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THE MAGNETIC MOMENT OF THE MUON
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Magnetic moment connected to spin via dimensionless factor g: gyromagnetic ratio

the anomalous magnetic moment
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THE MAGNETIC MOMENT OF THE MUON: HISTORY
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THE MAGNETIC MOMENT OF THE MUON: HISTORY

Storage Ring
Dilated lifetime

measurement of a,,, more precis =
)
E
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=
Stopped Muons w
Stop muons in a magnetic field
measurement of g, directly

eNL [PITTY a. = 116 592 089(54)siai(33)syst(63)ct X 10-1
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THE MAGNETIC MOMENT OF THE MUON: HISTORY

JPARC ! future

. . full stats
FNAL goal: 4 x improvement FNAL Run 1 (2021)
Storage Ring eNL [PITTY a. = 116 592 089(54)siai(33)syst(63)ct X 10-1
Dilated lifetime CERN Il
measurement of a,, more precise =
-
e
x
Stopped Muons w
Nevis [kt
Stop muons in a magnetic field
measurement of g, directly Cassels
10 1 108 10+ 105 s A07
04, x 107
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THE BOTTOM LINE UP FRONT... OUR RUN-1 RESULT

WP20
BNL g-2 ; @
FNAL g-2 + O
< 420 >
@ t @
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
a,x10° - 1165900
a,(FNAL) = 116 592040(54) x 10~""  (0.46 ppm)

a,(Exp) = 116592 061(41) x 10~'*  (0.35 ppm)
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THE MAGNETIC MOMENT OF THE MUON: FROM THEORY

Dirac g=2 (1928) Muon g-2 Theory Initiative

for s=1/2 particles

}\ au(SM)=116591810(43) x 10-11

p Iz
Schwinger (1948) Vacuum polarizations Hadronic Electroweak
1st order QED Higher order QED  HVP: 6845(40) x 10-11 153.6(1.0) x 10-1
uncertainty: 0.1 x 10-11 HLbL: 92(18) x 10-11
o a
27
o ) o -
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THE MAGNETIC MOMENT OF THE MUON: FROM THEORY
Very active theory community
”QNLﬁFNALH,”
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Lattice results:
ETM18/19
Mainz/CLS19
FHM19
PACS19
RBC/UKQCD18
BMW17

RBC/UKQCD Ay
data/lattice

BDJ19 HH
J17 {1

DHMZ19 i
KNT19 HEH
WP20 -
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lots of current work ongoing to
o understand possible discrepancy

comparison of intermediate
windows

Fermilab uncertainty g
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MEASURE ¢, IN A STORAGE RING
, A B (|

inner coil | top hat |

‘o

wedge —
[AT outer coil
" Shet
: B=1 45T { NMR probes
o pole. piece %
L» correz ':Jfra\%%il E outer coil
C—————

E L—p=7112mm

inner coil %’
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MEASURE ¢, IN A STORAGE RING

Cyclotron frequency Spin precession
° B ° B(1 +ya) et
W = —— g = — +ya w,=w,—w.=——da
my my H a s C mﬂ U

NMR:  hiw), = 2, | B|

— momentum
— spin

g 9 7.\
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MEASURE ¢, IN A STORAGE RING

Cyclotron frequency Spin precession
° B ° B(1 +ya) et
W = —— g = — +ya w,=w,—w.=——da
my my H a s C mﬂ U

— momentum| 4 g>?2
— spin a,>0
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STORAGE RING: HOW WE STORE THE MUONS

E’=—1<a§—a ! (?-§>ﬁ+<aﬂ—/> _BCE})

m\ " Py +1 y2—1 c
v v
~0 ~0 me
= = 3.094GeV/c
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STORAGE RING: HOW WE STORE THE MUONS

pitch corrections: C), E-field corrections: C,
Y <aﬂB Yy (7-B) 7 <a/ﬂ—1> ¢ >
v v
~0 ~0 e
P = Pmagic = =3.094GeV/c
Ay
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10.5 ppb uncertainty (hyd
MEASURE aﬂ IN A STORAGE RING Metrolog?ap13, 1u79 (1977) m ( yaregen maser)

bou‘gd state QED calc., exact
/
®, M, u,(H)mM,

ge ‘\ ]
— ~ 0.28 ppt uncertainty
a)p /,le(H) /,{e me 2 Phys. Rev. A 83, 052122 (2011)

aﬂ
2022: 0.13ppt, arXiv 2209.13084
\ 22 ppb uncertainty

(Muonium hyper fine split.)
Phys. Rev. Lett. 82, 711 (1999)
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10.5 ppb uncertainty (hyd
MEASURE aﬂ IN A STORAGE RING Metrolog?ap13, 1u79 (1977) m ( yaregen maser)

bound state QED calc., exact
/

2
D, 'MP /’te(H) mﬂ gev\ _
— 0.28 ppt uncertainty

B ey s. Rev
TDR goal: @, H(H) e Mg 2 Theheam ez,
140 ppb "\ 22 ppb uncertainty

(4 fold improvement

Muonium hyper fine split.
over the BNL result) (Muonium hyper fine split.)

Phys. Rev. Lett. 82, 711 (1999)
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10.5 ppb uncertainty (hyd
MEASURE aﬂ IN A STORAGE RING Metrolog?ap13, 1u79 (1977) m ( yaregen maser)

bound state QED calc., exact
/

2
o, H p,H)m, 8ew |
— 0.28 ppt uncertainty

B ey s. Rev
TDR goal: @, H(H) e Mg 2 Theheam ez,
140 ppb "\ 22 ppb uncertainty

(4 fold improvement

Muonium hyper fine split.
over the BNL result) (Muonium hyper fine split.)

Phys. Rev. Lett. 82, 711 (1999)

faock @ (14 Co+ G+ G+ Gy

OJaN

D foaio (045, 3,) X MGy, ) ) (1+ By + By)
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MEASURE g, IN A STORAGE RING

_ @, 'uI; :ue(H) ", 8e

a =
” ~
wé /"e(H) He M, 2
blinding factor precession beam dynamics corrections
o, Faok @ (14 C,+ G+ Gt Gy

~

P fealib <a)l’)(x, v, ) X M(x,y, (,b)) (1 + By + BQ)
absolute field magnetic field sampled Magnetic transients
calibration by the muon distribution corrections
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THE MAGNET: THE BIG MOVE
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THE MUONS

8 GeV protons in recycler

Target

Recycler Ring

p/Tr/u beam, p kicked away, 11 decay

nt — pv, 95% polarized muons

a m \ K L2

— _)XF
@, =L aB—a\—/\l/l\)'B
= C
m

f P = Prasic = D 3.094GeVic

ay

Store muons for ~700us (~10 lifetimes)
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THE MUONS

8 GeV protons in recycler

Target

10ms 197 ms 1063 ms

; gl J‘.\‘n.l‘l< jI““llr |

2 x 8 shots
p/Tr/u beam, p kicked away, 11 decay

nt — pv, 95% polarized muons

‘ . aqf = [~ 1"\ BxE
w,=——\|q,B - a”_yz—

m c

f P = Prasic = D 3.094GeVic
0 NGy

"

Store muons for ~700us (~10 lifetimes)
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HOW TO STORE MUONS: MAGNETIC FIELD

izer coil top hat

wedge

iron foil
overcn
edge _5 _
shim YO
muon .
region P fixe

. ® 18]
pole piece &
surface
correction coil

?

1 NMR probes

¥ outer coil

D N—p=7112 mm

<' top hat

inner coil

Fully-assembled lamination (10 degrees wide)
L L[] PRI

{ . )i
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HOW TO STORE MUONS: THE INFLECTOR

- Need to cancel field in beam channel

- prevents strong deflection of the beam

Helium Channel
(for cooling)

Inflector

Injected Cryostat
muon beam  Central Orbit j

Beam
) /_ Channel

Inflector Body Inflector
Services

ey

; [ oy
Fixed NMR -é 'o’o?%

e Sy
— '-""'-------_-_ T —— Helium Channel — g‘gﬁ"
———— = (for radiation shie% )
g\T — .
s g
Outer X
Muon Beam Vacuum Chamber Coil \—— Jacket

NiTi/Nb/Cu
Magnetic Flux

d — 7 7 Shield
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HOW TO STORE MUONS: THE KICKER

- Incident beam center 77 mm off from center
of storage region
tears muon onto store orbit

u+

17
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HOW TO STORE MUONS: THE KICKER

l—|150 ) 1 Ll I T 1 I I 1 L 1 I I 1 1 I 1 Ll 1 .

% - — Kicker Pulse from Magnetometer Data | INCident beam center 77 mm off from center
B --=-TO Pulse :

3_ Y Cyclotron Period Of Storage reg|0n

ﬁmo B tears muon onto store orbit

> | -

=0

=

S

2 50

ot

—- 1 | 1 I 1 1 1 I 1 1 1 I 1 1 | I 1 1 |
590.2 0.0 0.2 04 0.6 0.8

Time [us]
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HOW TO STORE MUONS: THE KICKER

l—|150 T Ll T I T 1 I I 1 L 1 I I 1 1 I 1 Ll 1 .

% - — Kicker Pulse from Magnetometer Data 1 INCident beam center 77 mm off from center
B ----TO Pulse .

3_ Y Cyclotron Period Of Storage reg|0n

%mo B tears muon onto store orbit

> | i

=0

[

S

2 50

Upgrade since run 1:
New kicker cable allow for proper kicker, reducing the equilibrium radius.
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HOW TO STORE MUONS: FOCUSING

Jlnner upper coil
2

BONY-

\\Yir

Outer coil = ;\\\\\k
/// i

- Radial focus:
1.45T vertical B field

- Vertical focus:
electrostatic quadrupoles 43% of the ring)

18
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HOW TO STORE MUONS: FOCUSING

- Radial focus:
1.45T vertical B field

- Vertical focus:
electrostatic quadrupoles 43% of the ring)

X o s - N\
% Upgrade since run 1:
N4 Broken high voltage resistors in run 1 led to an additional early-to-late effects.
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THE MEASUREMENTS:
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CALORIMETERS ( @**)

24 Calorimeters with 54 (9x6) Cherenkov
PbF, crystals read out by SiPMs
- arrival time (~100ps) & energy of e* (~5% at 2GeV)
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THE MEASUREMENTS: CALORIMETERS ( @, ")

24 Calorimeters with 54 (9x6) Cherenkov
PbF, crystals read out by SiPMs
- arrival time (~100ps) & energy of e* (~5% at 2GeV)

- Laser system for gain response calibration
throughout data taking
(stability 10-3, rate difference 104)
19

%, US. DEPARTMENT OF  Argonne National Laboratory is a
L6z ENERGY U.S. Department of Energy laboratory
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THE MEASUREMENTS: CALORIMETERS ( @, ")

\

- Parity violating decay (Michel)

- Highest-energy e* emitted
preferentially along muon spin

= Mt
b =
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MEASUREMENTS: o]"** o, a0 (14 G+ G+ Cut G

o {0p0, 3, ) X M, 3,0 ) (14 B + Bo)

T T H T 2 L L B B B B L B B B Py A LA ALMAR
2.00 i > - 25 F 3
i @ 3000[— i ]
i = - 20 3
1.75_ : T 3 - 155_ ]
—1.50- | Threshold energy - 2500 3 ;
c ! - %0 05 1 15 2 25 3 85 4 45 1
- 1.25- | - 2000[— 3
o) i - 7
[ - -
<1.00 el i
3 = ]
= 0.75- Spin - - ]
% 1000 —
0.50+ q n E E
Momentum 500 — 3
0.25 - ]
0—1 1 1 1 l 1 1 1 1 I 1 1 1 1 J 1 i 1 1 I 1 1 1 1 I 1 1 1 1 l -

0.00 -~ ! ! 0 500 1000 1500 2000 2500 3000
0.0 0.5 1.0 1.5 2.0 2.5 Positron Energy [MeV]

Energy [GeV]
time

gonne N
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MEASUREMENTS: o]"** o, a0 (14 G+ G+ Cut G

o {0p0, 3, ) X M, 3,0 ) (14 B + Bo)

T T H T 2 L L B B B B L B B B Py A LA ALMAR
2.00 i > - 25 F 3
i @ 3000[— i ]
i = - 20 3
1.75_ : T 3 - 155_ ]
—1.50- | Threshold energy - 2500 3 ;
c ! - %0 05 1 15 2 25 3 85 4 45 1
- 1.25- | - 2000[— 3
o) i - 7
[ - -
<1.00 el i
3 = ]
= 0.75- Spin - - ]
% 1000 —
0.50+ q n E E
Momentum 500 — 3
0.25 - ]
0—1 1 1 1 l 1 1 1 1 I 1 1 1 1 J 1 i 1 1 I 1 1 1 1 I 1 1 1 1 l -

0.00 -~ ! ! 0 500 1000 1500 2000 2500 3000
0.0 0.5 1.0 1.5 2.0 2.5 Positron Energy [MeV]

Energy [GeV]
time

gonne N
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MEASUREMENTS: o]"** o, a0 (14 G+ G+ Cut G

o {0p0, 3, ) X M, 3,0 ) (14 B + Bo)

T T H T 2 L L B B B B L B B B Py A LA ALMAR
2.00 i > - 25 F 3
i @ 3000[— i ]
i = - 20 3
1.75_ : T 3 - 155_ ]
—1.50- | Threshold energy - 2500 3 ;
c ! - %0 05 1 15 2 25 3 85 4 45 1
- 1.25- | - 2000[— 3
o) i - 7
[ - -
<1.00 el i
3 = ]
= 0.75- Spin - - ]
% 1000 —
0.50+ q n E E
Momentum 500 — 3
0.25 - ]
0—1 1 1 1 l 1 1 1 1 I 1 1 1 1 J 1 i 1 1 I 1 1 1 1 I 1 1 1 1 l -

0.00 -~ ! ! 0 500 1000 1500 2000 2500 3000
0.0 0.5 1.0 1.5 2.0 2.5 Positron Energy [MeV]

Energy [GeV]
time

gonne N
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MEASUREMENTS: o]"** o, a0 (14 G+ G+ Cut G

Example from dataset 1d D fuao (@559 X MCx.3.) ) (1+ B+ Bo)
'__| 1 I' I 1 | 1 I I
A S 1OF Y2In.df. = 4167/4132
o) L I 10°
© ' - -
2 10 ! o 107
c | | o 40t L
(®))] | o 10° F
@ i X e F
e 2 10° £
E — i g 102 W " " 1 " M " 1 N " L 1
05L . 0 20 40 60 80 100
wl-‘“i u;‘“ Time after injection modulo 102.5 [us]
Y Nye " [1 — A cos(w,t + ¢)
- .8 § S No CBO or pu* loss g 0 | ?)
| o O
- P 3 — Full fit function «__ - :
Lo X < s 1 22 parameter fit
0'0 : 1 I 1 1 *CBO:
0 0.5 1 1.5 2 2.5 3 Coherent Betatron

Frequency [MHz] Oscillation
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TRACKERS: BEAM DYNAMICS o, Jaos ol (14 Ct G4 Gt G

oo {046, ) X MGx.3.9)) (1+ By + Bo)

.

2 straw-tracker stations

(each 8 modules, 4 layers of 32 straws, 50:50 Ar:Ethane, res ~100um)

¥/ Muon distribution + field maps: W’
A Handle on beam dynamics

(@ ENERGY 175 23 Argonne &




TRACKERS: BEAM DYNAMICS

(o]
o

H
o

II|III|IIIII.II'|IIJ.lIIIlIIIlIII

Vertical Position [mm]
o]

N
o

-60

-80

-80
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Time since injection: 5.0 us
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. Fiaock @ (14 C,+ Cy o + Gy

~

Q

2 Jealib <a)1’,(x,y, d) X M(x,y, 45)) (1+ Bk + By)

nNn N oy N w
)l o (=] (=} o
_IIIIIIIII|IIII|IIII|IIII|IIII__II]IIIIII|II]IIIIII|IIII

Megan Rad. Pos. [mm]
(=]
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o

RMS of Rad. Pos. [mm]
n o o

“BTTH015 20 25 30 35 40 45 50
Time [us]

*CBO: Coherent Betatron Oscillation
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TRACKERS: BEAM DYNAMICS
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Time since injection: 5.0 us

llIIIIl[lllI'I.llllIIIIIlllllIIll

-60 -40 -20 0 20 40 60 80
Radial Position [mm]

100

0

24

. Fiaock @ (14 C,+ Cy o + Gy

~

Q
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*CBO: Coherent Betatron Oscillation
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TRACKERS: BEAM DYNAMICS
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Time since injection: 5.0 us
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TRACKERS: BEAM DYNAMICS o, Jaos ol (14 Ct G4 Gt G

Q

2 Jeatib <a)1’,(x,y, d) X M(x,y, 45)) (1+ Bk + By)

Time since injection: 5.0 us

8 100 30
E [ p— —
£ £ C
560 E20
g T S 10
&, o tE
e S of
§ I €0
>o0b - S . rC
S S10E
- 2 r
o e e
- E_F
ol a0 E25¢
C . 820
._... n_ -
-40— o 15
B 0 & EF
—60_— [S] C

Upgrade since run 1:
Additional RF on the ESQ since the end of run 4 allows to reduce the CBO.

oy us NS hed s I ITTVTVITTL BRI VLCALTI VT s DV ITTT AT VT T
us.
7
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8.00 mm

H

NUCLEAR MAGNETIC RESONANCE (NMR) hoy = 2u | B|
p p
- Flip spins of a sample
by delivering a 11/2-pulse

- measure Free Induced Decay (FID) Free Induced Decay (FID)

“:"||’\‘ ’”W ||.!n||”"ml'l\'u| u'Hr’

- 100.00 mm . 15000 - ‘ H H ‘ H i
Serial inductor coil Base piece w. ‘ ‘ H “ ”\ ‘H . } |
End ith tapped hol double crimp connection Outer crimp rin 1l J L
nd cap with tapped hole 10000 - \IIIJM JH l|| ”H]" |||IM|“HI‘I“
Petroleum jelly volume : : oy 5000 1 .
. Inner_crimp rin =
Inner conductor of capacitor PaallEL diierer Ehil o,
PTFE tuning piece with slot 8 0+
S
Petroleum Jelly probes & o]
—10000
-15000
0.000 0.002 0.004 0.006  0.008 0.010 0.012
time [s]
20 callbratlon probe (f catib)
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Faosk @ (14 Co+ G+ Gy + G )

a

THE FIELD MEASUREMENT .

@) ) Jeatib <60,;(X,y, D)X M(x,y, ¢)> (1+ By +By)
T_rol!ey | 378 Fixed Probes

- inside the storage region, ~3 days - Outside of the storage region

- 17 probes, moves around the ring - 72 position, ~5deg apart

- -> 4M>
o o A RN . N e B '
et ‘“; T -‘»:/ meea-----S0_ ______ ‘ k
40 N s N P
Pt y g 2
0 g ' oy,
& A S\ N e TGN T
_ V4 N ©
Y =1 Bt
[ \ |
é 10 g i 5/ ‘:‘ I! 3
8- 3 Wwogy” BB \Re®. ¥y
' RN LAY 4
> -0 ‘%‘y & o e } | E
Ao R T T - - =
/5\3‘/“‘ A . S . e y <t
‘:10 -30 =20 -10 o 10 20 30 40 L()
norizontal position [mm] ~
Electronics
B B

gonne National Laborat

,;\...‘ OEPARTMENT OF A oratory is a
{c U'S Department of Energy fboratory
WZJENERGY 00yt as e 52

NMR probes
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Faosk @ (14 Co+ G+ Gy + G )

S

THE FIELD MEASUREMENT

a
~

% o (@)1, )X Mty ) (1+ B + Bo)

Trolley (every ~3 to 5 days) 378 Fixed Probes (from the outside)
Field inside the muon storage volume Track the field between field maps
o) CT T ] L I B
o 2000 e corrected —
2 M » uncorrected -
o= L = i ¢ trolley value 1
2 £ 50 Trolley Probe (Center) QE, 1000~ . t:3u3 value 2-
a ' = B i
3 o0 - L, :
- o (0o . ” ]
-50F l M/:\\\\ ]
0 100 200 300 _1000E- N
Azimuth (deg) : \W"
i e

See poster: “The precision magnetic field 20005580

in the Muon g-2 Experiment at Fermilab” Time (h)

Uncertainty: random walk model

(Brownian bridge)
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Faosk @ (14 Co+ G+ Gy + G )

S

THE FIELD MEASUREMENT

a
~

% o (@)1, )X Mty ) (1+ B + Bo)

Trolley (every ~3 to 5 days) 378 Fixed Probes (from the outside)

Field inside the muon storage volume Track the field between field maps
) T T i | ]
a 2000 M e corrected  —
= - §
= N * uncorrected A
ge) E £ B ¢ trolley value 1 ]
L?‘.) s 950 o 1000 ¢ trolley value 2
e 2 - A .
GF:) 0 = N . ]
- o (0] L , -
-50 ;— i W‘ﬂ\ ]
0 100 200 300 _1000[- N
Azimuth (deg) : A"y
- e

See poster: “The precision maanetic field\ -2000 4———+5 o e —

Upgrade since run 1:
Thermal insulation (run 2) and improved AC (run 3) increased the field stability.

: ——
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_ Time since injection: 39.0 us
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THE RUN-1 RESULT o n
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Faoak @ (14 C,+ G+ Gy + Gy )

THE RUN-1 RESULT P
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Upgrade since run 1:
wa-| Extensive campaigns to measure the magnetic field gradients more precisely.
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MORE TO COME: THE BEYOND RUN 1 ANALYSIS

= | Muon g-2 (FNAL)
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MORE TO COME: THE BEYOND RUN 1 ANALYSIS

Muon g-2 (FNAL)
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MORE TO COME: THE BEYOND RUN 1 ANALYSIS

Muon g-2 (FNAL)

N
o

Run-5

Run-4

Raw e */ cumulative (x BNL)
3 @

(&)

Run-2 Systematics on track for < 100 ppb.

un-3 Run 2/3 analysis in progress, aiming to
reduce experimental error by 2 by spring.

0_4//I-?un 1 results ~6% of fuII stats 434 ppb stat ® 157 ppb syst errors
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MORE TO COME: THE BEYOND RUN 1 ANALYSIS

Muon g-2 (FNAL)

N
o

Run-5

Run 4/5/6, aiming for
another factor of ~2
Run-4 reduction in error

Raw e */ cumulative (x BNL)
3 @

(&)

Run-2 Systematics on track for < 100 ppb.

un-3 Run 2/3 analysis in progress, aiming to
reduce experimental error by 2 by spring.

0_4//I-?un 1 results ~6% of fuII stats 434 ppb stat ® 157 ppb syst errors
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EVEN MORE TO COME: RUN 6

Run 6 starts in ~2 weeks

| - originally i planned, canceled
- lower priority at FNAL than muZ2e

N
o

Run-5

Run 4/5/6, aiming for
another factor of ~2

Raw e */ cumulative (x BNL)
o

10 - Run-4 reduction in error
Run 2/3 analysis in progress, aiming to
un-3 . :
51 reduce experimental error by 2 by spring.
Run-2 Systematics on track for < 100 ppb.

0_4//Run 1 results ~6% of fuII stats 434 ppb stat ® 157 ppb syst errors
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THE COLLABORATION Run-1 unblinding ceremony
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