
ν Hopes for New Physics:
Probing Weakly Coupled States at Neutrino Detectors

1

Yu-Dai Tsai (PhD student)
Cornell University & Perimeter Institute

with Maxim Pospelov
arXiv:1706.00424, coming out now!

+ Gabriel Magill and Ryan Plestid
arXiv:170x.xxxxx, in preparation



Sub-GeV Dark Matter

G-Wave/Optical Probes
for New Physics• Maxim Pospelov

• Gabriel Magill
• Ryan Plestid

Constraints and possible 
signatures of new physics in 
neutrino detectors, including 
BoreXino, LSND, MiniBooNE, 
and SHiP

ν Hopes for New Physics 

• Maxim Perelstein
• Eric Kuflik
• Nicolas Rey-Le Lorier

- ELDER model building
- Observational / experimental 
signatures

Ongoing 
Research

• Joseph Bramante
• Tim Linden

New constraints on PBH 
and ADM through 
astrophysical observations

I’m Yu-Dai Tsai, a 4th year PhD student 
at Cornell / Perimeter Institute

3

1

2



Probing Light Bosons at the BoreXino Detector
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• Intro to the BoreXino-SOX experiment

• Probing light/weakly coupled scalars at the BoreXino
detector: physical motivation 

• Sensitivity Reach and Other Constraints

• Constraints on Dark Photon

• Conclusion and Outlook
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Outline

Izaguirre, Krnjaic, and Pospelov, PLB 2014
Maxim Pospelov and Yu-Dai Tsai, arXiv: 1706.00424



Map of Physics

5

Standard 
Model

Collider
Probes

Intensity 
Frontier

Coupling Strength

Mass
Energy

http://forum.wuxiaworld.com/discussion/416/phusrocat-coiling-dragon-map-pen-and-ink 
Background By Phusrocat

higher

weaker

Explored Regime

NEW WROLD

yu-dai tsai - Pheno 2017

Talk this morning



Exploration of Light & Weakly Coupled States
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• Light and very weakly coupled states are explored by performing
experiments in

- Deep underground laboratories: the external backgrounds are low
- Large detectors: usually built for the purpose of studying solar

neutrinos.

• Solar neutrino programs currently getting the last components of
the neutrino flux. New applications:

- KamLAND and SNO detectors are proposed or used to study
Neutrinoless double-beta decays of Xenon and Tellurium isotopes
(arXiv:1605.02889 & arXiv:1508.05759.)

- BoreXino will expand its program into the sterile neutrino
searches when powerful external beta-decay sources are placed
near the detector in year 2017 (arXiv:1304.7721.)



• BoreXino is a particle physics detector to study low energy (sub-MeV) solar neutrinos.
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BoreXino Detector

arXiv: 1308.0443

I)  Water tank (2100 m^3 ): 
- Absorption of environmental γ’s 

and neutrons 
- µ Cherenkov detector (208 PMTs) 
II)  Stainless Steel Sphere: 
- 2212 PMTs, 1350 m^3 , R=6.85 m 

III)  Two buffer layers: 
- Outer R2=5.50 m, Inner R1=4.25 m. 
- Shielding from external γ’s. 
IV) Scintillator: 270 tons of liquid scintillator
V) 3800 m of water equivalent 

underground



• As Dr. Anne Schukraft introduced to us this morning

• The SOX experiment investigate neutrino anomalies, a set of circumstantial 
evidences of electron neutrino disappearance observed 
at LSND, MiniBooNE, and with nuclear reactors and with solar neutrino 
Gallium detectors (GALLEX/GNO and SAGE). 

• Powerful external beta-decay sources (neutrino /anti-neutrino sources) 
are placed near the detector

• Observe disappearance and

spatial modulations 

• Phase B: external 

(Cerium) placed 8.25 m 

from BoreXino center

• Borexino Collaboration, arXiv:1304.7721
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Short-distance Oscillation in BoreXino (SOX)



Energy levels and Beta Decays
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Can emit light scalars

∗
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One Motivation: Charge Proton Radius Anomaly

• Use the SOX setup we study a new physics scenario of a MeV scalar 
particle, very weakly O( ) coupled to nucleons and leptons.

• This range of masses and couplings is motivated by the persistent proton 
charge-radius anomaly:

• Proton charge radius determined from muonic hydrogen µp
measurement is 4 % smaller than the values from elastic electron-proton 
scattering and hydrogen spectroscopy. 

• 7 - 8σ in significance. 

0.8409(4) 0.8758(77)

TBD 0.8770(60)

Muon           Electron

Spectroscopy

Scattering

Arrington, Jlab User Meeting 2013
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Scalar Solution



Scalar Emission

• The scalar emission can be estimated as follows
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Scalar Signal Rate in Borexino-SOX

diphoton decay

e-φ scattering

• The background is experimentally determined by the data 
from the previous BoreXino runs arXiv:1311.5347 [hep-ex] di-electron decay

( φ> e)



Sensitivity Reach and Constraints
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Yu-Dai Tsai, Pheno 2017



LSND Constraint
• We revisit the LSND data to derive the bound on the light scalar
• The important process for the pion production at LSND is the excitation of ∆ 

resonance in the collisions of incoming protons with nucleons inside the target. 
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• From the LSND papers (hep-ex/0101039 and hep-ex/0104049) we estimate 
that there are less than 20 events during the exposure to set the bound. 

Liquid Scintillator Neutrino Detector (LSND)



• The light scalar φ can be produced in sun through the nuclear interaction  

p + D→ 3He + φ. This process generates a 5.5 MeV φ flux that was constrained 
by the search conducted by the BoreXino experiment.

•

•

Solar Production
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• The bound can be place by the data collected in previous BoreXino runs 
arXiv:1311.5347 [hep-ex].

• The flux can be estimated as

Yu-Dai Tsai, Pheno 2017
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• Thermal production of scalars may lead to abnormal energy 
losses (or abnormal thermal conductivity) 

• alter the time evolution of well known stellar populations

• In the regime of φ > T, the thermally averaged energy loss is 
proportional to

• Given the strict stellar constraints (Raffelt & Weiss 1994), one 
safely exclude φ < 250 keV for the whole range of coupling 
constants considered in the figure.

Stellar 
Energy Loss



φ – μ and φ - p couplings only
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• One can turn off the φ to e and φ to τ couplings and keep the muon and 
proton couplings only.

Maxim Pospelov and Yu-Dai Tsai, Pheno 2017



Bounds on Dark Photon
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• A compilation of all the constraints and the future BoreXino
sensitivity projection

• Dark photons in this parameter space is Cosmologically disfavored 
• We found the recast of LSND data excludes the triangle regime 

that was not excluded  by previous considerations

arXiv: 1706.00424



Conclusion and Outlook
• BoreXino-SOX is expected to start this year. 

• Within one year and with the proposed setup, coupling strength 
10 10 will be probed for the “dark” scalar

• The scalar-solution to the proton charge-radius anomaly can be 
definitively tested

• Bounds on dark photon is revisited and 10 is excluded by the 
recast of LSND data

• Look for more traces of new physics at current and future neutrino 
experiments!
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Map of Physics
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Thanks!
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Special thanks go to Maxim, Eder and Gordan. 

yu-dai tsai, Pheno 2017


