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Established Neutrino Physics

* 3flavor vg, vy, vy, spin 7, neutral, left handed, o(1 MeV)=10** cm?
* Tinymasses: 0.04eV<m,<=1leV Vp

* Flavor mixing: two views on W-decay:

‘e ‘ T
|* |*
Vg —> - V,
U al
Neutrino of flavor | Neutrino of mass m;
o=e, U, T i=1, 2,3, ..

e Flavor mixing: PMNS matrix U: |v>=X U, | v, >
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3v Oscillation Formalism

Majorana CP phases

Atmospheric Cross-Mixing Solar (L violating processes)
- - B _.6 N - - ‘ -

1 O 0 Ci3 0 sp5¢” Co S e 0 0

U=| 0 ¢, 8, |X 0 1 0 X[ =5, ¢, x| 0 €€ 0 PI\/I?InSatr:izlng
0
0 -5, Cyp -se° 0 ¢ 0O 0 0 0 1
0,3 ~ 45°: “atm.” angle 013 ~ 9° 81, ~ 34°: “solar” angle
* 3massesm,3: Ami,, =m5—mé ~8107°eV? & Ami,,=|m% —m?| ~ 21073 eV?

* Oscillationinvacuum: P(vy 2 vy) = 1 — sinz(ZGi) X sin? (1_3 . Am? E)
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What are the leptonic mixing parameters?
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Am

vs I

(Mass)?
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e Am?(eV?) ~ L(km) /E(MeV)

* Reactor
L~ 100 km & E ~ MeV

e Solar
MSW flavor transition



Solar + Reactor Experiments
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Am? (eV2) ~ L(km) / E(MeV)

Atmospheric neutrinos:
L~ 10*km & E ~ 1-30 GeV

Reactors neutrinos:
L~1km&E~ 3 MeV

Accelerator neutrinos:
L~ 1000 km & E ~ 3 GeV



Long-baseline Accelerator Experimen

ts (LBL)

) ==3-amgp- £ il o B e
= oo %* ___________ 125 T -5 Super &
\ v/, Decay tunnel \ 2%  ND280
— | / | \ “ 1 off-axis
p v, 0 Beam d 118 m ~280m
I eam dump u monitor :
INGRID
on-axis

‘ UPER
Sic,

Gd-upgrade 2020

* Explore multiple oscillation modes (v,, dissapearance — v, and v, appearance)

Different baselines and energies. Complementary to address parameter degeneracies
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v, Dissapearance
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v, Dissapearance Results (LBL, Atmospheric v’s)

NOVA Preliminary

(10° eV?)
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Accurate & consistent measurements of Am?;; & 6,5
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Slight preference to normal mass ordering and upper octant, 6,5 >45°
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s L~1km,E~ MeV
* reactor neutrinos
» dissapearance
e 0O;;0nly

e o

AMim? =2.5.10% V2

(Mass)?

I
: e L~ 1000 km, E ~ GeV
: * beam experiment
l * appearance expt.
* 043, sign(Am?2;,), 6cp degeneracies

Vs

| Am50|2 = 8.10-5 eV2

Ve .lueil2 Vu .|Uui|2 Ve DlUTi|2

Vi



6,5 at Nuclear Reactors

U+n, —> X+Y —p—decays v,+p—>e’ +n

1-2 km baseline

Vi

Reactor core Target free protons

1.3-Am3, - L
P(¥, - ¥,) ~ 1 — sin(2043) X sin? ( : 52 )

Clean measurement of 043
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Daya Bay RENO, Double Chooz
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Capturing neutrino properties

Neutrino Property
Am?,,
01
Am?5,

sign of Am?,

Dirac / Majorana

M4y, Mo, m3

Neutrino Source(s)
reactor, sun
reactor, sun
accelerator, reactor, atmospheric
accelerator, reactor, atmospheric
accelerator, atmospheric
reactor, accelerator
accelerator
specific isotopes
specific isotopes, CvB
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Method
v — oscillations
v — oscillations
v — oscillations
v — oscillations
v — oscillations
v — oscillations
v — oscillations

ovgp
B, EC,0v[[- cosmology

Status
(2.2%)
(4.4%)
(1.3%)
X 20 hints
(5.0%)

(3.8%)

X
X

[ range |
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Facts & open questions: overview

Masses of the mass eigenstates v;?

C/\‘\ A V3 I
(2]
G
- Arnzatm
v
Vf T >Am250|
?
0 Joo___ b
e Spectral pattern or ?

Lepton Number conservation (Dirac or Majorana) ?

Is CP violated in the neutrino sector?

Are there additional (sterile) neutrino states



(Mass)?

What is the spectral mass pattern ?
(mass ordering or hierarchy)

<
w
>I

- — e e e e e e e e _m— - -

Ve .lueil2 Vu .lUHi|2 Ve DlUTi|2
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sign(Am?;,) with reactor neutrinos
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sign(Am?;,) with reactor neutrinos
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20 kt JUNO Experiment (start in 2023)
. —_— - |Calibrationhouse ) .
Kaiping, i el M _(Top Tracker
Jiang Mencity, —
e Al
(;.\(lant:a'l Ditecttzr (CD)}

2 06

g 0.5

2

0.4
0.3 :
0.2 .:' « Experimental challenges (for 3o in 6 years)
: * Detect the absolute location of the wiggles
0.1 ; * 3% energy resolution

' g * <1% energy scale uncertainty

30

22
L/E (km/MeV)

backgrounds



Am_2 increased

Oscillations in matter t
|
——— o mm de ==
Vzl I
I :
; |
v; [ | vi| L] /

* Matter effects affect the
> oscillation frequency
U Am,;2 reduced
2 t °

: * Need large baselines (>>100km),
e high energy GeV)

Ve .erilz vp .lupil2 VT D'UTilz



Do the behavior of v violate CP?

T. Lasserre — QSFP 2021
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Neutrino & Antineutrino Oscillations

p Asymmetry parameter
_ ™
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NOVA & T2K v,/

T. Lasserre
QSFP 2021

ppearance

Ve A

E = 0.6 GeV
L =295 km

Super-Kamiokanceaes
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NOVA & T2K v,/ v, Appearance

0.70 T T T T T T T T T T T T T T ]
- m T2K NO 1
0.60F -
& 0.55F &N - 7
‘= 0.50 5
e
0.40F _
L 68% & 90% CL 2 dof A. Palazzo (TAUE,.
035 IR T T TN TN AN TN SN NN NN NN TR SR SN S L 11
0.0 0.5 1.0 1.5 2.0

* In Normal Ordering, tension in the
evaluation of 6¢p

e statistical fluctuation?
e systematic error?
* Joint analysis ongoing

* Inverted ordering is disfavored by
all other data

e (too) large NSI could solve the
tension
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The DUNE Experiment — Start in late 20’s

Sanford Underground
Research Facility

Fermilab

____________
-
\\\\\\

1.2 MW neutrino beam
Upgradable to 2.4MW
PIP-II project baselined

) DUNE Simulation
e 1300 km baseline 100 kt-MW-yr (76627 throws)

e Liquid Argon TPC
4 x10 kt fiducial

B B2 B3o
Ll Ll L) T T T Ll l T L T

—

30 for 8cp = i - 100 ktM\/\/y

T
2

ot
o)

* For 50% of 6¢p values:
e 30: 200 kt. MW.y
* 50: 650 kt. MW.y (10 years)

Fraction of throws
(=
()]

-1 -0.5 0 0.5 1 TAUP I
T. Lasserre — QSFP 2021 Sep/ T naeen C. Wilkinson e



The Hyper-Kamiokande Experiment — Start in 2027

HK 10 years (2.70E22 POT 1:3 v:V)
T T ] T I T 1 T T I L] T T L]

e L l T T Ll T ' L T L] L] I L] T I_

s 10F Statistics only o

< [ iswesaanesnenes Improved syst. (v./V, xsec. error 2.7%) e

—rec, 14 [ s T2K 2018 syst. (v./V, xsec. error 4.9%) .

Construction started g 12 il ' =

) BZ) i =

in May 2021 = 10p =

a > E ]

s ‘ o 8 =

" » o C i

NAR—HSAAYF BIRSRR « S =
v#  Hyper-Kamiokande Groundbreaking Ceremony  * & 4F
S

a2 \ / .

O l 1 i} L 1 | 1 ' L 1 {1 L ' l‘ ' A A L l A L ' {1 l A 1 1 ' l

-3 -2 -1 1 2 3
Hyper-K preliminary
True normal hierarchy (known)
sin’(0,5) = 0.0218 sin’*(0,;) = 0.528 |Am3,| = 2.509E-3

Significance to
exclude 6.,=0
(i.e. exclude CP
Conservation)
after 10 years

HK is x8 SK 8
e \Water Cherenkov
e 200 kt fiducial

T. Lasserre — QSFP 2021 27



The absolute neutrino mass scale
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Tiny neutrino masses

Takaaki Kajita

Arthur B, McDonas

’ Nobelprize.0r9

from laboratory measurements

Matter generation

and

Upper bound

Lower bound
from oscillation experiments
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Neutrino masses

/ Cosmology

Rely on cosmological model
potential: m, = 10 meV
e.g. Planck + LSS + BAO ...

Meosmo = 2 m;
i

/ Search for Ov(3[3 \

Laboratory-based
potential: mgg = 15-50 meV
e.g. LEGEND, Cupid

2
E Ueimi‘
i

mpp =

Lower bounds: from oscillation experiments

/ Kinematics of B-decay \

Laboratory-based
potential: mg =50 - 200 meV
e.g. KATRIN

T. Lasserre — QSFP 2021

Upper bounds: from laboratory measurements & Cosmology
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General idea of kinematics measurements

Signal: shape distortion close to the endpoint
v’ Independent of cosmology
v Independent of neutrino nature

region close to 8 end point
0.8 |
3|
. entire S 06 | _
spectrum 9 1 m(ve) =0 eV
08 ® !
— 04
q) L
06 = : only 2 x 10”3 of all
02 decays in last 1 eV
04 L
[ m(ve)=1¢eV
0.2 0
PO — | !
0 | | | | J 3 -2 1 0
2 6 10 14 18
electron energy E [keV] E-Ey[eV]
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The experimental challenge

Key requirements:

e Ultra-strong radioactive source
e Tritium (12.3 years, E; = 18.6 keV)
* Holmium (4500 years, E, = 2.8 keV)

region close to 8 end point

: 0.8
* Excellent energy resolution (~ 1 eV) = |
10 : I I
o < entire = 06 |
Low background (< 100 mcps) : spectrum g | Only 102 of
5 04T all decays in

0.6

last 1 eV

0.4

0.2

0

2 6 10 14 18
electron energy E [keV]
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Where do we stand?

Current limit

102 10~ 102 101 100
Miightest (eV)

T. Lasserre — QSFP 2021

e Current best limit:
m, < 0.8 eV (90% CL)

KATRIN data release
KATRIN(2021)
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Where do we stand?

e Current best limit:

101- .
] m, < 1.1 eV (90% CL)
Current limit KATRIN data release
KATRIN (2021)
1,09

* Ongoing experiments:
Distinguish between degenerate
and hierarchical scenario

On-going experiments

10~4 10~ 102 101 100
Miightest (eV)
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Where do we stand?

Current limit

ing experiments

ew ideas

10~ 102

Miightest (eV)

100

T. Lasserre — QSFP 2021

e Current best limit:
m, < 1.1 eV (90% CL)

KATRIN data release
KATRIN (2021)

* Ongoing experiments:
Distinguish between degenerate
and hierarchical scenario

* Future:
Resolve normal vs inverted
neutrino mass ordering

35



Experimental technologies KATRIN

(Tritium)

QTNM Electrostatic Pth.’I.e Y

(Tritium) filter (MAC-E) )
Project-8
(Tritium)

T~
&

Cyclotron Phonons
Radiation (Heat)

T. Lasserre — QSFP 2021

Holmes
(Holmium)

B

ECHo
(Holmium)
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The KATRIN experiment

Electron Analysing plane
¢ T, Ui(r) Uana(r)
¢ >HeT™
Usece(r, 2)
Electrostatic high pass filter
T» out 2

% ¥

Segmented
detector

Transport and
pumping

-~
‘‘‘‘‘‘
-~ -~

Tritium source

Rear wall and

Main spectrometer
electron gun
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KATRIN 2019 Science Runs — 15t sub-eV upper limit

Count rate (cps)

Residuals (o)

Time (h)

https://arxiv.org/abs/2105.08533

Electron

¢ T

Spectrum 15t campaign 6 SHeT*

with 1 o errorbars x 50

Spectrum 2"4 campaign
with 1 o errorbars x 50

T, out
T, out T2 in

i :
1

Transport and

Tritium source

Rear wall and pumping

electron gun

—2.5 Uniform Stat. Stat. and syst. 2021 results:
50_5C) 1%t campaign 6.5 million events
| . 2" i 2 |
25_: campaign m12} — Zilueilzmi — (0.1J_’8_§)eV2
f ‘ ‘ ‘ ‘ | m, < 0.8 eV (90% CL)
0 1 ! T " T T T T T T
0 50 100

Retarding energy — 18574 (eV)
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Electrostatic high pass filter

)

AL

Analysing plane

Uana(r)

Q'{mé&;,\\\\vx\

A‘%‘ ‘

Al

.....

Main spectrometer

-200

-100 0

Los Alamos (91) -
Tokyo (91) 1
Zurich (92) 1
Mainz (93) -
Beijing (93) -
Livermore (95) -

=~ = - —

Troitsk (95)

o ©

=
——_— - = -
L L L L
L L L L

Troitsk

u1

(
(
(
Troitsk (1
(1
(2

KATRIN (comb.)

9
9 44
0

9) 44
1

“8-6-4-2 0 2

~200

~100 0
Best fit m2 (eV?)
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https://arxiv.org/abs/2105.08533

Improving over KATRIN: CRE Technologies

Cyclotron Radiation Emission Spectroscopy (CRES)

]
AR
| = T2
QTNM Electrostatic o > . >
JIF), filter (MAC-E) % % 5% ‘/5%
s s
Project-8
(Tritium) ; W
- VAVAVAY,
| ‘i _wg eB
- w()/)_y_E+me
Cyclotron
e Phonons
Radiation
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Project &8

Phase |

g 15cm
]
U]
N
>
v'Phase | (2014-16) g
demonstration of CRES technique Phase Il
Time (mS) [-/‘\_/’t:\\_ — ”;’osteriorlpredictivle fit
/ Phase II (CompletEd 2020) i:z \’vh ) 1\‘1\\ I—I-I _ZI'c:iggrsT:i;'iaci;quantiles
mol. tritium spectrum with small waveguide cell ool S
* Phase Il (next) 8 . ¥
large-volume cell with open antenna array 50 i ST
25 NS \"\\-\ | 90% credible
. PR interval
b .\\ .
Phase IV (In prep.) . Phase IV ° 16500 17000 17500 18000 18500 19000 19500
develop atomic tritium source 10— Reconstructed kinetic energy (eV)
[d . K\\n n
e Ultimate goal: o Atomic T Lo
40 meV sensitivity g
e \“é |
. )./ Phasell
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QTNM: Quantum Technology for Neutrino Mass* B

ey g Prif |
N PL @) \ A 4 IR ppertawe

=)}/ Swansea
National Physical Laboratory WARWICK m Al

* Goal: To build on recent investment in quantum
sensors to assess feasibility of an experiment D-atom source Magnetic trap/CRES
capable of a positive neutrino mass measurement Planar antenna

Cryostat _ array
from 3H B'decay USIng CRES tECh n0|0gy D 36-stage Zeeman decelerator =
« 2021-2024: CRESDA: | | .
CRES based on Deuterium but “Tritium-ready” rap aots ep®
Superconducting detector
° 2025_2029: | 50 cm , dipole magnet

* CRESDA at tritium facility)
* Tritium phase demonstration
* O(eV) sensitivity
e "Ultimate” international project > 2029

* O(meV) sensitivity

*one of 7 projects funded for 3 years
under the UKRI QTFP Programme T Lasserre = QPP 2021 4



Neutrino Mass & Cosmology

> ~ 1 eV:v's become non relativistic before recombination
* Imprintin the CMB spectrum
] * Rock-solid upper bound

< ~ 1 eV:v's become non relativistic after recombination

* v masses suppress the matter power spectrum on small scales
. Constraints from: ~

. CMB
Constraints based on ACDM

74.0%

Suppression of
the small scales

. + CMB-lensing

Dark Energy

. + BAO

0.4% Stars, Etc.

Dark Matter 5.6% + RS D
Intergalactic Gas JCAP 04 (2020) 038

‘ z l‘rll < O 09 eV T. Lasserre —

QSFP 2021

22.0%

42 . + Lyman-a




Neutrino Mass & Cosmology

100

3
= 107"
Normal ordering
_____________________________________________ ‘3
10 1073 10-2 10~

T. Lasserre — QSFP 2021

Lightest neutrino mass [eV]

100

— Zmi <0.09 eV

e Disfavor the Inverted Ordering
* Prospects —signal expected!

* DESILSS

‘j

43

e Euclid Zmi < 0.03eV



s Lepton Number conserved?

Creation of matter without antimatter partners ?

Dirac or Majorana v?

v v
D _| "L M _ ( L)
v Vg Ve = Vg
VR
(H) (H)
YV (H)
—— VR 7 X
— —— \_/




Ovp [ Decay: General Idea

dN/dE(E / QB B)

[§°]

| ] | l ] | ! [ | ! | I | | ] " " AL | ]

0.2 0.4 0.6 0.8 1
Energy of the two beta electrons

If OvB L is discovered:

* Proof that neutrinos are Majorana particles
and that Lepton number is violated

* Half life reveals neutrino mass

Iy /2

48Ca, 76Ge”, 82Se,
96Z7r, 100\]o*, 110pd,
116Cd, 1245, 130Te*,
136Xe*, and 1°0Nd

T. Lasserre — QSFP 2021

1
57 = 94 Goy(Q,Z) - IM®|2 - mjy

* Most promising for next-generation searches

45



Ovp [ Decay: Experimental Challenges

Never observed — Best limits Tlo/v2 >10%-10%y

1025y |m'3[g| 2
T1/2 - eV

dN/AEB/ Q)
{]

Key requirements:

< 1 decay pe * lLarge exposure (tonne-scale)

ton and yea

* Excellent energy resolution (~ 1% @ Qgg)
* Ultra-low background (< 1 cts/year/t/ROl)

T. Lasserre — QSFP 2021 46



Where do we stand?

* Current limits (GERDA):
T,/, > 0(10%y) (90% CL)

Mg < 0(100) meV
Phys. Rev. Lett. 117 (2016), 082503
Phys. Rev. Lett. 120 (2018) 132503

Current limit

104 +—m 5 .
10~4 103 102 101 100

Miightest (€V)

T. Lasserre — QSFP 2021 47



Where do we stand?

Current limit

>
S VIS . . VTTTTTITITTITIIIIIGFIr
Q
gl

104

Miightest (€V)

T. Lasserre — QSFP 2021

10~4 103 102 100

e Current limits (GERDA):

T,/, > 0(10%y) (90% CL)

Mg < 0(100) meV
Phys. Rev. Lett. 117 (2016), 082503
Phys. Rev. Lett. 120 (2018) 132503

Goal of future experiments:
Probe inverted mass ordering

48



Experimental efforts

KamLand Zen 800 (136-Xe)
SNO+ (130-Te)

DARWIN (136-Xe)

KamLand Zen

(°°Xe) NEXO (136-Xe)
S e EXO-200 NEXT (136-Xe)
CUPID (100-Mmo) ( Scintillation ] (136Xe) PANDA-X (136-Xe)
CUORE LEGEND (75Ge)
(130Te)
ST ;’" MAJORANA
e GERDA (75Ge)

|27, ’];)
5:’\\l\lq\ P

{ Phonons lonization }

AMORE, Super-NEMO-Demonstrator, COBRA, CANDLES, and many more
T. Lasserre — QSFP 2021 49



Latest OvB [ Results

/ Large source mass \
Easily scalable

KamLAND-Zen 400 Dilution in liquid scintillator 136Xe

Fluid EXO-200 Liquid TPC 136Xe
embedded
Completed
\ source pavstaking (TAUP.. A Giuliani W,
H/igh energy resolution . \
/ efficiency MAJORANA DEM. Semiconductor detectors Ge
GERDA Semiconductor detectors 5Ge
Crystal CUPID-0 Scintillating bolometers 82Ge
CUPID-Mo Scintillating bolometers 100Mo0
embedded CUORE Bolometers 130Te
\ source J




Latest OvB [ Results

4 T, > 1024y 90% C.1. N\

restricted club

GERDA T,,, >1.8x10%y
Phys. Rev. Lett. 125, 252502 (2020)

KamLAND-Zen 400 T, >1.07x10%y
Phys. Rev. Lett. 117, 082503 (2016)

EXO-200 >3.5x10®y
Phys. Rev. Lett. 123, 161802 (204

MAJORANA dem.  T,,>2.7x10%y
Phys. Rev. C 100, 025501

CUORE Ty, >2.2x10%y
arXiv:1907.09376

CUPID-0 Ty > 4.7%10%y

L. Pagnanini, this conference

Ty, > 1.8x10%y
B. Welliver, this conference

CUPID-Mo
NEMO-3 Ty, >1.1x10%y
Phys. Rev. D 92, 072011 (2015)

/ Corresponding mg

\

limit ranges INVERTED NORMAL
ORDERING ORDERING
IOOMO
NEMO-3 Exposure ~2 orders ;'(’)%’Olmevl -
of magnitude
*iSe lower than in most 100;
CUPID-0 sensitive searches 'n
A&;‘,ﬁo N |1 10%
{ CUPID-Mo Y*7 |
‘\ 76Ge, /' 1
MKJO'RA‘NA dem f A
130y ey 10 100
EXO-200 Lightest neutrino mass [meV]
130Te
CUORE
76Ge
¢ GERDA 6
136Xe
KamLAND-Zen -400
——
1000 100 : 10 my,[meV]
-
k TAUE. A. Giuliani

17



Prospects within 5 years

Data taking

Construction /
Commissioning

Advanced R&D

TAUP... A. Giuliani

R&D INVERTED NORMAL
ORDERING ORDERING
130xe
NEXT-100
—l
Start of
130 X
, CUORE next-generation
projects
7GGe
kEGEND-ZOOI
130-1-e
SNO+-Phase |
&
136xe
KamLAND-Zen -800
e —
1000 100 10

m 55 [meV]

and beyond...

Planned experiments are expected reach
their final sensitivity by 2030-2040

Advanced R&D

INVERTED NORMAL
ORDERING ORDERING
CUPID L e 2
AMOoRE-II St
LEGEND-1000 —
nEXO G———l
SNO+phase Il = =
1000 100 10
m zz [MeV]



Are there additional light (sterile) v states?

T. Lasserre — QSFP 2021
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A bunch of unexplained anomalies at Ly /Epmevy ~ 1

-
TAUP S Gariazzo

LSND | & s ¢ o Gall |
S . eam Excess allium = £ GALLEX SAGE 3 —_ "y No+ GeCl,
Lg 15F B2 p,-v,e)n Cr1 Cr 1 =
S & — F 10
t“n’ 1251 T pvee’) 8 . 1
other o <_“_§ - ; L:
10 N = GALLEX spgE | -8
- — [ ] L ] 1
7.5 + % g i3 Cr2 Ar _; q>)
= 2 ] @
5 — I T 1
= u: ] -
25 B0 @ 4 L 1B
) R=0.84+0.05 ] 6
— — 6 0. . 1=
U, — Ve €XCESS LE, (metersMeV) disappearance of v, ’

[Mention+, 2011] [Azabajian+-, 2012]

) LA L L B AL AL B AL BNLENLENLE B
Signal Region =
= MInIBOONE ey - 0 b ReaCtor Bugey-3 -+ Daya Bay - ILL <4 Palo Verde
i Ve: 12.84x102 POT —:'a‘ Bugey-4 %~ Double Chooz —#~ Krasnoyarsk —#— RENO
(1] —— Yy 11.27x10®° POT v T F l* Chooz <~ Gosgen +— Nucifer #-  Rovno88
El .
8 44 S |
iz = s
E a v 1l .
18 3 g s s 5 A v
| < 35
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= I c 3
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~ 50 + 1 &0 ~ 30 R=0.934+0.02
] ] | | | :< l )
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Reactor Neutrino Flux and Spectra

. ‘I_ T T T T 17T T T 17T T T TT T T 17T | T T T | T T TT | T T 17T l_
¢ ©>0>8>%, o 1 =
-~ @ = T/ Bspectra -
© &, < [ == Magnetic BILL ]
-% 10 = —=_ spectrometer 3
2] = ]
10% E
107 = E
10* =
- + 3
- ¥
10 = %
:I | | | I | | | I | | | | | | I | | | | | | | | | I |

2 3 4 5 6 7 8 9
B kinetic energy (MeV)

2011: Reevaluation of the e — v conversion procedure — Flux reevaluated at + 3.5%!
T. Lasserre — QSFP 2021
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Reevaluation of the reactor neutrino fluxes in 2011

Increased prediction of
detected flux by 6.5%

IIIIIII[I

" - Emitted spectrum i) Neutrino Emission:

----- Cross-section * Improved reactor neutrino spectra -

—— Detected spectrum \ +3.5%
S * Accounting for long-lived isotopes in
2 ¥ Newt, reactors > +1%
= | osial By )iecl)m,
£
3

1) Neutrino Detection:

o * Reevaluation of ogp > +1.5%
2 3 4 5 6 1 8 9 (evolution of the neutron life time)

* Reanalysis of all SBL experiments

T. Lasserre — QSFP 2021 56



A motivation: the reactor antineutrino anomaly - 2011

Neutrino fluxes are
not understood at
short distance <100m

Could be a hint for
the existence of light
sterile neutrino?

Could be a
systematic effect?

Not yet understood

Relevant for reactor
monitoring

Observed/Predicted Ratio

77?7 Atm. oscillation Solar oscillation
A AL

r N N N

1-2||||| R L D R AL R A AL PR AL S S AL
- Phys. Rev. D 83, 073006 (2011) —
11— T
1_ ——— el :ﬁ,::_:::::#::::::::::_—
i 2 18] i
0.9— & | TE ¢ - 1
0.8— T
il \ ) 1
0.7_ N ‘ il
0.6 — 30 anomaly Tt
—— — -No oscillation —
0.5 With oscillations (3 active v’'s + 1 sterile v) i
— T Experiments ]
ogllitll Tl | R R R R R Rl R At

10° 10’ 10° 10° 10" 10° 10°

Reactor To Detector Distance (m)



Are there additional neutrinos (mainly steriles) ?

. m .

f e New eV-scale massive neutrino?
1
I . .
! e No— or extra-weak SM interaction
|
1
o | Amgy? ~1 eV? ? * Mixing with active v’s
(0p)] |
S l . _
— ! =) (=)
: Uel UeZ UeS Ue4 Ve — Ve
v, 0 Ui Up Us U | GO
A U= v, — vy,
Amatmz Url Ur2 Ur3 Ur4
v
) (=)
v, I 1] U, U, Uz U, Vy = Ve
vi I ] '

ve IV« Vo IRV v, OIV12 v [V



e Mixing with active v's

Or Mmore Sterlle ﬂEUtrinOS? / « No — or extra-weak SM interaction

A
@credit: C. Giunti ' N\
I/Sl V82 « o
Vr
Yy
Ve
V1 V9 V3 Uy Vs
m? ma m3 m3 m? log m?
Amgor, Amimy Amgg,
o u, U, U, U, * Expansion of the
SV'mIXIHg 1 ? : ) PMNS mixing matrix
U = Uul Uu2 Uu3 UAu4 in the case of 1
u, U, U, U, additional neutrino
Usl Us2 Us3 Us4
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Neutrino Beam

An important question: therefore, a lot of projects underway



Experimental results do not favor sterile neutrinos

Exclusion of GA+RAA by SBL reactor experiments

A —

-~
[PROSPECT, PRD 2020]

[STEREO,

PRD 2020]

[RENO-+NEQS, 2020]
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Prospects

 Masses of the mass eigenstates v;? ~N
1T
G
e Am? . > %-ish precision
v
Vi T > Am?_,
2 /
0 S —— b } within 5 years?
* Spectral pattern or } within 5 years?
* Lepton Number conservation (Dirac or Majorana) ? } ?
* |s CP violated in the neutrino sector? } within 10 years?

Are there additional (sterile) neutrino states } RAA+GAA probed within 5y?

Are there Non Standard v Interactions (NSvl) } ? T. Lasserre — QSFP 2021 62



Coherent elastic neutrino nucleus scattering (CEvNS)

Flux [v/ (MeV s)]
[a— — —_ - [—
©c © © o o
— @ O Q o

[W—

-}
N
—

[o—
-
O

[ T T TITOTS __Reactors

E 1
! EC L
: = SNS
= _——;:::::::r'ﬂh‘"i.!
- _,‘—j,'..": ''''' =

,,,,,,,,,,, 1

e et :
= At 2
[ S et S =

,,,,,,,,,, 1

ot , | | | . | | It
05 10 50 100 50.0

E, [MeV]




Coherent elastic neutrino nucleus scattering (CEVNS)

$ Cross-section
x 1000

with respect
to IBD

Observable

Incoming v & v - All
flavors

Recoiling nucleus
ﬁ

E <30 MeV
wavelength ~ nucleus diameter

Nucleus recoils as a solid body

_ - 0(10-1000 eV) energy deposition
Same outgoing v - Hard to discriminate against backgrounds




The COHERENT experiment breakthrough

Res. counts / 2 PE

30| Beam OFF D.Akim(;vetal,5cie;1ce357(2oi7) Beam ON -
154 + 4k
o ‘THHH f- +H #—- pt ++

Spallation Neutron Source facility, Oakridge

Hg TARGET

SHIELDING MONOLITH

&
S g
& AV CONCRETE AND GRAVEL
- |
SANDIA Csl NIN Cubes

CAMERA

§ 190D

First observation with CsI[Na]

Cross section (10'40 cm?2)

10°

—_
o
N

—
o

T T T

COHERENT Measurements
SM Prediction Tk

n—— zzzzzzzzz

KIeln Nystrand FF AAAAAAAAA

5 15 25 35 45 5

Number of photoelectrons (PE)

35 45

II:“‘IllIlllilIllilIIIillIlilllljllllillllillll
5 10 20 30 40 50 60 70 80 90

Neutron Number

1

* Measure cross-section
N? dependence
* Appealing BSM physics probe



Ongoing CEVNS efforts

Not yet observed @ E

Neutrlno
Signal

Cryogenic detector
10 grammes

cleus

EXPERIMENT

Sy, rey

Counts / (keV kg days)

Los Alamos | ANSCE Lujan

Stopped-pion beams

Nuclear reactors

s

Coherent CAPTAIN-Mills

EUROPEAN

R BEFG’H”E{- "j.;» \ﬂ :j‘%. | spavLanion 2028
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GaNESS

|
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The NUCLEUS Experiment at Chooz =~

m TECHNISCHE
UNIVERSITAT
MUNCHEN
‘Ih ’
.
&/

Cea R
=7 HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

Chooz Powe tation, Fr
7 x PWR reactors
7 x 4.25 GW

Double Chooz
experimental facility

New “Very Near Site” - VNS

-85 m-3 mwe
_flux: 3.102cm™ 54
20w HeE characterization
Eur.Phys.J. C79 (2019) no.12, 1018
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10mk

7~
)
4 %

External
Muon

Low & High Z
Passive Shielding

S~
Vv-calorimeter unit

s
Si, Ge, Al,O3, CaWO, + TES

Rail System
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&£ o g ol
detector” \ i1

9g A|203 - .
9g CaWwO, -

-~

Functionality demonstrated in 2019 = Construction of NUCLEUS 10g in 2020

T. Lasserre — QSFP 2021



NUCLEUS Crystal Module + Thermometer e

10
um
side view
s sl

50 nm

1um

Al,O5 absorber

320 um

collector

0.5cm

Ephonon
A

—
- Measure O(10-6) K
temperature eelvation
- SQUID (superconducting
quantum interference
Th. Lasserre — QSFP 2021 device) readout




EXPERIMENT

NUCLEUS Physics Reach i

Phase I: NUCLEUS-10g — 2022

The ELII‘()pC'dn I’ll}'SiC;\l T()Ul‘lml volume 79 - number 12 - december - 2019
'g 104+
> | Neutrino signal rate S = 150 counts / year
=< CaWO
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1
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Phase Il : NUCLEUS-1kg — 2024 — SM & BSM
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S > 1034 counts / year
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