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duznyeckas MOTHUBAIIUA

Hogas ¢u3uka 3a npenenamu CM: vMSM-monens [1,2]:

— * 3 mpaBbeix HeWTpuHo N;, I = {1,2,3}

e m,#0

. * v & N; — MaliopaHOBCKHE YaCTHULIBI
* bapuonnas acummerpusa BcerneHHon —

* My, ~keV MOXeT ObITh TEMHON MaTepuei

e Téwmmnas marepus _
* my,,~MeV — GeV MOXeT BbI3BaTh OAPHOTEHE3UC

[IBeToBOE COOCTBEHHOE COCTOSIHUE KaK KOMOMHAIMS JIETKKUX (V;) U THKENBIX (IN;) MacCOBBIX COOCTBEHHBIX COCTOSHMUIMA:

Vo = Yo VEMNSy, + 0 0N, (@ =e,u,1; i =1,2,3; 1=1,2,3)

— 2 2
* Ilpennonaraem My~Ms = My, |Uel|® = 21=(2,3)| Ocu| Tsaokénple  HEHTpaIbHBIC
- JNIENTOHBI, WM TKEIbIE
MCTOIH)I ITONCKA TsK. HCUTPHUHO. HEHTPUHO

— i

N3ydenne KHHEMaTHUKHU pacraaa [Touck pactiagoB Ts>K. HEUTPUHO delTHMaHOBCKOEC

mesonoB (MT = IZN) B JIETEKTOPE, M3ydeHHe | TPENCTABICHUE
l * KHHEMATHKH J0YePHUX YACTHI
g
[Tpumeneno B E949, NA62 u p. CERN-PS-191;

H@ﬁmDuHHble IKCNEPUMEHN bl
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apTa L 2. T. Asaka, S. Blanchet, M. Shaposhnikov. “The nuMSM, dark matter and neutrino masses”. In: Phys. Lett. B631 (2005), pp. 151-156.



OxcriepuMeHT T2K

J-PARC 1 e —
accelerator,

e i i i S i, it ', s et ‘e’ s’ i i

Neutrino beamline

Om 118m 28|0m 29|5km

* Tokai-to-Kamioka (T2K) [3] — HEUTPUHHBIN SKCOEPUMEHT C JJIMHHOW 0a30M.
[maBHas 1enb — U3y4YeHUE OCHUIUIALNUMT V, TIOUCK JENTOHHOTO CP —HapyuieHus.

Bmuxuuil gerexrop ND280 pacnonosxkeH nof yrioM 2.5° k nyuky v (E;, = 0.6 GeV).

*  YCKOpPUTEIIBHBIN SKCIIEPUMEHT Ha MPOTOHHOM Ityuke ¢ sHepruen 30 ['3B B J-PARC.

* HeuTpuHHBIN Ty4YOK OT PACIIAA0B TT- U K-ME30HOB.

* 7- 1 K-Me30HBI (POKYCHPYIOTCS MATHUTHBIMU TOPHAMU JUISA CO3JIAHMUS ITy4Ka V), (W)

I3 (a = e, 1) +
e HccnenyeM pacnasl TSK. HEHTPHHO rt Kt ND280 I

B OmmkHeM fetekTope ND28O0: TSDK. HOUTPHHO \\

G) | 10 Mapra 2026 1. | 3. K. Abe, et al. (T2K), Nucl. Instrum. Meth. A659, 106 (2011), arXiv:1106.1238 [physics.ins-det]. | 3



ND280 u npumep cOObITUS C TOKEIBIM HEUTPUHO

UA1 Magnet Yoke

Downstream
ECAL

Solenoid Coil

Barrel ECAL

Barrel ECAL

TPC1 TPC2 TPC3
FGDI FGD2

ECAL

Y vertex
Barrel ECAL

Z

e UAI maraut — qumnoiasHoe mar. mojie 0.2 T
e POD — n° gerexrop

* ECAL — 2neKTpOMarHuTHbIA KaJJIOPUMETP

Pabounii 00séM TPC: uckirouaem CTEHBI U KaTOI

MopaenupoBaHue pacrajaa
TsK. HEUTpUHO B ND280

* TPCs — aprosoBsie ra3oBbie

BpeMS-IIPOEKIMOHHBbIE KaMepPbl

*  FGDs — BBICOKOCETMEHTUPOBAHHBIN TLIACTUKOBBIN
CUMHTUJUISALMOHHBINA IETEKTOP

*  SMRD — MIOOHHBIU IETEKTOP, CHUHTUILISIINOHHBIE

JNETEKTOPBI BHYTPH IpMa MarHuTa

| q’ | 10 Mapra 2026 1.



TGKYH_II/IC OI'PAHHNYCHUA HA 3JICMCHTBI CMCIIMBAHUA

Electron coupling dominance: U: Uj: U; = 1:0:0 Muon coupling dominance: UZ: Uj: U‘ =0:1: 0
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MoTuBalys 111 HOBOTO aHaJIM3a | CTpaTerus aHaiu3a

ITouck TsK. HEUTpUHO 6 2019 [6]:

» KT UEN (a=ep)

» Kt Bv-momeu K~ B V-Moje

Anamu3 2019, npoTOHBI HA MUIIICHB:
12.34x10%°% v-mona
6.29%10%° v-moma

Hoeéwtit 10VCK TIK. HEUTPUHO:
s METSUIIN M=K m a=e
= M* (M =K, m) B V- uV -Mozax

+
= Jlo6GaBneHsl pactaapl nuonog mt — Iz N

"  (O0HO061EHHBLI TPEKUHT, CUTHAN U (DOH

. I[OCTYHH& Hoeéax cmamucmuka

HoBbIil aHAIM3, POTOHBI HA MUIIIEHD :
12.34x10%° v-mopma
8.61x10%° V-mona

Coovimus 6 2aze TPC, 4yTo0Obl yMEHBIIUTH ()OH OT B3aUMOJICHCTBUHN V
; +
N3yuenne pacnagos Mt S IEN (M=K,m; a=ep

N - utat, N s eftnt N sete v, N - utuv,N - etutv

CurHasibHas TONOJIOTHA: 2 OMU3KUX IIPOTUBOIOI0KHO 3apAKEHHBIX TPEKA,

HaYMHAIOIIUXCS B OJJHOM padodyeM o0béme TPC

[IpuMeHeHne BeTO, MASHTU(DUKAIIUM YACTUI] 1 KHHEMAaTUYECKUX KPUTEPHUEB 0TOOpa

G) | 10 Mapra 2026 1. | 6. K. Abe, et al. Physical Review D, 100.5 (2019): 052006 |
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Cucremaruka

N CcTOYHUKY HEONPEACJEHHOCTEH: ICETCKTOPHAS CUCTEMATHKA
1A 3(PPEKTUBHOCTH CEJICKIUUA + CUCTEMATHKA Iy4YKA

JleTekTOpHAasA cUCTeMaTHKA (RpedsapumenbHo).
OTHOCHUTENIBHAS OMIMOKa HA YHACJIO OTOOPAHHBIX CUTHAJIBHBIX COOBITUIA

= JckaxkeHHs MarHUTHOTO I1OJIs 0.27% N = et
=  Pa3pemienue ummysnbca 0.45% my = 250 MaB
=  Macmrtad uMnysibca 0.06%

= TPCPID 0.92%

=  BoccraHoBIEHHE 3apsiia 0.11%

*  D¢pPeKTUBHOCTH KIACTEPOB 0.0005%

"  DPpeKTUBHOCTH TPEKOB 0.38%

= DddexkrupHocts MaTunHTra TPC-FGD 0.04%

*  BTopuuHbIE B3aUMOJICHUCTBUS T 2.21%

*  PazpemreHne no3ulu BEPUINHBI 0.14%

=  Pacmaja poauTenbCKoro Me3oHa 0.03%

=  Hror 2.49%

Cucremaruka ny4ka (npeogapumesnbHo):
OtHocuTeNbHas OIIMOKA Ha YKCIIO TSK. HEUTpuHO B MoHTe-Kapio MoaenupoBaHuu

20% st KT 10% most w [7]

4 7. K. Abe, et. al. “Improved constraints on neutrino mixing from the T2K experiment with 3.13x102* protons on target”. |
e 10 Mapra 2026 . Physical review D 103, 112008 (2021) 7




3cpc1)eKTHBHOCTb: HOBBIN aHau3 (cruromHele tuHuM) U 2019 [6] (myHKTHD)
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N3ydenne pOHOBBIX COOBITHM

®on Monre-Kapio, HopMUpOBKa Ha IAHHBIE

Kanan ceneknumu | @on (v-mopa) | Pon (v-mozma)
pEm 1.06+=0.4 0.36 = 0.21
et 0.05 £ 0.05 0+0
et 0.12+0.13 0x0
ptp~ 0.93 £0.35 0.36 £ 0.21
ete” 0.12+0.12 040

KorepeHTHoe poxaeHHMe MHOHOB OT
B3aMMoOAeuCcTBUN V Ha sapax Ar B TPC:
- +
Vy+Ar > um + " + Ar
BHOCHUT JOMWUHHUPYIOIIMN BKJIA]l B MOZbI
N - ptn®, yruv

e Jlpyrue B3auMoJIeHCTBHA V B rase:
- P€30HAaHCHOE POXKJICHHUE TT;
- KBa3UyNnpyroe paccessHue;

« y—e'te  wu coOwbiTHs BHE paboyero

00béMa utd kaganos N — efrgt

Cymmapusbia POT:
12.34x10%° v-mona
8.61x102%% v-moma

Hcnons3yromuecs B
aHamu3e HaOpaHHBIE
na"ueie B T2K:

OrpaHuYeHHs C UCTI0JIb30BAaHUEM
KOHTPOJIBHBIX 00Pa3I0B:

1. MHBepTHUpOBaHUE MOJISIPHOTO yIiia
2. CoOpiTuga B creakax TPC

OIl€HKa B3aMMOJIEUCTBUN V C TIOMOIILIO
MomnTte-Kapio reneparopa NEUT [§]

e) | 10 MapTa 2026 T | 8. Hayato, Y., Pickering, L., et. al. “The NEUT neutrino interaction simulation program library”. Eur. Phys. J. Spec. Top. 230, 44694481 (2021) I 9



YyBCTBUTEIBLHOCTD: OJITHOKAHAIbHBIN ITOAXO/I

A 4 ) 4
“OnHOKaHAJILHBIN “KoMOMHUPOBAHHBIN;
Kaxmas Mmozia poxkaeHus1, pacnanaa He3asucumo Bce Mojibl pokieHUs, paciaga 00HO8PEMEHHO

- Orpannuenus vHa U, (a = e, u, ) 6e3
peanoyokenuii 06 nepapxuu U,

U, Neogumuit: OXMaeMblii cursan npu [U|? = 1

. 2 —
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COOBITUH .
HabJII04aeMbIX COOBITHH

K - eN - e(etn®) K - uN = u(u*n™)

cbm - v-mode K* & ¥-mode K*, Bayesian %3- L —— v-mode K* & ¥-mode K*, Bayesiar
o T T T2K (2019), Bayesian i paGotaes || ........ T2K (2019), Bayesian
| PS191 (2-body) | [ _TIPOuece® || —— B0
s ———— PS191 (2-body)
107 NAG2 —  NA&2

T T
A2

pabota B X
npouecce 3
10°® d ' ,

10_8:— .
- 85) o S h
- /4 - ‘ ‘ ] _
| l’i?ﬁ;i!n».ir .......
R HoBbil -
)
_|A6I | | | npenen 9E94|9|||
50200 280 300 380 200 as0 500 U240 260 280 300 320 340 360 380
My, [M3B] o

| @ | 10 Mapra 2026 T. | 10



YyBCTBUTEIbHOCTh: KOMOMHHUPOBAHHBIN ITOIXO/I

Bkiag MOJbI [ B KaHA CEJIEKIUM A XapaKTepU3yeTCs:

O’xHgaeMbIM 4KciIoM pacnanos ®; npenmonaras U2 = Uﬁ =U2=1
*  OQPEKTUBHOCTHIO CENEKIMH B TEKYLIEM KAHAIIE, £4 i
* 3nauenusmu Ug ), . uepes akrop f; = U X, U[%j

a, B € {e, u, 1}, « — apomar npu poxaenud HNL, §; — apomar npu pacnane HNL

Oxxugaemoe ynciao coobituii Ny B KaHane cenekiuu A (¢ GoHoM By):

N, =B, + z ea; Xf;(UZ, UZ, UF)XD;

l
BaiiecoB moxxox. BepostHOoCTb 1151 HAGMIOMAEMOr0 Yuciia coobiTrit ngPs

L = [[4 Poisson (n$%s, Ny)

Metoa MonTe-Kapiio ¢ MApKOBCKUMHU HENSAMHU VCTIONb3YETCA IS HHTETPUPOBAHUS

90% nHTEpBaIBI ONPEACIIAIOTCS Yepe3 NPOPANTUHI/MAPTUHATIU3ALMIO 110
OCTaJIbHBIM 3JIEMEHTAM CMEIIIMBaHUS

| e’ | 10 Mapra 2026 1. 11
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UyBCTBUTEIbHOCTh: KOMOMHUPOBAHHBIN ITOIXO/I
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UyBCTBUTEIbHOCTh: KOMOMHUPOBAHHBIN ITOIXO/I

Yepennenne o UZ, U

2 ]
UT ] —— Current work, marg.
] CHARM
| pabora B
107 3 nmpouecce
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1074

107° A
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3aKJIIr0UcHHUE

B 2019 r. T2K ycraHoBuI akTyaJdbHbIC HAa TaHHBIM MOMEHT orpanndeHus Ha Uy, (a = e, U, T)
B 00JIaCTH Macc

140 < my < 493 MaB/c?

HoBbIit aHaIM3 0CHOBAaH HA 0OHOBIEHHOM MpeKuHee U pacuiuper B obiacte my < 140 M»sB

Oxunaemslil GoH < 1 coOBITHS B Ka)KIOM KaHalle ceekiun g 2.63x10%1 POT

Ceituac T2K MHTEHCMBHO HAOMPAET CTATUCTUKY, UTO MO3BOJIUT YIYUIIUTh OrpaHndeHus Ha U,

[LimanupyeTcs Moy4YnTh HOBbIE OrpaHnyeHusd Ha U, :

OIHOKaHAIEHBIA TOIXON;
- UZ B o6nactu Macc 415 < my < 493 M3B/c?
KoMOrMHMpOBaHHBIN MOIXO/;
-UZ B o6mactu 120 < my < 130 M3aB/c?
- Uj B obmactn 100 < my < 150 MaB/c? u 290 < my < 380 MaB/c?

- UZ? B obnactu my < 140 MaB/c?

Agtopbl Beipaxkarot 0narogapHocts FO.I. Kynenko u wienam komnadopanuu T2K.

| G’ | 10 Mapra 2026 1. | 15
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Sensitivity study

“Single-channel”: COMPLETED “Combined”: IN PROGRESS
each HNL prod. & decay mode independently all HNL prod. & decay modes simultaneously

- Limitson U, (a = e, u, t) without
assumptions about U, hierarchy

Un Ngpents: expected signal assuming |U|? = 1

> U 2 —
| L | limit Nevents U,: 90% C.L.Poisson limit for n observed events

} } }

Highland-Cousins method [9] Feldman-Cousins method [10] Bayesian method [11]
b=20 b+0 b#0

Signal systematics Signal, background systematics Signal efficiency, bkg. uncertainties
using prior probabilities

b = —— Highland-Cousins
109 —— Feldman-Cousins
g ——— Bayesian
107
i work In K — eN - e(eev
Cross-check 107 progress ( e)
between methods 10°E 90% C.L.
107k data POT normalization
10‘{;
9. Nucl. Instrum. Meth. A320, 331 (1992) E
10. Phys. Rev. D57, 3873 (1998) 107G 5000620050 500550 400 450 b0g
11. CDF-MEMO-STATISTICS-PUBLIC-5928 (2005).1380 My [MeV]

l @ | backup 18



Current Limits

Electron coupling dominance: U?: Uy: U7 = 1:0:0
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Current Limits
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T2K results 2019
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2019 results

_6
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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 [*].
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Heavy neutrino decays

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

211 245 388

139 140

addlfloﬁal cl‘lanﬁels mcludéd

1 33 106

e Assuming M,~M3 = My , hence experiment sensitive to
|Ua|2 = 21={2,3}|®a1|2

2 . .
> |Vl Schematic of production and decay
&§§§&§§§&Ns : |U,|? . . .
! | elz modes included in analysis for
U :
o HNL with My <493 MeV/c?
. e . .
‘ vz+u2 Bars show allowed kinematic
v lw.l>  regions for each decay mode with
¥ —= . . .
DR Ve |U3|;" Uz the corresponding mixing
v, A
N ete 5 . U2 element(s).
N-—-ete=v, > U2 +U2
N - pte¥ 3 > U,
N - ptet v, > |UI?
"’lUu |2for decays: ~|U,|*for decays:
Kt - utN nt - ptN nt - eiN
K il H & Example:

meson decays HT — [ZN], BR~|®(XI|2

HNL decays: N; — lﬁn

BR~|®B,|

Experiment is sensitive to

* Look for heavy neutrino decay after their production,
study kinematics of daughter particles. Sensitive to UéUE

UZUg, where |Ug|? = X5 3|0 |2
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T2K low mass limits

Argiielles, C.A., Foppiani, N. and Hostert, M.,
2022. Physical Review D, 105(9), p.095006.

|Uen| = |Urn| =0

10_2 e,
"\.\ T2K (this work) Nl
10-3 e T2K full (this work) ==
PS191 (this work) Nl
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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,(e*e”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.

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 < mpy < 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.
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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 - [,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

l @ | backup
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Constraints on |U_|

N — u*u~v, (NC,CC)and N — p* i~ v, ; (NC) modes:

/

Feynman diagrams for

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

0
L a Vi

With NC any type of active neutrino can be produced (ve, Vo vT) — sensitive to |U,|,

e.g. K » eN,N - pu*u~v, ; sensitive to (U,)*(UZ + UZ)

| Antel, C., Battaglieri, M., Beacham, J. et al. Feebly-interacting particles:
@ | baC‘kup FIPs 2022 Workshop Report. Eur. Phys. J. C 83, 1122 (2023) 26



Heavy neutrino flux

Flux from reaction K*—u*N, FHC

Flux from reaction n*—e*N, FHC

; 1014 — s _ -
8 work in — My =0 MeV 3 rki Wm0 MoV
‘\é 1013 — MHNL=50 Mev {\t e n _ MHNL=1 Mev
£ progress M 00 MeV E progress M =10 MeV
§ 10% HNL™ ‘?; — My =50 MeV
. — M\ =200 MeV| 2 ] M, 5, =100 MeV
S M, =300 MeV| £ o —— My =130 MeV
E —— My =350 MeV| 2 ]f[w- } nl '
10 — A | 'J__J_ il =—_ - [-
T ! T |
108 : v H
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J‘L__Lrh__u_ ] ‘
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™H LT T Rl L N
1 L 1 1 1 L 1 1 1 1 1 1 I 1 1 1 I 1 1 L I 1 1 1 I 1 1 1 I L [ 1 —T [ JJ nj_l —‘ r ”_
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HNL flux at ND280 front plane for K¥ - u™N and n* — e*N modes for different HNL masses
assuming |U,| = |U#| =1

Cross check of weighting machinery

Flux from reaction K*—u*N, FHC Flux from reaction «*—e*N, FHC

g w workin || KW g wp work in e

g progress || .. =0MeV g i Progress | | My=0Mev

i i f
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Comparison of HNL spectra for My, = 0 MeV with active neutrino spectrum from
K* - pu*tvand nt — etv decays (assuming |U,| = |U,| = 1)
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Expected sensitivity

U, limits can be set with two approaches:
1. “Single-channel”: each HNL production & decay mode independently

For example, utn™ channel can constrain: B
- U} considering only KT — pu*N,N - pu*rt B
- or Ug XU, considering only K* - e*N,N - p*rnt

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

Example:

 Using N = uuv mode, we can put a limit on Ue\/ UZ + U2 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
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Systematics

Flux systematics:

20% for K< and 10% for w*
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preliminary estimation!
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Selection criteria

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

e Veto cuts: no activity in detector upstream to TPC where decay occurred
(e.g. FGDI1 for TPC2)

* No additional good quality tracks in the TPC

¥ +

 Analysis branches: u*rn*, e7n*, etn™, utu~, ete”

* PID cuts: use TPC dE /dx to build corresponding PID likelihoods (e.g. £, L, L)

* 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 — Pu — B n)z
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HC/FC/Bayesian

Un

U. 2. ., =
| l | limit Nevents

* Feldman-Cousins:
U, —90% C. L. Poisson limit for n observed events
N, yents — €xpected number of signal events assuming |U|? = 1

* Highland-Cousins:
2 2
U = U 1+ Ene (1 (o2s)”))

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

04.c — detector acceprtance error

* Bayesian

« p(sin) < [ db [” dn L(s,n, bln)ms(n)mg (b)
* L(s,m,bn) = —(Sn;b)ne‘sn‘b Y o
. fs.s;zp p(s|n)ds = 1'_“ p(Ue,UH,UT)=/d¢>d8de£><7rq>7r€7rB7rUz

ppI‘Of(U’e2 — p(U627 Uﬁ,maqu?,max)7

2 2 2 2 2
— / p(Ue ) Up,7 UT)dU,udUT7
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