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“What do we mean when we say that we "understand"
something? We can imagine that this complicated
apparatus of moving things that we call "world" is similar
to a game of chess played by the gods, of which we are
spectators. We don't know the rules of the game; all we
are allowed is to watch the game.

Richard P. Feynman
Nobel Prize 1965G. Venanzoni, University of Witwatersrand, 23 June 2021

(freely translated from an Italian book) 

Of course, if we look long enough, we 
will eventually grasp a few basic rules. 
The rules of the game are what we call 
fundamental physics. "



Outline
• The g-factor and the muon anomaly aµ
• A little bit of history (the old Muon g-2 experiments)
• The Muon g-2 at Fermilab (E989)
• The J-PARC Muon g-2 experiment (E34)
• The MUone experiment at CERN

G. Venanzoni, Mainz School, 30  Aug  2021



Two ways to look for New Physics

• High Energy: increasingly
high-energy machines (LHC, 
ILC / Fcc) are designed and new 
high-mass "particles" are 
searched (direct observation). 
Large detectors and 
collaborations.

• High Intensity: through
precision measurements, new 
low-energy physics effects are 
sought (deviations from the 
theory). Small scale 
apparatuses and 
collaborations, very high 
statistics

LHC

g-2



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

The giromagnetic ratio g

• 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
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1947: Measurement of g of the electron

g = 2(1.00119± 0.00005);a = (g− 2)
2

= 0.00119± 0.00005

a= 0 according to Dirac  



1948: Triumph of quantum field theory (QED)

a = (g− 2)
2

=
α
2π

= 0.001161
g

e– e–
g* a>0; g>2
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At the end it’s all the Quantum Vacuum

• The vacuum is filled with pairs of
particles and antiparticles that exist
for a very short time and are
therefore called virtual.

• They produce tangible effects on
the physical phenomena we
observeà g ≠2

e+

e-

e-
e+

e+e-

e+

e-
e-

e+

c+c-

G. Venanzoni, seminar at NY City Tech, 19 May 2021



In the SM aµ can be computed very precisely!

QED Weak

Precisely known
Large uncertainty
(significant work going on)

Hadronic contribution

HLbLHLO

aµQED ~a/2p~ O(10-3)   aµWeak ~ O(10-9)     aµHAD ~ O(10-8) 
daµQED ~ 1.4x10-12 aµWeak ~ 2x10-11      daµHAD ~ 5x10-10
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but it can be also 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, wsG. Venanzoni, Mainz School, 30  Aug  2021



• 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

!" = $, &" = '



• 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

!" > $, &" > '

Spin Current experiments 
daµ < 1ppm



If aµ can be both measured and 
computed to high accuracy….
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It can reveal the deep structure of the 
quantum vacuum with its (known and 
unknown) particle content….

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

µ

14

?

e+
e-

e+
e-

e-e+

µ+µ- q+
q-q+q-
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q+q-
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W+

W-
W-W+

Z
-
Z
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µ

?

New Physics?



Let’s start with the history of the 
muon g-2 experiments
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The Muons

highest energy e± carry µ spin  information                                                                                  

– produced polarized in “forward”  direction 

– decay with information on where their spin was at the 
time of  decay 



Lee and Yang: the parity violation in the production 
and decay of the muon offer a way to measure the 
muon magnetic moment 

The rate of high energy decay electrons is time modulated by the precession of the 
magnetic moment with a frequency  which depends on g

q=angle between the spin 
direction of µ and e- momentum

B

µ

+

favoured

+

disfavoured

momentum
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History: the first measurement of gµ

• 1957: Garwin, Lederman, Weinrich at Nevis (Just after

Yang and Lee parity violation paper - confirmation)

18

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

19

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. 20

• 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>
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followed by 7 · 70 or 60 · 6
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4 · 6 · 60 · 5 · 7̄ · 7̄0
<latexit sha1_base64="eC6wXn+IPVjq9BPj3BuntkpSI0I="></latexit><latexit sha1_base64="lg8Q5NOyd80S0b0c1CDKvRPKawk="></latexit><latexit sha1_base64="lg8Q5NOyd80S0b0c1CDKvRPKawk="></latexit><latexit sha1_base64="Pslxyq9npqS4AOFpY8R0K0vM9Kw="></latexit>

Exiting µ

Top view of first magnet With 100 MeV/c muons
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B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 21

t(µs)

A(t)

• Limitations:

– not enough data (1 muon/second in analyzer)

– muon lifetime too short

sensitive to

(4300 ppm)

' 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>

CERN I, 1958-1962
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production 
target

~200 µ stored/fill

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 230     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. 24

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

Sensitive to: 

cyclotron 
frequency

Arrival time spectrum for Ee > 830 MeV
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• Longer muon lifetime (more wiggles) (higher momentum)
• More muons stored
• To decrease the uncertainty on          ,  since

• With gradients in the field, you have to know the muon 
trajectories very well to determine

• Find some other way besides magnetic gradients to keep 
the muons stored.

• What about using an electric quadrupole field to provide 
vertical focusing? B. Lee Roberts - Tau2018 – 27 September  

2018 - p. 26

�!a

!a
=

p
2

!aA�⌧µ
p
N
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To get better precision, a number of things needed:



A miracle happens here

27

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications
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A miracle happens here

28

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications

If we choose
then coefficient vanishes! The MAGIC momentum!

So we can worry less about the electric field (but still will need
corrections)
Had aμ been, say 100x smaller, would need p ~ 30 GeV/c
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B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 29

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
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B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 30

• Inject pions

• 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
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EXP

3rd Muon g-2 experiment at Cern



CERN III, 1969-1976.  7.3ppm in a.

32

- p. 32

Large systematic due to 
field at magnet edges



Setting the stage for Brookhaven E821

In 1984 QED was calculated to fourth order

Hadronic uncertainties were greatly reduced

Time for new experiment at Brookhaven AGS at sub ppm 

Improvements:

Much higher intensity

3 superconducting coils

Circular aperture

Inject muons into ring with 
inflector and kicker 

In-situ B measurements with 
NMR probes
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1984-2001: Measurement of aµ at BNL
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. 35/68

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

Pions

-π

p=3.1GeV/c

Experimental Technique

B
!

• 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



Waveform digitizer 
gives  t, E

Picture of a Lead-Scifi
Calorimeter from  E821
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The magnetic field is measured and controlled using 
pulsed NMR and the free-induction decay.

• wp= Larmor frequency of the free p
• We measure wa and wp independently
• Use l = µµ /µp as the 
�fundamental constant�

Blind 
analysis

wp

So which was the result for aµ?



µs

gtµ =  64.4 µs;                          
(g-2): ta = 4.37 µs;  
Cyclotron:  tC =  149 ns

gt

Ee ≥ 1.8 GeV

The arrival time spectrum of high-energy e-

Fitting this function gives wa. Together with the magnetic field one get aµ: 

What’s the Standard Model prediction? (0.5 ppm)



SM
th

eo
ry

~3.5 “standard deviations” 
with SM

Error dominated by 
experimental uncertainty!

Hint of new physics? 

(0.54 ppm!)

A factor 15 improvement 
in accuracy respect to 
CERN!

aµ
SM =116 591802± 49

aµ
SM =116 591802± 49 ×10−11 M. Davier et al. 2011

aµ
E821 − aµ

SM = (287±80)×10−11 (3.6σ )
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A possible break in the Standard Model?



B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 41

BNL Circa 1995



• 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

® daµx4 improvement (0.14ppm) 

The Muon g-2 experiment at FNAL (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

43
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Towards 140ppb
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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

ö
çç
è

æ

-
--= EaBa

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

45
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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

!" = !$ − !& =
= − '

() *+, − *+ −
1

./ − 1 1⃗×3 − *+
.

. + 1 1⃗ ⋅ , 1⃗

• 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

46
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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

"# = %&
'%(

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:

47

′

′

′
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Muon g-2 collaboration 

>200 collaborators
35 Institutions
7 countries 
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Three different communities to measure aµ

49
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June 2013: The ring leaves from BNL

50
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2013: The Big Move

51
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2013: The Big Move

52
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26 July 2013:...the ring arrives to FNAL

53
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FERMILAB
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Shimming tools for the Magnetic Field

• B Field 1.45T 
• 12 Yokes: C shaped flux returns
• 72 Poles: shape field 
• 864 Wedges: angle - quadrupole 

(QP))
• 24 Iron Top Hats: change 

effective mu 
• Edge Shims: QP, sextupole (SP)
• 8000 Surface iron foils: change 

effective mu locally 
• Surface coils: will add average 

field moments (360 deg)

56
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B Field shimmed at 3x finer uniformity than BNL

57
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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

58
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muons
APRIL 2017

Inflector

Kicker

RING

59

S

L
QUADS

59

24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring

FIELD

PRECESSION



Injection / storage

60

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
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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

61

Top view of 1 of 12 vacuum chambers 

800 MSPS Digitizers
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From a muon’s eyes

62
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The control room
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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
64
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E989 collected data

65

We have collected ~13 x BNL over the last 4 years:

I’m going to present the results today

Total statistics RUN1 =8.2B e+ ~1.2x BNL oneG. Venanzoni, Mainz School, 30  Aug  2021



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 

′
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!" Measurement

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

#$%&'/)[1 − - ./0(!"2 + 4)]

67

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
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The !" fit

CBO

• The wiggle plot is fitted 
with a decay exponential 
modulated by the 
precession frequency:

• The 5 parameters function 
presents peaks in the Fast 
Fourier Transform (FFT) of 
the  residuals due to beam 
dynamics effects 

• Increasing the number of 
corrections in order to 
remove peaks
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Structure in residual: Beam oscillation 

• Coherent Betatron Oscillations (CBO) sampled by each detector 
at one point around the ring

• Beating effects and additional radial and vertical frequencies

69
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Lost Muons
• Muon losses distort the exponential 

decay of the number of stored 
muons

• Muon Loss term :

! " = 1 − &'()
*

+
,
+-
. / "0 1"0

• / " measured from the detection of 
Minimum Ionizing Particles in the 
calorimeters
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The fit equation
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Muon Loss term Red = free parameters
Blue= fixed parameters 

wy, wvw vertical oscillations
wCBO, w2CBO,  radial oscillation

G. Venanzoni, Mainz School, 30  Aug  2021



Final Fit
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Fourier transform of residuals 

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

No unaccounted frequencies 

G. Venanzoni, Mainz School, 30  Aug  2021



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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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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Experiment theory comparison
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aµ: Unblinding

t [µs]

The collaboration met on 25 
February for the unblinding:
The sealed  envelopes were opened
The number was included in two 
independent programs
And the result was ...

Secret offset
76
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aµ: Unblinding meeting
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Result

3.3 s

3.7 s

4.2 s

1:40000 chance that the SM is correct!

G. Venanzoni, Mainz School, 30  Aug  2021



aµ: Unblinding
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434 ppb stat ⨁ 157 ppb syst error

G. Venanzoni,  BINP Seminar Novosibirsk, 9  April  2021



G. Venanzoni,  SIF, 16  Sett 2020AVG

Updated g-2 history (April 8 2021)

Muon G-2 FNAL data
Exp. Average
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4 articles published in PR journals
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What awaits us
TDR

• RUN1 is only 6% of the 
final dataset

• Analysis of  RUN2/3 
(expect an 
improvement of a 
factor ~2  in precision)

• RUN4 (November June 
2021) brought  the 
statistics  to ~13 BNL

• RUN5 in 2021-2022 
should allow to achieve 
the x20 BNL project goal

• RUN6 in 2022-2023 most 
likely with µ-

RUN1
RUN2

RUN3

RUN4

RUN5

xBNL
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The Muon g-2 Collaboration (Elba 2019)

83
G. Venanzoni, Mainz School, 30  Aug  2021



The J-PARC approach

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



The J-PARC approach

G. Venanzoni, Mainz School, 30  Aug  2021



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 
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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
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Ultra-cold Muons

G. Venanzoni, Mainz School, 30  Aug  2021
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Detector system of silicon trackers
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Detector system of silicon trackers
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Expected data.  Note shorter lifetime at 
this momentum, and  lower asymmetry 
owing to polarization of source
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Reference papers
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Status of MUonE experimental proposal
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Muon g-2: present status

• HVP is the main limitation 
to the improvement in 
precision to the SM 
evaluation aµ

• Recent evaluation(s) of HVP 
from lattice (BMW20) in 
tension with the e+e-

evaluation (WP20)

HLO (HVP)



aµHLO calculation, traditional way: time-like data 

Traditional way: based on precise 
experimental (time-like) data: 

aµ=(g-2)/2

K(s) = dx x2 (1− x)
x2 + (1− x)(s /m2 )0

1

∫ ~ 1
s

aµ
HLO =

1
4π 3 σ

e+e−→hadr
(s)K(s)ds

4mπ
2

∞

∫

• Main contribution in the low energy
region (highly fluctuating!)

• Current precision at 0.6%

aµHLO = (692.3±4.2)10-10  (DHMZ) 

R = σ had

σ µµ
0

G. Venanzoni, Mainz School, 30  Aug  2021

[C. Bouchiat, L. Michel,'61; N. Cabibbo, R. Gatto 61; L. Durand ‘62-’63; 
M. Gourdin, E. De Rafael, �69; S. Eidelman F. Jegerlehner 95, Davier
et al ’97, Hagiwara et al 2003,…]



aµHLO from space-like region

t =
x2mµ

2

x −1
0 ≤ −t < +∞

x = t
2mµ

2 (1− 1−
4mµ

2

t
); 0 ≤ x <1;

aµ
HLO = −

α
π

(1− x)
0

1

∫ Δαhad (−
x2

1− x
mµ
2 )dx

x

(1− x)Δαhad (−
x2

1− x
mµ
2 )

(t=0) (t=-¥)
0.92

• aµHLO is given by the integral of the
curve (smooth behaviour)

• It requires a measurement of the
hadronic contribution to the
effective electromagnetic
coupling in the space-like region
Dahad(t) (t=q2<0)

t=-0.11 GeV2

(~330 MeV) 

t=q2<0a(t)

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

[C.M. C. Calame et al, Phys. Lett. B  746 (2015) 325]



Extract Dahad(t) from process µe àµe using
150 GeV µ on beryllium target. The
measurement doesn’t rely on the precise
knowledge of the luminosity but on the shape
of the distribution (relative measurement)

t=q2<0
µ

e

µ

e

µ

e

target

α(t)
α0

2

=
1

1−Δα(t)

2

150 GeV

Experimental approach:

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



Statistical reach of MUonE on aµHLO

(2 years of data taking at 1.3 x107µ/s)
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Fit to pseudo-data (Padé)

pQCD + time-like data

pseudo-data

A 0.3% stat error can be achieved on aµHLO in 2 years of data taking
with ~107 µ/s (4x1014µ total)

aμHLO = 686.9 ± 2.3 × 10-10



SPARE

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



The experimental apparatus

× 40

5

Eµ = 160 GeV

Be Si Si Si

Beryllium target 1.5 cm thickness Tracking system: 3 pairs of silicon strip detectors

M2 muon beam at CERN

G. Venanzoni,  TI Meeting, KEK, 29 Jun 2021
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~1.5 cm 
Be Target 

State-of-art Silicon detectors
hit resolution ~20 μm

10 cm 

d μ 

e 

μ 

Expected angular resolution ~ 20 μm / 1m = 20 µrad
At the end ECAL and Muon Filter for PID 

~100 cm 

~100mrad 
acceptance

Single Unit



Tracking system
Requirements:
• Good resolution (~ 20 μm)
• High uniformity (ε ≳

99.99%)
• Capable to sustain high 

rate (50 MHz)
• Available technology (pilot 

run 2021)

Achievement: CMS 2S Module
• Thickness : 2 × 320 µm
• Pitch: 90 µm → σx = 26 µm
• Angular resolution: σθ ~ 30 

µrad
• Readout rate: 40 MHz
• Area: 10 cm × 10 cm

• Efficiency= 99.988 ± 0.008

109
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Systematics

1. Multiple scattering

2. Tracking (alignment & misreconstruction)

3. PID

4. Knowledge of muon momentum distribution

5. Background

6. Theoretical uncertainty on the mu-e cross 

section (see later)

7. …

110

All the systematic effects must be known to ensure an error on the 
cross section < 10ppm 

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



Last years progress

1. Multiple scattering studies (TB 2017)

2. Test beam at µ beamline (M2) at CERN in 2018

3. Baseline choice of Si detectors (CMS)

4. MC NLO studies

5. LoI at SPSC

6. Test RUN approved for 2021 (à2022)

7. Theory progress towards NNLO MC

111

-LoI https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf

G. Venanzoni,  TI Meeting, KEK, 29 Jun 2021



Location at CERN M2  
• Between BSM and COMPASS

Space available : 40 m upstream  COMPASS
112



Location at CERN M2  
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Test Run 2021 setup

A Test Run with a reduced detector has been approved by SPSC, to validate our
proposal.

• Pretracker +

• 2 MUonE stations +

• ECAL

Main goals:
●Confirm the system engineering.

●Monitor mechanical and thermal stability.

●Check the DAQ system.

●Extract Δalep(t).

10 cm

7

G. Venanzoni,  TI Meeting, KEK, 29 Jun 2021



Tracking station
(u, v) layer Target (Be or C)

Tilted
(x, y) layers

●(x, y) layers tilted by 233 mrad, to improve single hit resolution.
●Simulation studies show a resolution of ~10 µm.

●(u, v) layers to solve reconstruction ambiguities.

Low CTE mechanical structure: INVAR (alloy of 65%Fe, 35%Ni).

Relative position within a station must be stable at 10 µm.

11
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Tracking station

G. Venanzoni,  TI Meeting, KEK, 29 Jun 2021



Theory
• QED NLO MC generator with full mass dependence has been 

developed and is currently under use (Pavia group) 

• MC with approximate NNLO: MESMER (Pavia) and MCMule (PSI)

• Huge theoretical activity (“Theory for muon-electron scattering @ 10ppm”, 
P.Banerjee et al, Eur.Phys.J.C80(2020)591):  

• P. Mastrolia, M. Passera, A. Primo, U. Schubert, JHEP 1711 (2017) 198

S. Di Vita, S. Laporta, P. Mastrolia, A. Primo, U. Schubert, JHEP 1809 (2018) 016

M. Alacevich et al, JHEP 02 (2019) 155

M. Fael, JHEP 1902 (2019) 027

M. Fael, M. Passera, PRL 122 (2019) 192001

A. Masiero, P. Paradisi, M. Passera, PRD 102 (2020) 075013

P. Banerjee et al, EPJC 80 (2020) 591C

M. Carloni Calame, et al, JHEP 11 (2020) 028

P. Banerjee, T. Engel, A. Signer, Y. Ulrich, SciPost Phys 9 (2020) 02

R. Bonciani et al, arXiv:2106.13179

An unprecedented precision challenge for theory: a full NNLO MC 

generator for µ-e scattering (10-5 accuracy)

à International efforts!

G. Venanzoni,  EPS 2019 Ghent, 12 July 2019

https://doi.org/10.1140/epjc/s10052-020-8138-9
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Conclusion

• A +60years rich history of the muon g-2 experiments which allowed 

to test the SM at <0.5 ppm precision.

• An intriguing discrepancy is present. Possible a sign of new 

Physics?

• New (and current) experimental (and theory) initiatives ongoing at 

Fermilab (E989), JPARC (E34) and CERN (MUonE)

• In the next years we (probably) will know if the current discrepancy 

is a real sign of new physics or not

STAY TUNED!



References
• ”Storage Ring” Muon g-2 (Reviews, only a subset):

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

– F. Farley, Y. Semertzidis «The 47 years of muon g-2», Prog.Part.Nucl.Phys. 52 (2004) 1-83

– J. Miller, E. de Rafael, B. L. Roberts, D. Stockinger, «Muon (g-2): Experiment and Theory», 
Ann.Rev.Nucl.Part.Sci. 62 (2012) 237-264

– D. Hertzog, «Next Generation Muon g-2 experiments», EPJ Web Conf. 118 (2016) 01015 
e-Print: https://arxiv.org/abs/1512.00928

– B. L. Roberts «The History of the Muon (g-2) experiments», SciPost
Phys.Proc. 1 (2019) 032, https://arxiv.org/abs/1811.06974

• JPARC Muon g-2:
– M. Abe et al, «A New Approach for Measuring the Muon Anomalous Magnetic Moment 

and Electric Dipole Moment», PTEP 2019 (2019) 5, 053C02, 
https://arxiv.org/pdf/1901.03047.pdf

– Y. Sato «J-PARC muon g - 2/EDM experiment» JPS Conf. Proc., 011110 (2021)

• MUonE at CERN:
– C.M. C. Calame et al,  “A new approach to evaluate the leading hadronic corrections to 

the muon g-2”Phys. Lett. B  746 (2015) 325

– G. Abbiendi et al. “Measuring the leading hadronic contribution to the muon g-2 via μe 
scattering” , Eur.Phys.J.C 77 (2017) 3, 139

– MUonE LoI: https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf (2020)
– G. Abbiendi «Status of the MUoNE experiment», PoS ICHEP2020 (2021) 223, 

https://arxiv.org/abs/2012.07016

https://arxiv.org/abs/1811.06974
https://arxiv.org/pdf/1901.03047.pdf
https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf
https://arxiv.org/abs/2012.07016


Thanks!



B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 122

aE989
µ = ?
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(final goal)


