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The muon anomaly

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

- -2
%S = au = £-21 muon anomaly
u

i=g

—> Comparison between theoretical value and exp. measurement allows
for a precise test of the Standard Model and to look for new physics

'|®@ New measurement from FNAL Muon

—_— .
BNL g2 g — 2 Exp. Run-1 data in 2021 confirmed
Mgz result from BNL:
a, (FNAL) = 116592040(54) - 1011 460ppb)
a, (BNL) = 116592089(63) - 10~ (540 ppb)
. . o rranne 10-11 (2=
BMW, lattice QCD  Experimental 2 (Exp) = 116592061 (41) - 1077 (350 ppb)
Standard Model Av
anadal ] verage o Theory;
< iZc > — a,(BMW, SM) calculation with
——— LatticeQCD .
c:I'.'v'r-(ujte P'ﬂJL—'IJ | - a, (WP, SM) calculation recommended
Slance Mods . . s . s s by the Theory Initiative based on e*e~
175 18 185 19 195 20 205 21 215 data

a, x 10° — 1165900
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Experimental technique

Proton bunch Pions

1. Inject polarized muons into a N> " rotariced Muons
magnetic storage ring Target \
2. Muons circulate around the ring at fg=2=>w,=0
the cyclotron frequency: — B
dc = —1—B
Ymy I |

3. Muon spin precession frequency
(Larmor) is given by: —_—
N q N spin  —
ws = —B(1+vyay) ¢ —
Yy §#2=>w,=a,—B

m

4. Muon anomaly is proportional to — BE
anomalous precession frequency
and B:
L q ! l
Wq = Ws — Wc = a,—B
my
5. Measure B and w, to extract the —— ==
anomaly o —»
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Final formula

Muon anomaly is determined with:

" (T,
L | _@a o (T) e (H) my g,
H |~
Wy (T7) | pe(H) e me 2
N ——
ratio of frequencies (R,) fundamental factors
measured by us (combined uncertainty 25 ppb):
l
p;g (Tr)/ e (H) from [Metrologia 13, 179 (1977)]
tte (H)/ e from [Rev. Mod. Phys. 88 035009 (2016)]
wa: Muon anomalous  jrl I my, /me from [Phys. Rev. Lett. 82, 711 (1999)]
. wW"'V\NVV‘\AN\r\N\MNWN
precession frequency A A A AR ge/2 from [Phys. Rev. A 83 052122 (2011)]
18 PANVAAAAAAAAAAA A,
) MAAAARAARAAARRA, VY
Extract from decay positron time spectra “: R
Nty = Noe™"[1 + Acostog +@)] | g memmmtesi

B | Next Talk by R. Reinmann |
&f, (Tr): magnetic field B in terms of (shielded) proton i - l :
precession frequency (proton NMR Zwp = 2u,B) and = " \ \

+

Radial Position[mm]
Map the magnetic field Muon distribution in the storage ring

weighted by the muon distribution
(shielded = measured in spherical water sample at 7; = 34.7 °C)

Vertical Position{mm]
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Production of the muon beam

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

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

magnetic optics select u*
from n* — p*v, then u* are
separated from p and #* in
circular ring

° polarized u* are
ready to be injected into the
storage ring

E‘?ﬁ Muon Campus
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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 -
2.2m-long 10 cm hole in the iron yoke scintillator read out
B S a by PMTs) to measure
7 beam time profile

@ Inflector magnet prov1des nearly
field free region for muons to enter
the storage region

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

IBMS 1 y IBMS spatial beam proflles IBMS 1 X
"R 2.0 bars 54 o S 2 ey 158

____-Iml..____ .Mﬂll..
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Muon storage

@ Injected beam is 77 mm off from storage
Kicker Magnets

@ 3 pulsed magnets deflect beam
~10 mrad onto the closed storage

orbit in less than 150 ns
inflector V

7
/// quadrupoles

N

),
3

T T T

— Kicker Pulse from Magnetometer Data
—T0Puise

~---Cyclotron Period

Intensity (a.u.
38

1
0.2 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

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

magic momentum:
e > 1 fxE
=-—lauB-|a,—— p
m y--1| ¢
N——

~0if y=29.3 i.e., p,=3.094 GeV/c
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The ring is equipped with 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°

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 : Run-1

@ 1.2 x BNL after data quality selection

Last update: 2022-07-06 05:29 ; Toal = 18.87 (XBNL)

%175 Muon g-2 (FNAL) I
$150 Rns
F125 . t
H )

H

4

100
/63

Pt
v

5 ﬁuna
00 Run-1

R I
“\w‘“\.l‘““\w‘“\-ﬁv\v)ﬁ‘;\,\’z‘ i~ 0\,‘»:' e\"‘;\-w"“ “\,w o

Main challenges for Run-1:

@ Non-ideal kick

— lowamplitude and ringing
— beam not centered in storage region

—~150 P : :

= = Kicker Pulse from Magnetometer Data
3 = TO0 Pulse 1
3 - Cyclotron Period :
£ b
@100 1
Q

2 ,
£

o
S

|
~0.2 0.0 0.2 04 06 0.8
Time (us)
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@ some HV Quad resistors were damaged

— slowrecovery time

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

15000

Measured o

o QILT measured

HVIV]
10000

©  QILE measured

“Nominal

QILT nominal
g =+ QILBE nominal
Measurement Start
e T T T T T T T T
1] 50 100 150 200 250 300 350

tus]
@ Temperature variations larger than 1°C
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Measuring w,

@ Polarized muon decay:

Spin
aligned

+ + =
o et +ve+vy

. N . .
° ngh energy e” are preferent}ally I
emitted in direction of y* spin
(parity violation of the weak decay) 5001

@ Energy spectrum modulates at the ‘ ‘ ‘
w, frequency

@ Counting the number of e* with i ol
E,+ > Emreshold s a function of time :; VWWVWW\M/WW\’WWWMWW

(wiggle plot) leads to w,: 19 PAVVAMANAAAAAAAAAA
muon lab-frame lifetime g-2 phase 10¢ M

25 3
Energy [GeV]
10°F ! ! !

=l
+ Data

N/149.2ns

/ 10 VAMAAA,
— —t/T Y
N ( t) _\N/—’O ¢ [ 1 +\A C,—/OS ( @Wa I+ (p ) ] ¢ Y Fermilab Muon g-2 Experiment
e @. Combined Run-1 Data
normalization g-2 asymmetry ; i . . . 3

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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Fitting procedure

@ FFT analyses of fit residuals shows

that simple 5-parameter model is s
inadequate é 10
@ Fitresultimproves using a E
22-parameter fit function that os
includes:
— beam systematics effects like vertical and 0.0

radial beam oscillations and lost muons

[¥0e# 0 + 4 Aoy costeat + & - 6m01))) - Nenolt)- New(t)- Ny(0) - Nacrot)- (0 |

Ano(t) = 1+ Ascos(wono(t) + d4)e” T
wepo, W2cpo radial oscillations

#80(t) = 1+ Ascos(wenol(t) + du)e”

Nepolt) = 1+ Acsocos(wero (t) + dopo)e

Nacpol(t) = 1+ Ascsocos(2wero(t) + dacro

Nyw() = 1+ Ay cos(wyw ()E + dyyy)e ™ -
wlt) v cos(wvw (t)t + ) @y, @yy vertical oscillations
Ny(t) = 1+ Aycos(wy (B)t + 6,)e”

Red = free parameters

¢
Jt)y=1-k A(t)dt
Blue= fixed parameters ® L "[ (t) Lost muons

weBO(t) = wot + - +Be
wy(t) = Fwcro() v 2we/Fuwcpo(t) — 1

wvw () = we = 2wy (£)
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T T
& .g K2In.d.f. = 4167/4132
- 20 100
- - Time after injection modulo 102.5 [us]
B 8 ¢ No CBO or i*loss -
4 & — Fulfitfunction
g X .
o Al N TRIS Sorih
I 1 1 L L L
0 0.5 1 1.5 2 25 3
Frequency [MHz]

The muon beam oscillates and breathes:

‘Time since injection: 5.0 us.

T

ER ) § 0 s a0 e g s
R Posion ] Time us]

TP
SdE
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Fitting procedure

@ FFT analyses of fit residuals shows

that simple 5-parameter model is s
inadequate é 10
@ Fitresultimproves using a E
22-parameter fit function that os
includes:
— beam systematics effects like vertical and 0.0

radial beam oscillations and lost muons

[¥0e# 0 + 4 Aoy costeat + & - 6m01))) - Nenolt)- New(t)- Ny(0) - Nacrot)- (0 |

Ano(t) = 1+ Ascos(wono(t) + d4)e” T
wepo, W2cpo radial oscillations

#80(t) = 1+ Ascos(wenol(t) + du)e”

Nepolt) = 1+ Acsocos(wero (t) + dopo)e

Nacso(t) = 1+ Aacsocos(2weso(t) + dacso

Nyw(t) = 1+ Ay cos(wvw (D)t + by )e ™ -

wlt) v cos(ovw(t)t + dvw)e @y, @yy vertical oscillations
Ny(t) = 1+ Aycos(wy (B)t + 6,)e”

Red = free parameters

¢
Jt)y=1-k A(t)dt
Blue= fixed parameters ® L "[ (t) Lost muons

weBO(t) = wot + - +Be
wy(t) = Fwcro() v 2we/Fuwcpo(t) — 1

wvw () = we = 2wy (£)

A. Driutti (U. Pisa)

ICHEP- July 7, 2022

T T
o B éIn.df. = 416714132
L 20 100
Tﬂ :” Time after injection modulo 102.5 [us]
B 8 ¢ No CBO or i*loss -
5 & — Fullfitfunction
d & -
N AW I T LR Lot
Il Il L L L L
0 0.5 1 1.5 2 25 3
Frequency [MHz]

The muon beam oscillates and breathes:

‘Time since injection: 6.6 us.

ER ) § 0 s a0 e g s
R Posion ] Time us]

AR T
ER
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Fitting procedure

@ FFT analyses of fit residuals shows s
that simple 5-parameter model is S $ .
inadequate % tor
@ Fitresultimproves using a E
22-parameter fit function that “r ¥ % Tnaatrincion o 1625 i)
includes: 5 08 3 e
— beam systematics effects like vertical and 0.0 A : “ i ‘ ‘*A et bt
radial beam oscillations and lost muons °o 05 o2 2lf;equencj i
[0 0+ A - Amole)cosian £+ & - B00))) - Nemolt)- Nenw(t)- (1) Nacolt)- It | Thgg}.‘:‘g?ahfam oscillates and breathes:
Apo(t) = 1+ Axeos(weno(t) + da)e” T B

dpo(t) = 1+ Ascos(weno(f) + do)e™ =55 WEBO, W2CBO radial oscillations

Nepolt) = 1+ Acsocos(wero (t) + dopo)e

Nacgo(t) = 1+ Azcaocos(2wcno(t) + dacso :

. 3

Nyw(t) = 1+ Ay eos(wyw (Dt + pyw)e ™ - =

wlt) v cos(wvw (t)t + ) @y, @yy vertical oscillations ]

Ny(8) = 1+ Ayeos(w, (Ot + b,)e 7 H

Red = free parameters ¢ H

Bloes i dp " J(@)=1—kea [ A()dt  Lost muons H

ue= fixed parameters g R A SR e ol G s s

Ras oot i )

weBO(t) = wot + - +Be
wy(t) = Fwcro() v 2we/Fuwcpo(t) — 1

wvw () = we = 2wy (£)
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Fitting procedure

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

@ Fitresultimproves using a
22-parameter fit function that
includes:

— beam systematics effects like vertical and
radial beam oscillations and lost muons

[¥0e% 0 + 4 Aoy eomtent+ 2 - 6m0))) - Nenol)- Neww(t)- Ny(0) - Nacnot)- 0 |

Ago(t) = 1 + Axcos(wopalt) + ¢4)e” T

duo(t) = 1+ Ascos(wenol(t) +dy)e™ T

Negolt) = 1+ Acgocos(wepo (t) + dono)e” ™

Nacrol(t) = 1+ Aaceocos(2wero(t) + dacro

Nvw(t) =1+ Avw cos(wvw ()t + dyw)e” W
Ny(t) = 1+ Aycos(wy (B}t + dy)e

Red = free parameters

‘
Jt)y=1-k A(t)dt
Blue= fixed parameters ® LM /h (t) Lost muons

weBo(t) = wot + Ae™ 75 + Be T
wy(t) = Fucnow v weno(t) — 1

wyw (t) = w, — Ay (£)

+ beam dynamics corrections: @

A. Driutti (U. Pisa)

Wepo, W2cpe radial oscillations

wy, wyy vertical oscillations

= T T
E ;
S -8 XéIn.df. = 4167/4132
o
°
2 1.0
=
<3
©
£
P
&

05 20 100

i i Time after injection modulo 102.5 [us]
Kk 89 - No CBO or p* loss
i 5 & — Fullfitfunction
3 ~ L
b VT NV TS T
0.0 s J ‘ ‘ ‘ :
0 0.5 1 15 2 25 3

Frequency [MHz]

The muon beam oscillates and breathes:

‘Time since injection: 4.9 us

os. mm] - Mgan R, s [mm]

T

o' - (1 4+
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Electric field and pitch corrections

Electric Field
@ due to momentum spread around ppagic

> 1 ﬁxﬁ
auB —\ay - ——
y=-1) ¢

e

et ~
Wg = —

@ measured using momentum distribution
provided by the calorimeters in terms of
equilibrium radius

‘ C. ~ 450 ppb ¢, ~ 50 ppb ‘

Pitch
@ due to vertical beam oscillation

e

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

Cp ~ 200 ppb 6c, ~ 20 ppb
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Arbitrary Units

-Run 1a

f  Low Momentum

¥Y<¥m

: High Momergum
¥>Ym

L

of L 1 L L L
-40 -30 -20 -10 0 10 20 30 40

Equilibrium Radius [mm]

(b)

— — Amplitude Fit
——— Width/Acceptance Correction

NI
10 20 30 40 50
Vertical Oscillation Amplitude [mm]
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Muon loss and phase acceptance corrections

Muon losses cause a phase shift

Ag [mrad]
o
2

T
)
{
E
I

@ because muon-spin-phase and muon
loss rate are momentum-dependent
@ measured using data-driven technique

000E Runla 5SS Aunic ]
E N Run-1b vz Run-1d

Cmi1 <20 ppb 6le ~5 ppb 00035 g T %00 %0 300 350
Time [s]

Phase acceptance

@ phase changesduetoearlyto § ‘7 T e
. . E - Early Beam
late variations of the beam P segem
@ worsened by damaged quads E s
. B S, 21
resistors (fixed after Run-1) 2 o z:j
@ measured using tracker data 2 /, \ 14 - Data: Rug 1d
// \ 5 9+ Age
and simulations soE AN o1 9, = 21319 +0.004 mrad
. L L L I L .y A@ =-0.34 +0.03 mrad
—40 30 20 -10 O 10 20 30 40 ~21.55] 1=304 +3.1us
Decay Y [mm] 216 2/ ndf =52.4/45
- 50 100 150 200 250 300 350 400 45
Cpa ~ 200 ppb  6c,, ~ 80 ppb Time 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

0, ol 1 Caoumeary

Decay y [mm]

...............

Relative A-Method Acceptance [Ar. Units]

Decay x [mm]
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(y(40 ps)) — (¥(300 ps)) [mm]

T
F ¢ Data:Runtd
#  gm2ringsim

i {'H

|
20 2!
Calorimeter Number
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Summary and Conclusions

Summary of Run1 results

@ FNAL g - 2 Experiment measured a,, with Quantity Correction Torme Uncerainty
unprecedented precision analyzing Run-1 Lo o Domnatec by el . a1
data and confirmed the previous experimental . g 2]
measurement performed at BNL (7, Greatlyreduced afterRun-1 1% E

[C @, syst. dominated by PA_ _158 75]

@ Understanding and and correcting for beam Fean (e 3:9) X M., ) . %
dynamics effects was fundamental B, -17 02

@ More to come: analysis of Run-2&3 ongoing, 4 2
collected 5.5x BNL stat. in Run-4 and finishing B2 T -
collecting Run-5 data qotay fundamental factors i -

More details in the papers!
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