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The Belle Il Experiment
& SuperKEKB

Asymmetric e'e* collider at 7 GeV and 4 GeV in Tsukuba, Japan

B meson factory (~1.1x10° BB pairs per ab™)

Target luminosity of 50 ab™! (Belle ~710 fb™!, BaBar ~424 fb™?)

Studying B, D and t physics, hadron spectroscopy and

dark-sector searches
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Semileptonic decays

e Decays with 1 or more hadrons, 1 charged lepton [ and Vial  |Vaus| |V
corresponding neutrinos v; mediated by the W boson in the VokM = |Vcd| |VCS| |Vcb|
Standard Model (SM) 7y |th| |%S| |th|

w— 2
e ) Vud Vg + Vea Vg + Via Vi = 0
) < < 2
=0 4
B _ _(D
d > d @i b—cly

BO — D*+£_ﬁ£ " "
VudVip ViaVi

Vcd ch;; Vcd VZ‘!;)

e The v areinferred as missing energy in our detector

e b — chv'and b — ulv transitions are

crucial for the determination Cabibbo-Kobayashi-Maskawa (CKM) (0,0) (1,0)
quark-mixing matrix elements

A unitary CKM triangle highlighting |V | in b — cv
e Measured inclusively B — X /v or exclusively B — D*/v

. The Belle |l Physics Book arXiv:1808.10567
Tl represents either an e or u.
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https://arxiv.org/abs/1808.10567

Semileptonic decays Vool = (42.2 4 0.8) x 102 (inclusive)
Veo| = (39.5 £ 0.9) x 1073 (exclusive)

e  Existing tension between inclusive and exclusive approaches in (PDG values. Tension of order 30)
measurements of |V |and [V |

e Full projected Belle Il dataset will be key in understanding this
tension through examination at higher precision and through
accessing other variables

Vaud Vap + Vea Vo + Via Vi = 0

e Could be sensitive to New Physics

50 D*+ b < < < ' _ —_
B T @.m b—cl
H- 7, B T
) ViV, VaV
7 d > d V.V V.V
B’ - D"y, ¢ B - Dy,
Example models: Two-Higgs Doublet Model and leptoquark model (0,0) (1,0)

A unitary CKM triangle highlighting |V | in b — clv

The Belle Il Physics Book arXiv:1808.10567
P.A. Zyla et al. (Particle Data Group).Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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https://arxiv.org/abs/1808.10567
https://pdg.lbl.gov/2021/html/authors_2021.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Reconstruction methods

e Untagged approach (“inclusive tag”)

o  Signal decay BSig is reconstructed

o  Particles in the rest of event assigned to the “inclusive tag”

Inclusive Tag
o Very efficient but low purity T  e=00100% AGE
Consistency of By,,

e Tagged approach (semileptonic and hadronic tags)

. . & Semileptonic Ta ez =
o Both B mesons in event are reconstructed, Signal B_,_ and other B - -0 1py TN <
. . . = Knowledge of B Ty <,
o B, exclusively reconstructed using = =St O Dtag g
m  semileptonic decay modes (only partial Btag knowledge) Ha(g(()(;lic)f(y'l‘ag 6
€ = 3 0 —
Y

m hadronic decay modes (exact knowledge of the Btag) Exact knowledge of By,

o  Hadronic tagging essential in missing energy measurements

The Belle 1l Physics Book arXiv:1808.10567
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https://arxiv.org/abs/1808.10567

Inclusive Xu | nu arXiv:2103.02629

Inclusive B —>Xueve

e Untagged method
e  Using the lepton endpoint momentum spectrum towards a measurement of |V |
e Continuum suppressed using multivariate Boosted Decision Tree (MVA BDT) trained with event shape variables

e Evidence for B —X ev with signal significance in excess of 3¢
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https://arxiv.org/pdf/2103.02629

x10¢ Belle 1l [rdt=62.8fb1

200t B> ev = b-c
1.75F [ BB background
- = EEl Continuum (off-res.)
- & 1s0f t Data
I“CIUSlve B aXcl vl §1.25
S 1.00
g 075
e Untagged method 2 050
o B(B— X.lvp) =(9.75+0.03( stat ) +0.47( sys ))% 022
0.00
BPDG == (10-99 :I: 0.28)% & 0.025F
T e, H‘th
. . . . £ e v N '
e Dominant systematics: B —X ['v, branching fractions 8l o025} , , , “,
c 0.5 1.0 15 2.0 2.5
e Towards to determining |V | and m P o Gel
cb b
) x10e Belle Il [cdt=62.8fb1
e Next: result will be extended to measure moments of g? (see back-up) *F Box v ———
2 2 2 1 BB background
qg = (pl +Pu) - (pB - pX) < 251 EEE Continuum (off-res.)
8 ¢ Data
< 2.0
;: 1.5
g 10f
@
0.5
0.0
E'E 0.05 | + |
Inclusive Xc | nu arXiv:2111.09405 oooftaseuee otttl
An Alternative Method arXiv:1812.07472 05 oo 1(-3—” v 2.0 25
p*in Ge
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https://arxiv.org/pdf/2111.09405
https://arxiv.org/pdf/1812.07472

Exclusive B'—>D°l'v‘l

2E* * _m2 _m2
cosfpy = —B X LB —X
e Untagged method 2\pp |p§,

e Competitive branching fraction measurement consistent with PDG:
B (B_ — Doﬁ_ﬂg) = (2.29 £ 0.054at £ 0.08syst ) %

B = (2.31+£0.100% - imi
PDG ( ) gle(Jlle Il (preliminary) [cdt=62.8/" Eglle Il (preliminary) [cdt=62.8fb-1
* . LI B~ >D% v, @ Signal B~ -»>D% "V, = Signal
e B—D'Iv,backgrounds reduced using ~08 — ’ ——S
175} mmm Other 85 ~ 2.0} EEm Other BB
a dedicated Veto R 1.50 B Continuum R B Continuum
9' w7 MC stat. unc. < w7 MC stat. unc.
J12s ! Data =157 Data
wn wn
2100 o
3 S 10}
© 0.75 k]
= c
. . S 050 §
e  Next: extraction of |V | from fits to 0.5F
025
cos(Bg,) in bins of hadronic 0.00 0.0
. 25 {
recoil parameter w IR * ! 4“{ bty ot H S o by ++H+ ' b byt
a ff 't +T'{ ” +| Tl T a T4 t } [) +t} 1
m +m ., — ¢ 2sp Doty I T MR A
w = = UB * Up=*+ -4 =3 =2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
2mpmp«+ cos Oy cos Ogy

Untagged B — DO | nu Decays arXiv:2110.02648
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https://arxiv.org/pdf/2110.02648

[ Tracks J [ Displaced Vertices ] [ Neutral Clusters J

Full Event Interpretation

e A MVA tagging algorithm with a hierarchical approach
e 200+ BDTs and 10000+ B decays

e 30-50% improvement in efficiency compared to Full Reconstruction
at Belle

e FEl calibrated against data to obtain reconstruction efficiencies

Belle Il preliminary

e Hadronic FEIl calibration strategy is established using B—Xlv with

I Correctly reconstructed IE dt=34.6fb"1
SUbSGt Of data 8000 | py Continuum & mis-reconstructed
. . . . . . %, 7000f t Data
e  Semileptonic FEl calibration and performance studies projected for E c000 Nes, =35401 297
summer 2022 4 Prag > 0.5
= 5000
o
o
o 4000 f
= — 2 |y 2
@ 3000f My = \/ECM |thag|
C
¢ 2000
w
1000
The Full Event Interpretation arXiv:1807.08680 5250 5.255 5.260 5.265 5270 5275 5280 5.285
A Hadronic FEI Calibration arXiv:2008.06096 Mg (GeV/c?)
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https://arxiv.org/abs/1807.08680
https://arxiv.org/abs/2008.06096

3@ Signal Belle Il (preliminary)
= 600 - mmm Background [Ldt = 34.6 b1
Hadronic mass T o0 77 MC Uncrainey
% 500 F { Data
moments OB
! ‘K/* >1.0 GeV
S 300 f foet =1 03+0.05
) bkg, MC
] _ @ 200
e Using hadronic FEl tagged B —X Iv, i
100
e Moments calibrated and shown in
0 1
comparison with Belle (2006) and g L 4 3 4
My [GeV/c?]
BaBar (2007) results Reconstructed mass of the hadronic X _system
asf
. e eyt é Bellell
e  Precision not yet competitive 2150 | s B & BaBar (2007)
H 1 2.125 F ~ 46} ¢ Belle (2006)
e Towards determination of |V _|and m, T o CN
_ > 2.100 % * > { *
e Result will be extended to measure moments® | : ! + Gaare 4 } % } h {
of g2 (see back-up) T 2050} ++ }* ++ H H l %)(4'2 ¢ + +§+§ a H H
q2 = (pl +p1/)2 = (pB _pX)2 2.025 F gejie (preliminary) a0l Belle Il (preliminary) ; '
5000 | JLdt = 3467 S Jrdt = 346107 f
08 10 12 14 16 18 08 10 12 14 16 18 20
p/* Cut [GeV/c] p;* Cut [GeV/c]
Measured(Mx”)moments as a function of different pl* cuts
Hadronic Mass Moments arXiv:2009.04493
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.032005
https://arxiv.org/abs/0707.2670
https://arxiv.org/abs/2009.04493

2
miss (pe+e— — PBiag — Pp,m _pﬁ)

EXCIUSive B —> Jtlvl Belle Il Preliminary [cdt=62.8fb!

L 60f mm aactarouna

‘% 50_//./, g:t:tat. unc.
[ B+ — JZ’O l+Vl 5 2 40F
] _ Bppa = (7.80 + 0.27) x 10~ S sl
o Using hadronic tagged FEI = o
o Measurement consistent with PDG: Z
— 0

B (BT — 7%t y,) = (8.29 + 1.99( stat ) & 0.46( syst )) x 107° Y 25E * i . P
Boesp ot T bt
o Dominant systematics: calibration of FEIl algorithm and z° reconstruction -10 -05 00 05 10 15 20 25 30

M2, [GeV?/c?]
efficienc -
Y Belle Il Preliminary [cdt=62.8fb"1

o B g l+vl

= BO-n v

- : — (150 0.06) x 104 S solo mesine
o Using hadronic tagged FEI Bepc = (1.50 £0.06) x 10 2 1Y owe
o  Measurement consistent with PDG: %
B (B° — 7w €*y,) = (1.47 £ 0.29( stat ) £ 0.05( syst )) x 107* £
from sum of partial branching fractions in 3 g2 bins Y oasf L T
. . . . . ég 0.0 1 1 t }
o  Dominant systematic: calibration of FEI algorithm Bl ash oil 110{ LS - *2f5 *3.0

. . . . . M2, [GeV?/c]
o Exclusive |V | extraction, semileptonic (un)tagged studies in progress e

Exclusive B — Xu | nu Decays arXiv:2111.00710
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https://arxiv.org/abs/2111.00710

Belle Il Preliminary B-p*iv

u
o

[ = signal

Exclusive B — glv, W T I
e Using hadronic tagged FEI Elo_
e Low signal significance at this sample size ,
.. 95% CL upper limits on these branching fractions 4, 2-'+ Ll 1 { I' |
o B(B°—p fty) <337x107%  Bppg = (2.9440.21) x 10~ o T T T

_—1I.0 —6.5 0:0 05 10 15 2j0 2j5 3t0_

+ 0p+ —4 _ —4 M2, [GeV?/ct]
e B (B P ¢ I/g) <1.97x10 BPDG o (1’58 + 0'11) x 10 Belle Il Preliminary B-p°tv
. . . . S SO T T
o  Measured branching fraction consistent with PDG = =i R
. . . . E 40 F 727 MC stat. unc. ]
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g 20+
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https://arxiv.org/abs/2111.00710

* Bepa = (5.06 4 0.12) %
Exclusive B> —D Ty,

Belle Il Preliminary fﬁdt = 34.6 fb~!

e Using hadronic tagged FEI

B B-D"{v
e With D*"—D%", D° K 7" (golden mode) =50 mEm Background
) ) ] 9 2 L w72, MC Uncertainty
e Signal extraction via mg ;.o = (p6+e— — PB.., — PD., —pg) > 60l t Data
— (G]
B (B° — D*"0~ ;) = (4.51 £ 0415 £ 0.275ys +£0.45,) % N
~ 40 -
e Dominant systematic: slow pion efficiency (D** — D%r) P
C
L%’ 20}
e Study expanded to include more than golden mode
e  MVA in development for D* background and 0 bt
continuum suppression = 23F
* FIT R SN WA SN N S S
e  Optimization of this mode as the denominator in R(D") . pprrirr oty Y
o Test Of LFU . —]I..O —(I).S OjO OTS 1I0I 1.5 2;0 25 3.0

m2. . [GeVZ/c*]

miss

e  Aim of first result summer 2022

B(B— DWr=w,)
B (B — D®{-1y)

Exclusive B — D* | nu Decay arXiv:2008.10299
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https://arxiv.org/abs/2008.10299

< Summary McGill

UNIVERSITY

Belle II

Belle Il is an ideal environment in which to study semileptonic decays
Full Event Interpretation developed and calibrated

e Untagged analyses

o Inclusive B _’Xue"e arXiv:2103.02629
o Inclusive B —>Xcl‘vl arXiv:2111.09405
o Exclusive B'—»Dol'vl arXiv:2110.02648

More exciting results to come

e Hadronic tagged analyses with more data!

o  FEI Calibration arXiv:2008.06096
o Hadronic mass moments arXiv:2009.04493
o  Exclusive B — mlv, arXiv:2111.00710
o  Exclusive B — olv, arXiv:2111.00710
o  Exclusive B°—>D*+l‘vl arXiv:2008.10299

ALl PDG values quoted from P.A. Zyla et al. (Particle Data Group).Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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https://arxiv.org/pdf/2103.02629
https://arxiv.org/pdf/2111.09405
https://arxiv.org/pdf/2110.02648
https://arxiv.org/abs/2008.06096
https://arxiv.org/abs/2009.04493
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211




Bepg = (5.06 £ 0.12)%
Exclusive B_O_)D "l'v‘l (An older result)

e Untagged method 2Ep ;‘,—sz—mg,

2|p%||p3

coslOpy =

e Branching fraction consistent with PDG:
B (BO — D*+£_Dl) = (4.60 £ 0.055¢at £ 0.17gyst +0.45,,) %

Dominant systematic:

Belle Il preliminary

[cdt=34.6fb?

Belle Il preliminary

[cdt=346f"1

ASUOO-— * == ' inaI -~ = * = ' 1naI
rl-g BO -D +e Ve f Z;ba]ckground m 5000 | BO_)D +I‘1 V” f :B?balckground ]
o Slow pion tracking S woool T o e T oma "
0 7/ MC unc. 4000 “/# MC unc.
(D** — D7) c g
g 2
& 3000 W 3000 |
2000 - 2000 F
Next: Extraction of |V | from fits
cb 1000 1000
cos(B,.) in bins of hadronic
BY o o
. 5 5 T
recoil parameter w .
sz + m%*+ - q2 t t
w = = VB * Up»+ -5 : - -5 : :
2mpmps+ -4 -3 -2 2 3 4 -4 -3 -2 -1 o0 1 2 3 4
cosBgy cosBgy
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https://arxiv.org/pdf/2008.07198.pdf

9> moments

e Heavy Quark Expansion (HQE) expansion for Hadronic Mass Moments:

Br (B — Xt7) oc Verl® [r +Tu 25 + Ty 25 4T, PD]

e  ALTERNATIVE (NOVEL) APPROACH to determining |V | and m,
o  With the established method, including higher order HQE terms increases parameters
o Using g?> moments and Leptonic invariant mass moments, number of additional HQE parameters
can be reduced using “reparametrization invariance” to link different orders of 1/mb

o  Tagged and untagged methods in progress W, |2
Br(B — X ) TC"
B

T tis + Fuc ,UG + T;, PD
" my
4 4 4 4

r r S S
¥ mi ¢ m} Zmy ¥ mi

An Alternative Method arXiv:1812.07472
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https://arxiv.org/pdf/1812.07472

