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Overview
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Muon g-2 : Motivation

17 q4 3 14h30: Liping Gan
u=g—3=> : . ing .
m 11h45: Arkady Vainshtein BSM Searchg-s via pi, eta, eta
EDM and MDM Overview ecays
B Dark photon?  SUSY ?
Y Y ~ )
X X
g = + 7 *'?y A +/? M
2 woop O AVWWWN /S  H NNy T sl :
g= 2 + o2t +  6x10% +.. +? +?
9h: William Marciano
Overview of new physics with
a,SM = (g,SM-2)/2 = a QED + g EW + g QCD LS
(g-2, u-e,..)
3 Expt. = 3 SM 4 3 New Physics New Phy\.?.i.CS
s " " Opportunities
3£ Fermilab
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The Existing Discrepancy
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Current Uncertainties ‘ Leading contribution to a,:QED ‘

VALUE (x 10™"") UNITS
QED (v + ¢) 116 584 718.853|=£ 0.022 £ 0.029,,

HVP(lo)* 6 923 +[42]
HVP (ho)** —98.4 £ 0.7
H-LBLT 105 +[26]
EW 153.6 &= 1.0
Total SM 116 591 802 + 42H-LO + 26H_HO + 20ther (Zl:49tot)
11h: Christine Davies ‘ Leading contribution to da, : Hadronic Ioops‘

g-2 on the lattice and HVP

11h45: Tom Blum: : :
g-2 on the lattice, HLbL ~ 12h15: Martin Hoferichter

Hadronic light-by-light for
Novel approaches muon g-2

3F Fermilab
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The Existing Discrepancy
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Projection with reduced
uncertainty anticipating
contributions from e*e

2= Fermilab
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Critical inputs to HVP
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Critical inputs to HVP (a, 2~19)

- KLOE 08
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Figure 7: Our calculation of the leading-order (LO) hadronic vacuum polarization 27 contributions to

(g —2), in the energy range 600 - 900 MeV from BESIII and based on the data from KLOE 08 [6], 10 [7],

12 [8], and BaBar [10], with the statistical and systematic errors. The statistical and systematic errors are

added quadratically. The band shows the 1o range of the BESIII result.
http://arxiv.org/pdf/1507.08188.pdf

BES-III : 3x more data available, luminosity measurement improvements
VEPP-2000 : New results this year at ~0.6% on s, 0.3% by 2017

8/62 Brendan Kiburg | Muon g-2 Experiment
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The Existing Discrepancy - Experimental Effort Motivated
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Next-Generation Experiments

Fermilab (E989)

« 7-meter-radius storage ring
« 1.45 Tesla,
« High-rate 3.09 GeV/c muon beam

* Polarization ~ 97%
« Data taking 2017-2018
100 ppb by end of 2019

10/62 Brendan Kiburg | Muon g-2 Experiment

J-PARC (E34)

0.33-meter-radius storage ring
3 Tesla

Surface muon beam - muonium =
0.3 GeV/c muon beam

Polarization ~ 50%
Data taking 2019-2021
400 ppb by end of 2023

2= Fermilab
9/29/15



STORAGE RING
TECHNIQUE
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Experiment Basics: Muons in a storage ring

1. Start with polarized muon beam (from pion decay)

2. Cyclotron frequency :

W, = —B

mry

Larmor +

3. Spin precession frequency : Wg = mWB (1 + ya ,u) Thomas

TN\
4 m
N 5

—> momentum
—> 5pin

12/62 Brendan Kiburg | Muon g-2 Experiment

precession

X — N
}# v
N y
PN
Wg = Wg — We = ﬁau
2% Fermilab
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Muon g-2 Measurements
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Muon g-2 Measurements
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wa/wp

Magnetic Moment Ratio a, —‘ Mu/’up |7 o /wp
MUSEUM @ JPARC !
Hamiltonian of 7 7 e - 2 w ' RB
Homer - H=al - J +ppgsJ - H — ppg, I - H +RFterm
HFS Zeeman Splitting
> 8 .
e | AP =ohAy So v ABs (8 pygracts
2 R < m, /m
Yok e- p+t 9’ e
_2 @
- P e Hp/ Pop
[H 6 Vi — Vag X fip/pp o £
muon - electron 80702505075 1 12515175 2 2.05
Magnetic Field (T)

Muon g-2 uncertainty contribution: 25 ppb

Common Probes for determining the magnetic field
* Previous generation of muonium hyperfine, muon g-2

« This generation _
3F Fermilab
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Muon g-2 Measurements
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Muon spin precession frequency , —
v
] By ~|wafwp

E821 selecting positrons
with E > 1.8 GeV

Muon decay self-analyzing:
Higher energy positrons
emitted preferentially in
direction of muon spin

Counts per 150 ns

N(t) — N()e—t/T (1 + ACOS(Wat + ¢)) 102%..‘: . . .

v i wfv ¥ ‘qf\.,"{‘v"\, 1
Spectrum distortions from S N 3 T
. o T AR ﬂ}iiii Ny
* Pileup, gain stability R RE w g
- Beam Effects, Losses R S A
2+ FeTTan.
9/29/15
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Muon g-2 Measurements
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Proton Spin Precession Frequency Wq

a —
. ] = wa

T

§ N M : « Measure B-Field around the

$ol Ring (Azimuth)

" ;% - « Determine average profile
B Sl (nvertical)
m..’?‘.”.‘*‘t??’?"?ﬁm.tnztu11:111

vertical distance (cm)

-4-3-2-10 1 2 3 4
radial distance (cm)

17 NMR probes on trolley to
map 6000 azimuthal Iocatlons

3¢ Fermilab
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Muon g-2 Measurements
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Distribution Convolution

Understand Spatial Muon
Distribution over the course
of the experiment

Weight the B-Field
accordingly
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Experimental Details

« Statistics
— Muon Beam Preparation (Accelerator)

— Kicking onto orbit (Kicker)

— Containment (Quad) | will focus on
Fermilab details and
e Muon Precession then Identlfy some

— Electron Detection (Calorimeter) differences for

— Electron Tracking (Tracker) JPARC
 Proton Precession
— Field Measurements
$% Fermilab
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Muon g-2: The path forward

Uncertainty Status Projected

Source 2015 after E989
_ [ppb]  [ppb] **
Muon precession —— ), 180 70

Proton precession —2 w,, 170 70

Statistical 460 100

Hadron
loop

Total Exp. 540 140

Had. Vac. 360 215~
Pol.

Had LBL 225 225

Total 420 310
Theory

* Projected error anticipating input from e+/e- BES Ill, VEPP2000, etc.
** Ongoing lattice efforts will have a big impact on these projections

3F Fermilab
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Muon g-2: The path forward

Uncertainty Status Projected

Source 2015 after E989
_ [ppb]  [ppb]
Muon precession ——f (), 180 70
Proton precession —2 w,, 170 70

Statistical 460 100

Hadron
loop

Total Exp. 540 140

Had. Vac. 360 215~
Pol.

Had LBL 225 225

Total 420 310
Theory

3F Fermilab
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Muon Beam Preparation for 21x BNL statistics

Recycler Ring  Efficiency
— Improved pion collection

\ — Improved capture of
muons from pion decay

— Long decay channel

* Delivery Ring to get rid of
protons

— Eliminate background

early
— Start fits earlier
b | * Fermilab structure
— 12 Hz rep rate

Target Statlon {
00
Q\

 ~10,000 muons per pulse
successfully injected

e Run Time: 18-24 months

3F Fermilab
26/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15

C(/ﬁ Muon Campus



Preparing Existing Tunnels, Building

e 5814 start of decommissioning o
S - e B —

new ones,

/1°

- [P . =
| | ! | :
lll ‘ I* i "l
J|| “”——[ 4’—”Y"]ﬂ Bl | ',’ -
yaE B | )u
r 5 T -
] \ i .

3F Fermilab
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Blumlein kicker knocks muons onto storage orbit

i~

Inflector * Pulse is commensurate with 1
dbl el .
muon orbit (149ns)

e Turn off before muons 2"9 orbit

central orbit
injected muons

kicker plates

3 —=1.7m kickers

Trey = 149 NS

d =77 mm, R=7112 mm e Tri-axial line filled with Castor oil
kick angle 6 = d/R = 10.8 mrad .

From D. Rubin * 9-meter long line

3F Fermilab
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Blumlein kicker knocks muons onto storage orbit

. 4= ]

Kicker plates Coupling to PFN

Assel een finished in December 2014; first test run in January 8 2015

3F Fermilab
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Electrostatic Quadrupoles for vertical containment

Muons with p,..ico Will Spiral out
Quadrupoles for vertical focusing

New design to improve muon
Injection

Caveat: Introducing E-field -
affects w,

—

Wq — —

(&
m

3F Fermilab
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Electrostatic Quadrupoles for vertical containment

Muons with p,..ico Will Spiral out
Quadrupoles for vertical focusing

New design to improve muon
Injection

Caveat: Introducing E-field -
affects w,

- 6— —
Wq — — — alu,B—<a/’u

m

choosey =29.3 (P, =3.094 GeV/c)

3F Fermilab
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Muon g-2: The path forward

Uncertainty Status Projected

Source 2015 after E989
[Ppb]  [ppb]

180 70

Proton precession —2 w,, 170 70

Statistical 460 100

Hadron
loop

Total Exp. 540 140

Had. Vac. 360 215~
Pol.

Had LBL 225 225

Total 420 310
Theory

3F Fermilab
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w, Systematics

Category E821 | E989 Improvement Plans Goal
ppb) pb)
Gain changes | 120 | Better laser calibration
low-energy threshold 20
Pileup 80 | Low-energy samples recorded
calorimeter segmentation 40
ost muons 90 | Better collimation in ring 20
CBO 70 | Higher n value (frequency)
Better match of beamline to ring | < 30
E' and pitch 50 | Improved tracker
Precise storage ring simulations 30
Total 180 | Quadrature sum 70
aF Fermilab
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Calorimeters

24 Stations
Segmented: Arrays of 6x9 PbF, crystals
Energy resolution 2.8% at 3.5 GeV

— Muon storage
/ region /

_ - Cherenkov

SN - temporal separation
8 Compact

D - X,=0.93 cm

- Ry=1.8cm

2.5xcmx2.5cmx 14 cm

- spatial separation

3F Fermilab
34/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15



Calorimeter Production Program

Reférence Crystal

A—— ’ ' 2= Fermilab
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Laser System Will Monitor Gain Stability

Fiber
bundle

Laser
control

'''''

Laser Hut

S.M. = Source Monitor
L.M. = Local Monitor

§1005E~ 3

2R . by e
. . 3 1 I 3 Y

Pulsed distributed laser to calo cells ooost oy, b T

. . . 2 g.90f ¢ b E

Gain monitoring S ool NTE .

1 - g . _ ] Corrected With Laser t —f

Over long periods of time E ool ;*&

. E _ Uncorrected _:

Over 1 fill (~700 us) g o1} -

0.965; 1 2 3 4 5 3 7 8 ] 9

3£ Fermilab
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w, Systematics

Category E821 | E989 Improvement Plans Goal
[ppb] [ppb]
Gain changes | 120 | Better laser calibration
low-energy threshold 20
Pileup 80 | Low-energy samples recorded
calorimeter segmentation 40
Lost muons 90 | Better collimation in ring 20
CBO 70 | Higher n value (frequency)
Better match of beamline to ring | < 30
E' and pitch 50 | Improved tracker
Precise storage ring simulations 30
Total 180 | Quadrature sum 70
aF Fermilab

37/62
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In-vacuum Straw Trackers to measure beam profile
Requirements

 mme-level measurement of beam profile
e 300 micron precision on individual hits
* Minimize materials in front of calorimeters (showers/scatters)

8 Stations
V- axis straws

3F Fermilab
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In-vacuum Straw Trackers to measure beam profile

HV Supply Resistors | | Blocking Caps | | ASDQASICs |
ASDQ PCB

3F Fermilab
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Test Beam Programs [l Calo [ Tracker

New g-2 Test Beam Runs L rpE———
2010-05-18 FNAL 3 -
MTest Beam Studies for g-2

2012-04-11 FNAL 9
2nd run at MTest - 2x3x2 PbF2
array

2012-11-05 Frascati ()
Single PbF2 Crystal with PMT;
e- @ 500 MeV

2013-11-21 SLAC 3
1st run at ESA - 3x3 PbF2
Calorimeter; e- @ 2-4 GeV

2014-01-22 FNAL 9
Straw Tracker Test

2014-07-17 SLAC 3
2nd run at ESA - 4x7 PbF2

Calorimeter \& ,, bl

2014-04-23 FNAL 9
Straw Tracker Test 11

-a’u‘

2015-06-02 Straw Tracker

Test I1I l’sal
Straw Tracker Test 11

Ll & oo A A
3F Fermilab
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Muon g-2: The path forward

Uncertainty Status Projected

Source 2015 after E989
_ [ppb]  [ppb]
Muon precession ——f (), 180 70
Proton precession —2| w), 170 70

Statistical 460 100

Hadron
loop

Total Exp. 540 140

Had. Vac. 360 215~
Pol.

Had LBL 225 225

Total 420 310
Theory

3F Fermilab
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Proton Spin Precession Frequency, wp

Measure field without muon beam

Monitor field with fixed
probes during muon beam
periods

Extract field experienced by muons

360 fixed NMR probes

<€
vertical distance (cm)

-4-3-2-10 1 2 3 4
radial distance (cm)

17 NMR probes on trolley to
map 6000 azimuthal locations

3¢ Fermilab
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o, Systematics

« Better Temperature Stability
* Reduce field gradients
« Improve positioning reproducibility —

43/62

Category E821 | Main E989 Improvement Plans Goal
[ppb] [ppb]

Absolute field calibration 50 | Improved T stability and monitoring, precision tests in MRl | 35
solenoid with thermal enclosure, new improved calibration
probes

Trolley probe calibrations 90 | 3-axis motion of plunging probe, higher accuracy position de- | 30
termination by physical stops/optical methods, more frequent
calibration, smaller field gradients, smaller abs cal probe to
calibrate all trolley probes

Trolley measurements of By | 50 | Reduced/measured rail irregularities; reduced position uncer- | 30
tainty by factor of 2; stabilized magnet field during measure-
ments; smaller field gradients

Fixed probe interpolation 70 Better temp. stability of the magnet, more frequent trolley 30
runs, more fixed probes

Muon distribution 30 |Improved field uniformity, improved muon tracking 10

External fields — | Measure external fields; active feedback 5

Others t 100 | Improved trolley power supply; calibrate and reduce temper-| 30
ature effects on trolley; measure kicker field transients, mea-
sure/reduce O, and image effects

Total syst. unc. on w, 170 70

—

Brendan Kiburg | Muon g-2 Experiment 9/29/15
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New NMR Probes designed

aluminum Lg H,0 + CuSO, aluminum l
/| \
T —7 ® mm
[—ml
L C/ T
cable P s

teflon

100 mm

New NMR probe design

- 400 Comp!etely new flxed prObeS already Tuning the LC resonance circuit by adjustment of teflon
in production 0

= Improved design: crimp connection of = -10\ /
ground braid, easy probe tuning 5 t
. . £ -20 ‘H
= Testing at 1.45T field shows excellent : I
§ fccmcr=60.72 MHz +\|‘
performance 3 30 Q=se222 ¢
2
-40

59 60 61 62 63 64
Frequency / MHz
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Upgraded Trolley

I Electronics, | I

omputer : osiio:'io ° Y

gomfn;nic:tion : ZMRt’ Probfes NeW NMR prObeS on trO”ey
to measured the field in the
muon storage region

« Onboard processing of NMR
signals

« Better position information via
new onboard barcode reader
- mitigate effects of gradients

" i Photosensor

Z

L
JE
e

Fermilab
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Absolute Calibration Probes

« Absolute calibration to relate NMR probe frequencies to free
proton precession frequency

« Absolute Calibration probes: E821 Water Probe, New Water
Probe, New He 3 Probe

teflon adaptor 1cm Macor tube teflon holder

T — 1\,

A R

Smaller, near zero- Replace copper ... spherical sample holder
susceptibility with zero- Macor sphere with

tuning capacitors  susceptibility wire  Pure” water

aluminum

« Currently under construction using spherical water sample
from precision machined Macor

3F Fermilab
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Muon g-2: The path forward

Muon precession —»

Uncertainty Status

Source

2015
[ppb]

Projected
after E989

[ppb]

Proton precession —>

Hadron

loop

Wy 180 70

oup 170 70
Statistical 460 100
Total Exp. 540 140
Had. Vac. 360 215~
Pol.
Had LBL 225 225
Total 420 310
Theory

47/62
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J-PARC g-2 schematic

3 Ge\/Lproton beam

(333 uA)

o
L

surface muon beam
8 MeV/c ~108/s) resonant laser ionization of

nium for ultra-cold p*
(~106 pt/s)

muonium production
(300 K, 25 meV=2.3 keV/c)

muon reacceleration
(thermal to 300 MeV/c)

48/62 Brendan Kiburg | Muon g-2 Experiment

muon storage ring
(3T, r=33 cm, 1 ppm local)

9/29/15
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Aerogel Target, Muon beam Production

* Recent tests runs with Laser-ablatec
aerogel target - microchannels

49/62 Brendan Kiburg | Muon g-2 Experiment

Surface muons

Stop in target, form muonium
Thermalize = ultra-cold source
Diffusion into vacuum region

lonized

Accelerated to 300 MeV/c

Very low spread in p; = contain
muons without E-field = can choose
different vy, choice of smaller radius

2= Fermilab
9/29/15



J-PARC storage ring & detectors

 Vertical kicker to inject into
solenoid

 Silicon Trackers for positron
detection

266MeV 187 MeV 156MeV

=
i
-~
3

neutrino

S

Figure 6: Example positron trajectories in the detector system at three different energies of positrons. The
green circle is the muon beam orbit. The red trajectory is the trace of the positron track. The white tracks
are photons.

50/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15
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Proposed timeline

ldesign prototype evaluation Installation  fabrication  construction comissioning .physics run
1
Calendar Year Cv2014] cy2p1s | CY2016 | CY2017 | CY2018 | 2019 | | CY2020 | CY2021 |
Japanese Fiscal Year JFY2014 JFY2015 JFY2016 JFY2017 JFY2018 JFY2p19 JFY2020 JFY2021
Month F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 3 F4 F1 F2 F3 F4 F1 F2 F3 F4
Area Task Item
H-line
Muon Source
Laser
Accelerator
High Precision Magnet
Kicker System
Beam Transport
I I | I
Detector
Now Fall
2019

From G. Marshall

51/62
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BNL - FNAL June-July 2013, Building installation July 2014

IEEEEEEsEs———
| RERERRES| B

IR S S L1
L el B

3F Fermilab
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Cooled Down, Powered up g_fieid in Gap, MIDAS

Coil Temperature DAQ, 2 ramp
i | MICAS experiment "Default” | Mon Jun 29 08:|

S0 -
300.00 | 008 | s J| Seanes )| postoey |
Group: mgres  + Panell mgresrin i new
l“‘- Y Yy MM r . > .-!w' Sl | Crestellog | (
240.004 ' Mog Field/Mag Field Panel
o0 [l Frebe « & « 0,081 ) > f—
0.8T—/ |
180.004 :
120.004

4.7 K

ﬂ fx] L 1 Ll L) \J L) 1
3:34:32 PM 9:34:32 PM 3:34:32 AM 9:34:32 AM
ee2015 6/M1MNV2015 212015 28/2015
Axis Tile

G2 Outer Coll Mandrel Ave. Temp. (F_CV)
G2 Inner-Upper Coll Mandrel Ave. Temp. (
G2 Inner-Lower Codl Mandrel Aver. Temp

Power Test

2.5 Week Cool Down I '_qsaa 106 ™ an

< >

Full power, full field on Sep 21, 2015

3F Fermilab
55/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15



First Full Azimuthal Field Scan, Sep 23 2015

Reproducibility.
Aiming for factor 25 reduction of variation azimuthally

A 5175A,CW
® 5175A, CCW

BB

field (ppm)
D
o
=)

400

LR
»

-
'..
—»
» »
e
-
<

<R[ L& || 2300 pem

-200

-400

~600 N R B
. . . . . . . . . . “ EE E v
e EFEE FEFRE] FEFERY FEA R FEFEN IRNE FEFEE FEFER PRIE FREFEN IR
50 100 150 200 250 300 350
azimuth (deg)

J.J.J.].1.J.J.J.1.J.J.J.1.J.BJ..|..L.L.L [

-800

o

3F Fermilab
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Fine Field Scan of 3 pole pieces (30 degrees total)

field (ppm)
(¢)]
o
o

400

200

>
>
>

-200

-400

. .’oo’"

-600

JlllllllllllllllIIIIIIIIIIIIIII

_800 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l L 1 1 1 l 1 1 1 L l 1 1

90 100 110 120 130 140 150
azimuth (deg)

3F Fermilab
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Passive Shimming Knobs

E. Air gap
Yoke
[
B Wedge shim
D. pole piece —— IA.
C. Edgeshim I
[

Storage Ring center

58/62 Brendan Kiburg | Muon g-2 Experiment

m

Main Coil
Current
Radial Wedge
Position
Edge Shim
Thickness
Pole Tilts

Top Hat
Adjustment

2= Fermilab
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Shimming Is Underway

Measuring gaps between the pole pieces, B-Field

ARGUS
5 3 I gl i ~5
L] LT T [ T e o e | MY a e e R L —
Aun : I 0 i‘ e Total inner air gap
Event : [ 0 4 1150F ~— Total outer air gap
Event step 1 =
Updaleperiodl moog g 11005
Date : 1970-Jan-01 = 1050E- f
Time : 00:00:00 =3 =
S 1000 —_— u_ﬂ_\_L
o] - —_ T -
@ 950 [ ‘ I
§ wog- d——Lﬁ - v
3 E 1
O 850:—
800
- L
13:40 13:50 "
0124 09124 Fermilab
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Timeline going forward

FY14 FY15 FY16 FY17 FY18 FY19
I N N N N I

\ Construction (Prolect & Muon Campus)

* Ring cold ready f'or operations

| 1
| [} 1
: | ShimField
: Prep Chambers/Install |
E Construct/Install Sub-systems M Experiment ready for operations
: :
- | -l
1

¥ Accelerator ready for opératlons

: : :
i | e |
T FEFSSSSSSSSSSSSSSFSSSSSSSSESS S s s JESSSSSSSSSSS =S 1
: . Analysis Tools Development : : :
: l : Mo 1-2 x BNL statistics :
: i _~5-10xBNL |
: : : : : 29 Results MK 21 x BNL
: : : : : : Final lesults ¥
g —— R — P g —— AR — N TR —— e
2& Fermilab
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Summary

« Compelling experimental suite is happening now
— Ongoing e*e- - hadrons inputs to theory
— Muonium hyperfine at JPARC
— Innovative new approach to g-2 at JPARC, data starting 2019

— Fermilab experiment is cold and powered

* Measurements starting now! .
« Muons in 2017 symmetry ==

home departments sclence topics m bank archives

* These are exciting times!

® (4YS00706 ™= =xn

= rs

P Muon g 2 magnet successfully cooled down and
2 Eok powered up

o It survived a month-long journey o 3200m\ nd owh delicate and

complex electromagnet is well on \ts way to g the unknown.

- Fermllab
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E989 Collaboration: 34 Institutes;

- Ac——— -

Domestic Universities
— Boston
— Cornell
— lllinois
— James Madison
— Kentucky
— Massachusetts
— Michigan
— Michigan State
— Mississippi
— Northern lllinois University
— Northwestern
— Regis
= Virginia
— Washington
— York College

 National Labs
— Argonne
— Brookhaven
- Fermilab

62/62

il

1 NILE

Brendan Kiburg | Muon g-2 Experiment

Italy
— Frascati,
— Roma 2,
— Udine
—  Pisa
— Naples
— Trieste

China:
— Shanghai

155 Members

N4 E
ngland
Z 1\ 9
University College London
Liverpool
Oxford

‘@ Korea

\\ l::'
KAIST

The Netherlands:

— Groningen

Germany:
— Dresden

Russia:
— Dubna

— Novosibirsk

QUESTIONS?

2= Fermilab
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The journey June - July 2013

_ burn
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2

Heidecke

f

Midewin National

Manhattan

Wiltan
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Recent Highlight: The Big Move from BNL to FNAL

) ")',
T
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Recent Highlights: Muon Campus 1 Construction

[ ]
-,
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Recent Highlights : The Little Move Across Site to MC-1

WERP
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g-2 Storage Ring

—p» Muon momentum
—» Muon spin

Magnetic moment:

.

e
2m

=g

5

Spin precession frequency:
,=(g—2)(5>)B
m

|
o |
IRN-POL-TOP-026

L5} HITROGEN

¥
il
A bl
- |
2 ]
HE
= ;
i
5% - g




Muon g-2

1
E | |
]
|
l Ml
l d
|
'!l
L
|
O} —
360 '
H< >:
330 '
- >
- i
L1

BNL 2000 p* (730 ppb)
BNL 2001 u (720 ppb)
Expt. Average (540 ppb)
Fermilab goal (140 ppb)
Davier et al., 2011

Hagiwara et al., 2011

116591800 116591900 _ 116592000 116592100 116592200

116592300 116592400 |3

Dark Photons:
minimal models
mostly excluded
(DM summary)

SUSY w/
large tan

E141 NA48/2

il X P, e L Nt 1 | L
72 10 Brendan Kiburd®hMuencg-2 Experiment

.....
- ~
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Shimming Hardware Layout

 Non-mag 80/20
cart

* Non-mag pulley
that presses
between poles

| Stepper

MUX Motor
Cart

chambers
270° Fiber
monitor L
Trolleg

MUX  [ase
Tracker  VME & NIM 8K2  Will commence

Rack this assembly 4th +
5t week of July

180°Fiber  1C
monitor

3F Fermilab
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I. Multipole Analysis

i
n

B(x,y)=B(r.0)=B,+ Z | [4; cos(iB) + b, sin(i)]
i-1 \To
» Colored Curve = Best Fit * Reconstruct Storage Region

* Points = “Data” * Quantify Multipole Component at

r=4.5 cm
B field (T) in storage region

Best fit B map (full scale +/- 225.0 ppm)

height (cm)

-100

-150
5713714 (M)

-200

71
711
9710

11.2l(cm _
e re nHap
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Slide from Dave Hertzog

2.Expy 1S €Xtracted from several measurements

In E821 = R, (E821) = 0.0037072064(20) [0.54 ppm]*

o (Expl) = 128
° X — A —
i 2

-2.002 319 304 361 53(53) [0.26 ppt]
Electron g-2 + QED

-.001519270384(12) [8 ppb]
206.768 2843(52) [25 ppb]

Muonium HFS experiment(s)

16 m me\
Avyw(Th) = gcRmag—ﬂ (1+ JE)

my my,

Need to measure AVMu 2 Fermilab
aF

078442 m statBrieadanKining| Muemg-2 Experiment 9/29/15



From 119 and 134 to Av and 1, /11,

e Use the Larmor relation to express the magnetic field, H, in terms of the proton NMR

frequency, 1, :

hv, = 2, H

e [hen the transition frequencies are given by :

!/
Gupt, Avr 3]
V9 = —I/pJ“'L £+ (1+2x)—V1+ 22
Gupy 2 L |
g,  Avp 7
var = vyt + — (1 —2)+ V1 +2?
Guly 2 L |

e |f we measure 119 and 134 in the same magnetic field :

Vg + 134 = Av

!/
9yt
V3T 2 = 2"’10_#u +Av [ V1+ a2 — ;1-’]
G Hp

e Knowing 119, 34, and v, yields Av and 11,/ 1,

77 Brendan Kiburg | Muon g-2 Experiment 9/29/15
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Beam --- Slide from Dave Hertzog

Acquiring x21 statistics at FNAL vs. BNL

~ 4000 wu+ /fill using 4 TP of 24 GeV p / fill
* FNAL E989: > 10,000 u+ / fill using 1 TP of 8 GeV p /fill
* Many design factors recover lower o and proton intensity / fill
e e.g:target focus, FODO lattice; forward decays; beamline
length
e Additionally: 12 Hz fill rate at FNAL vs 4.4 Hz at BNL (factor x
2.7)
* Thisis a critical advantage

 NET: Physics / hour 7 times greater at FNAL compared to B!\IL

3F Fermilab
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D30 Straight Section

Delivery Ring

R “uuny

5/8/14 start of decommissioning
N T | : ) B e e e e e |
N e e o N\ L

S Pd . - o A — 1 L g = - * o—
! wa == e , QL g

*y R
3 —

-]
) B

v" Remove existing magnets

* Reconfigure cables, cooling water,
electrical bus, lighting (in progress)

« Install injection and extraction lines
* Reinstall Delivery Ring magnets

17 M Convery | The Beam

79/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15






Beamline Enclosure

3F Fermilab
81/62 Brendan Kiburg | Muon g-2 Experiment 9/29/15



Uncertainty Status

Projected lattice QCD

Source 2015 after E989 to match
[Ppb]  [ppb] exp.[ppb]
180 70
170 70
Statistical 460 100
Total Exp. 540 140
Had. Vac. 360 215~ 100**
Pol.
Had LBL 225 225 100
Total 420 310 140
Theory
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FNAL vs J-PARC

r

.

FNAL E989 and J-PARC E34.:
the numbers

J

Table 4: Comparison of various parameters for the Fermilab and J-PARC (g —2) Experiments

Parameter

Fermilab E989 J-PARC E24

Statistical goal
Magnetic field
Radius

Cyclotron period

Precession frequency, w,

Lifetime, y7,

Typical asymmetry, A
Beam polarization
Events in final fit

100 ppb 400 ppb
1.45T 30T
711 cm 33.3cm
149.1 ns 7.4ns
1.43 MHz 2.96 MHz
64.4 ps 6.6 s
0.4 0.4
0.97 0.50
1.5 x 1011 8.1 x 10!

Gorringe and Hertzog, Progress in Nuclear and Particle Physics, Volume 84 (2015) September 2015

83/62

Brendan Kiburg | Muon g-2 Experiment

9/29/15

2= Fermilab



