Robustness of neutrino
mass ordering determination

Julia Gehrlein

Brookhaven National Laboratory
May 26th, 2022

In collaboration with Peter B. Denton
arXiv: 2204.09060

¢ Brookhaven | NDI
National Laboratory Mitchell conference 2022

Neutrino Discovery Initiative



https://arxiv.org/pdf/2204.09060.pdf

Neutrino mass ordering
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kKnown neutrino mass splittings:
one "large" mass splitting |Am322| ~ 2.51 X 1073 eV?
one "small" mass splitting Am221 ~ 7.42 x 107 eV?
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Impact of neutrino mass
ordering

Neutrino mass ordering has important implications for

Neutrinoless double beta decay

observables

Sum of neutrino masses,
beta decay endpoint spectrum
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Neutrino mass ordering
determination

= determination of MO possible in various experiments

Focus on oscillation experiments here
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Neutrino mass ordering
determination

In oscillation experiments

Make use of slight differences in oscillation frequency: amplitude of oscillations driven by
Am321 different than the ones driven by Am322
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Neutrino mass ordering
determination

In oscillation experiments

Use matter effects

Atmospheric neutrinos encounter resonance when traveling through Earth
NO (Am321 > ()) resonance for neutrinos

10 (Am??1 < 0) resonance for antineutrinos
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https://arxiv.org/abs/2108.06293

Neutrino mass ordering
determination

In oscillation experiments

Use matter effects

positive Am321=> larger v, — U, appearance probability & smaller Dﬂ — U,

appearance probability at the first oscillation maximum in matter

Mass Ordering Sensitivity
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https://arxiv.org/pdf/2002.03005.pdf

Neutrino mass ordering
determination

Ensure unambiguous interpretation of MO measurement:

What kind of new physics can impact the determination of the
MQO?

qAOIXO
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Neutrino mass ordering
determination

Ensure unambiguous interpretation of MO measurement:

What kind of new physics can impact the determination of the
MQO?

Determination of MO relies on matter effects
= What happens if neutrinos have new interactions with matter?

Neutrino non-standard interactions (NSI) make it impossible to determine MO at
oscillation experiments alone!
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— new forward scattering interactions with matter

Focus on diagonal NSI parameters

Neutrino non-standard
Interactions

Hamiltonian in presence of NSI

Wolfenstein '78
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Degeneracies

1. Without new phySiCS & in vacuum: Miranda. Tortola, Valle ‘04

Hamiltonian invariant under
2 2 2 2
Amy, — — Amj,, Am;, - — Am;,0 > — 0

_ * . .
H, . — — H . leaves all observables invariant

Dark side of oscillations

LMA-Dark
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https://arxiv.org/abs/hep-ph/0406280

Degeneracies

1. Without new physics & in vacuum:

Hamiltonian invariant under
2 2 2 2
Amy, — — Amj,, Am;, - — Am;,0 > — 0

Hvac — — H;;

vac

leaves all observables invariant

2. Degeneracy broken when considering oscillations in matter

Matter term does not change sign together with other parameters
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Degeneracies

1. Without new physics & in vacuum:

Hamiltonian invariant under
2 2 2 2
Amy, — — Amj,, Am;, - — Am;,0 > — 0

_ >X< . [
H, . — — H . leaves all observables invariant

2. Degeneracy broken when considering oscillations in matter
= possibility to determine MO in vacuum

3. Degeneracy restored if €,, = — 2, all other NSI parameters zero
& this case is equivalent to necessary sign change

Paﬁ(NO,L, E,p,e=0)= Paﬂ(IO, L E pe=-2)
Paﬂ(IOaLaEapae — O) — Paﬂ(NoaLaEapae - = 2)

In all oscillation channels!
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Degeneracies

3. Degeneracy restored if €,, = — 2, all other NSI parameters zero
& this case is equivalent to necessary sign change

4. Precise measurement of ¢, in different materials can lift
degeneracy unless new mediator is coupled to electrons only or
specific combination to up and down quarks

- In this case no
combination of
oscillation experiments
can break degeneracy

u,V
ee

€
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Degeneracies

3. Degeneracy restored if €,, = — 2, all other NSI parameters zero
& this case is equivalent to necessary sign change

4. Precise measurement of €,, in different materials can lift

degeneracy unless new mediator is coupled to electrons only or
specific combination to up and down quarks

5. Scattering experiments don’t suffer from LMA-D degeneracy
= provide probes of LMA-D parameter space
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Degeneracies

3. Degeneracy restored if €,, = — 2, all other NSI parameters zero
& this case is equivalent to necessary sign change

4. Precise measurement of €,, in different materials can lift

degeneracy unless new mediator is coupled to electrons only or
specific combination to up and down quarks

5. Scattering experiments don’t suffer from LMA-D degeneracy
= provide probes of LMA-D parameter space

6. NSI in oscillations not sensitive to mediator masses
< NSI in scattering depends on mediator mass

— lower bound on mediator mass which can be probed

Neutrino scattering experiment with lowest momentum transfer. CEVNS
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Degeneracies

5. Scattering experiments don’t suffer from LMA-D degeneracy
= provide probes of LMA-D parameter space

6. NSl in oscillations not sensitive to mediator masses
& NSI constraints from scattering experiments depend on mediator mass

From COHERENT: LMA-D ruled out for mediator mass >50 MeV
To access lighter mediators need process with lower thresholds/neutrino energies: CEVNS
with reactor neutrinos!
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https://arxiv.org/pdf/1804.03660.pdf

Degeneracies

6. NSl in oscillations not sensitive to mediator masses
& NSl in scattering depends on mediator mass

From COHERENT: LMA-D ruled out for mediator mass >50 MeV
To access lighter mediators need process with lower thresholds/neutrino energy: CEVNS with
reactor neutrinos!

First evidence for CEVNS at reactor from Dresden-Il experiment

30-5
203\

10

] Rx-ON (96.4 d)
-104 \

1
I

, I \ I , I \
30_: — II ''''' I T lﬂ‘ﬂ T _:_
] ¢
20 0 iy g3
] () -
Il el N H.ll 1

0.7 08 09 1 1.1 1.2 1.3 1.4 15[

] l HTH’ ¢ | ' E
] Rx-OFF (25 d)
10 L 1 " 1 N 1 N L

0.2 0.3 0.4 0.5 0.6 0.7 Colaresi et al ‘22

ionization energy (keV..)

residual (counts / 10 eV 3 kg day)

Julia Gehrlein Mitchell conference 2022: LMA-Dark 18


https://arxiv.org/abs/2202.09672

Constraints on LMA-Dark

In collaboration with Peter B. Denton
arXiv: 2204.09060

Reinterpret results from 107
Aristibal Sierra, De Disfavored by

Romeri, Papoulias '22 cosmology
to obtain constraints on
LMA-D .
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Constraints on LMA-Dark

Constraints on NSI parameters in electron sector
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https://arxiv.org/pdf/2204.09060.pdf

Constraints on LMA-Dark

Diagonal degeneracy of Hamiltonian:
(Geea €//t,u’ GTT) — (-x — 29 X, X)

80

x=0: LMA-D only in
electron sector

x=2: LMA-D only in

muon and tau sector
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Constraints on LMA-Dark

Constraints on NSI parameters in muon and tau sector
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Surviving parameter space
of LMA-Dark

e new physics is in the v, sector via €,, with very specific couplings to up
and down quarks: mediator must be lighter than ~ 50 MeV, COHERENT
has already ruled out heavier mediator masses for all combinations of up
and down quark coupling 1) ——— —_—

- Dresden-II @ 3.1 MeV 1 uwV _ aVv __
| enV =—4/3, 4V =2/3

Denton, JG, 2204.09060
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Surviving parameter space
of LMA-Dark

e new physics is in the v, sector via €,, with very specific couplings to up
and down quarks: mediator must be lighter than ~ 50 MeV, COHERENT
has already ruled out heavier mediator masses for all combinations of up
and down quark couplings

o New physics isinthe v ,, v_sectors with similar or equal couplings:

mediator needs to be lighter than ~ 40 MeV (constraints on some
combinations of up and down quark combinations from NuTeV data for
mediator masses above 10 GeV) » '

= oscillations
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m cosmology
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Future of LMA-Dark
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Thank you for your
attention!
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