Sterile neutrino Phenomenology

Christos Kokorelis

HEP2026: 42nd Conference on
Recent Developments in High

Energy Physics and Cosmology
INTUA] Jul 8-11, 2026




p—
[ ]

Outline -

Standard Model Problems

Experimental Anomalies/1993-2026/Latest
Results

String Theory models

String models from intersecting branes
Sterile interactions and constraints
Conclusions



STANDARD MODEL Neutrinos

Standard Model of Elementary Particles and Grawvity
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- Accommodates 3 generations of
neuirnnos
- NO MMass term for neutrinos

o Barvon (B) &

Lepton (L) number —2 classically conserved

(global abelian svimumetries)

B & L broken non-perturbatively
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eB-T. conserved



Standard Model “problems” o

® No mass term for neutrinos in the SM
® Only beyond the SM a mass term
(Vr, €tc.) Fro €1 250 D
® No particles that account for the
observed Dark Matter (DM) abundance

Dark Matter (~26.8%) contributes 5x more to energy
of the Universe than ordinary matter (~5%)

=> SOMETHING ELSE is OUT THERE !!



IHEpopaTIKEG TOPATNPNGELS

® Neutrino Oscillations / Neutrinos have a mass beyond the SM
® Super-Kamiokande experiment /1998
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e Super-Kamiokande experiment observed neutrino oscillations. This

proved that neutrinos change "flavors" (e.g., muon to tau) as they travel,
which provided the first definitive experimental evidence that neutrinos
POSSESS a NON-ZEro mass

Specifically, the decay chain of secondary particles—pions decaying
into muons was observed, which subsequently decay into electrons and
neutrinos:

nt—pt+vy, p+t—et+ve+\bar{\nu} p
The detector observed a deficit in the expected ratio of vy, to Ve,

revealing that the missing vy, had oscillated into vz



Experiment anomalies (1993-2026)

Los Alamos National Laboratory
® No 1 : LSND experiment anomaly (1993-1998)

LSND observed neutrinos from stopped n+ beam,n+ — pt+ + vy

Since the decay chain produces no $\bar{\nu} e$, none should be

detected via inverse beta decay(ut+ — e+ + ve + \bar{\nu} p)
V.+p—e +n -

However, LSND observed a 3.8c excess of ${\bar{nu}} e$

events, interpreted as evidence for short-baseline oscillations
v, +V
1 e

: Due to a sterile neutrino with Am? — 0.2-10 eV?/c* range.
The best-fit parameters were -

ant 0 = 0,003, Am? = 126V



Experiment anomalies (1993-2026)

Fermilab

® No 2 : MiniBooNE anomaly (2002-2018)

MiniBooNE operated at approximately 10 times the energy
and baseline of LSND and observed an unexpected
surplus of electron neutrino and antineutrino events in a

muon-flavour neutrino beam. The combined significance of
LSND and MiniBooNE reached around 6.1c.

The key point 1s that MiniBooNE was designed specifically
to test LSND — and saw the same anomaly, dramatically
increasing the statistical weight of the signal. 5



Experiment anomalies (1993-2026) oo

Multiple reactor experiments worldwide/

Daya Bay, DCHOOZ, RENO/distance~ 1 Km
® No 3: The Reactor Antineutrino Anomaly (RAA)

When the expected flux of $\bar{\nu} e$ was recalculated from nuclear
reactors (around 2011), they found that all short-baseline reactor
experiments consistently detected ~3% fewer e- antineutrinos than
predicted. This deficit, known as the Reactor Antineutrino Anomaly, is
consistent with $\bar{\nu} e$ oscillating into a sterile state with Am?*~1
eV?, over baselines of tens of meters before detectors could catch them.



Experiment anomalies (1993-2026) oo

GALLEX, SAGE, and BEST experiments
® No 4 : The Gallium Anomaly

The gallium anomaly describes the fact that GALLEX, SAGE, and

most recently BEST observe lower rates of ve than expected from
calibrated >'Cr and ’Ar radioactive electron capture decay sources.
These experiments observe about 80% as many events as expected, an
overall significance of about 4c.

A more refined experiment found further evidence for the gallium
anomaly in 2022 (the BEST experiment in Russia), strengthening the .,
case.



Experiment anomalies (1993-2026)

Anomaly Experiment(s) (Channel Significance  Am? hint
LSND LSND(Los appearance 3.80 0.2-10 eV?
Alamos) )
MiniBooNE MiniBooNE Vy —Ve ~6.1g ’ ~0.5-1 eV?
Fermilab combine
( )  appearance comane
Reactor Many reactor expts; | disappearance |~30 ~ 1 eV?
Daya Bay,
DCHOOZ, RENO 17.9
Gallium GALLEX, Ve ~40 ~1 eV?

SAGE, BEST

disappearance
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Latest Results KATRIN/MicroBooNE

if Summary Comparison

Metric / Feature KATR|N Experiment MicroBooNE Experiment

Primary Energy spectrum of tritium Accelerator neutrino beam
Approach beta decay oscillations

Statistical Excludes Gallium anomaly at Excludes single sterile neutrino
Verdict 96.6% CL at 95% CL

Historical Gallium anomaly & Neutrino=4  LSND and MiniBooNE anomalie
Target claim

Main Takeaway No "kinks" found in the decay No excess or flavor-transition

spectrum
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Fig. 7: Sterile neutrino exclusion contours for individual datasets from KATRIN mea-
surement campaigns KINM1 to KINM5. The datasets include approximately 2.0 million

Fig. 3: Constraints on parameters of the 4v oscillation model.

Frowve Seanch for light sterile reutrings with b reuloino beams of MicroloobD
a
10° ¢
MicroBooME
BNB 6.369 x 10°" POT
10 3 MuMI 1.054 = 1077 POT
= Data, profiled, 85% ClL.
z
T e
1077 e
LSND 99% CL (allowed)
B MiniBooNE 95% CL (allowed)
10—2 ' | PR R T | s | PR |
107 107 107 107" 1
sin(26,,)
b
GALLEX + SAGE + BEST 20 (allowed)
B Neutring-4 20 (allowed)
10
3
TF MicroBooNE
BNB €.369 = 10°" POT
MuMl 1.054 = 107" POT
= Data, profiled, 85% CL,
107" 3 : : :
107 1071 1

electrons for KINM1, 4.3 million for KINM2, 2.5 million for KNM3, 10.2 million for

KNM4, and 16.7 million for KINMS5.

sin“(20,,)



Anomalies solution :
Sterile-Active neutrino
oscillations

3+1 scheme
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String Theory Models oo

e offer candidate particles with in non-SUSY models'with
(gauged) B & L

® Particles stretch between intersecting D6 branes

*
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Simplest realization: Non-SUSY models with gauged B & L
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Standard Model at the String scale

ﬁ GAUGE GROUP

® SUB)axSUR)bxUD)axUd)bxUd)ecxUd)dx U()e
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Fermionic spectrum SM + vg’s +sterile (s) —> At low
energy only the SM gauge group survives : 15

CK (2002), hep-th/0205147
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can also originate via chiral
synmunetrybreaking

o'(LNg) (QeUr)", o(lve)(quUr)

CE
Ibanez_ Marchesano, Rabadan

< URUyp = {Edﬂ."‘rftv:ﬁ”
M2z M2

Mwv's ~( 0.1-10) eV atmospheric neutrino data
when MNS™28 - 1- few TeV
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Sterile Neutrinos in Gauge Theories

STERILE NEUTRINOS

® Sterile neutrinos GAUGE
THEOERY =2 Inverse See Saw

1 W
Mg H + Ao HN + A;qi—ff“.‘h N
Merrr

: A 2
mp = A (H), Vi = A{H). p =— (K}
Mezirm

e Sterile neutrinos in String theory
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Walle & Mohapatra,
Leontaris, Faragg & Guz=i
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Sterile Neutrinos from 43

Intersecting Branes -
C.K + 1. Antoniadis

eFor barvon number conserving intersecting I)-
brane models
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Sterile interactions & constraints

' ‘sterile _
my) < my) < mi™

m;te-rﬂa S 01481 eV
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Conclusions ol

® KATRIN has not ‘killed’ the sterile neutrino; it has
made its ‘living space’ much smaller

® Sterile neutrinos are naturally appearing in string
D6-brane models

® Constraints on the mass of sterile neutrino are found,

even when the sensitivity is outside the range
investigated by KATRIN, MicroBooNE
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