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Neutrinos: what we know
 Interact only weakly 

 No color, no electric charge 

 Three light (<mZ/2) neutrino states 

 νe, νμ, ντ flavors

From neutrino oscillations: 

Neutrinos are massive (lightest known 

fermions) 

Large flavor mixing

 Neutrino number density in Universe only 
outnumbered by photons 

 n(ν+ν)̅ ≈ 100 cm-3 per flavor
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Neutrinos…
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Most elusive particles ever detected

Detecting neutrinos requires very large detectors with tons of active material. Right?

First demonstration of Physics 
beyond the Standard Model

Nobel Prize in Physics in 

1988, 1995, 2002, 2015,… 



COHER EN T  NEU T R INO  
NU CLEUS  SCAT T ER ING
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Coherent Elastic Neutrino-nucleus scattering
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CEνNS

Long wavelength, “sees” 
all nucleons 

simultaneously

Cross section increases as N2.  
Four orders of magnitude 
increase for large nucleus!

First observation 
published in 2017
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Very rich physics

Complementary to 
oscillation experiments

Effective neutrino 
charge radius

Neutrino 
magnetic moment

Study of the Nuclear 
structure

Sensitivity to Non-
Standard Interactions

Sterile neutrinos

New types of dark matter 
particles…

Study of 
Neutral Currents
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Coherent Elastic Neutrino-nucleus scattering
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Detecting CEνNS
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ν

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

~10 kg size detectors.



Detecting CEνNS: First observation
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Detection of the coherent scattering less 
than 5 years ago demonstrates a new 
mechanism to observe neutrinos.

Science 357, 1123–1126 (2017) 



Detecting CEνNS: Future observations
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ESS will produce the largest low energy neutrino flux of the next 
generation facilities.



The European Spallation Source (ESS)

• The ESS will combine the world’s most 
powerful superconducting proton linac 
with an advanced hydrogen moderator, 
generating the most intense neutron 
beams for multi-disciplinary science. 


• It will also provide an order of 
magnitude increase in neutrino flux with 
respect to the SNS. 


• A great opportunity for Europe to lead 
this physics program!

A new opportunity for CEνNS
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Comparison with current and future facilities

A new opportunity for CEνNS

• ESS will produce the largest low energy 
neutrino flux of the next generation 
facilities.


• This is a unique opportunity that allows 
the use of small detectors.


• Diversity of technologies not statistically 
limited guarantees the phenomenological 
exploitation of the measurements.
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ESS vs SNS

• ν production @ ESS is x9.2 @ SNS


• Neutrino flux depends on proton current 
and on proton energy. ν/p grows with Ep


• signal-to-background depends on 
square root of duty cycle (slightly better 
signal/bckg at ESS).

A new opportunity for CEνNS
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Background at the ESS
• We need to find locations where the prompt neutrons from the ESS tungsten target do not compete with 

CEνNS signals.


• Working together with Ben Gurion University and U. Chicago, with support from ESS personel


• Two promising locations have already been identified.


• Steady-state background can be subtracted. 

A new opportunity for CEνNS

Radiation transportation 
code using MCNPX

Compare results with Geant4 simulation toolkit
13



Detectors
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Detecting CEνNS

Interesting physics 
concentrates at low 
energies

Neutrino magnetic moment, new physics!

Ultra low energy 
threshold is crucial



Operation with different 
nuclei helps breaking 

degeneracies
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A full experimental program 
must allow for operation with 

different targets. 

Detecting CEνNS
Detectors

Non-Standard neutrino-quarks interactions



Detecting CEνNS

• Large flux of MeV neutrinos 

• Detectors with low energy threshold 

• Operation with different nuclei

Specs.
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Detectors at the ESS
• Combination of technologies to minimise possible systematic effects.

• Use of different nuclei to allow for exploring larger fraction of the 

phase space.

• Look for similar nuclei with different technologies.

JHEP 02 (2020) 123



Detectors at the ESS: nuESS collaboration
• International collaboration making an effort to build a next-generation 

coherent neutrino detectors.

Gaseous detectors:  
GanESS

F.Monrabal,  
J.J Gomez-Cadenas

Cryo CsI & PPT 
Germaniums

J. Collar, 
A. Simón

Neutron propagation simulations

E. Gilad, 
C. Castagna (BGU)

 J. Renner 
(U. Santiago)



Gaseous detectors?
The main problem with gaseous detectors is their relatively low density when compared with 
solid scintillators (CsI) or liquid detectors.

Thanks to the large neutrino flux produced by the ESS, detectors with  ~20 kg won’t be 
limited by statistics

Events after 3 years running a  
20 kg Xe detector at 20 m  

from ESS target

Same detector filled with 
Krypton

Same detector filled with 
Argon

No QF!
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Gaseous detectors?
High pressure gaseous detector have other 
advantages:

• Simpler, no need of a cryogenic system.

• Larger EL amplification: Signals as low as 1-2 

ionized electrons can be detected. This reduces 
the expected energy threshold to less than 1 
keVee. 


• Allow to operate with different nuclei in the same 
set-up with minimal increase of the costs.


• High pressure xenon technology developed by the 
NEXT collaboration for bb0ν searches.

• Most of the solutions already developed for low-

background experiments.

• Some R&D will be needed for very low energies, 

and possible higher pressures.
20

Xe Ar Kr
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GanESS concept

Electric field Electric field

Amplification region
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Amplification preserving resolution: 
Electroluminescence

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

• Linear process, huge gain (1500 ph./e-) at 3 < E/p < 6 kV/cm/bar.

• Large gain at high pressure allows for very low threshold.

• More stable at high pressure, no need of quenchers. 24



Initial steps
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Gaseous Prototype 
(GaP)

Detector construction, GanESS@DIPC

Operation GanESS@ ESS
R&D, 

Study of 
nuclear recoils

High pressure technology developed by 
the PI within the NEXT experiment 

GaNESS project



GaNESS project: GaP
The Gaseous Prototype (GaP) system

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

• Characterisation of the response to nuclear recoil at low energies.
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Expected number of events for 
different values of the neutrino 

magnetic moment (blue-red) and 
different models of the quenching 

factor (solid-dashed)



Gaseous TPC
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Xe Ar Kr
Detector construction

Physics exploitation

GaNESS project



GanESS Status
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Laboratory
Gas circuit 

already at the 
DIPC

Power supplies 
and HV modules 

ready

Two stages 10 to 50 bar 
compressor.


Already designed for the 
large detector.
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• GaP vessel almost ready to 
operate. 

• Expected initial operation before 
end of the year 

• GaP system designed to 
measure Quenching Factor (QF)

GanESS Status
The Gaseous Prototype (GaP) system
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GanESS Status
Design of large detector

Symmetric medium size 
detector being designed:
Explore the possibility to introduce 
optical fibres to optimise light 
collection:  
•Possibility to observe S1 
•More uniform detector response

Test final solutions to be operated at the ESS
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• Signal STATISTICS needed to explore new physics

Cryo CsI

46 cm2 LAAPD 

from RMD Inc.
Electron-nuclear recoil separation capabilities Ultra-low threshold thanks to the inner 

structure and the high light yield.
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• Development of 32 kg CsI scintillator crystals operated at cryogenic 
temperatures. 

• Light output enlarged thanks to the development of organic 
wavelength shifters. 

• Production of large area APD to improve signal.

Cryo CsI

46 cm2 LAAPD 

from RMD Inc.
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• Transition from CsI(Na) to CsI

Cryo CsI

CsI[Tl] excessive afterglow

CsI[Na] workable, but with significant signal acceptance loss

Reduction of the after glow improves Energy threshold.
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• Development of organic wavelength shifters

Cryo CsI

Wide spread of tailored absorption-emission spectra (~50 compounds) 

PLQY between 50-99% 

Almost a factor two improvement with respect current techniques.
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• Large evolution of the technology in the last years. 

• Extremely low threshold (~150eV) with excellent 
energy resolution

PPC Germanium

Largest, lowest threshold PPC           

(3 kg, 200 eV)
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PPC Germanium
Combination ideal for precision CE𝜈NS studies: 

• Mass 
• Radiopurity 
• Energy Resolution 
• Low Threshold
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Lowering the E threshold in PPC Germanium
FPGA shaping condition fulfillment

Analysis threshold of 180 eV
rise-time 
analysis

edge-
finding

zero area cusp 
shaping

wavelet 
denoising

PSD (in action)



Coherent neutrino interactions: Summary
• CEνNS detection opens a new avenues in the 

search of physics beyond the Standard 
Model. 

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

• We aim to produce a series of detectors to 
observe the process at the ESS with a variety of 
nuclei. 

• Opportunity to lead a world-class neutrino 
program in the coming years with a large 
discovery potential.
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Back-up



Energy resolution in HPXe
366 A. Bofofnikov, B. Ramsey / Nucl. Insfr. and Meth. in Phys. Rex A 396 (1997) 360-370 
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 

practically unchanged. At low densities, < 0.55 g/cm3, 

the resolution almost saturates to the same limit, deter- 

mined by the statistics of ion production, while at high 

densities, > 0.55 g/cm3, it continues to slowly decrease 

even at the maximum applied fields, but still remains far 

above the statistical limit. This is seen more clearly in 

Fig, 5 which gives energy resolution versus density meas- 

ured for 662 keV gamma-rays at a field of 7 kV/cm. 

Below 0.55 g/cm3 the resolution stays at a level of 0.6% 

FWHM (statistical limit), then, above this threshold, it 

starts to degrade rapidly, and reaches a value of about 

5% at 1.7 g/cm”. Such degradation of the energy resolu- 

tion above 0.55 g/cm3 was observed previously in 

Ref. [3-53 and explained with the d-electron model, 

originally proposed to explain the poor energy resolution 

measured by others in liquid Xe [13]. According to this 

model, the degradation of the energy resolution is caused 

by the fluctuations of electron-ion recombination in 6- 

electron tracks. For intense recombination, which would 

give large fluctuations, a particular density of ionization 

must be reached. These conditions would appear first in 

the tracks produced by low-energy S-electrons. The 

fluctuations in the number of such tracks, which are 

governed by the statistics of the a-electron production, 

determine the intrinsic resolution. As the density in- 

crease, the ranges of the &electrons become smaller, and 

the conditions for strong recombination occur in tracks 

produced by S-electrons with ever higher energies. In 

other words, the average number of tracks with high 

recombination rate should increase with density even if 

the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 

ence of the intrinsic energy resolution and changes in the 

slope of l/Q versus log(E), i.e. coefficient B in function (l), 

which characterizes the recombination processes (see 

Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 

almost follows the dependence of B. At higher densities 

B saturates, or even starts to decrease, while the intrin- 

sic energy resolution continues to degrade. The latter 

fact shows that at high densities the resolution is deter- 

mined by fluctuations in the number of tracks with high 

density ionization, rather than fluctuations in recombi- 

nation. 

Another interesting question is the origin of the step- 

like behavior of the resolution around 0.55 g/cm3 (see 

Fig. 5). The location of the step precisely coincides with 

the threshold of appearance of the first exciton band, 

which is formed inside a cluster of at least 10 atoms due 

to density fluctuations in dense Xe [S]. Delta-electrons 

interact with whole clusters to produce an exciton or free 

electron. This could be an additional channel of energy 

loss that would result in a sharp decrease in size of the 

a-electron tracks and, consequently, in a sharp rise of the 

number of tracks with high density of ionization above 

0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 

tained for all other energies used in these measurements 

(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 

olution saturates to its statistical limit, determined by 

(FW/E,)“‘, if a sufficiently high electric field is applied, 

and starts to degrade above 0.55 g/cm” even at high 

fields. Fig. 7 shows the dependence of the intrinsic resolu- 

tion (%FWHM) on the energy of gamma-rays plotted as 
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• Very good energy resolution up to ~50 bar.

• Best experimental result: 0.6%@662keV. 

• It will allow for a better spectrum reconstruction, thus better 
sensitivity to deviations from SM.

LXE

GXe (1-50 bar)
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Understanding Ge NR response

Migdal?

QF interpolation fulcrums 
as MCMC variables

Lindhard



OSURR measurement

0.4 keVnr -> if Lindhard, it won’t be visible 

A binary test for the form of the QF below 1 keV


