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Muon Magnetic Moment

 The muon has an intrinsic magnetic moment that is
coupled to its spin by the gyromagnetic ratio g:

- € &

— S
=95

» |nteractions between the muon and virtual loops alter
this number — X & Y could be SM or new physics:
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Standard Model Components of g, <@

Charged, 12672
spln V2 diagrams
particle

y Iectroweak y

Up to 10th
Order QED

C Hadronlc
a R
2
Dominant .
uncertainty in
1st Order QED calculation 1)
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a,: Experiment vs Standard Model

. Gy —2
* g, normally denoted by anomalous piece a;: an = 5

Contribution Value (x 10-17) !
QED (y + ) 116 584 718.951 + 0.08 b
Hadronic VP (lo) 6923 iignificant work
Hadronic VP (ho)** -98.4 +0.7 on-going
Hadronic LBLS 105 i
ElectroWeak 153.6+1.0
Total SM 116 591 802 + 42, o * 26,5, * 2o (+ 49,,)

E821 Result (Data-taking from 1998 — 2001): "

a"? = 116 592 089 (54)4: (33) 5, (63)s0r x 107

u
Exp - Theory: Aa(tOda’y> = (287 + 80) x 1071 (360)

*Davier et al, Eur. Phys. J. C(2011) 71:1515; **Hagiwara et al, J. Phys. G38, 085003 (2011); SPrades et al, Lepton Moments (2010)
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Fermilab Muon Campus Vision, c. 2012

« Convert Tevatron anti-proton source to produce muon
beams for experiments such as Muon g-2 and Mu2e

= Delivery Ring [ & ™% l'!

Artist’s ibféssion of Muon Campus
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Fermilab Muon Campus Reality, Today

= s Tt e

= DeIivng

=

Ptograph frofh Wilson Hall
« Muon g-2 hall complete, storage ring installed & operational

« MuZ2e civil construction complete & building outfitting underway

« Conversion of accelerator complex to muon source nearing
completion
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Muon g-2: Overall Goal @

n

* Reduce experimental error on a, by factor 4 & resolve
the long-standing E821 g-2 discrepancy

http://arxiv.org/pdf/1311.2198v1.pdf
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Requires 21 x statistics & reduction of
key systematics with 4 major steps:

o/~ Transport storage ring to Fermilab

L New experimental hall for ring

75%
Done

Modify accelerator to provide a
high-purity, intense beam of muons

80%
Done

Upgrade injection, field, detector,
electronics & DAQ systems for
higher rates and lower systematics
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Muon g-2: Experimental Principle g2

« Store longitudinally polarised muons in a dipole field
* Measure two quantities to extract a;;:

— magnetic field averaged over muon distribution, B
— anomalous precession frequency,

2
W :@—@: G
VAN

Storage

Ring
Spin precession freq. Cyclotron freq.
geB e e
w8:—+(1_7) We = spin

2mc Ymce ymce —
£ X momentum

/ \

Larmor Thomas
precession precession actual precession X 2
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Proton bunch

Muon g-2: Muon Production

Target

120 ns wide bunch of 8 GeV
protons from Booster & Recycler

Fired at pion production target
which is the same as that used for
Tevatron Run |l anti-proton
production (Inconel (Ni-Cr))
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Muon g-2: Muon Production

Proton bunch PiOﬂS
Aﬁ —
3.11 GeV/c

Target

« Outgoing pions focused by a
lithium lens and then momentum-
selected, centred on 3.11 GeV

 The pions are then collected and
sent towards the delivery ring

James Mott Tau2016, Beijing

20th September 2016
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Muon g-2: Muon Production @

Proton bunch PiOﬂS III
Aﬁ —
3.11 GeV/c

Target
In the delivery ring, pions decay
iInto negative helicity pu*

Sy Tt Su+
— G
— -

Pv Pu+

Create a ~90% polarised beam

by selecting highest energy y* 0f 29 3
ory = 29.

Momentum of selected u* centred e B 1 3. B
on 3.09 GeV (y =29.3) toreduce ¥~ e |7 T\ TS (B x E)
E-field effects:
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Muon g-2: Storing Muons

Proton bunch

J\—»

Target

—_
Pions /L Inflector

3.11 GeV/c

« Storage ring: 14 m diameter
toroidal C-magnet with 1.45 T field

 Inflector magnet nullifies the
storage ring field for incoming Storage

muons ring
R=711.2cm

James Mott Tau2016, Beijing 20th September 2016

12



Muon g-2: Storing Muons >

Proton bunch Pions Iu Inflector
q — N
3.11 GeV/c
« Storage ring: 14 m diameter
toroidal C-magnet with 1.45 T field
 Inflector magnet nullifies the
storage ring field for incoming
muons
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Proton bunch

Muon g-2: Storing Muons @

-
Pions 9! Inflector

3.11 GeV/c

Target

Storage ring: 14 m diameter Injection orbit

toroidal C-magnet with 1.45 T field

e

Central orbit _
Kicker

magnets

Inflector magnet nullifies the
storage ring field for incoming
muons

Kicker magnets move the orbit to
the centre of the storage ring
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Muon g-2: Storing Muons >

_)
Proton bunch Pions Iu Inflector

« Storage ring: 14 m diameter
toroidal C-magnet with 1.45 T field

 Inflector magnet nullifies the
storage ring field for incoming
muons

AN

AV

» Kicker magnets move the orbit to &
the centre of the storage ring
« Muons focussed vertically with Electric Quadrupoles

electrostatic quadrupoles
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Regularly map field inside
vacuum chamber with

NMR probe trolley

Monitor field during data-
taking with fixed probes

and interpolate

vertical distance (cm)

c A\\\N\\w\\ﬁ\

-4-3-2-101 2 3 4
radial distance (cm)
James Mott

Tau2016, Beijing

375 fixed probes

. o =

‘/_,._

.—_
¥

NMR trolley in vacuum chamber

BNL E821 result averaged
around azimuth was good
to1 -2 ppm

We’'re shimming finer to
Improve this
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Magnet Reassembly at Fermilab >

rE——— v ———
Bringing in super-conducting coils

- Igottom yoke pieces

e

= ! =
ﬂ T
-
SN ..

SC coils installed

James Mott Tau2016, Beijing 20th September 2016

17



n

First Magnetic Field Measurement @

« Magnet achieved full power September 2015 with peak-
peak variation of 1400 ppm:
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« We care about the field weighted by muon distribution

* For 70 ppb uncertainty, we need a uniform field to relax
constraints on measuring the muon distribution

* The goal is 50 ppm after first round of rough shimming
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Magnetic Design & Shimming Tools <@

« C-shaped design with 1.45 T dipole field between poles

R e thermal
inner coil top hat msulatnon‘,
<‘ e SN

wedge

r\_l
pole piece | outer coil
edge > =

shim
muon -
region ﬁ fixed NMR probes
T surface outer coil
correction coil
I

I:I € p =7112 mm

g-2 Magnet in Cross Section
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Magnetic Design & Shimming Tools <@

« C-shaped design with 1.45 T dipole field between poles

« Many “knobs” for calibration: B [
_ 72 Poles ..........................
« Shaping & homogeneity D

D[
ool pece 10

lﬁ

l;

g-2 Magnet in Cross Section
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Magnetic Design & Shimming Tools <@

« C-shaped design with 1.45 T dipole field between poles

« Many “knobs” for calibration:  pse
« Shaping & homogeneity D

— 864 Wedges wedge mmmms——
* Quadrupole asymmetry

4
)

\
]

wedge Tmmm—

} e o s Y T ey Ry ey

g-2 Magnet in Cross Section
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Magnetic Design & Shimming Tools <@

« C-shaped design with 1.45 T dipole field between poles

« Many “knobs” for calibration: . tophat [N
— 72 Poles ;

« Shaping & homogeneity D
— 864 Wedges —

* Quadrupole asymmetry
— 48 Iron Top Hats

« Change effective p

g-2 Magnet in Cross Section

James Mott Tau2016, Beijing 20th September 2016 22



Magnetic Design & Shimming Tools <@

« C-shaped design with 1.45 T dipole field between poles

« Many “knobs” for calibration: s
— 72 Poles

« Shaping & homogeneity D

— 864 Wedges . —

* Quadrupole asymmetry | D

— 48 Iron Top Hats Edge shims &

« Change effective p surface coils/foils
— 144 Edge Shims e ——— ]
« Quad/sextapole asymmetry , —
— 8000 Surface Iron Foils D
» Local changes of effective u
— 100 Active Surface Coils r -k
« Control current to add ring-wide e —
average field moments g-2 Magnet in Cross Section

James Mott Tau2016, Beijing 20th September 2016 23
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Shimming & Field Measurements EEN

Early stages of shimming:

* Field in storage volume is E
measured using pulsed E ?
proton NMR

Shimming trolley contains
array of probes that map

> B-

)

whole storage volume E EEE
Extracted frequency gives EE E

10 ppB single shot
measurement precision

ll||||||ll|lll|lll|lll||

James Mott Tau2016, Beijing 20th September 2016
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Shimming in Action @

* Progress towards a uniform field from Oct ‘15 to July '16:

pries
=
=
T
<
?\‘}

o i O
o _‘ e
oy | i ’; ] I
5 i

Top hats & wedges Surface foils
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Rough Shimming Result G

« August 2016: completed addition of surface foils &
achieved 50 ppm goal for rough shimming:

1600
1400
1200
1000
800
600
400
200
0

ppm

L Pliso

(8-8,,)/B,,, (PPM)

~1400

Oct 2015 = Aug 2016

© [LLULLULLLLLEL L J.w.!l{.l.l.].

50 100 150 200 250 800 350 PP
azimuth (deq)

RMS (ppm) P-p (PPm)

FNAL (Rough shimmed) 10 75
BNL (Typical scan) 30 230

* Now installing vacuum chambers & detector systems

James Mott Tau2016, Beijing 20th September 2016 26



Measuring the precession frequency, w,

 We measure w, using 24
electromagnetic calorimeters
placed around the storage
rng

* The highest energy positrons
are correlated with the muon
spin in our polarised sample

Sv, :UJ+ _
— 5 S o+ « As the y* spin precesses
Ve —
. towards and away from the
Sv,, Pe+

— < calorimeters the number of
high energy e* is
modulated by w,
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Extracting w, from the calorimeter data

 Arrival-time spectrum from previous experiment (E821):
N, () ~ Noe 77 [1 — A cos(wat + ¢g)]

SNV 0-100us

/™ 100 - 200 us

Counts per 150 ns

10 E— NV NNANANAANAAAAA A VY
L VVMWVAAAAAA A A o PV VAT 200 - 300 us

Ee+ > 1 .8 Gev 104 -:l. A L‘\ . “_ _ H ;y"‘;.ﬁ:ﬁ: A .:;": i i - ~ '_;1"’-':",;'-;':—\'.2:;’ 300 — 400 us
. .. ' R AR AR IR T TAY { ’ N A . F‘\y _:'.:',_"._.z }.:;:"_;"'/ 400 — 500 us

"
o il " A ¥ i \j -.ur A.'.;.* \J :“‘?-.\L‘}F( 500 — 600 us
] a -l !.- ku N ;._‘J "l/‘ ‘J"‘r.‘;"h. ?'1';";'. f‘: If,.“ "JA\‘. ; "&

CYVY VY ‘Wﬁfv-"‘“\b&\'ﬂ 600 — 700 us

§120 4
v 100 n. N
{h Hilf'luﬂl l,f
b T

38 40 692 694 696 698
time (us) time (us)
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Calorimeter Design

» 24 calorimeters: each is array of 6 x 9 PbF, crystals - 2.5
X 2.5 cm? x 14 cm (15X,)

« Readout by SiPMs to 800 MHz WFDs (1296 channels)

. @

-
~

-

28 c&annel prototype tested at SLAC

n]v L AT

e

\ ~ =
/‘, //“'l,‘l ol
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Calorimeter Performance G

Energy Resolution Timing Resolution
w n T T T T T T ] -
° 003 O/E~28% @2GeV] *°F
- ] 7000 [
00281 E 6000;— O-t ~ 25 pS
0.026 soooi—
4000:—
0.024} =
3000 [
0.022f 2000 -
0.02| ‘°°°;_
. . ! . ! ! o] S PN PR AR B
2 25 3 3.5 4 4.5 0 005 03 035 04 045 05
Energy [GeV] delta T (clock ticks)
Electron pile-up Position from Energy Deposit
% 20005— P é : 10°
o = — 2
< 1500{— ; 102
- Q
- o
1000 —
E 10
500 —
£ Temporal 1
- separation at 5 ns o
—500_— ..........................
‘1000:_1 P R R R ETEN RN BRI SR 107
2430 2435 2440 2445 1%45() 2455 2460 Z:Sri ol nur2n4b7<g 0 1 2 3 4 5 6 7

'8 9
Column number

See NIM A 783 (2015), pp 12-21 for details
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Measuring the Muon Distribution G

 We need to measure the muon distribution to calculate:
— Average magnetic field () ,,—dist
— Pitch correction (vertical betatron motion) (1~
— E-field correction (not all muons at magic mom) (z2)

* We do this with three trackers around the ring

A non-destructive measurement with

a resolution of 1 mm.
it A japanan T
{ a f v\

000+
[ Trackers

Glgbal g(m
g

2000f

oF Reconstructed
2000, decay position
-4000:—

’ *
» L F
I Yo o~
-6000 toe g

'8095?()()0 -66()0 -4000 -2(3()() 6 2000 40100 6()100 8000
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Tracker Design @

 Each tracker has 8 modules that sit in front of calorimeter

Top down view of ring section

%T > orbit |
‘B ",.O'w ) -~
%\ Muo? Decay positron ‘.'f
//// e BRSO ‘.‘l\x\
: {
Galorimeter o Calorimeter
Tracker Modules
 Each module has 128 straws
. c T AR B B B B I B
in four Iayers £ 4 Reconstructed test beam data ]
k) - .
B 20 =
L AModule o Q- : :
T 10F =
T : .
g o E
-10F =
-20F Single straw resolution E
-30F ~ 180 um =
_40;|_. e by by by e by by b by I_.:
-50 -40 -30 -20 -10 0 10 20 30

BOSTON radial position [mm]
James Mott Tau2016, Beijing 20th September 2016
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Muon g-2: Current Schedule

FY14 FY15 FY16 FY17 FY18 FY19
. Construction (Prolect & Muon Campus): : : : |
1 | | | |
MCIPP) : : | : : :
. g-2 Cryc-nt.(AIP : : : : :
| I 1 . | 1 1
: Rlng ESSEmBly MK Ring cold & ready'for operations ! ! !
i . _ shimfield | i i i
: Prep Vacuu bers/Install : : : :
1 1 1 | 1
: Construc b-systems | ¥k Experiment ready for operations :
| | |
1 1 I
1
1

Operations (La

BOSTON
UNIVERSITY

-ﬁcations

¥ Accele'rator ready for op'erations

esults *

¥ Full Running Intensity

Physics I- Running

1-2 x BNL statlstlcs

1
2" Results

~5-10 x BNL \
¥ 21 x BNL
Final Res'ults*

James Mott

Tau2016, Beijing

20th September 2016
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Take-home messages G

The Muon g-2 experiment will reduce error by a factor of 4
compared to the previous Muon g-2 (BNL E821)

The storage ring magnet has been operational for a year
and our rough shimming targets have been achieved

Beamline commissioning begins in April 2017, with real
data collection starting Autumn 2017

We anticipate a result with the same precision as E821 by
mid-2018

We expect to report three results with 100%, 50% and 25%
of the E821 uncertainty

James Mott Tau2016, Beijing 20th September 2016
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Extra Slides
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Increase statistics:
Reduce systematics:

x 21

Improvements over E821

X2 (w,) and x 3 (w,)

DHMZ
180.2+4.9

HLMNT
182.845.0

BNL-E821 04 ave.
208.9+6.3

New (g-2) exp.
208.9+1.6
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140 150 160 170 180 190 200 210 220 230

a-11 659 000 (107)

Goal: 140 ppb

Expected Improvement
7.5 o if same central values

Key: More muons per fill & more fills per hour

Key: Finer shimming of magnet and refined monitoring

Key: Modern detectors/electronics/DAQ/calibration

James Mott

Tau2016, Beijing

20th September 2016

36



Systematic Errors on w, (ppb) G

n

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

Gain changes | 120 | Better laser calibration

low-energy threshold etector | 20
Pileup 80 | Low-energy samples recordea

calorimeter segmentation 40
Lost muons 90 | Better collimation in ring 20
CBO 70 | Higher n value (frequency) | foms

Better match of beamline to ring | |< 30
E and pitch 50 | Improved tracker

Precise storage ring simulat O eam | 30
Total 180 | Quadrature sum 70
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Systematic Errors on w,, (ppb) 42>

Brookhaven E821 FNAL

Source of uncertainty R99 ROO RO1 E989

[ppb] [ppb] [ppb] | [ppb]
Absolute calibration of standard probe 50 50 50 35
Calibration of trolley probes 200 150 90 30
Trolley measurements of B 100 100 50 30
Interpolation with fixed probes 150 100 70 30
Uncertainty from muon distribution 120 30 30 10
Inflector fringe field uncertainty 200 - - -
Time dependent external B fields — - - 5
Others 150 100 100 30
Total systematic error on w, 400 240 170 70
Muon-averaged field [Hz|: w,/2m 61791256 61791595 61791400 -

e THigher multipoles, trolley temperature (< 50 ppb/° C) and power supply voltage
response (400 ppb/V, AV =50 mV), and eddy currents from the kicker.

James Mott Tau2016, Beijing 20th September 2016
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Absolute calibration of the field

Test Facility at ANL

* MRI solenoid magnet
+ High-precision, high-resolution
DAQ system

Absolute Calibration

» Measured field is not what a free
proton sees; need corrections

Paramagnetic ion cont

(1-6,)B
= [1-0(H0,T) -8, —6,— ;] B

A

Systematic uncertainties from E821 [NIM 394, 349 (1997)]
Projections for E989

Bmeas =

Bulk di ic shape
(e — 4m/3) x

Probe structure

Source of Error Uncertainty (ppb)
NMR detection and measurement 15 == 5
Field homogeneity 10
Materials outside the probe 15
Water/sample holder shape 15 == 10
Probe materials 10 =
Diamagnetic shielding (H2O) 14 == 2.5
Temperature 10 =5
Total 34— 28

Diamagnetic shielding measurements: Metrologia 51, 54 (2014)

9766.44

DAQ System Characteristics

» Bandwidth: 61.79 MHz +/- 50 kHz (833 ppm)
* Amplitude: ~1Vatt~0

* RMS Noise: ~1 mV

+S/N: ~1000att~0

+ Resolution and accuracy: < ~1 ppb

9766.43

9766.42

9766.41

9766.4

9766.39

9766.38

9766.37

g76636 4o Lo v 0 0 1w Ly L 1 Ly |

T[TTTT[TITT[TTIT]T

Frequency (Hz)
%

u = 9766.4034 Hz, o = 0.0039 Hz (0.064 ppb)

qdd |

Calibration Procedure
(during the experiment):

» Move NMR trolley to desired location, take
measurements
* Pull NMR trolley far away

Muon Storage Volume

» Move plunging probe into position, take
measurements (at each trolley probe location)

James Mott

Tau2016, Beijing

Plunging Probe

20th September 2016
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State-of-the-art Laser-based calibration system @

Fiber
bundle

Slow Control

Laser
control

Laser Hut

L.M. = Local Monitor

Contents lists available at ScienceDirect

?5 Nuclear Instruments and Methods in _-"L-:'-:“';.
Pr Physics Research A B
EI.SEVIER journal homepage: www.elsevier.com/locate/nima R
Test of candidate light distributors for the muon (g —2) laser @c.me

calibration system

A. Anastasi *, D. Babusci ?, F. Baffigi ®, G. Cantatore %, D. Cauz ', G. Corradi?, S. Dabagov ?,
G. Di Sciascio !, R. Di Stefano®J, C. Ferrari *°, A.T. Fienberg ', A. Fioretti *°, L. Fulgentini®,
C. Gabbanini ***, LA. Gizzi®, D. Hampai ?, D.W. Hertzog', M. lacovacci®", M. Karuza %,

J. Kaspar', P. Koester®, L. Labate °, S. Mastroianni, D. Moricciani !, G. Pauletta®’, L. Santi ¢/,
G. Venanzoni*®
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S.M. = Source Monitor
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