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Belle Il @ Super-KEKB

Intensity Frontier Flavor Factory Experiment
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Belle and Belle Il experiments Belle @ KEKB, recorded -1 ab [l

BELLE

O Belle (1999 - 2010) and Belle 11 (2018 -): =", % Aerogel Cherenkov cnt
SC solenoid “ﬁf : T\;*:S‘ﬁ) n=1.015~1.030
previous and current generation of B-factories T 356V et
Csl(TI) 16X, ~ =i 1 - . T S
o Asymmetric eTe” colliders running mainly at the Y (4.5) TOF counter ——=—== - «*VU
8GeV e A g I
resonance, /s = 10.58 GeV B>\ P Tracking + afox
. S SONTMUCEA, . - Il cell + He/C,H,
P : N | ‘;? t)& S
o e TN L g v R : ~ N
0 Key features: = QUL N
| ‘\«‘!\ '  S S
Do .. . NGO u/ K, detection
o All known initial conditions T boip ¥~ /15T RRCsFe
o Hermetic detectors
a Little/no pile-up and clean environment Belle @ SuperkEKB, recorded: gy
427 fb™ in Run1 (2018 - 2022) Fa»
103 b in Run2 (2024 - )

o Missing energy reconstruction

K. e muon detector ]

[ u-1D efficiency: ~90%
EM Calorimenter
o(E): 4% - 1.6% e

J

Belle II Triggers:

— Particle ID system]

[ n-fake-rate: 5%

€ (7Ge\/

o ee” > X ~1MHz e

/9
/:
¥

o L1<30kHz L] I Y

o HLT <10 kHz [ &

Central Drift Chamber

spatial resolution: 100 um
dE/dx resolution: 5%

prresolution: 0.4%

Vertex detector \

ertex resolution: 15 um

&

o Dedicated triggers for low multiplicity (@ Belle 11




Production cross section of heavy flavor (b, c, 7)

96.2 % of ee collisions do Bhabha scattering
- Background

oglete” — yy(y)] = 4.99 nb
ete” — uu] = 1.61 nb

[
[
a[e*e‘ — cc] = 13 nb
[
[
[

Remaining 3.8 % compose Belle (ll)
physics program

- 9.7% Y(4S) — BB

- 7.76 % taupair production

. 45 billion taupairs @ Belle I e~ —uu| = 1.15nb

olete” - Y@AS)| = 1.11nb

ete” — TT] = 09 nb

High precision studies
Rare decay searches

o[e*e‘ — e*e‘(y)] = 300 nb
— Background 3.8%

I Belle (II) physics

programi

ete” — ss] = 0.38 nb
ee — 17T at Belle (II)
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Belle (II) vertex and tracking detector

Belle Il

Beam Pipe:

er = 10 mm

PXD config:

e Layer 1: r = 14 mm

e Layer 2: r = 22 mm

SVD config:

e Layer 3: r = 39 mm
e Layer 4: r = 80 mm
e Layer 5: r = 104 mm
e Layer 6: r = 135 mm

Belle

Beam Pipe:

er =15 mm

SVD config:

e Layer 3: r = 20 mm
e Layer 4: r = 44 mm
e Layer 5: r = 70 mm

e Layer 6: r = 88 mm

Beam pipe

Outer carbon fiber shell
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L ] LI I | | LI LI I | L | LI I I_|
50.05/ B
i e transverse impact par, do
0.04:_ —_e— longitudinal impact par, z
0-03:-F Resolution much better o
than Belle and BaBar
0.02:— _
- =.=+
0.01— +++ s — BaBar dj zo _:
i R = S S
L 11 I L1l | L1 1 I L1 1 | 11 | 111 l L1l | || I L1 1 I 111 I |
00 02 04 06 08 1 12 14 16 18 2
. P, (GeV/c)
Belle Il Impact parameter resolution

- (inside SVD; individual sub-detector)

e 0~ 20 pum (PXD and SVD)
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Belle 11 CDC: Belle CDC

er=16—112 cm er=11—-86 cm
e —83 <7< 159 cm e —83 <7< 159 cm

ore = 100 pm, 0, = 2 mm
op. /Pt = \/(0.2%p:)? + (0.3%/B)?

0p, /Pt = 1/ (0.1%p;)? + (0.3%/8)? (with SVD)
OdE /dz = D70

Belle Il vertex and tracking detector

efficiency

- 1 (w/ CDC track finder)
- Background comparison:
0 no BG
' —— BGx1
BG x2
- BG x3
| | l

| | | I 1 | 1 1 | 1 | | 1
0
0% 0.1 02 03 04 05 1 rack p,2GeV

Increased tracking volume in both SVD and CDC
compared to Belle = ~30% higher K_ efficiency



A diversified Physics Program

mixing and CP Snowmass white paper

Bs phys; 00
< O charm Lifetimes
' On . . cs I‘an Ina )
New hadron states Zb's, b bbar g\\ ' Ups”o ‘\*6\ ~ ching Fractions, Dalitz analyses
o -'?/sJ, R AL,
NeW Ch '..' 6 ‘& QO'/ 'LetOn ﬂa
arme “.Gp 2> % VOr violation
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< w4 C Dar
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New bOttomOnium/. O - e neasure
‘9((.9 \(\('\\)
g :
ts from penguins
New baryons ) vtd/V P
yub |
ons (8-2) XS \\| v, B Exclusive measurements
e+e- -->|ISR, pi+ pi- cross-sections \g et A
R o 2, lepton yni :
. nc\© ")e ) N universality
Spin Fragmentation Fu . QS(, \‘\a -
\)QQ-O r@,b V& 5, Dete: gamma
Linac en&s® ™’ SNts D o
......... Time Dependent Measurements Direct T violation
Dark L | =~ SICS phases | :
Axion-Like p %o, o Belle Il Data S in b->s: B->phi Ks, B->eta’ Ks
2, ‘56
Invisi ' A
nvisible z' ¢ X ‘).‘,‘ec
9
Dark Hi o' .
— park Sec . i pi Direct CPV, isospin Sum rules
. \,
Heavy tau neutrings NS 3"7K :
A2 0
e O
[ dPa(K\ ) 00\(‘
LLPs (LongLNS o7 . o « scamma and radiative penguins, B-->K(*) nu nubar
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Ns
@ekpe
Lepton Flavor Violation (LEY) (o J8uins. b->s |
epton Flav /-ol) *I-, lepton universality, NP
,.
6
Y .
Cde amMmMa determinations
Cays 5

Ne
Wch
ar
Med resonances



https://arxiv.org/pdf/2207.06307.pdf

Dark Sector Candidates, Anomalies, and Search Techniques
Dark matter mediators

zeV aeV feV peV neV ueV meV eV keV MaV GeV TeV PeV 30M
(—*—'—*—'—*—*—{-—F’—f—H—'—{-ﬁ—f—*—p;—f—*—{—f—H}—'—) « Scalar portal
S K SR R PR — Dark Higgs, scalars
QCD Axion WIMPs
,4 .  Pseudoscalar portal
| — — -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes — Axions or ALPs
Pre-Inflationary Axion Hidden The WIMPless DM ° Vector porta|
P Gl —
Post-Inflationary Axion Asymmetric|[iM — Dark photon, Z’
Freeze-In EM * Neutrino portal
SIMPs|/ ELDERS — Sterile neutrino
| o BaBar, Belle, Belle 11
el MbLy ol Small-%cale Structure
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Phygics, Accelerators Microlensing

zeV aeV feV peV neV ueV meV eV keV MV GeV TeV PeV 30Mg



Particle Mass m [MeV]

Particle lifetime categories

Detector-Stable

| Detector-Prompt E = Ef
t 3 = o
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O Analyses shown today

o Heavy Neutral Leptons that mixes predominantly with v 1n
v~ = 1 NN - u*u*v,) @ Belle

Belle, Phys. Rev. D 109, L111102 (2024)

. . _ _ 4+ 15
o Heavy Neutrino inz~ — n v, (v, = 7~ [") decays @ Belle
Belle, Phys. Rev. Lett. 131, 211802 (2023)

o Long-lived scalar in B — K decays (@ Belle 11

Belle II, Phys. Rev. D 108, L111104 (2023)

10


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104

—= T T = e o ke o — g

vMSM can explain origin of the SM neutrino masses

* mass 1n keV-scale could be a dark matter candidate
* In GeV-scale can explain the origin of baryon asymmetry

Interacts with vgy, through mixing: N < vgy

» Different regions of M), are being explored by different experiments

- All the experiments provide tight limits on |V, [, |V,

« Limits on | V_y| are much weaker: which motivates to study V_y,
- Fewer experiments have directly probed | V_y |

« Experimentally challenging, but m,, ~ GeV presents opportunities for

such interesting studies

Heavy Neutral Lepton (N)

nuMSM
| | I
mass — 2.4 MeV 1.27 GeV 171.2 GeV
charge - | 245 u %A C %A t
name — up charm top
" 4.8 MeV 104 MeV 4.2 GeV
ifd S MDD
4 down strange bottom
>114 GeV
0 0 0
Ve N1 N2 V= N3 °H
. . tau i .
ﬁé%ct? 0 r?teeurt"r?nc neutifo r%eurt"r?no neutrin rslgijr{lr?no {,':,95%?,
N 0.511 MeV 105.7 MeV 1.777 GeV spin 0
g -1 -1 S
e 'unfT
— electron muon tau
1: .
3 >
‘ I
001+ A
1O EWPD _
e S5 s W, N} fEaassgssssssssssssssssssesessseelfessssennnnngfagenen
e
1074 15 .
3% DELPHI |
1S
10—6 -
1078
FCC—ee
10—10
Seesaw
10—12 o . e ]
0.1 1 10 100
M N (GCV)

11



Mass eigenstates, HNL production

» The mass eigenstates can be written as a linear combination
[v) & |vp) - VE | ug)
|N) & Vg + |vg)
with | V| <<1

e NV can undergo SM 1nteractions just like v;, suppressed by V W+

N
< l
h
"?_ ~ l§|

» V can produce 1n Z, or W decays, or lepton decays:

12



» The GeV-scale N would decay:

HNL decay

v/t /q

v/ /q

13



Can we directly probe V. i formy < ~2 GeV?

= =
: T S ! WPD |
» Tough at LHC due to 107 |
T
'CTNWLNS N 1
: 107" 1
e Higher yf 3
1" 1
e Hard to trigger on soft 7 |
YO - 10- 100
 Best facility 1s B-factories '
MN (GGV)
Pn . -
. Small boost: — ~ 3 Unfilled curves show future limits from proposed searches.
m
N arX1v:1502.06541

*DV radius < 1000 mm
 Larger acceptance than CMS/ATLAS for low-mass (very high lifetime) HNL

14



_Can we directly probe V,y for my < ~ 2 GeV?

e Since my < m_, only neutral-current N 1s allowed
« We studied only the hadronic-X; case, and muonic-X,,

that gives a better background suppression handle

 But leptonic-X, and other possible X, are possible, but

it requires a study of full MC

{ TU atnl cntnnt



Kinematic and vertex constraints

e 12 unknowns:

» P} Di» DY

* ]2 constraints: *
- 8: 4-momentum conservation 1n the 7 and N decays o
- 2: Known masses ot m_and m,, tre r
- 2: py the direction of 'y (line from 77 decay point to 7
X, displaced vertex) = N "

 Thus all 4-momenta (hence my;) can be solved analytically

- up to 2-fold ambiguity due to quadratic equation
- This was first publication of this 1dea

16



Sensitivity estimate

Phys. Rev. D 101, 093003(2020)
Dib, Helo, M . Nayak, Neill, Soffer, Zamora-Saa

» Using this constraints, we estimated negligible background at Belle and found that

the sensitivity will be up to 100 times better than that of DELPHI

| VTN |2

100

- DELPHI -—— Belle

BaBar

- = Belle |l (+ other modes)

- = Belle ||

17



Analysis at Belle

M. Nayak et al. (Belle Collaboration), Phys. Rev. D 109, 111102 (2024)
With Ori Fogel, Abner Soffer, Sourav Dey

 Belle has lower efficiency than Belle 11, due to

- Smaller drift chamber

- Less efficient mu-ID and tracking for highly displaced tracks
» Large data set already available

- L ~980 fb~!

- o(ete” - t7t7) ~ 0.919 nb

- (836 £12)x 10° ete™ — 7¥7~ events

18


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102

Analysis method

» This analysis probes V_,, directly

ot + -
o Channel: e™e™ — 7,7,

. - . AR - o - it - S - s - e
e 2 Nt = Ay =z - 2 ol — . - S e —— - i e P R — ~ A e, S T o R z - 2 ol R - S Ny S S —
0 - -8 p— _ : b L 7 g ~. e el — 7 v .. - = 7 v ™. e sl - - = s -~ =T 4 . 3 . e e 0

Tag side: all SM allowed channels

Signal side: 7

sig — ﬂ_N(_)/"+M - 1/7;)

We look for 4"~ displaced vertex (DV)

Radial position of the DV use be 15 cm away HVV

] other
from the CDC symmetry axis
3.8% 3nn’v
Ceniral Dl'ifL> . 4.6%
Chamber 3
9.3% NV

Silicon — .
Vertex ,. - L0% 30y
Detector \ . 9.3%
1-Pron y |
9 | n2n’v
L . 25.9%
DV = Displaced Vertex o nnov

IP = Interaction Point

19
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Kg 1s a long-lived neutral particle, so it can produce a DV similar to the HNL

4

0 , —Tttaq 1 Belle MC
Exclude the K mass region siggooMev [l 1 :
10" 'F— sig10ooMeV | - -
. . . . - —— sig 1600 MeV L = -
We define two signal regions targeting low- and high-mass HNLs - m :
1. SRh: MPV > 0.52 GeV/c? 10_2:_ ‘
2. SRI: M2V < 0.42 GeV/c? E s
From MC, expect 0.8 and 0.4 events 1n these SRs 10_3:_
_ - [S--
Data driven background estimate using control regions: X, = u~n™* " HE-
Validate the model with 3 validation regions: 104 =
« X, = n~* (outside and inside the Kg region) 5 W.J N
P — i i _IIII|IIII|IIII|IIlllilll;ll—l_JH(llll-ll)—ll—l—J|(I—III—
Xy =pH 0 01 02 03 04 05 06 07 08 09 1

m2Y [GeV/c?]

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



Results

- - = - - L — o~ -
S s - ; i R TPy w P 7 gy o A P 5 e —
T ® o ns — T " o s — - s < -

» In SRL, a cut for high m_, m_ exclusion 1s applied.

* In SRH and SRL, we observe 1 and 0O signal events
respectively.

* This 1s 1n agreement with the background
expectation.

[S—
o)}

m. [GeV/c?]
~

[S—
.

|III|III|III|III|III|III|III|

0.8

0.6

0.4

0.2

only signal event observed

Belle preliminary *
SRL SRH i o
| \V
® Data ® Data
v
v TT V1T Vv

| 1 1 | 1 1 | | 1 1 | L1 1 | | N | | 1 1 | 1 1 |

0.2 04 0.6 0.8 1 1.2 1.4 1.6
m, [GeV/c?]

vetoed in SRL

Relative Density

21



Results

— - e
=L . - - . - -~ o - o
— o - e e oty e e g e - 5 AT - - 2 —

* We use the model predictions and the efficiency to
determine the numbers of expected signal events in the
two signal regions.

* We plot the 95% CL exclusion of the experiment.

* Innovative analysis technique exploited!

| V‘\’TlQ

10~
DELPHI
10—2
10~=
1()—13_: -~-_~‘___.-_“““‘.
Belle
(this work)
. ~—1| Majorana
10 ] ==--- Expected
- hserve
; 21’ erved BABAR
. o
.\\\.\\.‘ :t‘z()-
10-54 0
Dirac .
| ~ BExpected ey
. ()})R;‘.i’i"bd:'“"""--. WAG66 (reinterpretation) v-—;";j»"/
A E tlo e -~~.;_-._:,-4:’/’CH_;\‘I-{I\'—TIM(;‘;interpretation)
1077 +90

0.4 0.6

0.8 1.0 1.2 14 16
my [GeV /c?]
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Search for 7~ — n7 v, (v, = 7~ [") decay @ Belle

q Belle - PRL 131, (2023) 211802

Search for a heavy neutrino 200 < M, < 1600 MeV ]
= The search uses the data set of Belle with N, = (912 % 13) x 10°

= Signature: prompt pion and long-lived, heavy neutrino v, —» z#=£~ r

= A series of binned likelihood fits to the mass distributions using the sum of a Gaussian signal function and
background varying the mass hypothesis in each fit.

= No significant access

= Set 95% C.L. upper limits on | U > = | U, | + | U, | + | U, 1 as a function of M, for the two neutrino-mass
hierarchy scenarios

: + o 1
S5k ny > é€é é 50 f
: o o g DU s] s o 0o ugucglun guu L - . Dn o E y nne - :
1'86 _ o0 o @ o S oo non o EI o uu:n Ugnnn 1'86 _ - . - 4 L - - - :
1.84 ;_u?: o oo D g ° Euu U: (m) gu ° u:on:: 1.84 _ g EF DCI i o ) ) 3 : i 10 ! 2 i
b o o a o @ O o o oo onoD ] g g o o O o o - i E ?
N/-\ 1'82 i Du o gno auon g ° Dn _ Qo o o nug 0?-\ 1'82 3 DD e n (m] N& 2 i | — - T L ‘
Q b o, L] o o o o Q i o i
> 18F o > 18p o o° ) > . [ )
[ 3 (5} i S i 2
O 178} o, e oo © 178} 0 = ot 0 F
/E\ :n ’ %0 8 /'E\ -I:ICI ] o (\\.l/ O 77
E 176F .| BLI6P G o S 14k . -
= 174" .| = 174F ° o ° S 5 12f Ks— n'n H A
' g [=]s) o ’ ’ nn ’ g o unU Gunnn :0 o o ; L - ﬂ 10 :_
1.72 [ oo 7 o s e & 3§ ogss 60 1.72 3 o 12 3 / inverted hierarchy .
L7F oo o ® ° o oo EBEY g 1.7 [2° ] : i
? u ° a o o ooo s "o uuD oo o 6 - .
168k a. 1% 00108, 1. B 0.1, % T 85 9%, 168 bt o e e e 3 | 41 . SO | S
02 -0.15-0.1 005 0 005 0.1 0.15 0.2 02 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2 4 1o ¢ normal hierarchy
L R S N U U S S USSR ST ST U NS
AE (GeV) AE (GeV) Z’) : 1 Lﬂi l . 1 | | . . 0 02 04 06 08 1 12 14 16 18
() (b) 0 02 04 06 08 1 12 14 16 18 M(v,) GeVie
o M(v,) (GeV/c?)




Long-lived scalar in B decays (@ Belle 11

Belle I1, Phys. Rev. D 108, L111104 (2023)

First Belle II long-lived particle search

Possible mixing with SM Higgs with mixing angle 6,

Search for scalar S decays in eight visible B channels: BT — K5,
B’ - K% - K*7n7)

o S—oete /lutu Intr/IKTK™

Signal B-meson fully reconstructed fg 80
¢
g 60
B-meson kinematics to reject combinatorial eTe™ — ¢gg background S
O 40
Further peaking backgrounds suppressed by tighter displacement §
selection S
© 10
0
Bump hunt in dark scalar mass distribution using unbinned maximum 25F
likelithood fits S 00}

OV
o
—

- Belle Il Preliminary Bt-K*S(-»ntm~) i
- [Ldt =189 fb~? B ete -cC 27 MC stat. ]
I e* e -ul/dd/ss + Data

B cte -Y(4S)-BB

N
(@)
I

........................



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104

95% CL on B(B—=KS) x B(S-=x*x ")

Long-lived scalar in B decays (@ Belle 11

Belle 11, Phys. Rev. D 108, L111104 (2023)

10 — ¢T=50cm
Belle Il Preliminary ——— cT=10cm
-7 [ JLdt =189 fo~? — T =
10 cT=1lcm
-8
10 = DYSi T
10 10 10 10

o First model-independent limits for hadronic
final states

o Interpretation as dark scalar with mixing
angle 0 with SM Higgs

107"

1072

sin@

1073 M - ‘
S\ e

| » w :
=gl W-' CHARM | 4

’ | (IT» ) -i:
LBooNE I‘ . \\\, BaBar Belle If MS

E949 NAG62 PS191 [Ldt =189 fb?
107" 10°
ms (GeV/c?)

1074

107°



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104

Big Picture

* Belle II/SuperKEKB 1s a unique environment to search for light dark matter or
mediators

* Excellent sensitivity for dark sector searches in the MeV — GeV range
* At Belle II: world leading or competitive results even with a subset of the available data

» So far Belle II recorded ~531 fb~!, more results with higher statistics and improved
analyses are 1n the pipeline

* Very active and very diverse program of direct searches at flavor factories

26
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m_vs m_ plots n the SR tor 7777, gg, and signal samples

- ’ - . - : B . - 3 i = % - . - : - . - : - ) - i) L= = % . . 2 -

DV
SRI (m2Y < 0.42 GeV)
-~ gqg background t¥7” background my = 0.3 GeV signal my = 1.0 GeV signal my = 1.6 GeV signal
. S 1-8—gqbar 1 o 18— U 1.8 N 18557300 S 1.8 ;
[ ) In SRI, low Slgnal 1mMass 1 S W 2 9 (SJ 16 !;ntries 11 9 S . ;\Eﬁr::i 107:: . S A . 0 S 16
P e e R Y e C 5
Samples (e .g-, 300 MeV) »‘\ g 1-4) 14 Dev x 0.1243 8 (.2. 14 :Itd Deyvxo.1448 " 8 ('2' 1-41sievx o.188 9 1.4)std Dev x0.09005 . 0 9 145t Dev xooreer °
. ] . ' . Std Dev y0.02027 7 [ Std Dev y0.2285 2 é Std Dev y0.06615 00 é . Std Devy 0.1879 é 1o
tend to distribute at the § E . B . "2 0 | ;
! 1 1 1
00
bottom-left part of the - S ° 08 0 08 0
‘;' 4 4 n
m4VS. m_ parameter space. § 06 . 08 . o : 00 06 . L 0
& 2 S, )
:?' | 0.4 2 0.4 2 0.4 . 100 04 10 Z : 10
« 0.2 1 0.2 1 0.2 0.2 :
BaCkground (after all 4/, 0o 02 04 06 08 1 12 1.4 16 1.8 00 02 04 06 08 1 12 14 16 1.8 o0 02 04 06 08 1 12 14 16 1.8 00 02 04 06 08 1 12 1.4 16 1.8 00 02 04 06 08 1 12 14 16 1.8
previous cuts) distributes at # m+ [GeV/c?] m+ [GeV/c?] m+ [GeV/c?] m+ [GeV/c?] m+ [GeV/c?]
Hence, in SRI, a cut for | SRh (mjm > 0.52 GGV)
hlgh m.,, m_ exclusion 18 qq background 7™ background my = 0.3 GeV signal my = 1.0 GeV signal my = 1.6 GeV signal
applied . ;2 c\E 1.8 Entr:?bar : (\igl 1.8 : ‘tautau 1 (\E‘ 1.8 (\.E. 1.8 : $i91000 C\E 1.8 Si91600
g > 6w o SRL: P s 2 SIL P i R
- ] S o S ol A 8 vl FON IR
e In SRI, high mass samples (e.g., # © |sson o R e _— R T L |swoeryoossas
£ 12 E 12 ’ 12 E 12 E 12
1600 MeV) lose events. 3 1 1 1 1 1
However, more than 95% of o5 o8 08 os 08
these samples’ events are in SRh ¥ 06 06 06 - 06
anyway. i' 04 0.4 0.4 0.4 0.4
0.2 0.2 02 0.2 0.2
i‘ 0027040608 1 12 14 16 18 % 02 04 06 08 1 12 1.4 16 18 ° 0702040608 1 12 14 16 18 % 0204 06 08 1 12 14 16 18 002704 06 08 1 12 14 16 18
1 m+ [GeV/c’] m+ [GeV/c?] m+ [GeV/c’] m+ [GeV/c?] m+ [GeV/c’]
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Results

= a —y 0 = . 2 - - = Q = g =

= —
o - /e - = - — —; = — /2 ——

. The eonstramts of the 51gnal decay enable reeonstruetlon of the

full kinematics of the signal-t decay chain with a two-fold

ambiguity
o Nignat = Nye X B(t = 2aN) X B(N — pu™u"v,) X €, where € is

the efficiency
» The total signal efficiencies in SRH and SRL as a function of

| V_x|* and my, are estimated

* The background yield expectations 1s the source of largest
relative systematic uncertainty

* Other uncertainties arise from HNL branching fraction and
decay modeling, luminosity, cross section the uncertainty on
the reconstruction of the two prompt tracks

» All systematic uncertainties are handled with the nuisance

parameters using CLs prescription
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