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What is g-2?
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Muons have intrinsic spin
“g” is a dimensionless proportionality constant relating spin to magnetic moment

Muon's spin precesses in an external magnetic field



History of g-2

«_ .

* Dirac's relativistic theory predicted muon magnetic moment “g” = 2

The Nobel Prize in Physics 1933
Erwin Schrodinger, Paul A.M. Dirac

The Nobel Prize in Physics 1933 was awarded jointly to Erwin
Schrodinger and Paul Adrien Maurice Dirac "for the discovery of new
productive forms of atomic theory."
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History of g-2

Experiment suggested that g-factor differs from

the expected value of 2

The lowest-order (Schwinger)
contribution to the lepton anomaly a/2n
= 0.00232

1** order QED
S. Ganguly 6



History of g-2
Standard Model prediction: °M — QED yy Had 1 q'Veak

g =2.002 331 8417 8 (1 2 6)

12672
diagrams

ooy v Y L

Aoyama, Hayakawa, Kinoshita
and Nio calculated more than
12,000 diagrams to evaluate the
10th-order (5 loop) contributions
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Hadronic contribution:
dominant uncertainty in g Electroweak
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History of g-2

Spin Precession ( W_) Measurement
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[1] J. Kasper, GM2-doc-4285 S. Ganguly
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History of g-2

History of precession measurements

- Nevis cyclotron measured g, in 1957 for the first time

- Experimental techniques allow for more precise measurements
- Experimental measurements test the completeness of the Standard Model
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Measurement of a, = (g,-2)/2 from CERN

and BNL E821.
The vertical band is the SM value using
the hadronic contribution
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180254 T 2004 measurement by
HLMNT Brookhaven Muon g-Q

1e2ss0 collaboration found 3.6
standard deviation
between these two values

Fermilab aims to

BHL-E&21 04 ave. - -
208.9:6.3 .

¢ achieve a fourfold
g - improvement in
T o T measurementofau=
140 150 180 7o 1Bl:Ia"-'.l‘l-l'ﬂ]ﬁ\f.5 x] {102_:3] Fra ] 230 (gu_z)/z

540 ppb (measured by BNL) — 9 140 ppb (FNAL goal)
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The Big Move

Closed down two Chicago
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Muon storage

Outline
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>
120 ns D

Temporal
Proton Bunch

Start with a proton bunch

Not to scale

Muon Storage

Jason. Crnkovic
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Muon Storage
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P
->
120 ns D

Temporal
Proton Bunch Target

e Start with a proton bunch
*  Protons hit target to produce pions

Not to scale

Jason. Crnkovic



P
->
120 ns D

Temporal
Proton Bunch

Start with a proton bunch

Muon Storage

Target

Protons hit target to produce pions
Pions decay to muons in Delivery Ring

Not to scale
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Jason. Crnkovic

Delivery Ring
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Muon Storage
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* M5 magnetic quads do final
focusing before injection into ring

Not to scale

Jason. Crnkovic



Muon Storage

Storage Ring

* M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to B-
field

~9 cm Storage Region

Not to scale
- 17

[1] ). Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det]. —_—_—
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Muon Storage

I-l+

Storage Ring

* M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to B-
field

* 3 magnetic kickers “kick” the
muons onto the storage orbit
(10 mrad bend)

Not to scale

[1] H. Nguyen, GM2-doc-5519
Jason. Crnkovic



Muon Storage

Storage Ring

* M5 magnetic quads do final
focusing before injection into ring

* Inflector injects muons into ring
while minimizing disturbance to B-
field

* 3 magnetic kickers “kick” the
muons onto the storage orbit

* Electric quads provide weak
vertical focusing (Around 40% of
storage volume), greatly increases
storage efficiency

Not to scale

[1] J.D. Crnkovic et. al., GM2-doc-4400

Jason. Crnkovic



Muon Storage

Harp Y2:
g_\;,_—_:? =)
2 LV . —— S
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Storage Ring

* 180° and 270° fiber profile beam
monitors

Not to scale

[1] R. Bjorkquist and F. Gray, GM2-doc-5218
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Muon Storage

TR

= - - » =

* 180° and 270° fiber profile beam
monitors

* Straw tracker station provides
decay positron trajectory
reconstruction

Not to scale

[1] B. L. Roberts, First Workshop of the Muon g-2 Theory Initiative

Jason. Crnkovic

Storage Ring
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Fermilab Beamline Optimal For This Experiment

After a few turns the
remaining T* convert to p*

«— and the p are extracted

== W1 Line

m AP0 [argetHal

m M2 Line Protons separate

m= M3 Line and are removed AFalas

== [diveryRing \

s i ery Ring Abort Li ne

== M4 Line Delivery Ring
M5 Line AR LI

w=n MC-1 Experiment d Hall
Mu2e Tagat H Al
MuZe Detedor Hall

L AP0

" Delivery
Ring

AP0

F,

4 FIII'}C|I1H\'I‘.11-.
Mistine, | 1"

8.89 GeV p beam 3.1 GeV

Experimental

_Hal
F=

AP

impacts the secondaries (T,
target u, p) travel u+are extracted
along M2 & M3 from the ring and  p* enter the g-2

transferred into the storage ring
storage ring via M5

D. Stratakis, GM2-doc-5664
S. Ganguly



Spin Precession ( W ) Measurement

eB

* Muon Cyclotron frequency: W, — —— " Thomas precession
Ymc #
* Muon spin precesses frequency: w, = g, i + (1 — ~) —
2mec Ymec

* Measured experimentally: Larmor precession |

1) magnetic field 7w, =2u,
2) anomalous precession frequency W =W, _ W,

5-parameter fit function

: . t
?)ilo‘macllogls sp;n precess.lton N = Noe_ﬁ [1 — Acos (wat + QSO)]
m ’ T obtained from decay positron ES @ Data
ge a)a time spectra @ 21 data L 5 Param FiJl]
2 m {(w e,
a — ;’; ﬁnggle plot

H 5
Mo :

2 Jo) Free proton precession frequency. :
Get from CODATA 12! “how quickly would the spin of a A e
g. = -2.002 319 304 361 82(52) free proton rotate in the g-2 ring?” P VY
(0.00026 ppb) NV V w' ‘-f{rf.\'{"\\',' "\.{'\,hs i f\

|

m,/m, = 206.768 2826(46) (22 ppb)

n/p, = -658.210 6866(20) (3.0 ppb) 40 60
S. Ganguly Time (ps)

so fime 100
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[1] J. Grange et al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics.ins-det].
[2]1]P. J. Mohr, D. B. Newell and B. N. Taylor, Rev. Mod. Phys. 88, no. 3, 035009 (2016) do0i:10.1103/RevModPhys.88.035009 [arXiv:1507.07956 [physics.atom-ph]



Spin Precession ( W ) Measurement

Calorimeters to measure decay positron : S -
nergy and arrival time i e
, K

lead fluoride crystals

24 calorimeter stations around ring

(2]

Storage Ring

24 calorimeters detect decay
positron arrival time and energy

Not to scale

S. Ganguly .

[1] J. Kasper, GM2-doc-4285
[2] J. Crnkovic, GM2-doc-6569



Determination of the magnetic field

 Pulsed nuclear magnetic resonance (NMR) measures the B-
field to the tens of ppb

« A /2 RF pulse is used to rotate the proton spin

ho,=2u, é‘

g [1]
Sample with bulk T T

fon ey b (U«

RF coils | ‘

M
A

S. Ganguly 25
[1] ). Grange, GM2-doc-4869



Determination of the magnetic field

 Pulsed nuclear magnetic resonance (NMR) measures the B-
field to the tens of ppb

« A /2 RF pulse is used to rotate the proton spin

[1]

T X
Sample .w'it!\ bulk T
froinded by CQEEESSSRE

RF coils ‘ ‘

S. Ganguly 26

ho,=2u, é‘

Vel

[1] ). Grange, GM2-doc-4869



Shimming The Magnet

thermal

inner coil insulation\! !
) 1)

i] dipole correction coil

/
wedge pole piece

YOKE

/

pole - .'.‘\fmed

* Various shimming tools used to shim
the large field volume to high precision _poam S ) 2ot

programmable /
current sheet

u

inner coil I I

Rough Shlmmlng Results

Oct 20]5-Aug 2016

1600 =
1400 |
° 1200 x| PRI
& 1000 L VL
800 |
600 |-
400
200F

%9 s 100 150 200 250 300 350
azimuth (deg)

RN High uniformity of the
lf\ BERR A storage ring field after
e fg& EAH\\ SREPAL 50ppm  shimming; reduces
EERRREER systematic errors

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

~3400 ppm

S. Ganguly 27
[1] ). Grange, GM2-doc-4869

[2] D. Flay, GM2-doc-4410
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Commissioning

Fermilab Muon g-2 experiment is currently in the commissioning phase -
beam arrived on May 24th

Splash of beam hitting calorimeter 24.

y "
run 6532, subrun 0, fil 18, island 0, xtal 27 run 6532, subrun 0, il 18, Island 0, xtal 28 run 6532, subrun 0, fill 18, island 0, xtal 29
1 £l £
g .
1 i i
700
1700 | [
1600 |- I 10: 342746.782
ol s oo - E0: 213.2
t [ 11: 342749.914
500 |~ 1000 |-
t F E1: 169.9
600 r b
400 | F
wsol r [ .
L L Lisaal Lossdfmte L . I L Lol o e
42730 2740 M2 750 H2 342.730 3427140 42750 H2 760 H2T70 M2THO M2 I
run 8532, subrun 0, fill 18, island 0, xtal 30 run 6532, subrun 0, il 18, island 0, xtal 31 F' b,l C 8 E 1 P H C 8 E 5
£ F i F £
§ . ¢ o° 8l g
L . s A "
B L . % e P
o £ 1250
F LY 1600 |- 10: 342732.657
E 10: 342735.917 E E0: 1188.5
o . F t1: 342736.305
F ° EO: 140.2 600 [ E1: 710.1 708
2o b D I 12: 342743.752
E 4 E E2: 2179
F * pedestal: 1743.5 o0 [ 13: 342758.271
o M F E3: 2365
E X' 1726 E pedestal. s
E X 871
700 |~ T 13 ey
L Livoelersalenil L
342,730 342,740 342,750 342 760 M2 770 34 342,750 342,740 342750
e
run 6532, subrun 0, fil 18, island 0, xtal 33 run 6532, subrun 0, fil 18, island 0, xial 34
el PUCO21 PWCB25
. 750
120
’ 700
o
t ° °
wsof- \L e m
€am profmie on iIas Jus
en 1183
—— oo | °
erore the storage ring entrance
L L Lol 1 1 Lisis L e
0 U770 342780 342700 342,730 342740 142,750 42780 2770 342780 342.790
sampie hun sample

S. Ganguly 29



—
o
w

—
o
M2

count/ 2*149 ns

10

Commissioning

T-method wiggle plot chi2 minimization fit

= Entries 10203
= %2 I ndf 366.3 /329
:# FNAL Muon g-2 Elmb - ?SE?FE
‘;b Run 702 - 706 TT“ 5654; 260
[ * Jun 10-11,2017 A 0.4333 £ 0.0210
EPI 0 ~1.605+0.120
E % ? ’ Ta(us) 4.369 + 0.006
— w #ﬁ r il i I _
E | f i A L (R
: | RRAA R NN T
— o L TR TRV
: duty i Ll
| | | | l l l | 1 1 1 I 1 1 1 I 1 1 1 l 1 1
20 40 60 80 100 120
time [us]

S. Ganguly
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Commissioning

Muon g-2

Run 102 Subrun 1 Event 32

Example tracker straw hits
from commissioning data

Displayed are Hits in the Tracker Only

1400 Run: 105 subrun: 1 event: 9
+¢ .............................
woo— ey
.,5:_- ______________________

1000

\
Muon g-2

800

ring x [mm]

Run 104 Subrun 0 Event 389

Displayed are Hits in the Tracker Only 600

400

—-7000 —6950 -6900 -6850 -6800 -6750 —670C
ring z [mm]

200

|
~
N
o
Sk
|
~
o
a
o
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Project Timeline

FY14

FY15

FY16

FY17

FY18

Construction (

oject & Muon

mpus):

C-1 (GPP)
g-2 Cryo Plant (AIP)

Ring Assembly ing cold ready f@ir operations
Shim Field
Prep Chambers/Install

Construct/Install Sub-systems * Experiggent ready for op@ations

Accelerator Modifications ¥k Accel@ator ready for oplirations

Dperations oratory):

Ring Cold
Detector/DAQ I

Commission
Beam ‘
Tune-up

Physics Production Running

Analysis Tools Development

Mock Data 1-2 x BNL statistics
1 Results 2K B -sio0xen
2" Results MK 21 x BNL
Final Results ‘
£= Fermilab

«. Polly and E. Swanson, GM2-doc-4284



Conclusion

Fermilab Muon g-2 experiment:

¢ Currently undergoing the commissioning phase

 Aims to increase statistics by factor of >20 and reduce
systematics by factor of ~3 w.r.t BNL experiment

 Goal is to measure anomalous magnetic moment 4-times
more precisely than the BNL measurement

S. Ganguly 34



Thank You!
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Properties of Muon

~ (1]
m, =207m,

. (mH / m_)? = 42,800 times more sensitive to new physics than electron

T,=220pus ™

e Time-dilated p-lifetime allows for p-beams (BNL (g-2) L YT, = 64.4 )

—_— [1]
Br(m = uv ) =100%
* High intensity pu-beams; polarized u

— [1]
Br(u= ev,yv ) =100%
* Parity violating Weak decay

[1] K.A. Olive et al. (Particle Data Group), Chin. Phys.

C38, 090001 (2014) S. Ganguly

(URL: hjp://pdg.1bl.gov)

— —

s, S,
p.(_)’n\ _)>l‘l

B, P,

clml
frame

clml
frame
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Novel Beamline Design

* Pulsed proton beam, ~250 ns wide , ~1695 ns apart
* Delay live gate ~700 ns

* Suppress prompt backgrounds (beam electrons and pion
iInteractions)

1695 ns
<—>
0.08 —
007 E- [ ] POT pulse
= n arrival/decay time ( x 1M )
0.06 u” arrival time ( x 400 )
0.05 = w decay/capture time ( x 400 )
0.04
0.03E
0.02 5 . .
= Signal window
0.015
O $ 1 I 1 1 I 1 1 1 4 l IW 1 1 || 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
Time (ns)
£& Fermilab

6/7/17 38 B. Kiburg Muon Experiments | Fermilab 50th Symposium



Quadrupoles

 The storage ring acts as a weak-focusing betatron, with
the vertical focusing provided by electrostatic
quadrupoles

[1] [1]

Force 4+ mucn

on —— _aperture
[e— —|

non-zero vertical momentum 1 1 III
: , with focusing —_—
component without focusing .

[1] ). Grange, GM2-doc-4869 S. Ganguly 39



Magic Momentum

» Fortunate trick: judicious choice of muon energy
- pioneered by CERN Il (1979)

[1]
e - / P
Wy = We — We a,B—|a, =—= x B
(1 S e ﬂ}'jc JLI- JLI- 72 L 1 (6 )
? %

for y =29.3
finite y spread
leads to small

correction

(1) plates, (2) 9V standolts, (3) trolley rails, (4) adjustment
scraws, (5) vacuwm chambar

Electrostatic vertical focusing in the ring — » Electric field term
A pure quadrupole electric field provides a linear restoring force in the vertical direction,

Combination of the (defocusing) electric field and the central (dipole) magnetic field provides a net
linear restoring force in the radial direction

S. Ganguly 40

[1] ). Grange, GM2-doc-4869



Straw tracker N

Decay electron .

\ M Imstﬂ‘ﬂemﬁt

\

H: =L —= \
\

, -
Calorimeter active volume

Decay electron

Hlll

» Nearly massless (~10* Xo) detectors measure full beam profile at three
locations in ring. Beam profile monitors:
- betatron motion
- momentum spread

- magnetic field variations (indirect) p
rototype

at FNAL

» Few mm resolution for pileup detection test beam

» Better energy resolution than calorimeter allows
verification of gain measurements

Joe Grange
41



Straw tracker G

» Also affords sensitivity to additional physics: muon electric dipole moment (EDM)

size of 4 EDM
v
- > - _9M 2 B i e =
m:ﬂlﬂ‘l'mEDM:mﬂ_ﬁ(BXB) d‘u:ﬁms
\

“radial”
spin precession

» Non-zero EDM observable in up-down asymmetry in spin precession

» BNL:  |d,| < 1.8 x 107 "¢e c¢m N el =l
involved. Future colloquium
Phys. Rev. D 80, 052008 (2009) by Prof. Eads with more on

straw trackers.

» Goal is order of magnitude improvement

Joe. Grange 42



Calorimeter improvements

Multiple test beam runs

(FNAL, SLAC)

» Much greater segmentation
» Dense medium (PbF2)

» SiPM readout operates in fringe field
- waveform fully digitized

» Needs stable bias volage

Joe Grange

43



Pileup

A high E e* has a larger radius of
curvature —» a longer time-of-flight to
the calorimeter

Muon Decay

. « Carries phase of a muon that decayed
H earlier than one that produced a low E e*

2 low E pulses are lost and an apparent
v. J¥ high E pulse is gained

Neutrinos have negative helicity, antineutrinos positive. ° HighE pUIse Sti" haS the phase Of the IOW
An ultrarelativistic positron behaves like an antineutrino. E pulses

Thus the positron tends to be emitted along the muon spin
whenv_and F“ go of f together (highest energy e*).

e The muon spin direction is correlated to the Strategy: calorimeters
momentum of the emitted positrons with higher

segmentation,

Moreover straw

trackers to rectify

* Pileup of two low E e+ may fake high E e+. uncernities

* Correlation between muon and decay positron
spin strongest at high momentum.

S. Ganguly 44



weaker
field

L )

T T x N stronger
— i field
| |

\ (gross exaggeration)

l

Joe Grange
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Passive shimming G

introduce L
iron wedge

& AR '
|
e ‘ ‘ ‘
: wedge piece .

llllllllllllllllllllllllllllllllll

Joe Grange
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