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ll magnetismo del muone apre su nuova fisica 
oltre il Modello Standard.


Il contributo di Trieste ai recenti risultati di 
“Muon g-2”.


G. Cantatore - Università e INFN Trieste

Collaborazione “Muon g-2”
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What are muons?

Fundamental building blocks of 
the Standard Model • Similar to electrons

– Same charge
– Same spin properties

• Important differences
– 200x more massive
– Unstable, live ~2 millionths of 

a second before they decay

+ +

+
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• Because of their spin & charge, 
muon’s act like little bar magnets 
and have a magnetic moment, µ

• Like a bar magnet, they feel a torque 
when placed in a magnetic field

• That torque causes the muon spin to 
precess around the magnetic field at 
a rate that increases or decreases 
depending on the strength of µ & B

B

Muon g-2 measures the muon’s magnetic moment
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• The strength of the magnetic moment can 
be written in terms of fundamental constants 
and an overall coefficient called the g-factor

The g-factor 

• g = 1
– This was the classical expectation around 1900

• g = 2
– Folding in relativitistic quantum mechanics, the expectation was 

shown to be 2 by Thomas and predicted by Dirac’s wave equation
• As you can guess from the experiment name, Muon g-2, there is 

more to the story...
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The anomalous magnetic moment, aµ

e+
e-π-

π+

e+e-

?
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e+e-

• Particles are never truly alone, constantly surrounded by an 
entourage of other particles blinking in and out of existence

• What particles?  All of them!  

• The anomalous magnetic 
moment, aµ, is the interesting part

aµ(SM) = 0.00116591810(43) 

368 parts per billion (ppb)
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Dark matter! SUSY! Monsters yet to  
be imagined!

B

New physics search Image Credits: Derek Leinweber

• Measuring the precession tells us 
the muon magnetic moment 

• The high precision allows us to 
‘see’ if new particles or forces are 
contributing to the anomaly!
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/
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A hint of new physics
• aµ last measured 20 years ago at Brookhaven National Lab (BNL) 

where an interesting 2.7σ hint of new physics was discovered
– Has grown to 3.7σ with improvements in theory

• The difference has intrigued physicists for years
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EXP

G-2 muon experiment at Brookhaven (2000’s)
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24 Calorimeter stations located all 
around the ring

NMR probes and electronics located all 
around the ring

FIELD
PRECESSION
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Why use a storage ring?

• We store bunches of ~10000 
muons every tenth of a second that 
are nearly 100% polarized 

• The rate that the muon spin 
rotates, ωs, with respect to the 
cyclotron frequency, ωc, is given by 

g = 2

g > 2

• If g = 2 exactly, the spin and momentum vectors 
would remain locked together ! ωa = 0
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Why use a storage ring?
• Parity violation in muon decay ! high 

energy decay positrons are 
preferentially emitted in the muon spin 
direction 

• Measure the energy spectrum with 
detectors around the inside of the ring

e
+

PbF2 xtals



Chris Polly | Muon g-2 Announcement4/7/202116

Why use a storage ring?
• Parity violation in muon decay ! high 

energy decay positrons are 
preferentially emitted in the muon spin 
direction 

• Measure the energy spectrum with 
detectors around the inside of the ring

• By observing the rate the energy 
spectrum fluctuates up and down, we 
measure ωa ! aµ directly

• 800x more sensitive than an expt at rest, which 
measures g!

“g-2 wiggle plot”
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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
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aµ=(g-2)/2

~95% polarized for forward decay

Key ingredients

G. Venanzoni,  CERN Seminar, 8  April  2021
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G. Venanzoni for the New Muon (g-2) Collaboration –EPS15, 24 July 2015

aµ=(g-2)/2

~95% polarized for forward decay
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aµ=(g-2)/2

~97% polarized for forward decay

E field doesn’t affect muon spin when g = 29.3
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G. Venanzoni,  CERN Seminar, 8  April  2021
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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 ,⃗×. − '&
*

* + 1 ,⃗ ⋅ ( ,⃗

• 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

We will come back to these corrections in the following16



Extracting aµ(simplified)
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=Proton Larmor precession frequency weighted for 
the muon distribution
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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:

G. Venanzoni,  CERN Seminar, 8  April  2021
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Extracting aµ(simplified)
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wp=proton precession frequency M=muon spatial (and time) distribution

wa=muon spin precession  respect to 
momentum  (in B field)
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But wait, there’s more...

(1 + Ce + Cp + Cml + Cpa)

(1 + BQT + BEddy)

fclock

ffield

Field transients

E-field & pitch
corrections

Muon loss & phase 
acceptance corrections

Field calibration

• Every one of these terms has been studied 
in extraordinary detail.  How much?
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The analysis is performed ‘blind’

(1 + Ce + Cp + Cml + Cpa)

(1 + BQT + BEddy)

fclock

ffield

• fclock is the frequency that our clock ticks
– Precision timepiece, stable at ppt level

• Throughout the entire analysis the clock 
frequency is kept secret from all collaborators
– Joe Lykken and Greg Bock (FNAL Directorate) 

stop in each week to check on the clock
– Secret envelopes kept until physics analysis is 

complete and ready to be revealed (Feb 25)
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Il contributo INFN in pillole

Responsabilità principali del gruppo Italiano INFN 
in Muon g-2


• il sistema di calibrazione laser: progetto, 
costruzione e operazione (*)


• analisi dati Run 1 e seguenti 

- Contributo INFN Trieste/Udine


‣ “PiTs frame”  - primo prototipo del sistema di diffusione dei 
calorimetri “PiTs frame” (**)


‣ “Source Monitor” ⇒ calibrazione assoluta degli impulsi laser (*)


‣ “Local Monitor” ⇒ controllo di stabilità della distribuzione (*)

(*) https://doi.org/10.1088/1748-0221/14/11/P11025 
(**) https://doi.org/10.1088/1748-0221/15/09/P09014

⇒ prossimo seminario…

https://doi.org/10.1088/1748-0221/14/11/P11025
https://doi.org/10.1088/1748-0221/15/09/P09014
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“Estratto” del gruppo INFN
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Giovanni Cantatore

Diego Cauz
Giovanni Pauletta

Marin Karuza Lorenzo Santi

Anna Driutti

Il Gruppo INFN Trieste/Udine
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Il sistema di calibrazione laser

Il sistema di calibrazione laser è un componente molto importante di Muon g-2, era 
praticamente assente nell’esperimento precursore al Brookhaven National Laboratory (BNL)


Il principio è del sistema è semplice

• impulsi laser di ampiezza calibrata con un “source monitor” che integra una sorgente di 241Am per 

avere un riferimento assoluto

• gli impulsi vengono distribuiti ai cristalli dei calorimetri da una rete di fibre ottiche monitorate da 

un “local monitor”

• gli impulsi laser illuminano i cristalli attraverso un “diffusore” secondo varie modalità permettendo 

di correggere le variazioni del guadagno dei SiPM dei calorimetri

124 STATISTICAL AND SYSTEMATIC ERRORS FOR E989

5.2 !a systematic uncertainty summary

Our plan of data taking and hardware changes addresses the largest systematic uncertainties
and aims to keep the total combined uncertainty below 70 ppb. Experience shows that many
of the “known” systematic uncertainties can be addressed in advance and minimized, while
other more subtle uncertainties appear only when the data is being analyzed. Because we
have devised a method to take more complete and complementary data sets, we anticipate the
availability of more tools to diagnose such mysteries should they arise. Table 5.2 summarizes
this section.

Table 5.2: The largest systematic uncertainties for the final E821 !a analysis and proposed
upgrade actions and projected future uncertainties for data analyzed using the T method.
The relevant Chapters and Sections are given where specific topics are discussed in detail.
Category E821 E989 Improvement Plans Goal Chapter &

[ppb] [ppb] Section
Gain changes 120 Better laser calibration

low-energy threshold 20 16.3.1
Pileup 80 Low-energy samples recorded

calorimeter segmentation 40 16.3.2
Lost muons 90 Better collimation in ring 20 13.10
CBO 70 Higher n value (frequency)

Better match of beamline to ring < 30 13.9
E and pitch 50 Improved tracker

Precise storage ring simulations 30 4.4
Total 180 Quadrature sum 70

5.3 !p systematic uncertainty summary

The magnetic field is mapped by use of NMR probes. A detailed discussion is found in Chap-
ter 15. In Table 5.3 we provide a compact summary of the expected systematic uncertainties
in E989 in comparison with the final achieved systematic uncertainties in E821. The main
concepts of how the improvements will be made are indicated, but the reader is referred to
the identified text sections for the details.

Esperimento

precursore a BNL (2001) Muon g-2 a FNAL

dal “TDR” di Muon g-2
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Specifiche e soluzioni adottate

Specifiche principali

• monitoraggio e calibrazione continua dei calorimetri al livello dello 

0.04% sulla scala dei tempi di un singolo “fill” di muoni (700 μs)

• monitoraggio e correzione del guadagno su un intero run (diverse 

ore di misura) al livello <10-3

• sincronizzazione di calorimetri, contatore integrale del fascio (“T0 

counter”) e monitor di posizione del fascio (“Fiber Harps”)

Soluzioni adottate


• impulsi laser inviati simultaneamente ai 54x24=1296 cristalli dei 
calorimetri


• distribuzione su rete di fibre ottiche multimodo

• monitoraggio degli impulsi e della rete di distribuzione

• elettronica dedicata di controllo e temporizzazione
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Schema del sistema laser

2019 JINST 14 P11025

system, 4.2. Section 5 describes the system performance in di�erent laser operation modes:
standard operation mode, 5.1, double-pulse gain calibration, 5.2, absolute energy calibration, 5.3,
and flight simulator mode, 5.4.

2 The laser distribution system

The E989 experiment requires a continuous monitoring and calibration of the calorimeters photo-
detectors at the 0.04% level on the short timescale of a single beam fill (700 µs). Monitoring and
correction of the gain over the longer term of an entire run (several hours) below the per mille level
is also required. This is a challenge for the design of the calibration system because the desired
precision is at least one order of magnitude higher than that of all other existing or past calibration
systems for calorimetry in particle physics [11–13]. The proposed solution, whose scheme is
sketched in figure 1, is based on the method of sending simultaneous light calibration pulses onto
each of the 1296 crystals of the electromagnetic calorimeter. Light pulses must be stable in intensity
and timing in order to correct drifts in the response of the crystal readout devices. The stability of
the laser intensity is monitored with a suitable photo-detector system.

Figure 1. Schematic of the laser distribution system. For clarity each laser box indicates both the Laser
Head and the optical setup to split the laser beam in four part to be sent to 4 calorimeters. Also for clarity
the links that exist between each Laser Head and its Source Monitor and between each Di�user and its Local
Monitor are shown only for one SM and LM respectively.

The filling of the muon ring by the Fermilab beamline occurs with a particular time sequence
(see figure 11), where the main clock cycle has a period of 1.4 seconds. At each cycle 2 groups of 8
bunches each are sent to the storage ring with a frequency of 100 Hz. Each bunch is observed in the
ring for approximately 700 µs fill time, corresponding to roughly 11 muon lifetimes. Laser calibra-
tion pulses can be sent, according to a strategy, described in section 5.1 and illustrated in figure 11,
before or after each fill (called Out-of-Fill Pulses, OoFP) or inside a fill (called In-Fill Pulses, IFP).

– 3 –
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Sottosistemi

Teste laser

• generano impulsi a 405 nm controllabili da un trigger 


Diffusori

• distribuiscono uniformemente la luce su ogni singolo cristallo dei calorimetri


Source Monitor

• confronta l’ampiezza degli impulsi laser con il segnale di riferimento di una 

sorgente radioattiva per correggere le fluttuazioni di ampiezza

Local Monitor


• controlla la stabilità del sistema di distribuzione usando il riferimento del SM

Elettronica


• si interfaccia con il trigger del fascio e pilota gli impulsi laser

• acquisisce localmente i segnali del sistema laser
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Banco ottico e “Laser Hut”

Banco ottico


“Laser Hut”

2019 JINST 14 P11025

As the laser calibration pulses must arrive simultaneously to all the channels located in 24
calorimeters around the 14-meters diameter Fermilab muon storage ring, we chose to put most of
the laser apparatus in a dedicated room, the Laser Hut, located inside the g�2 experiment hall. It is a 4
by 4-meters wide, light-tight, acoustically isolated and thermally controlled room, from where laser
calibration pulses are sent to calorimeters through multimode optical fibers. Additional laser signals
for timing/calibration purposes are also sent from the Laser Hut to two other g�2 detectors called T0
and Fiber Harps. All monitor signals of the laser power are recorded only inside the Laser Hut, thus
avoiding any electric contamination from signals coming from other detectors. The crucial elements
for the realization of this system are: 1) the light source; 2) the distribution system that distributes
the light to the calorimeters with adequate intensity and homogeneity, and 3) the monitoring system.
The light wavelength must be in the range of the calorimeter photo-detector sensitivity and the light
source must have an adequate power to deliver an appropriate amount of light to all crystals.

Figure 2. Picture overviewing the optical table. On the right side are the laser heads, partially hidden by the
Source Monitors (silver aluminum boxes). The laser beams are then attenuated by 6 motorized filter wheels
(black aluminum). In the center the optical elements used to split each laser beam in four parts, each one
injecting a launching fiber (yellow cables). On the far right, the rack with the Local Monitor boxes, with the
reference signals coming from the Source Monitors through optical fibers (blue cable). On the far left the
orange plastic tubes guiding launching and monitoring optical fibers to the 24 calorimeters. Zoom in for a
more detailed view of the components.

Given these requirements, the chosen setup is the following (see scheme in figure 1, and picture
in figure 2). Laser calibration pulses for the 24 calorimeters are generated by 6 identical laser
diode heads (Picoquant, mod. LDH-P-C-405M), 700 pJ/pulse, 600 ps (FWHM) duration, each one
serving 4 calorimeters. This has been a somewhat conservative choice, as the laser power available
exceeds what is actually required by over a factor 4, but it allows special calibration modes, i.e. the
double pulse mode (see section 2.3 and 5.2), and recovery, in case of failure of one or more laser
heads. The laser heads are driven by a multi-head controller (Picoquant, mod. PDL 828 “Sepia II”)
and can be separately triggered. The power of each laser head can be varied either in discrete steps

– 4 –
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Sorgente Laser

4x 
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6x

Controllore triggerabile delle 
teste laser (Picoquant Sepia PDL 
828)


Testa laser impulsata, 700 pJ/
impulso, 600 ps (FWHM)
(Picoquant, mod. LDH-P-C-405M)


Ruota portafiltri motorizzata 
(Thorlabs, mod. FW212CWNEB)


4 fibre ottiche ”di lancio” da 25 
m, in silicio, diametro 400 µm 
(Polymicro, mod. FDP400440480)


Splitter 70:30

al Source Monitor
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Diffusore

Il diffusore, uno per ciascuno dei 24 calorimetri, 
ha il compito di raccogliere la luce dalla fibra di 
lancio e di illuminare uniformemente i 54 cristalli 
del rivelatore

Due soluzioni


• griglia di specchi e beamsplitter - “PiTs frame”

• fascio di fibre e griglia di prismi


Adottata la seconda per semplicità costruttiva
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Diffusore - il “PiTs frame”
Primo prototipo di diffusore, detto “Pisa-
Trieste frame” 


• montato su una cornice sottile (2 cm)

• la fibra di lancio illumina una colonna 

di beamsplitter a riflettività crescente

• i fasci riflessi illuminano una griglia di 

beamsplitter rettangolari, pure di 
riflettività crescente, che illuminano i 
cristalli del calorimetro


• il fascio trasmesso ritorna al Local 
Monitor


Compatto ed efficiente, ma delicato da 
assemblare.

Figure 1: The model of the PiTs frame with light path and beam splitter reflectances.

coupled to the frame or a laser light coming through an optical fibre to the
station. The light coming out at the bottom of the panel is proportional to
each of the outgoing light matrix elements of the panel. In case there are no
systematic e↵ects the uncertainty in the number of photons in the output matrix
elements is within statistical error due to a finite number of photons reaching
each beamsplitter.

2.1. Output beam matrix photon statistics

In the classical description a beamsplitter splits the intensity of the input
beam into two output beams whose intensities depend on the beam splitter
transmissivity (or reflectivity). On the other hand, quantum mechanical behav-
ior of the beam splitter is described with probability to transmit (or reflect) each
photon [10]. In fact, behavior of an ideal lossless beam splitter can be described
as binary selector i.e. it randomly transmits or reflects incoming photons one
by one. Therefore we simulated our distribution system using random number
generators (0 to 1) where photons are selected according to condition imposed
by a beam splitter transmittance, T . If randomly generated number is greater
than T , impigning photon is transmitted, else it is reflected. The number of

4

dalla fibra di lancio

al Local Monitor
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Diffusore su fascio
Soluzione adottata per il diffusore 


• la luce dalla fibra di “lancio” passa 
attaverso un diffusore che uniforma 
il profilo del fascio da gaussiano a 
piatto 


• un fascio di 54 fibre + 2 di “ritorno” 
raccoglie la luce del diffusore e la 
trasmette a un pannello di 
distribuzione


• un sottile pannello di Delrin, con 54 
mini-prismi riflettenti a 90˚, devia la 
luce verso i cristalli del calorimetro


• le due fibre di “ritorno”, una in 
silicio ed una in PMMA, riportano la 
luce al Local Monitor

fibra di lanciodiffusorefascio di fibrepannello in Delrin 
con 54 mini-prismi

fibre di ritorno

uniformità 97%
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Il Source Monitor

Il Source Monitor ha il compito di 
monitorare la stabilità della 
sorgente laser. In totale 6 SM, uno 
per ognuna delle teste laser. 
Ciascun SM:


• preleva il 30% dell’intensità del 
laser e utilizza una sfera 
integratrice in ingresso per 
eliminare le fluttuazioni in 
puntamento


• le 4 uscite della  sfera sono 
inviate a


- 2 fotodiodi PIN

- un tubo PMT accoppiato ad uno 

scintillatore NaI

- una fibra che porta il segnale di 

riferimento al Local Monitor

• contiene una sorgente di 241Am a 

bassa attività per la calibrazione 
assoluta del segnale del PMT

2019 JINST 14 P11025

Figure 6. (a) External view of Source Monitor. The laser beam is sampled directly after the laser head by
a 30/70 beam splitter cube, and directed into an integrating sphere after a lens and a di�user. (b) Vertical
section of SM. Two large-surface PIN diodes are coupled directly to two ports of the integrating sphere,
while a third one is used to send light to a PMT and to an optical fiber for referencing of the Local Monitor.
A 241Am/NaI light pulser for absolute light reference is positioned in front of the PMT.
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Source Monitor: immagini

banco ottico del sistema di calibrazione 
laser a Muon g-2, sono visibili 3 dei 6 SM

testa laser
contenitore 

del SM

preamplificatore 
dei fotodiodi PIN

beam-splitter 
di ingresso al 

SM
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Caratteristiche del Source Monitor

I fotodiodi PIN generano circa 
106 (fotoelettroni)/(impulso 
laser) corrsipondenti ad un 
precisione statistica di 10−3 
(0,1%) per impulso, che sale a 
0.3% se si tiene conto 
dell’elettronica di lettura. Con 
100 impulsi (0.02 s alla 
frequenza di 5 kHz, usata nei 
run di calibrazione) si raggiunge 
una precisione <0.04%


Data la risoluzione del PMT 
(2.6%), per ottenere una 
precisione statistica 
confrontabile occorrono circa 
104 impulsi (2 s)
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Figure 7. Statistical distributions of laser signals from (a) the photomultiplier and (b) one of the PIN diodes,
as measured at the input to the DAQ, i.e. at the output of the front-end electronics. (c) The variation of the
ratio between the two PIN diode signals for SM1. Each point is an average of 3000 ratios and the two dashed
lines indicate the 10�4 stability limit over the 80-minutes acquisition period.

can, in principle, be corrected by using the signals from the reference Americium pulser which the
PMT views concurrently. Given the low activity (about 7 Bq) of the 241Am source [19], together
with the distribution (�/mean ⇡ 10%) (see figure 8) of the reference ↵-particle signal generated
by the pulser, long monitoring times may be required. As an example, about 30 minutes are
required to monitor temperature variations of the PINs’ response at a level corresponding to the
PIN temperature sensitivity (0.1%/�C) which, given the rate of temperature related variations of the
PINs signals, is su�cient to parametrize these variations.

Data from the SM detectors are recorded by both the main DAQ system, through the waveform
digitizers used by the calorimeters, and by an independent, local DAQ as described in section 4.2.
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Local Monitor

Il Local Monitor serve a tenere sotto controllo la 
stabilità della rete di fibre ottiche (lunghezze di 
decine di metri) che portano gli impulsi laser dalla 
Laser Hut ai calorimetri nell’anello magnetico.

Componenti principali


• 2x24 fibre ottiche di “ritorno”, 2 per calorimetro 
(una in Si ed una in PMMA)


• 6 fibre dai SM con i segnali di riferimento

• 2x24 tubi PMT che leggono i segnali delle fibre

• elettronica di front-end (amplificatore-formatore) e 

di alimentazione HV 
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Caratteristiche del Local Monitor
Due Local Monitor 


• principale (LM1): monitora 24 fibre di 
ritorno in Si


• ridondante (LM2): monitora 24 fibre di 
ritorno in PMMA 


I “banchi” di PMT e l’elettronica sono 
posizionati nella Laser Hut, dove arrivano le 
fibre di “ritorno” dall’anello

Ciascun canale del Local Monitor confronta il 
segnale della fibra di ritorno con il segnale 
di riferimento inviato dal SM
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Figure 8. The distribution of signals generated by the emission of 5 MeV ↵ particles by the 241Am deposited
on the surface of the NaI in the reference pulser. Notice the much larger distribution of pulse amplitudes with
respect to the laser pulses of figure 7a.

3.2 The Local Monitor

The Local Monitor is a component of the calibration system designed mainly to monitor the
stability of the light distribution system. It consists of 2 ⇥ 24 photo-multiplier tubes (Hamamatsu
R1924A, [21]) receiving two optical signals back from each one of the 24 calorimeters.1 The PMTs
are mounted in three ventilated boxes together with shaping and adapting electronics for the final
readout by waveform digitizers. The data are then sent to the experiment DAQ and stored.

Figure 9. Details of the LM. Left picture: PMTs, electronics and connectors are fixed on the front panel.
Right picture: LM boxes in the rack prepared for connecting the fibers, the fiber receptacles are covered with
black tape and, after connection, by a light-tight plastic conduit.

1In the first run of the experiment only 24 PMTs were installed, subsequently the system was doubled for redundancy.
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The LM boxes are placed in the thermally controlled Laser Hut, in racks close to the optical
table. Close to the boxes there is also a CAEN 127 HV supply that provides the necessary voltage
for the PMT operation. The LM boxes and rack are shown in figures 9.

As described in section 2, calibration laser pulses are directed from the optical table to each
of the 24 calorimeters by launching silica fibers, each coupled to a di�using box. In principle
all elements of the distribution chain, the optical elements to split the beam in 4 and inject the
fibers, the launching fibers, and the di�using box, are designed specifically to ensure the necessary
stability of the laser light delivered to the calorimeter. Nevertheless either small changes, mainly
due to temperature variations, or abrupt ones due to catastrophic events like fiber damage may occur
during the long run-time period. The LM is thus intended to give a prompt diagnostic of the status
of the distribution chain and provide a correction to the SiPM response due to variations in the light
distribution chain. This is achieved by taking a small fraction of light from the di�user with two
long fibers (one plastic and one silica) and sending them back into the Laser Hut to two PMTs. The
redundancy in the LM is needed to study and compensate for fluctuations due to temperature of the
transmission coe�cient of the LM optical fibers. The use of two di�erent types of fibers allows the
monitoring of temperature and solarizing e�ects on the PMMA fibers.

In order to be independent of possible fluctuations of the PMT gain in the LM, a small quantity
of light is also taken directly from the integrating sphere of the Source Monitor and guided by
an optical fiber to each PMT of the LM to provide a reference signal (each SM feeds the 4 LMs
corresponding to the 4 calorimeters that are illuminated by the same laser head). In this way each
PMT sees two pulses (see figure 10) separated by roughly 240 ns, corresponding to the 50 meters
of fiber going back and forth from the Laser Hut to the calorimeter position.

Figure 10. Typical trace of a Local Monitor PMT signal. Notice that the height of the delayed LM peak is
only incidentally smaller than the reference SM one, as both peak intensities can be independently adjusted.
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In azione…
DQM	=	Data	Quality	(online)	Monitor	

24	LOCAL	MONITORS	 6(X3)	SOURCE	MONITORS	5	REDUNDANT	
OLD	MONITORS	

SPECIAL	PMT	(see	later)	
19G.	Venanzoni,		CSN1,	22	Maggio	2018	
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Elettronica di controllo

L’elettronica di controllo del sistema 
di calibrazione laser è stata sviluppata 
appositamente per questo scopo. 
Consiste in (schematicamente):


• Laser Control Board (LCB)

- gestisce i trigger dei laser e la 

sincronizzzazione con i trigger di fascio

- può essere programmata per varie 

modalità di calibrazione, incluso il modo 
“flight simulator”


• Monitoring Board

- elabora i segnali, controlla i Source 

Monitor, acquisisce i dati localmente e li 
invia anche alla DAQ principale 
dell’esperimento

2019 JINST 14 P11025

Figure 12. Picture of the LCB, which is implemented by a hybrid platform hosting a Spartan6 FPGA board
and an embedded CPU.

completely based on the hardware, which can be controlled by modifying the firmware inside the
FPGA device. The second solution (SW and HW) contains a pulse generator controlled by an em-
bedded processor. Figure 13 shows a good agreement between the distributions of pulses obtained
using the two implementations. This version has been used to do several tests on the SiPMs [10] and
was recently used in di�erent test beams, in particular at Laboratori Nazionali di Frascati [16] and at
SLAC National Accelerator Laboratory [23]. The capability of simulating a specific time distribu-
tion function is an interesting benefit useful for detector and DAQ measurements. The entire system
is managed and controlled remotely including updating of the firmware inside the FPGA device.

4.2 Signal processing and data readout

The Monitoring Board [24] has been specifically designed to manage the complete signal processing,
data readout and configuration/control for one Source Monitor element made of two PIN photo-
diodes and one PMT. The MB has three independent sections to manage the three signals. The
first stage of the chain is a preamplifier circuit. The output is sent to a pulse shaper that transforms
the signal with a long tail (about 20 µs, determined by the RC time constant of the preamplifier)
to a semi-Gaussian shape around the peaking time. A baseline restorer circuit is used to remove
the baseline shift that would cause an uncertainty in the peak determination. Shaping and baseline
restoration circuits feed an analog to digital converter (ADC). A peak detector is used to track and
hold the peak value long enough for the digitization process. In addition, the MB provides a filtered
duplicate of the three signals from the three photo-detectors to allow an independent, redundant
digitization by the µTCA-based WFD boards of the main DAQ of the experiment. The preamplifier
circuit has been assembled on a daughter board placed near the sensor to reduce the electronic
noise. The MB allows the use of a single hardware platform to manage di�erent photo-detectors.
In fact, the module is based on FPGAs and can be customized by means of the configuration files
loaded for the Local Monitor photo-detectors.

– 17 –
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Figure 14. Schematics of the locally implemented data acquisition system, based on multiple crates.

and stores them into the building FIFO of the Controller until the last board is reached. An embedded
processor hosted on the board manages the final readout by using a USB interface and transfers the
data to the online farm for further processing.

Several Controller boards can be chained together in case of multiple crates, as shown in
figure 14. The event building at crate level is fully implemented in hardware, while the event building
at chain level must be implemented at farm level. At present, the laser calibration system of the Muon
g�2 experiment consists of 2 crates, one for Source Monitor and another one for the Local Monitor.

5 Laser operation modes and calibration procedures

The laser calibration system has been used in several ways during the commissioning and the running
periods. The functioning modes can be set remotely from the control room at the beginning of each
run (by run we intend here any uninterrupted period of data taking with a given set of experimental
conditions in the whole g � 2 system; it can last from a few minutes to few hours and data are
recorded in an unambiguous way in the main data stream by the DAQ). Some of these functioning
modes have become routine and are described in the following: the standard, the double-pulse, the
gain calibration, and the flight simulation operation modes.

5.1 Standard operation mode

The standard operation mode is the working procedure that provides gain corrections to calorimeter
signals and time-reference for synchronization of di�erent detectors, front-end electronics and DAQ.
The time sequence of the laser pulses, triggered by the Laser Control Board, has been shown in
figure 11. As shown, muon fills from the FNAL line arrive in bunches of eight, at 100 Hz
frequency, each fill lasting about 700 µs. In the standard mode, before the arrival of the muon fill, a
first Sync/BoF laser pulse is fired for synchronization, then a number of IFP are fired within the time
of the fill, separated by 200 µs and delayed with respect to the beginning of the fill by a variable time
lag TShift. A time �tseq�o after the end of the fill, four OoFP are fired, separated by a time lag To.
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Funzionamento del sistema di calibrazione laser

Il sistema di calibrazione laser viene fatto funzionare 
in diverse modalità


• standard (con fascio)

- correzione del guadagno dei calorimetri e riferimento temporale 

per la sincronizzazione di diversi rivelatori e DAQ principale

• double-pulse (senza fascio)


- test della risposta dei calorimentri a due o più particelle 
consecutive


• gain calibration (senza fascio)

- equalizzazione del guadagno dei 1296 SiPM dei calorimetri


• flight simulator (senza fascio)

- simulazione delle variazioni di guadagno in un “fill” dovute all’alto 

rateo di decadimento di positroni
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Modo “standard”

Correzioni di guadagno con fascio presente


• I muoni arrivano in pacchetti di 8 “fill” 
lunghi 700 μs (a 100 Hz)


• Dopo il trigger del “in-fill”, il sistema 
invia un impulso di sincronizzazione 
(impulso BOF = SYNC) 


- gli impulsi BOF=SYNC e EOF sono inviati a 
tutti i 1296 cristalli dei calorimetri e 
permettono di ricostruire i segnali con la 
precisione temporale di ~30 ps


• Parte una serie di impulsi laser “in-fill” 
(IFP) - muoni presenti


- campionare la risposta dei SiPM durante il 
fill e correggere le variazioni di guadagno


• Finito il “fill” (impulso EOF) il sistema 
aspetta il trigger di fascio “out-of-fill”  e 
invia 4 impulsi (OoFP) - muoni non 
presenti


- correzione della risposta dei SiPM su tempi 
più lunghi, per tenere conto anche delle 
fluttuazioni ambientali (temperatura in 
particolare)
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• time reference signal for synchronization and initialization of the detector and front-end
electronics and DAQ.

Figure 11. Time sequence of the di�erent trigger pulses generated for each muon injection. In (a) the time
sequence of the complete beam-machine cycle (1.4 s period) is shown, with each square pulse representing
a muon fill. For each muon fill, the CCC generates one start (In-Fill Mode) and one stop (Out-of-Fill Mode)
triggers (b) that are used by the LCB to produce Begin-Of-Fill and End-Of-Fill triggers (c) and, eventually,
the triggers for the generation of the laser pulses, IFP and OoFP respectively (d). The BoF pulse is generated
by the LCB a time �tS after the CCC In-Fill Mode trigger and thus precedes by �tseq�i the beginning of the
muon fill. The EoF pulse is generated by the LCB after the end of the muon fill, lasting �twidth (700µs). Ti
and To are the pulse separations of the IFPs and OoFPs respectively, TShift is the delay of the IFP series with
respect to the beginning of the muon fill and �tseq�o sets the delay of the OoFP series with respect to the
CCC Out-of-Fill Mode trigger.

The LCB manages the interface between the calibration system and the experiment’s syn-
chronous control system, the Clock and Control Center (CCC). The CCC provides the triggers to
the LCB timed appropriate to delivery of the muon beam. The LCB decodes the trigger mode and
generates the suitable laser pulse sequence.

During the physics runs, the generation of laser pulses both for in-fill and out-of-fill time
windows is mainly based on a programmed number of electronic trigger pulses issued during
an enable gate. The programmable pulse rate spans from hundreds of Hz to MHz. This mode
is completely implemented in hardware and it needs only to be configured. In simulation mode
(FSM, see section 5.4) the LCB is able to repeatedly provide a time sequence with a mean number of
pulses corresponding to an exponential positron-decay-time distribution by means of an exponential
function exp(�t/⌧) with a decay time of 64.4 µs.

The system consists of a hybrid platform hosting a FPGA board and an ARM-based processor
(figure 12). The use of an embedded processor has the advantage of hosting a high level operating
system. Two di�erent implementations of FSM have been built. The first implementation (HW) is
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Modo “double-pulse”
Nel modo “double-pulse”(con fascio 
assente) si inviano due impulsi laser 
consecutivi a tutti i cristalli dei 
calorimetri


• controllare la risposta dei SiPM a 
due o più particelle consecutive 


• da studi precedenti si è visto che 
il guadagno dei SiPM non è piatto 
in funzione del tempo, ma ha una 
struttura con due tempi 
caratteristici


- “short term” (~20 ns), dovuto alla 
risposta dei SiPM


- “long term” (~20 μs), dovuto al 
tempo di recupero degli 
alimentatori


• “short-term” double pulse (STDP)

- si inviano ai cristalli due impulsi 

consecutivi seprati da un ritardo 
programmabile (0-80 ns)


• “long-term” double pulse (LTDP)

- si invia una “cascata” iniziale di 

imoulsi ravvicinati, per simulare 
l’arrivo simultaneo di molte 
particella, seguita da un impulso di 
test ritardato (0-250 μs)
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figure 3), containing the di�using system, rigidly connected to the calorimeter assembly. Figure 3c
shows the Delrin panel and the crystals during the assembling of the first prototype.

The laser energy per single pulse impinging in any part of the laser distribution and monitoring
systems, in standard working mode, is reported for clarity in table 1.

2.3 The double-pulse setup

The Double Pulse setup allows a working mode in which 2 consecutive pulses from two di�erent
lasers are sent to each crystal, with a delay which can vary from 1 ns up to 100 µs.

Figure 4. Left: sketch of optical setup for the standard laser operation (movable mirror OUT) in which each
laser is split in four and injected into 4 fibers. Right: modified setup for double pulse operation (movable mir-
ror IN) in which one laser beam is superimposed into the path of its paired one. A similar set of moving+fixed
mirrors (not shown for clarity) is present also on the upper laser setup to allow the symmetrical operation.

In standard data taking, each laser sends light pulses to four calorimeters, as described in
section 2 and shown in figure 4 a. By placing a movable mirror in front of each laser head, and the
use of additional fixed mirrors, it is possible to form 3 pairs of lasers, 1-2, 3-4 and 5-6, coupled
together. By varying the position of the movable mirrors, it is possible to re-direct the light of each
laser into the path of its paired one through the first beam-splitter cube. The two laser beams are
thus superimposed and injected, with comparable intensity, into the same fiber, as shown in figure 4
b. In this way, one can remotely decide to send two laser pulses, with an adjustable time separation,
into the same fiber, i.e. into 4 calorimeters. Of course, when doing this, the other 4 calorimeters,
corresponding to the laser with the modified light path, do not receive any light.

The movable mirrors are mounted on motorized standard flip-flop units (Thorlab MFF101/M)
that allow for a reproducibility of the beam alignment better than 0.1 mrad, which is enough for our
purposes.

An external delay generator (SRS DG645) is used to send prompt and delayed signals to the
laser trigger. An example of how the pulses are triggered is shown in figure 5. Within each fill,
a programmable set of triggers (a so-called burst of triggers) can be sent by the delay generator.
Each trigger corresponds to 2 output channels whose relative delay can be programmed. Figure 5
shows a possible setup with a burst of 4 triggers within the fill. Each trigger provides 2 NIM pulses
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Schema ottico dell’apparato per il “double pulse”

Funzionamento standard: specchio 
mobile a controllo remoto OUT

Funzionamento double pulse: 
specchio mobile a controllo remoto IN
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time structures: one at short time separations (⇠ 20 ns), due to SiPM response, and one at longer
times (⇠ 20 µs), due to the recovery time of the power supply. The short time response curve has
been measured in the laboratory with LEDs, while the long time response has been obtained with a
SPICE simulation. Details can be found in the cited article. The DP mode provides the possibility
of checking periodically (each three days of data taking, typically) the gain function for each of the
1296 crystals during data taking which allows for correction of these e�ects and for keeping the
systematic error under control.

There are several di�erent reasons why it is better to send pulses from two di�erent lasers,
rather than fire the same laser repeatedly:

• two lasers allow for choosing di�erent light intensities for each pulse of the pair;

• the laser maximum repetition rate of 40 MHz does not allow the testing of nanosecond time
scale;

• in case of two consecutive pulses, the laser output light for the second one can be systematically
di�erent from the first one, while light fluctuations for di�erent lasers are uncorrelated;

• as the laser light output can fluctuate up to the percent level from pulse to pulse and this
fluctuation is monitored by the SM (response time tens of microseconds), it cannot be
corrected when pulses are too close in time.

For all these reasons, the laser optics has been modified to include the possibility of sending 2
di�erent laser pulses to the same calorimeter, as described in section 2.3.

Figure 15. Two typical double-pulse signals produced with di�erent delays. The digitized data are fit to a
pre-defined template.

An external delay generator (DG) (SRS DG645) is used to send prompt and delayed signals.
The input to the DG is a replica of the Master Clock sent by the Laser Control Board. Two of the
four DG outputs are connected to the ODD and EVEN lasers, respectively. This enables the sending
to the same calorimeter of two pulses with a relative delay programmable in the range [0, 1] sec in
steps of 10 psec. The ranges which are relevant for the calorimeter response are (0-100) ns, in steps
of ⇠ 1 ns, and (0 � 100) µs, in steps of ⇠ 1 µs.

– 21 –
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5.2.1 Short-Term double pulse

The Short-Term (20 ns) data structure can easily be measured by inserting the movable mirrors and
by operating the delay generator, as described in the previous section. The second pulse is delayed
in the 0-80 ns range.2

For each delay, a run is taken with few thousand events. Two double-pulse events, from two
di�erent runs and with di�erent delays, are shown in figure 15.

Figure 16. Typical signal pattern for long-term double pulse. First, a burst of several, equally spaced, laser
triggers is sent to simulate the arrival of multiple particles, and then a final probe laser pulse is sent with a large
and variable delay with respect to the burst. Notice the signal baseline sag due to the initial burst of pulses.

5.2.2 Long-Term double pulse

The longer time constant is more complex to measure. The gain drop is in fact due to the overlap
of several pulses which overload the HV power supply. Because of this, the prompt signal is not
provided by a single pulse, but by a burst of pulses.

The test is performed as follows:

• the laser control board sends a burst of N laser pulses separated by an interval �t, normally
set equal to 120 ns, which is the minimum delay allowed by the laser driver. The amplitude of
these pulses can be modified, by using the filter wheel located after the laser head, by a factor
4 � 0.001, the default value corresponding to an energy deposit of ⇠ 1.5 GeV in a crystal.

• after a delay, programmable in the range 0-255 µs, a test pulse is sent from the second laser.

An example of such a pulse structure is shown in figure 16.
The trigger for the delayed test pulse is provided by the Laser Control Board, described in

section 4.1.

5.3 Gain calibration

The laser system is used also to equalize the gains of the 1296 SiPMs in the 24 calorimeters around
the g � 2 ring. This procedure, described in detail in ref. [15], is used to extract, for each SiPM at

2The delay can be set to be much larger, but the Short-Term gain is back to 1 after 60-80 ns.
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Modo “gain calibration”

Nel modo “gain calibration” (con fascio 
assente) il sistema laser si usa per 
equalizzare i guadagni dei 1296 SiPM 
dei 24 calorimetri. 

Per ogni SiPM


• si registrano migliaia di impulsi laser 
inviati a intensità e frequenza di 
ripetizione costanti


• si estraggono la media M e la varianza 
σ2 della distribuzione degli integrali 
degli impulsi


• variando l’intensità degli impulsi 
(diverse posizioni della ruota 
portafiltri) si ottiene la dipendenza di 
σ2 da M (che risulta lineare)


• dalla pendenza del grafico σ2 -M si 
ottiene per ogni SiPM la costante di 
calibrazione del guadagno Gpe (M è 
proporzionale al numero di 
fotoelettroni)
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a given temperature and bias voltage, the calibration constant Gpe = M/Npe relating the number of
photo-electrons Npe generated in the SiPM to the mean pulse-integral, M . This value is obtained by
recording thousands of laser pulses, fired at constant intensity and repetition rate. The distribution
of the integrals of the recorded pulse signals returns a mean M and a variance �2. By varying the
laser intensity, for example by using the calibrated filter wheel in front of each laser head, a graph
of the variance �2 as a function of M is obtained, showing a linear dependence (see for example
figure 17 and ref. [10]).

Figure 17. In a) plot of variance �2 versus mean pulse-integral, M of a distribution of fitted laser pulses on
a SiPM. The di�erent discrete mean values are obtained using a multi-step filter wheel to attenuate the light
intensity. The inverse of the fitted slope corresponds to the Gpe/M and the good linearity implies that the
variance depends only on the statistics of the number of pixels fired on each event. In b) a typical distribution
of pulse energies for a given laser intensity.

Assuming the distribution of photons from the laser source to be Poissonian and the mean M
proportional to the number of photo-electrons Npe through a gain constant Gpe, the slope of the
variance/mean graph gives the proportionality constant Gpe directly. This calibration constant is
di�erent from one SiPM to another and depends on both temperature and bias voltage, in particular
on the SiPM over-voltage, the di�erence between the bias and the breakdown voltage. The gain
constants can vary in time due to changes in environmental conditions and the photo-electron
calibration is thus used when required to equalize the response of all SiPMs in a calorimeter. While
the laser system is used to measure the gain of the SiPMs, the laser system is not involved in the
next step of the process used to determine the number of photo-electrons produced per unit energy
lost by the positrons inside the PbF2 crystals.

5.4 Flight Simulation Mode

As already stated in section 1, the gain of the SiPMs is a�ected by the high rate of the decay
positrons in a fill. This e�ect, if not accounted for, could lead to a significant systematic uncertainty
in the determination of !a. An important feature of the Muon g � 2 laser calibration system is that
it can simulate these In-Fill gain variations, �G(t) = G(t)/G0 where G0 is the OoFPs reference
gain, using the Laser Control Board in the Flight Simulation Mode. The FSM, although not used
explicitly to compute the gain correction tables of section 5.5, has shown the importance of the
In-Fill Gain variations, as illustrated in figure 18b. The FSM has been also extensively used to
assess the calorimeters and DAQ performance during the commissioning phase.
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Figure 17. In a) plot of variance �2 versus mean pulse-integral, M of a distribution of fitted laser pulses on
a SiPM. The di�erent discrete mean values are obtained using a multi-step filter wheel to attenuate the light
intensity. The inverse of the fitted slope corresponds to the Gpe/M and the good linearity implies that the
variance depends only on the statistics of the number of pixels fired on each event. In b) a typical distribution
of pulse energies for a given laser intensity.

Assuming the distribution of photons from the laser source to be Poissonian and the mean M
proportional to the number of photo-electrons Npe through a gain constant Gpe, the slope of the
variance/mean graph gives the proportionality constant Gpe directly. This calibration constant is
di�erent from one SiPM to another and depends on both temperature and bias voltage, in particular
on the SiPM over-voltage, the di�erence between the bias and the breakdown voltage. The gain
constants can vary in time due to changes in environmental conditions and the photo-electron
calibration is thus used when required to equalize the response of all SiPMs in a calorimeter. While
the laser system is used to measure the gain of the SiPMs, the laser system is not involved in the
next step of the process used to determine the number of photo-electrons produced per unit energy
lost by the positrons inside the PbF2 crystals.

5.4 Flight Simulation Mode

As already stated in section 1, the gain of the SiPMs is a�ected by the high rate of the decay
positrons in a fill. This e�ect, if not accounted for, could lead to a significant systematic uncertainty
in the determination of !a. An important feature of the Muon g � 2 laser calibration system is that
it can simulate these In-Fill gain variations, �G(t) = G(t)/G0 where G0 is the OoFPs reference
gain, using the Laser Control Board in the Flight Simulation Mode. The FSM, although not used
explicitly to compute the gain correction tables of section 5.5, has shown the importance of the
In-Fill Gain variations, as illustrated in figure 18b. The FSM has been also extensively used to
assess the calorimeters and DAQ performance during the commissioning phase.
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Grafico di σ2 in funzione di M per diverse posizioni della ruota 
portafiltri. La pendenza del fit lineare dà la costante M/Gpe
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Modo “flight simulator”

Il guadagno dei SiPM è 
influenzato anche dall’alto rateo 
di positroni di decadimento 
durante un fill.


• Il modo “flight simulator” 
(fascio assente) permette al 
sistema di generare un treno 
di impulsi laser ad ampiezza 
descescente esponenzialmente 
che simula il rateo dei 
positroni di decadimento


• un fit ai dati ottenuti 
permette di caratterizzare la 
funzione di guadagno dei 
SiPM
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Figure 18. a) Example of the distribution of laser pulses inside a fill when the system is in Flight-Simulator
Mode with Np = 64. On the x�axis the time is expressed in clock ticks (a clock tick corresponds to 1.25 ns).
The first FSM pulse arrives 8 µs after the synchronization pulse. b) Typical gain function obtained when the
laser fires in FSM, fitted using eq. (5.1). The legend details the fit results.

As described in section 4.1, the LCB in FSM triggers the laser with a sequence of pulses that
simulates the rate of decay positrons within a fill, i.e according to an exponential distribution. In
addition, the LCB allows for the selection of the average number of calorimeter’s hits Np expected
per fill and it is possible to change the intensity of laser light using the filter wheels positioned
on the optical table. It should be stressed that the anomalous frequency !a, present in the real
data, is not introduced, i.e. no wiggle appears in the distribution of arrival times of the simulated
positrons. Moreover, there is a certain di�erence with a real muon fill because all the 1296 crystals
are simultaneously illuminated with laser pulses, while in the case of a real positron from the muon
decay only a few channels per calorimeter are activated. This means that the SiPMs power supplies,
which also influence the gain drop, are stressed more in the flight simulator mode than in real data
taking. An example of the distribution of laser pulses in FSM with 64 simulated 1.8 GeV-positrons
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Esempio di funzione di guadagno ottenuta dal “flight simulator” con 
il fit (in rosso) ai dati (in nero) della curva 


dove 

G0 = guadagno di riferimento OoF

τ1 = costante tempo di decadimento dei muoni

τ2 = costante tempo di recupero dei SiPM

A (~1) = rapporto dei guadagni all’inizio del pacchetto di impulsi

B = fattore perdita di guadagno
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inside one fill is shown in figure 18a. Figure 18b shows a typical gain drop obtained with a 96-hit
flight simulator and a filter with 100% transmittance. It is fitted using a functional form that accounts
for the time constant of the muon lifetime, ⌧1, and the time constant of the SiPM recovery time, ⌧2,
according to the equation:

G(t)
G0
= A � B

⇣
e�t/⌧1 � e�t/⌧2

⌘
(5.1)

where A (expected to be equal to 1) is the gain ratio at the starting time of the pulse bunch, B is a
factor quantifying the gain drop and ⌧1 and ⌧2 are the two time constants.

The LCB can be used also for simulating the initial splash, i.e. the arrival of many particles,
mostly muons that are not captured by the ring inflector, on the calorimeters close to the beam
line. This is done by pulsing the laser 100 times at the beginning of the fill, before using the
FSM to simulate the decay positrons detected in the fill. This feature has been used during the
commissioning phase, starting from the moment the muon beam was present for the first time and
the importance of the splash e�ect was recognized.

5.5 Assessment of laser performance and gain calibration procedure

Ultimately, the laser system is leveraged to monitor and correct gain fluctuations in the calorimetry
system. The aggregate correction is classified into di�erent types of corrections. The long-term
drift correction is referred to as the Out-of-Fill Gain (OoFG) correction. The systematic shift due to
e�ects correlated with muon injection is called the In-Fill Gain (IFG) correction. The nanosecond
timescale e�ects of one pulse on the subsequent pulse is the short-time double pulse (STDP). All
these corrections are performed on each individual SiPM detector of the 1296 total.

5.5.1 Laser monitor performance

The performance of both Source and Local monitoring systems has been assessed with real data. The
SM response is temperature dependent. The temperature of each of the 6 SMs is measured directly by
the Monitoring Boards and its e�ect can thus be accounted for. As shown in figures 19a-b, the fluctu-
ations of the response of each individual PIN of the same SM are within±5⇥10�3 in a 3-weeks period
but reduce to±10�3 when temperature corrections are implemented. The ratio between the responses
of the 2 PINs, figure 19c, is in the ±10�4 range, once temperature corrections are implemented.

Figure 19d shows the dependence of the single PIN response on the temperature, for the same
given SM. An almost linear dependence of the PIN response is observed, with a negative 0.4%
variation per degree Celsius. In the corrected data only the linear correction is applied.

Figures 20a-b show the stability of the LM, measured by the ratio of the LM delayed pulse to
the SM reference one, and the time di�erence between the two pulses. In this case the expected
stability of the ratio is lower than that of the SM, as it contains the fluctuations of the SM itself.
Nevertheless it is below the per-mille level.

5.5.2 Out-of-Fill Gain correction

Procedurally, the OoFG correction is calculated first and applied to all data, positron and laser.
Between the muon fills, OoF laser pulses are sent to monitor the response of the system. Without
the fill-dependent e�ects in the hardware, the response of the calorimeter system to laser pulses
is the current state of the ever drifting detector gain. Temperature-related e�ects are the primary
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Sommario delle correzioni di guadagno

La correzione globale al guadagno dei calorimetri 
ottenuta dal sistema ci calibrazione laser si 
distingue in tre tipi di correzioni


• OoFG - out-of-fill gain correction

- correzione alle derive di lungo periodo


• IFG - in-fill gain correction

- spostamenti sistematici dovuti all’iniezione di muoni


• STDP - Short-Time-Double-Pulse correction

- effetti su tempi dell’ordine dei ns dovuti a impulsi consecutivi


Queste correzioni vengono applicate a tutti i 1296 
SiPM dei calorimetri di Muon g-2 
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OoFG

La causa principale delle derive del guadagno su tempi lunghi (~secondi) è riconducibile a effetti di temperatura

Fattore di correzione: 
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cause of long timescale, i.e. seconds, drift in the gain of the system. The OoFG correction folds all
these e�ects and accounts for the aggregate e�ect. Temperature is known to a�ect the amplification
of SiPMs, PMTs, PIN diodes, the intensity of the lasers, and the transmission of fiber optic cables
at di�erent levels. Figure 21a shows the response of one of the calorimeters’ SiPM and the SM
PIN diode. An implementation of the correction GSiPM for each SiPM, shown in figure 21b, is
given by the following equation:

GSiPM(i) = hRSiPM(i)isubrun
RSiPM(0) · RSM(0)

hRSM(i)isubrun
, (5.2)

where RSiPM is the response amplitude of the SiPM to the laser, RSM is the response amplitude of the
Source Monitor to the laser, the bracket variables indicate averaging all data over a sub-run (about
5 seconds), and RSiPM(0) and RSM(0) are reference amplitudes used for normalization. Figure 21c
shows the comparison between the OoF-corrected energies of the IF laser pulses and the Source
Monitor energies. Their ratio, shown in figure 21d, is stable on the long term of the run to ±1⇥10�4.

Figure 21. The principle of the Out-of-Fill gain correction: in (a) the subrun-averaged raw energies of one
SiPM (OoF pulses) and of the SM energies are used to compute the correction factors (b) for the SiPM gain.
In (c) the OoFG-corrected SiPM energies (IF pulses) are compared to the SM energies: their ratio (d) is
stable to ±1 ⇥ 10�4 on the long timescale, showing the consistency of the OoFG correction procedure. In
this particular plot the stability exceeds the experimental requirements.

5.5.3 In-Fill Gain correction

After properly applying the OoFG correction, the laser calibration system becomes sensitive to
the IFG e�ects. In order to monitor and model the IFG function, the laser system interlaces laser
pulses on a prescaled subset of the muon fills. A pre-defined number of pulses are delivered at the
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In (c) the OoFG-corrected SiPM energies (IF pulses) are compared to the SM energies: their ratio (d) is
stable to ±1 ⇥ 10�4 on the long timescale, showing the consistency of the OoFG correction procedure. In
this particular plot the stability exceeds the experimental requirements.

5.5.3 In-Fill Gain correction

After properly applying the OoFG correction, the laser calibration system becomes sensitive to
the IFG e�ects. In order to monitor and model the IFG function, the laser system interlaces laser
pulses on a prescaled subset of the muon fills. A pre-defined number of pulses are delivered at the
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IFG

Dopo la correzione OoFG la 
calibrazione diventa sensibile agli 
effetti “in-fill”


Con gli impulsi “in-fill” il sistema 
campiona il guadagno dei SiPM 
durante il fill e un fit esponenziale ai 
dati dà la funzione di guadagno con 
una precisione di qualche 10-4
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prescaled rate and shifted by a prescribed amount on each subsequent prescaled fill. By tuning the
settings appropriately, the system samples the gain at fill times spanning from muon injection time
to 600 µs after injection.

Figure 22. An example of the measured and modeled IFG function. The data are fit with an exponential
decay which returns to unity at long times. The residuals show that we can model the IFG to a precision of
±4 ⇥ 10�4.

The IFG function is adequately modeled using an exponential decay returning asymptotically
to unity as shown in figure 22. All individual crystal/SiPM pairs are modeled using in-fill laser
data, and the positron events are then corrected using the model for the IFG.

5.5.4 Short-Term Double-Pulse correction

The STDP correction cannot be modeled from standard positron data. The laser system is prepared
to operate in a secondary running mode to explore the STDP gain e�ects. This has been described
in preceding section 5.2.1. These runs are taken with time separations from about 0 to 80 ns, and
di�erent amplitudes based on adjusting the position of wheels filled with neutral density filters
within the laser optics.

The STDP gain shape has been measured in dedicated set of laser runs in which the delay
between the pulses varied from 0 to 60 clock ticks, in steps of 2 ticks (1.25 ns/tick). For each delay,
a few thousand laser events were collected over a time period of 5 minutes. The whole sequence
was repeated for 18 combinations of pulse heights, or energy deposits E1 and E2, using the filter
wheels of both lasers. The full procedure takes 3-4 days and it is repeated before the beginning of
each data taking period, i.e. once per year. During standard data taking, a one-hour-long sequence
of Double Pulse measurements, with only one setting of the filter wheels, is taken approximately
once per week to verify the stability of the correction. Up to now, no e�ect has been observed at the
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STDP

Serie di run dedicati SDTP

• si imposta una combinazione di energie E1 

ed E2 per i due impulsi utilizzando le 
ruote portafiltro


• si scansiona un serie di ritardi, 5 minuti 
di misura ciascuno - 0(103) impulsi 
registrati


• durante la presa dati “standard” si 
esegue, una volta la settimana, una 
sequenza “double-pulse” di circa un’ora ⇒ 

finora nessun effetto osservato al livello 
di precisione richiesta


•  un’analisi dedicata può però evidenziare 
effetti di ordine superiore


- dipendenza dall’energia dei parametri della 
funzione di guadagno


- due possibili modelli

‣ esponenziale 

‣ lognormal 


- al momento nessuna differenza in pratica tra 
i due modelli perchè il comportamento dei 
SiPM a tempi  molto brevi non è noto
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Figure 23. Gain recovery response after STDP of a SiPM for a single pair of filter wheel settings. Data are
fit with both the exponential (blue) and the lognormal (red) functions (a clock tick corresponds to 1.25 ns).

required level of precision, but a detailed analysis with the full final statistics will eventually allow
to correct for second order e�ects.

The goal of the analysis is to find the energy dependence of the parameters a and ⌧ of the gain
shape defined as:

G(�t; i, E1, E2) = 1 � a(i, E1, E2) · e�
�t

⌧(i,E1,E2) (5.3)

where i represents the SiPM number. In addition, another functional form that describe a smooth
return to G = 1 at �t = 0 is named lognormal and defined as:

G(�t) = 1 � a · e�
1
2 [log2(�t/⌧)]/[log2(tM /⌧)] (5.4)

where tM and a are the position and the amplitude of the minimum and ⌧ is the recovery time.
The analysis has shown that the time parameter ⌧ does not depend on the positron energy; this

is expected, as the time constants depend on the electronics. On the contrary, the amplitude a, for
both parametrizations, depends linearly on the energy E1 of the first positron with a slope that, on
average, is equal to 4.6%/GeV and 3%/GeV for the exponential and lognormal fit, respectively.3

An example of a fit with the two functions is shown in figure 23. Above �t = 6 clock ticks
they overlap, showing a sizable di�erence only below 2 clock tiks (note that each time interval is 2
clock ticks wide, with the central point in positions �t = 1, 3, 5, . . . clock ticks).

The behavior of the SiPM for very short �t is not known and it would require specific studies;
however, pulses that are closer than 2 clock ticks (2.5 ns) are merged by the pulse fitting algorithm
and belong to another category of events which is called pile-up and is studied separately. Thus
there is no practical di�erence between the two parametrizations, and the exponential function is
used for convenience.

Given the muon flux, the fraction of positrons which falls into the STDP category is about 3%
at t = 10 microseconds after the muon injection, and it decreases as the muon flux decays away. The

3The di�erence is due to the fact that the parameter a is extrapolated to �t = 0, for the exponential function, while it
is the minimum function value, which normally happens at 4 � 5 clock ticks, for the lognormal distribution.
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Figure 23. Gain recovery response after STDP of a SiPM for a single pair of filter wheel settings. Data are
fit with both the exponential (blue) and the lognormal (red) functions (a clock tick corresponds to 1.25 ns).
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Three different communities to measure aµ

G. Venanzoni,  CERN Seminar, 8  April  2021
22
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E989 collected data

G. Venanzoni,  CERN Seminar, 8  April  2021
38

We have collected plenty of data over the last 3 years:

I’m going to present the results today
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aµ: Unblinding

G. Venanzoni,  CERN Seminar, 8  April  2021
70

434 ppb stat ⨁ 157 ppb syst error

calibrazione laser
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Anomalia del muone: stato dell’arte

3.3 σ

3.7 σ

4.2 σ

Per approfondire

https://doi.org/10.1103/PhysRevD.103.072002 
https://doi.org/10.1103/PhysRevLett.126.141801 
https://doi.org/10.1103/PhysRevA.103.042208

https://doi.org/10.1103/PhysRevD.103.072002
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevA.103.042208
https://doi.org/10.1103/PhysRevD.103.072002
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Future

TDR
• RUN1 is only 6% of the 

final dataset
• Analysis of  RUN2/3 

(expect an 
improvement of a 
factor ~2  in precision)

• RUN4 (November 2020-
July 2021) is expected to 
bring  the statistics  to 
~13 BNL

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

RUN1
RUN2

RUN3

RUN4

RUN5

xBNL

G. Venanzoni,  CERN Colloquium, 8  April  2021
72
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Conclusioni

Muon g-2 ha presentato i risultati del suo primo run di misura al Fermilab

Il valore dell’anomalia giromagnetica del muone, ottenuto con grandissima 
precisione è


• il risultato conferma, con migliore precisione, la precedente misura ottenuta a BNL

• la discrepanza combinata con la predizione del Modello Standard sale a 4.2σ 


I prossimi due run, già eseguiti ed in corso di analisi, potrebbero migliorare la 
precisione di un fattore 2. Ulteriori guadagni verranno dai Run 4 (in corso) e Run 5. 
Discrepanza a 5σ? Ci sono buone speranze!


L’INFN ha dato un contributo chiave a questo importante risultato e il gruppo 
italiano, inclusi i ricercatori Trieste/Udine, è ancora in prima fila: nella presa 
dati, nell’analisi e nei miglioramenti dell’apparato



Isidor Isaac Rabi, Nobel-prize winning Hungarian-American physicist, 

on the discovery of the muon (1934)on the discovery of the muon (1934)

“Who ordered that?”
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Enrico Fermi, Nobel-prize winning 
Italian-American physicist,

“Before I came here I was confused about 
this subject. Having listened to your lecture 
I am still confused But on a higher level ”I am still confused. But on a higher level. 
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BACKUP
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Figure 19. Plots assessing the stability of the Source Monitor versus temperature changes in a two-week
period. Upper panel: (a) and (b) the SM PIN1 and PIN2 signals, respectively, before and after temperature
corrections. Lower panel: in (c) PIN1 to PIN2 ratio before and after temperature corrections; in (d) PINs
temperature dependence for the same data set. The relation between the two quantities is almost linear,
therefore a linear correction is applied to the data to compensate for this e�ect. The final stability is better
than 0.2% for the single PIN and 10�4 for the ratio.

Figure 20. Performance of the Local Monitor: in (a) ratio of amplitudes of the delayed LM peak to the
respective SM peak for one particular LM channel and, in (b), arrival time di�erences between delayed LM
and SM pulses for the same channel.
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E989 collected data
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We have collected plenty of data over the last 3 years:



aµ: Unblinding

G. Venanzoni,  CERN Seminar,  8  April   2021 66

434 ppb stat ⨁ 157 ppb syst error
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SystematicsSystematics (numerator)

*Run 1 wa data analyzed in four subsets
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Systematics (denominator)
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Updated g-2 history (April 8 2021)

Muon G-2 FNAL data
Exp. Average
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HOME INFORMATION COLLABORATION LINKS INTERNAL

For any questions, please contact the webmaster ( g-2edm_webmaster(at)ml.post.kek.jp)

Muon g-2/EDM experiment at J-PARC
HOME INFORMATION COLLABORATION LINKS INTERNAL

 News
The white paper on muon g-2 in the standard model was released by the muon g-2 theory initiative (June, 2020).○

The experiment was given the stage-2 approval from IPNS (November, 2018) and IMSS (March, 2019).○

A TDR summary paper was released (Jan. 10, 2019).○

IPNS focused review in November 15-16, 2016.○

Technical design report was submitted to J-PARC in May 2015.○

Conceptual design report was submitted to J-PARC in Jan 2012.○

Proposal was submitted to J-PARC in Jan 2010.○

LOI was submitted to J-PARC in July 2009.○


