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Paolo and 
Juliet

• As many other colleagues I had the 
privilege to be in Frascati during the KLOE 
years, first as a student (in the 90s) and 
after as a researcher (in the 2000s). 

• I was deeply influenced by Paolo and Juliet: 
their passion for physics, enthusiasm, 
informal approach, scientific clearness and 
rigor were always an example and a guide. 

• As a co-spoke in g-2 I often think to them 
when I’m in front of a difficult decision: 
“What Paolo and Juliet would have done in 
this case?”

• I miss Paolo and Juliet very much and I’m 
sure  I would have been different without 
having meet them!



Paolo e Juliet “legacy”

• As many other colleagues I had the 
privilege to be in Frascati during the 
KLOE times, first as a student (in the 
90s) and after as a researcher (in the 
2000s). 

• I was deeply influenced by Juliet and 
Paolo: their passion for physics, 
enthusiam and  scientific rigor were 
always an example and a guide for me.

• As a cospokes in g-2 I often think to 
them when I’m in front of a difficult 
decision: “What Paolo or Juliet would 
have done in this case?”

• I can certainly say that without them I 
would have missed an important 
aspect of my scientific aspect, and 
probably been very different (and 
probably worse)

(from Gino’s contribution to 
DIF06 proceedings)



Paolo, Juliet and g-2

• Paolo and Juliet were particularly interesting to g-2 and 
sigma(had).  

• During the years I had almost continuos interactions with 
them. Often in my office (sorry Erika!) but sometimes in 
theirs. 

• Their contribution/criticism/advice was always very 
constructive and helpful.

• Juliet was a referee of all the ISR memo’s and Paolo strongly 
edited the physics (PLB) papers.

• When in 2009 I decided to embark in the g-2 adventure 
they gave me a strong encourage and support.

• In the last years of my activity at LNF (~2015/16) I met often 
Paolo and discuss with him the g-2 physics and experiment. 
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Paolo and Juliet and g-2



Paolo and Juliet and the born of ISR…
• The g-2 physics through the measurement of sigma(had)  was part of the KLOE program
• However DAFNE was not optimized for an energy scan…

1991

Workhop at KA 1996
KLOE Workshop at Karlsruhe 1996



Then (~1998/99) came the idea of ISR…



ISR@Karlsruhe (1999-2000s)
• I was lucky to be in Karlsruhe from 1999-2000 (as EURODAFNEpostdoc) working on ISR at KLOE

Wolfgang Kluge Achim Denig

Hans Kuhn

Stefan Mueller

Fred Jegerlehner 
(Berlin)

Barbara Valeriani Paolo Beltrame 
(Jesuit now)

• Also important for ISR were the contributions of S. Spagnolo (Lecce), F. Nguyen 
(Roma 3), M. Incagli, S. Di Falco (Pisa), and H. Czyz and G. Rodrigo on theory…and  
many other (experimental and theory) colleagues joined later

Debora Leone



e+e- à p+p- data

T. Aoyama et al, Phys.Rept. 887 (2020)



• A charge particle in a plane orbit has angular momentum L
and magnetic moment µ

The Muon g-2

• The ratio µ/(q/2m)L is called giromagnetic ratio g. Classically g=1

• For an elementary particle of Spin = 1/2 (e-, µ) the eq. Dirac's
predicts g = 2

• The magnetic anomaly is defined as a = (g-2)/2. g=2 à a=0
according to Dirac


µ =

e
2m

σ ≡ gµB


S;

S =

σ 2, g = 2



In the SM aµ = (g-2)/2 can be computed very precisely!

QED Weak

Precisely known
Large uncertainty
(significant work going on)

Hadronic contribution

HLbLHLO

aµ
QED ~a/2p~ O(10-3)   aµ

Weak ~ O(10-9)     aµ
HAD ~ O(10-8) 

daµ
QED ~ 1.4x10-12 aµ

Weak ~ 2x10-11      daµ
HAD ~ 5x10-10

T. Aoyama et al. Phys.Rept. 887 (2020)



However: aµHLO

• Uncertainty SM dominated
by  HVP (HLO) contribution

• Two approaches:
• Dispersive  (e+e-)
• Lattice

• FNAL measurment is 4.2 s from 
SM prediction based on e+e-

• However using lattice: BMW20
• 1.5 s tra exp e SM

• Hot topic and intensive work 
going on!

• MUonE experimental
proposal at CERN!

Rome Group

2.6%

0.8%

0.6%

The Muon g-2 Theory Initiative has recently submitted a contribution to 2022
Snowmass Summer Study (https://arxiv.org/pdf/2203.15810.pdf) where they
expect a main update in 2023. New results from the two different
approaches (lattice and data-driven aμ

HLO) are expected by 2025, possibly with
with reduced error

https://arxiv.org/pdf/2203.15810.pdf


aµ = (g-2)/2 can also be measured very precisely…

• A charged particle with spin put in a magnetic field
(uniform) rotates in a circular orbit with angular
frequency (called cyclotron):

• The presence of the magnetic field acts on the spin
by rotating it around the field direction (precession
frequency of the spin)

ωc =
qB
m

ωs = g
qB
2m

Ciclotron orbit, wc

Spin precession, ws



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

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

ωa =ωs −ωc = a
eB
m

How to measure the muon anomaly?

Momentum

Spin

𝒈𝝁 = 𝟐, 𝒂𝝁 = 𝟎



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

• If g>2 (a>0) spin advances respect to the momentum

ωa =ωs −ωc = a
eB
m

How to measure the muon anomaly?

Momentum

𝒈𝝁 > 𝟐, 𝒂𝝁 > 𝟎

Spin Current experiments 
daµ < 1ppm



A (brief) history of the muon g-2 
experiments



History: the first measurement of gµ
• 1957: Garwin, Lederman, Weinrich at Nevis (Just after

Yang and Lee parity violation paper - confirmation)
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muons behave
like electrons

Direct measurement of g -- asym vs field

5% uncertainty

Fit to

85 MeV p+, µ+

degrader to stop 
p+ before C target

e+ detector 
counters

e+ detector 
counters



The CERN muon g-2 
experiments (1960-1979)

18

F. Farley, E. Picasso The Muon (g−2) Experiments at CERN
Ann.Rev.Nucl.Part.Sci. 29 (1979) 243-282

They measure aµ since 
the measure the spin 
relative to the 
momentum



CERN I, 1958-1962

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 19

• Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small gradient 
– particles drift in circular orbits to the other end: 7.5 µs = 1600 turns

• Extract muons with a large gradient into a polarization monitor where they 
stopped

• Time in the magnetic field was measured by counters
• Measure the time dependent forward-backward decay asymmetry

1 · 2 · 3
<latexit sha1_base64="mwmeuG6V0uwcapGPatAuI/HZsJg="></latexit><latexit sha1_base64="9DopySXdWXbkk4IMISCPItqY//w="></latexit><latexit sha1_base64="9DopySXdWXbkk4IMISCPItqY//w="></latexit><latexit sha1_base64="ltvf78bLCsZZyrIBI34CvxUlB7c="></latexit>

1

3

2
4
6
6’
5
T

7
7’

Be

Incident µ
followed by 7 · 70 or 60 · 6

<latexit sha1_base64="+Cz+4ihBwJOC6ETbIdET3KO15RQ="></latexit><latexit sha1_base64="qVBlln0fh12YUCAsNv+JMmaLJmY="></latexit><latexit sha1_base64="qVBlln0fh12YUCAsNv+JMmaLJmY="></latexit><latexit sha1_base64="E1yR6GQBXnK2I8ypS7U8YQGfZ28="></latexit>

4 · 6 · 60 · 5 · 7̄ · 7̄0
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Exiting µ

Top view of first magnet With 100 MeV/c muons



𝑎µ(expt) = 0.001162(5)
𝑎µ(theory) = 0.001165
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QED, second order
𝑎! ≈ 0.5

𝛼
𝜋

+ 0.766
𝛼
𝜋

"

' 103 µ+ recorded
<latexit sha1_base64="rEbj5f6+uK2E4tjam1kFxv7bgJE="></latexit><latexit sha1_base64="8Tyd4Yn+eiXIO+SIhqlbHaPM8a0="></latexit><latexit sha1_base64="8Tyd4Yn+eiXIO+SIhqlbHaPM8a0="></latexit><latexit sha1_base64="1ksbhT5Oq3Sc6fWlvhl1UkXYiXU="></latexit>

https://link.springer.com/book/10.1007/978-3-319-63577-4

CERN I, 1958-1962

(4300 ppm)

https://link.springer.com/book/10.1007/978-3-319-63577-4


production 
target

~200 µ stored/fill

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 210     1m    2m

→ e which are detected

polarization 26%

CERN II, 1962-1968:
The First Storage Ring (proton beam)

p production target inside
Top view of the second magnet



10.5 
GeV/c
Proton 
beam

production 
target

Background flash in 
the counters was 
horrendous! 

~200 µ stored/fill

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 22

• Go to pµ = 1.27 GeV/c, gµ = 12; gt = 27 µs; 
• Used a weak-focusing magnetic storage ring; Bz = 1.71 T

• p + N

0     1m    2m

→ p → µ which are stored → e which are detected

polarization 26%



𝑎µ(expt) = 0.00116616(31)
𝑎µ(theory) = 0.00116587(3)
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QED, third order

𝑎" ≈ 0.5
𝛼
𝜋 + 0.766

𝛼
𝜋

#
+ 24.050

𝛼
𝜋

$

CERN II, 1962-1968

https://link.springer.com/book/10.1007/978-3-319-63577-4

(266 ppm)

https://link.springer.com/book/10.1007/978-3-319-63577-4


B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 24

40 separate 
magnets

p beam

Electric 
quadrupoles

Still have 
pion flash 
at 
injection!

Not as bad 
as for 
CERN2

CERN III, 1969-1976
The third magnet, second storage ring. Pion 
injection, E-field focusing, Magic momentum



B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 25

• Inject pions at 3.2 GeV 
• Use p !"µ decay to kick muons onto stable orbits

40 separate 
magnets

p beam

Electric 
quadrupoles

Still have 
pion flash 
at 
injection!

Not as bad 
as for 
CERN2

CERN III, 1969-1976
Muon lifetime dilates to 64 μs



EXP

3rd Muon g-2 experiment at Cern



𝑎µ(expt) = 0.001165924(9)
𝑎µ(theory) = 0.001165921(13)
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HVP (hadronic 
vacuum 
polarization)

https://link.springer.com/book/10.1007/978-3-319-63577-4

CERN III, 1969-1976

(7.3 ppm)

aµ
HAD ~ 700-10 (~60 ppm) 

https://link.springer.com/book/10.1007/978-3-319-63577-4


1984-2001: Measurement of aµ at BNL (E821)
The measurement of the g-2 of the muon has been repeated with x15
better accuracy at Brookhaven National Laboratory (USA)



B. L.  Roberts,  Fermilab , 3 September 2008 - p. 29/68

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

Pions

-π

p=3.1GeV/c

E821 Experimental Technique

!
!

• Muon polarization

R=711.2cm
d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm
b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

25ns bunch of       
≥ 1 X 1012
protons

•injection & kicking
•Muon storage ring

• focus with  Electric Quadrupoles

•24 electron calorimeters



𝑎µ(expt) = 0.00116592089(63)
𝑎µ(theory) = 0.00116591820(73)
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EW

E821, 1984-2001

Hadronic light-by-light

https://link.springer.com/book/10.1007/978-3-319-63577-4

aµ
EW ~ 15.3-10 (~1.3 ppm) aµ

HLbL ~ 9.2-10 (~0.8 ppm) 

(0.54 ppm)
~3s btw TH and EXP!

(HMNT 03)

(2006)

https://link.springer.com/book/10.1007/978-3-319-63577-4


Summary of g-2 theory and measurements (2020) 

aµ=(g-2)/2 =Muon (magnetic) anomaly

THEORY EXPERIMENT

CERN III

BNL

THEORY
“Consolidation”

31
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Fermilab Muon g-2 Storage Ring (2009- present)



4 key elements for E989 at FNAL

• Consolidated method (same ring of the BNL experiment)
• More muons (x20)
• improved beam and detector à Reduced systematics 
• New crew à new ideas

• E821 at Brookhaven

• E989 at Fermilab

0.07waÅ 0.07wp

0.2waÅ 0.17wp
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1) Polarized muons

2) Precession proportional to (g-2) 

3) Pµ magic momentum = 3.09 GeV/c

4) Decay e+ emitted preferably in  spin 
direction of the muon

n  p+ µ+

µ

ú
û

ù
ê
ë

é
´÷÷

ø
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çç
è
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mc
e

a
!!!! b

g
w µµ 1

1
2

µ
++ nn®µ ee

2
2a spin cyclotron
g eB

mc
-æ öw =w -w = ç ÷

è ø
measure

wa

aµ=(g-2)/2

~97% polarized for forward decay

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

2
2a spin cyclotron
g eB

mc
-æ öw =w -w = ç ÷

è ø
Measure 2 quantities

Key ingredients
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𝑆



However there are beam dynamics effects

• The muon beam oscillates and 
breathes  as a whole

• The full equation is more complex and 
corrections due to radial (x) and 
vertical (y) beam motion are needed

𝜔6 = 𝜔7 −𝜔8=

= −
𝑒
𝑚𝑐

𝑎9𝐵 − 𝑎9 −
1

𝛾: − 1
𝛽×𝐸 − 𝑎9

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

• Running at gmagic=29.3 (p=3.094 GeV/c) this 
coefficient is null

• Because of momentum spread (<0.2%)à
E-field Correction 

• Vertical beam 
oscillation à
Pitch correction
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Extracting aµ(simplified)

aµ =
!a

!p

µp

µe

mµ

me

ge
2⇠

External (precise) data

′

′

=Proton Larmor precession frequency weighted for 
the muon distribution

𝑅! =
𝜔"
$𝜔#

ratio of muon to proton precession 
in the same magnetic dipole field

By expressing B in terms of the precession frequency wp
’ of a 

proton shielded in a spherical water sample:

36
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Muon g-2 collaboration 

>200 collaborators
35 Institutions
7 countries 



Three different communities to measure aµ

38
G. Venanzoni, Mainz School, 30  Aug  2021



June 2013: The ring leaves from BNL

39



26 July 2013:...the ring arrives to FNAL

40



41



Creating the Muon 
Beam for g-2

• 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

42



muons
APRIL 2017

Inflector

Kicker

RING

43

S

L
QUADS

43

24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring

FIELD

PRECESSION



Measuring the magnetic field

• 378 Fixed probes monitor field 24/7

• 17-probe NMR trolley maps  the 
magnetic field over the muon storage 
region
– Trolley runs every 2-3 days

• Free induction decay signal of the 
probes digitized and analyzed to 
extract a precession frequency 

44
G. Venanzoni, Mainz School, 30  Aug  2021



E989 collected data

45

We have collected ~16 x BNL over the last 4 years:

I’m going to present the results today

Total statistics RUN1 =8.2B e+ ~1.2x BNL one



A blinded analysis
• The analysis is twofold blinded: 

• Clock frequency blinding (HW)
• Unknow offset in the analysis of 

ωa (Software)
• The HW blinding factor is known 

only to two people outside the 
collaboration and revealed at the 
completion of the analysis

blinding the clock in 2018
46



RUN1: analysis structure

• Multiple analysis groups with different 
methodologies:
– Six groups analyse wa with 2 different energy and 

time reconstructions and 4 different analysis 
methods

– Two groups for the analysis of wp + one group for 
calibration

– Different groups for beam dynamics corrections 

′



𝜔! Measurement

• The number of positrons is modulated by the 
anomalous precession frequency

𝑁#𝑒$%/'[1 − 𝐴 𝑐𝑜𝑠(𝜔(𝑡 + 𝜙)]
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Blue arrow=spin
Red arrow= momentum

Pµ

E and t are the measured observables.

• 4 different analysis methods:
– T: simple energy threshold  >1.7 GeV
– A: asymmetry weighted  with 

threshold >1.1 GeV
– R: ratio method
– Q: No clustering: total energy above 

minimal threshold

• A-method used to provide wa



The fit equation
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Muon Loss term Red = free parameters
Blue= fixed parameters 

wy, wvw vertical oscillations
wCBO, w2CBO,  radial oscillation



Final Fit
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Fourier transform of residuals 

R(blinded) = (1 + ωblind ∕ ωref ) [ppm] 

No unaccounted frequencies 



Measuring the magnetic field

• 378 Fixed probes monitor field 24/7

• 17-probe NMR trolley maps  the 
magnetic field over the muon storage 
region
– Trolley runs every 2-3 days

• Free induction decay signal of the 
probes digitized and analyzed to 
extract a precession frequency 
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Result

3.3 s

3.7 s

4.2 s

Th. Initiative WP20

FNAL+BNL



Are we seeing something new ?

g(expt) 2.00233184g(expt) 2.002331840g(expt) 2.00233184080
B

µ
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?

e+

e-

e+

e-
e-

e+

µ+µ- q+

q-q+q-

q+

q-
q-

q+

q+q-
W+

W-W+W-

W+

W-
W-W+

Z
-
Z

c+

c-c+c-

c+

c-

c+c-

µ

?

New Physics?



What awaits us
TDR

• RUN1 is only 6% of the 
final dataset

• Analysis of  RUN2/3 
ongoing. Results 
expected by early 2023 
(~230 ppb 
uncertainty).

• RUN5 ongoing should 
allow to achieve the 
x20 BNL project goal

• RUN6 in 2022-2023 
planned with µ-

RUN1
RUN2

RUN3

RUN4

RUN5

xBNL
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The J-PARC approach

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



A third way for HVP…MUonE at CERN

Alternative measurement of HVP for aµ

Test RUN 2022/23

-C. M. Carloni Calame et al  PLB 746 (2015) 325
-G. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139
-LoI https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf



Thanks!

Paolo’s presentation in 2001

Conclusions (with Paolo’s words)

(4.2 s (e+e-))

(also HVP!)

~2



Thanks!

2nd KLOE Physics Workshop
Otranto, 10th-12th June 2002



The Muon g-2 Collaboration (Elba 2019)
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Muon g-2 @ Fermilab
Muon g-2 @ J-Park 

MUonE @ CERN
Theory Initiative

Stay tuned!



aµ: Unblinding

61

434 ppb stat ⨁ 157 ppb syst error
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Result

3.3 s

3.7 s

4.2 s

1:40000 chance that the SM is correct!



Detector systems

• Calorimeters: fast PbF2 crystal arrays
with SiPM readout à greatly reduce
pileup

• State of the art laser calibration system
• WFD electronics à greatly reduced

energy threshold
• Two straw tube trackers to precisely

monitor properties of stored muons

63

Top view of 1 of 12 vacuum chambers 

800 MSPS Digitizers



Extracting aµ(more realistic)

Corrections due to beam dynamics

Corrections due to transient magnetic fields

′

What me measure

64

External inputs (known at 24 ppb)


