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Belle 11 experiment

e A B meson factory in Tsukuba, Japan based on the SuperKEKB accelerator complex.

e Upgrade of its predecessor Belle and KEKB.
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Current Belle II dataset

Exp: 7-18 - All runs
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D

= Semi-leptonic decays

e Semi-leptonic decays involve neutrinos, which 1s inferred as
missing energy in our detector.

e Inclusive and exclusive b = ufv and b — c£v transitions are
crucial for the determination of the CKM matrix elements |Vub| and
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e Implement tagging, where one B
referred to as Brag 1s exclusively
reconstructed using hadronic or
semi-leptonic modes.

e The remaining tracks and clusters
are then attributed to the signal B,
Bsig, on which the search or
measurement of a particular
decay 1s done.

e Any missing energy is attributed
to the Bsie.

Efficiency e

Full Event Interpretation "

Sig

Inclusive Tag
e = 0(100)%

Consistency of B, E

Infer momentum and direction of
signal B candidate:
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Multivariate algorithm with hierarchal

approach
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Employs over 200 Boosted Decision Trees to
reconstruct more than 10000 B decay modes.
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FEI signal probability

e Qutput of the FEI 1s a signal probability between 0 (mis- Belle 1l preliminary
reconstructed) and 1 (properly reconstructed) Biag 035¢ ¢ { B*
- : 0
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calibration 1s required to account for data MC differences in the FEI algorithm.

e Using a signal side decay with a large branching fraction B — XZv (~20%), the efficiency of the FEI is
compared between data and MC.

Require Big candidate with
My >5.27 GeV/c? and

-0.15<AE<0.1 GeV.

Look for signal side lepton

with momentum (in Bsig rest

frame) >1 GeV/c.
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Hadronic FEI calibration

arXiv2008.06096
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b — cfu

Untagged
» B — X £v: main channel for inclusive |Vcb| determination. Via
o ./
Ggmp cs(w) (Os)(1) | c6(r) (Oe) (1) 1 | :
= 2F"% 112014 &5 , 6 L O(— Inclusive
19273 Ven) (1 mg mg’ O(mg))

 Heavy Quark expansion of decay rate with non-perturbative matrix elements
and perturbative coefficients.
 Non-perturbative parameters determined using the lepton energy or

hadronic mass moments of B — X .£v

. ¢ mai i ination: .
B — D" Cu: main channel for exclusive Veb| determination: Exclusive
* Clean experimental modes with low background. V| Measurements over Time

* Decay rate requires input on the form factor parametrization. 7 e oo 52D v, LN

EPS 2019 * Phys.Rev.D 101 (2020) 7, 0720047
48 + |Veo| Inclusive BO D™~ 1+ v, BGL
PDG CKM Review + Phys.Rev.D 101 (2020) 7, 0720047

N + |Vep| Exclusive
46 — PDG CKM Review

— (42.2+0.8) x 10 (inclusive) PDG value

= (39.54+0.9) x 10 (exclusive) PDG value
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9 Tension between exclusive and inclusive determinations.



arXiv:2008.10299

Tagged Exclusive B — D™t

e (lean mode for testing FEI calibration and Belle II analysis \ /
chain. I: 1) H
e Identify B candidate with Mpc>5.27 GeV/c2
—0.15 < AE < 0.1 and FEI signal probability >0.001. -
e Reconstruct DY meson from oppositely charged tracks and Belle Il p’reﬁminary [cdt = 34.6 fb?
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Flagship decay for exclusive |Vl measurements! N B _F B,
Untagged —<€—(1(45))—»
)I)
Reconstruct D — K=zt and D™ — D' . ¥/
Identify lepton using PID algorithms. — ,
Suppress ete™ — gg events using pp*<2.4 GeV/c and R, <0.3.
. . . 2 2
Extract signal yield with a fit to cosOgy , where Y=D * £ . B — 2EREY — mg — my
BY =
2|pg 1Pyl -
Belle Il preliminary [cdt=346m" Belle Il preliminary [cdt=346m""
> * ;50005'—'5;""-'"—'—;”"”"”'"'”é's}g'nél"”'-: - e L e g
BB° — D"*£D) = (4.60 £ 0.05(star) £ 0.18(sys) £ 0.45z) % | 8 |7 07" o stvarana] i S000F DA —flead
~ § Data ~ i § Data
Compatible with current world average. g 4000 o MC . w4000 | o MC .
- -
Q Q
& 3000 @ 3000 [
B(EO — D*+e_76) 2000 _ ' % _ 2000 _ cogtc
Rey. — B(EO S Dty ) = 0.99 +0.03 :
K Vy : _
1000 -

Expecting updated results with the tull 5 :
available Belle 11 dataset very soon. S o o e S S S S 250—11””111”1111-
I . S S I S p e e N
cosBOgy cosBgy
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Examine hadronic recoil
parameter spectrum

2 2 2
Mp — Mpx — ( ©
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Divide spectrum into 5 equal
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B~ — D%

Flagship decay for exclusive V., measurements!

Reconstruct D° — K=zt
Identify lepton using PID algorithms.

Suppress ete™ — gg events using pp+<2.4 GeV/c and R, <0.3

Apply D* veto by combining D candidates with:
7" and exclude Am € [0.144,0.148] GeV/c2

Y, 7;? and exclude Am € [0.141,0.146] GeV/c2
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Belle I

dEy

Inclusive B — X v

¢ Heavy Quark Expansion (HQE) in powers of 1/m,,
* Determine parameters of HQE using moments of the differential rate.

n dl
EE dEg

<En> _ fEe>Ecut

fEe > Ecut

» Using the branching fraction, determine | V.

Br(B — X {7) oc
B L

dE, 4 dEE

<(MX) >cut

[0 + I' 'ug
" my,

2 ,,2 3 3
Hrs UGy PDs PLss Mb; (mC)

2 2\n dl
fE£>Ecut dM (MX) dM)z( * e fEE>Ecut dEg dEg
dM2 _dr R (Ecut) — f dE, dr
ng >E.ut X dM2 dEg
Kinetic scheme 1S scheme
O(].) Mp, Mc mp
O(1/mj) Moy G A1, A2
0(1/m2) P?[)a Pis P1,T1—3
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Hadronic Mass Moments of B > X v, =

Data/MC

Events / (0.08 GeV/c?)

e Use hadronic FEI tagging and identify one lepton with p *, > 0.8 GeV/c.
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Extract hadronic mass moments as a weighted average using the following:

Determine calibration functions, 1n bins of pi, to correct for experimental

x103

N w
—_—

|
—T T

B B- X v
1 B-Dlv
= B-D*{v
I B->D**[v

[ Belle Il (preliminary)
- [Ldt = 34.6 b1

- p* >0.8GeV ‘e
R I other B—- X v
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Reconstruction bias

i Wi(Mx)

effects on M)’} .
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https://arxiv.org/abs/2009.04493
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ass Moments of B — X .£'v

Phys. Rev. D 75, 032005, 2007
BABAR-CONF-07/003 arXiv:0707.2670

arXiv:2009.04493



https://arxiv.org/abs/2009.04493
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<& Alternative Inclusive V!

 Achieve more precision by including higher order:

2

Mo [ Vi 2mS [ + T2 4 1@ ? r(m0) 4 s p(m.1)
o<|cb|mb_0+ —+ (W) mb< L ) NOVEL
u2 o . APPROACH!!!

_|__ (r(G 0) 4 2 &s |—(G,1)) |

mb 7

2ri0 4+ o
m; mg
Fael, Mannel, Vos , JHEP 02 (2019) 177

« Number of parameters: 4 up tol/mg, 13 up to 1/mb and 31 up to 1/mb
 Use reparametrization invariance to link different orders of 1/mb and reduce the number of total parameters

« Requires RPI observables such as g2
. . 8 parameters instead of 13!

- — — 2\n _ n dl 2£
- 2Mgré = § (B|b, [iD,,,iD,] [iD",iD*] b,|B) o (E? — B2) (@) ewe = /qw 44°(4)" 42 / /qzx,gm G
- 2Mpgrf = L (B|b, [ivD, iD,] [ivD, iD*] b,|B) o { E?) L L dr L dr
- 2Mpsh = 1 (B|b, iD,,, iDa] [iD*, D] (—ic®?)b, B) « (G- B x B) R Geur) = /qz>qgut % d_qz/ /od" dq?

e HQE expressed in higher order terms

M3,MG”5DJE, rG,SE,SB;SgB,Mp, Mc

Determine moments and use it determine 1Vl

17



e Similar to mx moments, use hadronic tagging and reconstruct X

from rest-of-event (ROE).

e Apply kinematic fit with B mass constraint to improve the g2

resolution.

e Fit to independent variable Mx in order to fix background

normalization and determine signal probability

Paper draft in preparation.

(4>)
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« Experimentally challenging due to dominant b — c£v
background.

 Only certain kinematic regions allow for clean separation: lepton
momentum endpoint spectrum or low mx.

« B — X Zvis used for inclusive |Vub| measurement.
 Precision of (~7%)

 Operator Product Expansion (OPE) = Heavy Quark Expansion.

« HQE breaks down and a non-perturbative shape function is
A ? A ’ A )

QCD) +dl, ( QCD) +dl, ( QCD)

mpe mpg mp

« B — #nfvis used for exclusive |Vub| measurement.
e Most precise determination of |Vub| (~4%)

 Requires form factor determination: non-perturbative from
lattice QCD (high g?) or LCSR (g°~0) .

dl’ G%|Vub‘2 3 2\ 2

dlr = dly + dl, (

dg? -

b > uf’v

>
>

b—c

) — UN ’ bh— U
2
Charged LeptonEf Virtual W q Hadronic mX
Energy Mass Squared Mass

Current ~30 tension between inclusive and exclusive determinations

|V, | =(425+0.12701 +0.23) x 1073

—0.14 PDG inclusive

|V, |=3.70+£0.10+0.12) X 1073

PDG exclusive

|Vup| Measurements over Time

7 7 CKMFitter Unitarity $ |Vub| Exclusive + B- TtV
i EPS 2019 PDG CKM Review Phys.Rev.D 92 (2015) 5, 051102
. + |Vub| Inclusive B - uv 0 Np = puv
PDG CKM Review * Phys.Rev.D 101 (2020) 3, 032007 Nature Phys. 11 (2015) 743-747
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Hybrid Modeling for B - X £v

 Non-resonant component overestimated 1n generic Belle I MC
e Use hybrid modeling instead, where the non-resonant component 1s weighted down
such that the total number of events matches the inclusive rate:

H =R + w;l;,

H;: total number of hybrid events per bin
R;: number of resonant events per bin

w;: hybrid weight per bin

;- number of non-resonant events per bin

e Re-weighting done via eFFORT, in 3D bins of Eg, my, g°

e L :lepton energy in Bsig frame
e M,: mass of hadronic system X
e g% 4-momentum transfer to leptonic system

Phys. Rev. D 41, 1496, 1990
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£ Untagged B — ntv

e Measured in 5 bins of ¢~ = (Pp — Pn)z to extract |Vypl.

e [dentity pion and lepton using PID algorithm with vertex fit to parent B.

e Suppress continuum using multivariate Boosted Decision Trees trained in each g2 bin.
e (Constrain background from simultaneous fit to p,; in sideband region.

e Signal extraction from a 3D fit to AE, M, ., g*

_ Belle Il MC13 i
x10° - :,ert =‘1'00'fb'1 | g X103 BO - m*u*v BF! — i yield
0 Z , , =3 Signal B D rv El@l - - 2X€rec Xt XNpp
S 30l 15 <Qfec <20GeV” mum comb. signal mmmm Other BB i < =
=z . plv BB Continuum ] 0.8F | r - f = BF(Y(4S) - BB )
1% . | X, 2V Signal shape - ' | '
- i I
o 2.5F I - - : : - . ) .
> : 0.6} ] 1 | Signal Region: |cosOgy| < 1.1
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0 | _ -
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CS BDT Output Classifier
22



arXiv:2008.08819

Tagged Exclusive B — 7 L” L

e FEI hadronic tagging to measure B(B° — 77¢v).
o Identify oppositely charged lepton, p, > 0.3and p, > 0.6 GeV/c,

and pion using PID algorithms.

e Suppress continuum using FoxWolfram moment R2.
® Apply Emlss>o3 and Eresidua]<1 O G@V

Pmiss = (Emissaﬁmiss) — PBsig — PY

e Analysis performed blinded 1n the signal region M 2 < 1GeV2/cH, Belle II Preiliminary Jrdt=346fb""

miss 40 F _ .
- I v . BO
" EEm Background . . SIg
0.07 1 O_,l | o2 MCstat.unc. ! Observed signal
— I [ ] [
- U. sys) X - ¢ Data » significance: 5.69 o

W
o

In agreement with world average.

Extract signal yields in bins of ¢ and determme A)Vllb‘
Similar effort in channels: B — XZv, X = 2°, p*p

10}

Events / (0.29 GeV?4/c?)
N
o

Data — MC
MC
)
)

-1.0 -05 0.0 '05 10 15 20 25 3.0
M2. in GeV?/c?

miss
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Persistent deviation from Standard Model prediction, measured by

R(D) and R(D*) w0

Belle, BaBar and LHCb.

BB — Dt 0
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/

Normalization Mode
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R(D¥) =

Signal Mode
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R(D)

a y g .Y

e Current ongoing analyses with FEI hadronic tagging:
e Leptonic tau decays
" w Dfi4dronic tau decays
e Inclusive B - Xtv

e Analyses well established. Current effort to minimize background and
optimize signal extraction.

e [Initial plan: confirm anomaly with ~0.5 ab-! of Belle II data.

BY — DCHgy
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e Separation between signal, normalization and background modes can be established with
Ercr, sum energy of all neutral deposits in the event not related to the Bsig or Biag

reconstruction.

e At Belle II, beam backgrounds contribute to EgcrL and dilute separation between signal and

background.
D*lv'
300 mmm Div
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Properly = ot
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. events e
©
©
.-5 150
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Work in progress for further optimization and suppression of
hadronic split-offs as well.

R(D) and R(D*)z«
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Belle IT

e With 1 ab-! size dataset, the limitation will mainly be systematic.
e Improved tracking, PID and vertexing tools.

e Improved tagging techniques Full Event Interpretation( see backup)
1s expected to increase efficiency by ~2%

e Improved measurements for Nz and £+

¢ Achieve higher precision in the measurements of the moments for
inclusive |V, | .
e Valuable input for theory!

¢ Provide complementary kinetic information by measuring other
single differential spectra, such as the hadronic energy or g°.
e Work already in progress.

e Improved measurements of B — D**¢v with 1 ab-!

e For inclusive |Vub|, ,maximize shape function information by
measuring a large number of differential spectra

o (Global fit to the full spectrum, combining B - X, v and B — Xy
with constraints on HQE parameters from B — X_.£v
simultaneously.

20
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B — X?v Prospects at Belle 11

I N | | L1 1 1 I 11 1 | | |

Belle IT MC 4.5 ' L I L ]
—&— tagged + current LQCD B / ~ Belle II PrOjeCtiOIl 7
—B- untagged + current LQCD o RN (exp. + param. uncertainties)]
A current —8— tagged + LQCD in 5 yrs 4 4 M|
status —B- untagged + LQCD in 5 yrs *TL
v7 —®— tagged + LQCD in 10 yrs —
—B- untagged + LQCD in 10 yrs B
=< 4.30
SN i
cf)_ -
= }
= 4.2
4.1
10 20 30 40 50 4.0 l
L [ab™] 4.70
1S
m;°> [GeV]
Statistical Systematic Total Exp  Theory Total
(reducible, irreducible)
|Vup| exclusive (had. tagged)
711 fh~ 1 3.0 (2.3, 1.0) 3.8 7.0 8.0
5ab~! 1.1 (0.9, 1.0) 1.8 1.7 3.2
50 ab™ 1 0.4 (0.3, 1.0) 1.2 0.9 1.7
|Vub| exclusive (untagged)
605 b} 1.4 (2.1, 0.8) 2.7 7.0 7.5
5ab™! 1.0 (0.8, 0.8) 1.2 1.7 2.1
50 ab™1 0.3 (0.3, 0.8) 0.9 0.9 1.3



Conclusion

B — D¢y and exclusive |V, |:
e Work in progress at Belle II for improved precision in B — Dfv and B — D*{v results.

e Expected first IVcbl measurement by EPS 2021 for untagged B — D*{v.

B — X Zv and inclusive |V, |:

e Novel g moments to be measured at Belle IT using tagged and untagged approaches.

e First results expected by EPS2021.

B — &, p,nCv and exclusive |V , |

e Upcoming results on untagged B — n£'v for Fall 2021.

e Work in progress at Belle II for improved precision in B — z£v and B — pZv, results by EPS 2021.
B — X /v and inclusive |V, |:

e Work 1n progress at Belle II for first results using lepton endpoint spectrum analysis.
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FEIL prospects

@ Exploring deep extensions of the FEI.
@ Algorithm has been successfully applied to P & P
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@ We can look forward to exciting physics
results from the growing number of B
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Inclusive B — X v at Belle I

 Maximize shape function information by measuring a large number
of differential spectra

e Global fit to the full spectrum, combining B — X, v and B — Xy

with constraints on HQE parameters from B — X .£v simultaneously

* This has been demonstrated by SIMBA, Analysis of B-Meson,
Inclusive Spectra, group.

Statistical Systematic Total Exp  Theory Total
(reducible, irreducible)
|Vz;.b| inclusive
605 fb~! (old B tag) 4.5 (3.7, 1.6) 6.0 2.5—4.5 6.5—7.5
5ab! 1.1 (1.3, 1.6) 2.3 2.5—4.5 3.4-5.1
50 ab~! 0.4 (0.4, 1.6) 1.7 2.5—4.5 3.0—4.8

* Systematic uncertainties related to tracking and PID will be
iImproved by Belle || upgrades:
* New and improved PID in the barrel region (time of propagation
counter)
 Smaller drift chamber cell size .
* Improved detector performance
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Lo Semi-leptonic FEI calibration

Will remove data  log(sigProb)>-1.0 ~5% purity
=250 | o SO . o :
2 | W, oy =00l Ws, - 0% FEI efficiency (%)
o 200 L BB 5ackground c B Background
L —+— Data L%) -+- Data

Full Reconstruction (%)
Belle

150 |
100l Determined using simulated MC.

50 |

0 0
~14-12-10 -8 -6 -4 -2 0 2 4 5-4-3-2-10 1 2 3 4 5
B, COs6g, B, COs6g,
e Progress in the semi-leptonic FEI calibration . ot

e (Currently two approaches:

e B — X/ :similar approach to hadronic calibration

e B — DY¢y: start with cleaner tag modes
e Effort to converge both approaches and unify procedure for summer 2021 analyses.
e Upcoming measurement of B — x£'v with semi-leptonic tagging.
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Sources of uncertainty in %

Hadronic FElI Systematics

Channel Fit Model B’(BO/+ — X/Lv) Lepton ID Fit Stat. Tracking MC Stat. D*¢v FF Dév FF
Bte™ 2.67 2.09 0.76 0.93 0.91 0.39 0.41 0.06
B+u_ 2.93 2.1 2.13 0.86 0.91 0.37 0.38 0.06
Be™ 3.72 2.1 0.73 1.22 0.91 0.62 0.43 0.07
Bop,_ 3.17 2.09 2.13 1.19 0.91 0.6 0.41 0.06




Diamond Frame definition

- q° reconstructed using
Diamond Frame method

q* = (pg — Px) °

- Takes a weighted average over
four different possible Py

configurations of the B ,
direction f \

000000
999999



