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Are neutrinos electrically neutral?

For one generation of quarks and leptons, and massless neutrinos, yes
→ Electric charge quantization

Electric charge is related to isospin and hypercharge:

𝑄 = 𝐼3 + 𝑌
2

𝑈 (1)𝑌 gauge invariance + triangle anomaly cancellation

0 = Tr
[
𝑌3] = (𝑌𝐿 + 1)3 =⇒ 𝑄𝜈 = 0

Beautiful, but wrong
Three generations in the Standard Model + neutrinos are massive!
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Are neutrinos electrically neutral?
For three generations, electric charge is actually dequantized
→ Four global symmetries: 𝑈 (1)𝐵,𝑈 (1)𝐿𝑒

,𝑈 (1)𝐿𝜇
,𝑈 (1)𝐿𝜏

Foot et al, 1990’

A right handed neutrino with Dirac mass also dequantizes it
→ gives rise to an anomaly free 𝑈 (1)𝐵−𝐿 symmetry

𝑌𝜈𝑅 = 𝑌𝐿 + 1 and 𝑄𝜈 ≠ 0

One way to quantize electric charge is via a Majorana mass since
𝜈𝑇
𝑅
C†𝜈𝑅 requires that 𝑌𝜈𝑅 = 0 and 𝑌𝐿 = −1

Babu, Mohapatra, 1990’

We don’t know if neutrinos are Dirac or Majorana!
Thus, we can’t conclude they are electrically neutral
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Neutrino electromagnetic interactions
Lee, Shrock, 77’, Petcov, 77’
Effective interaction vertex between a photon and a neutrino:

M𝜇 (𝑞) = (𝛾𝜇 − 𝑞𝜇/𝑞/𝑞2)
[
𝑓𝑄 (𝑞2) + 𝑓𝐴(𝑞2)𝑞2𝛾5

]
− 𝑖𝜎𝜇𝜈𝑞

𝜈
[
𝑓𝑀 (𝑞2) + 𝑖 𝑓𝐸 (𝑞2)𝛾5

]
𝑓
𝑓 𝑖

𝑄
(0) = 𝑒 𝑓 𝑖 charge

𝑓
𝑓 𝑖

𝑀
(0) = 𝜇 𝑓 𝑖 magnetic moment

𝑓
𝑓 𝑖

𝐸
(0) = 𝜖 𝑓 𝑖 electric moment

𝑓
𝑓 𝑖

𝐴
(0) = 𝑎 𝑓 𝑖 anapole moment

Majorana: 𝑒𝑖𝑖 = 𝜇𝑖𝑖 = 𝜖𝑖𝑖 = 0, 𝑒𝑖 𝑗 = 0

Dirac: 𝜖𝑖𝑖 = 0

For ultrarelativistic neutrinos (𝛾5 → −1),
the charge and anapole form factors are
equivalent:

⟨𝑟2
𝜈⟩ = 6 𝑑 𝑓𝑄 (𝑞2 )

𝑑𝑞2

����
𝑞2=0

= −6𝑎

Cross section:
𝑑𝜎anapole

𝑑𝑇
∼ 𝑑𝜎𝑤

𝑑𝑇
after redefinition of sin2 𝜃𝑊 → sin2 𝜃𝑊

(
1 − 1

2𝑚
2
𝑊
𝑎𝜈

)
𝑑𝜎magnetic

𝑑𝑇
∼ 𝜋𝛼2𝜇2

𝜈𝑍
2

𝑚2
𝑒

(
1
𝐸𝑅

− 1
𝐸𝜈

+ 𝐸𝑅

4𝐸2
𝜈

)
𝐹2
𝑝 (𝐸𝑅)
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Expectations and constraints on electromagnetic multipoles
The values of the anapole and magnetic moment in the SM are small

𝑎SM
𝑖 𝑗

≃ 𝐺𝐹

12
√

2𝜋2

∑
𝛼=𝑒,𝜇,𝜏

(
3 − 2 log 𝑚2

𝛼

𝑚2
𝑊

)
𝑈𝛼 𝑗𝑈

∗
𝛼𝑖

∼ 10−33 cm2

𝜇SM
𝑖 𝑗

≃ 3𝑒𝐺F
16
√

2𝜋2

(
𝑚𝑖 + 𝑚 𝑗

)
×
(
𝛿𝑖 𝑗 − 1

2
∑

𝛼=𝑒,𝜇,𝜏 𝑈
∗
𝛼𝑖
𝑈𝛼 𝑗

𝑚2
𝛼

𝑚2
𝑊

)
≲ 10−18𝜇𝐵

XENONnT, 22’

Current constraints lie ∼ 7 orders of magnitude away from the magnetic
moment prediction, but only ∼ 1 order of magnitude away from the anapole
moment
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Dark matter direct detection experiments are great

Ahlen, Avignone, Brodzinski, Drukier, Gelmini, Spergel, 1987’

• The first dark matter direct detection experiment was able to
constrain a WIMP-nucleon cross section of ∼ 10−37cm2

6 / 20



Dark matter direct detection experiments are great

XENONnT, 24’

• Remarkably, in ∼ 35 years, these experiments have improved
their sensitivity by 10 orders of magnitude!
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Anapole moment of neutrinos at dark matter experiments

We propose to maximize the sensitivity to the anapole moment of
neutrinos by combining a 51Cr source and a large volume dark matter
detector → e.g PandaX, XENONnT, XLZD
Herrera, Huber, 24’

The neutrino flux from a 51Cr source placed at 1m from the detector is
∼ 20 times larger than the solar pp neutrino flux

Half-life of 51Cr is 27.7 days → Source run of ∼ 2 months
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Anapole moment of neutrinos at dark matter experiments
Herrera, Huber, 24’
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51 Cr source, Simulated XENONnT data, 60 tonne × source run

• In absence of systematics, signal events grow linearly with exposure as
E, while statistical uncertainty grows as

√
E

• 1-2𝜎 level sensitivity for a 60 tonne detector and a single source run,
robust against uncertainties on weak mixing angle
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Dark neutrino anapole moment
What if the measurement of the anapole moment does not agree with
the SM expectation? → a new window to new physics
Herrera, Shoemaker, In progress
Herrera, Huber, 24’
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A light millicharged dark sector allows to enhance (or suppress) the anapole
moment of neutrinos, for parameters yet untested by complementary probes.

10 / 20



Dark neutrino anapole moment
What if the measurement of the anapole moment does not agree with
the SM expectation? → a new window to new physics
Herrera, Shoemaker, In progress
Herrera, Huber, 24’

10−3 10−2 10−1 100 101 102 103

Millicharged fermion mass mχ [MeV]

10−35

10−34

10−33

10−32

10−31

10−30

D
ar

k
n

eu
tr

in
o

an
ap

ol
e

m
om

en
t,
a
φ

[c
m

2
]

mφ=1 MeV, ε = 10−7

mφ=10 MeV, ε = 10−6

mφ=100 MeV, ε = 10−5

mφ=1000 MeV, ε = 10−4

SM prediction

A light millicharged dark sector allows to enhance (or suppress) the anapole
moment of neutrinos, for parameters yet untested by complementary probes.

10 / 20



Dark neutrino magnetic moment
The magnetic moment of neutrinos in the SM is not within reach with
current technologies, since it’s proportional to the neutrino mass

Why? Magnetic moment has same chiral structure as neutrino mass operator
L ⊃ 𝜇𝜈 𝜈̄𝐿𝜎𝜇𝜈𝜈𝑅𝐹

𝜇𝜈 + 𝑚𝜈 𝜈̄𝐿𝜈𝑅

Babu, Jana, Lindner, 20’
Herrera, Shoemaker, In progress
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However, sizably larger values than in the SM are technically possible
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Coherent Elastic Neutrino Nucleus Scattering (CE𝜈NS)
Strongest probes of neutrino electromagnetic properties at dark matter
experiments rely on elastic neutrino-electron scatterings

However, for small momentum transfer 𝑞 ≲ 𝑅−1 ∼ 30 MeV, CE𝜈NS
dominates over elastic neutrino-electron scatterings

XENONnT, 24’

Recently observed at 2.6-2.7 𝜎 at PANDAX-4T and XENONnT!
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Word of caution: Quenching factor uncertainties

• The Lindhard model becomes unreliable for nuclear recoils
below ∼ 1 keVnr.

• Recent discrepant measurements from thermal neutron capture,
photo-neutron sources and filtered monochromatic neutrons

Lenardo et al, 21’ Li, Herrera, Huber, 25’
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Current uncertainties can affect the sensitivity to light new physics by
about one order of magnitude
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New physics from CE𝜈NS
What new physics can we learn from CE𝜈NS at dark matter experiments?

Novel quark-neutrino interactions mediated by a new scalar or vector
→ present in motivated extensions of the SM, e.g 𝑈 (1)𝐵 or 𝑈 (1)𝐵−𝐿
Pospelov, 11’

Blanco-Mas, Coloma, Herrera, Huber, Kopp, Shoemaker, Tabrizi, 24’
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XENONnT and PANDAX-4T provide similar constraints than COHERENT
for mediators heavier than ∼ 100 MeV

World leading constraints for lighter mediators down to ∼ 2 MeV
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Migdal, 1939

Dolan, Kahlhoefer, McCabe, 17’

Light dark matter may induce nuclear recoils below the experimental threshold,
but leaving a detectable ionization signal via the Migdal effect

15 / 20



The Migdal effect in dark matter direct detection
Ibe, Nakano, Shoji, Suzuki, 17’ Baxter, Kahn, Krnajic, 17’

• The electromagnetic signal occurs at larger energy than the
nuclear recoil signal

• Current experiments probe some thermal light dark matter
models via the Migdal effect only

Where is the neutrino floor in the parameter space of the Migdal
(or electron recoil) dark matter signal?
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Herrera, 23’
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× |𝑍ion (𝐸er ) |2

• The Migdal signal from neutrinos can overcome the nuclear recoil
signal and the electron scattering signal at certain energies:

S2 (ionization) → Migdal can dominate for energies below ∼ 0.4 keV

S1+S2 → Migdal never dominates, but can induce O(1) corrections in
the range ∼ 0.2 − 1 keV
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Blanco-Mas, Coloma, Herrera, Huber, Kopp, Tabrizi, 23’

10−1 100

Electron equivalent recoil energy [keVee]

10−3

10−2

10−1

100

101

102

103

104

R
at

e
[k

eV
ee
×

to
n

n
e
×

yr
]−

1

ROI of PANDAX-4T and XENONnT

qnr = 0.15

ν − e− elastic scattering

Migdal effect

CEνNS

• The Migdal effect induces O(1-10) events in the energy region of
interest of XENONnT and PANDAX-4T
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Herrera, 23’
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Neutrino magnetic moment, µν,e = 5× 10−13µB

Neutrino non-standard interaction, gqgν = 10−8, mφ = 10 MeV

CEνNs in the Standard Model

• The neutrino floor is ∼ 4 orders of magnitude away from current
sensitivity to the Migdal effect from light dark matter

• However, BSM interactions of neutrinos may induce a distinct peak
compared to the SM expectation

• This peak arises from the ionization of electrons in the 𝑛 = 4 shell due
to pp solar neutrinos
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Conclusions

• Placing a radioactive source near a liquid xenon detector may
allow to measure the neutrino anapole moment

A 60 tonne detector required to achieve 1-2𝜎 sensitivity with one
source run

• Solar neutrino CE𝜈NS observed leads to world-leading
constraints on new mediators coupled to quark and neutrinos

• Migdal effect already induces 𝑂 (1 − 10) events at experiments

It’s a distinct channel to probe new physics from neutrinos
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Herrera, 23’
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• The neutrino floor is ∼ 4 orders of magnitude away from current
sensitivity to the Migdal effect from light dark matter

• The Migdal ionization signal might be detectable with 5 yr exposures
at liquid xenon experiments and S2-like threshold and background

• However, this relies on being able to separate the nuclear recoil and
electron ionization signal at energies of 0.1 − 1 keV
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Migdal effect from neutrino electromagnetic interactions
Herrera, 23’
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Migdal eect from magnetic moment, µν,e = 5× 10−13µB

Migdal eect from anapole moment, aν,e = 10−32cm2

Migdal eect from CEνNs

• The anapole moment scattering rate has the same shape as the weak rate

• The magnetic moment interaction has an ionization rate with distinct shape,
due to the enhancement of the cross section at small neutrino energy

• A future observation of the Migdal effect may allow to reach the SM value for
the anapole moment, and to set strong constraints on the magnetic moment20 / 20



Neutrino non-standard interactions: new light mediators
• Scalar mediator:

𝑑𝜎𝜈𝑁

𝑑𝐸𝑅
=

𝐺2
𝐹
𝑚2

𝐴

4𝜋
𝑔𝜈𝜙𝑄

2
𝜙
𝐸𝑅

𝐸2
𝜈

(
2𝑚𝐴𝐸𝑅 + 𝑚2

𝜙

)2

• Vector mediator → redefinition of weak vector charge:

𝑄𝑉 → 𝑄𝑍 ′ = 𝑄𝑉 + 𝑔𝜈𝑍′√
2𝐺𝐹

(2𝑔𝑢𝑍′+𝑔𝑑𝑍′ )𝑍𝐹𝑝 (𝐸𝑅 )+(𝑔𝑢𝑍′+2𝑔𝑑𝑍′ )𝑁𝐹𝑛 (𝐸𝑅 )
2𝑚𝐴𝐸𝑅+𝑚2

𝑍′

Miranda et al, 20’
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Migdal effect from neutrino non-standard interactions
Herrera, 23’
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Migdal eect from scalar mediator, gqgν = 10−10, mφ = 1 MeV

Migdal eect from vector mediator, g2BL = 5× 10−9, mZ ′ = 0.1 MeV

Migdal eect from CEνNs

• For light mediators, the spectrum differs from the weak interaction one

• Couplings allowed by current experiments would induce a Migdal ionization
signal larger than the weak interaction one 20 / 20



Dependence of the ionization rate with mediator mass
Herrera, 23’
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Migdal eect from CEνNs

• The ratio of momentum transfer and mediator mass determines the shape of
the spectrum 𝑞2/𝑚2

𝜙

• For light mediators, the dominant rate arises from the 𝑝𝑝 neutrino flux, while
for heavy mediators the 8𝐵 contribution dominates, which smoothes out the
peaks in the spectrum 20 / 20



A peak in the spectrum at ∼ 0.1 keV
Herrera, 23’
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Neutrino magnetic moment, µν,e = 5× 10−13µB

Neutrino non-standard interaction, gqgν = 10−8, mφ = 10 MeV

CEνNs in the Standard Model

• New physics can induce a distinct peak in the ionization spectrum around 0.1
keV, arising from the ionization of 𝑛 = 4 electrons by 𝑝𝑝 neutrinos, which is
absent in the weak interaction spectrum

• It can be hard to discriminate among different models in most cases
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