dépasser les frontieres 5

IN2P3

Les deux infinis | | POLYTECHNIQUE

N2 1P PARIS

Introduction to the neutrino session

Benjamin Quilain |
Laboratoire Leprince-Ringuet
(CNRS/Ecole polytechnique)

Journee de Rencontre Jeunes Chercheurs |
2021/10/20




The Sun in Neutrinos

Super-k,
1500 days

St :
- -~ —
e RErEeS

Fa




Enter the matter
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* Neutrinos : 50 % stopped by 1 light-year of lead (9 5 x 1012 km)!!
— Easily crosses the Earth :
how to detect them ?




Average fluxes on Earth

Neutrino flux (/lcm? [s)
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Selected discovery in neutrino physms

Pauli : Reines & Cowan : @BNL : Davies@Homestake : @SK :
Introduce neutrino Experimental 2 distinct First indication of solar Direct observation of
to explain 8 spectrum || detection of neutrino || neutrino neutrino deficit neutrino oscillation
(to save energy/spin (Savannah River families (atmos.)
conservation) ;eactor) * * *
v
1930 1934 1956 1962 1967 1989 1998 2001
A A A A
. Maki-Nakagawa- @LEP : = = @SNO :
Fermi : 3., «
) Sakata: Only 3 active &= Sibi /7 Solar
Neutrino ] Flavour states are (Z int.) light OPAL N\ neutrino
incorporated in a superposition of mass (<45GeV) b N explained
theory of weak states neutrino N / N by
interactions families = oscillation
o [GeV]




Neutrino oscillation

» Flavour states (interact) (v_,v B) = mass states (propagates) (v ,v,)

— Example :

50 % v, + 50 % v e { = 70 % v, +30 % v,

—
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e Oscillate if mi =m, > E =E .

* Oscillation goes in L/E :
L = distance between source &detector.
E = Neutrino energy.— Higher E needs longer L to oscillate.




Neutrino oscillation in vacuum
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2 tflavour approximation :

* Oscillation in L/E.

» Frequency : determined by the mass square difference : Am*=m’ -m*

* Amplitude : determined by the mixing angle 0.

P,.v,(L, E) = sin® 20 sin’ (

Am?L
1F

)




Atmospheric neutrinos in Super-K
* Neutrinos produced in cosmic ray decays.

30000 m
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If no oscillations : b, + b
P T P
Atmospheric fluxes predicts v to v_ratio,R = Bt 2.

R should be independent from zenith angle as production is isotropic.



Atmospheric neutrinos
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Observations :

* R<2.

* R varies with zenith angle
< L dependency

— A definite probe of v oscillation.
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II. Neutrino oscillation in the current era
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As neutrinos have masses

* In case of massless neutrinos, Lagrangian has V-A structure :

g v 1 \ .7/ = — 1 /
Ly == 3, “Elay 5=y, HEp S - W Iw)
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-
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v .
VL = [VLL] <——— Flavour v states ||Flavour leptonic states

_ _ .V
e Ifvhasa Diracmass : L° =Xy v +v v Iw/ m; = 2 ith i=1.273

mass 2

Mass v states +

ViL
* We introduce the rotation matrix V_: p. = V)", = [m]

Yo

V : mass states — flavour states.

* PMNS basically allows to rewrite the Lagrangian in mass basis :

== > ) —([vl ¥ 5~ VWIS +h0) w/ Upmns = ViV

a=e,u,ti=1,23

H’lt

* PMNS = rotation matrix to rewrite L. from mass to flavour states.



Three flavour neutrino oscillations

« 3 flavour eigenstates ( VY . v ) and 3 mass states (v ,v , V).

— PMNS symetries allows to rewrite 3D matrix into three 2D rotations.
Ci; — COS gz'j and S?;j = sin 93'3‘

(. 523\/ ) (e o) o)
AT A Y,

haN

3 mixing angles: @23, ©,,0

2 mass square differendes : Am’_, Am®

1 Dirac CP violation phase: 6,

« Atmospheric » « Reactor »

@23 =45°+7°
|Am?2_|=(232"" ) x 107 eV?

= 33 9° +4.5°
Am? = (7.50 +0.20) x 10” V2

%) _900290




Open issues in neutrino oscillations

* [s CP violated in the neutrino sector ?

— Is P(v_ — \JB) = P(GOc — ;B) ? Could explain why no anti-oyster.

— Measure it in Long-Baseline experiments :
T2K/Nova today, Hyper-K (Lucile’s talk), DUNE (Pablo’s talk)...

* What is the neutrino mass ordering : affect nucleosynthesis in SN.

— Oscillations in vacuum provides only |Am?]|.

— Matter effect in the Sun provides : m, > m_.
— 2 orderings :

— 2 ways to measure it :

NORMAL INVERTED
a. Matter effect in the Earth : vi
Long-Baseline experiments. =
£
b. Interférences : JUNO v: TN
N . e
— Leonard’s talk & “
Am3; >0 Amj; <0

2

B




The long-baseline experiments

* All uses same method : focus on the T2K experiment in Japan.

= g e

e Intense \)u beam.

« Observe v disappearance and

V_appearance.

e Can select vorwv.
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= F’(\f}1 —V,)
—P(v,—>V,)

0.6

0.5

0.4

0.3

0.2

0.1

u TlTI'! rlu 'I'ITl_I'I'I'I'l'I TTT I'lTI'I' |_ITI'I I_ITI'I' I'!TI'I I_ITI'!

0.0

sin?(26,,)sin%(6,,)

—P(v,—>v,)

£

1 1 L L 1 L
q 200 400 600 800 1000 1200

L/E (km/GeV)



O.p and mass-hierarchy

— Normal ordering

T2K Preliminary
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* Normal ordermg favoured ’bV T2K ( 10) and SK (1.80).

 CP conservation ( Si;l Scp =0) exglﬁaed by T2K (20) and SK (~10).
— Maximal CPV (6, = 37t/ 2)"'favoured by T2K & SK, whatever MO.




Next generation of experiments : Hyper-K

* Next generation of neutrino observatory in Japan— construction 2020-27
— A 260 kton water Cherenkov detector — Fiducial Mass ~ 8 x SK.

Super-Kamiokande Hyper-Kamiokande
—
D~
68 m
Super-K Hyper-K (1st tank)
Site Mozumi Tochibora
Number of ID PMTs 11,129 40,000
Photo-coverage 40% 40% (x2 sensitivity)
Mass / Fiducial Mass| 50 kton / 22.5 kton | 260 kton / 187 kton




Next generation of experiments : DUNE
* DUNE is similar to T2K / HK, but in the USA

— Baseline is larger : L = 1300 km — Better for Mass Ordering.

Sanford Underground
Research Facility

Fermilab

i

* Similarities and differences between Hyper-K and DUNE :

295 km 1300 km

600 MeV Large Spectrum 0.8 — 6 GeV
190 kton 20 - 40kton
Water Cherenkov Liquid Argon TPC

2027 2029
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. 75% of 5., values
——— Nominal Analysis
e By UNConstrained

— 3 years for HK, 7 years for DUNE.

~* Probing 50 % of 6., phase space :

— HK needs 5 years, DUNE needs 10 years.

* HK & DUNE : world-best sensitivity to €PV



Neutrino mass ordering

HK DUNE
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* Mass ordering would be determined by :
— HK after > 6-10 years via atmospheric.
— DUNE : after 1-2 years (in ~2030’s)

— DUNE : the best experiment to measure mass ordering at long-terms.
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* See talks from Lucile Mellet (Hyper-K) and Pablo Kunze (DUNE).




Measuring the mass hierarchy in JUNO

* JUNO : a 20 kton liquid scintillator detector in Jiangmen, China

— Multipurpose : mass ordering w/ reactor v, supernovae & solar v...

Calibration
Top Tracker

Central detector
SS latticed shell
Acrylic sphere —

18000 20” PMT

25000 3” PMT

Water Cherenkov
2000 20” PMT -

El ics

4 o s
.' JJJJJJJ ..l 4 f ¥

Acryllc Sphere 35 4'm
teel Lattlced Shell 40 1'm

cu‘nl:__.!'

Pool ID:43.5 m

I<
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s °F
g C ' With oscillation
= WE ) (inverted NMO)
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0 10 15 20 25

L/E (km MeV-)

» Atlarge LL/E : phase difference between Am?, and Am?2_ appears.

P (0 — De)

* JUNO : near future best detector to measure MO : 40 in 2027 (HK start)
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— See talk from Leonard Imbert and Victor Lebrin




II1. Neutrino masses
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Mass nature and absolute value

* Oscillation experiments provides Am*— What about absolute mass ?

neutrinos de se pHe
—_—
R— Uu+e CcC® 1®
X Le Te
| | L 111 L L | | e | 11 ilfl FLLLL i'| | LI LLL |'iI; | ]| | |I| LIl
3 ® A < ) —
o) < © ) ) ®
< < < < <

* < 6 order of magnitude from other SM masses

— Hard to understand that Higgs coupling is so low for neutrinos...

* One possibility : nature of neutrino mass is different from other particles
— No v, & no electric charge : v can be their own antiparticle v = y©

— In this situation, mass can arise from a Majorana term :

1 — __
L = —EML(VEVL + Vv )

AL = 2 — Breaks lepton

number conservation.




Neutrinoless double beta decay

NAZ)-NAZ+2)+e +e " i —
_ _ W
T Ve + Ve % e~
Ve
(T12/V2)—1 = Gy |/V[2u|2
. . 178
second order weak interaction e~
process 4 P4 g
iIn the Standard Model T g
Neutrinoless Double-3 Decay: AL =2
d > \\\ >
NTE; Z) =3 MR Z 4Tk~ ™ N4 ;
e Uek—:': > 2
(TTh) ™ = Goy |Mou|? [mggs|?
mjp —=—x Ui
effective
Majorana |mgg| = Z U2, my Uk — e
mass k P

A 4

A



Constraints from current experiments

| NSM QRPA © IBM-2 ¢ EDF w PHFB
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New generation of experiments to reach a new milestone :

Super-NEMO : 100-140 kg of #Se XENONNT :
— 90 % CL @50-100 meV 6 tons of "**Xe
particle article individua _?\_ﬂ_/f o RN 90 O/O CL @ ? mev
rx;,_{'_ﬂ___,,» «= | — Talk by Maxime Pierre
Ww;/ New concept : R2D?2 :
bt =llee» 5 Talk by Vincent Cecchini

— Talks by Malak Hoballah & Xalbat Aguerre




IV. Astrophysics neutrinos

26



Astrophysical sources of neutrinos

Astro : Atm. v : Atm. u
=407 16"

v Telescopes

L

High energy : Supernovae

Neutron stars/BH merger




Supernovae neutrinos

* 99 % of SN energy emitted in v :

. only one 1987... an only ~10 events !

— Detection very rare..

C
—h
o

Andromeda b Milky wa‘_y

N

)
/7]
=
o
2
. ~10
L % Neutronization -v+e'f
Ao ‘ T ';E: No oscillation
* For SN @galactic center (~10kpc):  '° | J /71 v Qecllaionih

(T
-
=
......
T
..................
Smame

Nevents 8k 8k 60k 7k

FF I PP B
— At 1% order, only size matters ! '0.02 004 006 008 0.1
Time (sec)

* Time&energy profile :

— constrains SN-models w/ unprecented precision.
— See talk by Victor Lebrin




Diffuse Supernovae Neutrino Background

* Sum of neutrinos emitted by all SN from the start of the universe.

N >> 1 : Burst N ~1: Mini-Burst N<<1:DSNB

Rate ~0.01/yr Rate ~1/yr Rate ~ 10%/yr

* Spectrum determined by HK : Low energ
1

1L
1Tb‘)
- 0.1 -
>
g black hole
" 0.01} | -
. |
£ 0.001
(=)
10—4 .........................
0 10 20 30 40 50

E/MeV

* SK-Gd, JUNO & HK are the pioneer experiments of this domain !

f° LSN/s in observable universe

— new constraints on cosmic

star history

* 1st detection in SK-Gd & JUNO.

Number of SRN events in FV
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Conclusions

* Neutrino physics has known an incredible boost in the last 20 years
— PMNS matrix has been almost completed.

* Basically opened a new era : measure CPV in neutrino oscillation

— Could explain the matter/antimatter asymetry.

CPV atlow E for v Leptogenesis _

— = = %) ~ —13 | 313 M,
AP = P(yy—v.) — PP, = V) x Jop Y| =2 2.8 x 107 | sin d| (0'2) (109 GeV)
* Large mysteries about nature of ., | | | K |
v mass : Dirac or Majorana. | / l
0.02 | » i
_ o ol Meatter-afjtimatter
* v astronomy started in 1987... = | —~lindit
... but is now reaching maturity -0.02 | |
w/ extra-large detectors. _0.04 | | l
| I

115 -11 -105 -10 -95 —9
LoglOYB

*| Please listen to all the incoming (incredible) talks.
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O, and mass-hierarchy

T2K Preliminary

[1I|[1[]III]I1IIII ]IIII[]
X Fetin)
; ;
* -

- — T2K run 1-10

- — Super-K 2020
20~ P

E ----- Inverted ordering
k3 :_ —— Normal ordering

3010:

I|II[][1I|[1

------------------------------------------------------

‘llllllllll]lll]lll

Significance (o)

Areujwiid YAON

NOVA FD 13. 6><102° POT equw v + 12.5x10%° POT v

S T

L NH Lower octant i

_ Nova ]
ab — NH Upper octant -

N --IH Lower octant ]
3: — |H Upper octant
5 J
1
0 [~ T PR L "

0 ?_217 T 3n 21

2
8CF"

* Normal ordering favoured by T2K (10) and SK (1.80).

— Nova favours none significantly.

* CP conservation excluded by T2K (20) and SK (~10).

— Maximal CPV (6,

— Nova also favours 6CP

= 37t/2) favoured by T2K & SK, whatever MO.
= 37 /2, but if IO assummed...

— Nowva largely compatible with CP conservation if NO.



Next generation of experiments : DUNE
* DUNE is similar to T2K / HK, but in the USA

— Baseline is larger : L = 1300 km — Better for Mass Ordering.

Sanford Underground
Research Facility

Fermilab

i

* Similarities and differences between Hyper-K and DUNE :

295 km 1300 km

600 MeV Large Spectrum 0.8 — 6 GeV
190 kton 20 - 40kton
Water Cherenkov Liquid Argon TPC

2027 2029




Matter /antimatter asymetry

* CP violation in v maybe the key to matter/antimatter asymetry

— Only in weak interactions. Too weak in quark sector.

CP violation at low Leptogenesis
energy for v
AP = P(v, = ve) — P (7, = 7.) x Jop Y| = 2.8 x 10713 sin 4| (;L;) (mgﬂ/gev)

* First step is to actually measure if CP is violated...

0.04 | Precision on sin o,
0.02 | o < Precision on leptogenesis
5 ol ~Fimitgmatiere- | models
~ | N IR '
| antignatiere
0021 Lower limit for leptogenesis :
—0.04 | |sinB,,sin 6, | 20.11

“115 —11 -105 95 -9 5 |sind | =078

Log10 Yz



Flavour symetries

* Models of lepton flavour symetries could be also tested

coS 2093 cos 20,3

e e T
H COS O =

. . w0 1
v e v, oV sin 26093 sin 13 (2 — 3 sin” 013)2

Lepton generation symetric models

LOr n | Sp = less well-known parameter
. 8'_ E %ﬁ; n — Limits the model constraints.

_ I =%

z 0.6} Model separation requires :

g h g First séparation : 6 [S_,] < 30°

E 0.4 )

3 | Good separation : 6 [6,] < 23°
0.2| + Great séparation : 6 [6,,] < 5°
a0k _JAL Al

=10 =05 0.0 L 19" — Precision of our experiments ?

cos 0



Significance for sindce=0 exclusion

Leptogenesis scenarios

- Normal mass hierarchy

-

~J

l

Lower leptogenesis limit : [sin & | = 0.78

If 5., =0

1[HK/DUNE accuracies

If §.,=-m/2

.50

s | First separation : 6 [6.,] < 30°
0.8 78| Good separation : & [Sp] < 23°
GRA
_ #e | Great separation : 6 [§,] < 5°
)
Z 0.6}
g
£ >
S 04t
4
0.2}
s i ~05 0.0 0.5

1 No CPV (Si 6., =0) : Definitely

exclude explanation of

\ mat./antimat. asymetry through

Dirac CPV.

If CPV (i.e SQ =

constraints on leptogenesis

-1t/2) : Strong

models.

cos 0

1.0

HK (19°) & DUNE (24°) will provide
« good » separation after 10 years
— Even better if 6, = 0.




Precision of 6 cr measurement
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Hyper-K preliminary .
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DUNE Sensitivity . 5 = -2

All Systematics . 5, =0

Normal Orderlng —— Nominal Analysis

sin’20,,=0.088 +0.003 " 8y unconstrained
in?6,, = 0.580 unconstrained

DUNE

-.M_Q-_\

0

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

CP conserved 6_,= 0
Scp = -T0/2

b years
HK & DUNE

8° & 13°
25° & 29°

10 years
HK & DUNE

6° & 9°
19° & 24°

* World-leading sensitivity of HK and DUNE on 6,

37

— Needs the two experiments to maximize impact on leptogenesis !
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