D

</[O

Belle II

Search for new phenomena beyond
the Standard Model at Belle Il

Junewoo PARK (UTokyo)

on behalf of the Belle Il collaborations

BCVSPIN 2024, Kathmandu, Nepal
Dec 9-13, 2024



Belle and Belle Il Experiments

® Asymmetric energy collisions of electrons and positrons

e |ts energy corresponds to v/s = 10.58 GeV, which is the resonance of Y(4S)

= Y(4S) mainly decays into B meson pair
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Belle and Belle Il Experiments

® The entire kinematics are known in Belle Il experiment.

= c.m. energy is 10.58 GeV and two B mesons are produced

— Belle Il has an advantage on the decay modes with invisible particles, like neutrino

® Belle Il experiment is not only B factory, but also tau factory
[Ann Rev Nucl Part Sci 43:333-378.]
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= we can also enjoy tau physics!

olete” - 1%1t7) ~0.9nb @ 10.58 GeV



BT - KTvvy

[Phys. Rev. D 109, 112006]
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B+ N K+VV Belle I

e Bt - K*vv decay

= Flavour-changing neutral currents process
= BR = (5.6 + 0.4) X 107° at SM [Phys. Rev. D 107, 119903 (2023)]

® This decay can give a clue for non-SM particles

= |eptoquark [Phys. Rev. D 98, 055003] b >
= Axion [Phys. Rev. D 102, 015023]
= Dark sector mediator [Phys. Rev. D 101, 095006]

® There are previous studies in Babar, Belle, and Belle Il experiments

BABAR 3.7 % 107° 429 fb_l hadronic Phys. Rev. D 87, 112005
BABAR 1.3x 107> 418 fp~1 semileptonic Phys. Rev. D 82, 112002
Belle 5.5 %X 107° 711 fb~1 hadronic Phys. Rev. D 87, 111103
Belle 1.9 x 107> 711 fb~1 semileptonic Phys. Rev. D 96, 091101

Belle Il 41 % 10°° 63 fb~! inclusive Phys. Rev. Lett. 127, 181802 .


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.055003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
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e 362 fb~! on-resonance data is used for this analysis

e Two tagging methods are done

= hadronic tagging analysis (HTA)
= inclusive tagging analysis (ITA)

e In HTA, one side of B meson is reconstructed by hadronic decay modes

v - 1 e B+ L = Exact kinematics of By, is known
14 SLg —-— tag = high purity
/ (45) t = low efficiency
K~ 1 et 0

® In ITA, the second B meson is not explicitly reconstructed
* ROE: rest of event

v B 1 e” g+ " |Information of remaining particles (ROE) is used
v sig = |ow purity
/' Y(45) —> * high efficiency

K~ 1e+ 6
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6000 7‘ 8 Belle 11 f Ldt = 362fh!
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B™ - K vv
® binned maximum likelihood fit is done to extract the signal yield

e Signal regions
" For HTA, signal yield extraction is done on n(BDT},) space
5 n(BDTy): variables related to the efficiency as a function of BDT cut

= For ITA, signal yield extraction is done on (BDT,) X gZ.. space

5 n(BDT,): variables related to the efficiency as a function of BDT cut
o gZ..: invariant mass square of the neutrino pair

[Phys. Rev. D 109, 112006]
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® result
SM Average
0.497 +0.037 3404
: —— Belle II (362 fb!, combined) = Hadronic tag:
| 2.34+0.7 This analysis
I - ‘ + +.,5) — +0.9 +0.8 -5
o1 Belle II (362 fb™!, hadronic) BR (B - K VV) — [1'1—0.8 (Stat)—O.S(SySt)] X 10
I 1.1+ 1.1 This analysis
o mlngmnlis | s incusive tag
7407 This anal . s
E O Belle II (63 fb!, inclusive) BR (B+ — K+VV) — [27 + OS(Stat) + OS(SySt)] X 10
1.9+ 1.5 PRLI127, 181802
I
o Belle (711 fb™!, semileptonic ; .

I 10406 (PRDgﬁ,ognm mileptonic) = Combined result:
! . Belle (711 b, hadronic) BR(BY » K*Tvv) = [2.3 + 0.5(stat fg'i(syst)] X 107>

: : 29+1.6 PRDS7, 111103 '

— e ! BABAR (418 fb!, semileptonic) ] . _ .

5 I D208 PROS2, 112002 - first evidence for the BY - K*vv decay (3.50) &

: ‘e BABAR (429 fb!, hadronic)

N N S R T R R " Compatibility with SM: 2.7¢

0 2 4 6 8 10

10° x Br(B*—K " uvp)
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[JHEP09(2024)062]
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Belle IT

T U U U
® Belle experiment is not only B factory but also tau factory
e 7™ - utu"u" decay
= Hard to occur in SM (smaller than 0 (107°%)) [Eur. Phys. J. C 79 (2019) 84]

® This decay can be enhanced by new physics
= |nverse Seesaw [J. Phys. Conf. Ser. 888 (2017) 012029]

e 424 fb~1 data is used for the analysis

® There are previous studies

CLEO 1.9 x 107° 479 fp~1 one-prong Phys. Rev. D 57 (1998) 5903
BABAR 3.3x10°8 468 fb—l one-prong Phys. Rev. D 81 (2010) 111101
LHCb 4.6 x 1078 3 fb1 ] JHEP 02 (2015) 121
ATLAS 3.8x 1077 20.3 b1 - Eur. Phys. J. C 76 (2016) 232
CMS 8.0 x 1078 33.2 fb~1 i JHEP 01 (2021) 163

12


https://link.springer.com/article/10.1140/epjc/s10052-020-8059-7
https://iopscience.iop.org/article/10.1088/1742-6596/888/1/012029
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T uruu
® Two analysis methods are done in this analysis

= one-prong tagging analysis (for the validation)
= inclusive tagging analysis

<|
<|

? ut ut
® The space is divided into two hemispheres ny
= determine a vector ny that the sum of inner products with particles’ \
momentum is maximized _/—y
N +
= Then, we can define two hemispheres by the plane perpendiculartony | T B
e e

= All three pare required to be included in the same hemisphere

13
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® BDT is used to suppress backgrounds

= total 32 variables are used
= the most discriminating variables:

o mass of ROE

o (Energy of ROE — a half of beam energy) in c.m. frame

o transverse momentum of the second highest
momentum muon

O transverse momentum of the lowest
momentum muon

= cross-validation (k-folding) algorithm is used to
reduce the impacts from the statistical fluctuation
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Belle II
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S‘ 71 Belle IT Signal region
. . . > i -1 —— +206 region
e Counting method is used in (M3, AE3,) plane o, ] Jear=a2apo  Giebana |
2 1 Blr—ppTp)=6x10""* # Data 103
" Ms,,: invariant mass of three muons E

" AE3,: (Energy of three muons - a half of beam energy) in c.m. frame

=
Simulated signal events

® The signal region and sideband region are defined

= The signal region (yellow line):

10!

o elliptical region is obtained from the MC sample

= The sideband region (region between red and yellow lines)

5 +20 6y, +10 6, wide rectangular region, where § is expected
resolution

® The number of expected background is obtained from the
2D plane (BDT output) X (distance from signal peak)

15
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Belle IT

® Result 1.2 ~{ Belle II
8 _ Expected CL, + 20

T [ Ldt=424fp71
" Nexp = 0.7X9:¢: the expected number of background events 1.0 f S Dxpected CL, = 1o

---- Expected CL, median

= N,ps = 1:the number of observed events —— Observed CL,

0.8

= BR(z~ > putp p7) = (21131 +04) x 107° 0.6 -
. — + — — _ Nobs—Nexp 0.4 -
BR(x™ »ptuu7) = LX20,XE37 -

0.2 -

= Upper limit of branching ratio = 1.9 x 10~8 at 90% confidence level

OO T T T T T T T

- World’s best limit #= 0 1 y 3 4 5
B(r~—p~p p”) le—8
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R(D*)

[Phys. Rev. D 110, 072020]
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R(D*)

[Phys. Rev. D 110, 072020] K 24

e Measuring R(D™) is the direct test for the lepton flavour universality (LFU)

. )Y _ BR(B-DW1v)
R(D ) ~ BR(B-D®W¢w))

= |In SM, [Phys. Rev. D 107, 052008]
= R(D) = 0.298 i 0.004 0.35
o R(D*) = 0.254 + 0.005

R(D¥*)

= Several systematic uncertainties are canceled for R(D(*)), =

like quark mixing element |V, |

0.25
2 R(D(*)) can be changed by new physics

o Leptoquark [Phys. Rev. D 104, 055017] 02
o W' boson [JHEP12(2016)059]

® Currently, it shows some tension from SM prediction: ~3.170

[Moriond 2024]

<o

Belle IT
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R(D)=0.298 +0.004
R(D*) = 0.254 +0.005

R(D)=0.342 £0.026,,  —

R(D*) = 0.287 +0.012, -

p=-0.39 -
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https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#38-b-to-c-l-nu-decays-at-lhcb
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.055017
https://link.springer.com/article/10.1007/JHEP12(2016)059
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R (D *) Belle II

e 189 fb~! on-resonance data is used for this analysis

e Hadronic tagging method is used

12 1 o
— — no
Big D
Y (4S) ot
1e+ 0

® The following decay modes are reconstructed for the signal side

T e VoV UV, ve Leptonic mode
D** Dr* D*n®
D*Y DOx?®

D™ K ntrn?* Kdn* K K*rm*

K ntn® K ntnnt Kdntnn® K nt
Kntn~ Kdn® KKt nnt 19
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R (D *) Belle II

e Dominant background comes from the misreconstructed D* candidates:

= (Correctly reconstructed D) + (low-momentum pion not from D*)

= misreconstructed D with low-momentum pion
D** - DO%x"

e This fake D™ yield is calibrated from the sideband for
each D* mode

Belle Il
25F [Ldt=18031"
L 20<M?__<1.0GeV¥/c?

miss

" The sideband region is defined in AM p+ region,
where AMD* = MD* — MD

= The fit is done on the sideband, to obtain the data-simulation
ratio of yield of fake D*

Candidates / (0.0005 GeV/c?)

Pull
o
o} ' 1
.
.
.

ok .
0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17
AM . [GeV/c?]
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R(D™)

® To extract the signal yield, extended binned maximum likelihood fit is done

® Signal region

[Phys. Rev. D 110, 072020]

» (the remaining energy on the electromagnetic calorimeter) X (missing mass square)

e The probability density functions are constructed for each D* modes
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<o

Belle IT
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R (D *) Belle IT

® Result
= R(D*) = 0.26213:535 (stat) L3033 (syst)

—> Statistical uncertainty ( t}i;;ﬁjg) is comparable to Belle result (13.0%), even though this analysis uses much

smaller data size (189 fb~1vs 711 fb~1) =

= consistent with SM prediction

*A 0-4 [ L] L] L] I L] L] L] T I L] L] T L] I L] Ll T L] I L] L L] L] l L] L] L] L] I L] L] L] T I L] L] L] L] I L] L] ]
8 d HFLAV Ay* = 1.0 contours -
e N ]
035 —_

[ Bellell :

03 . —

= Belle -

L LHCb" .

025 —_

~ World Average -1

0.2 |~  $HFLAV SM Prediction R(D) =0.357 £0.029,,,, —]

B R(D) = 0.298 + 0.004 R(D*) =0.284 £0.012,,, 7

B R(D*) = 0.254 £ 0.005 p=-037 -

- I l I l ! o .

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D) 22


https://hflav.web.cern.ch/content/semileptonic-b-decays

Summary

® Belle Il experiment has advantages to B and tau physics

= Target energy is appropriate for B and tau production
= decays with invisible particles can be analyzed
® Broad range of analysis have been successfully done in Belle Il experiment
= EWP: BT - K*vv
- first evidence for the B — K*vv decay (3.50)
" LFV:T~ > utu u”
—> World’s best result
= LFU: R(D")

—> comparable statistical uncertainty, with much smaller data size, compared to Belle experiment
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T ; Belle I1 —+ Data ()
> : . fﬁfh‘ =424fb " —— Signal 0 eepp

z
gp’n_ B('r_—:',u:_y_,'i_):-‘-lxlﬂ_[’ g T pupp
o . T'_T . Stat.
e The validation is done on the sideband region 2 1, w=gp U
éﬁu ]
= Agreement on (BDT output) is checked 2
= After the BDT selection, 101

o The expected number of event in sideband = 2.0+ %
20

- '!ft*ﬂ*.**#ﬂéﬂ:ié

| 1
0.0 0.2 0.4 0.6 0.8 1.0

o The observed number of event in sideband = 3

pPPT [au]
® The number of expected background is obtained from (BDT output) and distance from signal peak
= expected Np = N X Y5
Na : :
Ng Np inside signal region
N4 N, outside signal region

BDT output , , 085 09 1.0 25
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