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Neutrinos: what we know

Interact only weakly

No color, no electric charge |

|
Three light (<mz/2) neutrino states

outnumbered by photons |
| n(v+V) ~ 100 cm3 per flavo ?

—_— = S—— I —

—_— 7 — — _ — ‘

'From neutrino oscillations: I

Neutrinos are massive (lightest known l

fermions) |

,| Large flavor mixing

| - e ——— = = _ —



Outstanding Questions in Neutrino Physics

o - 3

] \denhty D|rae or I\Aajorana fermlon7 |

%' Speeles Are there Steme neutrmos’? 1’

4
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Most elusive particles ever detected First demonstration of Physics g8 Nobel Prize in Physics In

. B beyond the Standard Model [ 1988, 1995, 2002, 2015,...
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Coherent Elastic Neutrino-nucleus scattering

Smence -

=
)

SPOTTINGA

GHOST

Long wavelength,
“sees” all nucleons
simultaneously

CEVNS

Cross section increases as N=. . . .
. First observation published only
Four orders of magnitude
. 4 years ago.
increase for large nucleus!




Coherent Elastic Neutrino-nucleus scattering
Very rich physics

Sensitivity to Non-
Complementary to Standard Interactions Study of

oscillation experiments ? / Neutral Currents
Study of the Nuclear
\ T~ N2 ” y

structure
Sterile neutrinos ? VAN
‘» —ffective neutrino

/ charge radius

Neutrino
magnetic moment

New types of dark matter
particles



Detecting CEVNS

CEVNS sources, must be sufficiently intense in vyield, and low enough in
neutrino energy so the coherence condition can be satisfied.

- E - E = m. N I - = .. EEm.
---w-----

~10 Kg size detectors.




Detecting CEVNS: First observation

[Science 357, 1123-1126 (201 7)]
Hg TARGET A W 30+ Beam OFF 1t | Beam QN -
. %15' + + + I
SN AT | TR WY RTINS
SHIELDING MONOLITH g | ff[ﬁ HH LR L t
i § = s 15 25 35 45
: Number of photoelectrons (PE)
pS V3 CONCRETE AND GRAVEL > o B = "seamon
T S B 17 p';ompt n ‘ i
B e S S I A S S S
Arrival time (us)

Detection of the coherent scattering less

than 5 years ago demonstrates a new
mechanism to olbserve neutrinos.
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Detecting CEVNS: Future observations
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ESS will produce the largest low energy neutrino flux of the next

generation facillities.

12



Detecting CEVNS

Detectors
Neutrino magnetic moment, new physics!
| =107
— U= 0
10 39:'

Ultra low eneray R Interesting physics
threshold is crucial | 8% jgu] \ concentrates at low

’ - energies

Si

10741¢

e N
T (keVnr)

13



Detectors

Detecting CEVNS

Non-Standard neutrino-quarks interactions

Operation with different
nuclel helps breaking
degeneracies

0.6

- l 1 | | I 1 1 I ] 1 1 I

b COIHERENT
- — Ar+Xe

14

A full experimental program
must allow for operation wit
different targets.




Detecting CEVNS

e | arge flux of MeV neutrinos

e (Operation with different nuclel

EUROPEAN ﬁ‘ |

| SPALLATION %

SOURCE

15

Brightness (n/cm?/s/sr/A)

ISIS
ISISTS1 32
128 kW

ESS 5 MW
2013 design (TDR

ESS 5 MW

TS2
kW

2015 design

4 time (ms)

- =107

—u=0

Ar

Si

107
T (keVnr)
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lonization and scintillation in Xe

Energy (charged
particle interacting
with the gas)

Xe* 4+ Xe + Xe — Xe, + Xe,

Xe;, — 2Xe @



lonization and scintillation Iin Xe
't electron escapes,
q charge signal or

information 10ss

Energy (charged
particle interacting
with the gas)

Xe' + Xe — Xey,
Xey +e~ — Xe™ + Xe
Xe™* — Xe* + heat
Xe* + Xe + Xe — Xe, + Xe,
Xe;, — 2Xe + hv



lonization and scintillation in Xe

\onisatioj

Excitatiorﬂ Xeo+ ﬁCharge S'gﬂ

IiRegombinatigﬂ l
Xe™ T

Xez*+Xe e
+Xe l a = Xxcitation/lonisation
depends on dE/dx |

X@Z* -~ ——

Charge singaT?
singlet /\ triplet

Recombination depends on
T=2NS 1=27NS ~dE/dxand electric fiela

2Xe+nv

S. Kubota et. al. PRB (1979)
QSC'm'”at'cl:l T.Doke et. al. JUAP (2002)







TPC concept

21

Detectors

Electric field

Electric field

mplification region




TPC concept

22

Detectors

Electric field

Electric field

mplification region




TPC concept

PMT plane

20kg@20bar
30cm

o0cm

Il B B B B = BB B =N BN " <« BN F E vV .V =T BN == I = = BB = =

aue|d | INd

23



Energy resolution in HPXe

8 | 1 ] [ 1 1 | 1 | 1 | | | | 1
i E=662 keV i
LXe, T=-110°C
e D ——t
; L XE
i /?/% 0 LXe, T=_300/
4

AV

L GXe (1-50 bar)

Bolotnikov and Ramsey, NIM A 396 (1997)
Energy Resolution, %

Density, g/cm®

® Intrinsic resolution (Fano factor) 0.15.

e Extremely good intrinsic resolution.

e We need an amplification method to maintain it.



Amplification preserving resolution:
Electroluminescence

(E/N),(Td)
0 10 20 30 40
40 . . . . , ' , n 12
L~ x"; 5.9 keV X-rays
- \ e
S : j <11
X-ray photon = o
W|th energy E B & \ i
= R s ¢ ’ 410
: .
Q /
©  <«—nprimary electrons g 0} 5 [ 1o =
N = . 6 S
Drift region Xe, 1 atm k=) - o/ F
= Q"o-{) o D -1 8
= ‘®
S 3 p-
| Metallic grid +1 kV o 10F & OPX
® —
I | VUV scintillation < 1,
ciRHEaLion © \’\'\,\,‘ photons &
region ‘JJJ\M = .
S Metallic grid +6 KV :
| ¥ o e 0 s RN L T — —— R e el 6
¥ 0 2 4 6 8 10 12 14
VUV photosensor
(E/p),; (V cm Torr )

e Emission of scintillation light after atom excitation by a charge
accelerated by a moderately large (no charge gain) electric field.

e Linear process, huge gain (1500 ph./e-) at3<E/p <6 kV/cm/bar.

® Sub-poisson fluctuations in the process allows to maintain the
intrinsic resolution




GaNESS project

The GanESS detector

+ Optimised for reduced threshold.
- Operation with different gases.

26

PMT plane

20kg@20bar
30cm

o0cm
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GaNESS project

The Gaseous Prototype (GaP) system

Test for high pressure (up to 50 bar) and operation with
different gases.

Characterisation of the response to nuclear recoll
(QF) at low energies.

scattered 16 I} T
o neutrino ab N | T e 5
.,1 —
———— e 12
E
£ \ nuclear L0 Expected number of events for
boson\ recoil = | B | |
& 8 T Y vy el different values of the neutrino
£ 6 E magnetic moment (blue-red) and
5 1 3 different models of the quenching
‘oge €3 2 B factor (solid-dashed)
@)%’ secondary S
recoils 0°

scintillation S : Y
1onization energy (keV) 27



GaNESS project

Gaseous TPC

Detector construction

Xe Ar Kr

] ol 1
e J ,
~ &  <—nprimary electrons
~ e
Drift region K l Xe, 1 atm
=
| Metallic grid
— e ot VUV scintillation
CIr'; gl i(e:non il “; Oc \m\q_‘photons
i Metallic grid
F__ —r
2
v
VUV photosensor
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GaNESS project

Initial steps

Gaseous Prototype
(GaP)

Study of
nuclear recoills
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GanESS Summary

e CEVNS detection opens a new avenues in the GHOST |
search of physics beyond the Standard
Model.

e ESS will become the largest low-energy neutrino
source. Perfect facllity to study this process.

e The GanESS project, with the ERC support, will
produce a detector to observe the process at the
ESS with a variety of nuclel.

e GanESS offers an opportunity to lead a world-
class neutrino program in the coming years with
a large discovery potential.




ARE NEUTRINOS
MAJORANA PARTICLES?

“"NOT DETECTING NEUTRINOS”



Majorana neutrinos

= - — R — i‘" - e
t | Neutrmos are the only
Neutrmo Mmasses much smaller than 5 »
t | chargeless fermions, the only
the other termlons masses |
- t that coutd be I\/IaJorana partlctes |
s 5
g Y T NS HNNIE S SRRE RIS ¥ S NI S T.‘O ......
S b
S __~6ordersof ........................ g

| I\/Iaj0fana neutrmos allow for S|mpte exptanaﬂon t{
of this gap. At the same time, will prove the jl
eX|stence Of physms at dn‘fere ”1’[ scate |

e = —_— = = _




Double beta decay

@ Rare (Z,A)—(Z+2,A) nuclear transition, with emission of two electrons

10
S E
) E
N
((}) 8—
O L
c -
Q
L I
D 61—
Y =
e E
(7)) |
8 4
= E
O L
= N
o 21
el
< |

0_

L 136
| | | | | | | | | | | | | | | | | | | Blal | | | | | | | | | | | | | | | | |
52 53 54 55 56 57 58 59 60

Atomic Number Z
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Double beta decay

@Rare (Z,A)—(Z+2,A) nuclear transition, with emission of two electrons

(@ Two basic decay modes

<l

<l

Two neutrino mode
e(Observed in several nuclei
®1019-1021 yr half-lives

e Standard Model allowed

Neutrinoless mode

oot observed yet in Nature
®>1026 yr half-lives

e\\ould signal Beyond-SM physics

34



Neutrinoless double beta decay
and the neutrino questions

| Ldentity

|

| |Mass scale
|

'i Mass ora/er/‘nﬂ

\i

t M/‘X/ns

| ,’ Spec/‘eé

Lepton number violating process
implying massive Majorana neutrinos

e-
\
~
(Rate)ppov =« Mpp?
MajOrana LU State with
mBB = | ZI mi Ue|2 ‘ mass m;

dr ur,
er
v X
1%
dr ur,

Mg (eV)

T Measure mgg
u =

| V2 constrain Mignt

107

10°E

10°
107

107




Measuring 3B0v

=]
|

3ROV | @Get yourself a detector with perfect |
energy resolution
AN | @Measure the energy of the emitted
7 \ electrons and select those with ;
‘ (T1+T2)/Q = 1

\ ’ (? Count the number of events and |
hN J, calculate the corresponding half- “

N
N\
\
!
/
/
/
’

G i L I ife.
(Ty+ T,)/Qpg ’ @Obtalﬂ mBB from T1/2

— e — = B — —_— ——— = == —— — —
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102

GOV (yr-1. ev-Z)

-26
10 48Ca 76Ge 8259 %Zr 100Mo 110Pd 116Cd 124g 130.|.e 136)(e 150Nd

Isotope

_ B - — — I = — — =

1; Phase spéce s rather democratic for interesting
iIsotopes, with the notable exception of Ge-76
| (lower) and Nd-150 (higher).

L e ———— e e —— - — ——— — ——= =

)
—— e
_—

O : ] ] ] ] ] ]

X X
v
. O
v
z
°

X

@ ISM

A QRPATU
V QRPA Jy
= IBM-2
X EDF

48 76 82 96 100 110 116 124 130 136 150

A

— _—_

' The discrepancy in NME is a major
| source of uncertainty (in particular if

fee————— = — ===

'no discovery is made)



Why BBOv experiments are difficult

@ _arth S a very radioactive planet. There are j
~ about 3 grams o U-238 and 9 grams of Th-232
per ton of rock around us.

(@) This is an intrinsic activity of the order of 60 Bg/
- kg of U-238 and 90 Bag/kg of Th-232. |
(@) The lifetime of U-238 is of the order of 109 y and

| that of Th-232 1010 y. We want to explore i
| ifetimes of of the order of 1026 -1027 vy, }
N (@ The problem is much harder than finding a i;

t ~ needleina haystack

—— o ———————— r—— — — === == " = = = —
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Canfranc Underground Lab (LSC)
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Detector In the
anfranc Underground Laboratory
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Experimental signature

1.Calorimetry (A MUST): - 7N "
@ ?2v mode: continuous spectrum for sum : ,,/;\wzv
electron kinetic energy T1+T2 -/ AN
I,, \\\
@0v mode: mono-energetic line at Qgs for [/
T1+T2 spectrum T e, o

2. Additional Handles:
(@) Observe two electrons emitted from a common vertex
(@)Different signals for different interactions in the detector

3.Daughter ion tagging (A long shot...):
(@ Observe nucleus produced in the decay

4.Build a radiopure detector.
(@Reduce the number of background events in your
detector

41

LIGHT SIGNAL

Rare signature to be isolated Iin radio-pure detector underground:
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o
. — EVENTS

HEAT SIGNAL

Research Proposal (B1) LUCIFER 2009




The Majorana landscape

excluded by GERDA, EXO-200,
KamLAND-Zen, CUORE-O

| Results from GERDA,
0.1 latest AamLAND-Zen bounc S CUORE KamLAND_ZEN’
' EXO barely scratching IH

|<m>| (eV)

Inverted
sensitivity goal of next-to-next generation experiments :
I
oo Hrofthis “Background
. free”
experiments

0.00001  0.0001 0.001 0.01 0.1 1
Mipin (€V)
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The experimental signature of
double beta decay

NoaMt

T1/2 — ln(Z)

ANgg

(TY)2) ™! = GY(Q, Z)|M° [*mp3°



Tracking in HPXe

-150— —

-200[—

Y (mm

-250—

-300— —

| | | | | | | | | | | | | | | | |
0 50 100 150 200
X (mm)

oElectrons travel on average ~10 cm (15 bar) each.
oTrajectories highly affected by multiple scattering.

oElectrons travel with almost constant dE/dx but at the end-points
where they generate “blobs”.
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Detection concept

@ It is a High Pressure Xenon (HPXe) TPC operating in EL mode.
@ It is filled with Xe enriched at 90% in Xe-136 (in stock) at a pressure of 15 bar.
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Detection concept

o .
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@Primary Scintillation light is detected by a plane of photosensors. It gives to of the
event and the z position.
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Detection concept

»I

SINGIS 1A BUBTOBIL

92,
S | -
O
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O
O
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)
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-
al

@The event energy is integrated by a plane of radiopure PMTs located behind a
transparent cathode (energy plane), which also provide t0.

@The event topology is reconstructed by a plane of radiopure silicon pixels
(SiPMs) (tracking plane).
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waveforms in next
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NEXT Programm

NEXT-DEMO

0 kg)

r "r—?.‘"'-‘m

-
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NEXT-HD (~1000 kg)
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NEXT-White (NEW):
Tracking capabilities
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Rate (counts/MeV/yr)

Rate (counts/MeV/yr)

NEXT-White (NEW):
Measuring bb with neutrinos

Bp-like sample: fiducial containment + single track + blob cut.

Joint ML fit to energy distributions of enriched and depleted
Xe data.

@136Xe rate: 334+78(stat)+54(sy8) yr!

@Background rates:
@K: 10+2 uHz
@0Co: 14+2 MHZ
@?14B1: 612 uHz
@208T]: 40+2 uHz

t

10 12 14 16 18 20 22 24 26 28
Event energy (MeV)




NEXT-White (NEW)

. 20Tl
{2 PXe
¢ Data

Rate (counts/MeV/yr)

Rate (counts/MeV/yr)

1.0 12 14 16 18 20 22 24 . 2.8
Event energy (MeV)

Measurement of the two neutrino mode.

Use of depleted xenon for a good background measurement

arXiv:2111.11091

ENERGY PLANE (PMTs)

TPB coated

3 --------- --
.
o ® Y
® © © 06 6 0 06 6 © 6 06 6 o 06 0 o o o o o o o

-175 T . —-
0 50 100 150
X (mm)

Use of deconvolution algorithms

to improve topological signature
arXiv:2102.11931

TRACKING PLANE (SiPMs)



https://arxiv.org/abs/2111.11091
https://arxiv.org/abs/2102.11931

NEXT-100

TPC
100 kg fiducial mass
60 PMTs (EP) at 15 bar
30 % coverage

3584 SiPMs (TP)
15.55 mm pitch

— e
Tj@ \"X
UU“

L”n,}r :

'.-,.

!_J!._t _“—‘ .‘ \ ) / T o ,- s

lw\} ' \ &

x.

Lead castle Inner copper shielding
20 cm thick 12 cm of ultra-pure copper
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From NEW to NEXT-100

TPC
100 kg fiducial mass
60 PMTs (EP) at 15 bar
30 % coverage

3584 SiPMs (TP)
15.565 mm pitch

Lead castle Inner copper shielding
20 cm thick 12 cm of ultra-pure copper

60



NEXT-100: Inner copper shielding

@The size and amount of copper needed for
NEXT-100 has forced us to change our purchase
and fabrication protocols.

@Direct contact with all the companies involved,
mine, foundry, machining,... maintaining
radiopurity!

—8 oFundamental development for larger
& detectors

. 2 \
." ANE ;?\
. - ‘\ , .\" ‘
/ o i

P S
-"\\._ — T\ \. vi
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NEXT-100: Tracking plane

@Kapton flexible circuits with a single Kapton
layer and no-glue in the front side. Reduction of
radioactivity.

—

@From SensL to Hamamatsu SiPMs:
Easier to mount, more robust, larger area.
@Better for dynamic range.
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NEXT-100: Field cage

@Abandon solid HDPE structure:
Reduction of outgassing.

@Larger separation among rings for an
~ easier assembly and more robust resistor
. chain.

Y Iy
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NEXT-HD (2025-)

@Move to a symmetric TPC, central
cathode, two amplification regions.
@Denser SiPM pitch.

@Read S1 by using WLS fibers
surrounding the volume.

@Read S2 with a combination of fibers
and SiPMs.

@Water tank shielding.




NEXT-BOLD

Catcher: crown ether

L
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Substrate linker

@Molecules that change their

fluorescent states when capturing
a Barium 1on.

@Allows for a multiple “on-line”
interrogation.

@Single molecule capabilities

applied to biology and medicine.
@Possibility to build a true bckg-
free detector



Thanks!



