Heavy Neutral Leptons
(a.k.a Heavy Sterile Neutrinos)

lan M. Shoemaker

2

VIRGINIA TECH.

Swowmass Suouwmass BSIN(Qua Werkstiot
Februany (Oth, 2022




|
2
‘

2

:
l

ik

b

'

1!

}
}

sterile neutrino
Noun, plural “sterile neutrinos”

|

:

1. Gauge singlet fermions which mass mix ‘
with one or more of the active neutrinos.
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sterile neutrino
Noun, plural “sterile neutrinos”
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1. [Archaic] Gauge singlet fermions which
mass mix with one or more of the active
neutrinos.

2. [Modern] A dark sector fermion with a
“neutrino portal” interaction.



Sterile Neutrinos
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SM gauge singlets
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L =Lg\+ Us,q (i(‘?“'y“’) Vs,a — Yoadd I}avs,a 5 Dg,avs,b + h.c.,
Mass Matrix: 7 — ( 19 Dsxn )
DN><3 MpNxN

® Unlike SM fermions, their # is not constrained by anomaly cancellation.
¢ Don’t know the number of steriles!

® Need at least two of them for atm/sol mass splittings N =2,

® If N=3, can accommodate oscillations and DM if one is at the keV scale.

How can we find them?

— Produce them via inherited EW interaction

— Decay them via inherited EW interaction
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. prompt: W* - eiei,u“_“vﬂ & W* - u~u*e¥v,

- displaced: prompt u, displaced vertex with opposite

Tests of neutrino mass models at ATLAS and CMS
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TAKE HOME:

ATLAS and CMS continues to
place leading HNL constraints.

Many run-2 analyses yet to
come, and run-3 around the
cornetr.



Future collider probes

* New proposals to search for LLPs: central/transverse experiments (e.g. MATHUSLA, CODEX-b), and forward experiments
(e.g. FASER, SND@LHC).

e Note: SND@LHC and FASER fully funded & installed, ready for data in Run 3.

Electron-flavor mixing
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Extracted Beamlines

 Missing energy in meson decay.

: e, I
7 K Not seen
7T N /

* Decay in flight @ beam dump & neutrino experiments. Visible
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Summary of fixed target probes

Table 1: Summary of the fixed-target searches for Heavy Neutral Leptons considered throughout Section 4.

experiment/ lab beam type detector detector detector decay  distance Npot timescale
proposal technology transverse volume from
dimensions length dump
NA62-K CERN  p, 400 GeV spectrometer A=nr’,r=1m ~ 80 m ~100 m 5-10" by (2032-2040)
NA62-dump CERN  p, 400 GeV spectrometer A=nr,r=1m ~80m ~100 m 5-10" by (2032-2040)
SHADOWS CERN  p, 400 GeV spectrometer 2.5%2.5 m? ~20m ~ 10 m 5-10" by (2032-2040)
SHiP CERN  p, 400 GeV spectrometer 5%10 m?
T2K J-PARC  p,30GeV  composite w/ GArTPC ~ 3.3m? ~1.7m 280 m 3.8 - 10! 20102021
T2K-II J-PARC  p,30GeV  composite w/ GArTPC ~ 3.3m? ~3.6m 280m +10 - 10%! 2022-2026
Hyper-K J-PARC  p,30GeV  composite w/ GArTPC ~ 3.3m? ~3.6m 280m  2.70 - 10?2 by 2038
SBND FNAL p, 8 GeV LArTPC
ICARUS FNAL  p, §/120 GeV LArTPC
MicroBooNE  FNAL  p, §/120 GeV LArTPC
ArgoNeuT FNAL p, 120 GeV LArTPC 0.2 m? 0.9 m 318 m 1.25-10% 2009-2010
DUNEND  FNAL  p, 120 GeV LAr/GAr TPC ~12 m? ~5m 574m = 147-10*  ~2030-2040
DarkQuest FNAL p, 120 GeV spectrometer




Future probes

e SHADOWVS [Search for Hidden And Dark Objects With the SPS]

e Same 400 GeV primary proton beam serving NA62.

e SHADOWYS is a new off-axis experiment in the ECN3/TCC8 experimental
cavern currently hosting the NA62 experiment to search for feebly-interacting
particles (FIPs) emerging from charm and beauty decays.

e SHADOWYS can take data when the beam line is operated in beam-dump mode.

e SHiP [Search for Hidden Particles]

* The Search for Hidden Particles (SHiP) experiment is a new general purpose fixed
target facility proposed at the CERN Super Proton Synchrotron (SPS) accelerator
to search for long-lived exotic particles with masses between few hundred MeV

and few GeV.



Future probes

Electron-flavor mixing

Electron coupling dominance: U2 U2 U? = 1:0:0
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Future probes

Muon-flavor mixing

Muon coupling dominance: U:: U:U; = 0:1:0
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Future probes

Tau-flavor mixing

Tau coupling dominance: Ui:Ui:Uf =0:0:1
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Natural Neutrino Fluxes

e Solar and atmospheric fluxes offer free source of all neutrino flavors.

 Produce HNLs directly from CR collisions in atmosphere, then they decay in
terrestrial detectors (Arglelles, Coloma, Hernandez, Munoz [1910.12839)).

 Produce HNLs within the Earth via neutrino “up-scattering,” then decay In
terrestrial detectors (Plestid [2010.04193, 2010.09523]).

 Produce them inside detector, and either leave modified recoll spectrum or
low-background “double-bang” events (Coloma, Machado, Martinez-Soler,

Shoemaker[1707.08573], Atkinson, Coloma, Martinez-Soler, Rocco,
Shoemaker[2105.09357]).

e Many of these are excellent probes of non-minimal HNLSs.



Dipole Portal Constraints ”
from Natural Neutrino Fluxes -

Terrestrial up-scattering of solar neutrinos

Atmospheric Double-bangs @ DUNE - photons @ Borexino
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Astrophysics & Cosmology

« BBN bounds are a complementary probe

Us%:U, % U7 = 1:0:0

of HNLs, eating into low-mass low mixing 100 w
angle terrain. | __ DUNE |
L 107 _5_,/ ~
e Must lie in a range of mixing 10-10.Se05aw ling ~= = -
angles to be probed: efficient | ) SN |
production in early universe T
(mixing can’t be too small) & my [GeV]

decay after BBN (mixing can’t be
too large).



Timeline

Looking good: ~44 pages, 406 references, 25 figures.
Section drafts already due Feb. 4

“Final draft” circulated Feb. 21.

Post to arXiv March 4th.

Submit to journal (J. Phys. G)? ~March 15th.



Summary & Recommendations

« Summary: An array of up-coming experimental probes (e.g. FASER, MATHUSLA, SHiP, DUNE ND,
NA62, SHADOWS, ...) offer critical complementarity in the hunt for HNLs across a wide range of
mass scales, mixing angles, and flavor structures.

« Recommendation 1: In order to facilitate apples-to-apples comparisons, and for simplicity, we
encourage experimental analyses to examine sensitivity to the electron-, muon-, and tau-HNL
mixing angles separately one at a time.

* Of course many other flavor assumptions are possible, and possibly even more realistic. We
encourage analyses to examine such scenarios if time allows.

* Are there well-motivated benchmarks that deviate from the one-at-a-time assumption?

« Recommendation 2: Whenever possible, we urge analyses to keep an open mind regarding the
possible nature of HNLs, and take non-minimal HNL scenarios seriously.

* EXxplicitly this consideration may take the form of examining how a given analysis may be
modified if HNLs undergo non-minimal production and/or decay.



Summary & Recommendations
(Comments welcome?!)

« Recommendation 3: Consider experimental determination of HNL
properties in post-discovery environment.

* For example, how well can one simultaneously constrain e-, mu-, and
tau-mixing angles if there is a positive HNL signal? How about the HNL
mass”?






Example of Rec. 2

Carlos Argiielles, Pilar Coloma, Pilar Hernandez, Victor Muinoz [1910.12839]
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Figure 15. Limits on HNL of my = 1GeV from IceCube (thick lines) and SuperKamiokande (thin
lines) on the BR(P — N) x BR(N — CC-e like) vs c7 plane including production from the parent
particles P = D (solid) , Dy (dashed) and 7 (dash-dotted).



Search for K+ decays to a lepton and invisible particles
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Future probes

e SHADOWVS [Search for Hidden And Dark Objects With the SPS]

e Same 400 GeV primary proton beam serving NA62.

e SHADOWYS is a new off-axis experiment in the ECN3/TCC8 experimental
cavern currently hosting the NA62 experiment to search for feebly-interacting
particles (FIPs) emerging from charm and beauty decays.

e SHADOWYS can take data when the beam line is operated in beam-dump mode.

e SHiP [Search for Hidden Particles]

* The Search for Hidden Particles (SHiP) experiment is a new general purpose fixed
target facility proposed at the CERN Super Proton Synchrotron (SPS) accelerator
to search for long-lived exotic particles with masses between few hundred MeV

and few GeV.



Future collider probes
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FIG. 1: Schematic summary of reach and coverage of current, planned or proposed experiments
in terms of the LLP mass, lifetime and the required parton center-of-mass energy, v/§.

Expression of Interest for the CODEX-b Detector
https://arxiv.org/pdf/1911.0048 | .pdf
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Neutrino-muon mixing U

Tests of neutrino mass models at LHCDb

On-shell HNL that can
fly before decaying

DELPHI

Unofficial prospects based
on arXiv:1902.04535 |

2 3 4 5 6
Right-handed neutrino mass [GeV]

@ LHCb is designed to select heavy-flavour
hadrons in LHC collisions

 Can search for particles in similar range:

m=0.1-10GeV,7=1-100 ps
e Complementary to ATLAS and CMS!

@ Neutrino mass models can provide heavy
neutral leptons (HNL) with such properties

TAKE HOME:

The LHCb experiment can contribute to testing
neutrino mass models using the world-largest
sample of beauty and charm hadron decays. It
provides stringent tests of models with neutral
leptons in the GeV mass range.

Upcoming upgrade (2022) to run at 5x luminosity




