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Cosmic and atmospheric background stability 
with (stopping) muons in the SoLid experiment

Giel Vandierendonck
on behalf of the SoLid collaboration
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SoLid
Phase 1 detector

● 12800 Cubes
○ PVT  → EMs (e/γ/μ)
○ 6LiF:ZnS(Ag) → neutrons

● 50 Planes
○ 16x16 cubes
○ 64 wavelength shifting fibres
○ Fibres read out with SiPMs

● Detector
○ 5 modules of 10 planes each
○ Cooled to 5-10℃

● Goals
○ Measure neutrino oscillations at a 5-10m baseline
○ Measure 235U anti-neutrino energy spectrum
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Analysis
Atmospheric Background

● Cosmic particles are the main source of background for reactor 
neutrino experiments with low overburden

○ The IBD selection (SSignal - BiPo) is
parametrized with the atmospheric pressure

○ Subtract reactor on from reactor off to get IBD excess

○ Define independent atmospheric selection (Satm)
○ Ratio between reactor on and off (𝜒S

atm) gives
atmospheric asymmetry for each reactor cycle
⇨ excess is stable

● Check the stability of the background with muon signals too
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Stability
Muon Trending

● Muon rate variations due to changes in atmospheric conditions
○ Also sudden bursts are observed

● SoLid detector is perfectly fit for muon tomography
○ Bursts are due to drainage of reactor pool
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Hierarchy independent measurement of �CP with low
energy atmospheric neutrinos [Phys. Rev. D 100 11, 115027 (2019)]
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�CP sensitivity from sub{GeV charged current electron like events {

Realistic case
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Sensitivity to 1{2 parameters and their e�ect on �CP sensitivity from

sub{GeV CCE events [Preliminary]

� �

Figure 1: No sensitivity to 1{2 parameters themselves and 1{2 parameters have
no e�ect on �CP sensitivity from sub{GeV atmospheric CCE events.

For more details, references and acknowledgments please see my poster. Thank you!
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Antineutrinos from the Sun  
and  

Sterile Neutrino Decays

in collaboration w/ Maxim Pospelov 
to appear

p2 = m2
<latexit sha1_base64="40I+VuBcRfuaWijsilXCIR/fsr4=">AAAB8HicbVDLSgMxFM3UV62vqktFgkVwVaZVfCyEohuXLdiHtNOSSTNtaJIZkoxQhi79AjcuFHHrF/Q73PkN/oSZaRG1HrhwOOde7r3HDRhV2rY/rNTc/MLiUno5s7K6tr6R3dyqKT+UmFSxz3zZcJEijApS1VQz0ggkQdxlpO4OrmK/fkekor640cOAOBz1BPUoRtpIt0G7CC8gbxc72ZydtxPAWVKYklxpd1z5vN8blzvZ91bXxyEnQmOGlGoW7EA7EZKaYkZGmVaoSIDwAPVI01CBOFFOlBw8ggdG6ULPl6aEhon6cyJCXKkhd00nR7qv/nqx+J/XDLV35kRUBKEmAk8WeSGD2ofx97BLJcGaDQ1BWFJzK8R9JBHWJqNMEsJ5jJPvl2dJrZgvHOWPKyaNSzBBGuyAfXAICuAUlMA1KIMqwICDB/AEni1pPVov1uukNWVNZ7bBL1hvXylnky0=</latexit>

to p2 6= m2
<latexit sha1_base64="8GTyIaHQ47tRh4XJlNaSo2iqLhk=">AAAB83icbVDLSgMxFM34rPVVdalIsAiuyrSKj13RjcsW7AM605JJM21oJhOTjFCGLv0FNy4Uceu+3+HOb/AnzEyLqPXAhcM593LvPZ5gVGnb/rDm5hcWl5YzK9nVtfWNzdzWdl2FkcSkhkMWyqaHFGGUk5qmmpGmkAQFHiMNb3CV+I07IhUN+Y0eCuIGqMepTzHSRnJEuwQdTm5h0C51cnm7YKeAs6Q4Jfny3rj6eb8/rnRy7043xFFAuMYMKdUq2kK7MZKaYkZGWSdSRCA8QD3SMpSjgCg3Tm8ewUOjdKEfSlNcw1T9ORGjQKlh4JnOAOm++usl4n9eK9L+uRtTLiJNOJ4s8iMGdQiTAGCXSoI1GxqCsKTmVoj7SCKsTUzZNISLBKffL8+SeqlQPC6cVE0al2CCDNgFB+AIFMEZKINrUAE1gIEAD+AJPFuR9Wi9WK+T1jlrOrMDfsF6+wK9tJSu</latexit>
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⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

x
x

At MB sterile is produced 
through muon-mixing.

I. Esteban talk at CERN 
10.5281/zenodo.3509890.

�L � gs⌫s⌫s� + mab⌫a⌫b.
<latexit sha1_base64="JOPAI7YxYlxi84ij3srHNiPxI9A="></latexit>

Sterile neutrino visible decays:

A shift from eV sterile neutrinos to explain SBL anomalies

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

⌫e
<latexit sha1_base64="hzUp6EbcwSa+FobhQXl2yr690io=">AAAB+3icbVDLSsNAFJ34rPUV69JNsBVclaSKj13RjcsK9gFNCJPppB06mQkzE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p0TxJRIZdufxtLyyuraemWjurm1vbNr7tV6kicC4S7ilItBACWmhOGuIoriQSwwjAKK+8H0Ovf791hIwtmdmsXYi+CYkZAgqLTkm7WGy7Wfx1OXJT7OGr5Zt5t2AWuROCWpgxId3/xwRxwlEWYKUSjl0LFj5aVQKIIozqpuInEM0RSO8VBTBiMsvbS4PbOOtDKyQi70Y8oq1J+JFEZSzqJAT0ZQTeRfLxf/84aJCi+8lLA4UZih+aIwoZbiVl6ENSICI0VnmkAkiL7VQhMoIFK6rmpRwmWOs+8vL5Jeq+mcNE9vW/X2VVlHBRyAQ3AMHHAO2uAGdEAXIPAAHsEzeDEy48l4Nd7mo0tGmdkHv2C8fwERsJSY</latexit>

⌫e
<latexit sha1_base64="o65iaucBGMZdbbR5nEeGXYT11gA=">AAAB7nicbVBNS8NAEJ34WetX1aOXYCt4KkkVP25FLx4r2A9oQ9lsJ+3SzSbsboRS+iO8eFDEq7/Hm//GTRpErQ8GHu/NMDPPjzlT2nE+raXlldW19cJGcXNre2e3tLffUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74JvXbDygVi8S9nsTohWQoWMAo0UZqV3oi6WOlXyo7VSeDvUjcnJQhR6Nf+ugNIpqEKDTlRKmu68TamxKpGeU4K/YShTGhYzLErqGChKi8aXbuzD42ysAOImlKaDtTf05MSajUJPRNZ0j0SP31UvE/r5vo4NKbMhEnGgWdLwoSbuvITn+3B0wi1XxiCKGSmVttOiKSUG0SKmYhXKU4/355kbRqVfe0enZXK9ev8zgKcAhHcAIuXEAdbqEBTaAwhkd4hhcrtp6sV+tt3rpk5TMH8AvW+xenD49B</latexit>

�
<latexit sha1_base64="RqzZ1ROo5F6nHiuxs0XPU6C3PaI=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFZK2tnFXdOOygn1AG8pkOmmHzkzCzEQoob/gxoUibv0hd/6Nk7Tg88CFwzn3cu89Qcyo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRV0WJxKSDIxbJfoAUYVSQjqaakX4sCeIBI71gdp35vXsiFY3EnZ7HxOdoImhIMdKZNIyndFSuOHbVqzW8OnTsptO8cBqGeF6jZohrOzkqYIX2qPw+HEc44URozJBSA9eJtZ8iqSlmZFEaJorECM/QhAwMFYgT5af5rQt4ZpQxDCNpSmiYq98nUsSVmvPAdHKkp+q3l4n/eYNEh56fUhEnmgi8XBQmDOoIZo/DMZUEazY3BGFJza0QT5FEWJt4SnkIlxm+Xv5LulXbrdn123qldbWKowhOwCk4By5ogha4AW3QARhMwQN4As8Wtx6tF+t12VqwVjPH4Aest0+qm47O</latexit>

⌫4
<latexit sha1_base64="J584XnnDpOkU+VegKSp3KbXmvwA=">AAACAHicbVDLTsJAFJ3iC/GFunQzkZi4alpoAXdENy4xsUICDZkOU5gwnTYzUxPSsPEH3OofuDNu/RN/wO9wCsSIepKbnJxzb+69J0gYlcqyPozC2vrG5lZxu7Szu7d/UD48upNxKjDxcMxi0Q2QJIxy4imqGOkmgqAoYKQTTK5yv3NPhKQxv1XThPgRGnEaUoyUlrw+TwfOoFyxzIt6zbVdaJluvdloVDWpOpbr2tA2rTkqYIn2oPzZH8Y4jQhXmCEpe7aVKD9DQlHMyKzUTyVJEJ6gEelpylFEpJ/Nj53BM60MYRgLXVzBufpzIkORlNMo0J0RUmP528vF/7xeqsKmn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfFa2BAJNiJqVFsHkqH/H8JfcVU27Zjo3TqV1uYyoCE7AKTgHNmiAFrgGbeABDCh4BE/g2XgwXoxX423RWjCWM8dgBcb7F1HLl28=</latexit>

Avoids tension with disappearance exps, 
and may be extended to satisfy cosmology.

M. Dentler et al, PRD101(2020) 115013.

An effective                  transition⌫ ! ⌫
<latexit sha1_base64="Mg3TotLohA+eDMA+fncptenCnSg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZLT52RTcuK9gHdIaSSTNtaCYZkoxQxi78FTcuFHHrb7jzb8xMB1HrgcDh3HNv7j1BzKjSjvNplRYWl5ZXyquVtfWNzS17e6etRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvsnrnjkhFBb/Vk5j4ERpyGlKMtJH69p7HE+hpAT1hbNmU1CjTvl11ak4OOE/cglRBgWbf/vAGAicR4RozpFTPdWLtp0hqihmZVrxEkRjhMRqSnqEcRUT5ab7/FB4aZQBDIc3jGubqz44URUpNosA4I6RH6m8tE/+r9RIdnvsp5XGiCcezj8KEQXNvFgYcUEmwZhNDEJbU7ArxCEmEtYmskodwkeH0++R50j6uuSe1+k292rgs4iiDfXAAjoALzkADXIMmaAEM7sEjeAYv1oP1ZL1abzNrySp6dsEvWO9fVF+WdA==</latexit>

MiniBooNE energy distribution

See also, A. deGouvea et al, JHEP07(2020)141

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141


M. Hostert 2

Existing constraints on Solar antineutrinos

The Sun does not emit antineutrinos:

!IBD ! !!!e
<latexit sha1_base64="pN+ItgyRSAqqmHShE2QC84VV9Bk=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sUy1+NiV6kJ3FewDOqVk0sw0NMkMSUYow3yAG3/FjQtF3PoB7vwbM9NS1HogcDjnXG7ucUNGlbbtLyu3sLi0vJJfLaytb2xuFbd3WiqIJCZNHLBAdlykCKOCNDXVjHRCSRB3GWm7o8vUb98TqWgg7vQ4JD2OfEE9ipE2Ur9YchT1OerHjuTwpn6VQMf34UwU0RFJTMou2xngPKlMSQlM0egXP51BgCNOhMYMKdWt2KHuxUhqihlJCk6kSIjwCPmka6hAnKhenB2TwAOjDKAXSPOEhpn6cyJGXKkxd02SIz1Uf71U/M/rRto778VUhJEmAk8WeRGDOoBpM3BAJcGajQ1BWFLzV4iHSCKsTX+FrISLFKezk+dJ67hcOSlXb6ulWn1aRx7sgX1wCCrgDNTANWiAJsDgATyBF/BqPVrP1pv1PonmrOnMLvgF6+MbIb2bLg==</latexit>

          detection through 
 Inverse Beta Decay
!e

<latexit sha1_base64="VDnys4S9gP/UQybCGlhr4eELI6Y=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRItPnZFNy4r2Ac0IUymk3boZCbMTAol9E/cuFDErX/izr9xkgZR64GBwzn3cO+cMGFUacf5tCorq2vrG9XN2tb2zu6evX/QVSKVmHSwYEL2Q6QIo5x0NNWM9BNJUBwy0gsnt7nfmxKpqOAPepYQP0YjTiOKkTZSYNueMHaezjyeBmQe2HWn4RSAy8QtSR2UaAf2hzcUOI0J15ghpQauk2g/Q1JTzMi85qWKJAhP0IgMDOUoJsrPisvn8MQoQxgJaR7XsFB/JjIUKzWLQzMZIz1Wf71c/M8bpDq68jPKk1QTjheLopRBLWBeAxxSSbBmM0MQltTcCvEYSYS1KatWlHCd4+L7y8uke9ZwzxvN+2a9dVPWUQVH4BicAhdcgha4A23QARhMwSN4Bi9WZj1Zr9bbYrRilZlD8AvW+xdRvpQ+</latexit>

!e + p+ ! e+ + n
<latexit sha1_base64="8pFwlXgK+nYZ1D1Liq+0lWr+gjA=">AAACEXicbVDLSgMxFM3UV62vqks3g0UoWMpUi49d0Y3LCvYBnbFk0jttaCYZkoxQhv6CG3/FjQtF3Lpz59+YaYuo9ZBcDufcS3KPHzGqtON8WpmFxaXllexqbm19Y3Mrv73TVCKWBBpEMCHbPlbAKIeGpppBO5KAQ59Byx9epn7rDqSigt/oUQReiPucBpRgbaRuvugKY6fTicvjLozd0qFbim5NcbVwS5Ayc0xrwSk7E9jzpDIjBTRDvZv/cHuCxCFwTRhWqlNxIu0lWGpKGIxzbqwgwmSI+9AxlOMQlJdMNhrbB0bp2YGQ5nJtT9SfEwkOlRqFvukMsR6ov14q/ud1Yh2ceQnlUayBk+lDQcxsLew0HrtHJRDNRoZgIqn5q00GWGKiTYi5SQjnKU6+V54nzaNy5bhcva4WahezOLJoD+2jIqqgU1RDV6iOGoige/SIntGL9WA9Wa/W27Q1Y81mdtEvWO9fhhKcSA==</latexit>

* preliminary analysis of SK Phase-IV data (Wan Linyan , PhD Thesis)

IBD has small backgrounds and much 
larger cross section than nu-e elastic!

When produced,        undergoes  
matter-suppressed flavour transitions.

!e
<latexit sha1_base64="VDnys4S9gP/UQybCGlhr4eELI6Y=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRItPnZFNy4r2Ac0IUymk3boZCbMTAol9E/cuFDErX/izr9xkgZR64GBwzn3cO+cMGFUacf5tCorq2vrG9XN2tb2zu6evX/QVSKVmHSwYEL2Q6QIo5x0NNWM9BNJUBwy0gsnt7nfmxKpqOAPepYQP0YjTiOKkTZSYNueMHaezjyeBmQe2HWn4RSAy8QtSR2UaAf2hzcUOI0J15ghpQauk2g/Q1JTzMi85qWKJAhP0IgMDOUoJsrPisvn8MQoQxgJaR7XsFB/JjIUKzWLQzMZIz1Wf71c/M8bpDq68jPKk1QTjheLopRBLWBeAxxSSbBmM0MQltTcCvEYSYS1KatWlHCd4+L7y8uke9ZwzxvN+2a9dVPWUQVH4BicAhdcgha4A23QARhMwSN4Bi9WZj1Zr9bbYrRilZlD8AvW+xdRvpQ+</latexit>

*
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From a dedicated simulation of the NP signature: 
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Predictions of decaying-sterile hypothesis

A simultaneous explanation of LSND and MiniBooNE is in tension with Solar antineutrino searches. 

                Significant improvement expected at JUNO and SK-Gd        

• Only MiniBooNE is explained and taking small m!/m4 
• Complicate the model and decouple decay from  
electron-heavy mixing:                  A. deGouvea et al, JHEP07(2020)141S. Palomares-Ruiz et al, JHEP09(2005)048
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 S.J. Li et al, Nucl.Phys.B 944(2019)114661

Bounds becomes stronger for Majorana neutrinos, but may be weakened if:

https://link.springer.com/article/10.1007/JHEP07(2020)141
https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://doi.org/10.1016/j.nuclphysb.2019.114661
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