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Open problems in 
contemporary physics
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The Standard Model
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Some of the problems with the Standard Model (SM)

• Gravity is not included

• Large number of free parameters (particle masses and 
interaction strengths)

• (g-2)μ deviates from the SM prediction

• “Fine-tuning”

• “θ parameter” or CP conservation in strong 
interactions

• …

• …
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Cosmology: hints and puzzles

• Matter-antimatter asimmetry

• Composition of the Universe

• …
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Energy makeup of the Universe
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http://imgsrc.hubblesite.org/hu/db/images/hs-2001-09-h-pdf.pdf


G. Cantatore - Laboratorio di Fisica I - 2019-20

Latest measurements from the Planck satellite
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The CMB fluctuations as measured by the Planck satellite

Dark Energy 

Baryonic matter
Dark Matter 

Power Spectrum of the CMB fluctuations
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 “Frontiers” in physics
Energy Frontier

• use high-energy colliders to search for new particles and 
forces that provide information on the makeup of matter 
and space 

Intensity Frontier

• generate a huge number of events to study rare processes   
⇒ it requires highly precise experiments

Cosmic Frontier

• scan the heavens with telescopes and highly sensitive 
detectors to learn more about cosmic rays, dark matter, 
and dark energy
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Precision Physics 
• “Precision Physics” plays a key role in the Intensity and 

Cosmic Frontiers

• Examples of precision physics techniques

• interferometry

• optomechanical sensors

• polarimetry

• RF & microwave measurements

• single photon detectors (example: TES sensors)

• cryogenics

• …

• “Small scale” laboratories and “table top” set-ups are the ideal 
places to develop and test Precision Physics techniques (and also to 
do experiments!)
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Intensity frontier: the (g-2)μ anomaly
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Status of the Fermilab Muon g�2 experiment

a— measurement method

measure rotation of spin w.r.t. momentum
for a muon rotating in a magnetic field

!s � !c = !a

�g—
eB

2m—
� (1�‚)

eB

m—‚
� � eB

m—‚
= a—

eB

m—

Larmor + Thomas
precessions

cyclotron
frequency no ‚!

Alberto Lusiani, SNS & INFN Pisa – Patras Workshop – 3-7 June 2019 – Freiburg (Germany) 6 / 22

Status of the Fermilab Muon g�2 experiment

Introduction

I muon magnetic moment anomaly a— =
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g-2I potentially sensitive to all known and unknown particles and forces
I because of the fundamental interconnectedness of all things [1],

can search for Axions, WIMPs and WISPs by doing precision measurements on muons

[1] D.Adams, Dirk Gently’s Holistic Detective Agency

Searching for the unknown Precisely measuring the well-known

a—: precise sub-ppm measurement
precise sub-ppm SM prediction
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Muon g-2 at Fermilab - E989

• 2001 BNL experiment measures a deviation of (g-2)μ from the SM prediction at the level of ~3σ
• possible signature of new non-SM particles hiding in the vacuum and invisible at colliders because of 

their mass

• Goal of E989 at Fermilab: confirm (or refute…) the deviation at the level of 7σ ⇒ it would be a major 

discovery! 

• increase 20-fold the statistics with respect to BNL (Intensity Frontier)

• 4-times better precision than BNL (Precision Physics)
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INFN contribution to g-2 
• The INFN group within “g-2” is responsible for the laser calibration system of the electron calorimeters

• It is a critical element towards the goal of reducing the overall uncertainty

• Precision physics at work! 

11

2017 JINST 12 C08019

P�������� �� IOP P��������� ��� S���� M�������

R�������: May 26, 2017

A�������: July 17, 2017

P��������: August 17, 2017

I������������ C��������� �� I�������������� ��� C�������� B��� P������
B����� I�������� �� N������ P������, N����������, R�����
�� F������� – � M���� ����

The Fermilab Muon g-2 experiment: laser calibration
system

M. Karuza,a,b,1 A. Anastasi,e A. Basti,l F. Bedeschi,l M. Bartolini,l G. Cantatore,b,h

D. Cauz,b, j G. Corradi,c S. Dabagov,c,p,q G. Di Sciascio,g R. Di Stefano,k, f A. Driutti,b

O. Escalante,i C. Ferrari,c,d A. Fioretti,c,d C. Gabbanini,c,d A. Gioiosa,n D. Hampai,c

M. Iacovacci, f ,i A. Liedl,c A. Lusiani,l,m F. Marignetti,k, f S. Mastroianni, f D. Moricciani,g

A. Nath, f G. Pauletta,b, j G.M. Piacentino,n,o N. Raha,g L. Santib, j and G. Venanzonil on
behalf of the Muon g-2 collaboration
a
Department of Physics and Centre for Micro Nano Sciences and Technologies, University of Rijeka,

Radmile Matejcic 2, 51000 Rijeka, Croatia

b
INFN, Sezione di Trieste e G.C. di Udine, Via A. Valerio 2, 34127 Trieste, Italy

c
Laboratori Nazionali Frascati dell’ INFN, Via Enrico Fermi 40, 00044 Frascati, Italy

d
Istituto Nazionale di Ottica del C.N.R., ss Pisa, Via Moruzzi 1, 56124 Pisa, Italy

e
Dipartimento MIFT, Università di Messina, Viale F. Stagno d’Alcontres 31, 98166 Messina, Italy

f
INFN, Sezione di Napoli,

Complesso Universitario di M. S. Angelo, Ed. 6 — Via Cintia, 80126 Napoli, Italy

g
INFN, Sezione di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Roma, Italy

h
Dipartimento di Fisica, Università di Trieste, Piazzale Europa 4, 34127 Trieste, Italy

i
Università di Napoli, Napoli, Italy

j
DMIF, Università di Udine, Via delle Scienze 206, Udine, Italy

k
Università di Cassino, Cassino, Italy

l
INFN, Sezione di Pisa, Largo Pontecorvo 3, 56127 Pisa, Italy

m
Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy

n
INFN, Sezione di Lecce, Via Arnesano 0, 73100 Lecce, Italy

o
Università del Molise, Pesche, Italy

p
PN Lebedev Physical Institute, Moscow, Russia

q
NR Nuclear University MEPhI MEPhI, Moscow, Russia

E-mail: mkaruza@phy.uniri.hr

1Corresponding author.

c� 2017 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/12/08/C08019

Status of the Fermilab Muon g�2 experiment

calorimeter performance

σt ~	25	ps

Temporal	separation	
at	5	ns

Energy	Resolution Timing	Resolution

Electron	pile-up	

50 MeV resolution at 2 GeV

laser calibration system monitors
calorimeter gain to 10�4
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Fermilab National Laboratory. The last, approximately 50 kilometers long, part of the trip was made
on road during three nights. This was only a first step in building the experiment. The next step
was to reassemble the magnets and place 700 tons of steel in a temperature controlled environment,
with excursion lower than one degree celsius with 125 micron tolerance. The pole pieces of the g-2
Lambertson magnet had to be aligned to 25 micron. After all the pieces where in place the magnet
was powered up and full power was achieved on September 21st 2015. At this moment the fine
tuning could start. Ideally the magnetic field should be uniform in the ring, however there were some
variations at the 1400 ppm level that had to be corrected. This was done by shimming with the goal
of 50 ppm which gives a muon weighted systematic uncertainty of 70 ppb, a factor 2 improvement
over previous experiment. At the end of January 2017 all the pieces of the experiment were in place
and ready for the commissioning as it was foreseen in the schedule. When systematic errors related
to the magnetic field measurements have been minimised, the only other quantity to be measured is
the anomalous precession frequency !a and also in this measurements the systematic uncertainties
have to be handled. The comparison between Brookhaven and Fermilab projected uncertainties [3]
are given in the following table. The first two entries are directly related to the calorimeters used

Table 2. Contribution of various processes to magnetic moment anomaly.

CATEGORY Brookhaven
(ppb)

Fermilab Goal
(ppb)

Gain changes 120 Better laser calibration, low energy threshold 20
Pileup 80 Low energy samples recorded, calorimeter

segmentation
40

Lost muons 90 Better collimation in ring 20
Coherent betatron
oscillation

50 Higher n value (frequency), Better match of
beamline to ring

<30

E and pitch 50 Improved tracker, Precise storage ring simula-
tions

30

Total 180 Quadrature sum 70

for positron detection and the biggest contribution in reducing the systematic error is expected in
this field. This will be done by using a new improved laser calibration system (LCS) to calibrate the
response of the calorimeters to the physical signal. Bear in mind that 24 calorimeters distributed
around the muon storage ring consist of 54 crystals each which gives a total of approximately
1300 channels. Each of this channels has a dedicated detector, a SiPM in this case, whose photon
detection e�ciency has to be known. This is of utmost importance since the energy of the positrons
in the laboratory frame can be associated with the anti-muon spin direction in the moment of the
decay. The high energy positrons are emitted when the spin is parallel to the momentum while low
energy positrons are emitted when the spin is antiparallel to the momentum. The spectrum [3] as a
function of time is shown in figure 1.
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Figure 1. The decay positron energy spectrum. The di�erence between aligned (1090 ns) and anti-aligned
(3271 ns) anti-muon spin and momentum is prominent for energies greater than 1800 MeV.

2 Light calibration system

The LCS consists of four main subsystems, the light source, the distribution system [5], source
monitor (SM) [4] and local monitor (LM) [6]. While the source, SM and LM are placed inside a
dedicated room called Laser hut outside the ring, the majority of the distribution systems is attached
to the calorimeters placed inside the muon storage ring. The light is sent between the laser hut and
the ring by 25 m long quartz optical fibers.

Figure 2. Schematic drawing of the experimental hall with the position of the muon storage ring and laser
hut (left). The LCS scheme can be seen on the right.

2.1 Local and source monitor

The intensity variations of the light source used for calibration are monitored by the so called source
monitor (SM) while the intensity variations in the light distribution are monitored by the local
monitor (LM). The light source consists of six LDH-P-C-405 M Picoquant laser heads driven with
single Sepia II 828 controller. The light from each laser is divided with unbalanced beamsplitter
in two (70-30) where the lower intensity beam goes to the SM. The SM consists of a commercial
integrating sphere (Thorlabs IS200) equipped with two large area (10 mm ⇥ 10 mm) photodiodes
(Hamamatsu S3590-18), one PMT (Hamamatsu H5783) and a low activity (6 Hz) Am source
coupled to NaI crystal which illuminates the PMT thus providing an absolute calibration reference.
To one of the integrating sphere’s ports a mini-bundle is attached which consists of ten, 3 m long
fibers that take light signal to the LM PMTs. This direct signal is compared in the LM with the
delayed signal that has made a roundtrip to the calorimeters. The higher intensity beam coming

– 4 –
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MUonE at CERN - INFN project
•  MUonE project: precision measurement of the muon-electron scattering 

angle to extract directly the hadronic contribution to g-2

• Beamline at CERN: muon beam on an electron target, elastic scattering 
measured with a series of detector stations equipped with tracking planes

• Challenge (on of many…)

• monitor the relative alignment of the tracking planes at the level of 10 μm

• Solution: 

• real time holographic interferometry

• Objective: be ready for a test beam at CERN in 2021
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Clara Matteuzzi 
SPSC 21/01/2020 

A proposal for measuring                  contribution from 

ȝ + e → ȝ + e elastic scattering

Measuring the running of ࢻ(t) 
in the space-like region

The MUonE project: 

On behalf of the MUonE Collaboration

SPSC 21/01/2020 Clara Matteuzzi 9

Sketch of the final apparatus (not on scale):
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Holographic Alignment Monitor for MUonE
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The CAST helioscope
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The Kinetic WISP detection principle
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The Sun emits a stream of 
Sikivie-produced Chameleons

An ultra-thin taut membrane flexes 
as a sail under the Chameleon wind

High-sensitivity interferometric 
optical techniques detect tiny 
membrane displacements due to the 
Chameleon wind force

Curious? See January-February 2016 CERN Courier http://cerncourier.com/cws/article/cern/63705

http://cerncourier.com/cws/article/cern/63705


KWISP 3.5 ± Triest lab tests

Justin Baier – CAST 74th CM – KWISP status update 1705.05.2020



KWISP 3.5 ± Triest lab tests

Justin Baier – CAST 74th CM – KWISP status update 1905.05.2020

Detector assembly and tests:

Prepared the detector for vacuum tests


