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CE𝜈NS ALLOWS
MANY PRECISION
MEASUREMENTS

• Observation of Ce𝝂NS by the 
COHERENT experiment unlocked a new 
and powerful tool to study many and 
diverse physical phenomena

• Experimental challenge related to the 
CEνNS observation: coherence requires
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Need to detect very small nuclear recoil
energies 𝐸) , lower than a few keV.
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WHAT HAPPENS
AT EVEN LOWER
MOMENTUM
TRANSFERS?

If 𝑞 $ 𝑅*+,- ≪ 1 the reaction takes place with the whole atom.

The coherence should be visible for 𝑞 $ 𝑅*+,- ~ 1, i.e. 𝒒 ~ 𝟐 𝐤𝐞𝐕/
𝑹𝒂𝒕𝒐𝒎[Å], with a corresponding recoil energy

𝑇)~2 meV/ (𝐴𝑅*+,-D Å ) where A is the mass number

E.g. for helium atom as a target that has 𝑅*+,- ≈ 0.5Å, 𝑻𝑹~𝟐𝐦𝐞𝐕
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CE𝝂AS

[PLB 171, 1 (1986) 107-112]



CAN WE EVER OBSERVE IT? 
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In the case of electron neutrino scattering, the interference between the electron cloud
and the nucleus is destructive [PLB 171, 1 (1986) 107-112].

Indeed, let’s start with the CE𝜈NS cross section as a function of nuclear recoil energy 𝐸):

with
Vector neutral-current charge where one should use a 

different form factor for neutrons and protons

The CE𝜈AS cross section 𝑑𝜎OPQRS/𝑑𝑇) as a function of atom recoil energy 𝑇) is obtained using

Electron form factor
+ sign for 𝝂𝒆
- sign for 𝜈U/V

+ sign responsible for the destructive interference between the electron and nuclear contributions!!

and for 𝑞D → 0, 𝐹Z = 𝐹\ = 1



CAN WE EVER OBSERVE IT? (PART II)
The screening is complete when 𝐶^*+,- = 0, which happens for

E.g. using _He, where N/Z=1, and sinD 𝜗eSf = 0.23857 [PDG 2018] one gets 𝑭𝒆 𝑻𝑹 = 𝟎. 𝟒𝟖𝟖𝟑.

5

The complete screening is achieved for 𝑇)~9 meV

• only partial coherence is needed
• thus larger energy wrt coherence requirement
• we can use this desctructive interference to 

observe CE𝝂AS!
[Doyle et al., Acta Crystallographica
Sec. A 24 390 (1968)]
[Brown et al., International Tables
for Crystallography C, Ch. 6., 554 
(2006)]
[Thakkar and Smith, Phys. Rev. A 15, 
1 (1977)]



EXPERIMENTAL CHALLENGES I
Very small recoil energies to achieve enough low-energy CE𝜈AS events we need
neutrinos with energy of few keV.

The number of antineutrinos released, 𝑁q, after a time 𝑡 is
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Use antineutrinos from tritium 𝜷t decay source,                                  , that has
a Q-value of 18.58 keV, and a maximum at about 15 keV.  

Given that 𝜏 = 17.74 years, the antineutrino rate is expected to 
be almost constant considering a data taking period of 5 years. 



EXPERIMENTAL CHALLENGE II
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Very small recoil energies 𝑇) 𝑇)~2 meV/ (𝐴𝑅*+,-D Å ), thus to maximize 𝑇) one
should employ as a target atoms with a small mass number 𝐴 and a small atomic radius 𝑅*+,-

4He that has 𝐴=4 and the smallest atomic radius among all elements, namely 𝑅*+,- ≈ 0.5Å.

Additional advantages:

• Liquid helium has high purity: it precludes internally
generated backgrounds due to radioactivity

• Low binding energy of helium atom to the liquid ~ 0.62 meV, 
which must be overcome to release a helium atom into the 
vapor phase (important for detection)



EXPERIMENTAL CHALLENGES III
Very small recoil energies well below the thresholds of detectability of 
currently available detectors.
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New technology based on helium evaporation from a cold surface and their
subsequent detection using field ionization proposed in PRL 119, 181303 (2017).

• Proposed for low-mass dark matter detection, for which the 
energy threshold of a detector is the limiting factor. 

• Possible to measure energy deposits down to 1 meV, thanks to 
the low binding energy of He (0.62 meV)

• Helium recoil ultimately results in phonons and rotons able to 
propagate for large distances.

• When they reach the surface thanks to quantum evaporation
an He atom can be ejected

or �̅�x



EXPERIMENTAL CHALLENGES III
Very small recoil energies well below the thresholds of detectability of 
currently available detectors.
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New technology based on helium evaporation from a cold surface and their
subsequent detection using field ionization proposed in PRL 119, 181303 (2017).

• Field ionization allows to amplify the signal from He

• A high electric field in the vicinity of a sharp metal tip ionize He 

• The resulting positive ion accelerates and impinges on a 
cathode with a high kinetic energy

• With this acceleration, a calorimeter could detect even single 
free He atoms! 𝑥z order of few Å



EXPERIMENTAL 
SETUP

• Tritium source surrounded by a 
cylindrical superfluid-helium tank

• Maximization of geometrical 
acceptance with a flat surface for 
quantum evaporation of He

• Advantage of superfluid helium: 
extremely radiopure (caution has to be 
taken for all other materials)

• We consider 𝒅 = 𝟗𝟎 cm, 𝒉 = 𝟏𝟔𝟎 cm, 
500 kg of helium and 60 g of tritium*
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*PTOLEMY project (cosmic neutrino background) is planning to 
use about 100 g of tritium [arXiv:1307.4738]



LAST INGREDIENT: CE𝜈AS DIFFERENTIAL RATE
The expected CE𝝂AS differential rate in such a configuration is

Note that CE𝝂NS differential rate can be obtained with the substitutions:

However, 𝑚� ≅ 𝑚Z thus 𝑇) ≈ 𝐸).
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Number density of 
He atoms in target

Minimum �̅�x energy necessary to 
produce an atom recoil energy 𝑇)

Diff. neutrino rate

; and



SENSITIVITY TO 
CE𝜈AS 
v In the nominal configuration
with 5 years of data taking: 
𝑵𝐂𝐄𝛎𝐀𝐒 = 𝟔. 𝟕, while ignoring
atomic effects 𝑵𝐂𝐄𝛎𝐍𝑺 = 𝟏𝟒. 𝟔.

v 3𝝈 OBSERVATION possible!!

v In order to claim a discovery
(5𝜎) one needs 160g of tritium. 
In this scenario: 𝑵𝐂𝐄𝛎𝐀𝐒 = 𝟏𝟕. 𝟕
and 𝑵𝐂𝐄𝛎𝐍𝐒 = 𝟑𝟖. 𝟗.
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Nominal configuration:
• 𝑑 = 90 cm, 
• ℎ = 160 cm, 
• 500 kg of helium,
• 60 g of tritium.



PHYSICS 
PERSPECTIVES
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DETERMINATION OF 
THE WEINBERG ANGLE

EFFECT OF NEUTRINO 
MAGNETIC MOMENT

3 DIFFERENT 
SCENARIOS: 

500 kg of 4He
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DETERMINATION OF 
THE WEINBERG 
ANGLE

• Since the vector coupling 𝐶�R+,-
depends in multiple places on 
sinD 𝜗e, CE𝜈AS processes are 
sensitive to it.

• Assuming that CE𝜈AS has been
detected, we estimate via a 𝜒D
minimization the deviation of 
sinD 𝜗e wrt the SM prediction:

sinD 𝜗eSf = 0.23857 [PDG 2018]

ΔχD = χD − χ-��D profile
as a function of sinD ϑ�. The 
uncertainties achievable in the 

3 scenarios are:

1. sinD 𝜗et�.��
��.�_

2. sinD 𝜗et�.�D�
��.�D�

3. sinD 𝜗et�.���
��.���

o Unique opportunity to 
explore the low energy
sector 𝑞 ≅ 2 $ 10t�GeV

o Extremely sensitive to the 
presence of an extra 

dark boson 𝑍 

[For the sensitivity of CE𝜈NS to sinD 𝜗e see M. Cadeddu’s talk]  



EFFECT OF NEUTRINO 
MAGNETIC MOMENT
• CE𝜈AS highly sensitive to a possible neutrino magnetic
moment 𝜇q, which is predicted to be [Fujikawa K. and Shrock R.E., 
Phys. Rev. Lett. 45, 963 (1980)]

• The CE𝜈AS cross section acquires an additional term:
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CURRENT LIMITS @90% C.L. FOR 𝝂𝒆

ü Borexino: 2.8 $ 10t��𝜇£ using solar 
neutrinos from 7Be

ü GEMMA: 2.9 $ 10t��𝜇£ using
reactor antineutrinos

Both are 8 orders of magnitude larger
than theory predictions



EFFECT OF NEUTRINO 
MAGNETIC MOMENT
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ΔχD = χD − χ-��D profile
as a function of 𝜇q[𝜇£]. The limits at

90% C.L. achievable in the 3 
scenarios are:

1. 7.0 $ 10t�¤𝜇£
2. 5.5 $ 10t�¤𝜇£
3. 4.1 $ 10t�¤𝜇£

• CE𝜈AS highly sensitive to a possible neutrino magnetic
moment 𝜇q, which is predicted to be [Fujikawa K. and Shrock R.E., 
Phys. Rev. Lett. 45, 963 (1980)]

• The CE𝜈AS cross section acquires an additional term:



EFFECT OF NEUTRINO 
MAGNETIC MOMENT
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ΔχD = χD − χ-��D profile
as a function of 𝜇q[𝜇£]. The limits at

90% C.L. achievable in the 3 
scenarios are:

1. 7.0 $ 10t�¤𝜇£
2. 5.5 $ 10t�¤𝜇£
3. 4.1 $ 10t�¤𝜇£

2 orders of magnitude smaller than current limits!!

• CE𝜈AS highly sensitive to a possible neutrino magnetic
moment 𝜇q, which is predicted to be [Fujikawa K. and Shrock R.E., 
Phys. Rev. Lett. 45, 963 (1980)]

• The CE𝜈AS cross section acquires an additional term:



CONCLUSIONS

v We propose a proof of concept of an experimental
setup to observe coherent elastic neutrino-atom
scattering and we evaluated the physics potentialities of
this apparatus

v Observation of CE𝜈AS would be possible in 5 years of
data taking, with 60g of tritium and 500 kg of helium

v It would allow to achieve the lowest energy
measurement of the Weinberg angle and the most
precise determination of the electron neutrino
magnetic moment

v A similar design could be also exploited, without the
source, for searching for low-mass dark matter particles.
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SAVE THE DATE
The NuFACT 2020 workshop is
divided into five Working Groups
covering the following topics:

Neutrino Oscillation Physics (WG1),

Neutrino Scattering Physics (WG2),

Accelerator Physics (WG3),

Muon Physics (WG4), and

Neutrinos Beyond PMNS (WG5).
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BACKUP SLIDES
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DEFINITION OF 𝜒D𝑠
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The Asimov data is an artificial dataset where the observations are set equal to the expected values given the
parameters of the model.


