ -
vw(t) =1+ Avw cos(wyw (1)t + dyw)e” W @y, Wyy vertical oscillations
Ny(t) =1+ Aycos(wy(t)t + dy)e v

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

Transform (FFT) s I e M
@ Analyses of FFT fit residuals shows £ 3 1o RCOSEI000RR00N0ean
that simple 5-parameter model is E 5:22 W
inadequate - 051 - o ® Timguaﬁerinjeggon mackio 102.6 [:12]
@ Flat FFT of residuals using a N E NoCBOor ' loss
22-parameter fit function that o i JE o F e

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:
————

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

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(wepo(t) + s

Nopol£) = 1+ Acpocos(wepo () + dopo)e

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

Red = free parameters /' | o Ees-
J$)=1-k A(t)dt  Lost muons
Blue= fixed parameters @ wat f, O b
155
woso(t) = wot+ Ae” 7% + Be RN : : S
- . 5
wylt) = Fescpo v2we/ Frocaolt) — 1 TR RTIPT A
R I R

v () = we — 2 8) ac Positon ] Time us]
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Fitting procedure

@ Fit — Residuals — Fast Fourier

Transform (FFT) § s ‘ § - M
@ Analyses of FFT fit residuals shows £ T & 1o SECONEE00000umannan
that simple 5-parameter model is E E:gj W
inadequate Tosf. B e o oo 25
@ Flat FFT of residuals using a tE B No CBO or i loss
22-parameter fit function that 00{ G JE o F o
includes beam dynamics effects T B TR R S—

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:
——

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 =1k ”/’ Alt)de Lost muons
t

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

dmo(t) = 1+ Ascos(wepo(t) + s

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

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

2
Blue= fixed parameters 2
155
woBo(t) = wot + # +Be & 10]

1o
5
wylt) = Facpoe) v/ 2w, spo(t) — 1 v Bl . . I
ot ) w 078 0T 2s 8 e A ab T
il Psiion ) Time cs]

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

@ Fit — Residuals — Fast Fourier

Transform (FFT) § s ‘ § - M
@ Analyses of FFT fit residuals shows £ T & 1o SECONEE00000umannan
that simple 5-parameter model is E E’:gj W
inadequate Tosf. B e o oo 25
@ Flat FFT of residuals using a tE B No CBO or i loss
22-parameter fit function that 00{ G JE o F o
includes beam dynamics effects T B TR R S—

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:
——

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

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

Red = free parameters =1k ”/’ Alt)de Lost muons
t

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

dmo(t) = 1+ Ascos(wepo(t) + s

Nopol£) = 1+ Acpocos(wepo () + dopo)e

3 8 8

8 8 5§ 8 8
RIS of Rag. Pos. [mm]  Mgan Red. Pos. [mm]

2
Blue= fixed parameters b
155
weBo(t) = wot + £ +Be & 10,

- o
5
wylt) = Facpoe) v/ 2w, spo(t) — 1 wf o . o I
L I S 078 0T 2s 8 e A ab T
il Psiion ) Time cs]

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

@ Fit — Residuals — Fast Fourier

Transform (FFT) s I g M
@ Analyses of FFT fit residuals shows £ 3 1o RCOSEI000RR00N0ean
that simple 5-parameter model is E 5:22 W
inadequate - osf e o ® Timguaﬁerinjeggon mackio 102.6 [:12]
@ Flat FFT of residuals using a N E NoCBOor ' loss
22-parameter fit function that o i JE o F e

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:
Time s it 499 s

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 =1k ”/’ Alt)de Lost muons
t

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

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

Nopol£) = 1+ Acpocos(wepo () + dopo)e

B R 8 8 &

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

p
Blue= fixed parameters . £
wepo(t) = wot + Ae 74 + Be "# o o o
wy(t) = Pucnoq v/2oe/Fercaoll) — 1 TR § . e
st B e

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

@
:! 107 ¥2n.df.=4167/4132

FFT magnitude [a.u.]
>
T
ed & / 14

inadequate osb. L B oo ke 1025
@ Flat FFT of residuals using a LE B No B0 or ks

22-parameter fit function that 00;\, R T

includes beam dynamics effects T V- R TR

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

Lost muon spectrum

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 ()

300 350
cluster time (u s)
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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
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) |

Agolt) =1+ Ascos(weno(t) + da)e™

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

Nopolf) = 1+ Acpocos(wepo (t) + dopo)

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

Nyw() = 1+ Aywcos(@vw (£)E + dyw)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) (®) Lost muons
wonol(t) = wnt + A7 + Be” %
wy(t) = Fuwgpo(e) v/ 2we/Fuwepo(t) — 1

wvw (2) = we — 2wy ()
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S 3 10° BOC OV IAAAAANAAAAAAN O
3
H - "VV\NVVWV\NVVV\M,\NVM
E 210 WAANWVVVV\/WVVV\/VV\,\,
E 2 e AAAAN, ¢
05k 20 20
L < Time after injection modulo 1025 [ps]
8 29 No CBO or y loss
i % £ — Fulfitfunction
E SN N S
NPT WO oA - i horh
0.0 : ‘ ‘ ; . :
0 05 1 15 2 25 3

Frequency [MHz]

+ beam dynamics corrections:

Phase
‘Eleclric Fie\d‘ ‘Muon Loss‘ Acceptance
o=or-0 {EHEMEHED
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Electric field and pitch corrections

Electric Field
@ due to momentum spread around pagic
1 6 x E
- -1 c
@ measured using momentum distribution

provided by the calorimeters in terms of
equilibrium radius

C. ~ 450 ppb ¢, ~ 50 ppb ‘

e -
— aluB_
m

-

Wgq

IIl

Pitch
@ due to vertical beam oscillation

Muon vertical position

- tme Orbit plane

@ measured using the beam vertical
amplitude from the trackers, calorimeter
data, and simulations

Cp ~ 200 ppb 6c, ~ 20 ppb

A. Driutti (U. Pisa)

Arbitrary Units
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fetock * w5'®* + (1 +l.+ Cri + Cpa)

fealib - (%, ¥, $) @ M(x,y,¢) - (1 + Bi + By)

1=

-Run1a

~Run1d

-  Low Momentum

I 1
-30 -20

20 30 40

Equilibrium Radius [mm]

E

— — Amplitude Fit
——— Width/Acceptance Correction

20 30 40 50
Vertical Oscillation Amplitude [mm]
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Muon loss and phase acceptance corrections
~ ( Ftock - @I - (1 + Ce + Cp +| Car# [Cod) )

fealib - Wp(%, ¥, ) ® M(x, y,¢) - (1 + B + Bg)

Muon losses cause a phase shift
@ because muon-phase and muon loss
rate are momentum-dependent
@ measured using data-driven technique

Ag [mrad]

o

8

S

T
)

{

|

Cmi <20ppb  6&c,, ~ 5ppb

00020 Runta 59 Aunc
E N Run-1b Run-1d
= S S S B M s |

000355 =160~ "50 200 250 300 350

Time [us]

Phase acceptance
@ phase changes due to early to

L Ela o~ T
late variations of the beam 5 0 /N, e
@ worsened by damaged quads § £ oo
resistors £ < Pt
@ measured using tracker data £ . . ,
and simulations s AN . 221319 £ 0004 mrad
WPt i ¢ A@ =-0.34 +0.03 mrad
-40 30 -20 -10 O 10 20 30 40 -21.55 1=304 +3.1 us
Decay Y [mm] or6l 72/ ndf =52.4/45 ]
50 100 150 200 250 300 350 400 40
Cpa ~ 200 ppb  4c,, ~ 80 ppb Tine i)
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Simulations for phase-acceptance

@ Time-dependence of beam spatial distributions
are measured by trackers in two locations
@ Two independent simulations are used to
extrapolate beam profile from tracker locations
around the ring
— based on COSY-INFINITY and GEANT-4
— cross-checked against data
@ The beam profiles in the ring are then folded
with calorimeter acceptance maps produced
with the GEANT-4 based simulation

£ ¢ Data:Runtd
#  gm2ringsim

i “i

(y(40 ps)) — (¥(300 ps)) [mm]

Decay y fmm]

s L L L
5 10 15 20 25
Calorimeter Number

Relative A-Method Acceptance [Ar. Units]

505 0 5050 505 0

e
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Unblinding e | [Fod- 07 - (14 G4 Gy 4 G+ G )

featib - Wp(X, ¥, $) ® M(x,y,¢) - (L + Bk + By)

Clock frequency (fiock):
@ frequency that our DAQ clock ticks
@ stable at ppt level
@ hardware-blinded to have (40 - ¢) MHz
—> ¢ kept secret from all collaborators
@ revealed only when physics analysis is
completed
—> Run-1 result was unblinded on Feb 25,
2021 during a virtual meeting:

B 5 ¢ pWEE - rmy . ™ TR W ¢ f[‘mw\ﬂrrf
B g @ MR | o AT e, | i i |Ifi|"\|"r =Y

] n."H‘J‘W WPAE T PELE T AK AT ce N :
M0 s L g WE (NS e

:3.;‘!» Lo Labe LAl it o fod s

% : nia"'m'nnr 'Nm )
G iyt 10 e 2 U ¢ |

S () b, BARNFARALN - ;.’&El(li‘“ N -
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Run-1 Result

........ @ First FNAL g — 2 result:
[PrL]

a, = 116592040(54) x 107! (462 ppb)

@ Good agreement with BNL g — 2

Quantity Correction Terms Uncertainty
(ppb) (ppb)
A o (statistical - 434
More details in the papers! L ;’n {Z‘;;i;‘;:ﬁ“ﬂ, 3 I
C. 189 53
. . Cp 180 13
@ Run-1 result uncertainty is Con -1 5
. e . Cpa J158 == 75
statistics dominated Feario (@ 5. ) % M{z, 1, 8)) - =6
. . P B 27 37
@ Major systematic 1.1ncerta1nt1es. B T —boh
PA and field transients (347 e . o
@ Next: reduce as much as e - 2
. . /2 . 0
possible the experimental e e 7]
. ' Total fundamental factors 25
uncertainty on g-2! Totals 544 162
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Statistics and Publications Plan

21x BNL target should be
Total Stat. Collected : {Total = 19.0 (xBNL) )} surpassed during Run-6

-
% 17.51 Muon g'z (FNAL) Expected for 122
x beginning 2025
Z15.0 ginning | i
_g 140 ppb Run-5 105
% 12.5 On track for I 87
E 10.017/ap/2021  spring 2023 . | 70
3]
= 462 ppb 220 ppb f
o 7-97 begins next week 52
5 5.0 Xun—:ﬂ ) 3 5

2.51 /'5:;_ 2 Online Calibration | 1 7

4 Run-1 No quality cuts
00- & o © W 0 WO N N A oA 2 2 .
WA W W N ARG o ) ANRY) W )
R B Y R T N O RN S & W of
Q\*\‘b W Q'\“& OV N g'\‘w Qv N NP ()'\'\\‘\ N positrons
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

18— E—
. 16/ -
—> Replaced bad quads HV resistors E
14~
|2 Nominal 1-Step
Lo [ 1 Nominal 2-Step
= [ 1 | — Beam Injection
> % — — - Fit Start Time
8F Damaged 1-Step
E « Damaged 2-Step
SE}:
af
R:
50 100 150 200 250 300
Tima fuel
= | ess beam motion = Fewer muon losses
Vertical width variation Radial mean variation = 1.0 T T T T T
I F T & [ ---- Run2c+2d
3, } I et B . B Run-1a
Tl b : < 08
B PRELIMINARY ;ﬁL :
ol of * Runld g
" * Run2c S 0.6}
ool « Runid 05 v
Y * Run2c E § 0.4
o o PRELIMINARY -
o '\\ L 02H/
q i ' 3
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e TR 00™56""""f00 150 200 250 300 350
o w oW W om o oW om o T W Time [us]
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced bad quads HV resistors
—> Magnet covered with a thermal
blanket

A. Driutti (U. Pisa) MUONE22- November 14, 2022 27130



Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced bad quads HV resistors

Hall Temperature

. Run 2 Run 3
—> Magnet covered with a thermal . " "
blanket M //uwv
@ Before Run-3: N
—> Hall temperature control -
improved =
= Better field stability = Fewer muon losses = Better detector stability
EE 04 After insulation / Cumulative losses } ;
‘i‘z?;: M—-—— /
’Egm PRELIMINARY i3 PRELIMINARY run2
g o day0l day02 day02 day03 day03 day03 day04 X i run3 FRELMINARY
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Run-2 and Run-3 Hardware Improvements

@ Before Run-2:

—> Replaced bad quads HV resistors
—> Magnet covered with a thermal

blanket
@ Before Run-3:
—> Hall temperature control
improved
@ During Run-2 and Run-3:
—> Replaced kicker cables =

kickers at HV design value

Muon g — 2 E989

Run III: Feb 24-25, 2020 Ramp Test

[~

€
E
©
=]
2
]
o
E

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

Equilibrium Radius vs. Total Kick Voltage

140 145 150 155 160
Total Kick Voltage (kV)

Run-1

PRELIMINARY

0 20 o0 =
x [mm]

= Better beam centering

End of Run-3

intensity [arb]

Run-1 = Reduced Beam
] Oscillations
e

i

Radial Position [mm]

Run-Z‘

Radial Position [mm]:
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Run-2 and Run-3 Systematics Improvements

[ppb]
HHIRININMINININGNTS

601 220

A
o] LURLLELE ‘ 165
S o

— 20
@ Improved quadrupole field CB TR TRY 110 Y P Yo 0
transient (B;) by measuring g h\i@.v.vw.-,.' B

. —40+ Y -110
both time and space | ’&_“»‘"“"‘" “ W s

Q -220

-80
@ Improved kicker field transient P deayme)
(Br) by performing new
measurement also with a new /“ o primarykcker e et
100 in charging pulse X
magnetometer A A W i <
[ <
T 60 (I <>
e ~
E w0 <
‘|‘ ~
20 \ ~
\ @
, -
20! AN Kick&rlransien(%e\d
0 05 1 15 2
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Run-4 and beyond Improvements

@ New Radio Frequency System
mounted on quadrupoles which
reduces Beam Betatron
oscillations

— damps beam oscillations in
the first 10 us

— tested during Run-4 and in I
use during Run-5 (and
Run-6)

50 100 150200 250 300 350 400
Time (us]

Momentum Offset

@ Improved knowledge of the

time-momentum correlation o0
with simulation and a new ok el _
detector N s Lt

6+ radal slices

40 &0
Injection Time (ns)
S scnatog 156, piduat

soumaameters oo

i ateral
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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 A '

<

Improvement in Uncertainty on a,

data confirmed result from BNL
experiment
@ Run-2 and Run-3 measurement in
progress: we expected to achieve a factor
2 uncertainty reduction! s Pl
@ With Run-4, Run-5 and Run-6 (on going 2 L T o Pl
now) we expect to achieve the uncertainty

goal!

]

Thanks!
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