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Outline

- Overview and principles of g-2 measurements
- The E989 at Fermilab

» The E34 at J-PARC
- Summary
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Muon magnetic moment and the anomaly

- The muon has an intrinsic magnetic moment:

H=Gu 9 S 1
my, B<’
. . e
* Precesses in an external magnetic . = 9y

field with a frequency determined 21y

by the gyromagnetic ratio g,
* g, = 2 from Dirac equation for

spin angular momentum

d Spin_1/2 Charged partiCIe uniform magnetic field

* In reality: g, > 2, i.e. there is an anomalous magnetic

moment.
_ Yu— 2
- The anomaly: &, = 5
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How do we measure a,?

- Store longitudinally polarized muons in a uniform dipole
magnetic field B
- Consider difference between spin and cyclotron frequencies:

geB 1) eB - If g, = 2: spin always
Wg = | — — _ |
2m ! ym aligns with momentum
B T —
wc p— 6— M
ym
. g — 2 e 3
Ce T TR T T OF
Wq — CLEB
m

Storage Ring = -
> momen
— spin
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How do we measure a,?

- Store longitudinally polarized muons in a uniform dipole
magnetic field B
- Consider difference between spin and cyclotron frequencies:

__geb . eB - If g, # 2: spin beats against
. 2m ( _7)7_777, momentum, oscillating radially
e
We = —— H—
Ym
g—2e
Wg — Wg — We = 2 mB @ o
e
Wq — a_B
m

Storage Ring -
— momen
— spin
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How do we measure a,?

- Store longitudinally polarized muons in a uniform dipole
magnetic field B
- Consider difference between spin and cyclotron frequencies:

_geB . eB * If g, # 2: spin beats against
Ce = om ( B V)V_m momentum, oscillating radially
e .

—> momentum
—> spin
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Mapping the magnetic field

- Most precise technique: NMR probes, which return B field
strength in terms of precession frequency of a proton W,

- E.g: pulsed NMR

- /2 RF pulse is used to rotate a proton spin
- detect the free induction decay using a pick up coil around the sample

BOSTON

Boston University College of Arts & Sciences 6

UNIVERSITY



Actual extraction of ay,

- Recast wy :
e
(& p—
wa p— a/“_B //Le ge zme ILLG
wp = ppB -
5( “) ~ 25 ppb
me
g W m A ge
0 — a Hp Ty, e 5(5) ~ 0.3 ppt
W — ~
K wp M e me 2 ) CODATA, doi:10.1103/RevModPhys.88.035009

- Wwy: weighted average of Lamor precession frequency

of a free proton in the magnetic field

- measured using NMR probes and an absolute calibration
probe
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Muon g-2 experiments

- Long history of experiments |
doi:10.1103/PhysRevD.73.072003

Experiment Years Polarity a, X 1019 Precision [ppm]
CERN I 1961 wt 11450000(220000) 4300
CERN II 1962-1968 wt 11661600(3100) 270
CERN III 1974-1976 mt 11659100(110) 10
CERN III 1975-1976 mo 11659360(120) 10
BNL 1997 mt 11659251(150) 13
BNL 1998 mt 11659191(59) 5
BNL 1999 mt 11659202(15) 1.3
BNL 2000 mt 11659204(9) 0.73
BNL 2001 wo 11659214(9) 0.72
Average 11659208.0(6.3) 0.54

* Final result from BNL
a, (Expt) = 11659208.0(6.3) X 107'°(0.54 ppm).
- Ongoing efforts:
- E989 at Fermilab
- E34 at J-PARC
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Muon g-2 experiment at Fermilab - E989

- Use the same storage ring

Phys. Rev. D 97 (2018) 114025

dasS In BNI— DHMZ10 —a E
. : : JS11 =
- Goal: 4 times improvement |
HLMNT11 -
in precision, i.e. to 140 ppb| «v .
DHMZ17 -
KNT18 I—c:{—l
SNL 3.70
Number of 2x 1011 .
9 x4 accurac ——
positrons [RGel (x20 BNL) P xd pccureey) | 700 |
Stat 160 170 180 190 200 210 220
at SM 10
ey 480ppb 100 ppb (2, x 10)-11659000
Syst.
Uncertainty 248 ppb 100 ppb
Total
Uncertainty 40 iplo [eefgele
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Muon beam line

— M1 Line After a few turns
w— AP-0Target Hal -
9 <« remaining rt* convert to p*

=M< Une Protons separate —

e and are removed iy

=== Ddivery Ring

s Delivery Ring Abort Line \

w— M4 Line Delivery Ring
M5 Line Abort Line

e MC-1 Experimernt d Hall
Mu2e Taget H Al
MuZ?e Det ector Hall

L AP10

Delivery A
Ring A

APO

, t
'.-_MI-8 Line:
23 ' F27 .
k2
3.1 GeV
8.89 GeV p beam secondaries (T, W,
impacts the target p) travel along M2 u*are extracted from
+ the ri d
& M3, where © rne ans u* enter the g-2
are collected from transferred into the ,
. : storage ring
n* decays storage ring via M5

Image from D. Stratakis
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Muon storage ring

%
4% Segmented PbF2

calorimeters
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Calorimetry

» 24 PbF2 calorimeters, evenly
distributed around the ring
- 54 segments per calo
- SIPM readout
» Detect positron from self-analyzing
decay: ,u+ — 6+5MV€
- Highest-energy e+ emitted
preferentially along muon spin
 Results in sinusoidally-oscillating

arrival time of these e+ in calorimeters
- Laser system for calibration and gain &

I
o

correction

RE i
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Calorimetry

» 24 PbF2 calorimeters, evenly
distributed around the ring

- 54 segments per calo
- SIPM readout

» Detect positron from self-analyzing
decay: 7 — e+ﬂuue
- Highest-energy e+ emitted
preferentially along muon spin

 Results in sinusoidally-oscillating

arrival time of these e+ in calorimeters L
- Laser system for calibration and gain 3}

correction o RARAAAAL

0 20 40 60 80 100
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Beam profile monitors
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Magnetic kicker

'// quadrupoles

BOSTON
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Eletrostatic quadrupole focusing
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Mapping the magnetic field

- Map the magnetic field inside the ring every 3 days
- Fixed probes for continuously monitoring

Fixed probes on vacuum chambers Trolley matrix of 17 NMR probes

Electronics,

| Microcontroller, | Positon of NMR probes
| Communication |

* Measure field while muons are in ring o . . -
378 b id , * Measure field in storage region during specialized
a probes outside storage region runs when muons are not being stored
Azimuthal average

Typical trolley run Dipole Moment 250-ppb contours

RMS = 21.3 ppm 3~ D 1 Iu
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Real world considerations

- Real muon beam has a small vertical component
- Need vertical electric field to focus the beam

, 3 I Nz 2 Y (7 BAF
Wa = —— auB_(aM 72 1>5XE_CLMW_|_1(5'B)5

Boston University College of Arts & Sciences 18 Eggg{gg




Real world considerations

- Real muon beam has a small vertical component
- Need vertical electric field to focus the beam

. (& I — — — "Y — —»—»_
=" |a,B— E_ B
YT e _a“ o W2—1>6 ) aMV‘Fl(ﬁ )ﬁ_

» Choose y =29.304 (p = 3.09 GeV, a.k.a magic momentum)

* but not all muons are at magic momentum (Ap = 0.5 %), i.e.
the term is not completely vanished
- Vertical motion of the beam can be corrected for by measuring
beam profile
- using scintillating fiber tracker (destructive), and straw tube
trackers (non-destructive)

Boston University College of Arts & Sciences 18 Eggg{gg




Beam profile measurement

- Two tracker stations for monitoring

Decay e+

Vacuum Chamber

/'

Calorimeters Tracker

\

Radial & Vertical Position

, g'-2'PreIiminary i

Vertical Position [mm]

Muon \ « . |
storage
‘ region

S

Muon view

ml.

- " g = n 'm
5050 40 20 0 20 60

Radial Position [mm]
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Data taking progress

- Finished first physics run, Run 1, in July 2018

- Field uniformity 2x better than BNL

- 1.75%x1010 positrons collected, ~ 2x BNL stats

- 1.4x BNL after data quality cut, dwa(stat) ~ 350 ppb
- analysis in progress

- Half way through the Run 2
- Improvements: muon flux, kicker strength, overall stability, ...

1.4 4 = Muon g-2 Run2 Design e+
- Muon g-2 Run2 Base e+
1.2 4 === Muon g-2 Run2 e+ (prodn.)
Muon g-2 Run2 e+ (syst.) /
1.0 - Muon g-2 Runl e+ ,_/

0.8 A

Fraction of BNL

0.6 - ‘ —
0.4 /
0.2 v /
0.0 /
\ \ \ < N
o TR AT AN Sl G BOSTON
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Wa N Run 1

N(t) = Noe 7 [1 — Acos (wet + ¢)] FFT of fit residuals
g 5 1" ; [
:.:: :o.:‘ : s3 t’c_: 0000000 é& o E‘
. - é 5 - 2 :
y v q A A % °°°°°° ‘_é % “freq (MHz)' _
EQ mme FNAL 5-parameter fit ~
0010 " . freq 1[';WHZ] . . *
- GAMMABAMASRSSSS" e rarirrenyrey
v m precision: 1.35 ppm
10° w ‘ -y

VW &
A

W AN "’W'W

W W\

0 10 20 30 a0 50 80 70 80
time modulo 87 us

i A
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Wa N Run 1

N(t) = Noe ¥/ [1 — Acos (wat + ¢)] FET of fit residuals
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Big improvements when
accounting for CBO, lost muons,...
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Relative unblinding test

- Two fold blindings:
- Global clock tuned to (1 £ 25 ppm) X 40 MHz

- Individual analyzer has another 25 ppm random offset

Blinded R vs Analysis number
-7 7T m

L

(3]

II|I
|

Blinded R [ppm]
N
o
|
|

Analysis number
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Relative unblinding test

- Two fold blindings:
- Global clock tuned to (1 = 25 ppm) x 40 MHz

- Individual analyzer has another 25 ppm random offset

Blinded R vs Analysis number

-10¢

L
o

Blinded R [ppm]
R
o

R :
- ¢t E
1 VB Relative unblinded
3 o 471 ]
- oc i
:_ 3 P § o -
C m B * *
: > —49F | .
....................... c B
1 2 3 4 5 & |
lg —50_— ]
o -
-51F ]

Boston University College of Arts & Sciences Bg&g{gg



Muon g-2 at J-PARC (E34)

J-PARC Facility

e T

‘Neutrino Beam
* . To Kamioka -

G

Life Science="
g‘?*ﬁﬁ b |

f
Ly P 2 b3
& 5 I
& &
- 5 ’
> S
- . - h
- - T
‘ Il
i L]
o'l i
|
)

¢ production DeeMe
target (o)

Most figures and numbers are from

arXiv:1901.03047 and T. Mibe’s slides 2
tigwnedffoh

3
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Proton beam (3 GeV) Muon beam line

Surface muon (4 MeV)

Ultra-slow muon (25 meV)

MLF muon experimental
facility (H-line)

Thermal muonium

production, Muon LINAC
lonization laser 3D spiral injection /
Muon storage
Features: magnet3T)  positron tracking
* Low emittance muon beam (1/1000) detector

* No strong focusing (1/1000) & good injection eff. (x10)

* Compact storage ring (1/20)
* Tracking detector with large acceptance
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Proton beam (3 GeV) Muon beam line

Surface muon (4 MeV)

Ultra-slow muon (25 meV)

Reaccelerated muon(212 MeV)

o [

MLF muon experimenta
facil} e

Laser
122nm, 355nm

uon LINAC

Surface muons 3D spiral injection
Mu production Big contriButions from /
Canadian E34 collaborators Muon storage
Featur€ magnet3T)  positron tracking
* Low emittance muon beam (1/1000) detector

* No strong focusing (1/1000) & good injection eff. (x10)
* Compact storage ring (1/20)
* Tracking detector with large acceptance
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Muonium production

silica aerogel o Laser-ablated holes

(Si0,,30 mg/cc)f ‘

A

fn Muonium
e (L el

A
bt
muon beam T

‘.

3000
. Region 1
2500 . 10 <2 <20 (mm)]
3 2000 . O nohole
21560_ o @® w/ holes
¥ <
3 1000 o =
N-
Ed SO0 . -
= R .
o — — 2 2 28 a5 o
P. Bakule et al., PTEP 103C0 (2013) J o2 4 e 8w 1
‘ ime (us
G. Beer et al., PTEP 094€04.42014).. " | R ——
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Demonstration of muon reacceleratlon

¢

J-PARC MLF’DZ area, October,20 . "M R ~$6




Demonstration of muon reacceleration

R ¥

J-PARC MUFD2 area, Octobe{7 5 \ ARy
~AEY A8y o %°

FORR\

¢ RFon

S
)
|

! RF off

- simulation

Events/50 ns/4x10'" n* incident
S
|

I'BLL it l%@ Hipgd %

500 1000 1500 2000 "\
Time of flight [ns] Bl

5. Bae et al.,Phys. Rev. AB 21, 050101 (2018). ndings
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Muon storage region and positron detectors

Muon beam

\
Radial field B,
— deflects beam
r direction and

changes 6
i beam )

Main
solenoid coil

3.73m
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Cross calibration of B-field probes

Fermilab B
Probe




Outlook

- Moving from R&D to construction phase
» Construction of H-line
- Further demonstration of reacceleration to 1 MeV
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Comparing the two g-2 experiments

Parameter

E34 @ JPARC

E989 @ Fermilab

Beam

Polarization

Magnet
B-field
B-field gradients
E-field

Injection

Positron detector

High-rate, ultra-cold muon beam (p =
300 MeV/c)

Prax = 90-90% (spin reversal possible)

MRI-like solenoid (fsiorage = 33 €M)

3 Tesla
Small gradients for focusing
None

Spiral + kicker (~90% efficiency)

Silicon vanes for tracking

High-rate, magic-momentum muons (p =
3.094 GeV/c)

P = 97% (no spin reversal)

Storage ring (rstorage = 7 M)
1.45 Tesla
Try to eliminate
Electrostatic quadrupole

Inflector + kicker (~5% efficiency)

Lead-fluoride calorimeter

B-field Continuous wave NMR Pulsed NMR
measurement
Current sensitivity
goal 450 ppb 140 ppb
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Summary

- Multiple experimental efforts on muon g-2
- E989 at Fermilab is going to have first result soon
- And on the second run

- E34 at J-PARC is making good progress
- Completely new approach, excellent crosschecks

- Interesting time ahead!
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Thanks!

Boston University College of Arts & Sciences 32 518?];11;8’11;7




Magnet design

positioning of pole pieces, B o D = 7112 mm

(

inner coil

-B=145T (~5200 A) thermal
. inner coil top hat insulation)
- Power supply with C i
feedback to fine-tune field B
In real time
wedge | —
- 12 C-shaped yokes e _PlePce | {[#N outer co
- 3 upper and 3 lower poles shim
muon é fixed NMR probes
per yoke region :
' 72 total poles o SGistne |[d] | outereo
- Field shape: determined by | —

wedge-shaped pieces of
steel, programmable
surface coils

top hat

g-2 Magnet in Cross Section
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D. Fla
Run 1 Analysis Status: w, — Field Calibration g

* In the experiment, need to extract wp;

however, don’t have free protons W, 4B Wy 4B
— Need a calibration q"; | S

» Field at the proton differs from the Hproton ﬁupmonin H20 —— . = .
applied field

47
meas __ , free
Wy T = wy, [1—0(H20,T)— e — X(HQO,T)—/5\m]
Protons in H.O molecules, rMagnetic susceptibility of water ) Magnetization of probe

diamagnetism of electrons screens gives shape-dependent perturbation || materials perturbs the field
protons => local B changes at site of protons

* £ = 411/3 (sphere), 21 (cylinder)
» Known to 2.5 ppb when probe is perpendicular to B - Measured to 6.5 ppb

* Known to 5 ppb

v

Goal: Determine total
correction to < 35 ppb These are static corrections; need to worry about dynamic ones too
accuracy (radiation damping, RF coil inhomogeneity, time dependence of gradients, ...)
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Run 1 Analysis Status: w, — Field Calibrati

Plunglng Probe
Phinaina Prohe lIncertainties
Achieved small perturbation of plunging Effact Uncartainty
probe ~ (-5.0 + 6.5) ppb Probe Perturbation to Field (includes 6.5
. o . Radiation Dampina 20
« Quantified uncertainties on plunging probe Proton'Dipolar Field 2
material, dynamic effects — under budget of Oxvaen Contamination of Water <1
35 ppb TOTAL VA

Trolley Calibration Blinded Trolley Calibration Coefficients

-
0

—_

_llIIlIIllIIIIITIIII|I|II|||I|||I|I

o Calibration of trolley probes under control 05

* Factor of = 2 improvement on uncertainties for nearly all probes
compared to E821

* Uncertainty is ~ 26 ppb on average per probe — under budget of 30
ppb

Blinded Calibration Coefficient [ppin]

T 1 L1 1 PRI ! PRI IR 1 - 1 T T
2 4 6 8 10 12 14 16
P

3¢ Fermilab
36 4/16/19 David Flay | UMass Amherst | Measuring the Anomalous Magnetic Moment of the Muon



Magnetic field uniformity

- Shimming 1.45 T field

1400" : /\ /\ ‘ | /\ H ; | |
= 1200 i I T /\ , :
g- l. /-\/\ R /-\: - 2 . : r/\’\‘/
Q1000 & TIR! Vi o\ il : )
—_— "o g 5 3 3 H : .
) V"\j : AN 7V ; i Tad L ) AN
S 800 % _ , /\ § ¥ T
A 600 . ] 1 £
\ U ininif
400 /\ fi.f'
-
200 -t
0 50 100 150 200 250 300 350
0 [deq]
(]
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016
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Magnetic field uniformity

- Shimming 1.45 T field

1400" : /\ /\ ‘ | /\ H ; | |
= 1200 i I T /\ , :
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\ U ininif
400 /\ fi.f'
-
200 -t
0 50 100 150 200 250 300 350
0 [deq]
(]
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

Boston University College of Arts & Sciences 37 51831;{185




Magnetic field uniformity

- Shimming 1.45 T field

1600, .
1400

€ 1200

S

&1000= . g A~ ﬂ ) A - A
q) L3

0 50 100 150 200 250 300 350
0 [deq]

o
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016
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Magnetic field uniformity

- Shimming 1.45 T field

1600, .
1400

€ 1200

S

&1000= . g A~ ﬂ ) A - A
q) L3

0 50 100 150 200 250 300 350
0 [deq]

o
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016
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Magnetic field uniformity

- Shimming 1.45 T field

231415617 18|91100 111213114151 161 17| 181 191 20| 211221 23| 241251 26| 271281 29| 301311 32| 33134135/ 36
1600 , B C D E F G H | J K L
1400
£ 1200
o
£ 1000
()
g 800
= 600
)|
400
200
0 50 100 150 200 250 300 350
0 [deg]
o
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016
BNL Field Map Field Map on 03/17/2018

B-field (ppm)

vertical distance (cm)

43210123 4 ppm
ra I? |sta£ce cm)
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