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• The frequency with which the spin moves ahead of
the momentum in a magnetic field B (anomalous
precession frequencywa) is:

• If g=2 (a=0) spin remains locked to momentum

ωa =ωs −ωc = a
eB
m

How to measure the muon anomaly?
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• The frequency with which the spin moves ahead of
the momentum in a magnetic field B (anomalous
precession frequencywa) is:

• If g>2 (a>0) spin go ahead to the momentum

• One measures the anomalous precession frequency
wa and the magnetic field B obtaining a:

ωa =ωs −ωc = a
eB
m

How to measure the muon anomaly?

a = (g− 2)
2

=
mωa

eB

For non-relativistic electrons wc=eB/m à ae= wa/wc (see next slides)



Measurement of ae

• The e- is confined in a region using magnetic and
electric field [Penning trap]. It has been obtained by
Gabrielse et al. (2008):
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homogeneous axial magnetic field 
to confine the particles radially and 
a quadrupole electric field to 
confine the particles in the axial 
direction



nc=164 GHz
nz= 62 MHz
nm= 12 kHz

r0= 5mm
B= 6T
U0= 10V

a = (g − 2) / 2 ≈ωa /ωc

z~few µm
rc~10 µm

Motion inside a Penning trap



En = ![mωs + (n +
1
2
)ωc

' + (k + 1
2
)ωz − (q +

1
2
)ωm ]

• The energy difference 

between the level with 

(n = 0, Sz = + 1/2) and 

with (n = 1, Sz = -1 / 2) 

is:

• The frequency at which 

there is a spin-flip and 

an increase in a unit of n 

is  excited (by Rabi 

resonant method) and 

measured.

Quantum structure of the e- levels in the penning trap ("geonium")

ΔEn = ![ωc
' −ωs ] = !ωa

How to measure wa?



How to measure wc?

• wc ~ 100 GHz too high to be detected directly
• wz = 60 MHz relatively easy to detect
• à Indirect measurement: the axial frequency  wz is 

coupled to wc. Shift in wz indicates a change in wc

• Magnetic field of the type B = B0 + B2z2

àThe axial frequency will depend on the 
value of the magnetic moment

Microwave radiation is sent in the 
trap and the shift in wz is measured. 
When the frequency reaches wc there 
is a sharp increase in the shift of wz. 
In this way wc is measured with an 
uncertainty of 500 Hz (3ppb)



Results  and Theory

B. Lee  Roberts,   University of Edinburgh  
30 November 2015 - p. 11/62





NEWS: New value of a from  Atom Interferometry

sstat=0.16ppb; ssyst=0.12ppb 
(x3 improvement respect to previous a)



Constrains of (g-2)e on new physics

arXiv:1806.10252

http://arxiv.org/abs/arXiv:1806.10252


Muon g-2: summary of the present status

• E821 experiment at BNL has generated enormous interest:

• Tantalizing ~3s deviation with SM (persistent since >10 years):

• Current discrepancy limited by: 
• Experimental uncertaintyà New experiments at FNAL and J-PARC x4 accuracy
• Theoretical uncertantyà limited by hadronic effects

aµ
E821 =11659208.9(6.3)×10−10

aµ
SM =11659180.2(4.9)×10−10 (DHMZ )

aµ
E821 − aµ

SM ~ (28±8)×10−10

aµ
SM = aµ

QED + aµ
HAD + aµ

Weak

(0.54 ppm)

aµHLO = (692.3±4.2)10-10 

daµ/aµ~0.5%

M. Davier, A. Hoecker, B. Malaescu 
and Z. Zhang, Eur. Phys. J. C71 (2011)

Hadronic Vacuum polarization (HLO)



• New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL. 

3.3 s

(g-2)µ: a new experiment at FNAL (E989)

® daµx4 improvement (0.14ppm) 

E821
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• New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL. 

E989

3.3 s

8 s
If the central value remains the same 
Þ 5-8s from SM* (enough to claim 
discovery of New Physics!)

*Depending on the progress on Theory

Complementary proposal at J-PARC in progress

(g-2)µ: a new experiment at FNAL (E989)

® daµx4 improvement (0.14ppm) 

à g-2 Theory Initiative !



How to  measure  g-2 in a storage ring

(1) Polarized muons
~97% polarized for forward decays

(2) Precession proportional to (g-2) 

(3) Pµ magic momentum = 3.094 GeV/c

E field doesn’t affect muon spin when g = 29.3

(4) Parity violation in the decay gives 
average spin direction
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aµ=(g-2)/2
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Measure 2 quantities
aµ=(g-2)/2



Effect of Beam Dynamics

20July 8, 2019 Graziano Venanzoni



Extracting aµ

TDR
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Monitoring the magnetic field

TDR

• Fixed probes track field at top/bottom of 
vacuum chamber monitor field 24/7
– Only half of 400 were used in BNL 

(primarily due to being in gradients that 
were too large) à building  better NMR 
probes and in some case adjusting 
positions

• NMR trolley pulls out of garage every 2-3 
days and maps field where muons live
– More frequent trolley runs (every 2-3 

days) to reduce extrapolation error
– Optical encoders for better             

position resolution
• Digitizing FID signals 

G. Venanzoni,  Matter To The Deepest, Chorzow, 5 Sept 2019



• Consolidated method
• More muons (x20)
• Reduced systematics (ring and detector)
• New crew

• E821 at Brookhaven

• E989 at Fermilab

G. Venanzoni for the New Muon (g-2) Collaboration –EPS15, 24 July 2015

4 key elements for E989 at FNAL

0.07waÅ 0.07wp

0.2waÅ 0.17wp



Creating the Muon 
Beam for g-2

• 4x1012 8-GeV p 
batch into Recycler

• Split into 4 bunches

• Extract 1 by 1 to 
strike target

• Long FODO channel 
to collect p àµn

• p/p/µ beam enters 
DR; protons kicked 
out; p decay away

• µ enter storage 
ring

Intensity profile is 120 ns 
wide with “W” shape



muons

24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring

APRIL 2017

02/10/19 M. Incagli - Vulcano 2018 25

Inflector

Kicker

QUADS

RING

FIELD

PRECESSION



wa systematics
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• Tackling each of the major systematic errors with knowledge 
gained from BNL E821 and improved hardware
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New detector systems

• Calorimeters 24 6x9 PbF2 crystal arrays with SiPM
readout, segmentation to reduce pileup

• New electronics and DAQ, 800MHz WFDs and a
greatly reduced threshold

• Two 1500 channel straw trackers to precisely
monitor properties of stored muon beam via
tracking of Michel decay positrons, significant UK
contributions

• New laser calibration system from INFN crucial for
untangling gain from other systematics

27

Top view of 1 of 12 vacuum chambers 

800 MSPS Digitizers
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• Need to know the average field observed by a muon in the storage ring 
absolutely to better than 70 ppb, many hardware improvements

• Very challenging…first major step is making the field as uniform as possible

wp systematics



Progress on Field

29

4− 3− 2− 1− 0 1 2 3 4

4−

3−

2−

1−

0

1

2

3

4

4−

2−

0

2

4

.

.
.

.

.
.

.

.

.

..
.

.

.

.

.
. . .

.

.

.

.

.
.

B-field (ppm)

-0.02 -0.57
-0.70 3.84
-0.76 0.56
0.44 -1.61

Quad
Sext
Octu
Decu

Norm Skew

-0.0Dipole

Azimuthally Averaged Map

Oct 2015 à Aug 2016

R-R0(cm)

Ve
rti

ca
l (

cm
)

Goal

Oct 2015 Aug 20164− 3− 2− 1− 0 1 2 3 4

4−

3−

2−

1−

0

1

2

3

4

4−

2−

0

2

4

.

.
.

.

.
.

.

.

.

..
.

.

.

.

.
. . .

.

.

.

.

.
.

B-field (ppm)

-0.02 -0.57
-0.70 3.84
-0.76 0.56
0.44 -1.61

Quad
Sext
Octu
Decu

Norm Skew

-0.0Dipole

4− 3− 2− 1− 0 1 2 3 4

4−

3−

2−

1−

0

1

2

3

4

4−

2−

0

2

4

.

.
.

.

.
.

.

.

.

..
.

.

.

.

.
. . .

.

.

.

.

.
.

B-field (ppm)

-0.02 -0.57
-0.70 3.84
-0.76 0.56
0.44 -1.61

Quad
Sext
Octu
Decu

Norm Skew

-0.0Dipole

~1400 
ppm

~200 
ppm

~50 ppm
goal

G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



Data accumulated so far

TDR

• Run 1 (FY18):  Accumulated 1.9�BNL 
in raw statistics
– 1.4�BNL after DQ cuts and removing 

systematic runs à 410 ppb stat
– Anticipate 150-250 ppb systematic 

error...analysis well underway
– Conditions not stable, fragmented data 

sets
• Run 2 (FY19):  Accumulated 2.2�BNL 

in raw statistics
– 1.8�BNL after DQ cuts and removing 

systematic runs à 350 ppb
– Reduced systematics (TBD)
– Ran very stably collecting 1 BNL for 

about every 25 days of runtime

Analysis is in progress on Run1 data! 

G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



Overview of analysis structure

TDR

⊗

aµ(Expt) 

wa

wp
Muon
Dist

Team B

Team P
Tracker

Fast Rotation

Q Data 
Conditioning

Recon W

Recon E

Q Fit (Uky)

T,A,E (UW)

T,E (Cornell)

T (STFC)

T,A (Europa)

R (BU)

2018/19 Data 

Calib

~

+ Dedicated systematic teams 
for muon losses, pitch and E-
field corrections, convolution, 
and other beam dynamics
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• In Run1, data have been taken in different Quad and Kicker 
conditions, while optimizing Storage Ring operations (Run2 
data are much more uniform)

• Six datasets identified:

wa Analysis (RUN1)

Name Date acquired Quad n Kicker [kV] Positrons

60 hour 22-25 / 4 0.108 128-132 1.0B

High Kick 26/4 - 2/5 0.120 136-138 1.2B

9 day 4-12 / 5 0.120 128-132 2.4B

Low Kick 17-19 / 5 0.120 123-127 1.2B

Superlow Kick 2-6 / 6 0.108 117-119 0.5B

End Game 6-29 / 6 0.108 122-127 4.0B

Relative

unblinding

10% stat BNL

TOT=10B~1 stat BNL
G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



Examples of many positives intermediate results. 

• Relative unblinding of 60 H data set confirmed 
6 precession analyses consistent
– 3 Reconstruction methods
– Pileup techniques
– CBO function accounts for beam motions 
– Gain Corrections
– Muon loss

• Absolute magnetic field calibration accurate 
• Relative unblinding of Field Tracking of 60+ H 

sample finds good agreement and led to better 
understanding of field tracking between Trolley 
runs

• Muon momentum distribution – while not 
ideally centered – is very well determined by 
several independent methods.  
– This leads to accurate and precise E-field 

corrections.  
– Significant systematic error checking on this 

correction has taken place so in very good 
shape

6 different precession analyzers

G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



An example of just one of the Precession Analyses intermediate 
reports

TDR

Prelim
inary

Prelim
inary

“Wiggle” Plot + Fit With correct function, the residuals 
are flat (as they must be) and thec2 is 
good and fit results are stable

An insane amount of checking of any 
biases is taking place.. This is just 
showing; net ~25-35x lower than 
statistical here! (but not all listed)
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And, one example of a typical consistency test
The result (in blinded ppm) vs time of fit start for 3 data sets

Preliminary

Bands show 1s
allowed difference (set-subset)

410 ppb is probably the best 
we can achieve out of the Run-
1 Statistical data set (does not 
include systematics)
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Hardware blinding

• Greg and Joe enthusiastically 
blinding the clock
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Future
TDR

Run-3

Run-4Gets very close to 
21.5 BNL goal

And reach goal if new inflector deployed
in Run-3/4 shutdown

• Beamtime
assumptions
– Run 3 (FY20) 

starts Oct 7 and 
ends May 15

– Run 4 (FY21) 
6 mos g-2, 3 
mos Mu2e 
commissioning

• Running beyond FY21 contingent on how Mu2e schedule 
evolves and initial g-2 results

G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



The J-PARC approach

Injection of an ultra-cold, low-energy, muon beam into a small, but highly 
uniform magnet



What makes them different?
• Eliminate electric focusing removes b x E term

• à Do need ~zero PT to store muons
• à Not constrained to run at the “magic momentum” 
• Create “ultra-cold” muon source; accelerate, and inject 

into compact storage ring.
• Consequences are quite interesting …

– Smaller magnet; intrinsically more uniform
– Issues related to needed counts

• Aim for BNL level precision as an important check 

39
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Ultra-cold Muons
• Surface µ+

• Stop in Aerogel

• Diffuse Muonium (µ+e-) atoms 
into vacuum

• Ionize 
– 1S à 2Pàunbound

– Max Polarization 50%

• Accelerate
– E field, RFQ, linear structures

– P = 300 MeV/c

40



Ultra-cold Muons
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Detector system of silicon trackers

43

Expected data.  Note shorter lifetime at 
this momentum, and  lower asymmetry 
owing to polarization of sourceG. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017
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Conclusions

• Exciting times for the g-2 of electron and muons: long standing 

discrepancy of  >3 s for the (g-2)µ; new exciting discrepancy of 

>2s for (g-2)e. New Physics or Statistical fluctuations or some 

systematic flaw?

• New experiments are expected which should clarify the current 

situation.

l Muon g-2 experiment at Fermilab (E989) currently taking data. 

New result with BNL accuracy (O(500 ppb)) expected very soonà
140 ppb final goal.

l Muon g-2 at J-Parc (E34) aiming at BNL accuracy. Very important 

cross check especially if E989 will confirm the BNL result

l We look forward to more players (t, baryons,…) in this game !

Thanks



THE END
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Comparison

G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017



An “event” is an isolated positron above a threshold

e+
Digtizers

Events above threshold

Software threshold

54

Power 

supplies

PbF2
xtals



Team Reconstruction Analysis
CU (Cornell) East T,E
UW (Washington) West T,A
Europa (INFN+UK) West/Europa T,A
SJTU (Shangai) West T,E
BU (Boston) West T,R
Uky (Kentucky) Q Q

The wa analysis strategy

• 6 independent analysis groups using different Reconstruction 
algorythms and different Fit methods

• One method is completely different from all others (Q-method); 
it has a larger error à used as crosscheck

• 2 Independent Reconstruction algorythms developed (East, 
West); the Europa team contributes to both algos providing the 
SiPM gain functions 

G. Venanzoni, Workshop on EDM of unstable particles, Milan, 3 Oct 2019



• Simple (ideal) positron oscillation: 

• This simple fit is clearly not sufficient and typical resonances 
are observed in the residuals

The 60h dataset: 5-par fit

NOTE: blinding on wa!
muon lifetime: g=29.3

G. Venanzoni,  Matter To The Deepest, Chorzow, 5 Sept 2019



Injection / storage

57

Q1

Q2

Q4

Q3

Inflector Magnet

Kicker magnets

Focussing quadrupoles

μ+

7 cm

7.1 m

Collimators

K1
K2
K3

15-28 kV

x3 (40-55 kV)

cancels 1.45 T main field

radially centers beam

vertically focusses beam

Rfill~13Hz
Nµ/fill (TDR)~ 104

Nµ/sec(TDR)~ 1.3x105

Ne+ E>1.8 GeV/fill (TDR)~ 103

G. Venanzoni,  Matter To The Deepest, Chorzow, 5 Sept 2019



TDR Numbers

Chris Polly, Wayne State Colloquium, 8 
September 2016
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• 1.6 x 1011 good decay positrons (E>1.8GeV, t>30µs) for 22 BNL statistics (7x109) 
• Needs  1.5 x 108 fills (=7 months) 
à 3BNL/month; ~103 e+/fill;  104 µ/fill



Beam structure

• 16 fill in 1.4 sec à 12Hz fill rate
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