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Solar Neutrinos

Atmospheric Neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]
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Neutrino oscillations only possible if
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neutrinos have mass!
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https://arxiv.org/pdf/2410.05380

Seesaw Mechanism
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“Here is an impressionist version of the seesaw mechanism with an abstract seesaw. The contrast
between the heavy and light sides is represented through expressive brushstrokes and vibrant

colors, capturing the essence of the mechanism in a serene, dreamlike setting.”
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Detectable, weak scale RH neutrinos — Y ~ 1, M, ~ GeV - TeV
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https://arxiv.org/pdf/1806.07264
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e We don’t know the scale of neutrino mass mechanism

Adapted from M. Shaposhnikov “Sterile Neutrinos as Dark Matter”
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https://www.sciencedirect.com/science/article/pii/S0550321324000622

e We don’t know the scale of neutrino mass mechanism

e But we know the testable range of HNL masses

OSCIH&U.OH Sterile v DM Dark Sectors, LLPs, Colliders Leptogenesis
Anomalies

eV keV MeV GeV TeV
Heavy Neutral Lepton Mass

Focus of this talk: keV - TeV range




Also called sterile neutrinos. Can

potentially make up all of the dark matter
4th neutrino eigenstate

vy = v, sinf + v, cost

Relic abundance via Dodelson-Widrow

Mechanism

Decay to monochromatic X-ray photons
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https://arxiv.org/abs/2203.07377
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https://arxiv.org/abs/2203.07377

Also called sterile neutrinos. Can

potentially make up all of the dark matter

4th neutrino eigenstate

vy = v, sinf + v, cost

Relic abundance via Dodelson-Widrow

Mechanism
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Also called sterile neutrinos. Can
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https://arxiv.org/abs/2203.07377

e Schematically, the sterile neutrino relic abundance is

Q ~ T x sin®(26)

e I' =1, — large angle 1s required — X-ray constraints.

e Smaller mixing angle by increasing the interaction rate? Yes! Introduce a scalar field ¢ of

mass m,, that mediates new self interactions among SM neutrinos.

v(p1) v(p3)

1 A. de Gouvéa, M. Sen,
— W. Tangarife, Y. Zhang
’C D % )\aﬁ Vo Vﬁ ¢ + h'C° — ? - v arXiv:1910.04901

v(p2) V4 (pa)

Larger rate than the weak interactions keeps SM neutrinos in contact
for a longer period of time to build up the DM abundance!



https://arxiv.org/pdf/1910.04901

e New production mode — don’t have to live on DW line!

K.J. Kelly, F. Kling, DT, Y. Zhang arXiv:2111.05868
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Sterile v DM still alive! Testable at neutrino facilities
See Vera’s talk however.
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https://arxiv.org/abs/2111.05868
http://www.apple.com
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e The neutrinophilic scalar can also be a mediator to thermal DM
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https://arxiv.org/abs/2111.05868

e MeV - GeV scale HNLs are long-lived.

Macroscopic
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e MeV - GeV scale HNLs are long-lived.

Yu-Ming Cheng and Yue Zhang arXiv:2410.07343
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Constraints from BBN force minimal GeV-scale HNLs to be

above ~100 MeV if they thermalize in the early universe



https://arxiv.org/pdf/2410.07343

e Long-lived particles — high-intensity experiments

e Beam dump experiments (e.g SHiP, DarkQuest); far forward or transverse detectors (e.g FASER,
MATHUSLA)

e Large number protons-on-target — high flux of BSM particles

e Long decay volumes — small couplings

Shamelessly stolen and adapted from
K. J. Kelly et al._arXiv:2304.11189

Decay Volume HSDS

Proton Beam i7" 7" Ve o < . A / u . f

ff" = meson, £/ -

HNL production mainly from meson decays in proton beam experiments



https://arxiv.org/pdf/2304.11189.pdf
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https://github.com/mhostert/Heavy-Neutrino-Limits
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4 Nuclear
science

Best of both worlds!



https://agenda.linearcollider.org/event/9211/timetable/?view=standard_numbered

e Large beam energies compared to past/current experiments
e E,~100 GeV - few TeV

o Staged energy approach. No need to build a new facility for higher energy beams!

e High intensity - ~ 10*! electrons-on-target /year

e New production modes:

e ¢ beam — charged current scattering production of heavy neutral leptons

e ¢' beam — pair annihilation production of dark photons/ALPs

Collider-/s [GeV] | EOT /year
ILC-250/1000 4.1 x 10%!
C3-250 3.1 x 102!
C3-3000 1.8 x 102!
CLIC-3000 1.8 x 1021

Recall: SHiP ~ 10" POT /year
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Meson Decays CC Production
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https://arxiv.org/pdf/2206.13745.pdf
https://arxiv.org/pdf/2206.13745.pdf
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Muon-mixed HNL
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Muon-mixed HNL
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e Direct production of muon-mixed HNL via charged-current scattering is
now available!
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Reach beyond HL-LHC projections/i




Are neutrinos Dirac or Majorana? Lepton //

number is an approximate symmetry of the

SM. Violated by Majorana mass terms.
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Neutrinoless Double Beta Decay is a smoking gun signature of Majorana HNLs




Electron—Mixed HNL
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https://arxiv.org/pdf/2206.01140
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Same-sign final state leptons probe Majorana HNLs at the LHC
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‘Same-Sign Lepton Colliders|
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arXiv:2201.06664

= I'(]_V > hep-ph > arXiv:2201.06664

High Energy Physics - Phenomenology

[Submitted on 17 Jan 2022 (v1), last revised 21 Apr 2022 (this version, v2)]

UTRISTAN

Compact Linear Collider

SOME THOUGHTS ON E"E~ COLLISIONS IN CLIC

D. SCHULTE
CERN, Geneva, Switzerland

s ’ e === Linear etTe™~ colliders have the potential to also be used to realise e~ e~ collisions.
o
-Sign Lepto

C l]_. d Ji Some preliminary thoughts about the realisation of this at CLIC are presented.
n O 1 erS ? Luminosity and some background estimates are also given. CLIC Note 512 (2002)

'Same
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W= Darect

Production

W= Boson

Scattering

Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL

0.1
0.01
10-3 L .- uTRISTAN- T
‘Uu‘z HL-LHC . -~ E
104 L FCCihh il
,_‘ ..... pC 3 TeV,_' :
1075 £ \ -’ I
A / =
I "\ O 10 Tey
107 E =—= (/5 =250 GeV, 100 b~ I
- L 1 Work in progress C. H. de Lima, J. Ng, ]
. - \/g =1 TGV, 1 ab D. McKeen, M| Shamma, and DT -
10— | Lol | Ll I L1l L1l
10 100 1000 10

TN [GGV]

10°



W= Darect

Production

W= Boson

Scattering

Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL
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W= Darect

Production

W= Boson

Scattering

Probe HNLs with a different flavor initial state lepton!

Muon-Mixed HNL
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W= Darect

Production

W= Boson

Scattering

Probe HNLs with a different flavor initial state lepton!
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Haghi arXiv:1709.07001 for more details

(Or ask Dave...)
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Invisibly decaying Tau-Mixed HNL
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A lot of unexplored parameter space!
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BaBar search tfor invisible HNLs

using phase space strateqy
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Really, really good bound....
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How many HNLs should you expect?

Nunt, = N, X BR(T — gVﬂ) X BR(T — 37TN)
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Less than 1 HNL above 1 GeV...?7
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Can Belle II confirm the BaBar bound?




+ Ny decays invisibly — missing mass search B factories?

Peak around myuy
above SM neutrino bkg.

0 0.9 1.0

T miss [GGV]

Work in progress W. Altmannshofer, A. Ghalsasi, D. McKeen, and DT

3-prong tau decays for

reconstructing tau momentum
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw

Thanks! Questions?



