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T covers 17° < 6 < 150°
Fcovers12.4° < 8 < 155.1°

Belle Il Experiment

® Electrons and positrons are accelerated up to 7 GeV and 4 GeV respectively by SuperKEKB accelerator
e Its energy correspond to the resonance of Y(45) which mainly decays into B meson pair

® Belle Il detector consists of several sub-detector components
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= For K and u detection
o K and muon detector (KLM)

e The target integrated luminosity: 50 ab™?!
= Currently, 914 fb~1! data is recorded



Motivation
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= Hadronic system with strangeness equal to 1 W=
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e B — X.vv decay

= Flavour-changing neutral currents process v
= BR = (2.9 + 0.3) X 1072 in SM UHEP02(2015)184]

® This decay can give a clue for the new physics LQ

b —»
= |eptoquark jphysrevn.9s.035027]
= invisible Iight scalar jeur phys. 1. c (2017) 77: 650]

" fermion dark matter jarxiv-2405.06742; v

® Previous study
- UL(b - SVV) = 6.4 X 10_4 (90% CL) by ALEPH [eurphys.i.c 19 (2001) 213-227]

0 There is no B = Xsvv results from Belle or Babar because vv makes it challenging

= BR(B* - K*vv) = (2.3 £ 0.7) X 107> by Belle Il, which is 2.7 deviation from SM jenysrev0.105.1120061
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Analysis Strategy

e Neutrinos from B — X.vv makes this analysis challenging

® Entire information of initial states is known in Belle Il experiment.
—> Non-signal side B meson can be used to suppress backgrounds

€
® There are three methods to deal with non-signal side B meson (tag side B meson or Btag)

= Hadronic tagging
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Analysis Strategy

e The target sample: 365 fb~! Y(4S) on-resonance data

reconstructed
signal side e One side of B meson is hadronically reconstructed icomput softw sia sci 3. 6 (20190
v = Generally, this efficiency €;,4 ~ 0(0.1%)
X, ® For signal side B meson, sum of exclusive method is used
1%
B = 30 decay modes are reconstructed for X,
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= With considering K° equally decays into Kg or K, these decay

tag side modes cover ~“93% of entire X; sample
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Event Generation

e We produce exclusive B - Kvv, B - K*vv, and the remaining B = X,vv MC sample separately

e For B - Kvv and B - K*vv Monte-Carlo (MC) samples, the SM form factors are used (o015 orrosizons)

[JHEP02(2015)184] [JHEP02(2015)184]

® To produce the remaining B = X,;vv MC sample, Fermi motion model is used
" |n Fermi motion model, quarks have some velocity inside B meson
" Also, My > 1.1 GeV/c? is required for the remaining X;vv MC sample
= Hadronization is done by PYTHIA
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Selection on Signal and Tag Side

e Following conditions are applied for Xg and By,

To reduce combinatorial backgrounds
o ktfc'g > 5.27 GeV/c?
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Selection on Signal and Tag Side

e Following conditions are applied for Xg and By,

To reduce combinatorial backgrounds from B, To suppress backgrounds from D meson
= 0.5 < px, <2.96GeV/c = reject 1.84 < M5*°° < 1.89 GeV/c?
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Selection on Rest of Event

® Information from rest of event is used

To reject backgrounds with additional particles,
outside of B;,, X candidates

= the number of tracks =0

= the number of 7° candidates = 0

= the number of K candidates = 0

number of candidates

E,.; < 1.3 GeV

o E,c: remaining energy deposited in the calorimeter

17° < Omissing < 150" missing tracks can mimic vv
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Background Suppression

® Boosted decision tree (BDT) is used as multivariate analysis (MVA) method

= Dominant background component comes from e*e™ — qg process

® 32 variables are used
" Variables are selected based on discriminant power and goodness of data/MC agreement on sideband

= Example of powerful variables: E,.; and event shape variable wuci phys. 5 149, 413 (1979))
Figure by Dennis Weyland

Distributions are normalized Belle II MC Distributions are normalized Belle II MC [ETP-KA/2017-30]
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Background Suppression

® BDT model has several hyperparameters

" These parameters are optimized by the gridsearch method

Hyperparameter
Number of trees
Maximum tree depth
Learning rate
Sampling fraction

Number of binning levels

e Hyperparameter is selected with satisfying following conditions

= Difference on performance (AUC value) for training and testing
sample is smaller than 0.3%

Tested values
100, 500, 1000, 1500, 2000
2,3,4
0.05, 0.1, 0.15, 0.2
0.3,0.4,0.5,0.6,0.7
6,7,8,9

= Highest performance in testing sample
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BDT output

Binning and Fitting Range

e Signal extraction is done on 2 dimensional My >“° — (BDT output) plane

® For the convenience, this plane is mapped into “bin index” variable
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= Along Mx°“° axis, first and second bin is dominated by B — Kvv and B — K*vV resonances, respectively
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Binning and Fitting Range

reco 2
® Binned maximum likelihood fit is done to extract the signal yield My [GeV/c”]

[0.0,0.6] | [0.6,1.0]  [1.0,2.0]

= We want to maximize the following value:

L= 1—[ Pois(my|s; + by)| - ﬂfp(apmp)

iEbin 14

45 l

number of events

related with
The expected number systematic
The number of of background ‘
uncertainty
observed data " bininde

bin index

number of signal
g Signal MC (f £dt =365Mb7")

" Free parameter u (signal strength): a factor relative to the SM expectation

3
wp (0.0 < MFU® < 0.6 GeV/c?)

Free parameters < i (0.6 < My"® < 1.0 GeV/c?)
Us (1.0 < M)tfl;ue < My ™ GeV/CZ) X My"®: mass of X recorded by MC information 13
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Corrections

e Several correction factors are estimated:
e eTe™ — qq efficiency

* There can be difference on ee™ — qq efficiency between
data and MC

= Off-resonance data is used to estimate the discrepancy

= Off-resonance data has center of mass energy 60 MeV below the Y(4S) resonance
- Thereisno Y(4S) — BB

= The same analysis procedure as for B - X,vv is followed, except for the additional M}, correction :

2
Mbc,corrected = \/(V SOff/Z) o |p12?C| + (V son — V SOff)/z

- Correcting M, is needed because of shift by lower energy

® Then, the ratio between MC and data is used as the correction factor

14



Corrections

e B — X.nn modelling correction

= B — X.nnisone of important background because its topology
and detector response is similarto B —» X;vv
v n
v n

= Nxs = _>§AXS

= M, distribution of B = K™ n#n decay is corrected by
B —» K®pp study

[Physics Letters B, 659(1):80-86] [Phys. Rev. Lett., 100:251801] [Phys. Rev. D, 76:092004]

= B - K®™nn sample is produced with flat M,,; model

* Then B - K®nf sample is weighted to get M,;
distribution from B — K ®pp study

" This M, distribution is modelled by exponential function
or 2" order polynomial

dBR/dM [arbitrary unit]

=5 Flat model
| -+ [Phys. Rev. Lett. 100, 251801]
15
i,
T T~
O_NII
2 25 3 35 4 4.5
M [GeV/c?]

M,,;; by Belle study and M,,; with flat mass model
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Corrections

e B — X.nn modelling correction

= The remaining B — X pp channels are reconstructed to correct B — X;nn
" The number of B = X;pp is obtained by fit on M,

= The ratio between data and MC is adopted as the correction factor

16



Corrections

e B - X.K)Kmodelling correction
= B> XSKLOKLO is one of important background because its topology and detector response is similarto B - X vv

= Dalitz plot of Belle Il simulation is corrected by distribution obtained from B - KKK study
[Phys. Rev. D, 85:112010] [Phys. Rev. D, 85:054023]
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= For the remaining B » XK K?, B - X,KJK? is reconstructed and the result is used for the correction 17
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Corrections

e X. fragmentation correction

= The hadronization of X is simulated by PYTHIA

= The fragmentation of B — X;y is used to correct B = X;vv

1.15 <My, <1.5 GeV ¢

50 A

40 -

30 A

20 A

Fraction at 9 decays[%]

B-Xsy
B - Xsvv signal MC

Decay Mode
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- differences between them are adopted as the
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Corrections

® Photon multiplicity correction
" |t is known that the simulation does not model the beam background perfectly
= To address this issue, other analysis apply

o An ECL energy-scale correction [Phys. Rev. D, 110(7):072020, 2024]

o Photon-multiplicity correction  [Phys. Rev. D, 109(11):112006, 2024]

= |n this analysis, photon multiplicity correction is applied

u XSOBtJ—;g is reconstructed for the photon multiplicity correction

19
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Corrections

® Photon multiplicity correction
u XSBtJ—;g is reconstructed for the photon multiplicity correction

= The ratio between data and MC is adopted as correction factor in the number of photon candidates

u XSiB,?ag is reconstructed to check the photon multiplicity correction

20



Systematics

® Several systematics are estimated

" Impact on gpy at each M}(‘;“e region for major uncertainties:

Impact on ogg [107°]

Source Full range [0,0.6] GeV/c?  [0.6,1.0] GeV/c? [1.0, M}};ax] GeV/c?
MC statistics 6.0 0.4 1.5 6.3
Background normalization 5.7 0.6 2.0 6.6
BR of major B meson decay 2.3 0.1 0.6 2.0
Non-exclusive X,vV generation point 2.1 0.0 0.0 2.2
BDT efficiency 2.1 0.0 0.4 2.3
Statistical uncertainty 8.3 0.8 2.6 9.0

e MC statistics
= Statistical uncertainty of MC sample

= Dominated by background sample



Systematics

® Background normalization

= Systematic uncertainty for the disagreement between data and MC
= Two side bands are investigated:

o M, sideband: 5.235 < M,%9 < 5.26 GeV/c?
o BDT sideband: 0.8 < BDT output < 0.86

= We assign +20% overall uncertainty
o It covers the data-MC disagreement in the sidebands
° This uncertainty is assigned at three My “° regions:
(0.0 < M§® < 0.6 GeV/c?

$0.6 < M5S°° < 1.0 GeV/c?
| 1.0 < MiE° < 2.0 GeV/c?

22



Systematics

® BR of major B meson decay
= Background MC sample is based on PDG value
= However, there is uncertainty on the branching ratio in PDG value

= We fluctuate the branching ratio at several B meson decays
o Because it is done manually, we only fluctuate 71% and 60% for Bt and B® meson, respectively
BB~ background B°B° background
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Systematics

e X. fragmentation

= Two methods are used:

1. X;J /Y vs Xsy

o The differences between them are adopted as systematic uncertainty
—> However, not all of My_regions and decay channels are available
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Systematics

e X. fragmentation
= Two methods are used:

2. PYTHIA parameter fluctuation

o We fluctuate PYTHIA parameters and select combinations
whose fragmentation is within B - X,y and B = Xs J /Y

o Then, the maximum deviation from nominal fragmentation is
adopted as the systematic uncertainty

0 We assign the systematic uncertainty at several My . regions

and decay channels independently

Fraction at 7 decays[%]

1 1.5 <My <2.0 GeV
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Systematics

® Photon multiplicity correction

u XSiB,?ag is reconstructed to check the photon multiplicity correction

= The remaining discrepancy is adopted as the systematic uncertainty

26



Events

data
simulation

Result

® Central value from the fit;:

0.0< M;Z“" < 0.6 GeV/c? 0.6 < M;Z'"’ <1.0 GeVic’ 1.0 < M;Z”" < 2.0 GeV/c?
700  Belle Il = E;E;,
R j Ldt=3654fb" i = ud
600 — : ] = dd
C : — 5§
__+ : ==cC
500 : i === SIGNAL
C e data
400=
300 :— s
200
100 —
0
1.2 :
1.1 Lo i
1 ] +—l—o—'|'—+—
0.9 + : L
08 P .
075 5 4 6 8 10 12 14
bin index

BR(B - X,vv) = 4

(10.3+0.8708] x 1075 (0.0 < MFU® < 0.6 GeV/c?)
[3.5%37 1341 x 107> (0.6 < Mg < 1.0 GeV/c?)

|[5.1%55 X110l x 107° (1.0 GeV/c? < MyUe)

e If we combine the results:

BR(B - X,vv) =

[8.8%85 +125] x 1075

e The observed signal yield is not significant by the fit
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Result

e Upper limits are calculated by CLs method:

dm
0.8
0.6
0.4

0.2

—+— Observed CLs

--------- Expected CLs - Median
[ Expected CLs + 16
[ ] ExpectedClLs+2¢

_.. L dt=236541fb"

Belle 1l

full range of ng

x107°

(22x1075 (0.0 < M{U® < 0.6 GeV/c?)
UL(B — X;vv) =4 93x 107> (0.6 < Mg"® < 1.0 GeV/c?)
309 X 107> (1.0 GeV/c? < Mg“e

at 90% confidence level

e If we combine the results:

UL(B - X,vv) = 32.7 X 107> at 90% confidence level
[Phys. Rev. Lett. 136, 231801]

*UL(b = svv) = 64 X 107> (90% CL) by ALEPH T feur.phys..c 19 (2001) 213-227]
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Summary

® B — X .vvis suppressed in Standard Model and can be enhanced by new physics

e Sum of exclusive method is used with 30 decay modes

® Several selections are applied to suppress backgrounds

e As the MVA technique, BDT is used

e Several corrections factors are considered, including ee™ — qq efficiency correction
® Several systematic uncertainties are considered, including signal modeling

® The observed signal yield is not significant by the fit

® Upper limit is calculated by CLs method
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  B →  X s 𝜈  𝜈 -


  7   GeV


  4   GeV


  Υ ( 4 S )


  50   a  b  − 1


  914   f  b  − 1


  †


   17 ∘ < 𝜃 <  150 ∘


  ‡


    12 . 4 ∘ < 𝜃 <   155 . 1 ∘


     †


     ‡


   K L 0


  𝜇


   K L 0


   X s


  U L ( b → s 𝜈  𝜈 - ) = 6 . 4 ×  10  − 4


   


  B R  (  B + →  K + 𝜈  𝜈 - ) = ( 2 . 3 ± 0 . 7 ) ×  10  − 5


  2 . 7 𝜎


  B →  X S 𝜈  𝜈 -


  𝜈  𝜈 -


  B →  X s 𝜈  𝜈 -


  BR = ( 2 . 9 ± 0 . 3 ) ×  10  − 5


  B →  X s 𝜈  𝜈 -


   B  t a g


   B  t a g


   B  t a g


  Υ ( 4 S )


   e −


   e +


  B


   B -


   D 0


   𝜋 −


   𝜋 0


  Υ ( 4 S )


   e −


   e +


  B


   B -


   e −


   D 0


     𝜈 - e


  Υ ( 4 S )


   e −


   e +


  B


   B -


  365   f  b  − 1


  Υ ( 4 S )


   e −


   e +


  Υ ( 4 S )


   B  s i g


   X s


   𝜈 -


  𝜈


   B  t a g


   X s


   𝜖  t a g   ~   𝒪 ( 0 . 1 % )


   X s


   K 0


   K S 0


   K L 0


   X s


  B → K 𝜈  𝜈 -


  B →  K ∗ 𝜈  𝜈 -  


  B →  X s 𝜈  𝜈 -


   q 2 =   (  p 𝜈   +  p   𝜈 -   ) 2


   M   X s > 1 . 1   GeV /  c 2


   X s 𝜈  𝜈 -


  B → K 𝜈  𝜈 -


  B →  K ∗ 𝜈  𝜈 -


  B →  X s 𝜈  𝜈 -


  K


  K 1 p i   w / o   p i 0


  K 1 p i   w /   1 p i 0


  K 2 p i   w / o   p i 0


  K 2 p i   w /   1 p i 0


  K 3 p i   w / o   p i 0


  K 3 p i   w /   1 p i 0


  K 4 p i   w / o   p i 0


  K 4 p i   w /   1 p i 0


  K   w /   2 p i 0   ( a t m o s t   4 p i )


  3 K   w /   a t m o s t 1 p i


  o t h e r s


   M   X s   [  GeV /   c 2 ]


   B + →  K + 𝜈  𝜈 -


   q 2   [   Ge  V 2 /   c 4 ]


   X s


   B  t a g


   M bc tag > 5 . 27   GeV /  c 2


   X s


   M   X s reco < 2 . 0   GeV /  c 2


   M bc   ≡     (    s / 2 ) 2 − |  p B 2 c |


  s


   B +  B −


   B 0    B - 0


  u  u -


  d  d -


  s  s -


  c  c -


  signal × 2000


   M  b c  t a g   [  GeV /   c 2 ]


   M   X s reco   [  GeV /   c 2 ]


   X s


   B  t a g


   𝑩  𝒕 𝒂 𝒈


  0 . 5 <  p   X S < 2 . 96   GeV / c


   B +  B −


   B 0    B - 0


  u  u -


  d  d -


  s  s -


  c  c -


  signal × 500


   p   X s   in   CMS   frame   [  GeV / c ]


   M   X s reco   [  GeV /   c 2 ]


  1 . 84 <  M   X s reco < 1 . 89   GeV /  c 2


   E  e c l


   E  e c l < 1 . 3   GeV


   17 ° <  𝜃 missing <  150 °


  𝝂  𝝂 -


   𝒆 +


   𝒆 −


    𝟏 𝟕 °


    𝟑 𝟎 °


   𝑩  𝒕 𝒂 𝒈  𝑿 𝒔


   𝜋 0


   K S 0


   B +  B −


   B 0    B - 0


  u  u -


  d  d -


  s  s -


  c  c -


  signal × 500


   𝜃 missing   in   Lab   frame   [ rad ]


   B +  B −


   B 0    B - 0


  u  u -


  d  d -


  s  s -


  c  c -


  signal × 300


   E  e c l   [ GeV ]


   E  e c l


   E  e c l   [ GeV ]


  harmonicMomentThrust 2   [ GeV / c ]


   e +  e − → q  q -


   M   X s reco − ( BDT   output )


   M   X s reco   [  GeV /   c 2 ]


   M   X s reco


  B → K 𝜈  𝜈 -


  B →  K ∗ 𝜈  𝜈 -


   ( ∫ ℒ   d t = 365   f  b  − 1 )


   [ 0 . 0 ,   0 . 6 ]


   [ 0 . 6 ,   1 . 0 ]


   [ 1 . 0 ,   2 . 0 ]


   M   X s reco    [  GeV /   c 2 ]


   [ 0 . 0 ,   0 . 6 ]


   [ 0 . 6 ,   1 . 0 ]


   [ 1 . 0 ,   2 . 0 ]


   M   X s reco    [  GeV /   c 2 ]


   ( ∫ ℒ   d t = 365   f  b  − 1 )


  ℒ =  [   ∏  i ∈ bin  Pois (  n i |  s i +  b i ) ] ⋅   ∏ p   f p (  a p |  𝛼 p )


  𝜇


   ( ∫ ℒ   d t = 365   f  b  − 1 )


   [ 0 . 0 ,   0 . 6 ]


   [ 0 . 6 ,   1 . 0 ]


   [ 1 . 0 ,   2 . 0 ]


   M   X s reco    [  GeV /   c 2 ]


   {     𝜇 1                      ( 0 . 0 <  M   X s true < 0 . 6  GeV /   c 2 )                𝜇 2                      ( 0 . 6 <  M   X s true < 1 . 0  GeV /   c 2 )                𝜇 3                    ( 1 . 0 <  M   X s true <  M   X s max  GeV /   c 2 )    


   M   X s true :


   X s


   e +  e − → q  q -


   e +  e − → q  q -


  60   MeV


  Υ ( 4 S )


  B →  X s 𝜈  𝜈 -


   M  b c


   M  bc ,   corrected   ≡     (     s off / 2 ) 2 −  |  p B 2 c | + (   s on −   s off ) / 2


   M  b c


  Υ  ( 4 S ) → B  B -


  B →  X s n  n -


  B →  X s n  n -


  B →  X s 𝜈  𝜈 -


   M  n  n -


  B →  K  ( ∗ ) n  n -


  B →  K  ( ∗ ) p  p -


   M  p  p -


   M  n  n -


  B →  K  ( ∗ ) n  n -


   M  n  n -


  B →  K  ( ∗ ) n  n -


   M  p  p -


  B →  K  ( ∗ ) p  p -


   M  p  p -


  B


  𝜈


   X s


   𝜈 -


  B


  n


   X s


   n -


  B →  X s n  n -


  B →  X s p  p -


  B →  X s n  n -


  B →  X s p  p -


   M  b c


  B →  X s  K L 0  K L 0


  B →  X s  K L 0  K L 0


  B →  X s 𝜈  𝜈 -


  B → K  K S 0  K S 0


   s 13 [    (  GeV /   c 2 ) 2 ]


   s 23 [    (  GeV /   c 2 ) 2 ]


   s 13 [    (  GeV /   c 2 ) 2 ]


   s 23 [    (  GeV /   c 2 ) 2 ]


  B →  X s  K L 0  K L 0


  B →  X s  K S 0  K S 0


   B + →  K +  K L 0  K L 0


   B + →  K +  K L 0  K L 0


  B


  𝜈


   X s


   𝜈 -


  B


   K L 0


   X s


   K L 0


   X s


   X s


  B →  X s 𝛾


  B →  X s 𝜈  𝜈 -


   X s 0  B  t a g ±


   X s 0  B  t a g ±


   X s ±  B  t a g 0


   𝜎  B R


   M   X s true


   𝜎  B R   [  10  − 5 ]


   [ 0 ,   0 . 6 ]  GeV /   c 2


   [ 0 . 6 ,   1 . 0 ]  GeV /   c 2


   [ 1 . 0 ,    M   X s max ]  GeV /   c 2


   X s 𝜈  𝜈 -


   M  b c  t a g


  5 . 235 <  M  b c  t a g < 5 . 26   GeV /  c 2


  ± 20 %


   M   X s reco


   {    0 . 0 <  M   X s reco < 0 . 6  GeV /   c 2   0 . 6 <  M   X s reco < 1 . 0  GeV /   c 2   1 . 0 <  M   X s reco < 2 . 0  GeV /   c 2


  B


   B +


   B 0


   𝑩 +  𝑩 −


   𝑩 𝟎    𝑩 - 𝟎


   X s


   X s J / 𝜓


   X S 𝛾


   M   X s


   X s


  B →  X s 𝛾


  B → X s   J / 𝜓


   M   X S


   X s ±  B  t a g 0


  B R ( B →  X s 𝜈  𝜈 - ) =  {    [ 0 . 3 ±   0 . 8  − 0 . 7  + 0 . 8 ] ×  10  − 5       ( 0 . 0 <  M   X s true < 0 . 6  GeV /   c 2 )   [   3 . 5  − 2 . 5  + 2 . 7     − 2 . 6  + 3 . 1 ] ×  10  − 5             ( 0 . 6 <  M   X s true < 1 . 0  GeV /   c 2 )   [   5 . 1  − 8 . 8  + 9 . 2     − 11 . 0  + 12 . 9 ] ×  10  − 5                                 ( 1 . 0  GeV /   c 2 <  M   X s true )


  B R  ( B →  X s 𝜈  𝜈 - ) =  [   8 . 8  − 8 . 2  + 8 . 5     − 10 . 7  + 12 . 6 ] ×  10  − 5


  U L ( B →  X s 𝜈  𝜈 - ) =  {    2 . 2 ×  10  − 5               ( 0 . 0 <  M   X s true < 0 . 6  GeV /   c 2 )   9 . 3 ×  10  − 5             ( 0 . 6 <  M   X s true < 1 . 0  GeV /   c 2 )   30 . 9 ×  10  − 5                                 ( 1 . 0  GeV /   c 2 <  M   X s true )


  U L  ( B →  X s 𝜈  𝜈 - ) = 32 . 7 ×  10  − 5


  U L ( b → s 𝜈  𝜈 - ) = 64 ×  10  − 5


     †


  B →  X s 𝜈  𝜈 -


   e +  e − → q  q -

