
Matteo Cadeddu
On behalf of the DarkSide Cagliari group

Mini-Simposio Fisica Alte Energie 
Cagliari, 11 November 2019



The Dark Matter paradigm
Velocity dispersion of spiral galaxies

In the 1970s, Ford and Rubin discovered
that rotation curves of galaxies are flat.

Cosmic Microwave Background
CMB temperature and power spectrum

Bullet cluster and gravitational lensing

Lensing and optical observation of two galaxy clusters collision.

𝛬𝐶𝐷𝑀 model
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Detection of Dark Matter

Direct detection
Nuclear recoils from 
elastic scattering

Indirect detection
High-energy neutrinos, gammas  look at over-
dense regions in the sky. Astrophysical
backgrounds are difficult to model

Accelerator searches
Missing ET, mono-‘objects’, etc…
Can it establish that the new particle is the DM?

The most searched candidate is a Weakly Interacting Massive Particle (WIMP)
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The DarkSide Program
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Past Present Future

DarkSide-10
Technical prototype
No Dark Matter goal

DarkSide-50
Sensitivity to WIMP-
nucleon cross section 

10−44 cm2 for a WIMP 
mass of 100 GeV/𝑐2

DarkSide-20k
Sensitivity to WIMP-nucleon 

cross section 10−48 cm2

(10−47 cm2) for a WIMP
mass of 100 GeV/𝑐2 (1 TeV/𝑐2) 

2011         2012        2013       2014         2015         2016        2017         2018       2019       2020       2021 2022



Dual-phase argon TPC: working principle
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Drift
field

𝑆1

𝑆2

Time
Light collected by top and bottom PMT arrays
• S1 = Primary scintillation in liquid Ar
• S2 = Secondary scintillation in Ar gas pocket
• S1 & S2 -> full energy deposition
• Drift time -> vertical (z) position
• S2 Channel light pattern -> xy position

Pulse Shape Discrimination (PSD)

S2 pattern on
top PMTs 

We used the discrimination
parameter f90, defined for
each scintillation event as the
fraction of primary scintillation
light (S1) collected in the first
90 ns of the pulse.
Rejection power >108

Argon has a fast component with a 7 ns
decay time, or a slower component with 1.6 
µs decay time depending on the nature of 
incident particle.



The DarkSide-50 detector
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• Current detector has ~50 kg active mass. 

‣ Challenge: intrinsic 39𝐴𝑟 ß-decay
(T1/2: 269 yr, Q: 565 keV). ~1 Bq/kg in atmospheric 
argon.

Solution: extract low radioactivity argon from

underground source (39𝐴𝑟 depletion factor >1400)

TPC was previously loaded with atmospheric argon, 
now loaded with low radioactive underground argon

Active shielding: 
• Neutron and 𝛾′𝑠 Veto: 4 m diameter filled with 30-

tonne boron-loaded liquid scintillator with veto 
efficiency above 99.8 %

• Muon Veto (Water Cherenkov Detector 1,000-tonne 
cosmic ray veto) with efficiency >99.5%

• Designed to be background-free (<0.1 background 
events in the nominal exposure) 
with various active techniques to reject 
backgrounds

Water 
Cherenkov
Veto

Radon-free clean room
(Rn levels < 5 mBq/𝐦𝟑)

Argon TPC

Liquid Scintillator Veto



Results
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High-Mass Search: A blind analysis of 532 days of data 
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Blinding box (red outline) shown with 71-day data 
PRD 93, 081101 (2016) 
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Summary of NR and ER backgrounds

Goal: design an analysis that will have <0.1 events of background 
in the to be-designed search box. (Final box chosen: dashed red)
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Unexplained excess of 
ionization electron 
events 

WIMP spectra for 

different masses

Data (points) and total MC

background estimate (histogram)

Analysis thresholds

Profile Likelihood Method is used
• Uncertainties from both WIMP signals (NR ionization 
yield, single electron yields) and BG spectrum (rates, ER 
ionization yield).

World best results for low mass WIMPs
Great effort here in Cagliari to study the «single electron 

background»



Interpretation for DM-electron scattering
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Both the theoretical formalism, 
and the simulation of the 

predicted signal have been
developed here in Cagliari.



GADMC
Collaboration

• In 2017, the ArDM,DEAP, MiniCLEAN
and DarkSide collaborations joined 
forces to form The Global Argon Dark 
Matter Collaboration (GADMC).  This 
has united the major experiment 
programs using argon

• DarkSide-20k is the first experiment in 
this global program

• As of August 2019, GADMC includes 
scientists from 14 Countries: Brazil, 
Canada, China, France, Greece, Italy, 
Mexico, Poland, Romania, Russia, Spain, 
Switzerland, United Kingdom, United 
States of America
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Global Argon Dark 
Matter Collaboration 

(GADMC)



Five new key 
technologies enabling 
DarkSide-20k

• Urania: for high through-put 
extraction of low radioactivity 
underground argon (UAr) [Colorado, 
USA]

• Aria: for high through-put purification 
of the UAr [Sardinia, Italy] 

• DArT: Assessing the content of 39Ar of 
UAr [Canfranc, Spain]Spain].

• SiPM-based PhotoDetector Modules:
for enhanced light-detection and 
reduced radioactivity [LNGS, Italy]

• Membrane Cryostat: as developed in 
the ProtoDUNE projects [CERN, 
France/Switzerland] 12

DArT: Assessing the

content of 39Ar of UAr.

Optical receiver (DS-20K)
➢ Receiver C for DS-20K. 

To be hosted in the 
cryostat chimney. 

One board w/ new layout 
developed in
Cagliari

A lot of involvement here in 
Cagliari to design the optical 

transmission of the signal

A lot of 
involvement

here in Cagliari

Now approved; paper 
almost ready!
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DarkSide-20k
Sealed acrylic TPC containing 50 t of UAr
• Membrane cryostat containing ~700 t of AAr
• 2% Gd-doped acrylic panels + AAr buffer as
neutron veto
• SiPMs as photosensors: 8280 channels for TPC;
~3000 channels for Veto

Placed inside ProtoDUNE-like cryostat

Background-free:< 0.1 instrumental background event in 200 tonne-year exposure 

90% CL WIMP-nucleon cross section sensitivity in cm2

@100 GeV
DS-20k (200 ty): 10−48 𝑐𝑚2

ARGO (3000 ty): 3 × 10−49 cm2

Irreducible background since CEvNS perfectly
mimic WIMP events. Only two strategies

➢ Directionality of WIMPs and 𝜈
➢ Charaterization of CEvNS

➢ Coherent elastic neutrino 
nucleus scattering (CEvNS)

~2.7 CEvNS background events    (DS-20k 200 t)
~40 CEvNS background events (Argo 3000 t y)

«Neutrino floor» of the sensitivity

Leading contribution from the Cagliari group

Efforts here in 
Cagliari for the 

reconstruction of 
the signal



WIMP directionality
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ReD (Recoil Directionality)

• 5x5x5 cm2 TPC with 2 PDMs
✓ First test done!
✓ commissioning phase in Catania

2° goal scintillation efficiency of NR’s 

Cadeddu et al. JCAP 01 (2019) 014 «Directional dark matter detection
sensitivity of a two-phase liquid argon detector.»

A lot of involvement from both phenomenological
and experimental point of view of the Cagliari group.

S1

V. Cataudella, A. de Candia, M. Cadeddu, M. Lissia, B. Rossi, G. Fiorillo C. Galbiati, “Directional 
modulation of electron-ion pairs recombination in liquid argon,” JINST, 12,  P12002, 2017.

The basic idea of Columnar Recombination: When a nuclear
recoil is parallel to the electric field, there will be more electron-
ion recombination since the electrons pass more ions as they
drift through the chamber.S2



A lot of phenomenology…
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Constraint on the muon neutrino charge radius

−8 × 10−32 cm2 < 𝑟𝜈𝜇
2 < 11 × 10−32 cm2 @90 % CL

[ Our result in PDG 
2018 update]

[D. Akimov et al. “Observation of Coherent Elastic Neutrino-
Nucleus Scattering” Science 357 (2017)] 

CEvNS observed, at a 6.7𝜎 CL, by the COHERENT Collaboration, using a low-
background, 14.6-kg CsI scintillator exposed to the neutrino emissions from
the Spallation Neutron Source at Oak Ridge National Laboratory.

✓ Using 𝑅𝑛
𝐶𝑠 from COHERENT we correct the previous determination of 

sin2𝜃𝑊
𝐴𝑃𝑉 which was 1.5𝜎 off the SM prediction at 𝑄2 ≈ 0.

✓ First model-independent measurements of the average
neutron radius of CsI, 𝑅𝑛

𝐶𝑠𝐼, and its neutron skin ∆𝑅𝑛𝑝
𝐶𝑠 .

We propose an experimental setup to observe coherent

elastic neutrino-atom scattering (CEνAS) using electron 

antineutrinos from tritium decay and a liquid helium target. 

Spin-off: Coherency with the whole atom?

More than
one order of
magnitude
smaller than
the current
experimental
limit on 𝜈
magnetic
moment

Result included in PDG



Ongoing works (many by students) 
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➢ Simulation of the solar reflection 
effect to search for low WIMP masses

✓ Nicola Cargioli bachelor thesis
✓ Mattia Atzori bachelor thesis
…more to come

And many others topic and 
interested students….

WIMP search with the DEAP-
3600 and DS-50 detector.
➢ Standard WIMP analysis
➢ limits on different effective 

operators that may 
mediate WIMP-nucleon 
interactions



Present members of 
the DarkSide Cagliari group
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BACKUP
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Photo Detection Module (PDM)

SiPM array +electronics

Motherboard (MB)
25x25 cm2 PDM array +
steering module + optical
transmitters

5×5×5 cm3 25×25×5 cm3

Photoelectronics for DS-20k
A lot of involvement here in Cagliari to design 

the optical transmission of the signal

Optical receiver (DS-20K)
• New revision of receiver A with both
single ended and differential output for
proto.
• Receiver C for DS-20K. To be hosted in
the cryostat chimney. Differential
output on KEL connectors directly
connected to the flange of the cryostat

One board w/ new layout 
now in Cagliari (mounted 
@CERN, except connectors 
and LEDs)
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The future of DarkSide
38 PMTs 50 PDMs 370 PDMs 8280 PDMs

PDM= Photo Detector Module



Supernova neutrinos detection in DS20K and ARGO

Tipe II supernovae are very rare events 

(2/3 per century on average), in which  3 

x10^46 J are released in ~ 10 s, mainly via 

neutrinos of any flavour  

Via CevNS scattering DS20K and ARGO 

have shown to have a 5sigma discovery 

potential on an eventual  galactic supernova, 

thanks to the extraordinary low background 

at energies  < 10 MeV and the high (and 

flavour insensitive) cross section

As we are going to be sensitive to all 

flavours, we can reconstruct the two 

main parameters of the global emission : 

the total energy released via neutrinos 

and the average energy of neutrinos 

Michela Lai & Walter M. 

Bonivento

For all these reasons we are going to 

be inserted in SNEWS-2.0



Multiple interacting darks matter particels in DEAP-3600

For masses greater than 10^5 GeV and cross 

section above 10^-30 cm^2, dark matter particles 

are expected to interact more than once in the 

detector, giving a almost collinear track of nuclear 

recoils, each ~ 40 keV
NR

Looking at the data from the last run of DEAP-3600, a 

single phase TPC filled with Atmospheric argon at 

SNOLAB (2 km underground) we can exclude (or find? 

Who knows…) such “MIMPs”, multiple interacting 

massive particles.  

Shawn 

Westerdale & 

Michela Lai



X-Y reconstruction in DarkSide detectors

In DarkSide-50 the resolution on the x-y 

coordinate is ~ 1cm, determined by the S2 

pattern on the top PMTs . 

By working with Geant-4 simulation we can 

determine the resolution expected in DS20K, 

if we use the same method performed in 

DarkSide-50.

The next step will be study the eventual 

improvements by the application of  

Neural networks

First applications will be on ReD data, as 

they are already available and next, on 

spring,  to Dart data. ReD TPC

Dart TPC in the ArDM cryostat
Alessandro deFalco & 

Michela Lai

S2 light distribution on top Sipm (from G4 

simulation of DS20K)
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• Non rotating Wimp Halo + Barionic matter rotation      

Apparent Wimp wind

Solar System orbit at 𝑣0 ~220 km/s around the galactic center

Standard technique: Annual (daily) rate modulation

-Annual modulation due to Earth revolution around the sun
𝑣𝐸 ≅ ±30 km/s: few percent effect

-Daily modulation due to Earth rotation around its own axis
(~0.46 km/s): negligible effect!

Innovative technique: sidereal direction modulation

Measuring the angle between WIMP and Earth gives a
directionality signature unique to WIMPs.

Directionality may be the most robust signature of 
the WIMP nature of DM

Directional Dark Matter detection
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The single horizontal (vertical) component shows a huge variation
within a sidereal day, a 38% (30%) effect with respect to the average.

Cygnus close to the 
zenith:  vertical events are 
greater than horizontal
ones at the beginning of 
the day, until 8:00 a.m. 

Cygnus close to the 
horizon: horizontal events
are greater than vertical
ones in the middle of the 
day, after 8:00 a.m. 

M. Cadeddu et al., EPJ vol. 164, no. 07036, 2017.
M. Cadeddu et al., Arxiv:1704.03741 (submitted to JHEP), 2017 
G. Fiorillo and M. Cadeddu, PoS, vol. NOW2016, p. 091, 2017.
M. Cadeddu, Nuovo Cim., vol. C40, no. 1, p. 66, 2017.
M. Cadeddu,  J. Phys. Conf. Ser., vol. 689, no. 1, p. 012015, 2016.

The study of angular properties of the observed nuclear recoils can

corroborate the belief that the observed signal can be attributed to genuine DM interactions

Horizontal and Vertical events modulation
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Wimp directionality in Galactic frame

Angular distribution of Argon recoils in Mollweide equal area projection maps of the celestial sphere in galactic coordinates (l, 
b)

Unambiguous 

difference 

between 

WIMP and 

background!

𝑑𝑅

𝑑 cos 𝜗 𝑑𝜑
= න

50 𝑘𝑒𝑉

200 𝑘𝑒𝑉 𝑑𝑅

𝑑𝐸𝑟𝑑 cos 𝜗 𝑑𝜑
𝑑𝐸𝑟

Cygnus Constellation 
Galactic  Coordinates 

(l=90°,b=0°)
The recoil rate is clearly
anisotropic and points opposite
to the direction of the Sun
motion (l = 270°; b = 0°).

In the Galactic coordinate system 𝒙 points from the Sun towards the Galactic center, y in the direction of the 
Solar motion and 𝒛 towards the Galactic north pole; therefore, 𝑽 = VSG 𝒚.



M. Cadeddu - Directional Dark Matter Detection 27

Substantial CR:   more light (S1), less charge (S2)

CR small:    less light (S1), more charge (S2)
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Moving from theory to experiment (SCENE experiment)
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WIMP/neutrino discrimination using directional information



29

As seen in the laboratory (LNGS)

𝜗

𝑧

−
𝟏

<
𝐜𝐨

𝐬
𝝑

<
+

𝟏

UP

DOWN

UPDOWN

The dependence remains also when it is mediated over
the full day (see the black line: “Daily average”).

*The azimuthal 𝜙 angle is integrate [0, 
2π]

For an Earth-bound laboratory the velocity V can be decomposed as 𝐕 = −𝐕𝐒𝐆 − 𝐕𝐄𝐒 , where 𝐕𝐄𝐒 is 
the Earth velocity relative to the Sun, |𝐕𝐄𝐒| ≅ 𝟐𝟗. 𝟖 𝒌𝒎/𝒔. The detector is a rotating reference frame.

Strong angular
dependence of the
event rate with
respect to the z-axis
of the detector as a
function of the time
of the day.

M. Cadeddu - Directional Dark Matter Detection
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Columnar  recombination (CR)

The basic idea of CR:

When a nuclear recoil is parallel to the
electric field, as in Case 1, there will be
more electron-ion recombination since
the electrons pass more ions as they
drift through the chamber.

Columnar Recombination may display a
sensitivity to the angle between nuclear recoil
direction and drift field E in a LAr TPC.

Recoils at 180° give
the same signal in
detectors based on CR

𝑑𝑅𝐹 |cos 𝜗 |

𝑑 cos 𝜗
≡

𝑑𝑅 cos 𝜗

𝑑 cos 𝜗
+

𝑑𝑅 −cos 𝜗

𝑑 cos 𝜗

We introduce a "folded" recoil rate:

“DOWN+UP”

Strong angular dependence of the event rate with
respect to the z-axis of the detector as a function of
the time of the day

UP

DOWN

M. Cadeddu - Directional Dark Matter Detection

𝑬

HOR

HOR
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Standard recoil spectrum, i.e. differential event rate per unit detector mass:

𝑑𝑅

𝑑𝐸𝑟
∝

𝜎𝑆𝐼
𝑝

2 𝜇𝜒𝑝
2 𝑀𝜒

𝐴2|𝐹 𝐸𝑟 |2 𝜌0 න
𝑣𝑚𝑖𝑛

∞ 𝑓1 𝑣

𝑣
𝑑𝑣

Physics

𝜎𝑆𝐼
𝑝

→ WIMP-nucleon 
cross section

𝑀𝜒→ WIMP mass

𝜇𝜒𝑝 → WIMP-nucleon 

reduced mass

𝜇𝜒𝑁 → WIMP-nucleus 

reduced mass

Target material

𝐴 → atomic mass of target 
material

𝐹 𝐸𝑟 → The finite size of 
the nucleus is implemented 
with a nuclear Helm form 
Factor 

𝐸𝑡ℎ → Energy threshold

Astrophysics (DM halo 
properties)

𝜌0 → local WIMP mass density

𝑓 𝒗 → WIMP velocity distribution

𝑣𝑚𝑖𝑛 → minimum WIMP speed 
required to transfer an energy 𝐸𝑟

to the nucleus of mass 𝑚𝑛 in the 
detector.

𝐸𝑟 → Recoiling nucleus energy

𝐸𝑟 ≈ 70 keV

𝑣𝑚𝑖𝑛= 𝑚𝑁𝐸𝑟/ 2𝜇𝜒𝑁
2

The WIMP spectrum



After unblinding: Step by step…
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From here… 

…to here: the final data set
Cut over cut…



Nuclear and Electron recoil backgrounds
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Background rejection:
• S1 < 460
• Self-vetoing in DS-50!

-Small or no S2
-Long scintillation tail 
from TPB

Background rejection:
• TPC: multi-scatter 
• LS Veto
Measured neutron efficiency 
with Am-C for TPC single-NR
is 0.9964±0.0004

• Cosmogenics:  
Water Cherenkov Veto

Electron Recoils: S1 + Cherenkov
𝛾-ray multiple-Compton scatters once in LAr
and again in a nearby Cherenkov radiator. 

Background rejection:
• Underground argon
• S1 fraction in max PMT
• PSD: f90 = S1 fraction in first 90 ns
(*) Design cut to reduce ER to <0.08 event 
of background

Summary of NR and ER backgrounds

Goal achieved: open the box!



Low-mass WIMP search with ionization only data
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ArXiv:1802.06994   Low-mass Dark Matter Search 

with the DarkSide-50 Experiment

ArXiv:1802.06998   Constraints on Sub-GeV Dark Matter-

Electron Scattering from the DarkSide-50 Experiment

𝐸𝑅 =
𝑞2

2𝑚𝑁
≤

2𝜇𝜒𝑁
2 𝑣2

𝑚𝑁
≃ 50 𝑘𝑒𝑉

𝑚𝜒

100 𝐺𝑒𝑉

2 100 𝐺𝑒𝑉

𝑚𝑁

𝑚𝑁
𝐴𝑟~37 GeV

For 𝑚𝜒 = 10 GeV 𝐸𝑅~1.4 KeV

Below threshold for S1 production (~ 6 𝑘𝑒𝑉𝑛𝑟) but S2 
has threshold ~ 0.4 𝑘𝑒𝑉𝑛𝑟

𝐸𝑅 = Ԧ𝑞 ∙ Ԧ𝑣 −
𝑞2

2𝜇𝜒𝑁
~

1

2
𝑒𝑉 ×

𝑚𝜒

𝑀𝑒𝑉

For 𝑚𝜒 = 100 MeV 𝐸𝑅~50 eV

For ultra-light DM 
(𝒎𝝌 ≪ 𝟏 𝑮𝒆𝑽)

DM-electron 
scattering

GeV DM-nucleus
scattering causes an 
ionization (S2) signal

Comparable with electron binding 

energies in argon (~16-34 eV)! 

*(For 𝑚𝜒 = 100 MeV -> 𝐸𝑅~0.1 KeV

below the ionization threshold)



Ionization measurement
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Scintillation signal (S1): threshold at  ∼ 2 𝑘𝑒𝑉𝑒𝑒 / 6𝑘𝑒𝑉𝑛𝑟

weak sensitivity to low mass WIMPs.

In DS-50, we easily detect single ionization electrons 

Ionization signal (S2): threshold > ∼ 0.1 𝑘𝑒𝑉𝑒𝑒 / 0.4𝑘𝑒𝑉𝑛𝑟

Sensitive to low mass WIMPs!!

We use Ionization (S2) only

Detection efficiency: estimated from Data + MC

Fiducialization: use volume under 7 central PMTs

One ionization electron (𝑵𝒆 = 𝟏) under the center
PMT creates 23 ±1 PE 

Ne ≥ 4
(Analysis 
threshold)

Detection efficency
MC simulation

The efficiency is flat above the analysis threshold of
number of electrons >4

In DS-50, we can detect down to single electron: 

Single-electron lineshape



Energy scale for ER and NR
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Electron recoil energy scale

Nuclear recoil energy scale

Io
n

iz
at

io
n

Yi
el

d

Number of electron

• 37𝐴𝑟 provides two x-rays, 2.82 keV and 0.27 keV.

• 37𝐴𝑟 Decayed out with 35 day half-life and not remain in 
the last 500-days data set.

• Good agreement of BR with measured value.

• AmBe and AmC neutron sources are used to extract 
ionization yield at ROI

• The difference between other measured points is take as
systematics 

Reduced Energy

𝟑𝟕𝑨𝒓

NR ionization yield is obtained by fitting
AmBe and AmC neutron calibration data



Interpretation for DM-electron scattering
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𝐸𝑏
3𝑝

∼ 16.08 eV , 𝐸𝑏
3𝑠 ∼ 34.76 eV, 

𝐸𝑏
2𝑝

∼ 260.45 eV,  𝐸𝑏
2𝑠 ∼ 335.30 eV, 𝐸𝑏

1𝑠 ∼ 3227.51 eV

DM-electron differential scattering rate

Ionization form factor: DM-e rate depends on the initial and final-
state wavefunction of the electron. The outgoing wavefunction is
obtained by solving the Schroedinger equation with a hydrogenic
potential of some effective screened charge Zeff.



Coherent elastic neutrino nucleus scattering
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𝑑𝑅𝜈(𝐸𝑟)

𝑑𝐸𝑟
= 𝜂 × න

𝐸𝜈𝑚𝑖𝑛

𝒅𝑵

𝒅𝑬𝝂
×

𝑑𝜎 𝐸𝜈, 𝐸𝑟

𝑑𝐸𝑟
𝑑𝐸𝜈

Neutrino fluxes @Earth

Atmospheric neutrinos are the 
dominant

component for DarkSide-20k
in the high-mass search region! 

Region of interest 1 keV≲ 𝐸𝑟≲ 200 keV

𝑑𝜎

𝑑𝐸𝑟
=

𝐺𝐹
2

4𝜋
𝑄𝑤

2 𝑚𝑁 1 −
𝑚𝑁𝐸𝑟

2𝐸𝜈
2 |𝐹 𝐸𝑟 |2

CEnNS will induce nuclear recoils almost indistinguishable 
from those potentially induced by WIMPs. 
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Scatterings of DM particles off
nuclei can be detected via
subsequently produced

• light (scintillation photons
from excitation and later
de-excitation of nuclei)

• charge (ionization of atoms
in a target material)

• heat (phonons in crystal
detectors)

Current experimental results



Suppression: AAr Vs UAr
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Suppression: AAr Vs Uar

• Underground argon (UAr): 150 
kg successfully extracted from a 
𝐶𝑂2 well in Colorado

• 𝟑𝟗𝑨𝒓 depletion factor >1400 

PRD, 93 (2016): 081101(R)
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Being dark matter interactions very rare it is of utmost importance to contain the number of instrumental background 
interactions to <0.1 events, so that a positive claim can be made with few events as possible

PSD incorporated in 
the 𝒇𝟐𝟎𝟎 parameter
(the fraction of S1 
detected in the first 
200 ns of the pulse)

NR acceptance region 
defined by requiring 
< 0.005 ER events/(5-
PE bin) (< 0.1 events 
in the WIMP search 
region) .

Electron recoils 𝐟~𝟎. 𝟑

Nuclear recoils 𝐟~𝟎. 𝟕

39𝐴𝑟

Backgrounds and nuclear recoil acceptance

The resulting ER 
reduction factor is 

> 𝟑 × 𝟏𝟎𝟗
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(2027-) The argon community
(ArDM, DarkSide, DEAP,
MiniCLEAN) has coalesced into
a Global Argon Dark Matter
Collaboration (GADMC), to
construct a 300 tonne argon
detector allowing a kilotonne-
year exposure which will
follow the DarkSide-20k
experiment at LNGS.

90% CL WIMP-nucleon cross section in 𝑐𝑚2 sensitivity

DS-20k (100 ty) will be able to exclude cross sections down to 2.8 × 10−48 𝑐𝑚2 @100 
GeV. For the same WIMP mass GADMC (3000 ty) 𝜎𝜒𝑝 = 3 × 10−49 𝑐𝑚2

C. E. Aalseth et al., “DarkSide-20k: A 20 Tonne Two-Phase LAr
TPC for Direct Dark Matter Detection at LNGS,” Arxiv:1707.08145

DarkSide-20k (GADMC) sensitivity

on the CEnNS rate

on the CEnNS rate

(2021-) DarkSide-20k approved 
by INFN and LNGS in April 2017 
and by NSF in October 2017
Officially supported by LNGS, 
LSC, and SNOLab.



The Helm Nuclear Form factor 

Since the mass distribution in the nucleus is difficult to probe, it is generally
assumed that mass and charge densities are proportional so that charge
densities, determined through elastic electron scattering, can be utilized instead.

It is convenient to have an analytic expression. This
expression has been provided by the Helm form factor, given
by

• The nuclear form factor, F(q), is taken to be the Fourier transform of a spherically symmetric
ground state mass distribution normalized so that F(0) = 1:

Where 𝑗1 is the spherical Bessel function of the first kind 
and 𝑅1 is an effective nuclear radius and s is the nuclear 
skin thickness, parameters  that need to be fit separately 
for each nucleus



Final WIMP spectra

In a real experiment there will be also a nuclear recoil acceptance function, A(𝐸𝑅), which takes into account
all the backgrounds cuts, the WIMP signal selection efficiency and the experimental resolution.

Experiment exposure [tonne x year]

Heavier WIMP mass 
flatter distribution

The total number of WIMP 
events is then given by 



Best WIMP sensitivity in the presence of CEnNS (Neutrino floor)

ො𝜎90% 𝐸𝑡ℎ, 𝑀𝜒 =
2.3

𝑀𝑇 1 𝑛𝑒𝑢𝑡𝑟 × 𝐸𝑡ℎ

𝐸𝑢𝑝 𝑑𝑅𝜒

𝑑𝐸𝑟
𝑑𝐸𝑟

1000 background-free exclusion limits, isovalues of WIMP
events (2.3 at 90% C.L.), as a function of the WIMP mass,
with varying thresholds (𝐸𝑡ℎ) from 0.001 to 200 keV and
adjusted each curve’s exposure (MT) such that each
experiment expects a neutrino background of one event.

WIMP-nucleus recoil spectrum

Coherent elastic neutrino nucleus background

𝑑𝑅𝜒

𝑑𝐸𝑟
=

𝜎𝑤−𝑛

2𝑀𝑤 𝜇𝑛
2 𝐴2𝐹2 𝐸𝑟 𝜌0 න

𝑓1 𝑣

𝑣
𝑑𝑣

𝑑𝑅𝜈(𝐸𝑟)

𝑑𝐸𝑟
= 𝜂 × න

𝐸𝜈𝑚𝑖𝑛

𝑑𝑁

𝑑𝐸𝜈
×

𝑑𝜎𝐶𝑁𝑆 𝐸𝜈, 𝐸𝑟

𝑑𝐸𝑟
𝑑𝐸𝜈

𝑀𝑇 1 𝑛𝑒𝑢𝑡𝑟 =
1 𝜈 𝑒𝑣𝑒𝑛𝑡𝑠

𝐸𝑡ℎ

𝐸𝑢𝑝 𝑑𝑅𝜈
𝑑𝐸𝑟

𝑑𝐸𝑟 [𝜈 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡𝑜𝑛−1𝑦𝑒𝑎𝑟−1]

Below this black curve the 
WIMP search becames
difficult because of CEnNS



𝜎𝜒−𝑛(𝑀𝜒 = 100 GeV) = 5.6 ⋅ 10−49 cm2 𝜎𝜒−𝑛(𝑀𝜒 = 100 GeV) = 1.7 ⋅ 10−48 cm2

Xenon Argon

Comparison between argon and xenon isoevents curve

Differences for WIMP masses above 10 GeV.
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• Complementarity of high and low energy 
measurements to constraint new physics  

55

Polarized ep 
scattering

“Precision measurement of the weak charge of the 
proton, Nature 557, 207–211 (2018)”

σ± cross-section of helicity-
dependent elastic scattering of
polarized electrons on protons

𝑄𝑊
𝑝

can be extracted from the parity-violation
asymmetry Aep (interference between electromagnetic
and weak scattering amplitudes) that can be measured
with a longitudinally polarized electron beam incident
on an unpolarized-proton target:

𝑴𝒁

𝑄𝑊
𝑝

= 1 − 4 sin2 𝜃𝑊

Experimental status ✓ Theory prediction very precise: the 
width of the blue curve exceeds the 
theory uncertainty

Precise measurements from 
accelerators of sin2 𝜃𝑊 𝑀𝑍

➢ Latest measurement by Qweak Collaboration 

sin2 𝜃𝑊

sin2 መ𝜃𝑊 0 = 0.2383 ± 0.0011

Lowest energy determination of sin2 መ𝜃𝑊 from APV (Atomic Parity
Violation) obtained measuring weak charge of 133Cs

Atomic Parity 
Violation on 133Cs

𝑄𝑊
𝑆𝑀 ≈ −𝑁 + 𝑍 1 − 4 sin2 𝜃𝑊

APV 𝑄𝑊
𝑆𝑀 Cs = −73.23(1)

Lowest energy 
SM test!

𝜇ۦۧ ≈ 2.4 MeV

𝜇ۦۧ ≈ 0.158
GeV



99.73%

99%

95.45%

90%

68.27%
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𝑑𝜎

𝑑𝑇
=

𝐺𝐹
2𝑀

4𝜋
1 −

𝑀𝑇

2𝐸𝜈
2 [𝑁 𝐹𝑁 𝑇, 𝑅𝑛 − 𝐹𝑍 𝑇, 𝑅𝑝 𝑍(1 − 4 sin2 𝜃𝑊) ] 2

CEvNS cross section depends on sin2 𝜃𝑊

Quite big uncertainty
due to the 

suppression of the 
proton contribution! 

Neutron & proton form
factors and radii

With fixed neutron skin
(𝛥𝑟𝑛𝑝

𝐶𝑠𝐼 = 𝑅𝑛 − 𝑅𝑝 = 0.2 fm) and QF 

of  PRD 100, 033003 (2019)
𝑄ۦۧ ≈ 60 MeV

𝑄ۦۧ ≈ 2.4 MeV

See also “COHERENT constraints after the Chicago-3
quenching factor measurement” Papoulias D. , ArXiv:1907.11644

NOT suppressed Very suppressed
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𝑑𝜎

𝑑𝑇
=

𝐺𝐹
2𝑀

4𝜋
1 −

𝑀𝑇

2𝐸𝜈
2 [𝑁 𝐹𝑁 𝑇, 𝑹𝒏 − (1 − 4 sin2 𝜃𝑊) 𝑍 𝐹𝑍 𝑇, 𝑅𝑝 ] 2

CEvNS cross section depends also on 𝑹𝒏

COHERENT is sensitive to the neutron radius,
𝑹𝒏 , of 133Cs, and simultaneously APV
measurement depends crucially on it (or on
the neutron skin)

𝑅𝑛
𝐶𝑠𝐼 = 5.5−1.1

+0.9 fm

[ C.M., Giunti C., Y.F. Li, Y.Y. Zhang, 
Average CsI neutron density
distribution from COHERENT data, 
PRL 120 (2018) 072501, 
arXiv:1710.02730 ]

[ P. S. Amanik and G. C. McLaughlin J. Phys. G Nucl. 
Part. Phys. 36 015105 (2009), K. Patton et al., PRC 
86 024612 (2012) ] 

NOT suppressed Very suppressed

𝑹𝒏 of 133Cs
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• In the absence of electric fields and weak neutral currents, an electric dipole (E1) transition between two atomic states
with same parity (6S and 7S in Cs) is forbidden by the parity selection rule.

• However an electric dipole transition amplitude can be induced by a 𝑍 boson exchange between atomic electrons and
nucleons→ Atomic Parity Violation (APV)

Atomic parity violation* on Cs

hyperfine levels

➢ The weak NC interaction violates parity and mixes a small amount of the P state into the
6S and 7S states (~10−11), characterized by the quantity 𝐈𝐦(𝑬𝟏𝑷𝑵𝑪), giving rise to a 7S
→ 6S transition.

DIPOLE 
TRANSITION 𝑅7𝑆→6𝑆 = |𝐴𝐸 ± 𝐴𝑃𝑁𝐶|2 =

=𝑬𝟏𝜷
2 ± 2𝑬𝟏𝜷𝑬𝟏𝑷𝑵𝑪 + 𝐸𝑃𝑁𝐶

2

NO DIPOLE 
TRANSITION

Because the interference term is linear in 𝑬𝟏𝑷𝑵𝑪 it can be large
enough to be measured, but it must be distinguished from the

large background contribution (𝐸1𝛽
2 ).

*also known as PNC 

(Parity nonconservation) 

➢ To obtain an observable that is at first order in this amplitude,
an electric field E (that also mixes S & P) is applied. E gives rise
to a “Stark induced” E1 transition amplitude, 𝐀𝐄 that is typically
105 times larger than 𝐀𝐏𝐍𝐂 and can interfere with it.
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The experimental technique 
For there to be a nonzero interference term, the experiment must have a “handedness”, and if the handedness is reversed, the
interference term will change sign, and can thereby be distinguished as a modulation in the transition rate

The PV amplitude is in units of the equivalent electric field required to give the same mixing 
of 𝑆 and 𝑃states as the PV interaction

The transition rate is obtained by measuring the
amount of 850- and 890-nm light emitted in the 6P-6S
step of the 7S-6S decay sequence.

[R
o

b
erts et al., A

n
n

u
. R

ev. N
u

cl. Part. Sci. 6
5

, 6
3

 (2
0

1
5

)]

✓ The measurements culminated in 1997 when the Boulder group performed a measurement of 
𝐴𝑃𝑁𝐶/𝐴𝐸 with an uncertainty of just 0.35%. 

𝑅7𝑠→6𝑆 = |𝐴𝐸 ± 𝐴𝑃𝑁𝐶|2 ≃ 𝐸1𝛽
2 ± 2𝑬𝟏𝜷𝑬𝟏𝑷𝑵𝑪

➢ Stark-interference technique:  cesium atoms pass through a region of 
perpendicular electric, magnetic, and laser fields. The “handedness" of the 
experiment is changed by reversing the direction of all fields. 

[C. S. Wood et al., Science 275, 1759 (1997)] 

Im
𝐸𝑃𝑁𝐶

𝛽
= −1.5935 56

mV

cm



Extracting the weak charge
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Experimental value of 
electric dipole 
transition amplitude 
between 6S and 7S 
states in Cs

−Im
𝐄𝐏𝐍𝐂

𝛃
=

1.5935 56
mV/cm

[Bennet and Wieman,PRL 82, 2484 
(1999)]
[A. Dzuba and V. Flambaum., PRA 62, 
052101 (2000)]

𝜷: tensor transition
polarizability

It characterizes the size of the 
Stark mixing induced electric 
dipole amplitude (external 

electric field) 

β = 26.957(51) 𝒂𝑩
𝟑

[C. S. Wood et al, Science 
275, 1759 (1997)] 

Theoretical PNC amplitude of the 6S-7S electric dipole transition

is the nuclear spin independent Hamiltonian 
describing the electron-nucleus weak interaction

where d is the electric dipole operator, and 

𝜌 𝒓 = 𝜌𝑝 𝒓 = 𝜌𝑛 𝒓 → neutron skin correction needed



State of the art of EpnC and weak charge
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[D
zu

b
a

V.
A

. e
t 

al
. P

R
L 

1
0

9
, 2

0
3

0
0

3
 (

2
0

1
2

)]

𝑄𝑊
𝑆𝑀+r.c. ≡ −2 𝑍 𝑔𝐴𝑉

𝑒𝑝
+ 0.00005 + 𝑁 𝑔𝐴𝑉

𝑒𝑛 + 0.00006 1 −
𝛼

2𝜋
≈ 𝑍 1 − 4 sin2 𝜃𝑊

𝑆𝑀 − 𝑁

𝑄𝑊
exp.

55
133𝐶𝑠 = −72.58(29)expt(32)theory

✓ Weak charge in the SM including radiative corrections

𝑄𝑊
𝑆𝑀+𝑟.𝑐.

55
133𝐶𝑠 = −73.23(1)

1.5 𝜎 off SM
value

𝐬𝐢𝐧𝟐 𝜽𝐖
𝐀𝐏𝐕 = 𝟎. 𝟐𝟑𝟓𝟔 𝟐𝟎

SM prediction: 𝐬𝐢𝐧𝟐𝜽𝑾 𝟎 = 𝟎. 𝟐𝟑𝟖𝟓𝟕(𝟓)
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8
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0
1

 (
2

0
0

1
)]

0.4

0.5

𝐼𝐶𝑠 ≅ 0.17 𝐼𝑃𝑏 ≅ 0.21

COHERENT C..M.,  Dordei F. et al. 
Arxiv:1908.06045

Extrapolated value for Cs

Neutron-skin of a variety of nuclei as 

extracted from antiprotonic data as a 

function of the asymmetry parameter, 𝐼. 

Δ𝑅𝑛𝑝[fm] = − 0.04 ± 0.03 + (1.01 ± 0.15)
𝑁 − 𝑍

𝐴

Δ
𝑅

𝑛
𝑝

[f
m

]

➢ The red triangles represent a semi-empirical formula 
derived using the nuclear droplet model:

Δ𝑟𝑛𝑝
𝐶𝑠

0.13 ±0.04 fm ≡ 𝛥𝑅𝑛𝑝
𝐶𝑠 Extrapolated (not measured) 

value for Cesium!

𝐼 = (𝑁 − 𝑍)/𝐴

𝛥𝑟𝑛𝑝
𝑃𝑏 = 0.13−0.18

+0.16 fm

PREX
[PRL 108, 112502 (2012)]

“[…] Thus, we must conclude that processes involving 
hadronic probes tend to grossly underestimate the many 
sources of theoretical uncertainties.”

[Thiel M. et al., Journal of Physics G, 46, 9 (2019), 
arXiv:1904.12269v1] 

Antiprotonic data: radiochemical and the other based 
on x-ray data constraining the neutron distribution at 
the nuclear periphery
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Reinterpreting APV in view of COHERENT
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[C
. M

. a
n

d
 D

o
rd

ei
F.

  P
R

D
 9

9
, 0

3
3

0
1

0
 (

2
0

1
9

)]

1. Remove the neutron skin correction from the total value of the theoretical amplitude

[Viatkina A. V. et al., PRC  100, 034318 (2019), see also
Derevianko A., PRA 65 012106 (2001)]

2. Re-evaluate it as a function of the neutron radius 

[S. Pollock, E. N. Fortson, and L. Wilets, PRC 46, 2587 (1992), S. Pollock and M. 
Welliver, PLB 464, 177182 (1999), C. J. Horowitz,  et al. PRC 63 025501 and many 
others]

3. Derive the new experimental value of 𝑄𝑊
exp.

55
133𝐶𝑠 using 𝑅𝑛

𝐶𝑠 found fitting COHERENT data

𝑄𝑊
exp.,n.s

55
133𝐶𝑠, 𝑅𝑛

𝐶𝑠 = 5.5−1.1
+0.9 fm = −73.3−1.6

+1.3
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𝐬𝐢𝐧𝟐 𝜽𝐖
𝐀𝐏𝐕+𝐂𝐎𝐇𝐄𝐑𝐄𝐍𝐓 = 𝟎. 𝟐𝟑𝟗−𝟎.𝟎𝟎𝟕

+𝟎.𝟎𝟎𝟔

SM prediction: 𝐬𝐢𝐧𝟐𝜽𝑾 𝟎 = 𝟎. 𝟐𝟑𝟖𝟓𝟕(𝟓)

[C
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ed
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 M

. a
n

d
 D
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  P
R

D
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9
, 0

3
3

0
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 (

2
0

1
9

)]



New ingredients… Quenching Factor
and 𝛽

[ 
A

ki
m

o
v

et
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l. 
Sc

ie
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3

5
7

 (
2

0
1

7
) 

6
3

5
6

]
[C

o
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r 
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 a
l. 

P
R

D
 1

0
0

, 0
3

3
0

0
3

 (
2

0
1

9
)] Quenching factor for CsI
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𝑹𝒏
𝑪𝒔𝑰 = 𝟓. 𝟎 ± 𝟎. 𝟕 𝐟𝐦

New 𝛽 Old 𝛽
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𝐬𝐢𝐧𝟐 𝜽𝐖
𝐀𝐏𝐕+𝐂𝐎𝐇𝐄𝐑𝐄𝐍𝐓 = 𝟎. 𝟐𝟑𝟗 ± 𝟎. 𝟎𝟎𝟓

SM prediction: 𝐬𝐢𝐧𝟐𝜽𝑾 𝟎 = 𝟎. 𝟐𝟑𝟖𝟓𝟕(𝟓)

[C
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.,
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.,
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.,
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h
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g 

Y.
Y.
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0

4
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] 



Simultaneous fit of COHERENT dATA and APV*

67

Since the APV depends so crucially on 𝛥𝑅𝑛𝑝
𝐶𝑠 , the first can be used in combination with COHERENT to determine 𝑅𝑛

𝐶𝑠.          Assuming 

that the SM is correct, and so assuming the SM weak mixing angle 𝑄2 = 0, the combined APV and COHERENT least-squares function 
can be built

[C
. M

. D
o

rd
ei

F.
 e

t 
al

.,
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rX
iv
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] 
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)]

DATA SET COHERENT COHERENT+APV COHERENT (New QF) COHERENT (New QF)+APV (New 𝛽)

𝑅𝑛
𝐶𝑠𝐼[fm] 5.5−1.1

+0.9 (1𝜎) 5.42 ± 0.31 1𝜎 5.0 ± 0.7 1𝜎 5.04 ± 0.31 1𝜎

𝛥𝑅𝑛𝑝
𝐶𝑠 [fm] 0.7−1.1

+0.9 (1𝜎) 0.62 ± 0.31 0.2 ± 0.7 1𝜎 0.23 ± 0.31
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0.4

0.5

𝐼𝐶𝑠 ≅ 0.17 𝐼𝑃𝑏 ≅ 0.21

COHERENT Cadeddu et al. 
Arxiv:1908.06045

Δ
𝑅

𝑛
𝑝

[f
m

]

𝐼 = (𝑁 − 𝑍)/𝐴

PREX

68

C
O

H
ER

EN
T+

A
P

V
 (

as
su

m
in

g
SM

)

𝛥𝑅𝑛𝑝
𝐶𝑠 = 0.62 ± 0.31 fm

𝛥𝑅𝑛𝑝
𝐶𝑠 = 0.23 ± 0.31 fm

COHERENT (with different QF) + APV (New 𝛽)

COHERENT+APV (Old 𝛽)

Theory

Model
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D. Akimov et al. “Observation of 
Coherent Elastic Neutrino-Nucleus 

Scattering” Science 357.6356 (2017)

The CEnNS has
eluded detection for
four decades, even
though its predicted
cross-section is the
largest by far of all
low-energy neutrino
couplings.

They observe this process at a 

6.7𝜎 CL, using a low-background, 

14.6-kg CsI scintillator exposed to 

the neutrino emissions from the 

Spallation Neutron Source at Oak 

Ridge National Laboratory.

The COHERENT experiment
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The result is within the 68% confidence band of the
Standard Model prediction of 173 events, shown as a
shaded region and a vertical dashed line.

Comparison of log-likelihood values at counts of 0 and
134 indicates that the null hypothesis, corresponding
to an absence of CEnNS events, is rejected at a level of
6.7-sigma, relative to the best fit.

• The Likelihood analysis, using the standard CEnNS cross section (with a unique nuclear form factor) 
showed that the best-fit value is 134 ± 22 CEnNS events.

5𝜎

2𝜎
1𝜎

This small discrepancy has been interpreted invoking non standard interactions between neutrinos and quarks
(arXiv:1712.09667, arXiv:1711.09773, arXiv:1710.09360, PLB 775 54-57, PRD 96 11, 115007 and many more…)
however relaxing the approximation of a unique form factor for protons and neutrons it is possible to better fit the
data.

The COHERENT experiment (result)
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𝝂

N
e
u

t
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The rms neutron distribution
radius Rn and the difference
between Rn and the rms radius Rp
of the proton distribution (the so-
called “neutron skin”)

The Z boson couples
preferentially with 

neutrons!

The CEnNS process as unique probe of the neutron density
distribution of nuclei

Even if it sounds strange, spatial
distribution of neutrons inside
nuclei is basically unknown!

The CEnNS process itself can be used to provide the first 
model independent measurement of the neutron 
distribution radius, which is basically unknown for most of 
the nuclei.
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𝑑𝜎𝜈−𝐶𝑠𝐼

𝑑𝑇
=

𝐺𝐹
2𝑀

4𝜋
1 −

𝑀𝑇

2𝐸𝜈
2 [𝑁 𝑭𝑵 𝑻, 𝑹𝒏 − 𝜀𝑍 𝑭𝒁 𝑻, 𝑹𝒑 ] 2

The proton structures of 55
133𝐶𝑠 (𝑁 = 78) and 53

127 𝐼 (𝑁 = 74) have been studied 
with muonic spectroscopy and the data were fitted with two-parameter Fermi 
density distributions of the form

𝜌𝐹 𝑟 =
𝜌0

1 + 𝑒 𝑟−𝑐 /𝑎

Where, the half-density radius c is related to the rms radius and

the a parameter quantifies the surface thickness 𝑡 = 4 𝑎 ln 3
(in the analysis fixed to 2.30 fm).

• Fitting the data they obtained

𝑅𝑝
𝐶𝑠 = 4.804 fm   (Caesium proton rms radius )

𝑅𝑝
𝐼 = 4.749 fm (Iodine proton rms radius ) half-density radius 

Surface thickness

The proton form factor

5.6710(1) fm (Cs)
5.5931(1) fm (I)



This is the first model independent
measurement of the CsI neutron radius
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𝑅𝑛
𝐶𝑠𝐼 = 5.5−1.1

+0.9 fm

First average CsI neutron density distribution measurement

• We first compared the data with the predictions in the case of 
full coherence, i.e. all nuclear form factors equal to unity: the 
corresponding histogram does not fit the data.

• We fitted the COHERENT data in order to get information on the 
value of the neutron rms radius 𝑅𝑛, which is determined by the 
minimization of the 𝝌𝟐 using the symmetrized Fermi and Helm 
form factors. 

[ C.M., Giunti C., Y.F. Li, Y.Y. Zhang, 
Average CsI neutron density
distribution from COHERENT data, 
PRL 120 (2018) 072501, 
arXiv:1710.02730 ]



Theoretical values of the proton and neutron rms radii of Cs and I obtained 
with nuclear mean field models. The value is compatible with all the models...

∆𝑅𝑛𝑝
𝐶𝑠𝐼≡ 𝑅𝑛 − 𝑅𝑝 ≅ 0.7−1.1

+0.9 fm

The neutron skin
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𝑅𝑛
𝐶𝑠𝐼 = 5.5−1.1

+0.9 fm

The neutron skin

𝑅𝑝
𝐶𝑠 = 4.804 fm  and

𝑅𝑝
𝐼 = 4.749 fm 

are around 4.78 fm, with a 
difference of about 0.05 fm

N
e
u

t
r n S k

i
n

o

Proton rms radius for Cs and I
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Neutrino charge radius
➢ In the Standard Model (SM) the effective vertex reduces to γμF q2 since

the contribution qμγμ Τqμ q2 vanishes in the coupling with a conserved 

current

𝐹 𝑞2 = 𝐹 0 + 𝑞2 อ
ⅆ𝐹 𝑞2

ⅆ𝑞2

𝑞2=0

+ ⋯ = 𝑞2
𝑟2

6
+ ⋯

𝑟𝜈ℓ
2

𝑆𝑀
= −

𝐺𝐹

2 2𝜋2
3 − 2 log

𝑚ℓ
2

𝑚𝑤
2

𝛬𝜇 𝑞 = 𝛾𝜇 − 𝑞𝜇𝛾𝜇 Τ𝑞𝜇 𝑞2 𝐹 𝑞2 ≅ 𝛾𝜇𝐹 𝑞2

➢ In the Standard Model

[Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

𝑟𝜈𝑒
2

𝑆𝑀
= −8.2 × 10−33 𝑐𝑚2

𝑟𝜈𝜇
2

𝑆𝑀
= −4.8 × 10−33 𝑐𝑚2

𝑟𝜈𝜏
2

𝑆𝑀
= −3.0 × 10−33 𝑐𝑚2

[See also J. Kim talk]

“A charge radius that is gauge-independent, 
finite is achieved by including additional 

diagrams in the calculation of 𝐹 𝑞2 ”
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𝑑𝜎𝜈ℓ−𝒩

𝑑𝑇
𝐸𝜈, 𝑇 =

𝐺𝐹
2𝑀

𝜋
1 −

𝑀𝑇

2𝐸𝜈
2 ቐ 𝑔𝑉

𝑛𝑁𝐹𝑁 |𝑞2| +
1

2
− 2 sin2 𝜗𝑊 −

2

3
𝑚𝑊

2 sin2 𝜗𝑊 𝑟𝑣ℓℓ
2 𝑍𝐹𝑍 |𝑞2|

2

ൡ+
4

9
𝑚𝑊

4 sin4 𝜗𝑊 𝑍2𝐹𝑍
2 |𝑞2| 

ℓ′≠ℓ

𝑟𝑣
ℓ′ℓ

2
2

➢ In the SM there are only diagonal charge radii 𝑟𝑣ℓ
2 ≡ 𝑟𝑣ℓℓ

2 because lepton numbers are conserved

➢ Diagonal charge radii generate the coherent shifts

➢ Transition charge radii generate the incoherent contribution

𝑔𝑉
𝑝

𝜈ℓ + 𝒩→ 𝜈ℓ + 𝒩

4

9
𝑚𝑊

4 sin4 𝜗𝑊 𝑍2𝐹𝑍
2 𝑞2 

ℓ′≠ℓ

𝑟𝑣ℓ′ℓ

2
2

Neutrino charge radii contributions to 𝜈ℓ
_𝒩 CEνNS

𝜈ℓ + 𝒩→ 

ℓ′≠ℓ

𝜈ℓ′≠ℓ + 𝒩

[K. Kouzakov, A. Studenikin, PRD 95 (2017) 055013, arXiv:1703.00401]

sin2 𝜗𝑊→ sin2 𝜗𝑊 1 +
1

3
𝑚𝑊

2 𝑟𝑣ℓ
2

Transition charge radii change the flavor of the neutrino
in the final state of the elastic scattering process 



Experimental bounds on neutrino charge radii

[see the review Giunti,
Studenikin, RMP 87 (2015)
531, arXiv:1403.6344]

𝜈ℓ + 𝑒−→ 𝜈ℓ + 𝑒−Elastic neutrino
electron scattering 

[update in Cadeddu, Giunti, 
Kouzakov, Li, Studenikin, 
Zhang, PRD 98 (2018) 
113010, arXiv:1810.05606]

For small recoil energies the effect of the neutrino charge 
radii in the case of elastic neutrino-electron scattering

turns out to be smaller by a factor of the order of 
ΤM me~2 × 105 with respect to CE𝜈NS
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Marginal 90% CL bounds 
[10−32 𝑐𝑚2]

−63 < 𝑟𝜈𝑒𝜇
2 < 12

−7 < 𝑟𝜈𝜇
2 < 9

𝑟𝜈𝑒𝜇
2 < 22 𝑟𝜈𝑒𝜏𝜇

2 < 37

𝑟𝜈𝜇𝜏
2 < 26

➢ Free neutron distribution
radii: 

𝜒𝑚𝑖𝑛
2 = 154.2

𝑁𝐷𝐹 = 137
𝐺𝑜𝐹 = 15%

Marginal 90% CL bounds
[10−32 𝑐𝑚2]

−63 < 𝑟𝜈𝑒𝜇
2 < 12

−𝟖 < 𝒓𝝂𝝁
𝟐 < 𝟏𝟏

𝑟𝜈𝑒𝜇
2 < 22 𝑟𝜈𝑒𝜏𝜇

2 < 38

𝑟𝜈𝜇𝜏
2 < 27

Fit of COHERENT time+energy data*

➢ Fixed neutron distribution
radii (RMF NL-Z2):

𝑅𝑛
133𝐶𝑠 = 5.01 fm 

𝑅𝑛
133𝐼 = 4.94 fm

𝜒𝑚𝑖𝑛
2 = 154.2

𝑁𝐷𝐹 = 139 𝐺𝑜𝐹 = 18%
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*from COHERENT data release available at
http://doi.org/10.5281/zenodo.1286927
Arxiv:1804.09459

http://doi.org/10.5281/zenodo.1286927
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Our results on PDG 2019 

[M. Tanabashi et al. (Particle Data Group), 
Phys. Rev. D 98, 030001 (2018) and 2019 update]

We have shown that the time information of the COHERENT 
data allows us to restrict the allowed ranges of the charge radii, 

especially that of 𝑟𝜈𝜇
2 , for which we obtained the 90% CL 

allowed interval

−8 × 10−32 𝑐𝑚2 < 𝑟𝜈𝜇
2 < 11 × 10−32 𝑐𝑚2

marginalizing over reliable allowed intervals of the rms radii of 

the neutron distributions of 55
133𝐶𝑠 and 53

127 𝐼 . 

This limit is comparable with the BNL-E734 and CHARM-I. 
[ M. Cadeddu, C. Giunti, K. A. Kouzakov, Y. F. Li, A. I. Studenikin, 
Y.Y. Zhang, PRD 98 (2018) 113010, Editor’ Suggestion, 
arXiv:1810.05606]


