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. D
Introduction

o Decays with leptons precisely predicted in the Standard Model
o They have high branching fractions

o Leptonic and hadronic currents factorise
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. D
Introduction

o Several tensions seen in B physics that can be tested using
(semi)leptonic decays
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Outline
@ Measurement of | V| and form factors from B — D*(v
@ Recent measurement of R(D*))
® Measurement B — n(")lv

@ Search for purely leptonic B — uv decays
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The Belle experiment
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Vs = 10.58 GeV = m(T(4S))
B(T(4S) — BB) ~ 100%
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Results from B — D™)¢/7v decays

o Semileptonic B — D™*)fv (£ = e, 1) allow for measurement of |V,p|
o Measure hadronic form factor parameters

o Decays with 7 leptons are sensitive to New Physics coupling 3™
generation

o Test lepton flavour universality

Systematics on |V,p|, efficiencies, o, B(B= DM)7y)
form factors, etc. cancel R(DY) =
' B(B — D&)iv)
SM prediction
R(D*) = 0.252 + 0.003 Form factor parameters measured
R(D) = 0.300 + 0.008 from B — D™ v decays used as
Heechang Na et al. input for prediction

Svjetlana Fajfer et al.
Jernej F. Kamenik, Federico Mescia
Fermilab Lattice, MILC Collaborations
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Precise determination of the CKM matrix element |V|
with B® — D*T¢~ i, decays with hadronic tagging at Belle

BELLE-CONF-1612
arXiv:1702.01521 [hep-ex] 14 Feb 2017
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Hadronic B meson tagging

Analysis performed with hadronic tagging (fully reconstructed Biag):
— reduce non-B background
— know kinematics of signal B

Tag side Signal side

Biag reconstructed in
1104 different
hadronic decay modes

AP RS 103
= Wb’ A2.3 neutrinos EfFlClency. 10
= - Impossible to fully

reconstruct By

S. Hirose

o Performed using neural network

o Efficiency correction in MC using reference channel
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Goal of the analysis

d4F(B — D*v)
dw dcos 8, dcos 8, dy

= f(|Ves|, pb-, R, Re)
—_——

form factor
parameters

Kinematic variables:
0 we bt
mgmpx

@ cos#@,, cosby, x: decay angles
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Goal of the analysis

d*r(B — D*tv)

D
<o
BELLE

= (| Ves|*, ppes R1s R
dw dcos 8, dcos 8, dy (I Ves|®, pp=+ R1; R2) ?
forn racter N>

Kinematic variables:

2 2 2

m m q

Q w=_-8_"D* 7
mgmpx

@ cos#@,, cosby, x: decay angles

Reconstruction of kinematic distributions
o Signal B reconstructed in B — D*{v

o Use 1-dimensional projections of differential decay rates

data
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Signal extraction

D
<o
BELLE

o Single non-reconstructed particle in event: neutrino from signal decay

N

= (pr(as) — Ptag — PD* — Pe)?

3

3
a

semileptonic decays with light leptons

other B-Meson Decays with missing
particles or other background

Number of Events

2
(p)” = mxzniss

data
EE B D* (signal)
[ B-. D*M (wrong D/D*)
EE fake lepton

I 8- DM

EEE B D"V

B Other B decays
Continuum

2 25

M2,/ GEV

3
2

miss.
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5 . D
Signal extraction

o Single non-reconstructed particle in event: neutrino from signal decay

M2iss = (Pr(as) — Ptag — PD* — Pe)?

J—

B D (igna)

[ B D fwrang DIDY)
leplon

- Other B decays
Continuum

semileptonic decays with light leptons

other B-Meson Decays with missing
particles or other background
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Results of |V,|?> and FF parameter fit

Parameter ‘ Measurement  World average - 16 ' : 3

o't .

V| -10° | 374+12 392+07 L %%'L?JKSL‘?;'SS ! ]
P 1.04+013  1.20+0.03 iy e
Ry 1384007  1.40+0.03 i V7 i

R> 0.86+0.10  0.85+0.02 (& E

CLN parametrisation :
0.6 3
i Contours cover 39.3%, 63.2%, 86.6% CL ]

2 34 36 38 40|V |>‘<121 03
o Measured values can be used to o
calculate SM prediction of R(D*) é’—m; Belle preliminary 3
. s o World Average
o Use additional FF Ry from sum rules 15 (A S
. o \\ \
[arXiv:1203.2653] i N \%}\ \ ]
1‘3: h \\ ///J B
Prediction: 120 o E
1.1 Corlours cover 30.3% 63.2% 86.5% L E
R(D*)SM = 0242 :l: 0005 J 05 06 07 08 09 1 1.1 Wls (11)3
2

o Possibility to test compatibility with NP such as right-handed currents
once calculations for FF available
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Unfolding of the kinematic distributions

o Unfolded spectra provided: corrected for migration and acceptance
o Difference between inclusive and exclusive depends on parametrisation

o Work ongoing to extract |V,p| using BGL parametrisation

3 §§ data

Follow up papers:
arXiv:1703.05330 (04/17)
arXiv:1703.06124 (04/17)
"""" 7 arXiv:1703.08170 (06/17)

7708 06 04 02 0 02 04 06 08 1

— Talk by Stefan Schacht
(https://indico.cern.ch/event /466934 /
contributions/2586301/)

-1 08 06 04 02 0 02 04 06 08 1 0 1 2 3 4 5

X
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Measurement of the branching ratio of B° — D** 7,

relative to B® — D**¢~ 7, decays with a semileptonic
tagging method

Phys.Rev. D94 (2016) no.7, 072007 — Published 27 October 2016
arXiv:1607.07923 [hep-ex] 13 Dec 2016
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Analysis strategy

o Analysis restricted to neutral B°B° pairs (due to high background)

Reconstruction

Semileptonic tag (¢ ~ 1072):  By,z — D*lv (1 neutrino)
Signal: Bsig = D*tv 7 — lygvr (3 neutrino)
Normalisation: Bsig — D*lv (1 neutrino)
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Analysis strategy

o Analysis restricted to neutral B°B° pairs (due to high background)

Reconstruction

Semileptonic tag (¢ ~ 1072):  By,z — D*lv (1 neutrino)
Signal: Bsig = D*tv 7 — lygvr (3 neutrino)
Normalisation: Bsig — D*lv (1 neutrino)

Separation of signal mode and normalisation mode

Angle betw. B and D*¢-system in T(4S) 21 {
frame: 2 t
g
5 ) Zo10f FO . D**(‘)ﬂ ¢
2Ebeam ED*K —m _ M . < single neutrino 4
cosfg_prp = TENIE B D*¢
|PB||PD*l st .
BY — D"t ™
(several neutrlno‘s‘)“,,’,n,o:‘ R
o Assumes single neutrino 000 it
=20 =15 -10 -5 0 5
0 Outside range [—1, 1] for signal decay os 0,0,
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5 . D
Signal extraction

o 2-dimensional extended binned likelihood fit to Egc; and Ong

LML B L B B B
w ¥
Eect £ 020/
Cluster energy not associated to event 2 _
ot , g | B Dy
O around zero for correct reconstruction EO.]S . BO N D*+€717
o flat for background <
010f o3
K background
: ifi e ackgroun
Ons: Neural network classifier o0sh TV, *ﬂﬁgﬂw
Signal likelihood using: he e
sig 0.00 1 1 1 M
0 cosbp’ pey, 00 02 04 05 08 1[.& 12
o e
O Mpiss = (2Bbeam — 2, B — | 32, il EcL
0 Eis=>E Efficiency: («HZT = 1.289 + 0.015

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 14 /28



D
Results

Fit to data:

Signal enhanced

Background enhanced
Ong < 0.8

Events / { 0.0666667 )
Events / (0.05 GeV)

8.0 02 04 06 08 10 12 8.0 02 04 06 08 10 12
Ong Egq [GeV] Egq [GeV]

o 1
RIDT) = 2B(T — Ly

-1.0 -0.5 0.0 0.5 1.0

€norm N, sig

€sig Nnorm
——

v -
determined from fit
from MC

Result
R(D*) =0.302£0.030 £ 0.011  (agreement with SM: 1.60)

o Good agreement with previous Belle measurements
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New Physics interpretation

o Compatibility with New Physics tested in model independent way

Ox: all possible 4-fermion operator

4Gr
—= Osm+ Y _ CxOx
ﬂ all

o Analysis repeated using MC for each of 6 Ox added one-by-one to
constrain Wilson Coefficients

Hefr = Veb Cx: Wilson coefficients

Examples of model interpretations:

R(D¥)

S = type-1l 2HDM modell “§ R-type leptoguark model

Theory prediction

02 g e
tanp/m,,, [GeV ] C
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Measurement of the 7 lepton polarization and R(D*) in
the decay B — D*7 v

Phys. Rev. Lett. 118, 211801 Published 26 May 2017
arXiv:1612.00529 [hep-ex]
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Measurement of 7 lepton polarisation in B — D*1v

T polarisation sensitive to NP

(DY) - T (D) P

T TH(D*) + T (D¥) handed particies <
Wis=1/

H*: s = O/:’Neulr\no always

T

P (D)

r+(D*): B — D*7v decay rate for 7 helicity = +1
SM prediction
P;(D*) = —0.497 + 0.013

Tanaka & Watanabe (Phys. Rev. D 87, 034028, 2013)
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Measurement of 7 lepton polarisation in B — D*1v

b.(0") = r+(D*) (D) T polarisation sensitive to NP

T (DY) + T (DY) handed particies <
W:s=1/

H* s = O",:'Neulrmo always

T

r+(D*): B — D*7v decay rate for 7 helicity = +1
SM prediction
P.(D*) = —0.497 + 0.013
Tanaka & Watanabe (Phys. Rev. D 87, 034028, 2013)
Measurement from two-body hadronic 7 decays (hadronic tagging)

dr(D* r(b* *
dco(sﬂh)e, = (2 ) [1 +O“D’7'(D )Cos'&hel]

T rest-frame

9 «: sensitivity from 7 decay mode (« ~ 0 from
leptonic 7 decays) @

o7 =1 (=1)
o 7 — pv, (o =0.45) @
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5 . D
Signal extraction

o Divide signal into forward (cos e > 0) and backward (cos¥pe < 0)
to calculate polarisation

M signal B->D*Iv, Fake D* and qG
rcross feed [l Eza%mm ad 4 Data

>
T a(NE, + NB) S
&

IS
<)

8 categories
(B, B®) ® (7vy, pvr) @ (frwd, bkwd) \

20

FRUIIVAN ANV AVAVAIRN AFAVAIRY ARV AR AN AW
® 02 04 06 08 1 12 14
Eee, (GEV)
o Likelihood fit in 2 steps:

o to normalisation sample for B — D*(v yield (using M2..,)
o simultaneous fit to 8 signal samples (using Egc;)
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D
Results

o R(D*) can be calculated as before from extracted yields

o Polarisation from forward /backward asymmetry

& F
- '
Soom = 0.97 £0.02 (BE, 7 — 7v) o5t
s g
=1.21+0.03(B% 7 — pv) o
=3.4240.07 (B*, 7 = pv) -05F-
=3.83+£0.12 (B% 7 — pv) -1
1.5
Result SF World
E ) verage
'R(D*) = 0.270 + 0. 035+8 8%2 01 015 02 025 03 oass %.4 Y
R(D*
P.(D*) = —0.38 £ 0.51+321 ®
o Consistent with SM and previous

measurements!

o Error can be reduced in Belle Il
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New status of R(D*)

—~~ C I T T T T T T T T I T T T I T T T T I ]

x F T BB, PRL109,101802(2012) i

(a) 0.5 E ——— Belle, PRD92,072014(2015) Ax? = 1.0 contours E

X C LHCb, PRL115,111803(2015) -, ]

0.45F Belle, PRD94,072007(2016) === SM Predictions =

™ ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) b

[ ——— LHCb, FPCP2017 R(D)=0.209(11) FNAL/MILC (2015)

04 - : Average R(D*)=0.252(3) S. Faifer et al. (2012) -

0.35F 4o 3

03F 4 ] | 20 3

0.25F l ,,,,, —————

B — D*tv e HFLAY [

with hadronic ., F [ Fpce 2017 |
0.2 = 71.6%

T decays El o T o

0.2 0.3 0.4

0.5 0.6

Combined measurement
of R(D) and R(D*)

Excess still 40: central value moved towards SM;

on R(D™), discrepancy increased from 3.00 to 3.40
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Measurement of the decays B — nfr, and B — n'{v, in

fully reconstructed events at Belle

arXiv:1703.10216 — 29 March 2017
submitted to PRD(RC)
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. D
Overview and result D

BELLE

Important to know decay composition for signal model in inclusive | V|
measurements — test tension between inclusive and exclusive

Reconstruction & signal extraction:

o Hadronic tagging to = * 1eagrs N ]
2z —e— data on resonance %
reduce background H ::_ 3
20F- F
o n:n—7yand ;
n— ata—mO 105 :
E b E
RN + = wi E o E
°n: —rnmTm with z=§::l¢:::::::::: 4
n =7y B S i atadmaitenanntt J A S { TS
N = i TS
Binned likelihood fit on I\/lrzm-ss with 4 components
Results 0 Compatible with results from

CLEO and BaBar

O Limited by stat. — significant
improvement with Belle Il

B(B — nly,) = (424+1.1+0.3)-107°
B(B — n'fv;) < 0.72-10~* at 90% C.L.
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Search for B — uv decays at the Belle experiment )

July 2017,
PRL journal publication in preparation
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Motivation

b v
o B(B — uv) precisely predicted in the SM
o May increase significantly within NP models h
w
o Limit (HFLAV, Nov 2016): < 10-107" (90% C.L.) -

o New result from Belle: first measurement leading to branching
fraction (not upper limit)

SM d Input from
re |Ct|on Na et al., arXiv:1212.0586
p Particle Data Group, Chin. Phys. C40, no. 10, 100001 (2016)
7 Belle Collaboration, Phys. Rev. D 88, 032005 (2016)

B(B — /VU/) = (380:':03].) . 10_ Fermilab Lattice and MILC Coll., Phys. Rev. D 92, 014024 (2015)
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Selection & signal extraction

Untagged: all reco. particles except muon belong to 2" B

x10° Preliminary | 10° Preliminary
F| # Data e g + Data
[| =Y 8- wvx2000 J_-"" | | P fit 4= B> uv x 2000
f|\a8-uw Fa i re-mc . = A8 uw
C|Edes ra < s 88
HA« el B A«
2 E QED, two photon f 3 1 QED, two photon
E o
_ 2 _ e n o "'\.f .
Mpe = Ebeam § :pi £ " 5
- 20, o]
i £ 40 A
15;{" . ]
10—
AE = Eg — Eyear i
° a6 a8 8

Signal selection

o Angle between p, and thrust axis used to reduce jet-like continuum
o B rest-frame: E, = 7 (boosted in CMS: p7)
0 p;, side-bands used for validation

o Neural network trained for separation of signal from background
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D
Result

2-dim. binned likelihood fit in pj, and neural network output

Preliminary
90 ] T T T : : 1 Detailed
; 2.60 < p* <265 e -0.96 < NN, < 1.00 :
" Peaks Un;de ” | = Data Bouv /StUdy Wlth
™ - T M FF variation
N S , o B Validated
i - v 7| with data
A\ o sete Wy il ee et below BB
threshold
Fixed
in fit
Signal effi-
p [GeV/C] ciency: 38%

out

o Cancellation of systematics in ratio R = Np o (efficiency from Rst/Rwuc)

SN Rtz Consistent with SM!

B(B — pv) = (6.46 +2.22 + 1.55) - 10~ Significance: 2.40

B(B — UV) € [2'97 10'7]X10_7 at 90% C.L. Will improve with Belle II...
06.07.17 27 / 28
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. D
Conclusion

|Vep| and FF parameters from B — D*{v: agree with world average
Unfolded differential decay rates: can be used to test different models

© ©

Three measurements of R(D™)), yielding compatible results
First measurement of 7 polarisation: agrees with the SM prediction

© ©

o First measurement of B — 1()¢y, by Belle

o First measurement of B — uv leading to a branching fraction

. P T R R R N R R
Prospects for Belle II: g 7k 1
X r Belle Il Projection — Belle 1 contours B
0.45F  — pavar Lhcb 3
Observable Belle / LHCb | Today Belle Il 5/ab | Belle II 50/ab [ 7 2016Average * SMprediction ]
Measurements C |
0.4 =
R(D) 0.403 +/- 0.040 12% 5.6% 3.2% E E
+/-0.024 0355 3
R(D*) 0.310 +/- 0.015 5.4% 3.9% 2.2% E ]
+/-0.008 03} {
For confirmed central value, would be 0.25F = E
[ PRDES094025 (2012) ]
possible to measure 90 deviation from e T T T T
025 03 035 04 045 05 055 06
SMI R(D)
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Backup
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Measurement of the branching ratio of B — D®) 71—,

relative to B — D™ ¢~ 7, decays with hadronic tagging at
Belle

Phys. Rev. D 92, 072014 Published 26 October 2015
arXiv:1507.03233 [hep-ex] 12 July 2015
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Simultaneous fit of R(D) and R(D*)

¢ Tlepton reconstructedin 7— £ v,v,
¢ Same reco. final state for signal and normalisation: use M? . to separate them

¢ Train neural network for high M?__region B, reconstruction
ag
¢ Simultaneous fit to all sub-samples B RO
to extract R(D) & R(D*) / “Ca
B, reconstruction
similar
D+¢ D* + ¢
Core: Tail: Core: Tail:
Mzmiss<0'85 Mzmiss>0'85 Mzmiss<0'85 Mzmiss>0'85
isati Normalisation channel . ’
Normalisation channel Signal enriched enricheld i Signal enriched

I B- DIv
Miother BG  got
mBoD*v O F

11.'H'i: Z
1;:{. *ﬁ{:&?:

04 06 08 8 6 4 2 0 2 e o 0z 04 G608 & 6 4 =2 0 2 4 6
M ./ GeV Neural network output M2 . /GeV  Neural network output
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Results and New Physics interpretation

*\ 1 . €norm . Nsig
ReSU|t R(D ) o 28(7’ — [7/21/7—) Esig Niorm
R(D) = 0.375 £ 0.064 + 0.026 determined  from fit
R(D*) = 0.293 + 0.038 + 0.015 from M€
Agreement with SM: 1.80 ;2/0,95
o8h.| = theor. R(D)

[l measured R(D)

Test of type Il 2HDM model: ork e
o Acceptances & efficiencies osf MMl measured R(D") | -/ —
depend model assumptions: fit Q. S
repeated with MC generated e ~-R(D*) .
with t;:nﬁ =0.5 Gevfl | —
" 0.2F
o Results: o S
R(D) = 0.329 4+ 0.060 + 0.022 VR U FUUR PURRTTAVRT I I TN |
R(D*) =0.301 £+ 0.039 + 0.015 SM tanp/m_(c/GeV)
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Semileptonic B meson tagging

o Reconstruct tagging B meson in B — D*{v

o Measurement statistically independent to those with hadronic tagging
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|Vep| and FF's from B — D*(v

Systematic uncertainties:

Saskia Falke

Error Source AB %)
Tagging Calibration 3.6
Ngp 1.4
f+o 1.1
PDF shapes 0.9
B(D — Kn(rm)(r)) 0.4
B(D* — D) 0.2
B(B — D** (1) 0.2
e PID 0.2
u PID 0.1
Tslow BAT. 0.1
B(B — D) <0.1
B — D"*) ¢y, FFs | <0.1
Lepton Fakerates < 0.1
K PID <0.1
Total 4.2

(Semi)leptonic B decays with Belle

06.07.17

D
<o
BELLE
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Combined R(D) and R(D*)

Systematic uncertainties:

R(D)[%] R(D*)[%] Correlation
DUy shapes 4.2 1.5 0.04
D™ composition 1.3 3.0 -0.63
Fake D yield 0.5 0.3 0.13
Fake ¢ yield 0.5 0.6 -0.66
D yield 0.1 0.1 -0.85
Rest yield 0.1 0.0 -0.70
Efficiency ratio fD+ 2.5 0.7 -0.98
Efficiency ratio fD“ 1.8 0.4 0.86
Efficiency ratio f(,?[H 1.3 2.5 -0.99
Efficiency ratio fffr*” 0.7 1.1 0.94
CF double ratio g™ 2.2 2.0 -1.00
CF double ratio g° 1.7 1.0 -1.00
Efficiency ratio fwc 0.0 0.0 0.84
M2, shape 0.6 1.0 0.00
oxg shape 3.2 0.8 0.00
Lepton PID efficiency 0.5 0.5 1.00
Total 7.1 5.2 —0.32
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R(D*) with semileptonic tag

Systematic uncertainties:

D
<o
BELLE

D) [%]
Sources 8 =e, pu|l58 =e|l¥ =p
MC size for each PDF shape 2.2 2.5 3.9
PDF shape of the normalization in cos0p.p=¢| 4o ol tes
PDF shape of B — D**fy, 10 o7 +22
PDF shape and yields of fake D) 1.4 1.6 1.6
PDF shape and yields of B — X.D* 1.1 1.2 1.1
Reconstruction efficiency ratio enorm / Esig 1.2 1.5 1.9
Modeling of semileptonic decay 0.2 0.2 0.3
B(t™ — (" bevr) 0.2 0.2 0.2
Total systematic uncertainty i T R
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ot D
7 lepton polarisation

Systematic uncertainties:

Source rel. uncertainty on R(D*) uncertainty on P.(D")
Hadronic B decay composition Tt% AT
MC stat. for PDF construction +49% 1918
Semileptonic B decays +3.5% +0.05
Fake D* background +3.4% 0.02
Other +2.2% +0.03
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Measurement of R(D*) with semileptonic tagging

Allowed regions for Wilson coefficients

Models or operators| Parameters Allowed regions
(68% C.L.)
Os, Cs, [—4.25, —3.09], [+0.44, +1.57]
Os, Cs, [—1.56, —0.43], [+3.12, +4.28]
Ov, Cv [—2.15, —2.03], [+0.05, +0.15]
Ov, Cv, [—0.17,0.00], [+1.83, 4+1.96]
Or Cr [—0.06, —0.01], [+0.34, +0.39]
R»-type leptoquark |Cr(= +C's,/7.8)|[—0.05, —0.01], [+0.34, 4-0.38]
S1-type leptoquark |Cr(= —C's,/7.8)|[—0.07, —0.01], [+0.22, 4-0.28]
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