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What is interesting about semileptonic B decays?

2

Quark mixing

Up-type quarks

Coupling strength

0

@ How large are the b +» v and
b <> ¢ couplings?

Vep, Vup puzzle

QCD dynamics

e

Heavy Quark Expansion (HQE) '_;‘—;'\;’
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® Test Heavy Quark Expansion?
Lattice QCD form factors?

N .
Lepton flavor universality

=

Vy

@ Does the W couple equally to
different lepton flavors?

R(D), R(D*) anomaly

Semileptonic decays give
access to rich kinematics
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Why is measuring the branching ratio interesting?

< Enables precision measurement of CKM matrix elements, which tests SM | d’ Via Ve Vb d
!
s Vea Vs Ve

< Afundamental measurement of parameter |V | , cd - cb

: : . L b Vi Vie Va

> Precise measurement of the BR gives direct sensitivity to [V | d ® ’

> Reduces the tension of inclusive vs exclusive determinations
— scope of European Strategy of Particle Physics '“; jz E cminitittt ¢ R Ecwes | 5
. ;: 4'45_ — Exclusive |V | fciistie _E
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Why is measuring the branching ratio interesting?

% Enables precision measurement of CKM matrix elements, which tests SM d Via Vs Vb d
/
s |1 =|Va Vs V s
<  Afundamental measurement of parameter |V | . cd s cb
: : ] e b Via Vie Vi b
> Precise measurement of the BR gives direct sensitivity to [V | :
> Reduces the tension of inclusive vs exclusive determinations
— scope of European Strategy of Particle Physics T :'i R O T E
. .:g 4.4 Exclusive |V | Inciusive _E
|‘/cb | incl. = H/Cb | excl. B — VIV MJocou 3
4.2 —J [V,,): global fit =
@ Average 3
0.7 KENZIE, HUMAIR, J:JTTNF‘.R, Piscoro ; 2025 i . . : PRI:PARF-D FOR VENICE 0 7 KEeNzIE, HUMAIR, JUTTNER, PISCOPO 20308 PREPARED FOR VENICE &
| STATUS Now €K "I I: SHORT-TERM v ' " ex/ LHEE 50t
0.6 |- ESPPU PRELIMINARY & 0.6 ESPPU PRELIMINARY ' neeall 1yah 1

Els .‘?1}1( Qﬁ’) : -:»Sj” & 26
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Inclusive |V _ |
cb

B — X &v
(summing over all charmed final states)

% Described using Heavy Quark Expansion

u, (klnetlc €nergy Parametg )
P

gnetiC parameter)

2m 2 3 3
:GF b ’V ‘2 ( )|:1+ .Uf7r L 228 +pD+pLS+.”:|OO©

19273 2m} 2m} m

B(B— X Apy) = |Vy!|? [F(b% cliy) + O(mig,L) + O(a,) + }

2
m,

> First non-perturbative corrections appear at 1/mb2
% no dependence on specific hadronic form factors

— theoretically clean
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The Belle Il Experiment

SuperKEKB, Tsukuba, Japan: B factory

% Asymmetric e’e” collider at Y(4S) resonance energy (10.58 GeV)

% Y(4S) decays into a BB pair with > 96% BF

< Very high instantaneous luminosity: 5.3 x 1034 cm™2 s " _ [Electron-Positron
[ | linear accelerator

%  Data collected so far is ~920 b~ (~810 fb™" at the Y(4S) resonance)

. \
Time of Propagation (TOP) A\ | Kiand p system (KLM)

20 mm thick quartz radiators for @4y RPC and Scintillator+SiPM
time of flight and Cherenkov PID iron plates
— v = ———, Magnetic Field
Ne \,’ 1.5 T superconducting magnet Bel Ie " Detector

;‘f EM Calorimeter (ECL) . .
‘ Ila: PUTIABD readout < 1.5 T Superconducting solenoid

_ ( %  Sub-detectors: Tracking, PID and calorimetry
¥ ' L

Pixel Vertex Detector (PXD)
2 layer pixel detector (8MP)

ledililio . 28 . B % Allows precision measurements

ilicon Vertex Detector (SVD)

| 4 layer double-sided strips \ & s Excellent missing energy resolution

,:“A‘ 20-50 ns shaping time
/ = =f ¥, &
Central Drift Chamber (CDC) : Aerogel RICH (ARICH)

proportional wire drift chamber - Proximity focusing RICH Ra (SN hwa [l ROV

15k sense wires in 56 layers Mda with silica aerogel

s73rroy@uni-bonn.de
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Event Reconstruction and Kinematics Signal side

% B meson momentum reconstructed using tag-side

pB sig = pe+e- B I:,B tag

> m,: invariant mass of the charm hadronic system X_

c
m = - -
x= (Pg sig” P P,) Belle Il Simulation L =365fb!
x104
> g?:invariant mass of the lepton-neutrino system . S B-Xiv
, , , 51 W BB Bkg.
q- = (pB Sig ~ pX) = (p| + pv) Emm Continuum

> p/BCMS) E B CMS): momentum and energy of the lepton

¢ BB Background: e e* — BB — Bkg

> Secondary leptons, misidentified leptons, and B — X tv,
background

¢ Continuum background: e e* — qq

s73rroy@uni-bonn.de
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Unfolding

We want the true distribution of the kinematic
variable and not the smeared one!

% Using the migration matrix inversion, the signal yields, and the incorporated efficiency

corrections, we can obtain the unfolded truth level spectrum

Unfolded Distribution = M~'. €. (post fit yields)x

ok

Migration Matrix Efficiency corrections

<  Examined the unfolded spectrum for p 8, g% and cos 0,

Rajeshwari Roy
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Migration matrices

M = P(measured in bin i | true in bin j)

% Shows how events of a kinematic variable “migrate” from its true bin into a reconstructed bin

R

% M encodes the smearing and efficiency of the detector

22_Belle Il Simulation £ =365fb1 22_Belle Il Simulation £ =365fb1

0.00 0.00 0.00 0.00 0.00 0.00

2.0- 2.0-
0.8

18- 18-

0.6

1.5~ 15~

12- 12-

-0.4

1.0- 1.0-

e~: Reconstructed pf [GeV]
u~: Reconstructed pf [GeV]

-0.2

0.8 0.8

0.5 0.5

' ' ' ' | ' ' -0.0
15 18 2.0 2.2 0.5 0.8 1.0 12

d | ' ' | ' '
0.5 0.8 1.0 1.2 15 18 2.0 2.2

e™: True pf [GeV] p~: True pf [GeV]
« Used in unfolding: correcting the measured spectrum back to the truth level Rajeshwari Roy
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Migration matrices

M = P(measured in bin i | true in bin j)

% Shows how events of a kinematic variable “migrate” from its true bin into a reconstructed bin

% M encodes the smearing and efficiency of the detector

200 Belle Il Simulation £ =365fh"1
0.00 001 001 002 002 003 004 0.06 009 013 0.19
12.0 -
0.00 0.00 001 0.01 001 001 002 0.03 006 013 0.27
19:0% 0.6
o 0.00 0.00 0.01 0.01 001 002 0.03 0.06
Y 100-
T 0.00 0.01 001 0.01 002 003 005 012 033 05
O 9.0- ! !
o 0.01 0.01 001 002 003 005 011 031 031 0.07 0.03
o 8.0- e
- 0.01 0.01 002 0.03 0.05 0.10 030 032 007 002 001 0.4
O 70- 2
© 0.01 0.02 0.02 0.04 0.09 2 0.07 0.02 0.01 0.00
2 6.0-
@ 0.01 0.02 0.04 0.08 0.02 0.01 0.00 0.00 -03
S 5.0 -
O 0.02 0.03 0.07 0.01 0.01 0.0 0.00 0.00
& a0- s
2 0.03 0.06 0.25 0.01 0.00 0.00 0.00 0.00 0.00 :
. 30-
B 0.04 022 0.07 0.01 0.00 0.00 0.00 0.00 0.00 0.00
209 -0.1
0.06 0.01 0.0 0.0 0.00 0.00 0.00 0.00 0.00
1.0
0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.00 0.00
0.0 ) | | - 0.0

0.0 1.1 Z:1 3.2 4.2 553 6.3 7.4 8.4 95 10.5 11.6
u~: True g2 [GeV?]

% Used in unfolding: correcting the measured spectrum back to the truth level
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Efficiency Corrections

Ei=

Signal Yields Extraction

Fitting the lepton momentum p® € [0.3, 2.3] in the hadronic mass m,_
separates charm final states and improves signal-background discrimination, retaining enough statistics

9,
°o

0
%

Events / Bin

Data / Model

6000

4000

2000

1.25
1.00
0.75

Belle Il Simulation

£ =365f"1

Bag p, in[0.7,0.8] GeV
Post-fit

T4

[ -

0 1

T 1 ! T
- omomoam— B T B @ - E
_1 ' e 1—

0 1 2 4

Events / Bin

Data / Model

Nreco,i

Ngen,i

Belle Il Simulation £ =365
8000 - B,;g P, in [1.2, 1.3] GeV
Post-fit
6000 | -
4000 |-
2000 o -
5 P ——
0 1 2 3 4
125F t ' ’ '
1.00 F sw=evmavmav Qs e e @ s s @ n
075 , . . . .
0 1 2 3 4

in i bins of each kinematic variable of p®

B-X.ev

BB Bkg.

efe  -qq

MC Uncertainty
¢ Asimov Data

Rajeshwari Roy
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Events

Unfolded spectrum: p_, q_2

Belle 1l Simulation (own work) £ =365fb7! Belle Il Simulation (own work) £ =365fb1

x10° x10°
1.0 - r ®« v I r £ £ & T r t & ¢ I r r & T T r & & 3 [ & ¢} =T ¢ % r I & r ¢« 0 " & § ¢ °r & 0 °
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0.6 1 o 1.0 _ ]
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Branching Ratio

From signal yields
extraction

/

g Efficiency corrections

A BZ(B — XCKV) - 2Npp froci «—
-

% Partial branching ratio for momentum bin i

Production fractions (from HFLAV)
f), = 0.486 + 0.006
f . = 0.514 1 0.006

%  Absolute branching ratio from the partial branching ratios

B (B — X Av; pf > 0.3 GeV) = >, AB;

Understood experimentally and theoretically I

Understood experimentally and theoretically 3)5’7";;”1”2‘;’07;
3 . 0

Rajeshwari Roy
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Results with Asimov data

KD
o

>  Electron Channel

B(B— X.ev.; p? > 0.3GeV) = (10.141 £ 0.055 (stat)) %

> Muon Channel

B(B — X pv,; p, > 0.3GeV) = (10.101 £ 0.052 (stat)) %

R(elu): Test for Lepton Flavor Universality (LFU)

B(B— X_ev,
Rle/p) B((Bj XCM)) —1.004 4 0.008 (stat)

> Confirms SM predictions of b — cév
Rajeshwari Roy
s73rroy@uni-bonn.de
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Systematics using SysVar

@ for Enhancing Consistency in the Treatment of Systematics

\
Is there a consistent way of handling arbitrary correlations arising from systematic effects that affect
shapes in simultaneous template fits?

SysVar is a Python-based tool:
%  Generate Variations of Data/MC Corrections
% Build templates and template variations for a non-parametric fit

%  Covariance Matrix: to produce eigenvariations to implement correlated shape variations

%SystemTti0\

Branching fraction variations Form Factor Modelling Tracking PID FEI Tagging

«  The variations generated from sysvar are then used as nuisance parameters in the pyhf model setup as
shape modifiers

s73rroy@uni-bonn.de
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Systematic contributions

p?

Rajeshwari Roy
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BF: B-»D¢v

BF: B-D*tv

BF: B-D**{v

BF: B-Gap Modes
Form Factor
Efficiency Corrections
Tracking

Lepton ID

Lepton ID (fake pions)
Lepton ID (fake kaons)
FEI BO

FEI B+

16
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|V, | determination

R

% |Vl is determined using the Kolya package

> Kolya internally considers QCD corrections; a x? fits the predicted moments to the HQE parameters

R

< Inputs to the fit: partial branching ratios, uncertainty covariance matrices

< Outputs of the fit: Results of the sensitivities on |V | and the HQE parameters

Central Value | Uncertainty
|Veb 42.351 0.246
mMS (my,) 4.174 0.004
mM5(3 GeV) 1.004 0.005
as(myz) 0.118 0.000
p(mg®) 1.203 0.020
p(mMs) 1.874 0.00
p(ag) 8.493 0.749
T 0.387 0.008
[ite; 0.118 0.017
PD 0.110 0.001
pPLS 0.067 0.058

(E;) in GeV

24}

Belle Il Simulation £ =365fb7?!

—— Fit Prediction

¢

Belle Il

0.5 1.0 1.5 2.0
Ecut in Gev

Vey| = (42.24+0.5) x 1072 (inclusive) 17
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Summary

9,
L X4

7
0’0

9,
L X4

9,
L X4

9,
L X4

Studies of B — X €v decays help look into quark mixing and test HQE and LFU

Precise measurement of the BR gives direct sensitivity to [V |

Long tension of inclusive and exclusive measurements of |V |

Inclusive |V, | is described by the HQE and has no dependence on specific hadronic form factors

— theoretically clean

Differential measurements of p, B, g2 and cos 8, provide complementary information on the inclusive
decay kinematics and allow detector effects to be studied and corrected

Unfolded spectra and their moments provide the experimental input for the HQE fit, allowing |V | and

the non-perturbative heavy-quark parameters to be constrained

18


mailto:s73rroy@uni-bonn.de

Rajeshwari Roy
s73rroy@uni-bonn.de

THANK YOU!
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BACKUP
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Tagging

purity

B

Untagged

\
v:-\-B

Semileptonic Tag

+

efficiency

e

 ore<

D,D*

K, K* ‘
AN

B B
TT/ \Y(4S)/ \TT

Hadronic Tag

+

€

N

™~ Y(4S}

¢t Btag
g
w~_ v Reconstructed via
' (no final state leptons/neutrinos)
.

/v algorithm

Signal Side

¢t

/v

Signal Side

Continuum suppression

Reduces jet-like ee" — qq

Best candidate choice

Avoids multiple counting, selects
most signal-like B

Off-resonance m,.
correction

Accounts for CM energy difference
in off-resonance data

Using Full Event Interpretation (FEI)

' Tracks ‘ Displaced Vertices Neutral Clusters |

Selection Purpose

Reconstructed B energy

-0.15 <AE < 0.10 GeV
matches beam energy

Keeps sideband for calibration

m,, > 5.24 GeV study

Improves purity of correctly

Mg >5.27 GeV reconstructed B mesons

Removes poorly reconstructed

> 0.01 tag candidates

PFEI

21
s73rroy@uni-bonn.de
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CcCOS 9e

% Angle between the direction of the W boson (in B rest frame) and the direction of
the lepton (in W rest frame)

> Py = szig - Px
B-frame __ W-frame

> Boost the W in the B-rest frame 0 P P,
. Ccos =
>  Boost lepton into CMS frame of W ! |P€v_'fmmc| |pIW—_fmmc|
Belle II Simulation L =365fb"1 Bellg II Simulation £ =365fb"1
14 x10°% 14 x10
[ B-D¢v [ B-D¢v
B-D"#v B-D"/v

1.2 B-D"m
[ non-res B-=XcAv

12— B-p"m
[ non-res B-X./v

1.0 B-Xew 1.0 B-Xerv
808 208
) =]
2 4
m 0.6 0.6
4
0 04

0.2
ﬁ 0.2
1 1 1 1

0.0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos 0,

0.0 Il 1 1 1 1 1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
True cos6,

(a) Reconstructed cos 6, (b) Generated (truth-level) cos 6,
Rajeshwari F.o,
s73rroy@uni-bonn.de
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Normalized in arb. Units

Final State Radiation Photons

0.8

0.7F

0.6 |-

05F

04+

03}

02f

01f

0.0

4

I ve SR > Lepton energy (E,)

| Belle 1l Simulation

% photons emitted by charged leptons after the decay process
y <% InB-— Xctv decays, FSR modifies:

£ =365fb"1

qilGev?]

, 0.18 : ‘
b s c > Momentum transfer squared (g?) [ PHoOTOS OFF
> 0.16 [ PHOTOS
9]
X ‘é‘ 0.14} B-XAv
_ ) ( g
q - q 5 012)
©
2 010
5 Belle Il Simulation £ =365fb! - Belle Il Simulation £ =365fb"11 -uz 0.08
=1 PHOTOS OFF "1 =3 pHoTos oFF ' ‘ ‘ T 0.06
L 1 PHOTOS 0.8 1 PHOTOS E
@ S 004
B - Xcv =) B - Xclv 0.02
. 0.6
2 0.00 ] ] : :
S osf 0 2 4 6 10 12
'zE: q2GeV?]
S04}
N
T 03f - :
g — Belle 1l Simulation £ =365fb"!
S 02f ' 1 PHOTOS OFF
01F 0.16 1 PHOTOS
’ 1]
; ; j 0.0 bt ‘ . . . Z 014} B - XcLv
0.0 1.0 15 20 25 “ 00 05 1.0 15 2.0 25 )
EEB[GEV] EE[GEV] e 0.12}
©
£ o010f
o . ) T 0.08}
% FSR effects are more significant for electrons as compared g
T 0.06f
to muons E oaf
S o
0.02f
0005 2 4 6 8 10 12 23
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Producing Eigenvariations

information dictionary EigenDecomposer object

| ]
# variations H [ Variator } [ Correction
[ Templates }

Create Nominal Create Varied
histograms histograms

df with kinematic Prepare settings Create [ Uncertainties

channels

binning

Create
corrections
covariance
matrix

Eigendecomposition

[ Perform

Create Covariance matrix
(channels-templates-bins)

Determine number of

important
eigendirections

A Save
eigenvariations

Rajeshwari Roy
s73rroy@uni-bonn.de
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Incorporating variations from SysVar in this analysis

- fake pions: pions mis -ID as leptons

Systematic as NP Description Type
) Uncertainty from input branching fractions of D, D', D™
BF (Bra_nchlng and Gap channels affects MC normalization histosys
Fractions)
FEI (Full Event Efficiency mismodeling for B® and B* tag reconstruction _
Interpretation) between data and MC histosys
Uncertainty from hadronic form factor modeling in
FF (Form Factors) semileptonic BB decays impacts shapes and histosys
efficiencies
. Charged-particle tracking efficiency differences :
Tracking between data and MC. histosys
- eff: efficiency of true lepton identification
Lepton ID - fake kaons: kaons mis -ID as leptons histosys

25
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Systematic profile

Bagh ~ - -
B-’le_' ] 1 T L) 1 1 1 1) L 1 U T 1 U T T 1 1 1 T 1 1 Ll 1 1 T L T T T L T LARAAL BARAM RARAI ) | LAY § T i L LML L] T ey T T LA 'l_
, BB Bﬁg_. ] I. I.
e e =g Bl Lisedusdiniataibiatiotuadiabionbaatiatal TTOPPTTVV PUP TV FAPLPOPRT VW PP TR IR  POCTITON TR YTV N P | Loabaiabiadiiad Liatuatituuboaatuslinditd
Bt;;ge -
B——)XC[V -_l U 1 T L T U T SRR PA R ALY, { LI | T U T U 1 I T T U T ) T T U 15 U T T Ll T U T T T . L 1 T L 1 1 T T '. T T T T L 1 T I_
BB Bkg. | & [
ete - T8[9 B 00 TP WP PHPH i P FPe | | ) e (s A PIOH PP | . LSl . ||||||
Btag” -
B—_)chv :_l il T T i l ' 1 1 L) 1 ' 1) |l U T T Ll Ll Ll Ll | |l 1 1 i i T I T | U T 1 1 T “T'. 1 T 1 I T U T T | JoED ) l'. T Ll L b | I_
, BBBkg.| i . I.
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B-’X [\) -l U 1 T ¥ T 1 1 1 ¥ 1 U T 1 U T U 1 T 1 T 1 1 U 1 T T T L L bRAR WA | ] 1 T 1) J Lo | | b | T I ) T T T | A | I b | 1127 'l-
, BB Bkg, .- .-_
e e__’qq A TYPN PP PRPA TFPPPU PP PPVPL PYOPY FPPRT POV PPPPL PO FTPI PP PP PUTTY PVPR PUTY FPPPY FOVR PP PYOTY PUTR FRPUY PPPPS PPTPLPPOTT FOPR A . | PRUFPPI ORIV, L 1 T RO PR RS POV VP | [ FPPY VO FUVOY TP RN TUVE TP POV YUY PO )
XX Sk ke S NSRS IDARANINR - O @ ECE@R 2 0 OO, e &R O oy
\*&*@»ﬁz‘f{g‘*’*@%s%é\ﬂ\«g\«g&q« &v\\v\?\&\\\&&?@\ RO TN AP RO T
N R AR A SN RS P B 3 930
A RS 35 I RAMAC RS SR SA TS RIS R $ 2 ‘\§@§ -
Y Yoo PID Q)x\ KA @@%5&%’@ §% Q %
BF variations FF modelling K X e OSAOK. ;
& RERRGRRY?
Tracking RN Q\G) §o

Rajeshwari Roy

none

normsys

histosys

normsys + histosys
staterror

lumi

shapesys
shapefactor

normfactor

26
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Distributions of Aq” and AE®

% Quantify the resolution of our reconstruction
% Understanding the smearing between true and reconstructed kinematics is essential to correct

measurements
A 2 - 2 _ A2 AE B — E B -E B
q q true q reco | | true | reco
Belle Il Simulation £ =365fb! ’ Belle Il Simulation [ = 365fb-1
T T T T T T T T T T T
B XAv B 2 Aqg? I B - X.Av ZZA AEB

0.6 | = Aqﬁ ] 10 — AEE |
o e :u=-0.58, RMS = 1.96 2 =
SRl e g ] 5 / e~ :u = 0.5 RMS = 0.17
ol o o 8 %% u~:u=0.01, RMS = 0.07 -
= /] — /]
© 04} 7 . © 17
. 2 o —
O 03 : b} 47
f v
© T 4} % |
€ 02f : £ 72
o o 7
Zz =2 2 | ’/,/ ]

0.1} i =

7%
0.0 : ' oLl— W oz . : . .
=15 -10 5 10 -04 -02 00 02 04 06 08 1.0 1.2

AEB
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cos O, migration matrix

£—365fb L.

Belle Il Simulation
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%  Smearing because of missing neutrino, boosts in two frames
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