A history of some recent attempts
to go beyond the standard model

Francesco Vissani
INFN, Gran Sasso & GSSI



introduction

The standard model (SM) plays a role that resembles the one
of thermodynamics, of Newton's, Maxwell's Einstein’s theories
or alike. | mean, it is a principle-based theory, which allows
us to perform useful deductions concerning microphysics and
to obtain expectations obeyed in most circumstances.

As usual, however, [t rule Is to save the phenomena, that in
the specific field of competence of SM means the available
experimental & observational facts of microphysics — the facts.
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introduction

» Certain phenomena contradict SM'’s predictions, thereby
calling particle physicists to maximum attention.

» Other facts go beyond the direct competences of the
standard model, but put it into play along with other
theories, especially in astrophysical/cosmological contexts.

» Some structural aspects of this theory raise interesting
questions, which — even without amounting to actual
problems - deserve consideration.

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI



roots of standard model



the first W.L.N. revolution

bt sunt - TAreqmi of Pec 0393
/ Abschrift/15.12.% ™

Offener Brief an die Qrunpe der Radicsktiven bei der
Gauvereins-Tagung zu Tubingen.

Physikalisches Institut ntribati
der Eidg. Technischen Hochachule Zirich, L. Des. 1930 ‘
Zirioh Oloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich muldvollst
ansuhfren bitte, Ihnen des n&heren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats” (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
vdth den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und

wheh von lichtquanten susserdem noch dadurch unterscheiden, dass sie
=‘-10 Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmasse sein und
:nn. nicht grosser als 0,01 Protonenmasse.- Das kontimierliche

Spektrum wire dann verstindlich unter der Amnmahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Also, liebe Radicaktive, priifet, und richtet.- Leider kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Naoht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabikSmmlich
bin.- Mit vielen Ori{ssen an Euch, sowie an Hermn Baek, huer
untertanigster m"

ges., W, Pauld
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Fermi's B-decay Theory

Chen Ning Yang

https://doi.org/10.1142/52251158X12000045 | Cited by: 0

Throughout his lifetime Enrico Fermi (1901-1954) had
considered his 1934 f-decay theory as his most important
contribution to theoretical physics. E. Segre (1905-1989) had
vividly written about an episode at the inception of that
paper:'

Fermi gave the first account of this theory to several of his
Roman friends while we were spending the Christmas
vacation of 1933 in the Alps. It was in the evening after a
full day of skiing we were all sitting on one bed in a hotel
room, and I could hardly keep still in that position, bruised
as | was after several falls on icy snow. Fermi was fully
aware of the imy ce of his accomplish and said
that he would be remembered for this paper, his best so far,
He sent a letter to Nature advancing his theory, but the
editor refused it because he thought it contained speculations
that were too remote from physical reality; and instead the
paper (“Tentative Theory of Beta Rays™ [FP 76]) was
published in Italian and in the Zeitschrift Fiir Physik."

In 2001 there was a centennial celebration of Fermis
100th birthday. I contributed a paper to that celebration. One
passage of my paper read:’

One day in the 19705, [ had the following conversation with

Eugene Wigner in the cafeteria of Rockefeller University:

Y: What do you think was Fermis most important
contribution to theoretical physics?
W: fi.decay theory.

Y: How could that be? It is being replaced by more
fundamental ideas, OF course It was a very important
contribution which had sustained the whole field for

‘Original title: “Tentativo di una teoria del raggi f
"Fermi also published in 1933 a short paper in ltaly, See Ref, 2
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some forty years: Fermi had characteristically swept
what was unknowable at that time under the rug, and
focused on what can be calculated. It was beautiful and
agreed with experiment, But it was not permanent, In
contrast the Fermi distribution is permanent,

w:

=

No, no, you do not understand the impact it produced
at the time, Von Neumann and 1 had been thinking
about B-decay for along time, as did everybody else. We
simply did not know how to create an electron in a
nucleus.

Y: Fermiknew how to do that by using a second quantized y?
W: Yes,

Y: But it was you and Jordan who had first invented the
second quantized y,

W: Yes, yes. But we never dreamed that it could be used in
real physics.

What this passage reflected was not just the very different
evaluations, by Wigner and me, of Fermis f-decay theory,
but in fact the very different evaluations of this theory by
Fermi himself and his generation of physicists and by my
generation, Recently 1 looked into the old literature and was
able to understand better the reason for this difference,

In 1932 there were two discoveries that greatly shocked the
world of physicists:

On February 17th, . Chadwick (1891-1974) sent a short
article to Nature* with the title "Possible Existence of a
Neutron”. It had great immediate impact: One realized that
nuclel were made of protons and neutrons rather than
protons and electrons, thus understanding  the  many
regularities of the composition of light nuclei. But at the
same time it created a new difficult puzzle: Since there were
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Nobel to Reines 65 years later

some forty years: Fermi had characteristically swept
what was unknowable at that time under the rug, and
focused on what can be calculated. It was beautiful and
agreed with experiment, But it was not permanent, In
contrast the Fermi distribution is permanent,

w:

=

No, no, you do not understand the impact it produced
at the time, Von Neumann and 1 had been thinking
about f-decay for a long time, as did everybody else. We
simply did not know how to create an electron in a
nucleus.

Y: Fermiknew how to do that by using a second quantized y?
W: Yes,

Y: But it was you and Jordan who had first invented the

second quantized y,
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Yes, yes. But we never dreamed that it could be used in
real physics.

What this passage reflected was not just the very different
evaluations, by Wigner and me, of Fermis f-decay theory,
but in fact the very different evaluations of this theory by
Fermi himself and his generation of physicists and by my
generation, Recently 1 looked into the old literature and was
able to understand better the reason for this difference,

In 1932 there were two discoveries that greatly shocked the
world of physicists:

On February 17th, . Chadwick (1891-1974) sent a short
article to Nature* with the title "Possible Existence of a
Neutron”. It had great immediate impact: One realized that
nuclel were made of protons and neutrons rather than
protons and electrons, thus understanding  the  many
regularities of the composition of light nuclei, But at the
same time it created a new difficult puzzle: Since there were



the second W.IL.N. revolution

A turning point in the understanding of weak interactions is the hypothesis
that they violate parity, due to Lee and Yang (1956) a fact confirmed by the
experiment of Wu (1957) and recognized by the Nobel committee in 1957.
This was the key to understand the structure of weak interactions and it
allowed Landau, Lee & Yang and Salam to conclude that, for neutrinos, the
spin and the momentum have opposite directions while, for antineutrinos,

the direction is the same one. One talks also of negative helicity of neutrinos
and positive helicity of antineutrinos. The final proof of this picture was ob-
tained by the impressive experiment of Goldhaber et al. (1958). Eventually,
the theoretical picture was completed arguing for an universal vector-minus-
axial (V—A) nature of the charged-current weak interactions (Sudarshan and

Marshak, 1958; Feynman and Gell-Mann, 1958).

. Introduction to the Formalism of Neutrino Oscillations
Guido Fantini, Andrea Gallo Rosso, Francesco Vissani, Vanessa Zema
Published in Adv.Ser.Direct.High Energy Phys. 28 (2018) 37-119
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J. C. Ward

from ‘Memoirs of a
Theoretical Physicist’

“Quite soon after this triumph, the
experiment of Mrs. C.S.Wu et al.
at Columbia, acting upon the
suggestion of Yang and Lee,
definitely established the non-
conservation of parity in weak
Interactions, surprising everyone.

| wrote a note to Abdus, telling him
of the result, adding that Einstein
must be spinning in his grave,
clockwise presumably.*

Munich, 04/11/19
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under the spell of gauge principle

@ Yang+Mills 1954, ® Salam+Ward, Weinberg, | 964-68,
non abelian gauge theories a model of leptons

@ Bludman, Leite Lopes 1958, ® Glashow+lliopoulos+Maiani 1970,
neutral currents interactions consistency and the 4" quark

@ Glashow 1961, @ ‘'t Hooft+Veltman, Lee, 1971,
SUR), x U(1)y and the Z% boson renormalizability

@ Anderson, Higgs, Englert+Brout, Bouchiat+lliopoulos+Meyer,
Guralnik+Hagen+Kibble, 1962-67, Gross+ackiw 1972,

broken symmetries & gauge bosons mass ~ anomaly cancellation

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 11
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SM: ingredients and recipe
» SU) x SU2), x U(I)y gauge group
> three families of Weyl spinors: g, [, up di ep (6+2+3+3+1=15)

» one scalar doublet: H, whose negative mass squared breaks
spontaneously SU(2), x U(1)y 2U(Il),,,

write all possible renormalizable terms and fix the value of the
parameters by as many measurements as the parameters

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 13



SM: major implications

one single mass scale (or two, | mean also the energy density)
|7 dimensionless parameters (or 18,1 mean also Op)

baryon & leptons numbers, B, L,, L,, L; conserved perturbatively,

B-L, L.-L,. L.-L; conserved exactly (L=L +L,+L,).
calculable theory to any perturbation order.

no flavor-changing neutral current at tree level.
CP only mildly violated.

non perturbative regime for SU(3). at low energies (glueballs?).
lightest hadrons - proton, nuclei - are stable as the electron.

neutrinos are massless.

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI
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proton decay



the age of gauge (

Journals ~ Physics Magazine Help/Feedback
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Highlights Recent Accepted Collections Authors Referees

N

Unity of All Elementary-Particle Forces

Howard Georgi and S. L. Glashow
Phys. Rev. Lett. 32, 438 — Published 25 February 1974

Article v ﬂ Export Citation

ABSTRACT -

Strong, electromagnetic, and weak forces are conjectured to arise
from a single fundamental interaction based on the gauge group
SU(5).

Received 10 January 1974
DOI: https://doi.org/10.1103/PhysRevLett.32.438

©1974 American Physical Society
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Annals of Physics ifics
A Volume 93, Issues 1-2, 5 September 1975,
ELSEVIER Pages 193-266

Unified interactions of leptons
and hadrons %

Harald Fritzsch, Peter Minkowski

m Show more

https://doi.org/10.1016/0003-4916(75)90211-0Get rights and content

Abstract

It is suggested that a unifying description of’
leptons and hadrons can be obtained within a
nonabelian gauge theory where the gauge group is
a symmetry group of a set of massless elementary
fermions (leptons, quarks). We investigate the
consequences of such an approach for the strong,
electromagnetic, and weak interactions. We study
both gauge theories with and without fermion
number conservation, e.g, theories based on the
groups SU, x SU, (n =8, 12, 16) and SO, (n =10, 14).
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from 1979 Nobel lectures

Salam:

That summer [1973, ed] Jogesh Pati and | had predicted proton decay within the
context of what is now called GUT.

Glashow:

GUT - perhaps along the lines of the original SU(5) theory of Georgi and me - must
be essentially correct. This implies that the proton, and indeed all nuclear matter,
must be inherently unstable.

Weinberg:

If effects of a tiny non-conservation of baryon or lepton number such as proton
decay or neutrino masses are discovered experimentally, we will then be left with
gauge symmetries as the only true internal symmetries of nature, a conclusion that |
would regard as most satisfactory.

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 17



round table “Einstein and the physics of the future”
published in Some Strangeness in the Proportion, ed. H. Woolf, 1980

Weinberg:

[...] the lifetime of the proton (this has been worked on by a number of people now) comes out to
be of the order 10 to 1032 years. The present experimental lower bound is 10 years. Thus the
time is ripe for an assault on the next few orders of magnitude in the proton lifetime,

Dyson:

[...] the modern view of particle theory, with the sub-nuclear world a playground of interlocking
broken and unbroken symmetries, had its roots in Felix Klein's Erlanger Program of 1872 [...]

| predict that in the next 25 years we shall see the emergence of unified physical theories in which
general relativity, group theory, and field theory are tied together with bonds of rigorous maths.

Yang:
beautiful mathematics is the language of fundamental physics [...]

Maybe it is my prejudice - maybe it is my ignorance - but | do not believe that any of these graded
Lie algebras has the intrinsic and fundamental beauty of Lie algebras and Lie groups, not as vet!

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 18



KGF, IMB, NUSEX, KAMIOKANDE, ICARUS...
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... JUNO, DUNE, HYPER-KAMIOKANDE

Soudan Frejus Kamiokande IMB Super-K Hyper-K
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on expectations

* we have hints of gauge coupling unification
* but a prediction requires a complete theory

* significant uncertainties from choice of the scalar field,
iIntermediate scales, threshold effects, nuclear matrix elements

 fermion masses are one of the few constraint

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI
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on expectations

* we have hints of gauge coupling unification
* but a prediction requires a complete theory

* significant uncertainties from choice of the scalar field,
iIntermediate scales, threshold effects, nuclear matrix elements

 fermion masses are one of the few constraint

* (new particles! dark matter?! supersymmetry! baryogenesis?)

What to some seemed a blitzkrieg has become a trench
warfare, with little room for progress: can we still fight the fight?
Surely, we still have nothing like a “GUT standard model".

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 23



neutrino masses



the idea that worked — neutrino oscillations -
was proposed earlier (late fifties / early sixties)

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 25



full recognition %2 a century later

g ", ; , N°b°'9”3°t i fysik 2015 The Nobel Prize in Physics 2015 i

 Nobelpriser i

*\ ‘AKADEMIEN

Mmmmwm

Takaaki Kajita Arthur B. McDonald
Super-Kamiokande Collaboration Sudbury Neutrino Observatory Collaboration
University of Tokyo, Kashiwa, Japan Queen'’s University, Kingston, Canada

"for upptédckten av neutrinooscillationer, som visar att neutriner har massa”
“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 26



solar neutrinos odyssey

* ot of resistance to the idea of solar neutrino experiments, see Bahcall

#* moreover, the solar neutrino anomaly has long been ignored and it
took 20 years before a test was conducted

in part it was distrust of astrophysics and nuclear physics
In part this was due to widespread prejudice against neutrino mass
acceptance begun when it was realized that small mixing could work

#* today, oscillation of solar neutrinos is considered an obvious thing

#* (even If there are still doubts and things to do)

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI 27
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where we are now

tests with terrestrial experiments,
from reactor to accelerator

overall consistency of the indications

important role of “global fits" — i.e,,
of taking seriously the hypothesis of
massive neutrinos

also appearance was seen (more on
that later)

first hints of “normal spectrum” - aka
ordering, aka hierarchy

now, we should see true neutrino
mass — we hope in KATRIN

Munich, 04/11/19

Progress in Particle and Nuclear Physics
Volume 102, September 2018, Pages 48-72

ELSEVIER

Review

Current unknowns in the three-neutrino
framework

F. Capozzi 3, E. Lisi bf—iﬁ, A. Marrone G b, A. Palazzo cb

= Show more

https://doi.org/10.1016/j.ppnp.2018.05.005 Get rights and content

Abstract

We present an up-to-date global analysis of data coming from neutrino oscillation
and non-oscillation experiments, as available in April 2018, within the standard
framework including three massive and mixed neutrinos. We discuss in detail the
status of the three-neutrino (3») mass-mixing parameters, both known and
unknown. Concerning the latter, we find that: normal ordering (NO) is favored over
inverted ordering (IO) at 3o level; the Dirac CP phase is constrained within ~ 15% (
~ 9%) uncertainty in NO (IO) around nearly-maximal CP-violating values; the
octant of the largest mixing angle and the absolute neutrino masses remain
undetermined. We briefly comment on other unknowns related to theoretical and
experimental uncertainties (within 3v) or possible new states and interactions
(beyond 3v).

F Vissani, Gran Sasso & GSSI 29



SM seen as an effective theory

Weinberg 79

0L =

(CH)*?

lqqq

(0gd°)? M < 10" TeV  for dim.5

M

M/Z

with M’ > 10'2 TeV for dim.6

5
M M">5TeV  for dim.9

* the It is the SM-invariant formulation of Majorana neutrino masses

* the 2" is one of the operators that cause the instability of the proton

e the 3™ violates lepton number

Munich, 04/11/19
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Updated global analysis of neutrino oscillations in the
presence of eV-scale sterile neutrinos

Authors Authors and affiliations

Mona Dentler &, Alvaro Hernandez-Cabezudo, Joachim Kopp, Pedro Machado, Michele Maltoni,

Ivan Martinez-Soler, Thomas Schwetz

Open Access | Regular Article - Theoretical Physics

. a 322 38
First Online: 03 August 2018

Shares Downloads Citations

ABSTRACT

We discuss the possibility to explain the anomalies in short-baseline neutrino oscillation
experiments in terms of sterile neutrinos. We work in a 3 + 1 framework and pay special
attention to recent new data from reactor experiments, IceCube and MINOS+. We find
that results from the DANSS and NEOS reactor experiments support the sterile neutrino
explanation of the reactor anomaly, based on an analysis that relies solely on the relative
comparison of measured reactor spectra. Global data from the v, disappearance channel
favour sterile neutrino oscillations at the 30 level with Am 44 2 z13evVZand |Ueql = 0.1,
even without any assumptions on predicted reactor fluxes. In contrast, the anomalies in
the v, appearance channel (dominated by LSND) are in strong tension with improved
bounds on Vi disappearance, mostly driven by MINOS+ and IceCube. Under the sterile
neutrino oscillation hypothesis, the p-value for those data sets being consistent is less
than 2.6 x 107°. Therefore, an explanation of the LSND anomaly in terms of sterile
neutrino oscillations in the 3 + 1 scenario is excluded at the 4.70 level. This result is robust
with respect to variations in the analysis and used data, in particular it depends neither on
the theoretically predicted reactor neutrino fluxes, nor on constraints from any single
experiment. Irrespective of the anomalies, we provide updated constraints on the allowed
mixing strengths |Ua4| (a = e, u, T) of active neutrinos with a fourth neutrino mass state

in the eV range.

more light neutrinos?

various neutrino experiments found
anomalous results

individually, many of them could be
explained invoking new light neutrinos

however, when one takes this hypothesis
seriously, contradictions emerge and this
interpretation is not supported by the
experiments

the current situation with cosmology is
also contradictory

(on top of that, while new light neutrinos
might exist, there is no strong theoretical
argument in their favor)
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residual global symmetries



there is only one basic type of lepton

(=at the scrutiny of T2K, NOvA, OPERA, SK, DeepCore, only total lepton nhumber L survived )

Appearance experiments proved that all global symmetries of SM are violated, except L (with B).
Conversion among families is possible, we have only two types of matter particles: leptons and quarks
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In “standard model” B and L are not conserved individually.

Only B-L is conserved exactly, thus:
light & heavy matter types are connected

/W+

Up quark -

dJ*g/ dx* (X




fermion

mber L survived )

there is only one basic type o

(=at the scrutiny of T2K, NOvA, OPERA, SK, DeepCore, only ep

AL-L) A(L-L)  AL-L)

V. D>V +1 -2 +1 0

Appearance experiments proved that all anomaly free symmetries of SM are violated, except one.
B+L is not a conserved number in the Standard Model --- leptons and baryons conversion is possible
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probe lepton number by neutrinoless double
beta decay, i.e, by creation of electrons
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Majorana

neutrinos

Q O

» U

> d

> e

> o

p /

n / v n
n —> P
0000.’.‘ '\’e
p " — P
n - »n
" \j |

.
e
76
Ge v




usuallv we see ultrarelativistic (anti) neutrinos
4 %
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SM seen as an effective theory

Weinberg 79

M < 10! TeV  for dim.5

H 2 c\2
(fM) +iq4‘{§ + (‘i\ql‘f,s) with ¢ M’ >10'2 TeV for dim.6
M" > 5 TeV for dim.9

0L =

e the It is the SM-invariant formulation of Majorana neutrino masses which
violates B-L

» the 2" is one of the operators that cause the instability of the proton but
conserves B-L

* the 3" violates lepton number and contributes to Ov2J3.
At dim.9 also B violation appears
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a systematic, updated study of 0v2f3
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sensitivity to Majorana mass
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cosmology & SM



Munich, 04/11/19

cosmology: FLRW - A-CDM

3(Hp)’
. = ~ D. O
pCl'l . 87'[ GN m3
A 2
PA = 3. 5

ST Gy ~ m3

Pcom T pbary ~ 1. 5 mg
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cosmology: FLRW - A-CDM

3(Hp)?
. = ~ D. O
pCI'l . 87'[ GN m3
A c?
PA = 3. 5

ST Gy ~ m3

Pcom T pbary ~ 1. 5 m3

we have 1/v/A ~ 3 Gpc, similar in size to visible universe



cosmology: FLRW - A-CDM

3(Hy)?
crit = ~ 5 O
e STt Gy rn3
A ¢?
PA = ~ 3. 5

ST Gy m3

Pcom T pbary ~ 1. 5 m3

setting pac® = E*/(hc)® we get £ ~ 2.2 meV



cosmology: FLRW - A-CDM

3(Hp)?

pcrit. — ( 0) ~ 50 %
8T Gy m>

A 2 m

= ~ 3.5 —

PA 87t Gy m>

m

Pcom T Phary = 1.0 Eg

most matter is non-baryonic Pcpy ~ 5 X Ppyy




a few of SM-related questions

* 4.9% of baryons

Why anti-baryons are absent? Can we have a theory of that?
No way to explain this with SM during big-bang

*» 26.4% of non-relativistic matter / DM

What's this? Why it is similar to previous number? Can we see it in lab?
No other massive particle in SM (except primordial BH or neutrinos)

* 68.7% of dark energy

How to know more about that?
No problem for SM to provide this, maybe the opposite problem
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troubles with determination of H,?

Adding some additional relativistic species help relieve the tension.

In principle, new neutrinos could help, but their mass contribution
should be negligible. Not a painless modification.
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CMB is sensitive to 2=m,+m,+m,
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PHYSICAL REVIEW D 100, 073003 (2019)

Empirical inference on the Majorana mass of the ordinary neutrinos

L* oo .2 . . 3451
Stefano Dell’Oro®, " Simone Marcocci,” and Francesco Vissani®
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FIG. 2. Differential distributions of mg; obtained by projecting
the density plot of Fig. 1 (red line) and as a result of the analytic
procedure discussed in the text (blue line). The 1o, 26 and 36 C.

, L. intervals are reported.
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a few remarks



matter particles in one family
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on right handed neutrinos

* itis plausible that right handed neutrinos exist

* with them, B-L can be promoted to a gauge symmetry

« if lighter <10'*> GeV, light neutrino masses can be explained
* they can also give reason of baryon asymmetry

* if heavier > 1078 GeV, they mean “hierarchy problem”

* (but plenty of similar problems with cosmological constant)
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PHYSICS REPORTS (Review Section of Physics Letters) 110, Nos 1 & 2 (1984) 1-162. North-Holland, Amsterdam

SUPERSYMMETRY, SUPERGRAVITY AND PARTICLE PHYSICS

H.P. NILLES*
Département de Physique Théorique, Université de Genéve, 1211 Geneéve 4, Switzerland

and
CERN, Geneve, Switzerland

Received 16 February 1984

future. Experiments within the next five to ten years will enable us to decide whether supersymmetry as

a solution of the naturalness problem of the weak interactions scale is a myth or reality.
This far for the 100 GeV region. The extension of the models to higher energies is of course only
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SUPERSYMMETRY, SUPERGRAVITY AND PARTICLE PHYSICS

H.P. NILLES*
Département de Physique Théorique, Université de Geneve, 1211 Genéve 4, Switzerland
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CERN, Geneve, Switzerland

Received 16 February 1984

future. Experiments within the next five to ten years will enable us to decide whether supersymmetry as

a solution of the naturalness problem of the weak interactions scale is a myth or reality.
This far for the 100 GeV region. The extension of the models to higher energies is of course only

2019-1984=35 y and 35/(5 to 10)23.5, thus
the CL of the 2" option seems > 3.50 (0.05%) ©
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quosque tandem, gravity?

consider the mass that realizes

2 2

e T

— YN
r r

this defines the Stoney mass (1881)

02
= Mg = G—zQ,ug
N

energy at which gravity equates electric force

= E.=m X ¢ ~ 10" GeV
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not the only pending issue

o B-physics, 30 * deficit of v, (gallium), 30

o (g2 40 * deficit of reactorV,, 30

o p-radius / g-atoms, 60 (?) * V. appearance (LSND

o 8Be decay (Atomki), 680 + MiniBoone), 60

QO nature of dark energy [doubt] = shape of high energy cosmic neutrino
Q nature of inflation [doubt] spectra, 20
Q value of Hy [cosm. problem] = shape of solar neutrino spectra, 30
Q lithium abundance  [problem] = nuclear recoils (DAMA), o
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Workshop on "Gravity, Information and Fundamental Symmetries"

Munich, MPQ, 04.-06.11.2019

Begin | End | Sunday Monday Tuesday Wednesday
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Kate Scholberg, Duke Babette Débrich, CERN Fernando Pastawski, PsiQuantum
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and Spacetime Locality
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The SM is a theory, based on principles, that describes a huge amount
of facts about microphysics. The hope that the gauge principle could
take us much further than the SM, however, has not been realized.
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Matter

From Wikipedia, the free encyclopedia

This article is about the concept in the physical sciences. For other uses, see Matter (disambiguation).

In classical physics and general chemistry, matter is any substance that has mass and takes up space by h:i
ultimately composed of atoms, which are made up of interacting subatomic particles, and in everyday as we
made up of them, and any particles (or combination of particles) that act as if they have both rest mass and"
photons, or other energy phenomena or waves such as light or sound.['l2] Matter exists in various states (al
as solid, liquid, and gas — for example water exists as ice, liquid water, and gaseous steam — but other state:
fermionic condensates, and quark—gluon plasma.[3]

Usually atoms can be imagined as a nucleus of protons and neutrons, and a surrounding "cloud" of orbiting
correct, because subatomic particles and their properties are governed by their quantum nature, which meai
like waves as well as particles and they do not have well-defined sizes or positions. In the Standard Model o
elementary constituents of atoms are quantum entities which do not have an inherent "size" or "volume" in a
other fundamental interactions, some "point particles" known as fermions (quarks, leptons), and many comp
particles under everyday conditions; this creates the property of matter which appears to us as matter taking

For much of the history of the natural sciences people have contemplated the exact nature of matter. The id«
particulate theory of matter, was first put forward by the Greek philosophers Leucippus (~490 BC) and Demc

Contents [hide]
1 Comparison with mass
2 Definition
2.1 Based on atoms
2.2 Based on protons, neutrons and electrons
2.3 Based on quarks and leptons

2.4 Based on elementary fermions (mass, volume, and space)
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In classical physics and general chemistry, matter is any substance that has mass and takes up space by h:i
ultimately composed of atoms, which are made up of interacting subatomic particles, and in everyday as we
made up of them, and any particles (or combination of particles) that act as if they have both rest mass and"
photons, or other energy phenomena or waves such as light or sound.['l2] Matter exists in various states (al
as solid, liquid, and gas — for example water exists as ice, liquid water, and gaseous steam — but other state:
fermionic condensates, and quark—gluon plasma.[3]

Usually atoms can be imagined as a nucleus of protons and neutrons, and a surrounding "cloud" of orbiting
correct, because subatomic particles and their properties are governed by their quantum nature, which meai
like waves as well as particles and they do not have well-defined sizes or positions. In the Standard Model o
elementary constituents of atoms are quantum entities which do not have an inherent "size" or "volume" in a
other fundamental interactions, some "point particles" known as fermions (quarks, leptons), and many comp
particles under everyday conditions; this creates the property of matter which appears to us as matter taking

For much of the history of the natural sciences people have contemplated the exact nature of matter. The id«
particulate theory of matter, was first put forward by the Greek philosophers Leucippus (~490 BC) and Demc
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2.1 Based on atoms
2.2 Based on protons, neutrons and electrons
2.3 Based on quarks and leptons

2.4 Based on elementary fermions (mass, volume, and space)



° . +
In ordinary [anguage we say: PrOtOn fusion: p+p > D+et+V

matter does not d[sappear

M »  Electric charge is conserved:
In this panel, the main reaction 1+1=1+1+0

that allows the Sun to work, that
means that neutrinos are matter

pa.rfic/es (leptons)

" Bavyon number is COYLSCYVCd .

* 1+1=2+0+0

Known phys cs says: numbers of
baiyons and /epfons do not c/zange

Only B-L exactly conserved (SM) ® . A Lepton number is conserved:
® 0+0=0-1+1
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Francesco Vissani, GSSI & LNGS June 07, 2019

what makes “matter’’e

atoms mass, type till 1838 (19209) “atoms of electricity”
nuclei & electrons  mass, charge till 1933 (1956) neutrons & neutrinos
P. N, € v B, L., spin till 1961 (1968) quarks / SM
quarks, leptons B, L., L, L, spin il 1967 (2010) neutrino appearance
quarks-antileptons B-L, spin till 1937111 (¢2)  Majorana mass/0v2p

fermions spin fill 2222 (22222) 222222222272



C N Yang at the Centennial of MIT,1961

our present knowledge is sufficient to enable us to say with some certainty that great
clarification will come in the field of weak interactions in the next few years.With luck on
our side we might even hope to see some integration of the various manifestations of the
weak interactions,

Beyond that we are on very uncertain grounds.

* s the continuum concept of space time extrapolatable to regions of space 10-'*cm to
10-"7 cm, and to regions smaller than 10" cm?

*  What is the unifying basis of the strong, the electromagnetic and the weak interactions?
*  What is the role of the gravitational field relative to all these?

If it is difficult to locate singularities of functions by extrapolation, it is as difficult to predict
revolutionary changes in physical concepts by forecasting.

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI
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15t elementary matter particle (Thomson)

Hertz showed, however, that cathode particles possess another property
which seemed inconsistent with the idea that they are particles of matter,
for he found that they were able to penetrate very thin sheets of metal, e.g.

to the conclusion that the mass of the corpuscle is only about 1/1,700 of that
of the hydrogen atom. Thus the atom is not the ultimate limit to the subdivi-

sion of matter; we may go further and get to the corpuscle, and at this stage

the corpuscle is the same from whatever source it may be derived.

The corpuscle appear to form a part of all kinds of matter under the most
diverse conditions; it seems natural therefore to regard it as one of the bricks

of which atoms are built up.
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universal V-A

Ruderman+Finkelstein 1949
Predictions of R(pi=>enu)/R(pi=>munu) in various hypotheses

Durbin+Loar+Steinberger 1951
pion parity from deuterium photodissociation

Lokathan+Steinberger 1955 & Anderson+Lattes 1957
apparently R(pi=>enu) is just absent, ruling out standard model ()

Sudarshan+Marshak 1957 & Feynman+Gell-Mann 1958
V-A theory argues that previous result is inaccurate

Fazzini et al.1958
R(pi=>enu)/R(pi=>munu) confirms V-A
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(A, Z) =2 (A, Z+1)+e+v,_ All OK
(A , L ) - (A , Z+2)+2 e L changes

n—2>e+p L and spin change
p—>et+ B and L change
n—->e +K* B and L change
e 2>2Y+v, @hEmER changes

N 9 ﬁ B changes
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1 Historical Perspective and Introduction 5/26

90% C.L. Bounds Equivalent Exposures
0
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Figure 1. Sensitivity to p — Kv; syst. not included. Water,
e = 14.6% and b = 14/(Mton y) (2 methods, summed); Argon,
e =97% and b = 1/(Mton y). Impact of stat. fluctuations ~ 2.

F. Vissani LNGS, March 13, 2006



how oscillations work

Each neutrino is
produced and observed
as a mixture of several
waves, which describe
particles with different
masses. Particles with
different masses have
different speeds, thus
neutrinos transform as

they propagate.

Munich, 04/11/19 F Vissani, Gran Sasso & GSSI
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what we know on masses and mixings
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Normal Hierarchy
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NH - NO

Normal hierarchy =2 Normal ordering
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..=0.7, 0.5, 0.3 through the Earth wa thite 2003)

E, [GeV]
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NO -> YES

Normal ordering - Yearningly Expected Spectrum
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the “electron neutrino” mass

If the mass of the light v leads the transition, e.g. if new physics is at ultra-

HE scale, the parameter that counts for 0v2f is,

3

mgg = |(My)ee| = Z |ng| = my
1=1

Symbols: first is the traditional one; second, ee-element of the v mass matrix

The absolute mass scale and the (Majorana) phases & are not probed by
oscillations: Only mass differences and electronic mixing | U, ?| are measured.




STERILE NEUTRINOS?

LSND-MiniBooNe anoma[y is with us since
1995; n [atest data is mos’dy/ on[y at lowest

energies. 10 year later sterile neutrino were

assessed on a g[o]oa[ ana[ysis w/o ﬁnding them

Ga- & reactor anomalies fw’ther tested with
movable detector close to reactors.

Not
quoported on DANSS, Stereo, NEOS

Add'mg sterile neutrinos does not help: the
ensuing theory (s predictive, [ead'mg to

inconsistencies between these and other data

Munich, 04/11/19

Available online at www.sciencedirect.com

ICI!NC!@bDIHICY' NU
N
ELSEVIER Nuclear Physics B 708 (2005) 215-267

Probing oscillations into sterile neutrinos
with cosmology, astrophysics and experiments

M. Cirelli*, G. Marandella®, A. Strumia®, F. Vissani ¢
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Fig. 13. The LSND anomaly interpreted as oscillations of 3 + 1 neutrinos. Shaded region: suggested at 99%
C.L. by LSND. Black dotted line: 99% C.L. global constraint from other neutrino experiments (mainly Karmen,
Bugey, SK, CDHS). Continuos red line: N,, = 3.8 thermalized neutrinos. Dot-dashed orange line: §2,, % =001.
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(3+1): tension among data samples

e Limits on v, — v, and v, — v, disappearance imply a
bound on the v, — v, appearance probability;

e such bound is stronger than what is required to explain
the LSND and MiniBooNe excesses [A];

e hence, severe tension arises between APP and DIS
data: yp/dof = 29.6/2 = PG = 3.7 x 1077 [17];

e a similar result is visible when comparing “v.-data”
(ve = ve and v, — v,.) and “y,-data” (v, — v,) [B];

e note: tension between APP and DIS data first pointed
out in 1999 [34]. Full global fit in 2001 [35] cornered
(3+1) models. No conceptual change since then. ..

[17] M. Dentler et al., arXiv:1803.10661.
[34] S.M. Bilenky et al., PRD 60 (1999) 073007 [hep-ph/9903454].
[35] MM, Schwetz, Valle, PLB 518 (2001) 252 [hep-ph/0107150].
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direct search of big-bang neutrinos

big-bang neutrinos produce 3 neutrino-
capture lines for a radioactive target

their positions depend on m;; their intensity
on |U,?|
lightest neutrino gives the most intense line

for normal hierarchy

Needs
» great energy resolution
» big target mass, >2100g of tritium

2m,-




Glancing loeyone SM

» High dim. operators, invariant under SM symmetry, summarize new
physics at ultra-high scales

» (They play exactly the same role of Fermi interactions)
» The one with lowest dimension describes Majorana neutrino masses

» Oscillations are matched by a huge mass, say, of GUT

M? 101 CeV
m_ HNM—W=65meV>< Me

GUT GUT
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an explanation of small of neutrino masses
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an explanation of small of neutrino masses

mRR
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this is called “seesaw”
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Bajc et al 2005; Bertolini et al 2009-
et al 2013; Ohlsson et al 2019

2011; Joshipura et al 2011; Buccella
et al 2012; Dueck et al 2013; Altarelli

(principled model)

16-plet coupled to 10 and 126 higgs: heavy right-handed neutrinos
(Peccei Quinn symmetry to address strong CP and dark matter)
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Unification of gauge couplings in SO(10) broken to PS * P
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Figure 2: Evolution of the gauge coupling constants in a GUT

model with intermediate scale. Here, Miyterm. ~ 5 x 1013 GeV.

minimal SO(10)

Bajc et al 2005; Bertolini et al 2009-
2011; Joshipura et al 2011; Buccella
et al 2012; Dueck et al 2013; Altarelli

et al 2013; Ohlsson et al 2019

(principled model)

heavy right-handed neutrinos

neutrinos are massive and fermion masses constrained
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10 particles per family
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10 particles per family

SU(4),, x SU(2), x SU(2),
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10 particles per family

R
'® ®
H E
T
16-plet
"/
10-plet, 5-plet, 1-plet (4,2,1)-plet, (4,1, 2)-plet
| - quarks and leptons . |
k » v, included < J




(@) (b)

Figure 1: Diagrams contributing to the vertex (Fig. 1a) and wave function (Fig. 1b) CP
violation in the heavy singlet neutrino decay.
Covi et al, ‘96

Heavv KH neutrinos

con prefer to decay into antileptons; then, converted into baryons
by the SM effects described previously
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VR

FIG. 1. The Feynman diagram originating the corrections in Eq.
(1); vg denotes the right-handed neutrino of mass Mz, /;
= (v, ,ey) the leptonic and H the Higgs doublets.

O, but what about the cosmological condtant?
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the standard model. So (if a joke is permitted) we present a prediction for LHC:
my =135+ 5 GeV (14)

the reason is that this value will increase the entropy in the minds of several theorists. Note,
however, that the decay of a standard and supersymmetric HIGGS particles with the same
mass (or also the production rate-“cross-sections”) could be rather different; thence, these
measurements would offer a possibility to distinguish between the SM and its supersym-
metric extension even in this tricky case.

3 (Not quite a) conclusion

We would like to close this pages by spending few words of caution, to remind that failures
of the standard model have been often claimed in the past years (today, several of them are
considered dubious or simply wrong tracks). Here is an arbitrary selection:

THEORETICAL EXPERIMENTAL
INTERPRETATION ANOMALY

leptoquark L High z and Q? events at HERA
compositeness L. Excess of 4-jet events at ALEPH
light gravitino ... eevyE event at CDF

17 keV neutrino .. bump in 3 spectra (SIMPSON, ...)
monopole induced currents (CABRERA)

proton decay e contained multitrack events at KGF

Is there any moral behind these stories? Maybe not: however:

1) they suggest to go slowly and carefully from data to theories and back (because of possible
pitfalls of interpretation, of suggestion, efc.):

2) they witness how hard is to reach the frontiers of standard model; and, also, how strong
is the desire of particle physicists to find them!

SHIDITAAT YAATVIAMAIA 10 JHAOM AAAAVIATZ HHT eI TAHW
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