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Letters to the Editor 
PUBLICATION of brief reports of important dis-

JL coveries in physics may be secured by addressing them 
to this department. The closing date for this department is} 
for the issue of the 1st of the month, the 8th of the preceding 
month and for the issue of the 15th, the 23rd of the preceding 
month. No proof will be sent to the authors. The Board of 
Editors does not hold itself responsible for the opinions ex-
pressed by the correspondents. Communications should not 
exceed 600 words in length. 

On the Disintegration of Negative Mesons 
M. CONVERSI, E. PANCINI, AND O. PICCIONI* 

Centro di Fisica Nucleare del C. N. R. Istituto di 
Fisica dell'Universitd di Roma, Italia 

December 21, 1946 

IN a previous Letter to the Editor,1 we gave a first account 
of an investigation of the difference in behavior between 

positive and negative mesons stopped in dense materials. 
Tomonaga and Araki2 showed that, becuase of the Coulomb 
field of the nucleus, the capture probability for negative 
mesons a t rest would be much greater than their decay 
probability, while for positive mesons the opposite should 
be the case. If this is true, then practically all the decay 
processes which one observes should be owing to positive 
mesons. 

Several workers3 have measured the ratio r? between the 
number of the disintegration electrons and the number of 
mesons stopped in dense materials. Using aluminum, brass, 
and iron, these workers found values of r\ close to 0.5 
which, if one assumes that the primary radiation consists 
of approximately equal numbers of positive and negative 
mesons, support the above theoretical prediction. Auger, 
Maze, and Chaminade,4 on the contrary, found 77 to be 
close to 1.0, using aluminum as absorber. 

Last year we succeeded in obtaining evidence of different 
behavior of positive and negative mesons stopped in 3 cm 
of iron as.an absorber by using magnetized iron plates to 
concentrate mesons of the same sign while keeping away 
mesons of the opposite sign (at least for mesons of such 
energy that would be stopped in 3 cm of iron). We obtained 
results in agreement with the prediction of Tomonaga and 
Araki. After some improvements intended to increase the 
counting rate and improve our discrimination against the 
1 'mesons of the opposite sign," we continued the measure-

TABLE I. Results of measurements on /3-decay rates 
for positive and negative mesons. 

Sign 

(a) + 
(b) -
(O -
(d) + 
(e) -
(f) -

Absorber 
5 cm Fe 
5 cm Fe 

none 
4 cm C 

4 cm C +5 cm 
6.2 cm Fe 

F e 

I I I 

213 
172 

71 
170 
218 
128 

IV 

106 
158 

69 
101 
146 
120 

Hours 
155.00' 
206.00' 
107.45' 
179.20' 
243.00' 
240.00' 

M/100 hours 

67 ±6.5 
3 

- 1 
36 ±4.5 
27 ±3.5 

0 

FIG. 1. Disposition of counters, absorber, and magnetized iron plates. 
All counters " D " are connected in parallel. 

ments using, successively, iron and carbon as absorbers. 
The recording equipment was one which two of us had 
previously used in a measurement of the meson's mean 
life.5 I t gave threefold (III) and fourfold (IV) delayed 
coincidences. The difference (III) —(IV) (after applying a 
slight correction for the lack of efficiency of the fourfold 
coincidences) was owing to mesons stopped in the absorber 
and ejecting a disintegration electron which produced a 
delayed coincidence. The minimum detected delay was 
about 1 /zsec. and the maximum about 4.5 /usee. Our calcu-
lations of the focusing properties of the magnetized plates 
(20 cm high; 0 = 15,000 gauss) and including roughly the 
effects of scattering, showed that we should expect almost 
complete cut-off for the "mesons of the opposite sign." 
This is confirmed by our results, since otherwise it would 
be very hard to explain the almost complete dependence 
on the sign of the meson observed in the case of iron. 

The results of our last measurements with two different 
absorbers are given in Table I. In this table "Sign" refers 
to the sign of the meson concentrated by the magnetic 
field. M= (III)-(IV)-P(IV), the number of decay elec-
trons, is corrected for the lack of efficiency (p) in our 
fourfold coincidences (^0.046). 

The value M- (5 cm Fe) is but slightly greater than the 
correction for the lack of efficiency in our counting, so 
that we can say that perhaps no negative mesons and, at 
most, only a few (^5 ) percent undergo /3-decay with the 
accepted half-life. 

The results with carbon as absorber turn out to be quite 
inconsistent with Tomonaga and Araki's prediction. We 
used cylindrical graphite rods having a mean effective 
thickness of 4 cm because we were unable to procure a 
graphite plate. In addition, when concentrating negative 
mesons, we placed above the graphite a 5-cm thick plate 
of iron to guard against the scattering of very low energy 
mesons which might destroy the concentrating effect of 
our magnets. We alternated the following three measure-
ments : 

A. Negative mesons with 4 cm C and 5 cm Fe, 
B. Negative mesons with 6.2 cm Fe (6.2 cm Fe is ap-

proximately equivalent to 4 cm C + 5 cm Fe as far as 
energy loss is concerned. 

C. Positive mesons with 4 cm C. 
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Dal 1951 al 2021
Questa sinergia, nel corso dei decenni, si è evoluta ed ha iniziato 
a giocare un ruolo sempre più fondamentale e determinante 
nella nostra comprensione e descrizione dell’Universo.
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Un esempio: la fisica dei neutrini
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Un esempio: la fisica dei neutrini
Nel modello cosmologico standard il nostro Universo si è evoluto, espandendosi,  
attraverso una serie di fasi in cui la densità di energia è stata, in successione, dominata 
prima da particelle relativistiche (radiazione), poi da particelle non-relativistiche 
(materia) ed infine dalla energia del vuoto (costante cosmologica).

Fotoni e neutrini popolano copiosamente 
l’Universo primordiale in radiazione. 
Nonostante le loro deboli interazioni, 
i neutrini giocano un ruolo chiave in 
cosmologia.

EARLY UNIVERSE:
Le interazioni dei neutrini possono 
convertire protoni in neutroni e 
viceversa: hanno un ruolo cruciale nella 
nucleosintesi primordiale.

LATE UNIVERSE:
A causa della loro massa, ad un certo 
punto diventano non-relativistici e 
contribuiscono alla densità di materia 
(alterano formazione delle strutture e 
la relazione distanza-redshift).

∑ mν < 0.12 eV



Tutte le evidenze sperimentali 
che richiedono fisica oltre il 
Modello Standard vengono da 
osservazioni di natura 
astrofisica e cosmologica.
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L’analisi e l’interpretazione dei dati riguardanti le anisotropie della radiazione cosmica di 
fondo (CMB) ha mostrato come la densità di energia del nostro Universo sia per il 26% 
nella forma di Materia Oscura, per il 5% nella forma di materia ordinaria e per il 
restante 69% nella forma di Energia Oscura.

Con Materia Oscura si definisce un’ipotetica 
componente di materia che, 
diversamente dalla materia conosciuta, 
non emetterebbe radiazione elettromagnetica 
ed è attualmente rilevabile solo in modo 
indiretto attraverso i suoi effetti gravitazionali.

“It cannot be seen, cannot be felt,  
 Cannot be heard, cannot be smelt,  
 It lies behind stars and under hills,  
 And empty holes it fills.”

J.R.R. Tolkien, The Hobbit.



Non è possibile spiegare la Materia Oscura nel contesto offerto dal Modello Standard 
delle particelle elementari.
Cos’è, quindi, la Materia Oscura?
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Figure 2: A schematic of dark matter (WIMP) elastic scattering off a target nucleus.

2 Dark Matter Distributions

The search for dark matter’s particle constituents is for naught if the distribution of dark matter
in our local region of the Milky Way is non-existent. I will first focus on the distribution of relic
Weakly Interacting Massive Particle (WIMP) dark matter in the Milky Way halo. Understanding
the distribution is a crucial ingredient in considerations for the construction of experiments
and interpretation of their (non-)observations.

2.1 A Simplified Model of WIMP Distribution in the Milky Way

WIMPs are assumed to be organized in isothermal spherical halos with a Gaussian velocity
distribution, owing to random fluctuations about some mean velocity. This is all encapsulated
in a Maxwell-Boltzmann model of the halo, with a“Maxwellian” velocity distribution,

f (~v) =
1p

2⇡�
e�|~v|

2/(2�2) , (1)

where � is the WIMP velocity dispersion. The local circular speed, vc , is defined as the motion
of our solar system about the center of the galaxy. The speed dispersion, � is related to the
local circular speed by

� =

vt3
2

vc , (2)

where the local circular velocity is the speed of the our solar system about the center of the
galaxy, taken as vc = 220 km/s.

The density profile of the sphere is ⇢(r) / r�2 and ⇢0 = 0.3 GeV/c2 · cm3, where the
local density of dark matter near Earth is taken to be the average of a small volume within a
few hundred parsecs of the Sun. There are two approaches to measuring the local dark matter
density [1]. The first involves the use of the vertical kinematics of stars near the Sun [2–5]
and the second involves extrapolation from galactic rotation curves [6]. In our region of the
galaxy, particles with speeds greater than the escape velocity, vesc are not gravitationally bound.
Hence, the speed distribution needs to be truncated and will cut off at vesc = 650 km/s.

It is interesting to then think about what will be the population of WIMPs in your work area.
We have the local dark matter density in our region of the Milky Way. You need to next select
your "favorite" mass for a WIMP candidate. I will choose one lighter species, m�1

= 5 GeV/c2

and one heavier species, m�2
= 100 GeV/c2. What then will be their respective number den-

sities? These are

n1 = ⇢0/m�1
= 6⇥ 10�2 cm�3, (3)

n2 = ⇢0/m�2
= 3⇥ 10�3 cm�3. (4)

4
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FIG. 7. Expected CTA sensitivities (dashed black lines) with
68% and 95% CL intervals derived as in Ref. [20] assuming 50
hours observation time towards Draco (green) and Triangu-
lum II (magenta). We show the SE annihilation cross-section
into the channels that contribute to the monocromatic gamma
line signal (i.e. �� an �Z) for a scalar 7-plet (blue) and a
fermionic 7-plet (red). The vertical bands show the predicted
thermal masses for the scalar 7-plet (blue) and the fermionic
7-plet (red), where the theory uncertainty is dominated by
the neglected NLO contributions (see Table 1).

ing at the DM mass E� ' M�, from the loop-induced
annihilations into �� and �Z. The cross-section in this
channel is largely boosted by the SE (see e.g. [5, 64, 65])
and can raise above the gamma-ray continuum from the
showering, hadronization and decays of the electroweak

gauge bosons [66].
From the astrophysical point of view, the reach of

high energy gamma lines searches depends very much on
which portion of the sky the telescopes will be pointed at.
In finding the optimal choice, a balance has to be found
between the maximization of photon flux at Earth and
the control over the systematical uncertainties. Two very
well studied astrophysical targets are the Galactic Cen-
ter (GC) [20, 67] and the Milky Way’s dwarf Spheroidal
galaxies (dSphs) [20]. In the GC, the uncertainties are
dominated by the importance of the baryonic physics in
the inner most region of the Milky Way which comes
together with the poor knowledge of the DM distribu-
tion at the center of the Milky Way [68–71]. On the
contrary, dSphs stands out as very clean environments
to search for high energy �-lines only residually a↵ected
by systematics related to the determination of their as-
trophysical parameters in the presence of limited stellar
tracers [72, 73].
Motivated by the above considerations, we show a very

preliminary analysis of ID signals coming from annihi-
lations of the WIMP 7-plet. We focus on the CTA
prospects by considering 50h of observations time to-
wards two dSph targets in the northern hemisphere: the
classic dSph Draco and the ultra-faint one Triangulum
II. Notice that the DM properties of Draco come from
hundreds of stellar tracers, while those from Triangulum
II are based on just 13 tracers, making the latter more
speculative and subject to large systematics in the de-
termination of the geometrical J-factor [74]. Hence, the
reach of Draco should be taken as the baseline reach for
CTA.
Our analysis is simplified because the signal shape we

consider is essentially a single line at E� ' M�. Consis-
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Figure 25: Overall panorama plot in the (ga�,ma) plane. As usual laboratory, helioscope and haloscope
areas are colored in black, blue and green respectively. Some prospect regions shown in previous plots
are here collected in semi-transparent colors.

8 Discussion

Fig. 25 is an attempt to concisely summarise most of the results and prospects detailed in previous
pages. As such it is partial as it shows only the (ga�,ma) parameter space and, as shown before, there
are now a number of experiments active in other detection channels (see Table 3). Nevertheless, the
ga� channel still gathers most of the experimental activity and probably remains the most promising
channel for a discovery, although other channels will be crucial to identify a future putative signal as a
QCD axion (or other type of ALP). Fig. 25 includes all prospect regions in the (ga�,ma) plane that have
been shown in previous plots without individual labels. Although many of those are still somewhat
far in the future and depend on successful completion of previous R&D, it gives a nice account of the
potential of the field to collectively explore a large fraction of the allowed parameter space for axions
(and ALPs) in the future.

Despite some (healthy) overlap between experiments, it is to be stressed the high degree of comple-
mentarity in the experimental landscape. Current and future DM axion searches will presumably cover
the ma ranges cosmologically favoured by pre-inflation and the post-inflation NDW = 1 models, under
the assumption that DM is mostly comprised of axions, while helioscopes will be active in the higher
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the
cavity.

the formalism has the strange property of predicting a signal even with vanishing axion interactions.

7.1 Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homo-
geneous magnetic field of intensity Be to trigger the conversion of DM axions into photons. Figure 14
shows a sketch of the haloscope concept. Being non relativistic, DM axions produce monochromatic
photons of energy equal to ma. For a cavity resonant frequency matching ma, the conversion is en-
hanced by a factor proportional to the quality factor of the cavity Q and the signal power in the band
ma ±ma/Q is (4.51),

Ps = 
Q

ma

g2a�B
2
e |Gm|2V %a (7.1)

= 7.2⇥ 10�23W
⇣ 
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2⇥ 10�16GeV�1
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8T

◆2 ✓ |Gm|2
0.69

◆
V

200l
%̃a (7.2)

where Gm is the geometric factor of the resonant mode, as defined in Eq. 4.46, and we have used
%a = m2

a|at|2/2 by assuming that �2
v . 1/Q, i.e. the DM bandwidth is smaller than the width of the

cavity resonance and can be taken as a delta function. The general formula (4.52) can be used when
�2
v ⇠ 1/Q or for other bandwidths. This resonant amplification only works for values of ma within a

thin frequency window �⌫/⌫ ⇠ Q�1 around the resonant frequency, see (4.50), but typically the DM
signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v ⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than

63

INFN (exp.)
QUAX



Cos’è, quindi, la Materia Oscura?

Materia
oscura

Particella

Oggetto 
Macroscopico

Onda

Altro?

WIMP SUSY

Neutralino

Sneutrino

Gravitino

Non-SUSY

Minimal
DM

Dark 
Photon

Singoletto 
Scalare

SIMPComposite

Buchi neri
Oggetto esotico

compatto

Stringhe 
cosmiche

Transizioni di 
fase

Inflazione
Stelle di 
bosoni

Stelle di 
fermioni

QCD axion

KSVZ
DFSZ

Axion-like

Ultra-light 
boson

Gravità 
modificata

MOND

?
[da un’idea di: 
 G. Bertone, T. M. P. Tait; A. Strumia]



Cos’è, quindi, la Materia Oscura?

Non lo sappiamo.

Cercare di rispondere a questa domanda, 
paradossalmente, anziché selezionare una ben 
determinata risposta ha portato a capire come in 
realtà ci sia una pletora di possibilità teoriche, tutte 
(più o meno) motivabili da un punto di vista della 
fisica oltre il Modello Standard.

Occorre muoversi in questo “spazio di teorie” seguendo un principio guida.
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Il Modello Standard delle particelle elementari

L’Energia Oscura è una forma di energia che 
domina la dinamica dell’Universo su scale 
cosmologiche. 
E’ stata introdotta per spiegare l’espansione 
accelerata dell’Universo misurata sulla base di 
osservazioni di supernove di tipo Ia in galassie 
lontane. Queste osservazioni inoltre sono state 
confermate da molte altre fonti indipendenti come 
ad esempio studiando l'anisotropia della radiazione 
cosmica di fondo.
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Il Modello Standard delle particelle elementari
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1 Introduction

The new data release from BICEP/Keck considerably strengthened bounds on the tensor to

scalar ratio r [1]: r0.05 = 0.014+0.010
�0.011 (r0.05 < 0.036 at 95% confidence). The main results

are illustrated in [1] by a figure describing combined constraints on ns and r, which we

reproduce here in Fig. 1. These new results have important implications for the development

of inflationary cosmology. In particular, the standard version of natural inflation [2], as well

as the full class of monomial potentials V ⇠ �

n, are now strongly disfavored.

Figure 1: BICEP/Keck results for ns and r [1]. The 1� and 2� areas are represented by dark blue and light

blue colors. The purple region shows natural inflation, and the orange band corresponds to inflation driven by

scalar field with canonical kinetic terms and monomial potentials.
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Figure 7: This figure (courtesy of R. Flauger) shows the 7 Poincaré disks of the T-model of ↵-attractors as

green lines, as well as Higgs inflation, R2 inflation and fibre inflation [28]. The predictions are for 47 < Ne < 57.

Fig. 8 shows more detailed plots for the 7 disk predictions for T- and E-models [13].

These predictions correspond to the most interesting range 10�2 . r . 10�3.

ns
<latexit sha1_base64="fhU2agvCoNeyHG1PPJREc4f0e+4=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CkkabHsrePFY0X5AG8pmu2mXbjZhdyOU0p/gxYMiXv1F3vw3btoKKvpg4PHeDDPzwpQzpR3nw1pb39jc2i7sFHf39g8OS0fHbZVkktAWSXgiuyFWlDNBW5ppTruppDgOOe2Ek6vc79xTqVgi7vQ0pUGMR4JFjGBtpFsxUINS2bF91/PrVZSTWrXu56RyWfM85NrOAmVYoTkovfeHCcliKjThWKme66Q6mGGpGeF0XuxniqaYTPCI9gwVOKYqmC1OnaNzowxRlEhTQqOF+n1ihmOlpnFoOmOsx+q3l4t/eb1MR7VgxkSaaSrIclGUcaQTlP+NhkxSovnUEEwkM7ciMsYSE23SKZoQvj5F/5O2Z7sV27vxy43OKo4CnMIZXIALVWjANTShBQRG8ABP8Gxx69F6sV6XrWvWauYEfsB6+wTjF45G</latexit>

Figure 8: ↵-attractor benchmarks for T-models (left panel) and E-models (right panel) show the discrete

values of 3↵ = 7, 6, 5, 4, 3, 2, 1 from the top going down [13]. Dark pink area corresponds to ns and r favored by

Planck2018 after taking into account all CMB-related data. The predictions are for 50 < Ne < 60.

The upper B-mode target with 3↵ = 7, r ⇠ 0.01 is very close to the range that can be

explored by BICEP/Keck, if not now, then within the next five years, when the authors of [1]

hope to reach accuracy �(r) ⇠ 0.003. To illustrate what this might entail, we add to Fig. 4

two dashed lines, which show predictions for 3↵ = 7 for the simplest T-models (yellow dashed

line) and E-model (red dashed line) [27]. As one can see, these predictions are positioned right

at the center of the dark blue ellipse in Fig. 9.
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Dal 2022 al…?
Molte delle domande più fondamentali della fisica sono legate alla 
nostra comprensione e descrizione dell'Universo su scale 
galattiche, extra-galattiche e cosmologiche.

La strategia dell’INFN ha le potenzialità per aiutare a dipanare la 
matassa dei modelli teorici costruibili sulla base delle odierne 
osservazioni sperimentali.

Non est ad astra mollis e terra via.
[Non esiste una via facile che dalla terra porti alle stelle.]
Seneca, “Hercules furens.”
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