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Cosmic rays

e high-energy radiation (mainly from outside the
Solar System)

e |mpacting with the Earth’'s atmosphere produce
showers of secondary particles
\/
= production of many secondaries

e composition: mainly high-energy protons and
atomic nuclel

® spectrum: span several orders of magnitude in
energy

= Nhighest available energy radiation (research)

e nuisance for particle physics experiments
(in particular rare event searches)
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Underground laboratories:

e Offer a natu

e Provide the
scales

ral and (relatively) ¢

OW radioactive bac

neap shield from cosmic radiation

Kground environment necessary to explore the highest energy

- Search for very rare phenomena
= (Challenge: background control and reduction.

e Underground experiments provide an indirect reach to the highest energy scales.

- mv ~ 50 meV corresponds (see-saw mechanism) to 1016 GeV

e [he higher the energy the more rare are the corresponding phenomena.

- extremely low backgrounds.

 There are important physical and practical differences between the existing facilities.
- These range from tully developed laboratories to simple underground sites.

* [he muon flux decreases with the thickness of the rock overburden, roughly, but not exactly,
exponentially. However depth Iis not the only relevant parameter

CUORE Collaboration Meeting

- Sestri Levante 13/05/2019
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Factors to consider (1/2)

% % < J “‘ B -
& S 2 = E = -
A simple underground cavity is NOT a laboratory S 3 s
[ | |
= |mportant differences o
e Depth (u flux, spallation n flux) :
1000 -+—4——F-——fg-—$-—p--- 4 ——

- Important but “the deeper is not the better” statement.

- Optimum depth depends on physics :

- Determines only a fraction of the background sources 2000 --—-——m

- Maximum cavity size decreases with increasing depth, :
costs increase

OSIS g I S - |
e Dimensions :
- Diameter & height of the halls may limit the thickness of = :
the shields i Wmasggess=————=T = R e -
- Depend on rock quality and depth
e Accessibility (vertical vs horizontal) L A G -
- May limit detector size
- Costs increase 6000
- May aftect safety USA Europe Japan
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Factors to consider (2/2)

e Distance from accelerator (>1000 km for
sign(Ama2))
e Support infrastructures (facilities), personnel
(quantity and quality)
e Underground area allocation policy, turnover
of experiments
e [ aboratory vs. observatory
e Scientific Committee: international vs. local
(or national)
e Degree of internationality of the community
e (Qutreach and education
e Safety and security policy
e Environment
- Affects temperature and noise
- Environmental radioactivity
e (Other science (geology, biology,
engineering, etc.)
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Existing underground labs characteristics

Date of
creation

Personnel

Surface
U/S [m?]

Volume
[m?]

Depth [m]

Access
[V or H]

Makeup
Air [m3/h]

Air
change/day

Muon flux
[m/m?/s]

Radon
[Bg/m?]

Cleanliness

2003
(1991)

100

5350/
3100

30000

2070

Vv

12000

10

3.1 106

130

2000 or
better

1987

106

17000/
95000

180000

1400
H
35000-

60000
5-8

3 10+

80

Only in
sector

2010

12
1600/
2550
10000
850
H
20000
48
3103

100

Only
in
sector

1989

1700/
400
7200

1100

300

24

4 104

10000

1982

12

400

3500

1700

5500

38

4.6 10

15

1ISO9

13

220

1000*

1440
VI

drive in
3600

1104

70

Only in
sector

227

1600/
10000

23000

1700

1440

3 10°

40

Only in
sectors

2007
(1967)

125

1900/
190

7160
1500
H
510000
144
(LUX)
5.3 10

300

3000

2009/
2014

20

8000

4000/
300000

2400

2106

40

Only in
sectors

1983

94

15000/
3000

150000

1000

H

6000

103

80

Only in
sectors

S bl il el e el ol Bl
i

2003 A6
2014 A5

4
300/
60
5000
700
Drive in
3300
15
4 103

40

Only in
sectors




Upcoming facilities characteristics

Expected to be
in operation

Personnel

Access

Volume [m3]
Surface [m?]
Outside surface [m?]
Depth [m]

Muon Flux

[W/m?/s]
Makeup air [m3/h]

Air change/day

Cleanliness requirement

end of 2018

Drive in
3025
350
100
1025

3.710%

From the mine through Rn
purification

96

Yes
(SNOLab style)

mid-end of 2019

20

V /drive in
47000
2000
1000
1100

~1073

7840

6

Only in sectors

| SWPL____ | ARF | ANDES

2027

H
70000
2800
Foreseen building

1750

~5 1073



Backgrounds

® |[n general, every interaction of a particle with the detector risks to contribute some background:

Muons

e Direct energy deposition in detector
- Sometimes extremely high
- Continuous: can deposit any amount of energy
- Neutrons, radioisotopes

Neutrons

e Direct nuclear collisions: continuous spectra
- Create radioisotopes with various signals: discrete
- Beta-neutron sources: 8He, 9Li, for example
- Beta-only: 9C, 12B, 12N, for example
- Gammas: 60Co, for example

- Q-values of decays could be in right range to
mimic energy deposition of signal

Ge-75m
Ge~71m

150F

Ge—=73m

p—
o
O

Gammas

e Direct energy deposition in detector
- Natural radioactivity lines
- Continuous up to 2.6 MeV

count/keV/kg/day
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Muons

16" T T T T T T
T o 22 Created by decays of cosmic koans and pions Location Depth Foin
e Interactions with matter underground: _— (k“:";e') ('1’16;’)
S ] - lonization energy loss: more or less constant (many levels) (deepest level)
& ] Homestake 4.4 2.4
2 | - Loss from bremsstralung, nuclear Mont Blanc s 3
S g1 ] interactions, EM showers (proportional to E) Frejus ~ 4.5 ~ 2.5
o sk i . Gran Sasso ~ 4 ~ 2
Nl | o General solution for energy: (E(X)) = (E,+ €)e ™ — ¢ 1B 1.57 0.44
g G5 N : Kamiokande 2.7 ~ 1
| 1 * Only high-energy muons go deep Soudan 18 0.53

° iOCZLmMSONSESE:GYijb: 5

Experimental Sites mUSt be " 1991 1992 1993 1994 1995 5.19r:30r§181997 :

characterized

e angular dependence of the p flux

d(6,0)

seasonal var

seasonal variati

v flux

latio
energy depende

O

ns of the
nce of N f

ns of the
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Neutrons

e From (a,n) reactions and fission (mainly U/Th) in the rocks at
lower energies (typical < 8 MeV)

- not difficult to shield
- depend on geology; however, In practice pretty similar

fluxes: few 102 m-—2s-1

- Independent of depth for d > 200 m
e |nteractions of y’'s in the rocks

higher neutron energies (several GeV)

thicker shields needed

flux depends on geology and depth

flux 3-4 orders of magnitude smaller than thermal

e [nteractions of p’s in the shields/detector

cannot be shielded
decrease with increasing depth

e nduced fast background can be reduced by
anticoincidence

BOREXINO: 4 orders of magnitude

e metastable nuclides more difficult, can be reduced by
depth

- experiment dependent, more severe for high-Z

materials
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e Muon capture: goes as /4
e Electromagnetic showers: goes as /-
e Spallation via virtual photon exchange >

= Secondary neutrons

W+ AZN) = v, + A(Z—1,N+1)

10-1 ! I | T
muons Sl
— 10-2 ™~ nucleonic e \\ -
'Tm component \
X
f\" 10-3 [~ neutrons produced -~ \ -
g in lead by muons ™~ “ \
o kL .\_ \ Y
8 10 neutrons from fission d ( \ \
B R L R R LG ety YT WA SN S o i
=
= 105} N
10-6 | )| | l |
0.01 0.1 1 10 100 1000

Depth [meter water equivalent] 13




Backgrounds

The most general conclusion is that main backgrounds are determined by the energy scale of the
experiment

Signal Region of Interest

10 9= 16 10 102 101 1 10 102 10° 104 10° 100
MeV
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Underground physics (1/2)

Deep underground laboratories are the idea
without accelerators and search for extreme

BacC
frontier

locations to explore the highest energy scales with/
y rare phenomena

Kground control and reduction are the main obstacles to advance the effective-high-energy

- neutrino properties
- dark matter search
- proton decay

- gravitational waves

- fundamental physics
- geology and seismology
- biology

o Astro-particle physics is the main subject:

e put multi-disciplinary extensions are possible and have been already devised

Underground physics - Otranto School 28/05/2019



Neutrinos



History in brief

e |nthe 60s, Ray Davis builds the first experiment (Homestake mine) to study solar neutrinos and test the
solar models of his friend John Bachall.

e At the end of the 70s the Grand Unitied Theories (GUT) developments trigger a lot of interest for the
experimental investigation on nucleon stability

e The visi
(Kamio
(direct

® IN

® N

- A number of experiments (hosted in underground “labs”) are funded and start operation: IMB,
SOUDAN-2 ((USA), Kolar Gold Field (India), NUSEX (ltaly), Kamiokande (Japan), Frejus (France)

- At that time, (atmospheric) neutrinos are the “irreducible background” for these experiments

- Physicists grasp the nettle and first studies on atmospheric neutrinos are published

19387 t
1998 t

onary mind of (the Nobel laureate) Masatoshi Koshiba brings the potential of his detector
kande) from the GeV scale to a handtful of MeV. A second hera for solar neutrino physics is born
measurements).

nese same experiments observe neutrinos from SN 1987a

ne Super-Kamiokande collaboration announces the discovery of neutrino oscillations observed as

a deficit of muon neutrinos in the atmospheric neutrinos. The result is confirmed by the MACRO experiment

results

e |n the 2000s antropogenic neutrino beams (reactor and accelerator) are used for precision tests of this
discovery

e . (to be continued)
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Neutrino oscillations
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Neutrino oscillations

e Data from various types of neutrino experiments: (a) solar, (b)

ong-baseline reactor, (¢) atmospheric, (d) long-baseline

accelerator, (e) short-baseline reactor, (f,g) long baseline

accelerator (and,

e (a) KamLAND [p

N part, atmospheric).

lot]; (b) Borexino [plot], Homestake, Super-K,

SAGE, GAl _X/GI\O SNO; (c) Super-K atmosph. [plot],

DeepCore, MAC
MINOS, K2K; (e)

RO, MINOS etc.; (d) T2K (plot), NOVA,
Daya Bay [plot] RENO, Double Chooz; (1)

12K [plot], MINOS, NOVA; (g) OPERA [plot], Super-K

atmospheric.

* [rrespective

of the chosen neutrino source, the

(far) detector is always located underground

Underground physics - Otranto School 28/05/2019

(OPERA)

10 uncertainty

Am?
Om?
sin?0,,
sin?0,,
sinZ0,,

1.4 %
2.2 %
3.8 %
4.4 %

~9 Y%
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Status of neutrino physics

e Neutrino mixing: VUV, = Z U, v, (Vk are mass eigenstates)
k
1 0 0 cosfs 0 sinfyze cosf, sinf, 0
Usxs=| 0 coslsz sinfy; 0 1 0 —sinf;, cosfys 0
0 —sinfy: cosfon —sinf3e® 0  cosfys 0 0 1

I /3 2 + I )
) . Amy,
® [Nree mixing angles: O15, B3, B13 e 4|

e three CP phases: 1 Dirac + 2 Majorana
e {nhree masses: mi1, m2, m3

- absolute neutrino mass: MmQO

- two mass splittings: Am212 Ams+?

Am3, > 0 Am3, < 0

NO 10

2 2
Amg3;|no > |[Am3gy 1o
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Status of neutrino oscillations

still missing:
e CP violating phase &
® Mo=IMmin

Underground physics - Otranto School 28/05/2019

parameter best it £ 10 30 range
Am?2, [10~5%eV?] 7.5510<%  7.05-8.14
AmZ,| [1073eV?*] (NO)  2.50+0.03  2.41-2.60
Am?,| [103eV?] (1I0) ot 231951
sin? 6,5/107? 3.2010%0  2.73-3.79
sin? 6,5 /1071 (NO) 5471050  4.45-5.99
sin? 055 /10~1 (10) 5.511035  4.53-5.98
sm2 f13/10~2 (NO) 2.1601 0005  1.96-2.41
sin? 6;5/1072 (10) 2.220100%  1.99-2.44
5/m (NO) 1.3210%:  0.87-1.94
§/7 (I0) 1.56101  1.12-1.94
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a simple case: 2 neutrino (vacuum) oscillations

2

P — 1 =P a neutrino created with flavor a
Wy =) =1-Ply, - V,B) Am2] can develop in vacuum a different
Plv, > v, =4 sinZ @ cos? @ sinz( v ) flavor B with periodical oscillation
«a b AF probability in L/E

Amplitude: vanishes for 6=0 J Q Oscillation phase: vanishes for
or /2, is maximal for 8=m/4) degenerate masses or small L/E)

e Pysis is the flavor “appearance” probability. The “disappearance” probability is the complement to 1.

e [he oscillation effect depends on the difference of (squared) masses, not on the absolute masses
themselves
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exclusion plots

914 4 /2
a UL L R R T I T LA T T 1T P I ITr[errr o 1T T o '11\,-1 r T frrre T T g ' LIRS BRI R AT 1 1 T‘\IIT' _ 1 UL
I : T ‘ “ © ,. “
E0 = '\—1;/ . E WE e E
< - L - - - N g - -
— - e - ) T~ . : iy :
: — - T - ~ : b i :
10° \ Z;:: £ . 102 A =
3| _ 1l
10°| — - Daya Bay 95% C.L. = , : ER 107" — - Daya Bay 95% C.L. 2
- ___ Daya Bay 95% CL, T - - — Daya Bay 95% CL, -
-~ Bugey 90% C.L. —_— -~ - Bugey 90% C.L.
-4 Lol Lo a1l R
10~4 i BN EEET] i Lo aaaal I TS R SN T logs s o 4 i | P IE  R B 10 3 2 1
3 2 1 10 10 10 i
10 10 10 sin22914n sin“20,,
Octant symmetry: 6 = -6 Basically obsolete

e 2v octant symmetry broken by 3v and/or maUer effects
® petter to use log tan26 or sin 6
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exclusion plots

Octant (a)symmetric 2v contours from PDG Review

e put... patching 2v approximations in different
oscillation channels, in order to get a full 3v picture,

'S no longer a useful approac

.

e ptter to go the other way around, from the full 3v

case to 2v Iimits
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standard 3v oscillations: results revisited
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standard 3v oscillations: results revisited
e>e (0m2,0,,) u->u (Am2,0,,;) e>e (Am2,0,,)

= 1.8
= o —
* S ] Cagend, =]
= 08 b - |
= | 8 —— EH2 /
o) —
-§ = -;‘_ —— EH3
S 0.6 = T 0 951 —— Best fit !
L7 g oie E T
E 04l S 0.8 - +
) . -
0.2 1 :hj 0.4 -
—— 3-v best-fit oscillation e Data - BG - Geo ¥, g 0.2 0.9
0 | s | s | ! 1 ! . " ! | o 0 M P A | N 4 1 \ 4 |
20 30 40 50 60 70 80 90 100 1 10 10 * 10 3 10 * 0 0.2 0.4 0.6 0.8
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( ’ 12) “’ l-‘*( ’ 23) u' ( y 43 9 23)
| - ' w . ] ﬁ d b d ) I i’ A ! b | ’ y d 4 || : N 4 ]
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%t - - € | §F = MCBestfi | , 5 8 . -
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t M: | + . = ; T o ~
! - - 'YX}
’z : 1 . 2.0 U
2; 0 " . ) " 1 " " " " C 2 L ’l:_j“ ]..
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Energy (keV) econs luc e nerby \ e Z Reconstructed neutrino energyv (MeV)

SO far established for 612, 813, 623 ,Am2and dm?
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standard 3v oscillations

e [here are three mass states v1, v2, v3 with masses m1, m2, m3
o For ultrarelativistic v in vacuum: E=(p2+mk2)12 = p+mk2/2p

e Neutrino oscillations probe the differences AE ~ Am;2 = mi2 - m;?

e 3 neutrinos means two independent Am;i2, (Am2, 6m2 )
e Experimentally, very different scales: Am2/ dm2 ~ 30
= Difficult to observe both! Current expts sensitive to a dominant one.

= O0m2=7.5 10" - "small” or "solar” splitting
= Am?2 = 2.5 - 103 - “large” or "atmospheric” splitting

Ua Ueg Ues | | C12C13 $12C13 s13€"0cP | -1 =1 v
€ € ‘ ; | , | U—-U* for v—ov

Uan U Ups | = | —812c23 — €12823813€CP  c1aC3 — 812823813€"°CF $23C13 cij = cos Bij

U1 U, U | | 812823 — C12C23813€°CP  —C12893 — 812C23813€°CP  cazCi3 sij = sinBij

T — ——
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3 v oscillations: general formalism

e | et's consider a 3 v mixing general scheme
= 2 Uatv u= ), Upta
k=1,3 k=1,3

e |fthe vis characterised by a momentum py its time evolution will be described by

y(xt)—z et vV =y (x,t=0=v, =
k=13

where, assuming mg < Py

Eo=Ew)=r[p+m} — E=p,+--
* |f Mk < pv, the v will travel approximately at the light speed, so that x=t and

U, (X, Xx) =~ Z U ve” ' /2P
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k=1,3

k’/ke
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3 v oscillations: general formalism

e Replacing now vk In terms of the flavour eigenstates
I/a(X, X) ~ Z [Z Ua —z(m /ZPD)XU* ]I/
gk

o After atime t, the original pure flavour state is a superposition of all the flavours
e \\e can now easily derive the flavour transition probability

P(CZ N ﬁ X) — [Z U>I< im; x/ZPVUﬁJ][Z lm%X/zprﬁk]

—2\ ) Ug |

2

2 2

mj, — m o m — m;
+ Z 91(U0{,<U>I< Uﬂj *k)cos( x) + Z \S(U(ka>I< Uﬂ] *k)sm( 2 4 X)
J#k J#k g
e | CP is conserved U is real (orthogonal) and
2p
Pla = B,x) = ) UZU%+ ) UyUUyUy cos(an ) Lyj=2n——— =2z
k j#k kj M = 1

Underground physics - Otranto School 28/05/2019
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3 v oscillations: general formalism

* The transition probability shows a clear oscillatory pattern as a function of the distance.
e |, Iis called osclillation length between mass eigenstates k and |

A mass eigenstate vk does not oscillate to different eigenstates

o |f x«Ly, v stays in its original flavor

o |[f X » Lk the oscillation pattern will be washed out.

* |ndeed, given the unavoidable Ap spread of any real beam, any component py will cancel out with a
component having p'v = pv +Apy/2 corresponding to a phase shift ~.

e | et's evaluate the corresponding distance X. If L'k is the oscillation length corresponding to p'v, our condition

1S

X X Ap 1 p 1%
— = AT T - L’j ~ ij(l — ) > X~ ij
ij ij 2p, Ap,

27

e For x>X the osclillation disappears and

Pla = f.x>X)= Y UZU3 #0
k
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Oscillation experiments

Two categories:
= disappearance: measure Pgq
= gppearance: measure Pqg

NB: P4 is never actually observable

Rg~ [ P, QP R0 Reg

Propagation
HDSEIVADIS source f_qu (flavor Interaction Detection
event rate (production)

change)

e need to take into account detailed phenomenology
e specific iIssues for each of these Ingredients, in all subfields of neutrino physics.
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Vacuum oscillations formula: summary

Amzx
P(v, — v, = — 4 ERJ’] sin? J
( ﬁ) aﬁ Z ( 4E )
i<j
Amzx
_ 7 /
22 S/} sin(——)
i<j
where
Amg — ml2 — m]2
l] — KTk
J UmUﬂan]U 5
Am’% 1.267 Amj | x MeV(E
g L (eV2)( Y(MeV(E))

Underground physics - Otranto School 28/05/2019
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2 neutrino oscillations revisited

® |et's consider Pee In the conditions where 6m2 = m22- m+2 = 0 (which essentially means that
Am2x/E~O(1) and om2x/E=0

e this means that the only non zero terms are multiplied by J_™ = Ue1"UesUes Uet = |Ue1|2|Ueg|?
and J 23 = Ueo"UesUez Uen = ‘UeZ‘Z‘UeS‘Z

ee

e this also means Im(Jee’3)=ImM(Jee?3)=0

2 2 2 2\ -2 Am“L
P(I/e_lvye):l_él'(‘Uel‘ ‘Ue3‘ +‘U62‘ ‘Ue3‘ )Sln( 4E )
5 e . Am“L
=1_4‘U€3‘ (1_‘U€3‘ )Sln( 4E )

Am?L
4F
* 5 is not observable (as well as sign(xAm2)) and P(ve—Ve) = P(Ve—Ve)

— 1 — Sin2 2913 Sinz(

o ntuitively: U = (23) (13) (12)
- (23) mixes unobservable flavours (vy,vq)
- (12) mixes degenerate states (v1,v2)
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2 neutrino oscillations revisited

* N the present approximation we are essentially probing Am+32 and the mixing matrix
elements |Uasl?.

C12C13 512C13

—812C23 — C12823813€'°CP  C1aCo3 — 812823 813€"CP

812823 — C12C23813€"CP —C19893 — 812Co3 813€'°CP

—

e the relevant probabilities are

P(ve — ve)

R

.2 .. D Ao L
1 — sin“ 2645 sin ( N5 )

B 2 9 R R B
Py, — vu) =~ 1 —4cigsy3(l — ci3853)sin ( AE )

4 qinn2 Am?L
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atmospheric neutrinos

e Cosmic rays hittng the atmosphere can generate secondary (anti)neutrinos with electron
and muon flavor via meson decays

n

10 S T T B N | ||||||| 1 IIIIII| N T B I T R T’F Cosmic-ray
" i [ | f—H—I- I shower
— .'\\4‘;: ’ —
> | o' _
O
°f | 50 LY T e I
o 0 [ b T AAS L AT + ~30 kilometers
| E.\{Ls’; oy by wl B +
E | S -
£ S
% i . * |
LLl o ?
% "
o - & ‘Tl _ i
E (’* YWY 1] Atmospheric neutrino source
Pt BRY NN | L !
! s = %17 + + !
. *, IV Le++ Vet Vu
L s - R o it :
103 L ||||||| L1 ||||||| L ||1|||| L ||||||| L TH1 T— U +\'\u
10° 10’ 10° 10° 10% 10° ST Underground b syt

ve: Ve: \ur M

EK (GeV) detector

e primary flux affected by large normaliza<on uncertain<es...
e .. but (an<)neutrino flavor ra'o (p/e ~ 2) robust within few %
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atmospheric neutrinos

down-going

g
£
i/ /
;. renith
¢ angle
L f
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up-going

electrons OK

- Sa

- FlL

SU

rface (~r2)

- Observatons over several decades in L/E:
me v flux from opposite so
x dilution (~1/r2) is compe

id angles (up-down symmetry)
nsated by larger production

- Should be reflected in symmetry of event zenith spectra, if
energy & angle can be reconstructed well enough

- One-mass-scale approximation (for 613~0):

2
m=-L
P~ sin’(20,)sin’( )
He 15 AE
Super-Kamiokande (92 kTy) + SK data
e, i zenith distributions ---- Best fit (standard oscillations)
normalized to no oscillation —— Best fit + systematic shifts
SGu MG USw UTw

muons: deficit from below
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Super Kamiokande (S-K)

Strong constraints on the

= 1.8 parameters (Am2, 6)
O 1st oscillation dip still visible
® 1.6¢ dgspite large L & E
[T smearing % . |
9
N |
E -
<
|| e 99°/o CL
— 90% CL
---------- 68% C.L.
10'3i_. (| [ S ST | S
0.7 075 08 085 09 095 1
= sin“26
o o0 . .
1 10 10° 10° 10" e | atest SK data analyses more refined: include
L/E (km/GeV) many bins and syst. in order to "squeeze’

subleading effects beyond dominant L/E
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Long Baseline experiments (LBL

K2K, T2K (JP), MINOS, NOvVA (USA), OPERA (CERN): reproduce atmospheric vy physics
In controlled conditions

M t.Yariga take NearDetectors KEK
3,180m

Super-Kamiokande

Soudan .k

Mt.Ikenoywama

Minnesota

Piemonte
Alessandria
Emilia-Romagna
Monte-Maggiorasca
Monte-Giovo

Laboratory of Gran Sasso

Perugia
Umbria

L
" neutrino beam ——»

| GGran Sasso



LBL results

e Results in muon neutrino disappearance mode Py,

>
&J 10 E L L L L I | | | I |
- z 1.51 -
S | c | ‘
g 1 = -g a —— —— |
> = © i ——
8 a - E s N § ——
8 1 i 8 1— :"‘_4:.—- 1 -
g 14 § 10 E_ O : 1 ——
— ) K2K | = | o |
2 Q -2 : : : | : n | ' : '
S | 2 10 O * MINOS data
2 ol S = o5 + -
E < Tnashesi 11t seestnn . 2 ’ e o | Best oscillation fit
8 Reconstructed v Energy (GeV) © T Best decay fit
of o I .'{.'. Best decoherence fit |
J 3 s SO R N R (R 3 P R RPN R N O
| g | o + NOVA 0 5 10 15 203050
g 5 i i Reconstructed neutrino energy (GeV)
ol | I T e i e sessasefsuefensammesend 7
’ Eeutrino Energy (GeV) 8 - - . . . .
3 [ || 1 ® 1stoscillation dip observed In
C 05} = . —
=t 1 energy spectrum (equivalent to L/E
= J_ : spectrum since L is fixed).
o O i_ ............... n i
« arairoe Gell B e e I B U
0 1 2 J 4 5
Reconstructed neutrino energy (GeV) 33
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OPERA Finding needles in a haystack...
_

scintillator trackers
OPERA hybrid detector
S ¥
T ‘- - | 7
Pb
mulsion layers
interface films (CS)

Five “T needles” found!
(consistent with expected signal)
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4.0 | | | | | | | | | | | | | | | | | | | | |
LB L resSu ItS " MINOS PRELIMINARY 90% C. L.
< -~ — MINOS: 37.88 kt-y %mosphenc _
) - 10.71 x 10°" POT v, Mode —
| ) . o, M L > 3'5; 336><102°P0Tv Mode ]
e Dominant P,. = sim“(260,;)sin“( ) O ~ — MINOS: 10.71 x 10%° POT v,, Mode ’
UT 23
4Ey ™ 3 OF Super-K zenith angle*
o vY-vyr —SuperkKLer _~—
- ” - — - — ToK*
e Dip position and depth determine Am2 and 623 :’2 50
e (Osc. parameters consistent among atm and LBL experiments c\E T
e Old-fashioned way to present mass--mixing constraints 492.0F -
B *nggi%cgzg;fms( )(2012):
1.5
075 080 085 090 0.95 1.00
e Since B13>0 (SBL reactors) y—e flavor appearance in Sin (29)
LBL experiments is expected " , ———————————
. . . % ] B —— Data N
o T2K & NOVA: e-like event rate consistent with reactors 613 = | Bt it nd
o - 7771 Backgroun component-
) = 6 Fit region < 1250 MeV
2 2 . o, Am°L T L
P(v, — v,) = 535 81n" 20, 351n°( AR S 4
>® - 0
AmzL ”5‘ 2 N QQJ’SFI LL
..:;;W;i;t/c////m/@r A et R TR AT Y
é % 500 1000 1500  >2000

Reconstructed neutrino energy (MeV)
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LBL updates

e Not yet established if 823 is maximal.

f not ... first or second octant? (“octant ambiguity)

o Next frontier in LBL/Atmospheric: probe subleading

effects related to octant, matter, hierarchy, 0CP, dm2, 812,

| | | | I ' ' ! ! | ' ! ' ' | l T l I
- MINOS, MINOS+ — rpo/ | — o ]
3.01- combined analysis 0070 &b T 90% L
i MINOS+ Preliminary .

AN B .
< -
o 2.5 —
O? - —
— : i
N

N 2 OfF--- NOVARO%CL . T2K 90% C.L.
= "~ Private Communication (2018) PRD 96, 092006 (2017) _
< L e lceCube 90% C.L. |
. PRL 120, 071801 (2018)
- Normal hlerlarchy j | n

0.3 0.4 0.5 0.6 0.7
. 2
SIN“0,,
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T2K Run 1-9¢ Preliminary

x107
Q 2 .8 -I__I 1T 1 | | | I 1 1 1 | L L | 1T 1 1 I I 1 -I- -I- |N!OII.H;aI1 _| égét I_—I_
. ~ —— Normal - 90CL
Q B . * Bestfit  ____ Inverted - 68CL, —
S 275 Data fit " Inverted - 90CL —
QO . -
= 26£ WIth reactor constraint E
— B a
g 255 =
= :
T 24 —
% - g
~ S 23 —
s . .
<] - ]
2.2 1_I | | | L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I | I I I | | L1 1 1 I L1 1 |_|'
03 035 04 045 05 055 06 065 O.
- sin2(623) .
20 No Feldman-Cousins NOVA Preliminary
. L L I L
- NOVA NH 90% CL T
- v, +V, 2018 g
2.8 —
B - o
> i o
©
© 61— —
o8 | ]
= i ® i
< - |
24— —
e Best fit i
L T T ' B L
ST 0.4 0.5 0.6 0.7

: B
Sin 623



omz2 driven oscillations

e | et's analyse the condition om2 x/4E ~ O(1) , Am2 x/4E

< ]

e | BL reactors with relatively low E and solar neutrinos

P,, ~ cos*0,;[1 — sin*20,, sin*(

e which means ... ° 4F

Pg’” — cl3P2”(5m2, 0,,) + Sf3
 and the probed region is

m2X

)] + sin’6,

—819C3 — C12823813€°CP  C19Co3 — 812893 813€'CP $93C13
| 8128923 — 0126238136":5"” —C12893 — 812623813@5"” C23C13
L 2
e however oscillations i my Ve Veu Ver
are disturbed by Hppor = —=U m3 U'+ Ve Vo Vi
matter effects 2E , v v Vv
Iy T€ TU TT
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Vqp the matter matrix

}2 0 O f@/\o 0
I | e)

Vap = p(;e }2 0 + 0 o O
0 O 0 0 O

p,n,e
e Proportional to e Observable in ve
identity: unobservable osclllations

* The relevant term is the ve-vy difference which is proportional to Vce, the charged current
interaction energy: V. = \/EGFNe where Ne Is the electron number density

2

e The v propagation Hamiltonian | my A 0 O
becomes: Hﬂamr — U m22 U'+10 0 0
2FE
12 0O 0 O
1

where A = 2\/§GFN8E

Underground physics - Otranto School 28/05/2019 43



v oscillations In matter

e v oscillations in matter depend on the |local electron density
* |nthe 2v Iimit (B813=0) and Ne=const

2 yns o, OX
P; (mat) = 1 — sin” 260, sin“(
4F
e v oscillations in constant density matter have a vacuum structure with the simple replacement:
",
- 020G SIn” 26, sin? 20
SIn“ 201, — sin“ 20, = 0320 T o 20p S* = dm*— > e A= 12\/§GFN8
cos 20, 5m2) + sin- 26, sin- 26,
where the minus sign in A holds for v
e \When A/bm2 ~ c0s26+2 v oscillations resonate (nothing changes for v)
e [hree IImiting cases: - .
J Alsm2 < 1: (572 0) ~ (5m 6) vacuum-like
Aldm?* ~ cos 260 : (6%, 0) ~ (6m?sin 20, n/4) resonant
Aldm?>>1: (6m?%,0) ~ (A, n/2) matter dominance

Underground physics - Otranto School 28/05/2019
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v osclllations In solar matter

e the adiabatic approximation holds, 6 slowly varying from the production point to the vacuum
value at the exit from the sun: B812(x) = B12

e [wo limiting cases:
- E = O(few MeV): A/dm2 =1 and 012(x) = 012
Pee= C124 +5124=1-8iN22012/2 octant symmetric averaged vacuum probability
- E = O(few MeV): A/dm2 = 1 and 012(x) = 1/2
Pee= SIN2012 OCtant asymmetric matter dominated probability

e the Pee transition from “low” to "high” E is a
matter signature of the matter effects in the sun

e |t allows to determine the octant the mixing
angle 612

|
1_58111 20,5

vacuum sin” 0,

O(few MeV) E
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Solar neutrino production

e Sound and important science with reliable roots: (von
Weizsacker, Bethe), Fowler, Bahcall! Oscillations: from

Pontecorvo to MSW.

e pp chain:_Precise measurements of fluxes of B, Be (+NC &
shape for B) and pp, pep (initial) - require to check all SSM

iINnputs — nuclear/plas
e CNO cycle: known s
heavily revised of Ba

ma/atomic/astro-physics

Borexino has a chance:; and then?”

1.7 MeV *3
(max) °
4
°* /"He. : = /
—7 " e+
+1 - ) ‘:l AN x®
o : o i 2C "V e % e
®_° ®_°
e s s e A
e o a
N 13N
e ' e o 2 oo
o ..
° O ) B )
<*° N +o >
0 . . 3¢
® Wi P
/ i o oo H
: e o
+ °\
1.2 MeV
Electron (+) @ ﬁ“ax)
@ Photon l
© nNeutrino
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ince 1937, still to be probed. The only flux
ncall’'s SSM. Important for metallicity issue.

1012E : . — T
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Solar neutrinos

The pp chain
/- p+tp—od+et+v, pte+p—d+y,
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D+p—-He+y

l 1
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36% 1
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1
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|
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|
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Solar neutrinos

e Radiochemical: count th

e decays of unstable

final state nuclel. Low energy threshold, but
energy and time info lost/integrated

37C| + ve = 37Ar + e - Homestake

1Ga + Ve = "1Ge + e - GALLEX/GNO, SAG

e Elastic scattering: even
with either “high” thresho

'S detected In real time
d (Cerenkov, directional)

or “low” threshold (Scintil
Vx + € = Vx + e (CC)

ators)
- SK, SNO, Borexino

e Interactions on Deuterium: CC events detected
in real time; NC events separated statistically;

neutron counters

Ve +d 2 p+p+e(CC)-SNO
Vx + d = p +n + Vx (NC)
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A\

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2004

% 131+12
1.0+023 %

8.567¢4

+0.23 +0.23
1 '0—0.23 1’0—0.23

7

70.90+0.08

0.48+0.07 6945

7

67i5

0.28+0.02

Ve
e
GALLEX I
_|_
SNO SNO
a0 , Ve | All v

SAGE

SuperK

" Kamiokande

Cl H,0 D,0 D,0
Theory ‘Be Wl P™P: PCP Experiments pm
8 I CNO Uncertainties

o All CC-sensitive results indicated a ve
deficit when compared to solar model

expectations
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Solar neutrino results

e Single experiments:
- large uncertainties

- no unmistakable evidence for v 0sc

matter solutions

vacuum solutions

Ga

Underground physics - Otranto School 28/05/2019

e 2002: one global solution found

dm? (eV?)

om? (ev?)

by combining all solar data
(“large mixing angle” or LMA).

Solar constraints at 20 (%5 = 0)

IIIIIII 1 I I Illllll LI

e LMA: evolution Is adiabatic
IN solar matter.

e Earth: small day/night (D/
N) effects, seen at ~3sigma

0.6

0.5

0.2

0.1

Solar v, survival probability

P [ s : | * | Ul
] sm’ = 7.92E-5eV

: sin*d,, = 0.314 §
;_ .' _: N
E 8 e %00, Al

; B ‘OOoooooo'oo ...... D
PP

ﬂ 0»0'.... 8B 1
.".'.... i L | g 1]
0 5 10 15 20

E (MeV)
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Borexino synthesis

e all solar contributions are singled out

e matter effects are evidenced

| R
l—zsm 20,5

vacuum

matter

)
sin“ 0,

O(few MeV)

angle B12

E

e the Pee transition from “low” to “high” E is a
signature of the matter effects in the sun

e |t allows to determine the octant the mixing
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PP Pep

o ‘Be +

’ +

;’.

o

- A Aahod A b 4 bondenbababcbebds

' 10*
Energy (keV)
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KamLAND

e 2002: electron tlavor
disappearance observed

1.4+
1.2+ ¥
].0 *'#‘%"M¥ ----- —q*-—-m--m-...—.... —————
o,
v
g” 08 4 e A
B * Savannah River ikoa
© 06 © Bugey PG
2 X Rovno
& Goesgen 1§
0.4 A Krasnoyark ".‘__:'
[0 Palo Verde
0.2~ M Chooz
@® KamlLAND
10° 10° 10’ 10* 10°

Distance to Reactor (m)

Ratio

0.8

0.6

0.4

e 2004: half--period of oscillation

A
B 29 M.eV prompt ® KamLAND data
n analysis threshold best-fitsaeillation
il e !
IS e L R best-fit decay
s best-fit decoherence
s [_J_’_;\_;\i
Ed
Al | | | | |

20 30

e Direct observation of dm2 oscillations!

40 50

60 70 80

L,/E. (km/MeV)

e (Get precise Omz2 value from dip/peak position
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Survival Probability

e 2007+: one period of oscillation

0.8

0.6

0.4

0.2

observed

lllllllllllllll Il I I lllll

e Data-BG- GeoV,
—— Expectation based on osci. parameters

+ determined by KamLAND

——

_._

ull

lllllllllllllllllllllll
—

+

.+

40 50 60 70 80
[/E (km/MeV)

20 30

lllllllllll
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solar + KL: 3v Interpretation

e Dominant 3v oscillatons
* |nclude subleading 643 effects in solar+KamLAND combination
e Hints for 613 > 0 (as early as 2008 ... established by reactors in 2012)

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOQOZ
0.1
n 0.08
D  0.06 '
N
T 0.04
),
0.02
0
0.2 0.4 0.2 0.4 0.2
- 2 -2 e 2
SIN~ 1, SIN~ Ty, sSIN~ 1,

Pg” — c13 Pz”(émz, 0,,) + 54113
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v osclillations global results

e v,—V; oscillations (Ama23, 023)
- Atmospheric:Super-K, IlceCube,

ANTARES..

- LBL: K2K, I\/IINOS OPE

RA, T2K, NOVA, .

e ve—(Vu+V;) oscillations (Ami2, 012)

- Solar: SNO, Super-K,
- Reactor: KamLAND
* 013 experiments

Borexino, ...

- LBL: MINOS, T2K, NOVA, ...

- Reactor:DayaBay, RENO, Double Chooz
o Current 1o errors [ gme 5 39
Am? 1.6%
SiN2812 5.8%
SIN2013 4.0%
SIN2023 ~9%

)
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Am;, [107eV’]

e Basic structure for 3 flavor oscillations has been understood!

e [nhformation for Physics
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Beyond the Standard Model (at very high energies) !
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2018 update

Super Kamiokande (SK) T2K
o) T I RS e o ) R G L
S W — Mol
S 25/~  — Inverted
? ~
& -3
g 15

10~

SE\L

O:I Lo 3 A

|
w

|
o

e Normal ordering (NO) favored at ~(1 ~ 2) sigma level
e Some favored &cp region(s).
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Significance (o)

Nova

NOVAFD  8.85x10%° POT equiv v + 6.9x10® POT ¥

llllllll]lll

o
III“IIIIIIII

|

‘‘‘‘‘

-
.-

- - - NH Lower octant
- NH Upper octant
- == |H Lower octant
- |H Upper octant

‘‘‘‘‘‘
-

- -
.......

ll‘l\lllllllll

Areuiwieig VAON

7

N A

53



Oscillations future: Hierarchy and CP phase

e The search for CPV, hierarchy, octant, DUNE
and other subleading (non)standard
effects in vacuum and in matter is
motivating new big experimental
projects, both underground and
underwater/ice

Sanford
Underground - - =
Research e T |
Facility ilos 188

Km3/ORCA

IceCube/PING
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Next generation neutrino CPV experiments

Have neutrinos and anti-neutrinos different oscillation properties?

10 :
DUNE Sensitivity 7 years (staged) 10 Normal mass hierarchy HK 1tank 10years
Normal Ordering o~ Singze :0 i
O e ones 40,008 10 years (staged) | 3 | 17=0.
i 0,.: NuFit 2016 (90% C.L range) et sin‘e,, = 0.441 1 0.042 > 8 sun9823=0.5
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Baseline 1300km - Large matter eftect 295km - Small matter effect

(Good for MO)

Beam energy

~ Multi-GeV

~ Sub-GeV

Detector technology

Lig. ArTPC

Water Cherenkov
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Supernovae neutrinos

Rich physics scenario

e Astrophysics SN oscillations

- Massive stars dynamics and evolution Vacuum oscillations depend on N
- Neutrino sources in different stages of life neutrino mass matrix M Overall
e Neutrino oscillations minus sign for antineutrinos 2L
- Vacuum (propagation) and matter (source,
earth) effects MSW effect depends on
- Collective effects (v-v interactions) ordinary matter density L, \/EGFNe
e Neutrino non oscillation variables .e. mainly electron density

- Timing, pointing, litetime
Collective effects

depends on the \/EGFNI/

neutrino density

e / dimensional problem
- 3 momentum (E, Bp, ¢p) + 3 space (r, 8, d)
+ 1 time (1)
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SN core collapse

e The evolution of isolated Fe core stars (SNII) terminates with

the collapse of the nucleus
e The Gravitational energy is released invand Vv : Ep, =3-1046 J

- Larger than the EM radiation of the host galaxy
- v and v with all flavours are produced in the core
- <E(ve)> =10 MeV = <E(Ve)> =12-15 MeV
- <E(vy,vr)> = 20-25 MeV, (uncertain values)
e Propagating states are the eigenstates in matter
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Net result:

SN frequency

e |B132 < few 104 — adiabatic condition |

e Am2>0 — harder ve spectrum e 3-4 per century in our Galaxy

e Am2<0 — harder Ve spectrum e 0.3-0.4 /yr < 5 Mpc

e 1 to multi kton, complementary, detectors e Good perspectives for IMt WC
e [EXxisting detectors: (mainly sensitive to V):

LVD, SK, BOREXINO, ICECUBE
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Supernovae neutrinos

e 1stsimulation of a 27 Msun star by Garching group
Janka, Melson, and Summa (2016)
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antineutrinos / neutrinos

5 <10 kim decouple

Trapping earlier / later
No Oscillation (?)

forward scatter with each other
and undergo collective oscillations

forward scatter off electrons
and undergo MSW conversions

R ~ 1000 km

Free-streaming
MSW conversion Interstellar space
Resonance at A ~ w Free-streaming

Kinematic decoherence

Inside Earth
Free-streaming

Regeneration

Electron v osclllations
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SN detectors

Running

Future

Underground physics - Otranto School 28/05/2019

Detector Type Mass (kt) Location Events  Flavors
Super-Kamiokande H20O 32 Japan 7,000 Ve
LVD CrnHan 1 Italy 300 Ve
KamLAND Unon 1 Japan 300 Ve
Borexino GnHoy 0.3 Italy 100 7
[ceCube Long string (600) South Pole  (10°) Ve
Baksan CrnHan 0.33 Russia 50 Ve
MiniBooNE™ CrHan 0.7 USA 200 Ve

HALO Pb 0.08 Canada 30 Ve, Vg

Daya Bay CrnHan .33 China 100 Ve
NOvA™ CrnHan 15 USA 4,000 Ve
SNO-+ Ko Hoy 0.8 Canada 300 7
MicroBooNE" Ar 0.17 USA 17 Ve
DUNE Ar 34 USA 3,000 Ve
Hyper-Kamiokande H20O 560 Japan 110,000 Ve
JUNO CnHox 20 China 6000 7
RENO-50 CuHon 18 Korea 5400 Ve
LENA CsHow 50 Europe 15,000 Ve
PINGU Long string (600) South Pole (10°) Ve
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Collective effects

e Portions of the energy

o
§ . é spectra get o
> _5. exchanged 3
- [\ e Split :
- i .
(e W, o, 0
S S _ - -
o s (l)c
- RS |
o Ly
c \ S
D Sy
- g“\,l SETPTY before
] s = after * Occurs for both
=] Swap orderings and there
cD"u’ can be multiple
e de-Px critical “crossing” spectral splits

- system becomes unstable

- flavor conversion of Ve (Ve) 1O Vx (Vx)
IN certain energy Iintervals as an
effect of the interaction with other
neutri- nos and antineutrinos
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Final fluxes in inverted hierarchy (single-angle)
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DSNB

Diffuse Super-nova Neutrino Background:

e Even if a SN explosion is a rare event in our Galaxy, neutrinos of the past

explosions form an isotropic flux
e [s it detectable?

= V+p—=e+n
e Best limit from SuperKamiokande
e (Close to theoretical expectations
e Background limited

SK doped with Gd
e [ag n to suppress background
- n capture cross section on Gd: 49 kbarn
- y cascade 8 MeV
- Low threshold possible
- 0.2 % of GACI3 =90% tag efficiency

e 5 ev./yr almost backgroud free
e tests with 1 kt WC near detector of K2K

= Maybe close to DSNB detection
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