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Light Sterile Neutrinos: Huge Interest in the Community

According to INSPIRE: 971 Citations

Sterile neutrinos: singlets of
     SU(2) × U(1) gauge group, provide
        economical extension of the SM

     Extensive study of sterile neutrinos
              at various energy scales

GUT: see-saw models of neutrino mass, 
leptogenesis

TeV: production at LHC and impact on 
electroweak precision observables

keV: (warm) dark matter candidates

eV: SBL and LBL oscillation experiments

sub-eV: θ13 - reactors and solar neutrinos

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 



Light Sterile Neutrinos: Huge Interest in the Community

According to INSPIRE: 42 Citations
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Snowmass White Paper
Acero et al., arXiv:2203.07323 [hep-ex]

Giunti, Lasserre, arXiv:1901.08330 [hep-ph]
        According to INSPIRE: 149 Citations

Diaz et al., arXiv:1906.00045 [hep-ex]
According to INSPIRE: 179 Citations

Böser et al., arXiv: 1906.01739 [hep-ex]
 According to INSPIRE: 188 Citations



Why 3 Weak Flavor States?  

Precision data on the Z-decay width 
           at the e+e− collider at LEP
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Why do we need light sterile neutrinos?
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Several Anomalies at Short-Baseline Experiments

▸  1995 LSND Anomaly: ~ 3.8𝜎                                                              [PRD 64 (2001) 22, 112007]

▸  2008 MiniBooNE Anomaly (combined 𝜈 & antineutrino): ~ 4.8𝜎  [PRL 121 (2018) 22, 221801]

▸  2011 Reactor Antineutrino Anomaly: ~ 3𝜎     [PRD 83 (2011) 073006, PRC 84 (2011) 024617]

▸  2005 Gallium Neutrino Anomaly: ~ 2.9𝜎               [PRC 83 (2011) 065504, PLB 795 (2019) 542]

▸  NEOS: ~ 3𝜎                                                                                   [PRL 118, 121802 (2017)]

▸  DANSS: ~ 2.8𝜎 [PLB 787 (2018) 56]

▸  Neutrino-4: ~ 2.8𝜎                                                        [JETP Lett. 109 (2019) 4, 213]                                              

Long-standing saga of eV-scale anomalies!
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The Liquid Scintillator Neutrino Detector

                 The “LSND Anomaly”

                         (1993 - 1998)

       Los Alamos National Lab (LANL)

Anomalous Results
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Liquid Scintillator Neutrino Detector (LSND)
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Courtesy David Schmitz

Liquid Scintillator Neutrino Detector (LSND)
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blue histogram is 
oscillation best fit 
      to excess

Saw an excess of 87.9 ± 22.4 ± 6.0 events  

Liquid Scintillator Neutrino Detector (LSND)
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How to accommodate the LSND result?
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How to accommodate the LSND result?
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Δmnew
2 =1eV 2

Sterile neutrinos: singlets 
of SU(3)C× SU(2)L× U(1)Y 
gauge group and provide 
economical extension of 
the Standard Model

How to accommodate the LSND result?
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LSND data point towards a light eV-Scale Sterile Neutrino  
LSND results hint towards high Δm2  ≈ 0.1 – 10 eV2 oscillation

Require additional neutrinos with masses at eV-scale  

• νs : Sterile states (no weak interactions)

• Can feel gravity

• Can affect oscillations through mixing

• Well postulated in see-saw models

• In all these models, sterile neutrinos 
couple to active neutrinos via Yukawa

      couplings

Courtesy C. Giunti

Introduce νR in the SM: 

6 massive Majorana neutrinos  :  (νeL, νμL, ντL) +  (νeR, νμR, ντR) 

Light left-handed anti-νR = Light left-handed sterile neutrino :   
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One Light eV-Scale Sterile Neutrino  

~ 1 eV2

Small perturbation of 3ν mixing 

     |Ue4|2 << 1, |Uμ4|2 << 1, |Uτ4|2 << 1, |Us4|2 ≈ 1

Add one sterile ν with three active ones at the eV-scale
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3+1 Short-Baseline Oscillation 

See reviews by C. Giunti
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Where to look for eV-scale active-sterile oscillation?
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Gallium Neutrino Anomaly 

Calibration measurements for the
 GALLEX & SAGE solar neutrino 
detectors using intense radioactive

νe   fluxes from 51Cr & 37Ar 

               51Cr : 747 KeV (82%)
               37Ar:  811 KeV (90%)

Detection process:

Measurements consistently lower than expectation

   Suggests possible νe disappearance at 2.7σ due to active – sterile oscillation   
                                                                  

How well do we know the cross sections of the radiochemical detection processes?
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New Measurements from BEST Experiment

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Baksan Experiment on Sterile Transitions (BEST)
   arXiv:2109.11482 and arXiv:2109:14654

Gallium neutrino anomaly has 
been reinforced after the new 
measurements from BEST

    More than 5σ deficit of 𝝂e



Gallium Anomaly vs. Solar Neutrino Bound
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Both Gallium and Solar 
Neutrino Experiments 
detect 𝝂e 

Gallium anomaly is in 
strong tension with the 
solar neutrino bound

Giunti, Li, Ternes, Tyagi, Xin, arXiv:2209.00916 



Reactor Antineutrinos at very Short-Baselines

                          The Evolution of 

            “Reactor Antineutrino Anomaly”

Anomalous Results
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Oscillations with Reactor Antineutrinos
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Reactor Antineutrino Experiments
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Reactor Antineutrino Anomaly
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Reactor Antineutrino Anomaly

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 



Reactor Antineutrino 5 MeV Bump (Shoulder)
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Talk by C. Giunti in NOW 2022



Reactor Antineutrino Anomaly

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Giunti, Li, Ternes, Xin, PLB 829 (2022) 137054 



Reactor Antineutrino Anomaly

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Mueller et al., arXiv:1101.2663; Huber, arXiv:1106.0687; Giunti, Li, Ternes, Xin, arXiv:2110.06820 
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New improved calculation of the IBD yields of the standard Huber-Mueller (HM) flux
               model using conversion method (new 𝛽 spectra from 235U fission)

Reactor Antineutrino Anomaly (RAA) is around 2.5𝜎 



Reactor Antineutrino Anomaly
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Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302; Giunti, Li, Ternes, Xin, arXiv:2110.06820 
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New HKSS fluxes in 2019 using conversion method (HM + HKSS uncertainties)

Reactor Antineutrino Anomaly (RAA) is around 2.9𝜎 



Reactor Antineutrino Anomaly

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Estienne, Fallot, et al., arXiv:1904.09358; Giunti, Li, Ternes, Xin, arXiv:2110.06820 
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New EF fluxes in 2019 using summation method 
                             (5% uncertainties for 235U, 239Pu, 241Pu and 10% for 238U)

Reactor Antineutrino Anomaly (RAA) is around 1.2𝜎 



Reactor Antineutrino Anomaly
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Kurchatov Institute: Kopeikin, Skorokhvatov, Titov, arXiv:2103.01684; Giunti, Li, Ternes, Xin, arXiv:2110.06820 
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New KI fluxes in 2021 using conversion method (HM + KI uncertainties) 
                  Approximate agreement with ab initio (summation method) EF fluxes

Reactor Antineutrino Anomaly (RAA) is around 1.1𝜎 



Take Home Message
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The favored KI and EF 
models are compatible 
with no active-sterile 
oscillations at short 
baselines

Independently from the 
reactor antineutrino flux
model, we have an 
upper bound on 

      sin22θee ≲ 0.25 (2σ)



The reactor rates and the fuel evolution data are
consistent with the predictions of the
Kurchatov Institute (KI) conversion model and
with those of the Estienne-Fallot (EF)
summation model, leading to a plausible robust
demise of the reactor antineutrino anomaly

Take Home Message

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Giunti, Li, Ternes, Xin, PLB 829 (2022) 137054 



Reactor Anomaly vs. Gallium Anomaly

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Another Tension!

                   Note: 

Reactor Anomaly deals w/ 
electron antineutrinos, 
whereas Gallium Anomaly 
deals w/ electron neutrinos 

Giunti, Li, Ternes, Tyagi, Xin, arXiv:2209.00916 



Very Short-Baseline Reactor Experiments  

DANSS: Kalinin Nuclear Power Plant (KNPP), Moscow, Russia                  NEOS: Hanbit Nuclear Power Complex in Yeong-gwang, Korea
Neutrino-4: SM-3 Research Reactor at Dmitrovgrad, Russia                       PROSPECT: High Flux Isotope Reactor (HFIR) at ORNL, USA
SoLid: SCK-CEN BR2 Research Reactor in Belgium                                       STEREO: High Flux Reactor of the Institute Laue-Langevin, France
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Present and Future Sensitivity from Very SBL Reactor Experiments  

Present Sensitivity Future Sensitivity

Courtesy Bryce LittlejohnPWR = Pressurized Water Reactor
HFIR: High Flux Isotope Reactor
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Global Fit of Existing Data  

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Giunti, Li, Ternes, Tyagi, Xin, arXiv:2209.00916 



MiniBooNE Experiment  

Courtesy Gordan Krnjaic
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MiniBooNE Data Analysis  

Courtesy Gordan Krnjaic
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MiniBooNE Anomaly 
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Can eV-scale Sterile Neutrino explain LSND+ MiniBooNE Anomaly?
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Can eV-scale Sterile Neutrino explain LSND+ MiniBooNE Anomaly?

Courtesy Gordan Krnjaic
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Let us Zoom the Muon Disappearance Results

No anomaly!
No evidence!
Only constraints!
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Significant tension between appearance and disappearance results   

Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, JHEP 08 (2018) 010  
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New Dedicated Experiments  
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Fermilab SBN Program: See Talk by Miquel Nebot-Guinot

Status of JSNS2 and JSNS2 – II: See Talk by ChangDong Shin

                Attend the Topical Discussion on this topic 



First Study on θ23 Octant with Light Sterile Neutrino   

● Three-flavor ellipses due to
       variation in δ13 in [-π to π]

● Four-flavor blobs due to 
       variation in δ13 and δ14 in [-π to π]

● Due to new CP phases, sensitivity 
towards octant lost in DUNE

sin2𝛉23 = 0.42 (LO) and 0.58 (HO) 

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 



Short-Baseline Neutrino Oscillation Wave 

§ Decay-at-rest beam from proton beam dump
§ Small core reactor source
§ Very high activity radioactive source 

§ Observe the L/E dependence of the event rates within a long ν detector

§ Background distribution is either independent of L or goes like 1/L2 

§ Powerful verification of the short-baseline oscillation/new physics 

Neutrino Sources

S. K. Agarwalla, Neutrino Workshop, IFIRSE 2023, Quy Nhon, Vietnam, 18th July 2023 

Agarwalla, Conrad, Shaevitz, arXiv:1105.4984 [hep-ph];    Agarwalla, Huber, arXiv:1007.3228 [hep-ph]  
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What Cosmology can infer about Light Sterile Neutrino?

§ One eV-scale sterile neutrino is in severe tension with cosmology

§ In standard scenario, sterile neutrino is produced via oscillations at T ≳ MeV

§ There are two key measurements from cosmology on massive neutrinos  

q Neff ≲ 3.16

- Measure the energy density due to relativistic particles
- Presence of an extra neutrino species would imply Neff ~ 4

q ∑m𝛎 ≲ 0.12 eV

- Sum of neutrino masses 
- It affects structure formation and one light eV-scale sterile 

neutrino compatible with anomalies would suggest ∑m𝛎 ~ 1 eV

Planck TT, TE, EE + low E + lensing + BAO, arXiv:1807.06209 [11053 Citations] 



Concluding Remarks 

Thank you 

Light sterile neutrinos were interesting, are still interesting, and will 
remain interesting in near future as well……… 

Discovery of a light sterile neutrino would prove that there is new 
physics beyond the SM at low energies, which is completely 
orthogonal to new physics searches at high energies at the LHC…… 

Let us continue our effort to look for them at any mass scale and at
any energies……
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What Cosmology can infer about Light Sterile Neutrino?

Interesting discussion in arXiv:1806.10629v1 by Chu, Dasgupta, Dentler, Kopp, Saviano  

Courtesy Gordan Krnjaic



Fermilab: Short-Baseline Neutrino Appearance Oscillation Sensitivity 



Fermilab: Short-Baseline 𝜈 Disappearance Oscillation Sensitivity


