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Muon g-2 Collaboration

US Universities China

— Boston — Shanghai Jiao Tong

- Comnell Germany
— Illinois

— James Madison — Dresden

Muon g-2 Collaboration

7 countries, 35 institutions, 190 collaborators

—  Kentucky l] Italy
— Massachusetts — Frascati
— Michigan — Molise
— Michigan State — Naples
— Mississippi — Pisa
— North Central College — Roma Tor Vergata
— Northern lllinois —  Trieste
— Regis ~  Udine
— Virginia ~
— Washington /J:.? Korea
i N "% — CAPP/ISB
US National Labs L KAIST
— Argonne RuSSIA s
— Brookhaven
—  Fermilab i — Budker/Novosibirsk
— JINR Dubna

WNY”4 United Kingdom

S N . VAN — Lancaster/Cockcroft
BT RAE=KEIERA _ Liverpool

° N ) A May 27-31, 2019
1 E%’ 35 nﬂ;ﬁﬁi — Manchester Elba Collaboration Meeting
o 19064EH —  University College
London
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Experiment

History of M
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Over 50 years of non-stopping improvement on day,

* Pushing both theoretical and experimental frontend

* Last measurement from BNL E821 (2004) came with 0.54ppm
« New muon g-2 experiment at Fermilab aiming at 0.14ppm

* Very exciting and highly expected measurement!
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Muon g-2 Theory Initiative

ra =a,(QED) + a, (Weak) + a _(Hndrcmic\
e Iz z ol

oy

QED\ . 116584718.9 (1) x 1071 0,001 ppm
Weak :
/e\ + 153.6 (1.0) x 107 0.01 ppm
A

Hadronic...

.+.Vacgum Polarization (HVP) 6845 (40) x 101 0.37 ppm
2 A 0
! 1 #;://1/_\*'\‘\\;-: +' o [0-6 A]]
...Light-by-Light (HLbL)
g:& /S 92 (18) x 1071 0.15 ppm
Qe+ [20%]
1’4 e

Muon g-2 Theory Initiative: Phys. Rept. 887 (2020) 1-166
FR, “GTRNENNESARENA” BESERERE 20224F4H16H
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Muon g-2 Experiment vs. Theory

40

2
| BNL E821 Value
o
% 30
:.i Expected FNAL Muon g-2 precision
o =
R 207 .
= 2
wn =
[22]
S 101 5
g o3
& 0] V
2
= SM 2020
©

—10 1 _ _
Previous SM Estimates

'LQQD‘ ';,00% ’LQ\:L 10\’6 'LQILQ

Large difference between theory prediction and experimental value
« Strong hint of BSM physics

« With improvements in theory calculation and experiment
measurements, muon g-2 as a fundamental property can serve as a
benchmark test for any new physics, such as dark matter, SUSY...

e Or even “Unknown Monsters”!
F3, “GQFRINEMSEEALNE” BZ5EARTERIE 20224E4F 16H




Experimental Principle

The name of game: a > ® G2

« Put (polarized) muons in a magnetic
field and measure precession f.qg.

« Get muon spin direction from ?
decayed electrons ?
* a, ~ difference between precession
frequency and cyclotron frequency
W = Ws — We
eB
— P p wﬂl’ = (’qu _ —Pp
— ! mec o
s N - 2N
pl’;—e .s'l._.
H " 4 e
/ e U""’S — .G:
AN s S, 2mc
- 6
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Frequency Measurements

Frequency measurements can be done in very high precision
« Measure frequency ratio and extract from several measurements
au'\' Wq _ ge Wg My Hp
<B> 2 Wy me Y

* @, Is the proton precession frequency (o, ~ |B|)
* @, Is the weighted magnetic field folded with muon distribution

« All other values from Committee on Data for Science and
Technology (CODATA), uncertainty < 25 ppb

 E.g. muon-to-electron mass ratio by muonium hyperfine structure experiment

* Final measurements done in three steps
* Inject muons into a ring with uniform magnetic field
« Measure muon frequency difference o,
* Measure proton precession frequency @, and muon distribution

« Blind analyses: measurements and correction factors done

*before* simultaneously and independently *before* final answer
F5R, “BTRMENMNERARKLNH” BESEARTTHERIE 20224E4H 16H
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Muon Campus

N
"Iu“ iy N
. l‘.,/
J

] | Delivery Ring /;)

8
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Mu

- M1 Line

— AP-OTagat H Al

— M2 Line Protons separate

—— e and are removed

wes Ddivery Ring

we Dedivery Ring Abort Li ne \

w— M4 Line ata
M5 Line Gopnc

w—= MC-1 Experimerntd Hall

Mu2e Targat H dl

MuZ2e Detector Hall

After a few turns all
« 1 convert to p*

AP10

Delivery
Ring

3.1 GeV/c
8.89 GeV/c p secondaries (17*,
beam impacts u*, p, e*) travel u* are extracted
the target along M2 & M3 from the ring and

u* enter the g-2

transferred into the :
storage ring

storage ring via M4,
M5
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Muon Injection and Storage System

Helium Channel
(for cooling) .

Helium Channel
(for radiation shield)

K

H Inner
H §
H (L~ Coil
E 1

o

5

&
o
"
!‘L Jacket

Truncated double cosine theta Magnetic Flux
superconducting septum magnet

Superconducting inflector

Provides nearly field free region for
muons to enter the ring

Beam injected through magnet windings
Does NOT perturb main precision field

Inflector
M w— s
Kicker
L\\\\\\‘
Storage magnets

ring
R=711.2cm

Electric Quadrupoles

10

F5,

“BFRIMEMIEBARKNH” BESTARFHRIR

2022%E4H 16H



Muon Injection and Storage System

Inflector
%\150 T L e LA
e B = Kicker Pulse from Magnetometer Data T
% 3 - TO Pulse b
3 B - Cyclotron Period

_O -
G100 - 2\ ]
> [ i) S oy
D | A1 Injection orbit
e bl
E 50 .j ik —

0

1 Kicker .
’“/N \u NM'MS‘ | Storage magnets
\
| ring
. . ] R=711.2cm

d=9cm

Pulsed fast magnetic kickers
* Direct muons onto storage orbit (~10 mrad)
 1-turn pulsed magnet (~200 G)

Electric Quadrupoles

11
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Muon Injection and Storage System

Quadrupoles
B 24 Calorimeters
Tracking Stations

Collimators
Inflector

Pulsed electric quadrupoles
« Vertical beam confinement
 Pulsed HV power source

« Operates at = 18-20 KV

12
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Injectlon iINto muon storage ring

13
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Injectlon iINto muon storage ring

14
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Injectlon iINto muon storage rlng

15
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Injectlon iINto muon storage rlng
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Experimental Setup

0 Physicists create e The circling muons eventually decay into electrons, whose
muons by slamming energies indicate the direction of the parent muon’s spin.
protons into a target Physicists use calorimeters to record the energy and arrival time
material to produce of the electrons to see how much the spin direction has changed.
particles called pions, o )
which naturally decay Direction of spin

iy mitions. The muons (exaggerated in this graphic)

are then injected into
the experimental ring.

Magnetized loop Sattonof
momentum

Calorimeter
(Three shown

Muon

Pions decay here. Actual loop
into muons includes 24)
Pions are Two of the 24
created calorimeters include
Electron tracker planes

Target

Muon decays: the resulting
electron initially moves in the
direction of the parent muon,
with a slightly curved path
influenced by the
\ '\ magnetic field

Direction of

‘ zomn momentum
>

Maria Corte 17
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Measuring o,

Running time 00H : 00M : 00s

=
N
(9]
T
\

— 5t 100

‘ Threshold energy B 10

=

u

o
T

— 100 <t <200

=

N

(9]
T

— 200 <t =300

300 <t < 400

Entries / 149.2 ns

o

-

(9]
T

Spin

dN/dE [Arb. Unit]
=
o
o
T

=400 < t <500

0.50| —_— i I
Momentum
0 257 | 500 <t <600
| | | | 11— : ' —
0.0055— 05 1o 15 20 25 3.0 g 3 ime % 100 [us) w i

Energy [GeV]

The integrated number of electrons (above E,,) modulated at o,
 Angular distribution of decayed electrons correlated to muon spin
« (Simplified) five parameter fit to extract o,

Nigeal(t) = Noexp(—t/y7,)[1 — Acos(w,t + ¢)]

PR, “BTRMEMNESAR RN PSR RE 2022484/ 16H
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3500

3000
102
2500
3
§i2000
3> 10
1500
LLl

1000

500 1
i I Lost muon
S e ol i background
28000 30000 40000 50000 60000 70000 80000
Time [ns]

Energy vs. Time seen by calorimeters
19
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10°

10°

count/ 149 ns

10°

—t
o
©

Wiggle, Wiggle, Wiggle...

— data
— fit

<5
.,

N ew
w '\’.{ S

/,‘«
"b..,' \vvfa\‘ v/*\ ',.'\
"

K Fermilab Muon g-2 collaboration
A Commissioning Run, Dec 2017
' @ PRELIMINARY

N I | I I I | I L1 1 | | | I I | I | I I | I | I I | | | I | I | I I |

10 20 30 40 50 60 70
time modulo 80 us

&3

=

Jus
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Wiggle, Wiggle, Wiggle...

‘é" 109""I""I'"'I""I""I'"'I""I""I""I""
o~ = Muon g-2 (FNAL) 11.9B e* =
?E 103;? Run-1 Data ?
= - NNAN .
< 107 VA

10°8

0 10 20 30 40 50 60 70 80 90

Time after injection modulo 100 us
21
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Magnetic Shimming

Magnetic field need to be uniform to £1 ppm level averaged over

azimuth
« 1B field ~1.45T
« 12 C shape flux return yokes

e 72 poles
* Minimizing higher-order multipoles
* Dipole moment ~ 1.45T
* Field Shimming
« Passive shim method (geometry)
* 24 iron top hats
» 864 wedges: angle quadrupole

« >1000 edge shims: sextapole
« >8000 surface iron foils

« Active shim method (current)
« Surface correction coil
« Power supply feedback

R thermal
wedge EEe———
pole piece "\ outer coil
edge
shim

surface
correction coil
| T ——

muon .
region 6 ’ fixed NMR probes

b outer coil

D §<—p=7112 mm

inner coil

top hat

g-2 Magnet in Cross Section

PR, “BTRMEMNESAR RN PSR RE
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Measuring o, the B field

378 Fixed Probes above and below the
vacuum chamber measure the field
continuously throughout the experiment

A 17-element NMR Trolley maps the field
where muons live every 2-3 days: beam off

Digitizing Free Induction Decay (FID) signals
for more precise frequency determination

Monitoring the field and provide feedback to
the storage ring power supply during data
taking

Absolute and cross calibration of all probes

(FID) Waveforms with ~10 ppb resolution

23
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B__(ppm)

(B-B,,,)/

1600 —
1400~
1200
% 1000
800 -
600 |-
400}=
200

| BRY/RIA 'lnf'\
'

-

B

# 50 ppm

~1400 ppm

Y

00

EEE

200

250 800 850

Azimuthal Position (deg)

(B-B

B, (opm)

%

&

g

&

'L\ BNL E821 (typical scan)

/ FNAL (rough shimming)
\

vertical distance (cm)

Shim 1.45 T field to high uniformity and measure it vs time

Field Map on 03/17/2018

BNL Field Map B-field (ppm)

<

4321012 3 4
radial distance (cm)

+2.5
ppm

-2.5
ppm

Averaged over
azimuth:
Shimmed to
+1 ppm level

+1
ppm
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R/

7

Wa

y%

(T~

Final Measurement

N/149.2 ns

107 — \/\/V\/\/\/\/\,\,VV\M\F/"V\;
10° —\/VV\/WVVVV\/\/\/\/\/\/\/\/\,WW
7 B VVIMAAANAAAAAA

10° \_/\/\/\/\/\/\/\/\/\/\/\/\/\,\/\/\/\/\/\/\/\/\/\_i
. E AV, 3
10° & u ) ) +
£ A Fermilab Muon g-2 Experiment
r Combined Run-1 Data
10' ¢ (gD 1
n 1 n 1 n 1 " 1 1
0 20 40 60 80 100

Time after injection modulo 102.5 [us]

felock Wy (1 + C, + Cp + Cru + Cpa)

Y (mm)

fcalib < wp(x;y,qb)XM(x;y;Gb) ><1+Bk +BQ)

(me)

-10F
-20F

-30F

30:

20F |

-

0/)0 o ')5- e —

0.5 ®I
z'sl § £
S8 | oo E
" >

- 1 W-05
2
1 @10
X (mm)

40 A

-204

Relative muon intensity [arb. u.]
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w/,' Measurement

Wq fclock(m(l + Ce + Cp + le + Cpa)

R, =

The ideal and naive case, 5-
parameter function:

N(t) = Noe t*[1 + A cos(wat + ¢)]

* Pileup

« Gain (energy scale) changes

« Coherent Betatron Oscillations
* Muon Losses

« E-field and pitch corrections

F(t) = Ny - Ny(t) - Ny(t) - A(t) - e~/ 77w .
[14+ Ao - Az(t) - cos (wi't + ¢o - Pz (t))]

Phys. Rev. D 103, 072002 (2021)

FFT magnitude [a.u.]

0.5

1.0

0.0 imtsmaraietmtstat bt S s stole
0 05 1 15 2 25 3

H L:J;)(Tr) B fcalib <wp(3j7y7 qb) X M(a:,y, gb))(l + B+ Bq)

8 <107 F ¥2n.df. = 4167/4132 1

g0 :’VVVVWVVVWWV\N\NV\MN
210 "’VVVVVWVVV\N\NW\,\WN.

MAAAAANAAS ]
0 20 40 60 80 100
Time after injection modulo 102.5 [us]

2 «ww. No CBO or p* loss |
% 2 — Fullfitfunction
~

P

Frequency [MHz]

Ni(t) = 1+ e /B0 Ay ;1 cos(wepot + PN .z1)
+ e 2/7CB0 Ay, 5 cos(2weot + PN 2.2)
Ny(t) =1+ e WAy 1 cos(wyt + dny1)

= /‘,—' /
+ e 2t/ '/A_\’.y.') ('(»)'\'(w\'li't -+ ().\'.,:/J.Z)

t
A®) = 1 — Kics / eI L(¢) df
J)

44:(1) =1 + E—I/VT(,“()A.—LJ'.I (‘()H(W('B()f + OJ..I'.I)
Gu(t) = 14+ e /™BOA | cos(wepot + Po.z.1)

PR, “BTRMEMNESAR RN PSR RE
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wj,' Measurement: Wiggle Fitting

x2/ ndf 15341.87 / 4149 4131.368/ 4134

I
g3
=

& Prob 0 o 0.5086226
gl N 7893504 + 306.8 N 8050206 + 11345.6
E L T 64.31467 + 0.00141 T 64.43925 + 0.00236
B A 0.3698398 + 0.0000290 A 0.3713138 £ 0.0000291
- R -36.05017 + 0.88212 R 30.93668 + 0.88029
. o ~1.060034 + 0.000145
- ) —1.060912 £ 0.000145 T 207.9286 + 12.9930
Ay 0.003849024 + 0.000093018
e 2611519 £ 0.000294
L 0.371024 + 0.023840
tau,,, 30.34962 + 9.72180
Ay 0.001913793 + 0.000892873
- Oy 12.82881 + 0.00772
Oy ~1.567312 + 0.345168
k 2.126983e-10 £ 1.202432e-11
Al_cbo 0.000320802 + 0.000162904
phil_cho -1.183302 £ 0.507414
10° — 107 — A2_cbo  -0.0005578615 + 0.0001606892
[ [ phi2_cbo 0.675071+ 0.285842
[ — pig 6.048787e-05 + 4.546564e-05
p19 13.54975 + 0.75100
e L L

il i;
T
g LA
L L.

S parameters 22 parameters
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w/j' Measurement: FFT Spectrum

Before correction

x10°
- ¢
1200? &
1000 | —
E .
ol After correction
=
- L L LA B B
- =S r i w F T T T T T
600 3 | B SOF indf. = 4167/4132 1
- 8 o) L v 2 10°
2 A T T EOOIVINNANANAANAAA A
400| S 5 2 10k =10 VV\NVWVV\NVWV\NWWVV\:
e e} = o
QE Q ¥ < c - he] 4 [
~ g = =) 3 10* k
= @ | 2 "VVWVVVVVVVVVVVVW\,VVV\
200 & = 5 10° WWVVVVWVVVV\/\M,\,\NV\N
— - 2 Lk
n o = 42 ;/WV\NWW . J 1
% 05L . 0 20 40 60 80 100
: '*f“ i -:'“ Time after injection modulo 102.5 [us]
- “_gi j 2 «w. No CBO or ptloss
Fo ‘ i ";o _% —— Full fit function E
Name Symbol | Typical value L ~ oo 1
0.0 ' _ |
Cyclotron frequency fe 6.71 MHz 0 0.5 1 1.5 2 25 3
. . ) Frequency [MHZz]
Anomalous precession frequency fa 0.23 MHz
Coherent betatron frequency feso 0.37 MHz
Vertical betatron frequency Iy 2.19 MHz
Vertical waist frequency fvw 2.32 MHz

28
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Coherent Beam Oscillation

« CBO sampled by each detector at one point around the ring

Time since injection: 5.0 us

100

Acpo =~ 14 turns

bl .-. . --. T e "
. h P RN v‘, -
[ .. - ] L]
C --- -
PR -
I .. e ..
L - .- > -
0 S -
I R »
sl v T
L f :‘-i
- - . =

0 2mp 4mp / 6mp S o h REf . o
I I I CBO I —605—. '

Vertical Position [mm]
ey [} <0
(=} =] =}

T | T TT ‘ T T T

n
=}

o
I

a detector

_80 L1 ‘ | | 111 |'\. 11 ‘ 11| | 111 ‘ 11| | L 11 D
-80 -60 40 -20 0 20 40 60 80
Radial Position [mm]

« Beating effects and additional radial and vertical frequencies

29
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Coherent Beam Oscillation

« CBO sampled by each detector at one point around the ring

Acpo =~ 14 turns

Time since injection: 5.0 us

100

Vertical Position [mm]
<0

-20

a0

i

-60

\Il\l\‘l\\l\_ll"\\.J.‘Il\ll\l‘\l\

__\I\‘I\Il\lll'\.ll‘l\\l\ll‘ll\l\\l
8980 -60 40 -20 ] 20 40 60 80 0

Radial Position [mm]

. Eik.liii_
0 I 2mp I 4mp I / 6mp I S
a detector
| Station 12-3.50us | 30
Entries 61187 = -
§200 E Mean ~4912 E 20 -
%OOO r Std Dev 24.48 = E
] = Underflow [1] g —
1800 |— Overflow 0 o 10—
- integral  6.119e+04 5 =
1600 — c o0
E s =
1200 [ -
1000 — T E
= E 25—
800 — = E
F 8 20
600 — o E
- T 15
400 E_ 5:6 10 i_
200 y o g
98 -60 I -40 I—2l:l I 20 I 40 — O I 80 'U:

Radial Pos [mm]

""4|5""50
Time [us]
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Classical Electrodynamics

The glory detalils

« Muons make horizontal circular movement under influence of
magnetic field B, what about vertical movement?

* Need to use electrostatic quadruples to confine muons
vertically, this brings additional complication

Lo q 3 Y - A7 B xE
Wg =Wg —We = —— |a,B —a —
m, p p(,},_l_l)(ﬁ )3 (a# :
High order correction minimized if y = 29.3
« How to measure this? Electric field & pitch correction

* Choose y=29.3, p,= 3.09 GeV (magic momentum)
 Residual electric field correction

« Muon beam swims and breathes vertically and horizontally
« Coherent betatron oscillations (CBO)

* Presence of electric/magnetic field and betatron motion also leads
to pitch and high order corrections

31
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E-field Correction, C,

_ Wa _ fclock w;ﬁ” (1 ‘I'(@ + C’p + Cht + Cpa)
8 LD;)(TT‘) fcalib <wp(337ya Cb) X M(:Ea?% Qb))(l + Bk + BQ)

N e - 1 - -
waz—m—c aﬂB—<aI>§>IBXE

Not all muons are at magic momentum!

C,=2n(l —n)3; (ze)
e — 0

2
= \ e MO
<$g> — U;?;e + <33e>2 é osE :Eggig 7Y M:;T:nent "
Correction depends on width and mean : oaj_o\,;mm
Momentum
| C.~450 ppb, 5.,~50ppb| <t Te = @ = Ko
I

[ e P EVEVENIN FETEFII AVVINE BT |
-40 -30 -20 -10 0 10 20 30 40

Equilibrium Radius [mm]
Phys. Rev. Accel. Beams 24, 044002 (2021) Fourier analysis of early time spectrum
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Muon Loss Correction, C,,,;

R’ _ Wq _ fclock w;n (1 + Oe + Cp + CTm]"‘ Cpa)
8 (D;)(Tr) fcalib <wp($aya Qb) X M(a:,y, ¢)>(1 + By + Bq)

Phase-momentum correlation due to dipole

bending magnets in upstream beamline i
Momentum-dependent muon losses mean % tom
different average phase early to late o ooy Ny
-1.6 -1 -0.5 0 0.5 1‘Apfpu [‘3’2].5

Aa) — d¢ — d(¢> . d<p) __]é 0 £ 109k, D b5 low

a dt d(p) dt £ 10_4;-::,"'.'; ' tos hlgh;

10-2_ : R “";Wﬂ ; ff_

‘sz < 20 ppb, &¢_,~5 ppb ‘ it Tm[

Time [ps]

Phys. Rev. Accel. Beams 24, 044002 (2021)
33
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Phase-acceptance Correction, C,,

_ Wq fc:loc:k(«u (1+C ‘I‘C +CZ+E—;;)
a C:J;)(Tr) fcallb <wp(x yvgb) X M(Qf,y, Cb»(l =+ Bk + BQ)

—
o
T

Beam shifting from early-to-late time due to
storage ring conditions

-

~

tn
I

—
N
TR T[T

-

w

n
|

RMS of Vertical Position [mm]

13" 4

Decay-position-dependent phase means b eYews
different average phase early to late U |

Time [us]

Ay — dp | d(Yrus) | d(¢) 0
“dt | odt |d(Yrys)

Muon Weighted Phase [mrad]

C»a~150 ppb, 6Cpa~75 ppbl

307730 220 16010 20 30 46
Decay Y [mm]

Phys. Rev. Accel. Beams 24, 044002 (2021)
Phys. Rev. D 103, 072002 (2021)
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Magnetic Field Measurement, w,

R, _ Wa _ fclock wgl (]- + Ce + CYp + le + Cpa)
8 (I);;(Tr) fcalib &wp(xayv¢ﬂx M(ZE,y,Qb»(l + By + Bq)
NMR trolley maps magnetic fields at about =~/ I& H &
9000 locations in azimuth in the storage {'\_'_'\'---.,_‘_:\\:\“_";;f_fl;_
region every 2-3 days ‘ Ao |
Fixed NMR probes interpolate the field N &
between the trolley runs e
Dedicated Plunging Probe to calibrate the .. Tl
NMR trolley probes to the water sample
Pwv ~ 48ppb o W w0

Phys. Rev. A 103, 042208 (2021)
35
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Muon-weighted Average Field, w,

Wa fcloc:k(vu (1+O +C ‘|‘Ol+cpa)
1 @;}(Tr) featib |( [wp x,y, o) X M(xz,y, ¢ }(1 + By, + B,)

Muon’s view

The actual field experienced by the muon in - ; g
the storage region L

Measure muon beam distribution with straw
trackers by extrapolating positron tracks
back to the storage region

Use beam dynamics simulations, tuned to
the tracker data, to get the muon beam
distribution around the ring

\L ~ 56ppb ‘

Phys. Rev. A 103, 042208 (2021) H o ey BB

y [mm]

Relative muon intensity [arb. u.]
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Kicker Transient Field, B;,

Wq o fclock wg’” (1 + Ce + Cp + le + Cpa)
@;(Tr) fcalib (wp(waya ¢) X M(ZE,y, Cb))(l +@+ Bq)

When kicker produces pulsed magnetic
field (~ 200G) for 150 ns, eddy currents
generated in kicker plates

/
R, =

Faraday magnetometer installed between
the plates to measure the rotation of

polarized light in a crystal due to the Magnetometer between kicker plates
transient field AR MKk L Bk e

B(1) B(0) % exp (—(t — fspart)/Te)
—18.74mG x exp (—(f — 30 jus) /6845

Signal is fitted with an exponentially ‘.
decaying function: AB(t) = AB(0)exp (—t/7) " /"

IBk~30 ppb, 8Cpa~40 ppb | w

0.4 0.5 0.6
Time After Kick (ms)

Phys. Rev. A 103, 042208 (2021)
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Electrostatic Quadrupole Transient Field, B,

R/ =

Wq fclock w;n’ (1 + Ce + Cp + le + Cpa)

ESQs are (dis-)charged every muon fill (700us)

Electric pulse induces mechanical vibrations
In ESQ plates and then generates magnetic
perturbations

Customized NMR probes measured B, at
several positions in the storage region

Uncertainty determined by the full width of the
measured effect due to limited measurements
In Runl = expect improvement in Run2

I B,~20 ppb, 6Ba~90 ppb I

Relative Field [ppb]

Phys. Rev. A 103, 042208 (2021)

H (:);)(Tr) N fcalib <wp(337 Y, Qb) X M(ZC, Y, gb

-200 -

-400| .

))(1 4 By, +(B,)

Quad plates inside vacuum chamber

400 -
200 =]

04
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Time [ms]

Muon fills
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Systematics: Numerator

2 1b 1c 1d

Co(ppb) 176 199 191 166

Frequency Standard 1ppt Statistical uncertainty <0.1 <0.1 <0.1 <0.1
Frequency Synthesizers 0.1 ppb Tracker alignment/reco. 11.0 123 12.0 10.7
Digitization Frequency 2 ppb Tracker res. & acc.removal 3.3 39 3.7 3.0
Total Systematic 2 ppb Azimuthal avg. & calo.acc. 1.0 13 22 1.1

Amplitude fit 1.2 04 1.0 29
Quad alignment/voltage 4.4 44 44 4.4
Systematic uncertainty 124 13.7 13.6 12.3

Data Set Run-la  Run-1b  Run-l¢  Run-1d

Coa -184 -165 -117 -164

Stat. uncertainty 23 20 15 14
Tracker & CBO 73 43 41 44 Data Set Run-la Run-1b  Run-lc  Run-1d
Phase maps 52 49 35 46 Coul -14 -3 7 -17
Beam dynamics 27 30 22 45 Phase-momentum D) 0 1 3
Total uncertainty 96 74 60 80 Form of 1(t) 9 0 1 1
floss function 2 1 2 2
Linear sum (oc, ;) 6 2 1 6

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

Total systematic uncertainty 65.2 70.5 54.0 48.8 1a 1b 1c 1d

Time randomization 14.8 117 9.2 6.9

Time correction 3.9 1.2 1.1 1.0 Ce (ppb) 471 464 534 475
Gain 12.4 9.4 8.9 4.8 Statistical uncertainty 04 05 04 0.2
Elicyp Bl 47 S 08 Fourier method 8.4 134 144 3.9
Pileup artificial dead time . . . . . .

Nioilocs 5o 1o 5o 54 Momentum-time correlation 52 52 52 52

CBO 42.0 49.5 315 35.2 Quad alignment/voltage 64 64 64 64
Ad-hoc correction 21.1 21.1 22.1 10.3 Fieldindex 1.7 15 17 4.0

*Run 1 o, data analyzed in four subsets Systematic uncertainty 53 54 54 53
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Systematics: Denominator

Calibration Coefficients
PROBE

Value (Hz)  Stat (Hz) Syst (Hz)
1 90.81 0.38 2.02
2 84.21 0.65 1.18
run-1 (substructure) 77.4ppb | | source Uncertainty (ppb) 3 95.02 0.53 219
azimuthal shape* 7.6 ppb
: P PP Temperature 15-28 o 86.03 0.25 1.28
skin depth 12.6 ppb 5 92 96 0.51 1.10
frequency extraction (0.4/1ms) 4.6 ppb | | Configuration = 6 106.24 0.46 1.35
Q3L: fit, position 1.5ppb | | Trolley 25 7 116.64 0.96 1.61
atahbili 8
repeatability 13.3ppb | | Fixed Probe Production | <1 76.39 0.60 1.21
drift 10.2ppb o oq Probe Basel " 9 83.52 0.23 1.64
. ixed Probe Baseline
radial dependency 4.4ppb 24.06 1.39 1.26
ond 8 pulses 14.0 ppb | | Tracking Drift 22-43 177.55 0.22 1.99
total —15.0 I 317 I 110.85 0.44 1.73
otal —15.0ppb - PPD_| | Total 43-62 122.89 2.08 1.93
77.11 0.53 1.88
74.82 1.06 1.59
Run-1 Estimate: 20.35 0.44 2.94
B,=-27.4 + 37 ppb 172.12 1.23 1.96
0.70 1.70
Quantity correction [ppb] uncertainty [ppb]
Diamagnetic Shielding T dep (1/o)do/dT -10.36(30) Dataset 1a 1b 1c 1d 1a 1b 1c 1d
Bulk Susceptibility Ob -1504.6 £ 4.9 ppb 1. Tracker and ) i i i 9.2 13.3 15.6 19.7
. . calo effects ) ) ) '
Material Perturbation Os 15.2+£13.3 ppb 2. CoD
. . : 16 15 1.7 1.4 5.2 4.7 5.2 49
Paramagnetic Impurities Op 02 ppb effects
3. In-fill time
Radiation Damping Sro 0+3 ppb effects 1.9 | 23 | 12 | 41 - - - -
Proton Dipolar Fields Bd 0+23 ppb Total -0.3 -0.8 0.5 -2.7 106 | 141 | 165 | 203
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Blinded Analysis

Avoid possible bias during
analysis

» Credibility is the key
Hardware Blinding

* Perturb the clocks from
the nominal frequency of
40 MHz — 39.XX MHz

Software Blinding

» Software package to
apply individual offsets
to fit results to ensure
Independence of
analyses

* w,; — w; XA ppm

« Unblinding can be done
In different stages and
cross check
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Relative Unblinding

-1

R
E;—15? i E
< —20F
IQH - YHEPreliminary
3 . F
— —35:
—40; T A
: ¢
—45:— +
¢ ¢ ¢ ¢

¢ Individual blinding

e Common blinding -

T:E_>1.7GeV

AE, >1.0GeV,asymm.weight
E:binned E_

R:ratio m ethod

Q :energy Integration

50 t ¢ t i
-55E 1/4

T A Q 3
¢ 4 E
N
5 6 _

g Analysis

SJTU

Common Reconstruction

6 independent @, analysis groups with multiple methods blinded from each other
Relative unblinding performed for analysis consistency check
A-weighted method extract more information from high energy positrons
Statistics uncertainty: 8., = 0.43 ppm < 0.46 ppm (BNL)

&3

=R

g
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Final Results and Uncertainties

Phys. Rev. Lett. 126, 141801 (2021)

BNL g-2 : @
FNAL g-2 4 ® 3.30
( 420 B
A ¥
. S—— +——t
Standard Model Experiment
Average

175 180 185 190 195 200 205 21.0
9
aPX10 -1165900

215

3.70

a,(FNAL) = 116592 040(54) x 10~**  (0.46 ppm)

Correction Uncertainty
Quantity terms (ppb) (ppb)
@’ (statistical) 434
@’ (systematic) 56
C. 489 53
c, 180 13
Cnri —11 5
Cra —158 75
Feain(@p(%, 3,8) ¥ M(x,y,8)) - 56
B, =27 37
B, —-17 92
Hp(34.7°) u, 10
m,/m, 22
9e/2 0
Total systematic 157
Total fundamental factors - 25
Totals 544 462

« Strengthen evidence for BSM physics

 Run-1 Results are largely statistically dominated
* 15% smaller error than BNL
« Good agreement between two experiments
« Statistically “normal” to see increased significance after combination
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Beyond Runl

Standard Model

BNL (3.70) o—
RUN 1(3.30) —
RUN 1-3 (4.50) .
RUN 1-5 (5.00) =t
4 S
_— et

Experiment Average

—FNA

Com

[ Muon g-2 alone

bined (Apr 2021)

175 180 185 190 195

a,%10° - 1165900

205 210

215

Run 1 results ~6% of full stats:
434 ppb stat @ 157 ppb syst errors

» Analysis of Run2/3 ongoing,
expect a factor of two
Improvement in precision

* Run 4 data is expected to
bring the statistics to 13x BNL

* Run 5 currently running,
should bring us to the TDR
goal of ~ 20x BNL

* Run 6 e  run under discussion
« CPT and Lorentz Violation Effects
* Sidereal Oscillation

44
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Improve precision even further

Increase statistics: o ~ 1/sgrt(N)
« High precision frequency measurement with huge statistics
« ~10°POT -> ~10'2 3GeV muon -> ~10 selected e* -> ~0.1ppm

Systematics improvement
* Precise beam monitoring —
« CBO reduction and monitoring

* Muon distribution measurement
« Background mostly under control
* Pileup effect modelling improved
 Lost muon largely reduced
« Highly uniform and stable magnetic field —
« Sub-ppm level uniformity
* Instrumental improvement = ~0.07ppm
« Kicker
« Electrostatic Quadrupole Transient Field

~— ~0.07ppm
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Improve precision even further

Increase statistics: o ~ 1/sqgrt(N)
« High precision frequency measurement with huge statistics
« ~10°POT -> ~1012 3GeV muon -> ~10 selected e* -> ~0.1ppm

Systematics improvement
* Precise beam monitoring —
« CBO reduction and monitoring

* Muon distribution measurement
« Background mostly under control
* Pileup effect modelling improved
 Lost muon largely reduced
« Highly uniform and stable magnetic field —
« Sub-ppm level uniformity
* Instrumental improvement = ~0.07ppm
« Kicker
« Electrostatic Quadrupole Transient Field

~— ~0.07ppm

46
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Improve precision even further

W.-L. Zhan
HIAF-p-Beam in Huizhou n Campus at Fermilab

Parameter Value ('H)
Nucleon on target per pulse 36*3*4e!2  1el4 209¢!3 Protons on target (POT) per pulse 102
Pulse width (ns) 200~300  200-300 200~300 | @ ulse width 120 ns

Number of pulses 16
Number of pulses =1 =1 =1

Cycle length 1.4 s
Frequency (Hz) >S5 Hz >SHz ~3 Hz

Frequency lg Hz
B 5.097 10.19 10.23 :

S momenRmi(Geye Incoming beam momentum 8.89 GeV/e

p momentum (GeV/c) >1.5 ~3.5 >3.5 Selection momentum 3.1 GeV/c

s ZIFETRBHELNRA
- HEFE/PHINRIRE
o EET/WEH
o WAL LR K R A B
o FREHIR AT
« H—PUHNERGIRE
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J-PARCEZ/EDM

- Proton beam (3 GeV)

Kinetic energy Momentum

Surface muon (3.4 MeV, 27 MeV/c)

ww

MLF muon experimental
facility H-line

Thermal muonium
production,
lonization laser

Muon linac
3D spiral injection

Muon storage
magnet (3 T)

Il
Positron tracking
detector

e I QN
—n+,8><B)

EDM
%, BFRMBRRHAEAR LB A% SHARNLE
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J-PARC g-2/EDM

Comparison of various parameters for the Fermilab and J-PARC (g —2) Experiments

Parameter Fermilab E989 J-PARC E24
Statistical goal 100 ppb 400 ppb No m ag ic momentum!
Magnetic field L1457 3.0T :
Radius Milcm 33.3 cIn * No strong fOC!’ISIng
Cyclotron period 149.1ns 7.41ns *Su per-low emittance
Precession frequency, wq 1.43 MHz 2.96 MHz muon beam
Lifetime, 71, 64.4 us 6.6 us « Compact storage ring
Typical asymmetry, A 0.4 0.4 e Eull Ki d
Beam polarization 0.07 0.50 ull tracking detector
Events in final fit 1.8 x 10! 8.1 x 10!
Anomalous spin precession (w,) Magnetic field (w;)
Source Estimation (ppb) | Source Estimation (ppb)
Timing shift < 36 Absolute calibration 25
Pitch effect 13 Calibration of mapping probe 20
Electric field 10 Position of mapping probe 45
Delayed positrons 0.8 Field decay < 10
Differential decay 1.5 Eddy current from kicker 0.1
Quadratic sum <40 Quadratic sum 56
TDR: 2017

Statistical uncertainty dominated

* 8w, = 0.45 ppm including dw

« 3EDM =1.5-102%1e.cm

a_sys

<0.1lppm

KEK approval: 2021
Data taking: 2025
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Qutlook

A& i 1 SCELI0 2 g2
[ =
POKSLIR T g-2
= B
420
4 >
P ERR IR , .
SEIGSEH{E
i Rl J-PARC -2 b= == @= =
Rl e
(FtRs ) SCER(TUHAS L) et
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
17 18 19 20 21

a x10°~1165900
v" The first results of Fermilab Muon g-2 measurement at 0.46 ppm with p*
v’ Strengthens significance of discrepancy to 4.2 sigma

v' Expect a factor of two improvement in precision from Muon g-2 Run2-3
data and more from Run4-5

v Looking forward to J-PARC result and possible Muon g-2 Run6 e run!
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E821(BNL) vs. E989(Fermilab)

E821 (BNL) : a, ®P =116 592 089 (63) X 10 E
Uncertainty: O. 46 ppm stat., 0.28 ppm syst.

Goal: reduce experimental uncertainty by a factor of 4
New team: >95% new people

New equipment: new beam + new detector + new monitor probes
« 21times more statistics: powerful Fermilab particle source
¢ 8., =0.46 ppm > 0.1 ppm
 New segmented calorimeters, straw wire tracker, fast muon kicker...
* 3w, =0.21 ppm > 0.07 ppm

 Long shimming period, magnet temperature stability, more/better
In-situ calibrations, more probes, modern instrumentation...

* S,y =0.17 ppm > 0.07 ppm

E989 (Fermilab) expected experimental uncertainty:
0.14ppm ~ 16 X 10 1!
> 5o deviation with the same central value

52
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®, Systematics

E821 E989
Categor E989 Improvement Plans
e [ppb] a [ppb]
" * Better laser calibration
ST S " Low-energy threshold - Detector
Team
; * Recording low-energy samples
s e » Segmented Calorimeters o
Lost muons 90 * Better collimation in ring 20 Ring
Team
 Higher n value
CBO L * Better match of beamline to ring o
E and pitch 50 * Improved tracker 30 ?g;ﬁftor
corrections » High precision storage ring simulation
Total 180 |Quadrature Sum for dwa (syst.) 70

Systematics error < 70 ppb: x 3improvement !
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Mnatics

®, SYS ter
_“

Absolute probe calibration More uniform field for calibration
Trolley probe calibration 90 30 Better alignment between trolley and the
plunging probe
Trolley measurement 50 30 More uniform field, less position uncertainty
Fixed probe interpolation 70 30 More stable temperature
Muon distribution 30 10 More uniform field, better understanding of

muon distribution

Time dependent external - 5 Direct measurement of external field, active
magnetic field feedback
Others* 100 30 More uniform field, trolley temperature

monitor, etc
total 170 70

Systematics error < 70 ppb: x 2 improvement !
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Detector Performance: Calorimeter

Decay e+

Top down view of ring section

~—~

Calorimeters

Vacuum Chamber

e I O T L LR
...............

iy
Lot
"

deltat: 4.6 ns

Segmented, fast response, PbF, crystal calorimeter (9X6 array) -
 Lead-floride Cherenkov crystal reduces pileup: SICCAS-SJTU-Washington
» Fast separation for pileup backgrounds (>2.5 ns, 100%)
* Resolution (2.3% at 3 GeV) better than requirement (5%)
« Silicon photomultiplier (SiPM) directly on back of PbF,

* No disturbing magnetic field, avoid long light guides
3, “ETFRMENREEA KB 5 HARMNE®E 202244 16H
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Detector Pe ce: Tracker

+ Central %{
Orbit .-~ %
™~ .*'*fkaf*\&" \
Q1 ey eeR
Sa T Calo
5 ;' T+ Straws
% €
JJ*
Doublet of UV straw chambers 5
R e @
New straw tracking detector S s P eAminasy Galloetion Bun: ol W
- Two stations installed, 1024 straws's s
« Measure muon decay vertex and 0E
C 10
momentum L
1500 |-
1ooof
& 1
500 —
°o:' 50010001500 2000 2500 3000 4506 4000
Track Momentum [MeV]
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Muon g-2 Theory Status

]

Mainz21 (+ charm-loop) —C—
T not used in WP20
RBC/UKQCD19 ® i
(+ charm-loop)
WP20 data-driven —a—
dispersive
WP20 .

L by
0 20 40 60 80 100 120 140
HLbL 1l
a x 10

II|IIII|IIII
HVP from:
WP20(lattice) : @
T
&
=
DHMZ19 P om g
- S
=1
KNT19 — 8§
5
WP20 . *
N
376 >
< b
I|IIII|IIII|IIII|IIII|I‘I 1 1 |I I|
-30 -40 30 20 -10 0 10

SM exp 10

(a, a, ) x 10

I-IIVE fr?m; |
LM20 f

BMW20 —Oo—
ETM18/19 | L {
Mainz/CLS19 I ®
FHM19 0
PACS19 = ®
RBC/UKQCD18 ; ® i
BMW17 i @
RBC/UKQCD
data/lattice
BDJ19

J17

e e _..nofused in WP20 _|
DHMZ19
KNT19
WP20

—
Fermilab uncertainty goal

_ﬁﬂﬁ}

[l
s
=
(%]
8
=

L 1 1 I 1

%0 50 40 30 20 -10
SM  ex 10

(a, -a, P ) X 10

aSM = PP + a4+ VP + 0[PP = 116591810 (43) x 1071

WP20: world average value of SM calc.

Strong theory community consensus

“Recent lattice result by BMW with
0.8% error needs further study”

Looking forward to updated
conventional and lattice results

57

F5,

“BTRINERMIESAR RN ” P2 SRR RE

2022%E4H 16H



