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Hi from Bonn!

Lufthansa

Slavomira Stefkova, slavomira.stetkova@uni-bonn.de

Greneral-Anzeiqer

Zu Fufd von Bonn nach Santiago

Jakobswege im Rheinland werden immer beliebter - Aber nicht jeder

pilgert gleich bis nach Spanien - Im Munsterladen gibt es Passe,
Stempel und Literatur

Dauer/Distanz: Die Strecke von Bonn nach Santiago umfasst tber 2.500 km, was
etwa 4 Monate FuBmarsch entsprechen kann.
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Belle Il / LHCb: Rare B Decays
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better with neutrinos?

Typical events benefit from eTe™ collider set-up at

Y (4S5) resonance and hermetic detector:
O cleaner environment compared to LHCb due to

two entangled B-mesons

O constraints from well-known initial state

kinematics

Challenges of rare B-decays:
O high reconstruction efticiency for visible particles

O excellent background simulation modelling

+

Belle II

signal kaon track

Challenges of channels with neutrinos:
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B — KYvp: SM

B — K®vv decays in SM:

O b — s flavour-changing neutral current transitions

O immune to long-distance charm loop effects
O precise SM prediction for the branching fractions [EPJC 83 (2023) 3, 252]

Decay SM total
599 1 .32
BY — ngﬂ 2.12 +0.15
BT — K**vv 11.274+1.51
BY — K*%p 9.47 4+ 1.40

X 1070
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B — KYvp: SM

B — K®vv decays in SM:
O b — s flavour-changing neutral current transitions

O immune to long-distance charm loop effects
O precise SM prediction for the branching fractions [EPJC 83 (2023) 3, 252]

Decay SM total | LD contribution| SD contribution
592 & 0.32 150 £ 0.32
BO%KSVE 2.12 +0.15 2.12 +0.15
BT — K*"vr 11.27+1.51 10.20 £ 1.51
BY — K*%p 9.47 4+ 1.40 9.47 4+ 1.40
x 1070 x 1070
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B — K%vp: SM, NP

B — K®vp decays in SM:

O b — s tlavour-changing neutral current transitions

u
O immune to long-distance charm loop effects
O precise SM prediction for the branching fractions [EPJC 83 (2023) 3, 252]
B — K®up observables are sensitive to many NP scenarios r - 5
ﬂ U > U
HEAVY
Light NP scenarios Heavy NP scenarios
O Axions: [PRD 102 (2020) 1, 015023]
O Dark Scalars: [PRD 101 (2020) 9, 095006] O /': [PLB 821 (2021), 136607]
O Axion-like particles: [JHEP 04 (2023), 131] O : [PRD 98 (2018), 055003]
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B — Kup: SM, NP and Experiment

Pre-summer 2023 status

Limits: 90% C.L.
1073}  Belle I (63 fb-!, INC), PRL127, 181802
~ Babar (429 fb~!, HAD+SL), PRD87, 112005
Belle (711 th~!, SL), PRD96, 091101
1074} ’
Q 3 . .
[ )
: Y
10-5¢ )
107 ————— 3 A
Qﬁ @2 A if:
X
7 7 N 7
* % 4 7 Q
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Q Q

Channel
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B - K%up:

NP and Experiment

Pre-summer 2023 status Post-summer 2023 status
SM Average
0.497 + 0.037 3+0.4
Limits: 90% C.L. - | —e— Belle II (362 fb!, combined)
1073}t Belle 11 (63 fb-1, INC), PRL127, 181802 ' : FE 0T s analysis
. Babar (429 fb~!, HAD+SL), PRD87, 112005 ofc l Belle II (362 fb!, hadronic)
» I 1.1+ 1.1 This analysis
Belle (711 tb~*, SL), PRD96, 091101 : Belle 11 (362 fb'l, inclusive)
| 2.740.7 This analysis
- Belle II (63 fb™*, inclusive)
° : 1.9+1.5 PRL127, 181802
’ : Belle (711 fb!, semileptonic)
I 1.04+£0.6 PRDY96, 091101
- * L e Belle (711 fb'!, hadronic)
: 29+1.6 PRDS87, 111103
| BaBar (418 fb!, semileptonic)
: 0.2+0.8 PRDS&2, 112002
——— BaBar (429 fb!, hadronic)
| 1.54+1.3 PRDS87, 112005
10—6 I . L . I . L . |I. L . |I
) ‘A Q A 0 2 4 § 8 10
%Q Q%) %Q >\<QQ .
x x L L 10° x Br(BT™—K * vp)
* % 4 7 Q 7
Q Q Q
Channel
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Reconstruction aka Tagging Techniques

Exclusive hadronic (HAD) Exclusive semileptonic (SL) Inclusive (ITA)

Purity, Resolution

Different reconstruction techniques lead to nearly orthogonal data samples
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BT — K vv: SM, NP and Experiment

[PRD 109, 112006 (2024)]
Belle Il measurement with first 362 fb-1 of Belle Il data (~ 365 million B-meson pairs):

O hadronic tagging (HTA) + inclusive tagging (ITA)
O signal modelling from [PRD 107, 119903 (2023)]

O (measuring only short distance contribution: B, = 4.97 x 107°)

Conventional Novel & more sensitive
Hadronic tagging (HTA)
Belle II

Orthogonal samples
of events
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nalysis

trategy in a Nutshell

[PRD 109, 112006 (2024)]

Inclusive tagging (ITA)

ITA

Belle II [ £dt=3.62fb! =2 B°B°

Hadronic tagging (HTA)

HTA
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Background Suppression and Flttlng

[PRD 109, 112006 (2024)] / Background = ¢ .

suppression - Simulati

ITA

™
o o

Background suppression:
O ITA: two consecutive BDTs to suppress the continuum and BB
background — ITA signal efficiency = 8%; purity = 0.9%

S w0
\{l‘&.lgl w O

JORRNRRL

Candidates
B
[-»)
(-
-
oy
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Y
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O HTA: one BDT to suppress the continuum and BB
background — HTA signal efficiency = 0.4%; purity = 3.5%

0.92 0.94 0.96 0.98 1.0
Fitting Strategy: I(BDT2)
O Binned maximum likelihood fit to extract parameter r Bello 1 e
T cc
of interest signal strength u 80 T
%(B_I_ _) K+I/17) i HTA 1 BY*>K*uix 10
S 60
U = — with B¢y = 4.97 X 10~° i
BBt — Ktup) g
O ITA fit variable: transformed classitier output n(BDT),)
and mass squared of the neutrino pair g2,
. . - 04 05 06 07 08 09 L0
O HTA fit variable: transformed classitier output n(BDTh) n(BDTh)
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Selection Efficiency as a Function of ¢°

ITA [PRD 109, 112006 (2024)] HTA
. - | 0.6
i I Statistical uncertainty : I Statistical uncertainty
o E b o — 0.5 F
53 I elle IT simulation NN _._I_'_'_'_I—=— Belle II simulation
> | ; R i
Qg) : Q;j 0.4
O B : - -
ks 10T ITA -% 03t HTA
S : g | '
© T = 0.2} :
U2 _ 2 0.1 =
0 _ | | | | | | | ] ] | 1 0.0 : | | | | | | | | | E——
0 2 4 6 &8 10 12 14 16 18 20 22 24 0O 2 4 o6 8 10 12 14 16 18 20 22 24
q* |GeV? /et q* [GeV?/c!

HTA much lower efficiency w.r.t. ITA analysis, but a smaller variation in ¢g*

g* = invariant mass squared of di-neutrino pair
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roros. 200020 BT — Ko Results

n(BDT>) HTA Combination
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2. [GeV2 /el u=4.6=x 1.0(stat.) + (0.9(syst)
corresponding to

B = [2.3 £ 0.5(stat) T2 (syst)] x 1072

i = 5.4+ 1.0(stat) £ 1.1(syst) p = 2.2+ 5(stat)t ] {(syst)

corresponding to corresponding to

B = [2.7 £ 0.5(stat) £ 0.5(syst)] x 10| & = [1.1:03(stat)*O-8(syst)] x 107>

O Combination improves the ITA-
only precision by 10%

O 3.5 o compatibility wrt bkg only O 1.1 6 compatibility wrt bkg only O 3.5 o significance wrt bkg only
O 2.9 6 compatibility wrt to the SM | |© 0.6 o compatibility wrt to the SM O 2.7 o significance wrt to the SM
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Systematic Uncertainties (ITA) -

[PRD 109, 112006 (2024)]

o Notes
Source Uncertainty size Impact on o,
Normalization of BB backeround 50% 0.90 1. Data/MC: Offres-continuum scale after selection
Normalization of continuum background 50% 0.10 2. Data/MC: fo(es-contlnuum S.Cal.e after selection
Leading B-decay branching fractions O(1%) 0.22 3. Variation within PDG uncertainties
Branching fraction for Bt - KTKYK? 20% 0.49 4. DiffelfenCe in BR wrt BY — KS()KSK+
p-wave component for Bt — KTKJKY 30% 0.02 5. Isospin rules + p-wave
Branching fraction for B — D** 50% 0.42 6. Guesstimate (GE) o
Branching fraction for BY — K" ni 100% 0.20 7. GE + PDG values of similar deCanS . . .
Branching fraction for D — KX 10% 0.14 8. Spread of the ,uﬁt(B — X. — K;X) in the ID sidebands (link)
Continuum-background modeling, BDT_.100% of correction 0.01 9. 100% systematics on the Shape
Integrated luminosity 1% <0.01 10. Belle Il measurement (link)
Number of BB 1.5% 0.02 I'1. Belle [l measurement (link)
Off-resonance sample normalization 59 0.05 12. Data/MC: Uncertainty on the offres-continuum scale
Track-finding efficiency 0.3% 0.20 13. Belle Il measurement (eTe™ — 71t~ , link)
Signal-kaon PID 0(1%) 0.07 14. PID Systematics framework
Photon energy 0.5% 0.08 15. Belle Il measurement (ete™ — eTe ™y link)
Hadronic energy 10% 0.37 16. Data/MC: Offres-continuum + PID sideband (link)
K? efficiency in ECL 8.5% 0.22 17. 50% of Data/MC cor. from eTe™ — ¢y;er (link)
Signal SM form-factors O(1%) 0.02 18. The()ry paper (link)
Global signal efficiency 3% 0.03 19. Data/MC: BT — J/wK™ signal embedded samples
Simulated-sample size O(1%) 0.52 20. MC statistics | |

Green (external + guesstimates)
Belle [l common systematics

B™ — K" vp control samples
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Look-back Plots of ¢*

[PRD 109, 112006 (2024)]
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Reaction

We found “only” 2.7 6 consistency with SM, many reinterpretations followed!

Ovchynnikov+ [2306.09508)
Abdughani+ [2309.03706)
Berezhnoy+ [2309.17191)
Datta+ [2310.15136]
McKeen+ [2312.00982]
Ho+ [2401.10112)
Bolton+ [2403.13887]
Bolton+ [2503.19025)
Berezhnoy+ [2507.10801)

Altmannshofer+ [2311.14629)]
Altmannshofer+ [2411.06592)
Hu [2412.19084]

Calibbi+ [2502.04900)

Ding+ [2504.00383]

Gabrielli+ [2402.05901]
Bolton+ [2403.13887]
Hu [2412.19084]
Calibbi+ [2502.04900]
Aliev+ [2503.22347)
Bolton+ [2503.19025)
Di Luzio+ [2505.11499)]
Berezhnoy+ [2507.10801)

Bird+ [hep-ph/0601090)

Ho+ [2401 10112)

He+ [2403.12485)

He+ [2502.09603]
Altmannshofer+ [2311.14629|

Fridell+ [2312.12507 ]

\

This is an incomplete list.

e

Let me know if any paper is missing.

He+ [2309.12741]
Chen+ [2309.12904]
Marzocca [2404.06533)
Allwicher+ [2410.21444)

Athron+ [2308.13426)
Gabrielli+ [2402.05901)
Marzocca+ [2404.06533)

Wang+ [2309.03727]

Chen+ [2403.02897)
Dev+ [2407.04670)
Hati+ [2408.00060]

BY - Kt +inv

Bause+ [2309.00075)

- 3-body decay SMEFT | Allwicher+ [2309.02246)

He+ [2209.05223] , |
He+ [2309.12741] " darkSMEFT VSMEFT
Hou+ [2402.19208] | | ‘
Bolton+ [2403.13887]
Bolton+ [2503.19025])

Felkl+ [2111.04327)
Felkl+ [2309.02940]
Leal+ [2404.17440)

T —
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Problem: simplified
reinterpretation approach
due to baked-in
assumptions on the
analysis

[Schematic taken from M.
Schmidt's presentation
presented on October 2025 @
Belle Il physics week]
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New Reinterpretation Method

[EPJC 84 7, 693 (2024)]

Can we do this better?

The idea: reinterpretation using kinematic reweighing to
obtain model-agnostic likelihood, which then can be

adjusted for testing different models on the Belle Il data

S
ighted)

s (wei

Two key ingredients:

bins

- -El(

1. Public experimental SM likelihood

Reconstruction

Event

2. Public joint number density 10

(map between generated g* and fit bins)

410!

0 3 6 9 12 15 18 21
Kinematic bins

hanks to @ HEPData this information can be stored easily
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Application to B™ —» Kb Measurement

We took our ingredients [HEPData entry]:
1.

2.

and reinterpreted the measurement within weak effective theory (WET)

[PRD 112, 092016 (2025)] 10°

—_
-]
L

Public experimental SM likelihooa

—_
3
)

Public joint number density (map between generated g~ and fit bins)

Events (weighted)

—_
=
w

2 2
dAB(BT — K+1/17) 4Gy a . Ak’ dAB(BT — K+I/D) 4Gy a e |2 Ak’
dg? V2 27 ST (4m)3M3 dqg? \/‘ 2 ST (4m)3M3
A
X | R |f+(q2)‘ ‘CSM| | X[ il |f+(q2)‘ ‘CVL+CVR‘
24q° 24q°
(M- MZ)" )
| 8( ‘fo(qz)‘ ‘CSL + CSR‘
my, — M
CSM ~ 6.6 , .
| ‘fT(Clz)‘ ‘CTL
3 (Mg + MK)
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Application to B™ —» Kb Measurement
[PRD 112, 092016 (2025)]

We took our ingredients [HEPData entry]:

1.
2.
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Publi
Publi

IC experime

IC jJoint num

ntal SM likelihood

oer density (map between generated g* and fit bins)

vector

dB/dq?

4.0-
3.5
3.0°
2.5°
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0.5
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Belle II simulatio

vector
scalar
tensor
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Application to BT — KT Measurement
[PRD 112, 092016 (2025)]

1 B’RBY {  Data
@ BB~ B Signal
We performed Bayesian analysis to extract posterior distributions of - Continuum Lt @02+ 12) o
SM unconstr. WET
| Gy + Cygl, [ Csp + Csrl, G .
O The fits prefer a larger vector component (compared to SM )
C\S/‘f ~ 6.6) and a non-zero tensor component i;
O An alternative fit where only Cy; is let free, with all others C, fixed Té@
(SM unconstr.) gets worse agreement -
Parameters Mode 68% HDI 95% HDI 3
Cyp + Cug| 11.3 7.8, 14.6] (19, 162] &
Cg + Cggr| 0.0 (0.0, 9.6] (0.0, 15.4
Corp 8.2 2.3, 9.6] 0.0, 11.2

— first highest credible intervals (HDI) on the Wilson coefficients from BT — K™vi decays
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Light NP e.g B™ > K™X?

[arxiv:2602.09666]
Submitted to PRD

We reinterpreted the measurement as a two-body decay B* — K+ X with different X mass and width

hypotheses
x 1077
S
vector
.
N@' 3_:
’E i
~ ]
8 2-
<"
1
0 Y
0 5 10 15 20
¢* [GeV?]
Slavomira Stefkova, slavomira.stetkova@uni-bonn.de 23

ﬂ —— SM4NP: Ty = 0.5 GeV
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Light NP e.g B™ > K™X?

[arxiv:2602.09666]
Submitted to PRD

We performed both Bayesian and frequentist analysis to obtain constraints on B¥ — KX parameters

Marginalised posterior distributions 95% C.L limits on B(B* — K*X) - Py iny Best-fit projections
— Ix=05GeV 4y — {  Belle Il data @ BYBY
— I'x =0.1 GeV 5 ; | B Signal I BB~
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Belle Il data strongly preters the resonance hypothesis, with a posterior mode for the mass

my = 2.17)7 GeV and a branching fraction of B(B* - K*X) - Py, = 9.2715 - 107°
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SearchforB™ — K™X

Belle performed first direct search for
. (-D 3 BT = ntX Belle preliminar
B* > hX( — inv),h = n*,K*,D*,p and ] o T U

— X — invisible

B - D°X( - inv) 104 .
O Sensitive to ALPS, dark scalars and dark baryons S I T e o
(B-mesogenesis models) ool . . A

O Use hadronic tag for the other B ; BT Rx| BT X

O On signal side, reconstruct the signal tracks
O Suppression of backgrounds using BDTs

O Narrow known resonances vetoed

B(B — hX)

O Momentum of the hadron in the signal B rest frame fitted

across the momentum range looking for excess above
background expectation

The most stringent upper upper limit to date @ 90 % CL set
to date

my [GeV/c?]
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B — Xav Decays in SM

SM predictions:
O Precise SM prediction B(B = Xvv) = (2.9 £0.3) X 10~ [JHEP02, 184 (2015)]
O Recent SM update: [arxiv:2512.19138] significantly higher and more precise

Br(B? — X,vv) = (3.351 £ 0.102) x 107,
Br(Bt — X,wv) = (3.618 £0.110) x 107°.
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First Search for B — XV Decays

[arxiv:2511.10980]
Accepted by PRL

Belle Il performed first search for “inclusive” B — X1v at B-factories 362 fb-1 of Belle Il data:

O Previous limits @ 90% CL from ALEPH AB(B — Xwr) = 6.4 X 10~ [EPJC 19, 213-227 (2001)]
O In Belle Il using hadronic tagging

O On signal side, "inclusive” reconstruction = sum-of-exclusive (30 exclusive final states) covering
roughly 93% of both resonant and non resonant decays

é 3500, E Ei_ ;/’“
Rest of event = =
+ B Kw2n°
K U 7t 4 0 T 2500/ - o
Kr ™ & el
%, 2000
Kzl YT BSig — Y@S) — Btag |
4 — \D(*) 1500
K3r X }/ T
K4 > 14 4 1000
T
3K | B, full reconstruction in hadronic modes . ‘
3Kz) Bg,: 30 exclusive decay modes S T S Y S ST SRS ST
S1g

My " [GeV]
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First Search for B — XV Decays

[arxiv:2511.10980]
Accepted by PRL

Belle Il performed first search for “inclusive” B — X vv at B-factories using 362 fb-1 of Belle Il data:

O Background suppression with BDTs
O Signal extraction: template fit to the BDT output n(BDT) X My

- ? <M < 0.6 GeWc’go:e::::*z::“::nc:;nc‘ §1 0 < M :gg;ewt:’ B [1 O — 5]
i 500/ -t I L dh = 3654 1" —*—L*_;dé Mx [GeV/cQ] 6[10_3] Nsig  central value ULgps ULexp
oot 5 =t 0,0.6] 2.93 6118+19 0.3+0.8t92 22 20
400 - i : :
S0 N 0.6, 1.0 132 8615 2% 3BE anze 956 066
B 1.0, mz] 062 AT ERIIZETiSE 1.2 26.7
100f Full range 0.97 6675;72° 887551120 322 244
0
o2 Ogé A ¥ SN | PR [PRD 109, 112006 (2024)]
- 8:90 2 - 6 8 150 12 14

bin index

Most stringent upper limit to date set @ 90 % CL on %B(B — X ) of 3.2 x 10~ and first in B-factory
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Conclusion

Today we have seen rich program of B —» K" up:
o B - K%
O first evidence with central value of B(B*T - K wp) = [2.3 + O.S(stat)fg:i(syst)] X 107 at 2.7 o tension with SM

O Belle Il data is more compatible with both light NP and heavy NP
O Other modes roughly an order of magnitude above SM

O B — Xv: limits in range 107> — 10~ (~ 2 orders of magnitude above SM)
O COmpatlbl |ty Wlth the abOve B — K(*)I/D reSU|tS Belle Il Online luminosity Exp: 7-40 - All runs
2.0 e 11 Online lumi oy Expr 740 Allrun o
O B — KYX: limits in range 107> — 107° ecoraed Daty

mam Recorded Daily
fﬁRecorded dt = 745.22 [fb™1]
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