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Accelerator

- SuperKEKB: next generation B-factory ete™ — Y(4S) — BB, \/E ~ 10.58 GeV
+ rich program of tau, dark sector and other low-multiplicity physics.
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Super-KEKB

@ KEK Add / modify RF systems
E (GeV) B*y (mm) B*« (cm) 9 I(A) L (cm?s?) Tsukuba, Japan for higher beam current
LER/HER LER/HER LER/HER (mrad) LER/HER
SuperKEKB 40170 €0.27/030) 3.2125 415 |C 36/2.6 )| 60x10% to inject \ Positron source
factor 20 factor 2-3 Damping ring ” B v New positron target /

capture section

J.
« KEKB — SuperKEKB accelerator ‘!/

Low emittance gun

» 2x beam currents, 50nm vertical beam spot size (“nano beam”). Low em
ow emittance electrons
» Unprecedented design luminosity: 2.1%x1034 — ~6.0%x1035 cm-2s-1, tonject
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e Consequently Belle Il has higher beam
EM Calorimeter (ECL) backgrounds and event rates.

" e A
Energy resolution: 4%-1.6% S ) Belle Belle Il

electrons (7 GeV)

ositrons
y L Gevy * Belle - Belle Il detector
//{/;:;; A - \'\ » 2-layer Pixel Detector (PXD) with first layer
— - at 1.4cm, significantly improves vertexing.
gir:gfrlegﬁﬁogpf;gbi » 4-layer Silicon Vertex Detector (SVD)
P JE/dx resolutic;n: 5‘;: with larger acceptance.
pyresolution: 0.4% » Central Drift Chamber (CDC) with larger
outer radius.
» Improved particle ID: TOP + new ARICH
~7.5m (K/T separation).
Belle I v » Improved trigger, and faster electronics

Belle Il TDR: [arXiv:1011.0352 ] in general.
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https://arxiv.org/abs/1011.0352

Performance to date

 Belle integrated luminosity from 1999-2010: ~1 ab-1 » Belle Il from 2019-now: 575 fb-1
Belle Il Online luminosity Exp: 7-35 - All runs Peak instantaneous luminosity
175 N

‘Integrated luminosity
B Recorded Weekly
15.0 N B A—— fERecordeddt — 575.47[fb_1] ................

L 600 5.1x1034 cm-2s-1

(new world record)

- 500

12.5 e P | R (SN
Run 2 ik Integrated luminosity
10,0 Ao D L . ongoing) B
Detector 495 fb-1 recorded at Y(4S)
rejuvenated - 300
7.5 e ... - (including PXD 59 fb-1 at 60 MeV below Y(4S),
replacement)

for background studies

19fb-1 at 10.75 GeV,
for exotic hadron searches

- 200
(5700 [ (US| | PR A .

Total integrated luminosity [fb~1]

Total integrated Weekly luminosity [fb~1]

55 o ... JID || B | 100

0.0 -

0 « Aiming to collect 50 ab-1 over
the next ~10 years (x50 Belle)
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Heavy Neutrinos

* Neutrino masses can be incorporated into the SM 10 ke ~GeV ~GeV
by introducing heavy sterile neutrino(s). Ve Nl °V N2 °Vz N3
- 3 nénutri o "e"‘%'u
* They can appear in many NP models, ” 0.511 Mev 105.7 Mev 1.777 Gev
e.g. YMSM introduces 3 such particles S e LL T
(Nl’ Nz, N3) Can solve: 3 electron muon tau
» origin and smallness of SM neutrino masses [ Phys.Lett.B620:17-26.2005]
(with GeV scale V| , and see-saw mechanism) - (H) (H)
> dark matter (/V; with mass ~keV) : :
» BAU: leptogenesis via Majorana mass term : :
VCI:ZU(X,iVi aAa=eU,7 < E ]\gR E R
; 1 =1,2,34,... v Nr Ngr VL
* Although mostly RH, smaller LH component can See-saw type [
allow interaction with v, via V<>, , mixing.
* Neutrino flavour & mass eigenstates need not coincide, but may U2 U2
be related through a unitary transformation a,N p.N
» Heavy neutrino production via mixing = suppressed by factor [/, ,, ————C—>—
» Then decay (after long flight length) by mixing again = additional U/?N l/a N l/ﬁ
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https://arxiv.org/abs/hep-ph/0505013

Neutrino Physics at Belle & Belle |l

« While not primarily neutrino experiments, both Belle & Belle Il are in a unique position to contribute

» Well-defined initial state & clean environment, — Precise missing energy reconstruction (invisible particles), &

with hermetic detector & excellent vertexing. recon. of displaced vertices (visible decay of long-lived particles).
» Direct searches for heavy neutrinos in B & 7 decays (my < mg ;) 0 [Nucl. Phys. B 1004 (2024) 116576 ]
10° .
» Indirect constraints, particularly from rare/forbidden decays § ATLAS'15-DL
eg.B— Kvi, B— Xvo, B— v, LFV 7 decays, ... 107 3
1072 — cws,'ls—DL
Production CMS'18-TL
107 3
4 r ) Decay . .
+ * N—IO_4 _E :i g V ‘ Non-Unitarity
sl g Vg, fﬂ_\ = ‘; _
107 g DELPHI
10*6 -
107 4 .
Nov, mixing
107° 4 K
£
W, 107 — . -
0.1 1 10 100 1000
Belle & Belle Il my (GeV)

(direct searches)
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https://scoap3-prod-backend.s3.cern.ch/media/files/86024/10.1016/j.nuclphysb.2024.116576.pdf

Direct searches for heavy neutrinos
(displaced vertex) in B and 7 decays
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Direct search in B decays

- |

« Heavy neutrino search in B decays at Belle (711 fb-1) g:

: 3 \\"\ [PRD 95. 099903(E) (2017)]

> Sensitive to Nov, |, mixing for My < My, < My 10'E : NN 4
: BN :

* Produced via leptonic or semi-leptonic decays: B — XZ/N 1025 : N ]
» X = D, D*, light meson (x, p, n) or “nothing” (leptonic) N I T N N\NAS Belle
» L =eorp T i RN 3
= - R :

« Detector signature: displaced vertex from N — 7 7. =3 10%E —= 4
» Three channels: eer, uur, eur ' — R 3
10_5? §~-_D_E-L;H_l-_?§-

« Bkg reduced by 109k BEBC ’ N

factor ~106 to only E : Neov, mixing

handful of events. Al NTevo e ; |

0g | e . o
« Total systematic uncert. 03 I M,(GeV/c?) 3 10

~25%, largest sources:
> Vertex cuts (~10%) . ) — ~
> Off-IP tracking (8.7%) Maximum sensitivity at my ~ 2 GeV
> 3.0x10-5 for |U,y|? and |U, 5|2
(et oV, U210 No significant excess > 2.1 %10 for |Ul|U
z observed. Set ULs. kB(B — X/lvy) x By, — €r) < 7.2 x 10—3

e
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.099903

Direct search in 7 decays

« Let’s not forget that B-factories are also 7-factories. o(efe™ — bb)=1.05nb vs o(ete” — 7777)=0.92 nb
102

« Existing constraints on N—v_mixing are much weaker, Bl CHARM IBLALE el i
& results from future experiments still many years away BN DELPHI —— BelQUERESEREEE
(e.g. SHiP, DUNE, FCCee).

[JHEPO04(2022)057 ]

= In meantime, Belle & Belle |l can deliver important results! 10-3

* Recent result from Belle (915fb-1, 836 x 106 z-pairs), probe
\Un? > U, p[2, (U nl? scenario [J. Phys. G 47, 010501]

|UT4|2

1074 -
 Look for N produced in 7 decays, which then decays via weak E

neutral current. Can access my < m,—m_.

X =" X=pw| Y= 107°] 1 1075 +—= . - ' - - . .
1 1071 | 02 04 06 08 10 12 14 16
Xy o100l e, T | my |GeV]
* 5 ol R,
%4 . . « Nis long-lived for range of |U_,/|? values
. R Z _s| [JHEP11(2018)032] we are sensitive to.
E N y L ‘ . Look for visible decay within detector.
S 0.05 0.10 0.50 1 ) = displaced vertex search.
munL[GeV]
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https://link.springer.com/article/10.1007/JHEP04(2022)057
https://cds.cern.ch/record/2652223/files/Beacham_2020_J._Phys._G__Nucl._Part._Phys._47_010501.pdf
https://link.springer.com/article/10.1007/JHEP11(2018)032

Direct search in 7 decays

« Reconstruct ete™ — 77 7 events [t T T Belle MC
Cenh’al Dl'lﬁ tag Slg L sxg 300 Ml\(/alvv - .
Chamber e 10° = S 1600 Mev
TV, C
Silicon |
I + 0= . = +y - 102
Vertex Tag =™ | T Vs Tsig md L N(_)M H y’t) -
Detector y . :
| l/ll/ 10'35— E
X = Look for ;" 11~ displaced vertex, ; :
DV = Displaced Vertex radial position > 15cm from beam axis. 10 E
IP = Interaction Point Note: KO — ntx” can produce similar DV.
Suppress by vetoing mass region. I H HHH HHHH i
0" 010205 04 08 06 07 08 09 1
.. . m2Y [GeV/c?)
» Divide into low-mass & [ PRD 109, L111102 (2024) ] c 1 e
high-mass signal regions low-mass SR high-mass SR 10°
» Full kinematics of signal- TE
decay chain reconstructed «_ 2L 10”
with two-fold ambiguity = F I
(m, & m_) T E
C 107
- Stat limited. Largest e signal efficiency
systematic from bkg N N map "
y|e|d eXpeCtation (34%) 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

my [MeV/c?] my [MeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102

Direct search in 7 decays

* In the signal region targeting heavy & light sterile [ PRD 109, L111102 (2024) ]

neutrinos we observe 1 & 0 events, respectively.
* In agreement with background expectation.
Single event observed 1071
1.6— —1
- DELPHI
[ SRL SRH °
1A v 102
i —0.8
121~
S 0 06 3 B0 N e —
O r @ =,
= [ S = Belle .
€ 0.8 2 (this work) N
i 04 I _ Majorana .\",
0.6 = T 1074 o Expected i
s Observed i
- -l |
0.2 i
0'4__ 5 \:\.\\ +20 l:
B 1071 Dfrac\ e :
02 _l 11 | 11 1 | 11 1 I 11 1 | 11 1 | 1 1 | 11 1 | EXp:eCted\ . .
02 04 06 08 1 12 14 16 ° —— Observed .. WAGG (reinterpretation)
m, [GeV/c?] ; el i Tl \::::::: }Ei:i_Xﬁri\.—/[_ﬁ(;;i;lterpretation)
1077 +20
> lIg:elgezll |sdexpec]ited to %u§h|forward these constraints 01 06 08 10 12 11 16
y 1-2 orders of magnitude! [ JHEP04(2022)057 ] m [GeV /e
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://link.springer.com/article/10.1007/JHEP04(2022)057

Constraints on heavy neutrino models
from rare/forbidden B and 7 decays
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Rare & Forbidden B decays

energy frontier a intensity frontier ) « At the intensity frontier, new particles might contribute

to loop or tree level diagrams
-’ » Enhancing decay rates
NP SM » Modifying angular distribution of final-state particles

e Can probe NP beyond the direct reach of LHC
\mlted by beam energy ) \_ limited by statistics )

« For example B — Kvv, FCNC strongly suppressed in SM: B(BT — Ktvi) = (5.58 £0.37) x 10~°
[PRD107.014511 (2023)]

‘o
St I

u P u

* Heavy neutrinos might enhance the BF significantly
e.g. [Eur. Phys. J. C 84, 795 (2024)]

* Very challenging experimentally:
- Low BF, high background contribution

- 3-body decay, no peaking variable
to isolate signal

- No observation yet -

(=l

= Unique opportunity for Belle Il
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https://link.springer.com/article/10.1140/epjc/s10052-024-13104-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511

First evidence of B - Kuvv

- Recent result from Belle Il Inclusive tag Hadronic tag
with full Run 1 data (362 fb-1). higher efficiency (€=8%) , higher purity (€=0.4%)
novel & more sensitive more conventional
y -
« Two complementary analyses _:_\ 4 Rl “v A §
with different tagging methods. ve— BT <= Y(4S) — B > p«— BT «— Y4S) — BT S
+A/ N o ~ O
» Background suppression is K Kt ‘
challenging: use two BDTs
_ _ - n(BDTy)
in cascade, targeting gg & 0.92 0.94 0.96 0.98 1.0 [PRD 109, 112006 (2024)]
other B decays : : 125 o
3000 : : Belle 11 B B —>K ww
: Belle I —~ 100 J Ldt=362fb" O BB
. JLdt=(362+42) b NN B K v < T
« Extensive studies to validate MC < 5 : 55 g 7 W i, dd, 55
. . . — BE= BB < { Data
modeling in control samples: = BN Continuum = 5
= { Data <
» Background control validated S 1000 : g
for each kind of bkg source. S
» Signal efficiency validated by . 0
embedding in B = KJ/y(uu). - | | E (‘;
> glosulr{eotest: fextra;pt BFf 01; Z o anaroee. e 54 oF 08 07 08 05 Lo
as nction o . _pt ] ] i | | i | | i | 1
— A7 asiuncti rec 1 4 8 2501 4 8 25K1 4 8 251 4 8 25 n(BDTh)
> & many more! g2 [GeV2/ct]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006

First evidence of B - Kuvv

« Maximum likelihood fit to data using signal

SM Average
and background templates. 0497£0037,  J3604 O [PRD 109, 112006 (2024)]
. | )
: slle 362 fb'!, combine
- Systematics with largest impact on g, for : | Belle IT (362 {b™, combined)
. I
inclusive (hadronic) tag: N Belle II (362 fb'!, hadronic)
> BB bkg normalization: 0.90 (0.91). : ! ;'3”1;'1 l‘;}(‘)ﬂ e
» Simulated sample size: 0.52 (0.60). I —O0— pele m(\ 302 1b™, inclusive )
, | L o Belle 1I (63 fb-!, inclusive)
Inclusive tag (post-fit), n(BDT,) > 0.98 : : - 19415 PRLI27, 181802
2200 — Belle IT B B K ' P e Belle (711'fb'1, semileptonic)
C\]{ i * fﬁdt=362fb'1 o BOEO . : 1.0+ 0.6 PRDY96, ()!)1;(]1 .
S [ * mm BB L PY Belle (711 fb™!, hadronic)
o 150 BN Continuum : : 29416 PRDS7, 111103
© }  Data —i— ! BABAR (418 fb™!, semileptonic)
\‘t{/ I : 0.240.8 PRDS82, 112002
o 100p Hira =54 £1.0£1.1(2.90 1SM) : | BABAR (429 fb!, hadronic)
§ T 2. 2 +1 8 +i? (060' TSM) . t | : . 1.;’&1.:'3 mlu)xr; 112(:(15 o
=50 0 2 4 6 8 10
=
S 10° x Br(BT—K " vp)
0
OF
% 0 r__ N, Heombined = 4.6 £ 10(Stat) + 09(Sy3) 3.50 T bkg-Only
N BF = [2.3 £ 0.5(stat) +23(sys)] x 10~ 2.76 1 SM
0 ) 10 15 20
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006

B — Kuvv reinterpretation

* New paper from Belle Il on arXiv since last week:

» Can have significant implications for several models
[arXiv:2507.12393 (2025) ]

with heavy neutrino(s)

» We release full analysis likelihood & all necessary

- e.9. USMEFT extended by relatively light RH neutrino
material needed by theorists to reinterpret under ©g-v exiended by relatively lig utri

any arbitrary model.
» Will be on HEP data very soon!

» Test case: 3.30 for Weak Effective Theory,
vector+tensor contribution preferred vs SM.

Belle II preliminary
simulation

» Details in [ Eur. Phys. J. C 84, 795 (2024) ]

» Sensitive torate of B - Kvivs B - K*vp

- [OZSI’V qd] 723
N [ON q]

- iy
0.92 0 30 e [Ol(lfti 723
= 967,
X 925 4
0.94 § /,_g? §
—~ 10 % *M 20 -
= RS, T
@5 {102 &2 2 | N e
; 5 101\
>
0.98 £ ‘|
4103 Y Inaccessible (SMEFT
: 0 z ///I/////I////I . - - ( | )
d1 = 0 5 10 15 20 25 30 35 40
B(B — Kvv) x 10°
e P. Rados Neutrino Physics with Belle & Belle Il July 24, 2025



https://link.springer.com/article/10.1140/epjc/s10052-024-13104-x
https://arxiv.org/abs/2507.12393

B — Kuvv excess: next steps [Preliminary]

0.0 < M:” <0.6 GeV/c 20.6 < MZ” <1.0 GeV/c 21.0 < M;:” <2.0 GeV/c 2
800 —Belle Il E=B'B

» Ongoing efforts to confirm the observed excess

» More final states B - K™ with incl. tag (K(*) =K, ng), K™, K*+) & 7005 Ldt=36541b " =5§0

» Cross-check with traditional tagging method (semileptonic) : | =%
600 i —cC

» Repeat with Belle data & extend to Belle Il - Run 2 data. -
500 —o— Qata

400

IIIIIIIIIlIIIIIIIIII

- In addition, check inclusive B — X vU decays = New Result!

» Sensitive to different NP parameters [JHEP 12(2021)118 ] 4
» Sum over 30 modes (93% of inclusive) 200
» Hadronic tag + BDT for bkg suppression. -
» Validation:
- Off-resonance sample for gg, BDT sideband for BB. - : _
- B — X,Jy embedding as control sample. s i3
BORO BE ;:; * + } +—+ + +__l_._’T+_
Kn |K*n¥ K0 K*r0 K)n* 0.5 2 - 8 10 12 1
Kor | K*nFx0 Krtn¥ K3nOn0 K*pFqpt ngiwo K*n070 e

K3r|K*nFratn® Kgﬂ'iﬁﬂ'o K*nF7070 | KEgFatq0 Kgﬂiﬂ':Fﬂ'i Kgﬂiﬂoﬂ'o

Kt | K rO RO P K 0| K O e K0 No significant excess. Set world-best UL.

K |c4Hc7ig ek B(B — Xui) <3.6x 107+  Gompativle in
skp|K=KFEK"nt KEKFKIn? G G e e G G

) 5 P. Rados Neutrino Physics with Belle & Belle |l July 24, 2025


https://link.springer.com/article/10.1007/JHEP12(2021)118

Search for B —» £v

| : | L L
» Leptonic decays of B mesons offer a unique tool to search for NP models _ 150 o gontinuum-_
with heavy neutrinos. Helicity suppressed in SM. E B — uv = R;Z ]
o @ Belle 5oy ]
 Clean theoretically, but BB+ - £+u,) = G2mpm? m'f; PV 5100 .y 1
hard experimentally ¢ 87 2 ) JBITubl B> ~ = Signal |
0 772 Sys.unc.
. (0] -
b SM 1 b New Physics . b - > N = >0 Data ]
I [ .
I Ll
wt + ‘ 7
B+ Bt B B* 'LQ 0 ]
| 2.2 2.4 2.6 2.8 3.0 3.2
u Y, u N u > 1 < ,u Pﬁ / (GeV)
1 6O_Bellcva 11 Ptleliminary I -] Sig T Bkg Unc. _;
Jrdt=365 ! —— Bkg 4 Data ‘
« Strategy (so far) for tagging the 140/ 7"~ et vePr — ]

M2,..>10 GeV?/c*

non-signal B decay:

Tag |B—pv|B—o1v| B—o1v
Belle | Belle | Belle I

Inclusive

Leptonic

Hadronic 5 B—e>”gIJ”

o 1l

Events/Bin

[ ]
%] . =2}
(=] (= (=
T T
1 1 1

Signature: bump in lepton momentum spectrum,

or excess at low total (cleaned) cluster energy in ROE. 85— 53 1 e o' 2o
extra
Eger” (GeV)
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B — £ results

B(BT - uty,) = (53+20+0.9) x 1077 @ 2.80  Recent Belle Il result for B — v @ 3.00,
- compared to past experiments

[PRD 101, 032007 (2020)] SM =4.26 x 107
o SM SM [ arXiv:2502.04885 (2025)]
M recoil against massive sterile neutrino (N—invisible) — T
would shift py spectrum. SM result recast with m1,, scan. E Belle II (365 fb~!, hadronic)
1 1.24 £0.41 £0.19 Preliminary
100 : 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I I 1 I I I I 1 1 I I |: i i B B (417 6 tb l .1 . )
- g . . ‘1, BabBar . ~*, semileptonic
[ Belle (7111b7, inclusive) . a 1.7+08 0.2 PRD 81(2010)051101
T PPy AP lo -.... a
! | ' | _,__ BaBar (426 fb~!, hadronic)
S i i 1.8310:33 £0.24  pRD 88(2013)3,031102
f_U 10_1 - = E i
S - X - Belle (711 fb~!, hadronic)
- ettt 1.8G |reeerererenneeens 20 ot | 0.72%§33 £0.11  PRL110(2013)13,131801
i @ 1GeV 1 1
| | . Belle (711 fb~!, semileptonic)
—— B - N stat. + sys. . 1.25 £0.28 £ 0.27 PRD 92(2015)5,051102
10—2 PR R N N T T S T TN AN S SN SN AN SN SN N NN NN NN N N NN R AN N 1 1 i J:L T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 0 2 4 6 8
Sterile Neutrino Mass my / (GeV) B(B* — 7t1.) (x107%)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032007
https://arxiv.org/abs/2502.04885

Forbidden 7 decays

* Inthe SM, LFV decays of charged leptons via neutrino oscillation are highly suppressed & immeasurably small.
om?
Br(&| = €y7) gy (

) 2 . 10—54_ 1 0—49
mgy

Standard Model

= Observation would be a clear signature of NP!

New Physics
10°

MN '
< T
\ NP
-
7 NEBRN
 If there is a heavy neutrino with mass 2> 1 MeV, rates
10-2 N \ \ can be increased to 10-8-10-10 [evel, just below current
~ \ experimental sensitivity! [ arXiv:1511.00683 ]
=) D
103 AN J - 7 — e/u transitions have significantly weaker ULs.
9\ \ E B-factories provide most stringent constraints.
Current constraints \ < g — f
10~4H on heavy neutrino > — ( T — 3u T —> Ax )
| ™~ V Sellle Il already [JHEP 2024, 062 (2024)][PRD 110, 112003 (2024)]
Uea|? = |Upu|? = |Uns|? = |U)? elivering 0
1075 : 74 : | world-leading L= LﬂKS T > €20
101 10° 10! 102 10 104 Its:
results:
my [GeV] - -
7

[arXiv:2504.15745 (2025) Submitting soon to JHEP.
Accepted into JHEP.

P. Rados
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https://arxiv.org/abs/1511.00683
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006
https://link.springer.com/article/10.1007/JHEP09(2024)062#citeas
https://arxiv.org/abs/2504.15745

Search for LFV 7 — 3u

* One of the “golden channels”. _ H 8‘”1-2 ke Bxpected OL. 4 20
Neutrinoless 3-body decay (3u).  1prong | Jeae=san BN Expected CL, + 10

) _ tag sig
. + -0 T T U 1.0 ---- Expected CL, median
* Analysis strategy: 3prongs 0.8

—— Observed CL;
» inclusive tag (3x1 & 3x3 prong) H

e 0.6
> bkg rejection using BDT = signal efficiency 2.7x Belle

1 event observed
(0.5 bkg expected)

0.4
'S‘ | Belle II —— Signal region _E
Q93 B . —— 1206 region ) . . .
RN /‘Cdt“*_z‘*ﬂ’ )  —— Sidebands z - Extract signal yield in 2D plane: 0.2
2 1 B(rm—p ptp)=6x10"* #+ Data 103,?6
LﬂO,Z: go 2 2 0.0 T T T T [ T T T T ] T T 11
< 7 2 M3z, = \/ k3, — P35, 0 1 p 3 4 5
. i B(rm—p ptpm)  le8
T 102% AE?)/.L — E3[J, Ebeam
| = UL at 90% C.L. on B(t — 3u)
0.0 - & « Signal around (M_, 0). Tails due to ATLAS 38x 107 (£ = 203 fb~1)
j initial and final state radiation. : :
o1 ] LHCb 46x107°(L=3.0fb7")
] 10 CMS 29%1078 (L = 131 b1
0.2 Belle I V\!Ith 424 fb-1 CO_Ul(_j set Belle 21x1078 (L =782fb"1)
] world’s best upper limit! - )
i BaBar 33x107° (L =486fb7")
—0.3

—_— Bellell | 19x107 @ = 428n07) |
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https://link.springer.com/article/10.1007/JHEP09(2024)062

Extending searchto 7 — [Preliminary]

Tag side Flest of « Extend previous study to 5 more modes with W Gt O Sl Belle I preliminary [ £dt = 428!
evVen . . . 1) 2477 MO stat, ane,
ZF.;. . 4 at least one electron in the final state: _ 105 mm gt Dt 5 prety®
i, e » 77 > eete”, eetu, e ute e
Tt e © puuteT, uTetu” = o
.J+ .!'."n, &
¢ . _ _ _ £
 Inclusive tagging reconstruction. <
5
« BDT to suppress £y & £ ¢ backgrounds
» rely on ROE & kinematic variables 10"
e~ pF - Signal side » trained on sideband in data 0.0 0.2 0.4 0.6 0.8 1.0
- F » high signal efficiency (15-24%) SBDT '

Belle IT preliminary [ £dt = 428 fh-!

- Signal extraction using unbinned max. likelihood fits to M, ., distributions. L8k Sigual T o
Using sidebands to extrapolate expected background yields. 2 T ko
:" L —_ + F_—
& 6 T U HE
Nexp ng x 1078 BYL x 1078 - N §
e—ete— | 6.1743 27 95 No significant excess S Ar
e N 16 bserved in 428 fb- P
emetpT 12.1t§;§ 2.1 1.6 observedin - g1 |
e~pte” 10-’%22 L7 1.6 Most stringent ULs to E -
— _|_ ,— D) +r'- V O > . i r : B
ﬂ_,u+e_ _0;7+_4€_$5 1.6 2.4 ,\' kdate in four modes . y b et
p € [ 7.573%5 1.4 1.3 14 15 16 17 1.8 1.9 20

M. [GeV/e?]
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Prospects t LFV

- Wide variety of decays to study: radiative (t — ¢y), leptonic (t — ££¢), semileptonic (v — £h(h)) +more.
» Over 60 modes to be studied at Belle Il over the coming years.

Vs

(%2 =
s ok P°ous® Ve Il Ihh BNV /
®© -y | . .
3 o . | Belle Il is expected to probe LFV in many
° 3 = o* eeoe ® o o IE =
SOE L. ¢ttt °* 0o - channels = 9(10-%) to O(10-19) with 50 ab-1
- ° L] [ ] |
L_IL I [ ..o..° ® o ° — _
S 10°=—"* e [E
2 = v * 3
E T v A AL 2 A * T3y =Y
F— [~ v B
& 107 Tvhx vy ' v Y v v s | < o Bellell + STCF v 2Teraz + LCF e Bellell « STCF v+ 2TeraZ 4 6TeraZ
o = A e laa D ¥ A ad y N 3 10-7 e LHCb » CMS <« ATLAS s 6Teraz D
2 -ty v oaa v * A 4 A a4 3 107
> - ¥ 1 v A4 X ox IV boas o A e > M
— - ¢ 4 A R M ‘AXA‘ A ALsa a1 10-8 * * *
(@] -8 R X A ¢ 4 4. ¢ | g 10
0\010 ?." . ‘e ¢ ’0 I ‘.’ . ¢ ’0 . ’E ; ® : ’
= B X ! ¢ e ‘e PR e 13 < 1078
» - . "‘ ] ‘5,' 1079 Y .
10_9:_ l.ll-. .' . --- LR .I - — ) P *
= .- (] " . " - na" " - " mm - 3 1071 * v
C [N | n . ] - | mpEm - . ESPP 2026, preliminary 10-° ESPP 2026, preliminary
L "n _ A
ool L LUL Ll L Ll P L L L oy g v p p 5 5 p
SRR SIS SO Lk A e 5 5 50 e ki ik L Kot b b 50 s N g g £ F N $ $

©I0305 PICICICIVIGy 05 P IELLF IO AL EELLLLIRANN M KK ’*"’,:g»é/q

» Belle Il & STCF will provide best limits for the
next ~20 years, until Tera-Z experiments
enter the game in 2050s.

« CLEO + ATLAS + CMS + LHCb - BaBar
+ Belle + Bellell(5ab™ = Bellell (50 ab™)
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Direct searches

» While not primarily neutrino experiments, both Belle & Belle Il are in
a unique position to contribute. o

DELPHI

* One avenue is direct searches for heavy neutrinos:

» Displaced vertex searches in [PRD 95, 099903(E) (2017)]
B and 7 decays at Belle: [ PRD 109, L111102 (2024) ]

» Also, rare/forbidden decays can be reinterpreted to provide powerful

€
h Expected

constraints on heavy neutrino models |= <M(>)
> First evidence of B — Kvp at Belle Il:  [PRD 109. 112006 (2024)] R
» B — Kub reinterpretation: [ arXiv:2507.12393 (2025), submitted to PRD | s [GeV/c]
» Inclusive B - X.vv at Belle II: [ Submitting soon to PRL ] Rare/'forbidder_‘ B&z d?cays
» Search for B — uv at Belle: [PRD 101, 032007 (2020)] 3000 . :
» Search for B — tv at Belle II: [ arXiv:2502.04885 (2025), submitted to PRD |  Jod= o)
> Search for z — 3y at Belle II: [ JHEP09(2024)062 (2024) ] g7 o
» Search for t — €27 at Belle Il [ Submitting soon to JHEP ] g o
» + much more!
0
» Rich program of results to come as luminosity ramps up at Belle II. = . L -
Exciting times ahead! T s a1 i S i 8 w8 %

Grec [GeV? /]

& P. Rados Neutrino Physics with Belle & Belle Il July 24, 2025


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.099903
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006
https://arxiv.org/abs/2507.12393
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032007
https://arxiv.org/abs/2502.04885
https://link.springer.com/article/10.1007/JHEP09(2024)062
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Introduction

» Particle masses in the SM are generated by the coupling of the Higgs field WV
to a given particles LH & RH components.
neutrio
* In SM there are only LH neutrinos = massless o [ ost1mey 105.7 Mev 1777 Gev
5 |- -1 -1
fe PpI°T
o ' T T * Neutrino oscillation data kel e -
sl Super-Kamiokande (1998) | shows they do have mass,
and that these masses are much smaller than the other fermions.
2 + """ * """ {*+ """ + ---------- - A mechanism beyond the SM is necessary to explain m,, ...
Sk bE -
g s + 5
= | | o I B s B
s 9 8 s
8 ot
051 ke . 2 L i T FS T S T S T e e
o il , L et
o Lol ksl W;;;M‘ n;.ou;.o!;;}m;;:o;%w‘:w
1 10 10 10 10 10
Mass (eV)

L/E, (km/GeV)
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Luminosity Status

Belle from 1999 to 2010: ~1 ab-1
Lpeak = 21 X 1034 Cm'2 3_1

Belle Il from 2019 to now: 575 fb-1
Lpeak = 5.1x 1034 cm2s1 = world record!

Integrated Luminosity[fb-1]

Belle Il Online luminosity Exp: 7-35 - All runs

1000 i — mmm Recorded Weekly
/-/—/J l_e 15.0 '“ftRecordeddt — 57547[fb—l] ........................... LS‘I ................. : .- c00 _
800 1 2 Runi 2
é T [ Un .................................. —— N A >
I= 4 | ./ Detector rejuvenated - 400 2
600 3 ’ /| (incl. PXD replacement) =
,.I > 10.0 e e g
¥ —
/-/ § 300 T
400 e A M (1 D— "é
= g
g - 200 £
@ 5.0 Ao s —_
200 : e ' o
= o
= =
/ rJEPYR I— | 100
0 —
1998 2000 2002 2004 2006 2008 2010 2012 0.0 - 0
Date
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Luminosity Goals

* Resume data taking in Nov 2025 for long run (7 months)
* Path toward >1035cm-=2s-1(~1 ab-1/year)

« Aiming for 50 ab-1 over next ~10 years (50x Belle)

T s s e e 70 —
—~ 12F 3A/2A &0 Peak luminosity 1 =
Z 5%10% 2x10% L=2.4x10% g L [ s eor woacsuwarsde || /7" 060 ~
- . R - - o)
w10 —. i By=0.6 mm| T Integrated luminosity (delivered) / ] g

o~ - - wi d W ra -
i I 2.08A/1.48A * % sl [— e w0005 g / 50 8
) > [ Q
= 8- b s = Projected by SuperKEKB/Belle 11 Z
> .‘. *‘ . T | — 40 =
X e dut £ =
2 5 Lf 2
g ,% 3 e e e T o O _: 30 E
c | - B =
2 2 e e e :/JJ ............................................................... p— 20 8
:}:’ 2+ ./ ] IS5
8 e B,/=08mmCW [ / 7] gﬂ
& e B/=1mmCw N & / """""""""""""""""""""""""""""""""""""""""""""" 10 =

1 | | | | - .

00 500 1000 1500 2000 2500 [ N

0 r " 1 L " " " L L " " 1 M M 2

> Jan 20 Jan 2029 Jan 2034 Jan 2039
Ip+1p-nNp (mA*<) Date

Now
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Direct search in B decays

 Direct search for Majorana HNL in B decays using
the Belle detector

Phys. Rev. D 95, 099903(E) (2017) b

Us

« Data sample of 722x106 BB pairs (711 fb-1), wt By

collected at Vs = Mygus) i
» Sensitivity to Ne—vsy mixing for
: HNL production A a Detector Signature B

» Both leptonic and semi- » HNL decays to etr/ptr after a very long flight length

leptonic B decays B — XKN eg Mn=1GeV, |Ueyl2=104, = cr=20m!
where: £ =e, X=D, D*, » Final state: X1
% light meson (11,p,n,...), - eeTr, yutr or eptr (Majorana = OS or SS leptons)
‘nothing’ (leptonic decay) - eTr or utr originate from a displaced vertex

\_ J W,

17 e P. Rados Neutrino Physics with Belle & Belle |l July 24, 2025
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Direct search in B decays

» Partial reconstruction technique X

- Partial B decay candidate = £, |7 7
- HNL candidate = OS charge ¢’ from displaced vertex ~ _ NMe¢— -~ N ______
. . . cT = 20m!
» Analysis split into two Mn regimes (mn=1GeV, 1U2=10)
- low-mass (<2 GeV): targets dominant B » D¢y mode a
- high-mass (2-5 GeV): inclusive production
< 20
: Selections N [ Displaced Vertex 4 A g 18| "0 N
: i Si6
* >4 tracks, pr > 0.5 GeV « ¢,z is fit to common vertex |
= x2/ndof < 16 14 N
« tight lepton ID (ee, pp or ep) I ral
- lepton veto for Tr « then £ ¢, is fit with IP ]05
constraint s - - i
* Low-mass regime: = y2ndof <4 / 8 D(*)fN__,,,.—--
- B - DY¢v selected via : ' 6
recoil mass (1.4-2.4 GeV) » cuts on track dr, d¢, dzuy, that 4:
vary with nCDCHits and rx
Mg = (Ecy — Eppr)* —Pis— P 2 2|
~ proton veto ) k drfh = min(ry,1,) —1,,, above -2 cm, for large rvtxj 0?0‘5 VT TIUNTD Wep
' . . GeVic®

Mv,)
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Direct search in B decays

[ ] ~ 6
Backgrounds reduced by factor ~108 to only handful of events. ( Maximum sensitivity at m, & 2 GeV )
1 MC 1 Data » 3.0x105 for |UeN|2 and |U,uN|2
0.75 eemw | 075} eetr 5 U U
oozj OOZj 4 2.1 X 10 or | eN” ,MNI
(1) ‘ | J ‘ l | M‘c (1)* | - ‘ | | Data B(B % X’eyh) >< B(Vh % ’€7T+) < 7.2 >< 10_7
0.75 N |V ‘ N HpTT 0.75 | N HUTT L )
0.5 0.5
0.25 025 1 |
0 ‘ ‘ e ‘ ‘ 0 ‘ ‘ : L ‘ ‘ 3
2 MC Ir Data 1 ]
15 ey | 075 ept 10 3
1 0.5 =
05 | 025 2 -
05 105 2025 3 35 4 a5 5 051 is 2 25 3 35 4 45 5 10 3
M(Vh ) GeVic M('Vh ) GeV/c E
L 107 3
* No evidence for heavy neutrinos observed. =3 104k 4
Set upper limits on N—wvg,, mixing parameters. :
(02— 3
 Total sys uncertainty ~25% in small & large mass regimes. 10-65__. J
Largest contributions:
> y?Indof and dz vertex cuts (~10%) 10"k E
» Tracking of daughter particles (8.7% per-track) 0.5 5 10

M,(GeV/c?)
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Direct search in 7 decays

@ 0.0
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Direct search in 7 decays

Despite the neutrino in the final state, the constraints of

the signal decay enable reconstruction of the full kinemat- 1.6 .
ics of the signal-z decay chain with a twofold ambiguity Z SRL SRH § .
[37], which arises from a quadratic equation in the 14l 5 %
magnitude py of the HNL momentum, [ eData eData —0.8
1'2:_ V1T v - v
(B> = 1)p% + (2AB-D)py +A*-C=0. (1) WL >
% I oqg 06 2
Eq. (1) tends to be larger for background than for signal. ; N 2)
We require it to satisfy S < 0.4 GeV?, retaining more than 08 04 ©
98% of signal events. Given a solution for p,, the squared Z i
HNL mass is 061~
B 0.2
m%, = (D + Cpy)/E*. (3) 04~
The two solutions for m) are referred to as m_, and m_, 0-2__|...|...|...|...|...|...|...| 0

o
()

depending on the sign in front of the square root of the 04 06 038 1 ; 12 14 16
quadratic-equation solution. For events with S < 0 we set m, [GeV/c7]
S =0, in which case m, = m_.

17 e P. Rados Neutrino Physics with Belle & Belle |l July 24, 2025

KM



Search for B — Kuvp

* FCNC, strongly suppressed in the SM: - v e
B(BY — K vi) = (5.58 £0.37) x 107° [PRD 107, 014511 (2023)] ; m I M 5
- NP can enhance the BF (for instance [PRD, 98, 055003 (2018)]) ]
v P
* Tagging: combination of two methods, (almost) statistically independent: > ,7.:_: B+ «—{ Y(4S) — B~ :: '%
- hadronic-tagging: higher purity (more conventional) @ ——— / K* =
12
- inclusive tagging: higher efficiency (more sensitive) - TT—) 17{—: B+ < Y@4$) — B~ T
\',.'.'.',j‘"
» Bkg suppression and control is extremely challenging: only one K track, two K*
neutrino in the final state __ 8000y —
= : Belle II mm BB
- Bkg suppressed with two BDT in cascade targeting gg and other B decays ?5 oo J£de=s6am

Bkg control validated for each specific source of bkg

Signal efficiency validated with B - K*J/y( — uu), without matching
the muons

Pull
[} o [}

Closure test: extraction of the BF of B — Kz, as a function of
Grec = S+M12(—\/;EI"{‘ = found consistent with w.a. T T s 10 1w
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Search for B — Kuvp

Hadronic tagging: fit in bin of  Inclusive tagging: fit in bin of BDT
BDT output () output (7) and dineutrino mass qrzec

T](BDT‘)) N Averagce
125 0.92 0.94 0.96 0.98 1.0 L. ﬁ‘.f i a8
I Belle II o B;_>K il ; i . ) . : —— Belle II (362 fb!, combined)
100 [ £dt=362fb1 = BB 3000 : ‘inclusive tagging : : 23407 This st
i - ) N cc i BelleII : __o.'r_ Belle 1T (362 fb!, hadronic)
— i i di. ss ) P [Ldt=(362+42)fb! EEE BT K v H 11411 This analysis
P B ud, dd, &5 g ‘ : = BB : N Belle IT (362 fb'!, inclusive)
g t  Dat: = 2000 : i [
o i ata < == BB : 2.740.7 This analysis
I ; B B Continuum ) B D Belle IT (63 fb!, inclusive)
= 50 i i = * Data I 9+ 1.5 PRLI127, 181802
Fg hadronlc tagglng o N PSS Belle (711 fb’!, semileptonic)
e © 1000 : H 10£0.6 PRD9, 091101
o 25 : : PY Belle (711 fb'!, hadronic)
s : 29416 PRDS87, 111103
0 —e— | BaBar (418 fb’!, semileptonic)
0 - 1 0.2408 PRDS2. 112002
5 . 2 F : : : —:.— BaBar (429 fb’!, hadronic)
: = 0 : ST, : : [ 1 1 15413 PRDST, 112005
— - : : P P T T PR N B
oi 0F — Y S S R SR SR N S 0 2 4 6 8 10
i ] ! I 1 1 -1 4 8 25 4 8 25 4 8 25 4 8 25 —
- 251 251 251 ’ 10° x Br(B*—K "wvp)
0.4 0.5 0.6 0.7 0.8 0.9 1.0 2 [GeV2/ct
ql'(?(' [ e /C ]
n(BDTh)

1= 4.6 &+ 1.0(stat) + 0.9(syst)
Combined result: | BF(B* — K*v) = [2.3 £ 0.5(stat)*23(syst)| x10~3

3.50 above the bkg-only hypothesis
2.70 above the SM prediction

=k P. Rados Neutrino Physics with Belle & Belle Il July 24, 2025



Search for B — Kuvp

Dedicated bkg validations:

e ee — qq bkg simulation validated with off-resonance | [ sacm i 2o s
(60 MeV below Y (4.5) ) data sonof | £ 1000‘ £
S 4000 E g
e B> X (- KOX) bkg validated with lepton- and plon-@ wool] o- . Q
enrlched control sidebands S oo [ BDT; <BDT1 > 0.9) E
ZIB*— K* J/y si 1 ¢ Bt — Kt J/y data
1000 | LBt — K+ J/0 simulation ¢ Bt — K+ J/0 data
« Undetected KB validated withete™ — y¢p( — KgKg) ok mo;#; *016‘ i?;*{'\\l

BDT;

« B —» KTK°K? bkg simulation constrained with
previous measurements (B — K+KOKO,

B - K*KK))

& P. Rados Neutrino Physics with Belle & Belle Il July 24, 2025



Search for B — Kuvp

Combination:
. . - profile likelihood fit
Efficiency: N -
. - including correlation in syst
I Statistical uncertainty ' I Statistical uncertainty
g 15 Belle IT pr'r-limin;'nr_v g 0.5 Belle II preliminary - EXClUding CommOn events From inClUSive
; - simulation t o simulation tagging fit
g 10r nelusive ;.| 2 .1 hadronic HTA
£ tagging g taqain 15.0
TE i = 02 gg g Belle II preliminary N SM
& & 12.5 [ £dt=(362+42) fb! — HTA
wn »n 0.1 Py — ITA
0 l 1 1 l 1 1 l - 00 o g 10.0 —— Combination
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24 ~) -
q* [GeV?/cY ¢ [GeV2/cl] S 75|
E;
~ 9.0
|
25|
Result ted in the two taggi hes: ‘
esults separated in the two tagging approaches: 0 > y 5 3
I
- Hadronictag: u = 2.2“:%? “_Li-?, BF = (1.1“:8'3 “_Lg-g) X 107°1.1¢ above bkg only, 0.6¢ above SM

- Inclusivetag:y=54+10x1.1, BF=2.7£0.5%+0.5) X 107>, 3.56 above bkg only, 2.9¢ above SM
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Search for B — Kuvp

Source Correction Uncertainty Uncertainty Impact on o,
type, parameters size
Normalization of BB background — ‘Global, 2 50% - 0.90 ¢
Normalization of continuum background o Global, 5 50% 0.10
Leading B-decay branching fractions - Shape, 5 0(1%) 0.22
S t t. Branching fraction for BY - KT KK ¢* dependent O(100%) Shape, 1 20% 0.49
yS e m a ICS p-wave component for Bt -+ KT KK? g* dependent O(100%) Shape, 1 30% 0.02
. . Branching fraction for B — D** — Shape, 1 50% 0.42
I nc lu S Ive Branching fraction for BT — K+ nn ¢* dependent O(100%) Shape, 1 100% 0.20
o Branching fraction for D — K 0x +30% Shape, 1 10% 0.14
ta g g I n g Continuum-background modeling, BDT. Multivariate O(10%) Shape, 1 100% of correction 0.01
Integrated luminosity - Global, 1 1% <0.01
Number of BB — Global, 1 1.5% 0.02
Off-resonance sample normalization — Global, 1 5% 0.05
Track-finding efficiency - Shape, 1 0.3% 0.20
Signal-kaon PID p, 0 dependent O(10 — 100%) Shape, 7 0(1%) 0.07
Photon energy — Shape, 1 0.5% 0.08
Hadronic energy -10% Shape, 1 10% 0.37
K? efficiency in ECL -17% Shape, 1 8% 0.22
Signal SM form-factors ¢* dependent O(1%) Shape, 3 0(1%) 0.02
Global signal efficiency - Global, 1 3% _ 0.0
Simulated-sample size — Shape, 156 Oil% 0.52
Source Correction Uncertainty type, Uncertainty size Impact on o,
parameters
Normalization of BB background , — “Global, T 30% 091 1
Normalization of continuum background — Global, 2 50% 0.58
Leading B-decay branching fractions — Shape, 3 0(1%) 0.10
Branching fraction for BY - KT K?K? ¢* dependent O(100%) Shape, 1 20% 0.20
S Ste m a ti CS Branching fraction for B — D** — Shape, 1 50% <0.01
y Branching fraction for BY — K nn ¢ dependent O(100%) Shape, 1 100% 0.05
h a d ro ni C Branching fraction for D — KX +30% Shape, 1 10% 0.03
Continuum-background modeling, BDT. Multivariate O(10%) Shape, 1 100% of correction 0.29
ta in Number of BB — Global, 1 1.5% 0.07
g g g Track finding efficiency — Global, 1 0.3% 0.01
Signal-kaon PID p, 0 dependent O(10 — 100%) Shape, 3 0O(1%) < 0.01
Extra-photon multiplicity Nyextra dependent O(20%) Shape, 1 0(20%) 0.61
K? efficiency - Shape, 1 17% 0.31
Signal SM form-factors q* dependent O(1%) Shape, 3 0(1%) 0.06
Signal efficiency — Shape, 6 16% - 0.42

Simulated—sample size ] — “Shape, 18 Oil%; 0.60 I
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B — Kuvv reinterpretation

Belle II simulation

* Not easy to fit plot from paper (&sig varies with bin)

» Based on [EPJC84(2024)693] you can build model
agnostic likelihood & reweight to any model

» Allows theorists to properly interpret the excess.
Will be on HEP data very soon!

100

—
=
—

» Test case: 3.30 for Weak Effective Theory,

vector+tensor contribution preferred vs SM
= | 4102

Events (weighted)

0.98

III
—_
=
w

Figure 1. The ITA binned joint number densities. The hori-
zontal axis corresponds to the generated g*. The vertical axis
represents the binning used in the B™ — Kvi analysis [2].
The heatmap shows the weighted signal events.

P g g q2 [G evz]

& P. Rados Neutrino Physics with Belle & Belle Il July 24, 2025



B — Kuvv reinterpretation

Abstract The first observation of B(BT — K*vv) by
the Belle II experiment lies almost 30 away from the
Standard Model expectation. In this letter we study this
result in the SMEFT, extended by a light right-handed neu-
trino. We explore the correlations between the measured
decay rate and other observables, such as B (B — K*vv)
and Fr, (B — K*vv), showing that they could disentangle
among scenarios involving left-handed neutrinos and those
with the right-handed ones. Furthermore, we find that the
high-pr tails of Drell-Yan processes studied at LHC pro-
vide important constraints that help us exclude some of the
scenarios consistent with the Belle II result.

Fig. 1 Correlation between B (B — Kvv) and B (B — K*vv) (left

panel) when including the effect of one single NP operator at a time

and m,, < mp — mg. The red point corresponds to the SM result

and the (light) green regions to the Belle II result at 1(2)o. The

hatched areas on the left panel correspond to the Belle upper bound, 0 5 10 15 20 25 30 39 40
B(B — Kvv) x 106
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Search for inclusive B — X vv

By = (2.9 = 0.3) X 107° [JHEP02 (2015) 184]
B<64 X ]_0_4 at 90% C.L. [ALEPH, EPJIC 19 (2001) 213] 0.0<My™<0.6GeVic*0.6 <M< 1.0 GeVic * 1.0 <M ™ < 2.0 GeV/c *

800 —Belle I BN BB

using Belle II sample of 362 fb™" oo Lat=sssan Al
Hadronic B-tagging
Sum- of - exclusive from 30 decay modes (~90% of inclusive)

(o]

o

Events

o

o

600

o

500

IIIIIIIIIIIII T

BBO B*
K |KY K+

Krn |K*rn¥ K30 K*n0 Kon* 300
Kor | K*n¥F70 Kn*n¥ KnO0n0 K*pFqgt Kntn0 K*n070

K3n|K*nFnta®  KlntnFr0  KE3rFr0720 |KEnFatal KlntrFrt  KintnOn0 iyt
KAn | K*nFntn¥ nOKnEnFatnF K QntnFn070| KEnFrtaF ik dntnFatal KEnFataln0
3K KiK:FKg K*K¥K*

3Kn|K*K¥K*n¥ K*KFK3n0 KEKFREEq) KOKEKTFqa

400

100

data/MC

COOOO a=m——a

o For background suppression, use BDT
(include sum of remaining energy in ECL)

o signal extraction in (BDT output) X M plane

SPNDO L LN O
-
)
—
——
—

2 4 3 8 10 12 14
bin index

f

2.5%x107° (0.0 <M, <06 GeV/c®)
B(B-*X,vV)< < 1.0Xx 107" (0.6 < My < 1.0 GeV/c’)
35 % 107" (1.0 < My )

B(B>X vv)<3.6x10 "at 90% C.L.
= The most stringent upper limit on B-> X vV decay
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Search for B — v

One B meson is fully reconstructed using a
multivariate algorithm, Full Event Interpretation
(FEI) with Hadronic Tagging.

Signal is searched

through T decays

- ete” - qq
1. Opg > 1072 1 1t etvT, 19
+ +. o ete” > ttr”
2. —015<AE =Ej—+/s/2 <0.1GeV Al M
3 1ttomty, ete” > B*B~
3. My.c? =./s/4— (pyc)? > 527 GeV 4. 1t - pty, with —
bc \/ / (pgC) o+ —)ft+1;° ete— — BOBO

Rest of the
Event

Rest Of the Event: charged
It is crucial to reject fake photons in the ECL from background track

Sum of all the cleaned clusters enerqy — Ef}’ét[a. beam-induced
bockground

Missing Quantities:

We build the missing part of each event using also the information of the Rest of Event:

-i*, hadronic
Pmiss = Pbeams — PBqy — Ptrack — PROE S l
We will use the Extra ECL Enerqy and the missing mass squared to

extract the siqnal yield

split-off
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Continuum BB

Continuum Suppression

“ MVA: 2 BDTs trained, one for Ieptonic and one for hadronic T+ decags. BDT

output - Ocg
g Features = only variables not correlated with our fit variables.

* & Plots in the backup.

~ 0.3GeV /c

+,- +. - -
ee 1t ete” — T(4S) — BB

ete” —qq (q€ {ud,s,c})
Belle II Simulation Tt —etp.D, Belle II Simulation Tt —et .o,
. PRI [ at = 365 fb-! 0.16 BRI [ dt = 365 fb!
Signal Enhancement f«e=2" Background |
The selection optimization is done performing maximum 20 PDF 0.14 20
. . . extra 2 . :
likelihood fits Efr; = vs M;,;ss on simulation PDFs. s 012 15
2 010

. . = 10 > 0

Important variables to enhance the S|gna|: 3 g

* Momentum of the n/p (higher than the background)
* Continuum Suppression Output

2 .
miss
2 .
miss

0.08
0.06
0.04

0.02

0.4 0.6 . 1.0 000 . . 0.4 0.6
EgE® (GeV) EEET® (GeV)
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Search for B — v

T T

— 7T T T - 7 17 . T . L L ; T 7T
o MC Stat. Unc. 1 - Belle II Preliminary [EE B*—7"v, Hll qq

. . . 8000 Iylellle'II‘Prleli‘minalryl | :I ] 35001 _
COntl nuum n.Ol"mCIIIZGtIOI\ Gl'\d. fﬂdt= 42 fh-1 [ 4 OffRes Data | F fﬁdt =365 fb~! ] B;ll_:o_ + II\)/IC Stat. Unc.
3 : mm B ata ]

validation - | 000 :

[ —

qq backgrounds validated in data sample £ £ 2500} ]
collected 60 MeV below Y(4S) resonance g 2 2000 # Extra 3
O 1 r ]
z Continuum 2 1500 Clusters :
Validation of extra clusters efficiency vs Off-Res

Use control samples in the table below to
validate simulation of enerqy deposit in the
calorimenter and correct extra photons

QO O
= S
multiplicity 0 g
& S
Q
e L R N Y=L e L Y- R — L Ty o . T Y e
= 0 2 4 6 8 10 1-
" Belle II Preliminary HEE B™* — other Hm B°B° b 5.24 5.25 5.26 5.27 5.28 5.29
250; [rdt=365fb" B B*-D"/*v, MC Stat. Unc. | My, (GeV/c?) Nyextra
i mm B+ -D%*p, -+ Data 1 .
200 S B+ -~D/*y, ] lid | eff
g | Validate signal etticiency
m L 4
210 B = D*fv : Embedding: Reconstruct B* — J/YK™, and replace J/PYK™ with tv for data and MC
2 00 ] Similar Channel: Recontruct B* — D*0£v to double check the signal efficiency

— Main Sample Continuum BB Sig. t > fvv  Sig. T > hv

T 12 Control Sample  Off-resonance Data Extra Tracks B — D*fv Double Tag

Nuextra

]
B
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Search for B — v

Vb lexer. = [3:43 £ 0.12] x 1073
SM SM R
Statistical uncertainty dominates (33% stat, vs 15% syst.) [Vublexc  [Vublinc [Vublinet. = [4.06 £ 0.16] x 10~

Main Systematics: ' 'Hr' I

1. Simulation sample size - Belle II (365 fb~!, hadronic)

2. Fit variables PDF corrections g 1.24 £0.41 £0.19 Preliminary

3. Decays branching fraction in PDG i i

3.00 with respect to background-only hypothesis 1 - BaBar (417.6 fb~!, semileptonic)

Assuming the SM, and using fg = 190.0 £ 1.3 MeV from Lattice QCD: y 1.7 £0.8 £0.2 PRD 81(2010)051101
| I |
i i
_ +0.74 -3 L i )
|Vub| — (4'41—0.89) x 10 1 __,  BaBar (426 fb~!, hadronic)
| 1.8310:33 £0.24  PRD 88(2013)3,031102
|
160/ Belle 1T Preliminary | m Sig ~ Bkg Unc. | . Oi_Beué Preliminary ~ wmm Sig © Bkg Unc_ L B
Jrdt=365 ! — Bkg + Data r [cdt =365 fb! —— Bkg + Data 1 1 -1 .
LaobT* —e* veT — Tot ] o —n, — Tot : - Belle (711 fb™", hadronic)
M2, > 10 GeVZ/c* 6012 >0.8 Geve/ch ] il +0.27
1200 + 5 ; 1 0.72 1555 £0.11 PRL 110(2013)13,131801
50 ] i i

Eloo— + —___ﬁh 5 + + : E

a3 k » 40 = : — . .

2 w0 E “ oy, | o Belle (711 fb~!, semileptonic)

> 2 L ]

" 60 ] b S0 ; i E 1.25 £0.28 = 0.27 PRD 92(2015)5,051102
40r ] * + | 1 E Ji 1 I 1 | 1 | 1 | L | 1 1 | | | 1 1
20r ] top 0 2 4 6 8
8.0 02 0.4 0.6 0.8 1.0 8.0 02 o4 06 U E— B(B+ — 7‘+ 1/7_) (X 1 0_4)

EZS (GeV) Eg8re (GeV)
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Search for B — v

Source Syst.
Simulation statistics 13.3%» It is expected to reduce using more simulations.
Fit variables PDF corrections 5.5%» It is expected to reduce with increasing luminosity
Decays branching fractions in MC 41% and Ibetter modeling of ECL photons in MC
_ . . ' tions.
Tag B~ reconstruction efficiency 2.2% ~ SmUAaHons
Continuum reweighting 1.9%  The effect of each source on the final result is estimated by
7Y reconstruction efficiency 0.9%  fluctuating the assumptions several times and propagating
Continuum normalization 0.7% the effect on the PDF shapes, generating in this way a set
. . . . f alt tive PDFs.
Particle identification 0.6% O Gronave T
Number of produced 7°(45) 1.5%

When uncertainties do not affect the signal yields,
2.1% " "

. + — .
Fraction of BT B~ pairs they are propaqgated directly to the BR.

Tracking efficiency 0.2%

Total 15.5%
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