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Heavy Neutral Lepton (N)

Standard Model Neutrino: only Left handed, massless
Neutrino Oscillations: Neutrinos must have mass

Neutrino masses can be incorporated to SM by introducing Right
Handed neutrinos or Majorana neutrinos.

Heavy Neutral Lepton(HNL, notation: N): Neutrino eigenstate with
mass much higher than SM neutrino

N are sterile: Interacts with vg;, through mixing: N < v,

Long lifetime of N: We consider a range of m, and mixing, so that N
decays within the detector acceptance

Allows to solve some of the outstanding problems of the SM
® Origin of the SM neutrino masses(Phys. Rev. D 23,165))

® Non-baryonic dark matter(keV scale HNL)(Phys. Lett. B 631,
151-156)

® Baryogenesis(GeV scale HNL)(Phys. Rev. Lett. 81, 1359)
Heavy Neutral Lepton also appears in SUSY, exotic Higgs, GUT...
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Heavy Neutral Lepton : Direct searches

[Voul%, | V. °,| V.x|* = mixing coefficients of v, v, Uy With N

® Previous experiments explored m, from 100 MeV -
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Heavy Neutral Lepton : Direct searches

arxiv 1502.06541

[Voul%, | V. °,| V.x|* = mixing coefficients of v, v, Uy With N
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Heavy Neutral Lepton : Direct searches

| V.n \2 . | VMN \2 | Vo \2 = mixing coefficients of v, 2 with N arxiv 1502.06541

® Previous experiments explored my from 100 MeV
to~ I'TeV

® my > m, Direct searches @LHC: pp — NI~

® my < myy DELPHI(Z® — vN), ATLAS/
CMS(W* — NIF)

* my < mgp g Belle, LHCb, beam-dump,
NAG62

® All the experiments provide tight limits on
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® Limits on | V_y|”are much weaker

100
® This motivates us to overcome the experimental
2
challenges and explore |V _y |



https://arxiv.org/abs/1502.06541

We can do 7 Physics!
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Analysis Method

N decays via the weak neutral current

e This analysis probes | V), |~ directly

e This production mechanism implies
mN < m,[ - mﬂ.

|2

e N is long-lived for a range of | V), |~ values

that we are sensitive to

' Full Belle data sample used
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Analysis Method

o eTeT > 1Ty,
Tag side: U,
‘ Central Drift DV
Ttag — 7z+7z017 Chamber Prompt
Signal side: v, 3‘2:12: AV IP
Tge = & N(—=p'u-v) Detector 1-Prong v
e We look fora 1"y~ displaced vertex 1
(DV) . X

DV = Displaced Vertex
 Radial position of DV > 15 cm from IP = Interaction Point
the beam axis



K{ rejection and definition of two signal regions

Tt g v v Belle MC
0 + - . . . i sig 300 MeV - 1 -
e K" — n"rn: displaced vertex similar to N: 107 sig1o00 Mey L
removed the mass region i 1K
.. . L. I 2 Lo
* We divide the signal region into Low mass 102 ."‘ =
and High mass signal region: . e~
e SRH: mPV>0.52 GeV/c* 10_3;_ ko
e SRL: mPY <0.42 GeV/c?
o Light N distribution is different from heavy 107 E
N distribution i - % ,H N ‘
_IIII|IIII|IIII|I||||LII|;I||_II|HIIHI|_I|_I||_I|_IIH
O 01 02 03 04 05 06 0.7 08 09 1

mBY [GeV/c?]



more on Analysis Method

N

signal

=N_XB(t > zN) X BIN = u*u~v,) X €, where € is the efficiency

o Signal efficiencies in SRH and SRL as a function of | Vy_|*and m,: efficiency map
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more on Analysis Method

only signal event observed

O 161 + 1 g
> [ : 5
® L SRL SRH g . 0
— 14 ; v 2
z . eData ® Data —0.8 %
e Full kinematics of the signal-decay chain 2 T -
reconstructed with a two-fold ambiguity(m, and i 06
I— —0.
m_) i
0.8
* In the signal regions targeting heavy and light Ns - 0.4
we observe 1 and 0 events, respectively, 06
~ 0.2
e in agreement with the background A
expectation. 0ol
e v b v b b bl b 0

-

/4 0.4 0.6 0.8 1 1.2 1.4 1.6
distribution of signal-MC m, [GeV/c’]

ts with m. = 600
Cvents witn ni, vetoed in SRL

MeV/c2 in the SRL 11



Results

e [Uncertainties

e N branching fraction ¢ luminosity S
° decay mode]ing ® (Cross section
: : 10~
* uncertainty on the reconstruction of the two -
prompt tracks
e the background yield expectations(largest) 102
e Handled with the nuisance parameters using CL, |
prescription e N
107%) N0 S S
e Allows for direct measurement of the N mass if a Majorana Belle preliminary
signal 1s observed |77 e
1074 = +10
f +20
paszEsEsEsEsEsEsESESEEEEEEEE RS RSB R R R R RN R e i ....... J Dirac
: In the mass range 1.3 - 1.4 GeV/c*, : Db
our limits are the most stringent to date: 10-5| -l
r . N0.4 06 0.8 1.0 1.2 1.4 1.6
Arxiv 2402.8258@ | BABAR didnot use my [GeV /¢
Kdisplaced-vertex technique
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https://arxiv.org/abs/2402.02580
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Summary BELLE Belle II

No significant excess observed
® Stringent limits in 1.3 - 1.4 GeV/c?

® For the first time, utilizes the displaced vertex originating from the long-lived Heavy Neutral
Lepton decay

® Ability to reconstruct the Heavy Neutral Lepton candidate mass to suppress the background to the
single-event level

® We have moved from Belle to Belle II era. With an improved detector, and more data, we hope
for an improved result 1n the future






The Apparatus

Analysis
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The KEKB and the Belle Detector

KEKB 8 GeV e, 3.5GeV e™
Tsukuba . . Aerogel Cherenkov cnt.
(Belle) SC solenoid = @ N S n=1.015~1.030
1.5T s N L E==r
2 g ECL CsI(T]) <
e “ TOF counter —
\ HER
Fu j \B
\ / 8 GeV € entral Drift Chamber
1 _ysmall cell +He/C,Hg
LINAC >
| 1| 6,80GeV o \/E = 10.58 GeV : mass of Y(45)
Positron e 3.5 GeV Si vtx. det. il /'K I detection

Ge"erat”\ ® asymmetric collider 3/4 1lyr. DSSD

\\L 11 e 376V ® Prospect for studying a vast region of particle physics
(Precision studies of B, charm, and tau physics, QCD
and exotic hadrons, searches for BSM particles etc.) 6

14/15 lyr. RPC+Fe

e 1.7 GeV



o Signal region: Reconstruct as t~ — DV( = u u™)n~
o Control region: Reconstruct as 7~ = DV( = u¥75)n~ (used in the fit for data-driven background estimate)
o Validation region for Data-MC agreement:

o Reconstructast~ = DV( = u u )n?t

o Reconstructas 7= = DV( = ztz7)zn~ withm__ < 0.42 GeV and m__ > 0.52 GeV

o Reconstructas t~ = DV( = ztz7)n~ with 0.480 < m__ < 0.515 GeV

o Control and validation regions are also divided as CRh, CR1 and VRh, VRI (similar to signal region)



HNL mass reconstruction

Despite the neutrino, we can reconstruct the decay chain kinematics
" completely, up to 2-fold ambiguity.
» 12 unknowns: py/, pt, pr

» 12 constraints:
- p¥ conservation in the 7 and N decays (8)
- Known masses of 7z and v, (2)

- Unit vector from the production point of the z system to that of the DV
system, which is the direction of p’y (2)

Quadratic equation A, < 0.4 GeV?
(Using the square root argument Agg = b2 — 4ac for cut)

If Ay, is -ve then we set it to 0'

Two HNL mass solutions: m_, m_
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Luminosity
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Year ; . . .
0.0 Lo i* Regular data-taking since April 2019
3 - ' d luminosity 424 fb™!
o i Current integrated luminosity 424
Q f
S

'* Peak luminosity recorded : 4.7 X 10°*cm-1s-1

‘ * At present, we have a long shutdown for
| accelerator and detector upgrades, will
resume data taking in 2024
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more on Analysis Method

¢ Nionat = Ny X B(t = aN) X B(N —» pu"u™v,) X,
where € 1s the efficiency

e Signal efficiencies in SRH and SRL as a function
of | Vi, |*and my: efficiency map

e largest relative systematic uncertainty: the
background yield expectations

e QOther uncertainties
N branching fraction
e decay modeling
* Juminosity

e cross section the uncertainty on the
reconstruction of the two prompt tracks

e All systematic uncertainties are handled with the
nuisance parameters using CL, prescription
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