Extending the Sensitivity of Heavy Sterile Neutrino
Searches with Solar Neutrino Experiments

Yutao Zhu Zhicai Zhang
July 4, 2026

Department of Engineering Physics, Tsinghua University

zhu-yt24@mails.tsinghua.edu.cn

arXiv:2507.01675


mailto:zhu-yt24@mails.tsinghua.edu.cn
https://arxiv.org/abs/2507.01675

1. Introduction
2. Physical Process
3. Method 1: e*e™ Signal

4. Method 2: v,—e~ Signal

5. Summary & outlook

Yutao Zhu, Zhicai Zhang (DEP, THU) Solar-v Searches for Heavy Sterile Neutrinos



Introduction



Motivation: MeV-scale sterile neutrinos

* Neutrino oscillations — non-zero masses — physics beyond the SM
* Heavy sterile vy suppresses active masses through mixing |U,|?[6]
* MeV window largely unexplored; current limits from Borexino[4], PIENU[1]
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Goal: extend sensitivity of HNL searches with a 500-ton detector (JNE 500)
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Physical Process



Physical Process

Sun

Key ingredients
* Solar neutrino flux — vy production rate
* Decay channels and lifetime

* Decayed v, and ete™ spectrum
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Solar neutrino spectrum
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Figure 1: Solar neutrino spectrum|8]

« 8B neutrinos are well-suited for our search, thanks to their high endpoint
energy and large flux.
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vy production from solar °B neutrino

vy produced via active-sterile mixing

—mu=2MeV  — my=4MeV .
m,, = 6 MeV m,=8MeV — m,,=10MeV in the Sun:
My, = 12 MeV.
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Figure 2: vy flux for several m,, (|Uyg|*> = 1.0), with B(E) = /1 - (m,,/E)>.

using BS05(OP)[3] ®B neutrino flux for mixing.

Yutao Zhu, Zhicai Zhang (DEP, THU) Solar-v Searches for Heavy Sterile Neutrinos




Decay channels

For MeV energy scale (m,,,, > 2m,), two main decay modes:

* Charged-current: vy — ete™v, (vil)

* Neutral-current: vg — v,%,7, (VVV)
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Figure 3: vy rest-frame lifetime over (|Upp|?, m,,,)
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Two detection methods

Method 1

Sun

Method 2 Ye  Detector

* Method 1: vy decays inside detector — ete™ pair

* Method 2: vy decays outside detector — detect v, from decay
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vll decay section

Differential decay width in the vy rest frame[10, 4]:
dr .
m = Ftotal(f1+§|P|fSCOSQ) (4)

* E,0: v, energy and emission angle (rest frame)

* fi, fs: kinematic functions of m,  and E

|13| ~ f3: vy polarization

* ¢ =+1(-1) for vg(Py)

By boosting ete™ to lab, we can obtain their spectrum.
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Method 1: e*e™ Signal



ete” signal count and energy spectrum
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Background treatment

To give sensitivity, we need background information of the experiment.

For JNE we have:

* Irreducible physics background: e~ from 8B solar v elastic scattering

* Environmental & cosmogenic backgrounds: 2%8TI, !1C, etc.
Cut by fit window: 4.8 < E,, < 12.8 MeV[4].
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Statistical procedure: profile likelihood ratio test

Binned Poisson likelihood:

£(u, ) = ] ] Poisson(n | S, + 6B ®)

* u: signal strength; 5: background flux nuisance parameter

* 1 =0 = Asimovdata

Profile likelihood ratio[ 5]:

Y
q(u) = —2In Z@B) q =-2

Exclusion at 90% C.L. for q; > 2.71.

In —C(l’él)
£(0, o)

(6)

Yutao Zhu, Zhicai Zhang (DEP, THU) Solar-v Searches for Heavy Sterile Neutrinos July 4, 2026



l0E
2 F — upper limit (500t)
1072 = - - Borexino (published)
102
F ~
K .
.
10 k!
E |
E ;
107
poel | [ | | 1

~
IS
m_
®

Figure 6: Sensitivity (90% C.L., solid blue: ete~

energy)
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* Energy-only fit: 0.2 MeV
bins, 4.8-12.8 MeV

* Energy smearing: 5%/\E

* Dashed gray: Borexino
(100t 446d, considering vll
branch only)




Separating e*e~ from single-e~ background

* Signal: vy — ete™v, = two tracks with opening angle &, ,-

* Background: mainly single e~

* Ideal directional reconstruction can resolve e* and e~ when 6,+,- is large
enough
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Opening angle distributio

We use MadGraph|2] to generate vi; — ete™v, in rest frame, and then boost these
events to lab according to vy energy spectrum
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Figure 7: ete™ energy vs opening angle cos 8,4,
distribution in lab (m,,,, = 4 MeV)
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Sensitivity: eTe™ cosine cut
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Figure 8: Sensitivity (solid green: e*e™ cosine cut)
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Method 2: v,-e~ Signal



Concept: detect the decay v,

Short-lived v disappears before Earth, but its daughter v, keeps energy and

directional information.

* v, from both vy — v,ete” and vy — 31, N
’ “b
can reach detector ; vy <Paecar,
! T o
* Signal v, has softer energy and non-zero | Sun jEarth
N ’
solar angle vs background

Two discriminating variables

® v,—e” energy spectrum
® Solar angle 6, (angle between v,—e~ and Sun direction)
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v, energy spectrum
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* Signal peaks softer than *B
background
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Figure 9: Decay-in-flight v, energy spectrum
with ®B background
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v, solar angle distribution

=01, m,,, =4 MeV

Total

vy, — V, decay inside earth orbit
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* Background: always from
Sun (cos bg,, & 1)
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* Signal: tail at large angles
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Figure 10: v, solar-angle distribution (|U,z|* = 0.1,
m,, =4 MeV)
Yutao Zhu, Zhicai Zhang (DEP, THU) Solar-v Searches for Heavy Sterile Neutrinos July 19/24




v,—e~ elastic scattering

v,—e~ ES scattering cross section:

do  2Gim.p , T \2
- x [gL +8R(1 - E_v) —818R

m,T ]
E}
_ 1 2 o ain2
where g; = 5 +sin Ow, gr = sin” Oy, .
In our simulation:
* Kinematic distributions via integration over recoil e~ phase space

* MSW flavor oscillation effects included in solar propagation

* Qutput: 2D distribution of scattered e~ in E, vs cos O,
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v,—e~ signal count
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Figure 11: v,-e~ scattering event count

* Covers some region where vy is short-lived
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v,—e~ distribution: background vs signal
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Figure 12: E, vs cos 6y, distribution of Figure 13: E, vs cos g, distribution of
v,~e~ background ve—e~ signal (|Upy|* = 107, m,,, = 4MeV)

* Signal spans full cos 6, range, while background confined to cos g, > 0.4

* Signal energy is softer than background
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Sensitivity: v,-e~

We obtain the sensitivity of method 2 using 2D Poisson likelihood ratio test[5]
(same energy and angle smearing as method 1). The two methods are
complementary.
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Summary & outlook



Summary & outlook

Summary:

* Two complementary methods for MeV-scale v searches:

* Method 1: ete™ pair from vy decay inside detector
* Method 2: v, from vy decay before reaching Earth

* A broad MeV HNL region can be probed by combining e*e™ pair and
daughter-neutrino signatures

Outlook:

* Directional information can provide additional background discrimination

* Results motivate solar neutrino experiments (JNE-500) for MeV-scale sterile
neutrino searches
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Thank you

Any questions?
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Feynman diagrams
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