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Today's Tour
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Measurements with £ = e, .
> ,u< |V.p| Extraction
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Inclusive B = X v,

Measurements with £ = e, u

/Ratio Measurements (with TT

b - qtv, LFU Test

R =
P,
N Catve )

* The experimental techniques also apply to b = ufv,
Additional challenge here is suppressing the abundant b - cfv,

* | present concepts, this means that some numbers or plots are possibly outdated



SuperKEKB Accelerator

e+ 4GeV36A] . — .
o — e * Asymmetric energy e*e™ collider on
AP Erezen -l the Y(4S) resonance

New beam pipe SuperKE KB

& bellows

* Clean environment, production of
the Y(4S) - BB
* no additional particles
Add / modfy RE systerms * no underlying event

for higher beam current

* B mesons produced (almost) at rest
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Event Topology at Belle ||
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Mass (GeVic)

p(q) =~ 5GeV/c p(B) ~ 0.3GeV/c

ete” —qq (qe€ {u,d,s,c}) efe” — T(4S) — BB

Continuum suppression utilizes the difference in event topology:
Fox-Wolfram moments, Cleo cones, thrust variables, etc




Belle Il Detector

KL and muon detector:
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Exclusive Measurements



Exclusive Measurements

* Exclusive measurements focus on explicit, resonant,
final states

 For b — cfv transitions, these are

e 2 L=0states D,D"*
These saturate ~75% of the inclusive B — X v rate
and are the principal route to extract |V,,|

4 =1 states: Dy, D;, D1, D, (or D}, D, D4, D, , simply D**)
These saturate ~15% of the inclusive B = X £V rate
and mostly a source of background

 What makes up the last ~10% of the inclusive branching
fraction?
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Non-Resonant Decays and the ,Gap”
BB' - X'y,) ~10.79%

Decay

B — DEfuy
B — D'y
B — Dty
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B — Dk’ iy
B — Drrrltyy
B — D,Kfy,

B — D:Kf'y,

>
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» Well known

Some tension when comparing isospin modes

N Broad states based on measurements by

" BaBar, Belle, and DELPHI
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(10.1 + 0.4) - 10 2

> Measurements by BaBar and Belle



Exclusive Measurements

Ve
* Exclusive measurements focus on explicit, resonant,
final states
* Hadronic matrix element can not be calculated within the framework of
perturbation theory. It is parametrized by form factors, e.g. for D*
o In the aStZ D* C 'u'l B k(3
P . (D"[cH"b|B) _ iEx Bt g
* Functional form of the form factors unknown, Vvmpemp*
must be derived from data (D*|e4" 4t
2" b B) e : .
oL . =3 w+1D)e P = =) o
* Normalization of the form factors from Lattice QCD N T (“ tl)e (F v)t
* Since last/this year: —[ha(€ - v) 0™
* Beyond zero-recoil lattice predictions for the Heavy quark symmetry basis

functional form of the form factors



Exclusive Measurements

* Access to more than form factors & |V |

* Forward-backward asymmetries (A)Arp
fol dcos, dI'/d cos, — f_ol d cos, dI'/d cos,
fol d cos, dI'/d cos, + f_ol d cos, dI"/d cos,
* Longitudinal polarization fraction (A)F;,
1 a0 3

App =

o These are probes
2 — 4L . 2 .
[dcosfy, 2 (FL cos™ by + o M Qv) for new phySICS

* Lepton flavor unlversallty ratio R,
R _ B(B— DYev,)

en B(B — D" uw,,) _




Exclusive Measurement Strategies

Untagged Measurements Tagged Measurements

+ Very high efficiency + High degree of experimental control

+ Absolute branching fraction straightforward + Hadronic tagging gives access to the signal B rest frame
- Less experimental control, e.g., more backgrounds - Understanding efficiencies is difficult

- Signal B rest frame not directly accessible - Tagging efficiency reduces effective statistical power

Inclusive tag = Untagged

Signal B Inclusive Tag
A e = 0(100)% 4@%
Consistency of By,

Signal side

14
. =
D/ D%/ D% 2 Semileptonic Tag /IE =) D/D*|D**
Ue{ :EU Knowledge of By,, Ty éﬁ
£ =
Hadronic Tag Vs €
€ = 0(01)% — Psig = Pete- ~ Prag

Exact knowledge of By,



Tagging at B-factories



| Tracks Displaced Vertices ‘ Neutral Clusters ‘

Full Event Interpretation @ @ :

* Hierarchical bottom-up approach s ™
e Classifiers (BDT or NN) are trained to identify Ks
correctly reconstructed (intermediate) candidates D° D* D,
* At each step: (DD ;|
* Input variables: four-momenta & particle identification scores B B+
* Output: score that can be interpreted as probability ﬁ
* Mild selection on the output score

x10¢ Belle 1l preliminary

e Over 10’000 decay cascades are 8usy tn featsgion ) S |
automatically reconstructed

 E.g., Hadronic tagging efficiency is ~0.3%

arXiv:2008.06096 Belle‘s Full Reconstruction
arXiv:1807.08680 works conceptually the same

19577590 08 <06 —04 —02 00
IOg(Ptag)

(Data-MC)/MC
o



Full Event Interpretation

Piq4 = Output Classifier: Measure/Probability

of how well the B-Meson is reconstructed

)

Candidates / (0.05

(Data-MC)/MC

™
o

1.75
1.50
1.25
1.00
0.75
0.50
0.25
D.Ug

0

“12 510 —08 -06 -04 —02 0.0

4
0 X107

Belle Il preliminary

2019

T T T T T

I Y(45)- BB
B Continuum

% MC stat. unc. |
§ Data

- B, |[cdt=8.7fb1

Tight

Iog(Ptag}

beam-constrained mass

/

B-Meson mass

_ beam - ~
Mpe = — |MB ~ Mp
4_ tag
x10% Belle Il preliminary Belle Il preliminary
—_ L2r mm Correctly reconstructed fﬂdt=8.7ﬂ)_1 1 —_ mm Correctly reconstructed ff dt=8.7fb~"
U EEE Continuum & mis-reconstructed 2019 U 6000 ¢ BN Continuum & mis-reconstructed 2019
S 1.0¢ f Data = §f Data
5] Ngs =22027 + 376 g 50001 . 213822 = 209
Y8 Bl = * 0 B2, = *
2 Prag > 0.1 Q 4000 Prag > 0.3
o o
S 0.6¢ + = +
= —_ = 3000 —_
Pl tags % 2000 tags
-+ =
c c
202 2 1000}
i} i}
0.0 0
5 T T T ] 5 T i
::Uiil P i | S S ohttiyg iy o3t ¥
a i‘;ll*li it it o - ‘*li‘lil 1 Ty
_§.25 5.26 5.27 5.28 _5=’.25 5.26 527 5.28
Mpe (GeV/c?) My (GeV/c?)
%x10% Belle Il preliminary Belle Il preliminary
— W Correctly reconstructed ] £0t=8.7fb™! — mmm Correctly reconstructed | £dt=8.7 b~
"L 0.8 MM Continuum & mis-reconstructed 2019 "L 5000 MM Continuum & mis-reconstructed 2019
%‘ i Data %‘ I Data
& oI Ny, =17266 = 288 & a000f  Neo, =11919 = 189
Q0 Prag > 0.1 2 Pag > 0.3
8 8 3000
S 04r e
- ~ 2000
3 2
c 0.2 c
g g 1000
i} i
0.0 0
5 ; T 5
S 13 i 13 7lr 'aR %01111 i + 3.1 11 it
& R L R I T |
525 5.26 5.27 5.28 525 5.26 5.27 5.28

Mpe (GEV/EE)

Mpe (GEV/CZ)



Full Event Interpretation

* Algorithm output is tunable
based on the receiver operating
characteristic

* Trade-off between efficiency and
purity
 Calibration of the algorithm

required depending on the
working point

Tag-Side Efficiency in %

0.00

Tag-Side Efficiency in %

0.00

0.40

1Hadronic Tag Side

— T T T ' [ T T " T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Purity in %
--=-- FEI
—— FR
.. B t?ag

1 Hadronic Tag Side

L L L L L L
0 10 20 30 40 50 60 70 &80 90 100
Purity in %



Full Event Interpretation - Calibration

* The algorithm uses:
e uncalibrated detector information

* possibly outdated simulation
(branching ratios, line shapes)

» Aggregates into the output score

Belle 1l preliminary

* Use a well-measured independent NGt ool [y 1ol S0
process to calibrate the efficiency € = N MC | —-on
ch‘v 2000— Bl cte”—-qqg

* Assumption: Signal- and Tag-Side —— p | 11 G Uncerainy
factorize (are independent) B

2.5F
0.0t

—2.5L,

1
t
1.0 1.5 2.0 25 3.0



Full Event Interpretation - Calibratio

Belle 1l preliminary

oss| 1 Pag>0.001
I' ptag >0.01 | ’ | NData
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S 2000}
B*e~  Btu- B* B%~  BOu- B® [
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1000}
The tagging algorithm can be calibrated, but this introduces an .
additional systematic uncertainty (¥3%) to the analysis 0.0}
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Tagged Exclusive



2 2 2
Mg + Mpe — (g

W ="Vp Vpm =

2mpmpye

Tagged B —» DM py

How are they different?

* B - D*fv: measure {w, cos 8, cos 0y, x}
» Factor of ~3 larger branching fraction
* D* —» Dm, slow pion efficiency needs to be

understood
* D* more challenging on the lattice Belle Il Preliminary [cdt=1892fb""
= BoDly e
B - D¥v: measure {w, cos 6,} 0= e Signal | o

10000 | ™ Continuum
w4 MC all. unc.
¢ Data

B - D*fv
 Downfeed

* Easier to reconstruct, but challenging large
background component from B — D*fv downfeed

8000

6000

* Future: Measure both decays simultaneously
* link B —» D*fv signal and downfeed 2000

e Use that their form factors are not independent in
the framework of HQET

Events / (0.2)

¥ o -4 b ot 44444 - ** L* t
T AR ARG ARAARETEL I

cosOgy
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_ Mmp+mpey —q

w = VB N VL)(":J —_

2mpmpye

Tagged B —» D™ fv

e Reconstruct D** - D°xz*, D** - D*® D*0 = DOx0
D* — Dy has a 30% branching fraction, why not add it in as well?

* B rest-frame can be directly reconstructed
from the tag-side: Access tow, 8,0y, x

* But low effective statistics, reconstruct many D modes

Belle BO=D"* fyy and O"* =01 * Belle BO=D"* fyy and 07" =D * 0’ Belle B* <Dy, and 0"-D%°
E . 0 B correct - 33 % 0 B correct - 0 0.0 B corvect M,
4.0 + + B Wrong faow -+ -+ B Wiong Mo E B Wiong Mo
] D —> D T B wrong ¢ 3.0 D — D T B wrong ¢ 3.0 D — D T B wrong ¢
2.5
L
. s 2.0
Signal =
g
5 1.5

Signal, but wrong 7,
Signal, but wrong 7, 1.0 ; Signal but wrong 7,

5 £
0.5

Bkg

0.0

Where is this turn
on coming from?

Why so many wrong m?

arXiv:2301.07529



Tagged B — D*fv — Background Subtractlon

Tag Side Signal side
* Need to subtract residual background contributions from

Other semileptonic decays (B — D{v,B — D™ ¥v)

D/D*|D#**
Other B decays (fake or real leptons)
. + - —
e From continuum (e"e™ = qQq)
=} = My, = ( 7 = y
0= mv Mmlss Emiss) Pmiss)” = (PB — Pp* — D¢
froe = 1 fa-mme  Alternatively, but
mmm D*{v(correct Mgoy) EmE D' (- D™n0)v @ BB Bkg T - . - _ . . .
Sooome Suonen mam.| T momess mores mew 1 same principle:
- 10 I Div [ Hadronic Bkg ¢ Data i == D0, =1 Hadronic Bkg ¢ Data U — E . _ I . |
L MC normalized to data 1 - ~miss pmlSS
S : : : MC normalized to data
& © 600
S

q S
s S
— Signal, but wrong 7, _g_j 400
"] fur} .
=
A1)

200

0_
g 1253
g1004 b4 v ey
L T L T T L T T L T T L T T L T T T T T T T T T T T Q 0-75_‘:
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 L L B B L B B B B B
M2.__ [GeVZ/c] 1.0 1.1 1.2 1.3 1.4 1.5 1.6



Events / (0.125 GeV?)
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Tagged B — D*fv — Background Subtraction

« M2 . . is model independent, low impact of e.g., FF uncertainties

e But: MC modelling of MrnlSS is challenging, non-trivial resolution effects

M,sts Resolutlon Fit on MC After Fit

due to the convolution of many variables b mwe € 15270, 52751 Gev

> + mGauss =-0. 008172+0 006769
. . . & 600+ Ogauss = 0.06851%0.01138
* Sm funct derived from dat e
e a rl n g U n C I O n AL e rlve rO a a 3 500 1 Meruiss = -0.12930.04863
) ' Ok, = 0.1503£0.07248
:‘5 400 F { L o = 0.6591%0.0641
= ‘ ++ ak i = 0.7769£0.3315
L&: 300 af iy = 0.2499%0.04194
200 b NCm”ff =6031+413.8
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P = = 0.06 T e e ) o | P00 o W st we.
+ Sideband Data 1 2000 F + Sideband Data
1000 Asymmetric Laplace distribution
OF . : - ' ‘ : exp (A/r)(x —m)) ifx <m,
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b s R SLTRR R At AT
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e . T b éiﬁ 0.0 ,.++ #H ++ 1,. ++1, + +T1'+| T exp(—Ak(z —m)) ifxz>m,
. . 4 . . . . g
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Tagged B — D*fv — Background Su

* Different strategies available:

* Binned likelihood fits to 1D projections; coarse
binning reduces modelling dependence on
e.g., background shape and resolution

* Fit to the 4D distribution; binned approach

Belle

btractlon

Belle B°-D"* det 711!

=2}
o
o

400

Entries / (0.06)

N
(=]
o

.....

E_ 1.25
100 4 A
8075
..........................

1 11 1.2 13 1.4 1.5 1.6

BO-D* e [Ldt = 711 o2

1 x% /ndf=0.18/3
p-Value = 0.9805

M Syst. Unc.
¢ Data

3 Signal
I Background

A 4

1.00< w <1.05

70
suffers from curse of dimensionality; unbinned
approach needs to deal with efficiency & o
migration § 40

* Measure angular coefficients ¥ 30

20

dg? deos 3*200593 i 3377 [(I7 sin® 0* + If cos® 0%) + (I3 sin® 0 + IS cos® 0*) cos 20, 10
+ Iysin? % sin® 6, cos 2 + I, sin 26" sin 26, cos x + I5 sin 260* sin 6 cos x 02

+ (I§ cos? 0% + I sin® 0*) cos B + I sin 20" sin 0 sin x O 1 g5 3

+ Iy sin 20* sin 20 sin x + Ig sin® 0* sin® 6, Sin2x] , 5 1:00_

a 0.75 4

T T I T
0.5
M2, [GeV?/c?]




Tagged B — D*fv — Detector Migrati

e Resolution caused by detector effects and mis-
reconstructions causes migration of events into
neighboring bins

e Parametrized as a migration matrix
M;; = P(reco.in bin i | true value in bin j)

e Recover “true” values by this mapping of
reconstructed =2 true

w Generated

e “Simplest” method: Matrix inversion
_ -1
Xtrue = Mij Xreco

Unfolding is a whole topic on its own:
* Treatment of the variance-bias tradeoff
Unbinned unfolding

Belle B* D"y, and D0-D0n®
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Tagged B —» D™fv — Result

0.25

0.20 A

=
[
(%]

(M) 1/rdr/dx

e
—
o

0.05 A

0.00

#0049

|||||||||||||||||||||
NnonmNohnmonmomwsoooooocooo o o
mmmmmmmmmmmmmmmmmmm
““““““““““

mmmmmmmmmmmmmm
mmmmmmmm

|||||||||||||||||||
S ococoococoogomME®Xd T ~omMmunao
mmmmmmmmmmmmmmmmmmm
S 9o o0 o0Cc oo <o ddAMMSSTINNG
SScc 9200 CcggoMmY® o~ MmN

mmmmmmmmmmmmmmmm
oooooooooooooooo

L e = e e e e B L P i}

OOOOOOOOOO

HHHHHHHHHHHHHHHHH
~cocoo 22222

S R e s

The ,true” 1D projections of the 4D decay
rate after:

e Background subtraction

* Unfolding

e Correcting for acceptance and efficiency
Each 1D projection shows the same data!

W * Determine correlations between

different projections with bootstrapping
* Replicate the data by sampling with
replacement and repeat analysis N times
* N depends on the
* required precision on
* true value of
the correlation coefficients



(M) 1/rdlr/dx

Tagged B —» D™fv — Result
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Both BGL and CLN can describe the data
Caveat using BGL: Truncation of the series

Extract physics!

* Fit the 4D shapes with the model
* Choose the form factor parameterization
« BGL, CLN, BLPR(XP)
* Extract form factors and |V, | with the
help from lattice QCD
—_— Excl. CLN HFLAV Summer 2021 EXtraCted |VCb|
depends on the
. lattice input

[Veo| % 103



ha,(w)

(M) 1/rdlr/dx

Tagged B — D™ fv — Lattice InpL

1.0
o BGLio; Fit with zero-recoil
CLN Fit with zero-recoil
1 BGLas; Fit with beyond zero-recoil
0.91 ® LQCD 2105.14019
B LQCD Phys.Rev.D 89 (2014)
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[ BGLiy Fit with zero-recoil

CLN Fit with zero-recoil

m BGLss; Fit with beyond zero-recoil
LQCD 2105.14019
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-1
Cexp

AT™

AP

:[1111

I'(z)

+|(hx — 52P)YChcp (hx — BP)
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1.4 A

mm BGLyz; Fit with zero-recoil

CLN Fit with zero-recoil

 BGLss; Fit with beyond zero-recoil
® LQCD 2105.14019
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w
( [ Excl. BGLio1 W/ (1) \
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Tagged B — D*fv — Truncation

* One model-independent way to parameterize are BGL form factors

* How to truncate the series?

* Truncate to soon: Introduces model dependence
* Truncate to late: Increase variance of the result

e BGL form factors:

1 Al 1
Z b, z". Filz) = Z e,

9(2) = P,(2)¢,(2) Zu”:“' f(z) = Pr(2)p5(z) ~—~ Pr,(2)07,(2) 2




Tagged B — D*fv — Truncation

Bernlochner, Ligeti, e.g. Gambino, Jung,

Nested hVPOthESiS test robinson 1902.09553 Unitarity bounds s.cht 1905 08209

N

Challenge nested fits i o<1 Z ( bR +c, |:) <

/ BG L.i;r“+ 1,m,.m, n=0 n=0

BG Ln“f.i;r,,.ut. «— BG Ln“.nh—i— 1.n,

™~ BaL

2 2 2
-9 X =X +XPE[‘I31[}"

1,1+ 1 2
Zpena]t}f 4

Test statistics & Decision boundary

Ax* = — Xnar Ay > 1

N
Distributed like a y-distribution with 1 dof > Z la, |’
(Wilk’s theorem) n=0




Untagged Exclusive



Untagged B —» D*fv

* Abundant statistics; reconstruct only the cleanest
mode

D*t - D> K*n 7 n?

* Reconstruct signal side, Other B Signal B
. . ° +
everything else is assigned - €
-

to the other B meson

* Event kinematics: it S
ROE method -

Pinct = Z Di PBgiy, = ~Pinci
i

D/D*/D**




Untagged B —» D*fv

* Abundant statistics; reconstruct only the cleanest
mode

D*t - D> K*n 7 n?
* Exploit that B meson lies on a cone, which has an
opening angle defined by the visible particles

2 2
2EgEp+p — mp — mps,

2|ppl|Dp|
 Calculate for 10 points on the cone

(E®,p5, pf pP) = (EBCMm/2 |pCM|s1n03ycos¢ |ng|Sln03ySIH¢ |ng|COSHBy) b

cos Og pry =

* Utilize that the angular distribution of
Y(4S) - BB is sin? 0y
Weighted average over the 10 points w; = sin® g

polar angle



Untagged B —» D*fv

Other B

Signal B

¢
D/D*[D*%*
. 2 2
ZEBED*f — Mg — mD*{;
Ve CoS Op prp = —
2|pplIpp=,l

(E®,p2,pl,pD) = (Egie,/2, |PE" | sinOpy cos ¢, |p5™| sinOpy sin ¢, [p5 " | cos Opy)

- _ - _ -
Pinct = Z pi =) PBsi; = ~Dinci 4000 T T T T T T manaASALARALY ]
i - [—1 Diamond + ROE 4
: Diamond
3000_— ]
b ]
C -
_ @ 2000} ]
Both methods can be combined! >a !
1000} f
0.3.106.0.0750.056.0.0250 000 0.025 0.050 0.075 0.100

Wreco. — Wtrue



Untagged B — D*fv — Background Subtraction

Subtract residual backgrounds uSing

* AM = mp+» — myp discriminates fake and true D”

2EgEp+« ,—m&-m2., = . . _
Df =5 D4 discriminates signal
2|pBlIDp*el

* COSOp p+p =
and background

* py to control fake leptons
From here proceed same as for the tagged analysis

X
180
160
140 E_ —— :Ir;::sn ance Data
120 E . o
iy I Correlated cascade deca
& 100 B Uncorrelated
c c Fake lepton
2 so0E ake D
w E B | Continuum
60
a0f
20
G S rwr wers S B E R AT ErSEE B R

0142 0.144 0.146 0.148 0.5 0.152 0.154 0.156

AM [GeV/c?]
5103

Events

arXiv:1809.03290
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Inclusive Measurements

* Inclusive measurements stay agnostic with respect
to the hadronic system

e Theoretical framework is Operator Product Expansion (OPE)

2 2 3 3

PLs
dl =dlo+dl', mb + dF”G mb 5 1 ¢ 1I'pD mb 3+ dl ) .—= mg + ...

e dI' are calculated perturbatively
* Non-perturbative dynamics encapsulated in the HQE parameters U, Uc, Pp, Prs
- Extract HQE parameters from data (similar to the form factors)

- Measure spectral moments: hadronic mass, lepton energy, momentum transfer, ...



A Br

c:(Mi-c:Mi::-)Z::- (GeVY

Inclusive B = X v (my, E;) =

0.1
0.08

0.06-

I HELAV

U.UZU-' s

0

Ln

<E> (GeV)

-:Mi:v (GeV?)

Experiment

Hadron moments <M"y=

Lepton moments <E"=
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= o -3 kin 2 72
Br(B = X.lnu) (°) | v, | (10 | m,"® (GeV) u’p; (GeV?)

10.653 +/-0.16

42.19+/-0.78

4554 +/-0.018

0.464 +/-0.076 | details

* HQE parameters extracted
from the measured moments

* Semileptonic rate from theory




State-of-the-Art

* Relatively old measurements, but recent progress on the theory side!
SemlleptOrHC decay rate at N3|_O M. Fael, K. Schénwald, M. Steinhauser

Phys.Rev.D 104 (2021) 1, 016003, arXiv:2011.13654

* Updated inclusive fit to (My), (E,)
V.| = 42.16 x 1073 with 1.2% precision

M. Bordone, B. Capdevila, P. Gambino
Phys.Lett.B 822 (2021) 136679, arXiv:2107.00604

F(b-ctD)/(Fo(mg=/my°)°)

0.54+
0.52-
0.50+
0.46/
4 LO
W NLO
| NNLO
4 m NPLO
OB 1 0o
2 3 4 5 6 7 8 9

HMs (GeV)
Renormalization Scale



Inclusive B = X .£v (g*)

* Number of matrix elements increase at higher orders
2 2 3

iOf_S
dlr =dI dr, dl dr dlr,, .—=
0+ b + .LLG b —|_ PD b + PLs b + .

M. Fael, T. Mannel, K. Vos

* New idea: Exploit reparameterization invariance .o 2010) 177, arxiv-1812.07472

e Spectral moments

v = pglmyg
/
(M"[w]) = | dPwW"(v, ps,p,) WL, 2} moments measured b
’ q y
) Belle and Belle I
= (mgv — q)° = (My) Moments not RPI (depends on v) PRD 104, 112011 (2021), arXiv:2109.01685
=v-p,=> ( ) Moments not RPI (depends on v) Submitted to PRD, arXiv:2205.06372

w =g = {(g%)") Moments RPI! (does not depend on V)



Inclusive B = X .£v (g?)

Tag Side

Events norm. in arb. units

Signal side

Belle 1l (Simulation) ZZ Kinematic Fit
051 @ Reconstructed
Kinematic Fit .
Mean: 1.20 Gev?/c? B = X Iv Signal MC
0.4 | RMS: 2.65 GeV?¥/c*
Reconstructed
03l Mean: 3.43 GeV?/c*
' RMS: 5.76 GeV?/c*

-2 0 2 4 6 8 10
Qrzecu - QSen [GEV2{'C4]

Access to full event
kinematics via hadronic

tagging

Kinematic fit drastically
improves resolution

Events / (0.07 GeV/c?)

Events / (0.42 GeV?/c?)
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B Bkg.

Continuum

0.5 1.0 1.5 2.0 2.5

My [GeV/c?]
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x10%
Belle I [ B_—)chu
[Ldt = 62.8fb! E= BB Bka.

I ete” —qgf
/77 Uncertainty
{ Data

g?>1.5 GeVv?/c*

2
2 _
q- = (psig - pXC)
B Bkg.
Signal

Continbum
5 10 15 20
q? [GeV?/c*]




Events / (0.73 GeV/c?)

Inclusive B = X .£v (g?)

 Step 1: Subtract Background

x 104

Belle Il
| JLdt = 62.8fb71

Post-Fit
L B~
g% > 1.5GeVv?/c*

0.5

1.0

B B - X Av

=3 BB Bkg.

B ete” —qg

w4 Uncertainty
¢ Data

1.5 2.0 2.5

My [GeV/c?]

3.0 3.5 4.0

Events / (0.42 GeV2/c%)

1.4

1.2

Event-wise Master-formula

Ng 2 2
X WG reco) X F batin

2n\ —
(q°") = S
x10%
| Belle ll ] B_—»XCEv
[Ldt = 62.8 fb~1 mmm BB Bkg.

- s

10
g2 [GeV?/c?]

W ete” -qg
/7 Uncertainty
¢t Data

> 15cevc

15

20

Ccalib X Cgen

NdataW( 2 )
Jj q],reco

1.2 | Belle ll —— Cubic Spline

Jrdt = 62.87b~1

’“g 1.0}
TI_U;-_
2 08}
=
2 06
o]
e
a 0.4}
©
5
& 02}

0.0

25 50 7.5 100 12,5 15.0 17.5 20.0

Determine background normalization by fitting My and determine event weights

g, [GeV?/c?]




Event-wise Master-formula

" 2 m _Z?’dam (Qizreco)x
Inclusive B = X £v (q®) -

Zjvdata W(q] reco)

X Ccalib X Cgen

* Exploit linear dependence between 3 [ e @ s0Gere
# g?>2.0GeVict & g = 6.0GeVic!
reconstructed and true moments 12} & ozscanx d-escene
& q?>3.5GeVc? ® q%>7.5GeVvict
“E 11 ¥V q?>4.0GeV¥ct # q’=8.0GeVc*
N @ ?>45Gevict A 9’>85Gevyct
>
2m ( ) / g 10f
ical = ql reco” ¢J)/M = gpmeiee
5 c =0.75 GeV4/c
5
T .
7 -
6| Belle Il (simulation)
,,,,, 1 . 1

5 6 7 8 9 10
(qéen, sel) [GEV2/C4]



Inclusive B = X_.£v (g*)

Event-wise Master-formula

Z Ndata (QLreco) X CIL callb x

* Correct for small deviations

from the linear behavior

Ccallb (qgen sel V(qgglib)

<q2n> - N X C
dat gen
Z] ’ aW(q] reco)
1.03 | Belle 11
[Ldt = 62,8 !
1.02 | {g)
101} « * " v,
0 e @
B o ®
U 100 p====memmmeeeec e e ne—- /f -------------- ----=-==-
2
=]
el o very small .
0.98 | o ca. 1-2%
0.97 .
2 3 4 5 6 7 8

a, [Geve/et]



Inclusive B = X_.£v (g*)

* Dominant effect:
lepton reconstruction efficiency

Cgen = <q§2n>/(Q§Zn,sel>

Event-

(q°™) =

1.00

0.98

0.96

Cgen

0.94 -

0.92 +

0.90

wise Master-formula

N 2 2
Y Y W( G reco) X Gf tatin

ZNdataW( 2 ) X CCClllb X
j qj,reco
(Bellell T e e e e oo
[Ldt = 6281071 ©
(g?) °
Qo
(0]
@
2 3 4 5 6 7 8

qé, [GeV?/c]



Inclusive B = X_.£v (g*)

(g?) [GeV?/c?]

(9®) [(GeV?/c*)?]
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b ¢ Measurement
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700 ¢
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400 | 4o
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300 . ¢ Measurement
o ta 7 x. Model
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0
4t o0
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o
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¢ ¢ ¢ Measurement
s
2[ o o & x. Model
2 3 4 5 6 7 8

g [Gev2/c*]

Perform analysis with different
thresholds of g2

... and extract |V |



Inclusive B = X_.£v (g*)

° Correlations can be extracted Relative Systematic Uncertainty
. . Total Sys. Uncertaint
Wlth bOOtStrapplng 25| Belle II —l Non-cloysure Bias ’
. det = 62.8 fb~! — Bac'kgrolund SubtracFiqn
* Leading uncertainties are from I3 Calloration (Reconetrucson)
X 2.0F [ cCalibration (X. Model)
=
* Background subtraction G 15|
« X, model z ]
< 1.0} IZE_'—|
) BB — X0ty) ~ 10.79% g‘f I |
- - L
]_)Uf}l'/p D*UWUP DMUF.W L Other Gap 05 B _I
2.31% 5.05 % 2.38% ~1.05% _I_I_I_I_I_ I_l —_——
00 e P s S ey SO [
2 3 4 5 6 7 8

az, [Gev?/c?]



V.| from Inclusive B —» X £V (q*)

] —— Fit Result

é Bellell
4 Belle

g2, [GeV?]

—— Fit Result
$ Bellell
4 Belle

qgu[ [GeV?]

(% — (g?))?) [GeV*]

(g2 = (g?)*) [GeV?]

—— Fit Result
° $ Bellell

- & Belle
5_
4 3
3_
2_
1
01 SN | —

qi. [Gev?]

] —— Fit Result
7 é Bellell

] 4 Belle
60 -
40
20 -
0

g2, [GeV?]

F. Bernlochner, M. Fael, K. Olschwesky;, E.
Persson, R. Van Tonder, K. Vos, M. Welsch
[JHEP 10 (2022) 068, [arXiv:2205.10274]

* Inclusive fit (g*)
V.| = 41.69 with
1.5% precision!



Summaryon b = cfv, and |V, |



Summary on b = cfv, and |V,

* Belle Il can measure b — cfv, transitions
* exclusively (tagged and untagged)
* inclusively (tagged)

* Different experimental techniques to
recover the event kinematics

e Different theoretical frameworks to
extract |V, |



Summary on b = cfv, and |V,

* Belle Il can measure b — cfv, transitions
* exclusively (tagged and untagged)
* inclusively (tagged)

* Different experimental techniques to
recover the event kinematics

e Different theoretical frameworks to
extract |V, |

e Different results!

* This is a decade old tension and yet to be
understood

5.0

ni

4.10 1

10

7 €I8 Z’Q w
[
a
A%
N Inclusive |V, |, [V,pl
= (GGOU, Kinetic scheme)
T
B-X,tvp =
aa)
Exclusive
B - nf Vp =, World Average
. Ay*=1,Axy* =23
l\b/7 ’pu\’p g O
-~
o KV s S T2
Bs ® * s
Q Q2 =
7 T =5 3
| m = == |
16 a8 El) 42 44




R(D™)



R(D*) with hadronic 7 decays

*f—"'\ 0.4 B L L L I L L L L) I LI L L I i I LI L L I L L L L I L L L I L L L L I mn _
e, - ﬁnx‘?‘ = 1.0 contours -
M = -
035 BaBarl2 —
03 g I

" NEW LHCb22,hi LHEb22H - PRELIMINARY
- r * . -
C ' Fe. Belle19 ]

0.25 ToBellety 1 [LHCb-PAPER-2022-052]

- - (In preparation)
- el D World Average .
0.2 =  §HFLAV SM Prediction  'HEP 1712 (2017) 060 R(D)=10.362 £0.024 £0.012 —
= R(D)=0298 +0.004  PLB7OSQ019)386 R(D*) = 0.278 £0.009 £0.007 =
B R(D*)=0254 £0.005  tpic i) (000, 24 ﬁf;:' ?_22 204 -
| I I 1 37 1 1 I | I | I I.)FUI:“::I I_rll_‘_\i I.J.:I-I.::“Ij 1 1 I | [ | ) [ ‘_I - 11 I | I I I | I 1 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

. . R(D
® Including this result, the world average becomes ®)

R(D*) =0.278 £ 0.011; R(D) = 0.362 4+ 0.027
® The deviation w.r.t. the SM stays at 3.00 level for the combination of R(D)-R(D*)

Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 12



Measurement Strategies

* Leptonic or hadronic T decays?
* Leptonic is cleaner (less background)

b —-qrv;

R =
b — qfv,

o h

e Hadronic allows to measure more properties (e.g., T polarization)

e Exclusive or inclusive approach on the hadronic system?

. R(D(*))

BB = X2ty,) ~10.79%

* R(X) (challenging due to X, modelling) =

* How to split signal from normalization?
* Tagging, matching topology, kinematics



) Tag Side N Signal side
Measurement Strategies ‘ or 7 > vy

cete” > Y(4S) - BB -
No additional particles in the event e

* Fully reconstruct signal and tag side

D/D*|D**

—>Each measured track/cluster has to be assigned

* Missing 4-momentum can be reconstructed
Pmiss = (Pbeam — PBag — Pp®» — De)

* Small tagging efficiency compensated by large data sample



, (*) Signal side
(one of) Belle’s R(D'*/) or = twy
* with leptonic T decays

* with semileptonic tagging

¢ Key Varlable EECL Z Ey Eextra

-

2 T sighal —BSBO ey . Bequire no additional tracks
o 0.2 Normalization B—=D("Iv N the event
< L i
0.15 - — Background * Signal and normalization
04 = E peak at
0.05 |-
0




Signal side

ort = fvv

(one of) Belle’s R(D))

D/D*[D**

» Use difference in event kinematics
2EBE ) (+),~MB=M (),
21DBlID (),
2
* Mrzniss — (Emiss» pmiss)2 = (pB — Pp®» — pf) EgcL
* E,is = X; E; (visible Energy) [
— Construct a MVA classifier with these inputs

* COS HB,D(*){, =

Backgrounds

Signal

Normalization

] @BDT



(one of) Belle’s R(D™)

Events / (0.12 GeV)

R(D) = 0.307 & 0.037 + 0.016
R(D*) = 0.283 + 0.018 + 0.014,



Other LFU Measurements at Belle (II)

R(X)

I Incl. SM Pred.

B D+ D* + D™ SM Pred.

= LEP b — X711

HiH D+ D* HFLAV Av.

Hi+ Incl. Belle (Unpublished)

2.0 2.2 24

L
2.6 2.8 3.0 3.2 3.4
B[B - X, 7] (%)
The challgnge here: pp+ ., x0) ~1070% )
D'y, D*ty, D**¢* 1, + Other Gap

2.31%

5.05%

2.38%

~ 1.05%

3.6

R(Y)

| R (D) favoured

| s —— Y(18) CLEO 2007
ot Y(1S) BaBar 2011
—_— Y(2S) CLEO 2007
s . 1 Y(38) CLEO 2007
e Y(3S) BaBar 2020

P——-—-‘-l - Average
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} . . " "
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