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Physics motivation

New physics beyond SM: vMSM-model [1,2].

om0 — « 3right-handed neutrinos N;,I = {1,2,3}

. . & N, — Majorana particles
«  Baryon asymmetry of the Universe — V&N —Mal P

« my, ~keV could be dark matter
« Dark Matter ]

* my,,~MeV — GeV could generate baryogenesis

Left-handed flavor eigenstates as combination of light (v;) and heavy (IN;) mass eigenstates:

Vo = Y VEMNSy, 4 30 0N, (@ =e,u,7; i =1,23; 1=1,2,3)

° i ~ = 2 = 2
Assuming M~M3 = My, |U,| ZI={2,3}|®C¥I| Heavy Neutral Leptons

(HNLS) or heavy neutrinos

HNL search methods:

— T Feynman representation of
Study meson decay Search for HNL decays in a HNL contributions
(HT - IZN) kinematics detector,  study  daughter

l kinematics l
Used in E949, NAG2, etc. CERN-PS-191; can probe in

neutrino experiments
Y
Sensitive to U2 Sensitive to UﬁUf,

L) Febr 21.2025 1. T. Asaka, M. Shaposhnikov. “The nuMSM, dark matter and baryon asymmetry of the universe”. In: Phys. Lett. B620 (2005), pp. 17-26 2
é eoruary 21, 2. T. Asaka, S. Blanchet, M. Shaposhnikov. “The nuMSM, dark matter and neutrino masses”. In: Phys. Lett. B631 (2005), pp. 151156



T2K experiment

J-PARC !~
accelerator,

—_—

N o e i s 7 g " e, | S e s o o i it a3 i i il i iy’ gy o

22|§Om 29|5km
Tokai-to-Kamioka (T2K) [3] — long-baseline neutrino experiment in Japan.

Main goal — study v oscillations, search for lepton CP violation.
Near Detector ND280 positioned 2.5° from neutrino beam (E, = 0.6 GeV).
Accelerator experiment based on 30 GeV proton beam @ J-PARC.

Neutrino beam from = and K mesons decays.

r and K mesons focused with magnetic horns for v, (V) - enhanced beam.

IZ(e =e,1) [ND280

- . ﬂi,K?/ U lﬁ_
Probe HNLs with T2K ND280: , HNL N\ -

T

e

I February 21, 2025 |3.K. Abe, et al. (T2K), Nucl. Instrum. Meth. A659, 106 (2011), arXiv:1106.1238 [physics.ins-def]. 3



Current constraints on mixing elements

Electron coupling dominance: U U: U; = 1:0:0

Muon coupling dominance: UZ: Uy:Uz = 0:1:0
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Current bounds and future projections for 90% CL limits [4]
Filled colored areas - bounds set by experimental collaborations

|UTA\' |2

BEBC (reanalysis)
CHARM (recast)

AL TN = T2K limits still competitive

— DELPHI ' ~. _
- - NA62 (proj.)

" Meson decay: K* - e*N,, BR~|0,,|? iti
= \“1.'0' "5 20 25 30 Example: y 4 T ! eé Senszltl\ée
mar[GeV] HNL decay: N; - p*n*, BR~|0,,] to UzUg

T2K results (2019)

4. Antel, C., Battaglieri, M., Beacham, J. etal. Feebly-interacting particles: FIPs 2022 Workshop Report. Eur. Phys. J. C 83, 1122 (2023) |
@ I February 21, 2025 | 5. Argtielles, C.A. Foppiani. N.and Hostert. M.. 2022. Physical Review D. 105(9). p.095006. 4




Motivation for new analysis

Search for HNL in 2019 [5]: New search for HNL:

= KT —>l;—rN (ax =e,u)

+

= K*inv-modeand K~ in v-mode o

» HXSEN (H=K,mw; a=ep)
(H = K, ) inv and v beam modes

= Updated tracking, signal and background
= Additional statistics available

»  T2K results obtained in 2019 [6]
s
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@ I February 21, 2025 6. K. Abe, et al. Physical Review D, 100.5 (2019): 052006




ND280 and HNL typical event

Barrel ECAL

TPC1 TPC2 TPC3

z FGD1 FGD2 _ECAL

¥

Downstream decay
ECAL vertex

Barrel ECAL

Barrel ECAL

Example of simulated
HNL decay in ND280

 UAI1 magnet — dipole magnetic field 0.2 T « TPCs- Gaseous-Argon Time Projection Chambers
« POD — r° detector « FGDs - Fine Grained plastic-scintillator Detectors
« ECAL - Electromagnetic Calorimeter « SMRD - Side Muon Range Detector,

scintillator plates inside magnet yokes
TPC Fiducial Volume: no walls, no cathode

Margin of 59 mm upstream and 150 mm downstream
@ | rebruary21,2025 | 6




HNL search in ND280

Events in TPC gas to reduce background from v interactions

Study decays:

HE - l;—rN (H=K,m; a=-e,u)

N - putat N - etnt N - ete v, N - utuv,N -» etutv

« Signal topology: 2 close opposite charged tracks starting in same TPC fiducial volume

« Applying veto, PID and kinematic selection criteria

flux[/10?' p.o.t./mm?/GeV]

-
Q
=

HNL flux at ND280 front plane

K™ - u™N,v-beam mode

waork in
progress

— Myn.=0 MeV
—— M, =50 MeV
—— My, =100 MeV
—— My =200 MeV
My =300 MeV
—— My =350 MeV

1 I 1 1 1 I 1
12 14

E,, [GeV]

nt - e™N,v-beam mode

S 10 — M, =0 MeV
8 10" work in — My =1 MeV
% 3 progress M,y =10 MeV
10'2 —— My =50 MeV
E E
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Systematics

* Detector systematics:
HNL decay mode N—oent |Nopuptv|Noeewv | N=sepuv
My, MeV 250 350 105 130 Barrel ECAL
B field distortion 0.27% 0.27% 0.09% 0.09%
Momentum scale 0.06% 0.03% 0.04% 0.14% TPC1 TPC2 TPC3
Momentum resolution 0.45% 0.34% 0.49% 0.28% HNL
TPC PID 0.92% 0.75% 1.41% 0.9%
ECal EM resolution - 0.78% - - decay
ECal EM scale - 0.42% - - vVertex
Position resolution 0.14% 0.22% 0.94% 0.12%
Parent decay 0.03% - - 0.02%
Charge identification efficiency 0.11% 0.04% 0.1% 0.03% FGD1 FGD2 ECAL
TPC cluster efficiency 0.0005% 0.00057% 0.00034% 0.00079%
TPC track efficiency 0.38% 0.16% 0.23% 0.35% Barrel ECAL
TPC-FGD match efficiency 0.04% 0.02% 0.03% 0.03%
Pion secondary interactions 2.21% - - -
TPC-ECAL match efficiency - 1.26%
ECAL PID - 3.96%
PLETIIYY TPC related:
| All | 249% | 434% | 179% | 1.03%

Magnetic field distortions

. Momentum resolution and scale
* Flux systematics (preliminary): = TPCPID
20% for K* and 10% for T [7] "  Charge confusion

. Cluster efficiency

. Track efficiency

. TPC-FGD match efficiency

. Pion Secondary Interactions

ECAL used only

ECAL related:

=  TPC-ECAL match efficiency SpECifiC for the analysis:

= ECALPID = Position resolution
. EM Energy resolution and scale Parent decay

h) I | 7. K. Abe, et. al. “Improved constraints on neutrino mixing from the T2K experiment with3.13 X 102* protons on target”. |
i February 21, 2025 Physical review D 103, 112008 (2021) 8

for N - utu~v




Efficiency: new analysis (solid lines) vs 2019 [5] (dashed)
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2D o3| —— K=uN—e(en*) D 03[ KsuN -
o L . C [ K—uN—e(re
E - K—=uN—=e(n uv,,) E - " (re?)
LU 025 ~| —a— K—>eN—e(e*) bhy I %BF [—— K—eN—e(r'e)
02:— - K—reN—’e(p.n-) 02— K—eN—e(ru*)
C | —=— K—eN—e(u'uv,,) - i
0.15— ' 015 W ¥
- - {i—"y- <4
01— 01— e .
af . . - 7 )
- 4’_**' bR 3¢ SN - g Iy
0.05 :'_‘,Tr'* work in — 0.05[2% ' work in
- ' progress - progress
0_15:0 2(I)0 2;0 ISCI)O‘ = I3.‘I'a0I = I4(‘30I - I4;0I = I500 0_‘15|{'.'i I2(‘)0I — IZQOI — I3C|)C'I — I35|0I — Itl-(fll()I — I45|0I — I500
Myn, [MeV] Myny, [MeV]
035
S, [ noeN—e(eev,) > [ |—— K-uN-ele'ev,, ——
S 018 —a— n—>eN—>e(e+e'vM) work in S o3 . r: .
D 16| —— ToeN-e(ue'V,) progress S F | KouN—e(eev,) ..
= —— —eN—e(eu*v,) = o025 .-
= 014 e - | —— K—eN—e(e'ev,, + _
L n—eN-e(ue'v,) 7'[+ - laN(v—mode) L E ( we K" - laN(V mode)
012} —=—0 n—>eN—>e(eu ) + 02— K +om - +
- | ——— eN—e(eev
0.4] —— m—uN-pu(e" eve) N - la lﬁ 1 = (e'ev,) N -oe e’ v
oosL—— TUN-UETeY,) “*E low mass DY
008 ot~ region M
0.04 — E
- 0.05 ;ﬁﬂﬁ
0.02—
0: 1 I 1 1 1 I 1 1 1 1 l 1 1 I 1 1 L I 1 L 1 ] 1 0 _' V- I S I WS S — I 11 1 | ‘ 11 1 1 I 11 1 1 I 11 1 | | 1111 I 1111 I I I -
0 20 40 80 100 120 140 0 50 100 150 200 250 300 350 400 450 500
Myny, [MeV] My, [MeV]

Q@ ]

February 21, 2025

[ 9



Background study

Background after selection
in each sample.

Total exposure (POT):
12.02 x 102% v-mode

« Dominant contribution for
N-ufnt, utu v

Normalized to data POT. 8.61 x 10%° v-mode ) ) ) )
IS neutrino-induced coherent pion
Background category | NEUT v | NEUT v . - .
ey 5155 0093 production on argon nuclei in TPC gas:
yip® | 888 v =7 other 0.05 0.0 v, +Ar - u” + nt + Ar
OOFV v 0.0 0.0
OOFYV other 0.0 0.0 . = = 17 99\
. <2 cohorent 00 00 v Interactions on gas (“gas other”):
E p— gas v — v other 0.0 0.0 - resonant pI‘OdUCtIOI’];
= OOFV v 0.0 0.0 : ; .
= OOFV other 0.0 0.0 - quasi-elastic scattering;
o gas coherent 0.0 0.0
% o gas v — U other 0.0 0.0 4+ . .
S OOFV 0.0 0.0  y — e"e” and out-of-fiducial volume
D —_
No) OOFV other 0.0 0.0 + _F h I
1 gas coherent 0.152 0.093 events for N - e*r™ channels
% i gas v — U other 0.104 0.14
OOFV 0.0 0.0 . - . . . .
OORV oiber 00 00 v Interactions estimation with NEUT
gas coherent 0.0 0.0 Monte-Carlo generator [8]
b gas v — U other 0.0 0.0
©° OOFV v 0.054 0.0 _ _ _
OOFV other 0.0 0.0 « Constraints with real data via control
Analysis channel | Background (v-mode) | Background (7-mode) SampleS
pErF 0.16 = 0.08 0.03 £0.08
0+0 0+0 1. Inverted polar angle
etn— . .
php~ 0,2(1)18,15 0_1218,13 2 Events IN TPC dead mate“al
ete™ 0.10+0.06 0+0
i’ I February 211 2025 8. Hayato, Y., Pickering, L., et. al. “The NEUT neutrino interaction simulation program library”. Eur. Phys. J. Spec. Top. 230, 44694481 (2021) | 10



Sensitivity (eff = 1, zero background)

2.44

2 —
Uil Gimic =

Nevents

Ngpents — expected signal assuming |U|? = 1

ef ficiency = 1
data POT
zero background

AO . v-mode K™ & ¥-mode K
. v-mode K" & ¥-mode K*
1077 — \‘ ---------- T2K (2019), Feldman-Cousins
- | PS191 (2-body)
- * PS191 (3-body)
107° —
B w1 TN e ’
progress | TSRS T T teeaao et
107° —
— I | 1 | | | | 1 | 1 I | 1 | | I 1 1 | I | 1 | | I | 1 | | | 1 | 1
150 200 250 300 350 400 450 500
M., [MeV]
@ T February 21, 2025 [ 11



Expected sensitivity: considering only one HNL decay mode

Un

U:l%. .. =
| llllmlt Nevents

Npents — expected signal assuming |U|? = 1

Highland-Cousins method [9] Feldman-Cousins method [10] Bayesian method [11]

b=0 b+0 b+0
Signal systematics Signal, background systematics Signal efficiency, bkg. uncertainties
, , using prior probabilities
E E
Un = Uno {1 + % (1 + (%) )} U, —90% C. L. Poisson limit jsupp(sln) ds=1—a
040c — detector acceprtance error forn observed events Stow
E,=U,—n =
" no (50) = Current work, Feldman-Cousins
= : . -3 PS191 (3-
S —— Highland-Cousins 107 S191 (3-body)
102k —— Feldman-Cousins otb PIENU
- ——— Bayesian =
b Y J: K(m) - eN - e(eev,)
= 107 e
o e - E
10° K eN e(eeve) E 90% C.L.
g 90% C.L. 10° ;
105 E work in
g - progress
C 10—7_?
10’73— E
_8: work in 10° -
10 E progress =
-97I||Illll\Jllllllllll\Jlllll||||IL\I|||I‘IIIIIIIII 10_9 IlllIlllllll]llll]ll]llll]ll|ll|ljl|lll|]]l|llll
1075 " "50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
PS191 results: G. B dietal., Phys. Lett. B203, 332 (1988)
My [MeV] PIENU results: Ph;;ns;v.leD; (201y§) 072012 MHNL’ [MeV]

9. Nucl. Instrum. Methods Phys. Res. Section A. 320.1-2 (1992), pp. 331-335; 10. Phys. Rev. D57 (1998), pp. 3873-3889;
@ I February 21, 2025 st . 320.1-2 (1992), pp. 3313 v (1998). pp I 12
11. Luc Demortier. “Objective Bayesian Upper Limits for Poisson Process”. CDF-MEMO STATISTICS-PUBLIC-5928 (2005)



Conclusion

New search for heavy neutrinos in T2K ND280 in progress:

- In 2019 T2K set still competitive limits in mass range 140 < my < 493 MeV

- New analysis based on updated tracking and extended to low masses my < 140 MeV

Current status:

For %, K* decays to HNLs in v- and v-beam modes:

Selection criteria reviewed
Signal efficiencies increased
Systematics estimation
Background study

Expected sensitivity with single-channel approach

In progress:

« Expected sensitivity via
combining HNL decay

modes

Supported by the state project “Science" of the Ministry of Science and Higher Education of the
Russian Federation under the contract Ne 075-15-2024-541.
Author is grateful for the contribution given by Yu. Kudenko, A. Izmaylov and T2K
collaboration members.

@ | rebruary21,2025 |
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Heavy neutrino decays

HNLs decay through charged or neutral current.
Considered decay modes:

1 33 106 139 140 211 245 388 493
| | | 1 | | | > My
additional channels included [MeV/c?]
> A Schematic of production and decay

Uel”  modes included in analysis for
HNL with My < 493 MeV /c? .
vz +yz Bars show allowed kinematic

< =<
. B
=
~

- U, |2 regions for each decay mode with
s Uz +UZ the corresponding mixing
B V] element(s)
v — |U, |2 '
—y > UZ+U2
N - ptet v, . |0,
) N = pte® 3, > U, I2
~|U# |Zfor decays: ~|U, |*for decays:
NVKE - ptN nt > utN nt - eiN
N [ L] Example:
meson decays H* = IZN,;, BR~|0|?
. . . - 2
e Assuming M,~M; = M, , hence experiment sensitive to HNL decays: N; — lﬁinJ’, BR~|@31|

|Ua|2 = 21={2,3}|®a1|2
Experiment is sensitive to
» Look for heavy neutrino decay after their production, UéUE, where [Uy|? = -5 5041
study kinematics of daughter particles. Sensitive to UéUf; '

@ [ backup | [ 16




Selection criteria examples

05 | Integral 100
) L, ) HNLSim
= i work in
g - progress
E’ 20—
m -
[ -
x |
1 >
2
- [, [&—
©vn L
S 10—
S F
Q2 L
S F
2 i no truth
Monte Carlo

distance between tracks
start positions in XY, [mm]

« Starting positions < 80 mm in XY plane

e Reconstructed vertex in TPC
Fiducial Volume

Monte Carlo simulation:

» Background — colored histogram
» Signal — black dots

Barrel ECAL
TPC1 TPC2 TPC3

FGD1  FGD2 ECAL

T[+

¥

decay
vertex

Barrel ECAL

1 Integral 1
Z 0 95_ work in - - - - background
g “E progress
0.8 —&— N—ux, m=250 MeV
2 E Monte Carlo
© 0.7+
5 - o~ N—ur, m=350 MeV
‘8 08
= - —o— N—ur, m=450 MeV
T osf- —
%! - 2
L 04— —
% ;+ |t|—(|Pv_Pu_P7T|)
0.3
S Expect [¢t] = 0
< 02 for HNL decay
0.1 . . T
F 3 ! SSRERENNTS +
0: l“T-_th-_*_mi. I-ti e L L |-+|- I—rA.fA.*'I'ﬁ"f[' - "I!'i"
0 002 004 006 008 0.1 012 0.4

|t], [GeV?]
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Number of signal events in TPCs (10%* POT normalization)

K—eN ,N—eev, K—eN N—en
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Current Limits

Tau coupling dominance: Uz:Ui:Uf =0:0:1
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T2K low mass limits

Argielles, C.A., Foppiani, N. and Hostert, M.,

2022. Physical Review D, 105(9), p.095006.

|Uen| = |Urn|[ =0

10_2 Sue,
'*4.\ T2K (this work)
10-3 - e T2K full (this work) ==
PS191 (this work) Il
10~4 1 . MicroBooNE (Kelly-Machado) B3
\ Iss --.- BBN '72:
© 10-5 A ~1 \“\\
> s 7 'Y
3 Vo X
E 10_6 . -
10_7 7 N~
K+t N N Y ‘.—J«’:~?‘:;~‘~..—'
PR 7 _ \‘\M/"N\N it
Iz € /
10_9 ' I g 1 B 1 8 I I 1 e
20 40 60 80 100 150 200 400
my /MeV

FIG. 2. Constraints on the mixing of HNLs with the muon
flavor as a function of its mass for a minimal HNL model
at 90% C.L. , considering only the production and decay
mode: K — v,N — v,(eTe"1,). For MicroBooNE, T2K,
and PS191 the regions above the lines are excluded, while

BBN excludes the region below the line.

In gray we show

other model-independent constraints. T2K full refers to the
projected sensitivity of T2K with the final dataset, which will

be collected by the end of the experiment.

The T2K collaboration searched for the DIF of HNLs
in the three Gaseous Argon Time Projection Chambers
(GArTPC) of the off-axis near detector ND280 [52]. Be-
cause of the low density of the argon gas, this search
has very small backgrounds from neutrino interactions,
while the gas allows excellent tracking and identification
of the eTe™ final state. The analysis observes no event
in all channels, and provides some of the strongest lim-
its in the mass region 140 < my < 493 MeV. We use
their null results and extrapolate the experimental effi-
ciencies to estimate the constraint on light HNLs with
20< my < 140MeV. We neglect systematic uncertain-
ties and backgrounds, as they provide negligible contribu-
tions to the limits. We reproduce the official T2K result
above the pion mass with reasonable accuracy.

Q@ ]
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Selection criteria examples

Integral 1 . .
z F ____l,,ackgm?m Example of kinematic cut:
5 o9F work in e Necev, mo50 MoV 4-momentum transfer
g - E progress —e— N—eev, m=230 MeV 2
% 08;_ —e— N—eev, m=450 MeV |t| - (lPV - Pl-l - Pn-l)
2 o7
s E For HNL decay expect |t] = 0
5 080 Examp|e of as there no nucleus involved
$ o5 f— - L -
E L distribution for
=
ook - 3-body decay
02 .
0.12_‘_ B e e P
- —— ' -4 ' . ade.
0: |’ﬁ"*‘?%%mﬂ;l | -+-1' jif'f_.fr!'.'ﬁ f’w_
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 2] Integral 100
It [GeV' 18-
2 "F'| Muon PID
g 16—
S "
Y 14_—
2 12
Use dE /dx
for longest
TPC segment & L
progress
Tracks’ PID

likelihoods for

events paSSIng 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 . 0.8 . 0.9 1
all cuts before u likelihood
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Simulation strategy

 Start from standard v flux, apply event-by-event weighting, kinematics modification:
1. m, # my, hence change kinematics of parent meson decay
2.BR(K - l,v,) changed to BR(K — [,N) assuming U, = 1

« Events in TPC gas fiducial volume to reduce background from v interactions

« HNL decays simulated randomly along trajectories in TPCs

Fiducial Volume in TPCs:

TPC 1 TPC 2 TPC 3
X [—870; —20] or [20; 870]
Y [—930; 1030]
7 | [=725;—162] [634;1197] [1993;2556]

Unused Ar | [-870,—20],[20,870] | [—930,1030] | [-784,—725] [575,634] [1934,1993]

@ [ backup | [ 22



Constraints on |U,|

N — p*u~v, (NC,CC)and N - u*u~v, . (NC) modes:

~

Feynman diagrams for

HNL decay N — uuv via
CC (left) an NC (right)

0 0
La Vi La Vi

With NC any type of active neutrino can be produced (Ve'Vw Vr) — sensitive to |U,|,

e.g. K - eN,N - utu~v, sensitive to (U,)?(UZ + UZ)

L) b k Antel, C., Battaglieri, M., Beacham, J. et al. Feebly-interacting particles: 23
a acKup FIPs 2022 Workshop Report. Eur. Phys. J. C 83, 1122 (2023)



Heavy neutrino flux

Flux from reaction K*—u*N, FHC Flux from reaction a*—e*N, FHC
1014
—— = — M, =0 MeV
- work in mHNL—gOMI\iVV work in — Mp=1 MeV
progress ||~ Mun=oU Vi€ progress My =10 MeV

M,y =100 MeV
MHNL=300 MeV

—— My =50 MeV
- My =100 MeV

flux[/10%' p.o.t./mm?/GeV]
flux[/10®' p.o.t./mm’/GeV]

i — My =130 MeV
1010 A— MHNL=350 Mev :H][‘—LI'_.—_ :|k | L
o Al R Tk B o
100 U . . L‘—"Ln_l_l_l_l_n_‘_‘_ LJ_ 1 I ’7
10° B - L N : L__ I il ]
L
107 i I {
E R
108 ! LJ:PH In u H HIUH
el e { L |
i . N R RN BRI SR AR THT__H—. cnl,
0 2 4 6 8 10 12 14 8 10 12 14
E,,GeV E,.GeV

HNL flux at ND280 front plane for K™ - u™N and n* — e*N modes for different HNL masses
assuming |U,| = |U,| =1

Flux from reaction K*—u*N, FHC Flux from reaction a*—¢*N, FHC

Cross check of weighting machinery

10% 10 E
14 . — K—=uv 14 i_ i — —>ev
10 work in s 10 work in
- roaress _ 10 progress - _
prog — M =0 MeV i My =0 MeV

10"

10" |

flux[/10*! p.ot/mm?*GeV]
3
flux[/10* p.o.t/mm?*/GeV]

-
2
T
L —+
L —
T

f_,,"“T“‘%@*tﬁﬂ*ﬁi%ﬂgﬁ%?%Hﬁgﬂf'1”5#3&%QH ;:.::.:.:?;ﬁ%%%%:iﬂ:{:f--.:‘:.:.:.::j:f:

E.GeV E.GeV

Comparison of HNL spectra for My, = 0 MeV with active neutrino spectrum from
K* - u*vand r* — e*v decays (assuming |U.| = |U,| = 1)
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Efficiency vs selection criteria applied one-by-one

1.1 1.1
> F ki - > F i K—eN,N =146 MeV]
O 1B work in s K—€N,N—ert, m, =146 MeV| S 1B work in e K—@N,N—ern, m =146 Me
(= = progress c = progress
S oo 2L o09f
(&) - s K—@N,N—er, mN=306 MeV| (@] - s K—>eN,N—er, mN=306 MeV|
u: 0.8— u: 0.8
LLl = Ll =
0.6 0.6—
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1— 0.1
_NI Iglfl | lrlp‘;l'l | I# 0_ | Iel \ | Irlpl | | | I.'
0, Sl # o Cang., Vet Po_ Pip o vy, Cog , €0 4 LY Ol o 7 Cangy,, Ve Py J/ L& g, Cos . Co; it
e) 9e)

K*,FHC (solid) FHC, K™* (solid)

VS VS
K~, RHC (dashed) FHC, K™ (dashed)
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2019 results

6
Nn)1046: L e B s e s B B B =10 E T I 'lI‘ZK‘ ‘ ‘. Il .I ' 3 (5‘ T T | — T T LA B e
E P, El E —_— . marginalising T
F \ : ;ii E:Z:ilil;ilsmg 1 r — = T2K, single-channel ] 107 E — T2K. marginalising —
r ‘._\ == T2K, single-channel | | \ — PS191 (2-body) = —— CHARM 3
1077 -\ — Ps191 (2-body)  —| 107k —— PS191 (3-body) - = ]
?\% —— PS191 (3-body) E E \ —— E949 E o4 r \\__/\ ]
r N ] i m \ 1 : E
108 E\\ 108k \\\A | il £ 7
E E E N - 3 = —
E Q .\':\:\_\ / 3 8 \/ - 5 \’\ _
i ST s : ~~ 107 N :
- - = E 3
10° \t:“—__, —— 107 o~ —— \ .
E I E E \\ -\_,_ ]
10°E E
107! ]SO‘ L .200. L .250. L %00\ L I?SOI L \400\ L \450\ L ‘500 10710 150‘ L .200‘ L IZSD‘ L ‘300. ‘“0. = L L L L L B
s B E o M [MCV"/CE] N . M N ‘[M Vi g]l 150 200 250 300 350
N / N LVeV/e M, [MeV/cT]

90% upper limits on mixing elements as a function of HNL mass.
“Combined” and “‘single-channel” approaches.

Blue dashed lines — single-channel approach
(one single HNL production and decay mode considered at a time)
Blue solid lines — after marginalization over other mixing elements.

Limits compared to PS191, E949, CHARM. Figures taken from [*].

@ [ backup [ *Abe, Koji, et al. Physical Review D, 100.5 (2019): 052006 26



Expected sensitivity

U, limits can be set with two approaches:

1. “Single-channel”: each HNL production & decay mode independently

For example, u*m* channel can constrain:
- UZ considering only K* — pu*N,N - p*rt )
- or U, x U, considering only K* — e*N,N — p*r™

2. “Combined”: all HNL production & decay modes simultaneously
- limitson U, (a = e, u, t) without assumptions about U, hierarchy

Example:
e Using N — uuv mode, we can put a limit on Ue\/Ue2 + U# with assumption U, <
U,, where contribution comes only from K = eN,N - u*u~v, ,

*  With “combined” approach we can put limits on each individual U, (a = e, u, 1)
without assumptions about U, hierarchy

i’ | backup | 27



Expected sensitivity

“Combined” approach:
For channel A the contribution of mode i is characterized by:

» expected number of decays ®; assuming Uz = U7 = Uf =1
« selection efficiency of decays in current channel, g ;
- actual values of Ug , ; via the factor f; = Uz Y. UEJ,

a,B; € {e, u, 1}, a — flavor in HNL production, 8; — flavors in HNL decay

Expected number of events N, in channel A (with background B,):
Na=Ba+ ) eag X filUZ, Uz, UR) X @,
i

Bayesian approach. Likelihood for observed number of events ng?s
L =[], Poisson (n$?s, N,)

PyMC Markov Chain method used for integration.
90% domains are defined by profiling/marginalizing over other mixing elements.

@ [ backup | 28



Systematics

Flux systematics:
20% for KT and 10% for =T [*] | preliminary estimation!

SK: Antmeutrmo Mode, v,

l I T T T T 17T T T T T T L |_
SK Neutl‘lno Mode V 03 __ —wmemv= Hadron Interactions ‘D’(Ev: Afb-NO'l'm‘ __
T T T T | T T T T T T T T ) L e Proton Beam Profile & Off-axis Angle — Material Modeling n
i Number of Protons
03 [ =w=w=-- Hadron Interactions ®xEy, Arb. Norm. 7 i ---------- :orn Zu:em &ATEM —— NA6I 2009 Data i
— . . I mrmmm— orn arget ignment
T m—— Proton Beam Profile & Off-axis Angle — Material Modeling =} I ‘ ¢ 7
i Number of Protons =} 02+ —
e Horn Current & Field — NAG61 2009 Data - FJ_-] - 4
- [ ———— Horn & Target Alignment — - - NA61 2007 Data N g B 7
5 L i k= - i
5 02 — 5 e —
LE = i g 0l B ni. | ]
< gy S -
g L ey e i
£ : s T
E o b=t e +—1'*."-;-‘F--1" = ‘—H’?‘ s BV
FH 107 1 10
E. (GeV)
SK: Antineutrino Mode, Vyu
T T —T T T — ]
|”  —w===-= Hadron Interactions ®xE,, Arb. Norm. T
03 __ = =+ Proton Beam Profile & Off-axis Angle — Material Modeling __
. Number of Protons
o Horn Current & Field —— NA61 2009 Data N
- [ ———— Horn & Target Alignment T
5 L i
FIG. 2. The fractional systematic uncertainty on the v, flux at 5 021 7
SK in FHC mode (top), on the right-sign &, flux at SK in RHC g ﬁ 1
mode (middle), and on the wrong-sign v, flux at SK in RHC 2 b =
. . s :
mode (bottom). The solid black line shows the current total i
fractional uncertainty (NA61/SHINE 2009 data), while the -

dashed black line in the top panel shows the fractional uncertainty 0 ==
from an earlier flux prediction (NA61/SHINE 2007 data).

b k *K. Abe, et. al. “Improved constraints on neutrino mixing from the T2K experiment with 3.13 x 102! protons on target”. 29
aC Up Physical review D 103, 112008 (2021)



Selection criteria

Required 2 close opposite charge tracks in TPC with extrapolated vertex in
TPC Fiducial Volume

Veto cuts: no activity in detector upstream to TPC where decay occurred
(e.g. FGD1 for TPC2)

No additional good quality tracks in the TPC
Analysis branches: utnt, ent, e*n~, utu~, ete”

PID cuts: use TPC dE /dx to build corresponding PID likelihoods (e.g. £,,, L, L)
For N = uuv use ECAL PID

Kinematic cuts:
- total HNL momentum
- angle between HNL daughter tracks
- invariant mass
- polar angle (between HNL direction and Z-axis)

- 4-momentum transfer |t| = (Pv — B, - Pn)z
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HC/FC/Bayesian

Un

U: 2 =
| llllmlt Nevents

* Feldman-Cousins:

U,, —90% C. L. Poisson limit for n observed events

Ngpents — €xpected number of signal events assuming |U|? = 1

* Highland-Cousins:
2 2
U = U {1+ B2 1 4 (o))}

Uno —90% C. L.Poisson limit for n observed events;
04cc — detector acceprtance error
En = UTI,O —n

Bayesian
p(s|n) fo db fo dn L(s,n, bln)ws(m)mg(b)

L(s,n,bln) = %e‘sn_b

fsslup p(sln)ds =1—-«a
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