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Motivation

• The Standard Model (SM) is very 
successful in describing the world at 
particle level 

• Almost all SM predictions seem to fit 
experimental data precisely… Almost?
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The Flavour Anomalies
(maybe only “local” anomalies… )
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Flavor Anomalies

> 3.5� enhanced B ! D
(⇤)⌧⌫ rates

3.3� suppressed branching ratio of Bs ! �µ+µ�

⇠ 3� tension between inclusive and exclusive determination of |Vub|
⇠ 3� tension between inclusive and exclusive determination of |Vcb|
> 3� anomalies in angular distributions of B ! K

⇤``

2.6� lepton flavor non-universality in B ! K
(⇤)µ+µ� vs. B ! K

(⇤)
e
+

e
�

Same effective couplings
(Wilson Coefficients C7,9,10)
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B ! K
⇤� B ! h

(⇤)⌫⌫̄ B ! K
⇤`+`� Rare decays at Belle

Result P0
5

- Result for Combined Data

I Measurements are compatible with the SM

I Similar central values for the P
0
5 anomaly with 2.5� tension
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Testing for Lepton Flavour Universality

• Angular observables might have residual 
uncertainties from form-factors

Smoking gun to overcome theory uncertainties
Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays
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Complications - Doubts

I Although, overall uncertainty on b ! s`` form-factors decreased –
significance of anomalies increased

Simon Wehle (Deutsches Elektronen-Synchrotron) 26

Branching fractions Angular observables LFU tests
Theoretical cleanness
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Testing for Lepton Flavour Universality

• All SM forces couple universal to the 
lepton flavour 

• Only differences from mass/phase-
space 

• Most data seems to support the SM 

• NP models can introduce flavour 
dependent couplings 

• Non-universal flavour coupling would 
be a strong sign for physics beyond 
the SM 

Smoking gun to overcome theory uncertainties

Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Focus on Flavor Changing Neutral Currents

s̄

dd

b̄

`�

`+

ū, c̄, t̄

⌫`

W+ W�

K⇤0B0

(c) SM example

s̄

dd

b̄

`�

`+

K⇤0B0

Z 0

(d) NP example

I In my thesis I analyzed b ! s`` in the decay of B ! K (⇤)`+`�

I In all three lepton modes:

e, µ An angular analysis of B0
! K⇤(892)0`+`�

⌧ Upper limit to B+
! K+⌧+⌧�

Simon Wehle (Deutsches Elektronen-Synchrotron) 6
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Most simple approach: Ratio of Branching Ratios
After Moriond

Introduction Flavor Anomalies Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Simple Lepton Flavour Universality Tests

RK =
B(B+ ! K

+µ+µ�)

B(B+ ! K+e+e�)
R
⇤
K
=

B(B0 ! K
⇤0µ+µ�)

B(B0 ! K ⇤0e+e�)

s̄

dd

b̄

`�

`+

ū, c̄, t̄

⌫`

W+ W�

K⇤0B0

I Theoretically very clean

I Uncertainties from form
factors cancel in the ratio

I Control mode B ! J/ K
(⇤)

Simon Wehle (Deutsches Elektronen-Synchrotron) 31

RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745
+0.090

≠0.074
(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM.
]4c/2 [GeV2q
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KR
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1.0

1.5

2.0

BaBar
Belle
LHCb Run 1
LHCb Run 1 + 2015 + 2016

LHCb

Dominant systematic uncertainties:

Fit shape, trigger calibration, B+
kinematics.

9 Thibaud Humair

arXiv:1904.02440arXiv:1903.09252 

https://arxiv.org/abs/1903.09252
https://arxiv.org/abs/1903.09252
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RK analysis

• All measurements in agreement with 
recent results and SM 

• The combined result is the weighted 
average of the B+ and B0 modes

Results for RK

8

and this makes it di�cult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in each q

2 bin from the o↵-
resonance data sample. These yields are consistent with
those of the high-statistics o↵-resonance MC sample and
kept fixed during the fits. The results of the fit projected
in a signal-enhanced region [Mbc 2 (5.27, 5.29)GeV/c2,
|�E| < 0.05GeV and O

0
2 (1.0, 8.0)] for Mbc, �E and

O
0 distributions in the data sample are shown in Figs. 1

and 2.
The fit is also performed in the aforementioned four q2

bins including the bin 1 < q
2
< 6GeV2

/c
4, where LHCb

result has deviation, and RK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B+
! K+`+`� (top-left), B0

!

K0
S`

+`� (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q2 < 6 GeV2/c4,
and the blue markers are for 0.1 < q2 < 4, 4 < q2 < 8.12
and q2 > 14.18 GeV2/c4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identification: about 2% (1.6%) for
muon (electron) identification for each lepton. Uncer-
tainty due to hadron identification is about 0.8% for K±

and 1.6% for K
0
S . The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These

)4/c2 (GeV2q
0 5 10 15 20

)-
µ

+
µ

 K
→

 (
B

 
I

A

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

)4/c2 (GeV2q
0 5 10 15 20

)-
e

+
 K

e
→

 (
B

 
I

A

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

)4/c2 (GeV2q
0 5 10 15 20

)- l
+

 K
l

→
 (

B
 

I
A

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

FIG. 4: AI measurements in bins of q2, for decays B !

Kµ+µ� (top-left), B ! Ke+e� (top-right), and combining
both modes (bottom). The legends are the same as in Fig. 3.

uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in e�ciency due to limited MC statistics is about
0.2%, and the uncertainty in the number of BB̄ events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[⌥(4S) ! B

+
B

�]/B[⌥(4S) ! B
0
B̄0] =

1.058 ± 0.024 [9] is 1.2%. We compare the e�ciency of
the O > Omin criterion between data and MC samples
for the control channel B ! J/ K, J/ ! `

+
`
�, and

the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the fixed shape parameters by ±1� and repeating the
fit; the change in the central value of Nsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the fixed yield of contin-
uum events is estimated by varying the yield by ±1� in
the fit; the resulting variation in Nsig is found to be less
than 1%. In the case of RK , systematic uncertainties
due to charged track reconstruction, hadron identifica-
tion, number of BB̄ events, and the ratio B[⌥(4S) !

B
+
B

�]/B[⌥(4S) ! B
0
B̄0] cancel, while for the AI mea-

surement lepton identification and the number of BB̄

events cancel.
In summary, we have measured the branching frac-

tions, their ratios (RK) and the CP -averaged isospin
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RK , RK+ and RK 0 results from Belle [New]

RK+ , RK 0 and RK are measured for [0.1 , 4.0], [4.0 , 8.12], [1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

RK is taken as weighted average of RK+ and RK 0 .
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The measurements are found to be consistent with SM prediction as well as LHCb result.
S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 14 / 17

arXiv:1908.01848 

http://arxiv.org/abs/arXiv:1908.01848
http://arxiv.org/abs/arXiv:1908.01848
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Result - Separate Lepton Flavor!

I The Largest deviation in the muon mode with 2.6�

I Electron mode is deviating with 1.1�

I Test on Lepton flavor universality

Simon Wehle (Deutsches Elektronen-Synchrotron) 29

9

Testing for lepton flavour universality in angular observables

• Performing the angular analysis separately for electron an muon modes 

• Largest discrepancy in muons mode with 2.6σ while 1.1σ in the electron mode

Smoking gun to overcome theory uncertainties

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in Angular Observables

I Test lepton flavor universality
I Observables Qi = P

µ
i

� P
e

i
, JHEP 10, 075 (2016)

I Deviation from zero very sensitive to NP

I Published recently in Phys. Rev. Lett. 118, 111801 (2017)

Simon Wehle (Deutsches Elektronen-Synchrotron) 18

Qi = P′ i
μ − P′ i

e
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Figure 9: The CP -averaged observables in bins of q2, determined from a moment analysis of the
data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Overview of the b→sll Puzzle

• Effective Hamiltonian approach 

• Effective Operators Oi  

• Effective Couplings Ci 

• Combine measurements and fit for

Combining the results

theory. Such an approach is ‘top-down’ in nature: the measurement of a physical quantity

is motivated by a given theory which predicts some measurable di↵erence with respect to

the SM prediction. For the b! s`+`� transition, and more generally, FCNC processes,

this approach is somewhat reversed. The ‘bottom-up’ approach used here is an e↵ective

field theory description. This approach has two main advantages: model-independence and

the separation of scales. The e↵ective field theory framework makes no model-dependent

assumptions about the structure of NP and the general form of the couplings can be

included explicitly. The second advantage that low-energy e↵ects, which are di�cult

to reliably predict due to the nonperturbative nature of QCD, are separated from the

high-energy e↵ects that are sensitive to contributions from NP. Since b-quarks cannot be

created at energy scales smaller than their mass, e↵ects below this scale are not normally

relevant to the system of the energetic weak decay [8]. Therefore the b-quark mass provides

the scale of the system:

% = mb ⇡ 5GeV/c2 � ⇤QCD. (2.76)

Such an approach is not without disadvantages. Whilst the low-energy e↵ects in the

quark-level process are separated out, the description of the physical hadronic system

introduces additional low-energy QCD e↵ects. The hadronic system is parameterised by

so-called hadronic form factors which are di�cult to calculate. Another issue arises in

FCNC decays of the b-quark to light quarks (b! s or b! d). This issue is regarding

treatment of corrections due to loops involving a c-quark. Both of these disadvantages

will be discussed in the following sections.

2.2.1 Operator-product expansions

The e↵ective field theory approach used to describe b ! s`+`� processes is a specific

example of an operator-product expansion (OPE). The OPE technique has often been

used during the development of the quantum field theory description of particle physics.

The canonical example, is in the description of nuclear beta decay before the discovery of

the W± bosons where a four-point operator was used with a coupling strength GF. This

section provides a brief description of the technique before the details of the OPE for

b! s`+`� processes is presented in Section 2.3.

The Lagrangian density of the SM and any BSM theories can be written

L = LSM +�LNP (2.77)

where �LNP refers to extra terms in the theory due to NP contributions.

An OPE replaces this with the e↵ective Lagrangian,

Le↵ =
X

i

Ci(%)Oi. (2.78)

In performing this replacement, e↵ects of interactions above the scale % (high-energy, short-

distance) are contained within the Wilson coe�cients, Ci = Ci(%). These interactions are

36

sb

�

sb

`+

`�

sb

cc

Figure 2.3: Schematic diagrams for operators O7 (top),

O9,10 (centre), and O1c,2c (bottom). The e↵ective operator

O7 relates to diagrams mediated by a radiated photon, the

operator O9 relates to diagrams mediated by a vector current,

and the operator O10 to diagrams mediated by an axial

current. The operators are defined in Equations 2.82, 2.83,

and 2.84 respectively. The e↵ective operators O1c,2c relate to

diagrams with internal c-quarks.

2.3 Application of the e↵ective field theory approach

to b ! s`+`� and the hadronic description of

B0! K⇤
1(892)

0`+`� decay amplitudes

The b! s`+`� processes can be described by the following e↵ective Hamiltonian [8, 16],

He↵ = �4GFp
2

e2

16⇡2
VtbV

⇤
ts

X

i=1,...10,S,P

(CiOi + C 0
i
O0

i
). (2.81)

In this expression, GF and e are Fermi’s constant and the electromagnetic coupling strength

respectively. The operators expected to be dominant and their chiral partners are [16–18],

O7 =
e

g2
mb(s̄�µ⌫PRb)F

µ⌫ ; O0
7 =

e

g2
mb(s̄�µ⌫PLb)F

µ⌫ ; (2.82)

O9 =
e2

g2
(s̄�µPLb)(`�

µ`); O0
9 =

e2

g2
(s̄�µPRb)(`�

µ`); (2.83)

O10 =
e2

g2
(s̄�µPLb)(`�

µ�5`); O0
10 =

e2

g2
(s̄�µPRb)(`�
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Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Resume - The Bigger Picture

I Look across all different measurements of
b ! s`+`�

I Short distance effects can be described by
Wilson Coefficients Ci

I C7,9,10 important for b ! s`+`� processes

I FL from Atlas and LHCb

I AFB from Atlas and LHCb

I RK from BaBar and LHCb

I Branching ratios for b ! s`+`�

I P0
5...

! constrain Wilson Coefficients Ci across measurements and experiments

I Global fit

I Fit NP contribution

C9 = C
SM
9 + C

NP
9

I 4.5� deviation in C9 from SM
S. Descotes-Genon et al.
arXiv:1605.06059v1

Simon Wehle (Deutsches Elektronen-Synchrotron) 32

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

The Flavor Anomalies Overview - Branching Ratios

From Justine Serrano EPS2017

Simon Wehle (Deutsches Elektronen-Synchrotron) 7

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Result P0
5 - Result for Combined Data
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Belle (muon mode)

Belle (electron mode)

LHCb 2015
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CMS 2017

I Measurements are compatible with the SM
I Similar central values for the P

0
5 anomaly with 2.5� tension

Simon Wehle (Deutsches Elektronen-Synchrotron) 17
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Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Effective Hamiltonian Approach

I The b ! s`` decay can be described by an effective field theory
I Model independent description:

Heff /
X

i

�
C

SM

i
+ C

NP

i

�
· Oi

b
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�

(a) O
0
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b

s `
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(b) O
0
9 and O

0
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Simon Wehle (Deutsches Elektronen-Synchrotron) 19
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Combined Fit for New Physics
Fit for New Physics

arXiv:1903.09578

LFU ~3𝜎 pull from SM

LFU



Status of Lepton Flavour Universality  | Simon Wehle | DESY, 14.09.2020 12

LFU in tau decays

• Most new physics models imply large 
contributions to the tau modes

Discussion

Introduction Flavor Anomalies Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Motivation for b ! s⌧⌧ at Belle

Motivation

I New Physics may couple to mass of the ⌧
! enhance sensitivity by |m⌧/mµ|2 ' 286

I Both Z
0 and leptoquark models predict large

enhancements [ 1704.05340]

The B+ ! K+⌧+⌧� Decay

I B(B+ ! K
+⌧⌧)SM < 1.44(15)⇥ 10�7

I Some models may lead to a strong enhancement
I B(B ! K⌧�⌧+)MLFV < 2 ⇥ 10�4

Alonso, R., Grinstein, B. & Camalich, J.M. J. High Energ. Phys. (2015) 2015

I Only experimental constraints by BaBar with
B(B+ ! K

+⌧+⌧�) < 2.25 ⇥ 10�3 at 90% C.L..

Simon Wehle (Deutsches Elektronen-Synchrotron) 42

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Did we find new Physics?

I The anomalies are difficult to explain at once

I Two models are favored:

I Both cases may enhancement b ! s⌧⌧

I LQ: large enhancement of b ! sµ⌧

Simon Wehle (Deutsches Elektronen-Synchrotron) 23
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LFU in tau decays

• Strong hints for new physics in b→sll 
decays 

• Deviations occur dominantly in muon 
modes 

• NP couples to mass? 

• tau modes could be dominant

Motivation for B→K+𝜏𝜏

10.1103/PhysRevLett.120.181802

Prediction of the b→s𝜏𝜏  branching fraction

Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Motivation for b ! s⌧⌧ at Belle

Motivation

I New Physics may couple to mass of the ⌧
! enhance sensitivity by |m⌧/mµ|2 ' 286

The B+ ! K+⌧+⌧� Decay

I B(B+ ! K+⌧⌧)SM < 1.44(15)⇥ 10�7

I Some models may lead to a strong enhancement
I B(B ! K⌧�⌧+)MLFV < 2 ⇥ 10�4

I Only experimental constraints by BaBar with
B(B+ ! K+⌧+⌧�) < 2.25 ⇥ 10�3 at 90% C.L..

Simon Wehle (Deutsches Elektronen-Synchrotron) 25

https://doi.org/10.1103/PhysRevLett.120.181802
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Lepton Flavour Universality in RD*

• Tree level decay 

• Clean theoretical observable 

• Neutrinos in the final state

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in R(⇤)
D

R
(⇤)
D

=
B(B ! D

(⇤)⌧⌫)

B(B ! D(⇤)µ⌫)

I Tree level decay

I Theoretically very clean
observable

I Neutrinos in final state

Simon Wehle (Deutsches Elektronen-Synchrotron) 11

B decays and LFV/LFU

• Leptonic decays B± → !±ν, B0 → !!′.
b

u

!+

ν

W+

b

u

!+

ν

H+

See talk of Lu Cao tomorrow.

• Semileptonic decays B→ X!ν

b c

q q

ν

!+

W+

b c

q q

ν

!+

H+

b c

q q

ν
!+

φ

• FCNC processes B→ Xs(d)!
+!−.

s̄

dd

b̄

W−

γ, Z0
"−

"+

ū, c̄, t̄
s̄

dd

b̄

W−

γ, Z0
"−

"+

ū, c̄, t̄
s̄

dd

b̄

"−

"+

ū, c̄, t̄

ν!

W+ W−

B0 K∗0 K∗0 K∗0B0 B0

3
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Lepton Flavour Universality in RD*

• ~3.1𝜎 tension with SM 

• ~30% effect against SM for taus in tree level decays 

Present and Future

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Belle 2 and LHCb Projections

J. Albrecht et al., Future prospects for exploring present day anomalies in flavour physics measurements with Belle II and LHCb

I Both Belle II and LHCb can individually verify the flavor anomalies

Simon Wehle (Deutsches Elektronen-Synchrotron) 29

Now Soon
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Belle II Early Physics program

• Validation and performance studies 

• Rediscovery for B→Xsll and B→K ll soon

Rediscovery and performance studies
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Belle II and LHCb Projections for b→sll

• Already with a few ab-1 Belle II might be able to 
confirm the b->s anomalies 

• Belle II has excellent electron momentum 
resolution and neutrals performance

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Belle 2 and LHCb Projections

J. Albrecht et al., Future prospects for exploring present day anomalies in flavour physics measurements with Belle II and LHCb

I Both Belle II and LHCb can individually verify the flavor anomalies

Simon Wehle (Deutsches Elektronen-Synchrotron) 29

J. Albrecht et al., Future prospects for exploring present 
day anomalies in flavour physics measurements with Belle 
II and LHCb  

Electroweak penguin B decays

Lepton flavor universality test

RH [q
2
0 , q

2
1 ] =

R q
2
1

q2
0

dq
2 d�(B!Hµ+µ�)

dq2

R q2
1

q2
0

dq2 d�(B!He+e�)

dq2

In SM gauge bosons couple equally to
different lepton flavours

Precise prediction of RH ratios in SM

Belle 2019:arXiv:1908.01848

Advantage for Belle II

Electron and muon modes have similar
efficiency
Both low and high q2 regions will be
measured
All R

K (⇤) and RXs
are possible at Belle II

If 2.7� deviation is real, Belle II should be able to make a 5� discovery with 20 ab�1

S.Halder Results and prospects of EWP decays at Belle II 10th
June, 2020 (Wednesday) 13 / 25

Electroweak penguin B decays

Lepton flavor universality test
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dq
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dq2

R q2
1

q2
0

dq2 d�(B!He+e�)

dq2

In SM gauge bosons couple equally to
different lepton flavours

Precise prediction of RH ratios in SM

Belle 2019:arXiv:1908.01848

Advantage for Belle II

Electron and muon modes have similar
efficiency
Both low and high q2 regions will be
measured
All R

K (⇤) and RXs
are possible at Belle II

If 2.7� deviation is real, Belle II should be able to make a 5� discovery with 20 ab�1

S.Halder Results and prospects of EWP decays at Belle II 10th
June, 2020 (Wednesday) 13 / 25

Individual MeasurementsCombined Analysis
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Summary and Conclusion

• LFU tests in rare decays provide excellent 
tests for new physics 

• Belle II can probe unique channels and 
provide an independent validation of the 
current anomalies 

• Inclusive analyses, full event interpretation, 
very good electron and neutral particle 
efficiency  

• Discovery of b→s𝜏𝜏 could be in reach of 
Belle II if anomalies persist 

• But not only Belle II also the LHC 
experiments will be able to shed more light 
upon the anomalies 

Prospects for b→s𝓁𝓁 decays at Belle II

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Belle 2 and LHCb Projections

J. Albrecht et al., Future prospects for exploring present day anomalies in flavour physics measurements with Belle II and LHCb

I Both Belle II and LHCb can individually verify the flavor anomalies

Simon Wehle (Deutsches Elektronen-Synchrotron) 29



Appendix



Status of Lepton Flavour Universality  | Simon Wehle | DESY, 14.09.2020 20

B→K*ll Analysis at Belle

• Similar electron and muon performance 

• limited statistics 

• Neural network based reconstruction in 
order to maximise efficiency 

Belle Analysis

2.4. Background Suppression Strategy

Figure 2.2.: Veto regions for charmonium background for the di-electron (right) and di-
muon (left) channels.

�E of around zero. Candidates are selected satisfying 5.22 < Mbc < 5.3 GeV/c2 and 182

�0.10 (�0.05) < �E < 0.05 GeV for ` = e (` = µ). 183

Large contributions of irreducible background arises from charmonium decays B ! K(⇤)J/ 184

and B ! K(⇤) (2S), where the cc̄ state decays into two leptons. These decays own the same 185

signature as the desired signal and are vetoed with cuts on the invariant mass of the lepton 186

pair 187

�0.25 GeV/c2 < Mee(�) � MJ/ < 0.08 GeV/c2, (2.3)

�0.15 GeV/c2 < Mµµ � MJ/ < 0.08 GeV/c2, (2.4)

�0.20 GeV/c2 < Mee(�) � M (2S) < 0.08 GeV/c2 and (2.5)

�0.10 GeV/c2 < Mµµ � M (2S) < 0.08 GeV/c2. (2.6)

These veto regions are displayed in fig. 2.2. In the electron case, additionally photon energies 188

of detected photons from the bremsstrahlung recovery process are added. 189

Di-electron background can also arise from photon conversion � ! e+e� and ⇡0 Dalitz decays 190

(⇡0 ! e+e��). In order to eliminate this source of background the constraint Me(�)e(�) > 191

0.14 GeV/c2 is required. 192

For the B meson candidates, a vertex fit is performed, from which the �2 probability is used 193

for background suppression and also to define the distance between the two leptons along the 194

beam direction �z``. 195

All cuts and vetoes are listed in table 2.5. 196

2.4. Background Suppression Strategy 197

Multivariate data analysis techniques are used to combine all available information of a B 198

meson candidate in order to separate signal from background. 199

A hierarchical framework of neural networks is used in the reconstruction, starting in the first 200

stage with the primary particles from tracks (e, µ, K±, and ⇡±) and the neutral particles 201

(KS ,⇡0 and �). In the second step combinations to K⇤ particles are performed and in the 202

last stage the final B meson candidates are constructed. 203

In each stage, all particle candidates are analyzed with a neural network (NeuroBayes [11]) and 204

an output NBout is assigned. This output is chosen to correspond to a Bayesian probability 205

in the range [0, 1] where 1 corresponds to the candidate being true signal. In this manner a 206

7 Draft from March 5, 2019

2. Reconstruction of B ! K(⇤)`+`� 90

This analysis covers the muon and electron modes of b ! s`+`� with the reconstruction 91

of B ! K(⇤)`+`�. In total 8 decay modes are exclusively reconstructed in 12 final state 92

configurations. This chapter details the reconstruction procedures and background suppression 93

methods. The final analysis is performed only on the data of the K⇤ modes. The pseudoscalar 94

meson modes are reconstructed and can later used for branching ratio measurements and are 95

needed for evaluation of cross-feed backgrounds. 96

In a first stage we apply particle selection criteria based on kinematic observables and particle 97

identification variables. In the event selection loose cuts are applied on masses and energies 98

to exclude unphysical regions for B ! K(⇤)`+`� and vetoes are applied to remove irreducible 99

sources of background. Finally, the candidates are selected based on neural network selection 100

including a variety of information from tracks to event shape observables. 101

2.1. Analysis Overview 102

The decay B ! K(⇤)`+`� is reconstructed exclusively in 12 final states, where ` = e, µ. An 103

overview of the used decay channels is given in table 2.1. The charged conjugated (cc.) mode 104

is always implied if not explicitly stated otherwise. In the analysis the quality of all constituents 105

of the final B candidate are gathered as a multivariate probability at the final stage of the 106

reconstruction. The procedures and data analysis tools used are explained in section 2.4. In 107

case of multiple candidates per event, the decay channel with the highest probability is selected. 108

Table 2.1.: Decay channels of the exclusive reconstruction of B ! K(⇤)`+`�, where l = e, µ
and cc. is implied.

B+ B0

B+
! K⇤+(K+⇡0)`+`� B0

! K⇤0(KS⇡0)`+`�

B+
! K⇤+(KS⇡+)`+`� B0

! K⇤0(K+⇡�)`+`�

B+
! K+`+`� B0

! KS`+`�

2.1.1. Data 109

This analysis is performed on the full Belle dataset corresponding to 711 fb�1. Beforehand 110

the analysis is performed on simulated data where both the o�cial Belle generic MC is used, 111

which does not contain the signal modes, and dedicated sets of signal MC are generated. 112
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FIG. 1. Results of the signal yield fit to the Mbc distributions
for the electron (left) and muon (right) channel for q2 > 0.045
GeV2/c4. Combinatorial (dashed blue), signal (red filled),
charmonium leakage (dashed green), peaking (purple dotted)
and total (solid) fit distributions are superimposed on data
(points with error bars).

is measured to be 1.015 ± 0.025 ± 0.038, where the first
error is statistical and the second due to uncertainty on
data-MC corrections for lepton identification. This cross
check neglects contributions from the B ! K⇤`` channel
in the J/ control region. The input distributions used
by the top-level neural network classifiers in data and MC
are compared, and no statistically significant di↵erences
are found. In order to estimate uncertainty due to the
classifier response, the B ! J/ K⇤ branching fraction is
obtained in bins of the classifier output and compared to
the nominal result. The obtained di↵erences are propa-
gated as weights to data in all fits to Mbc distributions,
and changes in the resulting signal yields are taken as sys-
tematic uncertainties. Further uncertainties arise from
tracking e�ciency and limited MC statistics. E↵ects due
to migration of events between di↵erent q2 regions are
studied using MC events and found to be negligible. In
case of results for the full region of q2 > 0.045 GeV2/c4,
di↵erent veto regions for the electron and muon channels
need to be accounted for in the determination of recon-
struction e�ciency. This introduces model dependence
to our signal simulation, which uses form factors from
Ref. [20]. All systematic uncertainties described above
are listed in Table I.

In the range q2 > 0.045 GeV2/c4 we find 103.0+13.4
�12.7

(139.9+16.0
�15.4) events in the electron (muon) channels. Ex-

ample fits are presented in Figure 1. Using the fitted
signal yields we construct the lepton flavour universality
ratio RK⇤ in all signal channels, combined and separately,
for the B0 and B+ decays, RK⇤0 and RK⇤+ . Our mea-
surement of RK⇤+ is the first ever. Results are shown in
Table II and Figure 2. All measured values are consistent
with the SM expectation [21, 22]. In light of past mea-
surements of b ! s`+`� mediated decays, predictions for
RK⇤ suggest values smaller than unity in the presence
of new physics [22]. The upcoming Belle II experiment
[23, 24] is expected to record a 50 times larger data sam-

ple than Belle, which will help clarify the role of physics
beyond the SM in b ! s`+`� transitions.
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Angular Analysis
Parametrisation of the differential decay rate

Theory A Angular Analysis B+ ! K+⌧+⌧� Tools Disputation Simon Wehle I

Differential Decay Rate

d4(�+ �̄)

d cos ✓` d cos ✓K d� dq2 =
9

32⇡

9X

i=1

(Ii + Īi)fi(cos ✓`, cos ✓K ,�), (5)

S(a)
i =

I(a)i + Ī(a)i

d
�
�+ �̄

�
/ dq2

(6)

A(a)
i =

I(a)i � Ī(a)i

d
�
�+ �̄

�
/ dq2

. (7)
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Theory A Angular Analysis B+ ! K+⌧+⌧� Tools Disputation Simon Wehle I

Differential Decay Rate

Credit: R. Mandal, ICHEP 2016
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Angular Analysis
Full expansion of the differential decay rate

Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Differential Decay Rate

The full differential decay rate for B0 ! K ⇤`+`� (and B̄0) with 8 free
parameters can be written as:

1
d�/dq2

d4�

d cos ✓L d cos ✓K d� dq2 =
9

32⇡


3
4
(1 � FL) sin2 ✓K + FL cos2 ✓K

+
1
4
(1 � FL) sin2 ✓K cos 2✓L

� FL cos2 ✓K cos 2✓L + S3 sin2 ✓K sin2 ✓L cos 2�

+ S4 sin 2✓K sin 2✓L cos�+ S5 sin 2✓K sin ✓L cos�

+ S6 sin2 ✓K cos ✓L + S7 sin 2✓K sin ✓L sin�

+ S8 sin 2✓K sin 2✓L sin�+ S9 sin2 ✓K sin2 ✓L sin 2�

�
,

using definitions of J. High Energy Phys. 01 (2009) 019.

Simon Wehle (Deutsches Elektronen-Synchrotron) 11

Theory A Angular Analysis B+ ! K+⌧+⌧� Tools Disputation Simon Wehle I

Differential Decay Rate

S(a)
i =

I(a)i + Ī(a)i

d
�
�+ �̄

�
/ dq2

(11)

A(a)
i =

I(a)i � Ī(a)i

d
�
�+ �̄

�
/ dq2

. (12)

Sobs
i = Si � Ai(ACP + AP + AD), (13)

where ACP is the direct CP asymmetry between B0
! K⇤0`+`� and B̄0

! K̄⇤0`+`�, AP is the
production asymmetry, which can be neglected at Belle and AD is the detection asymmetry, which can be
caused due to different interaction cross-sections with matter for K+ and K� mesons

Simon Wehle (Deutsches Elektronen-Synchrotron) 12

Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Folding Procedure

P0

4,S4 :

8
><

>:

� ! �� for � < 0

� ! ⇡ � � for ✓L > ⇡/2

✓L ! ⇡ � ✓L for ✓L > ⇡/2,

P0

5,S5 :

(
� ! �� for � < 0

✓L ! ⇡ � ✓L for ✓L > ⇡/2,

P0

6,S7 :

8
><

>:

� ! ⇡ � � for � > ⇡/2

� ! �⇡ � � for � < �⇡/2

✓L ! ⇡ � ✓L for ✓L > ⇡/2,

P0

8,S8 :

8
>>>><

>>>>:

� ! ⇡ � � for � > ⇡/2

� ! �⇡ � � for � < �⇡/2

✓K ! ⇡ � ✓K for ✓L > ⇡/2

✓L ! ⇡ � ✓L for ✓L > ⇡/2.

I With a transformation of the angles, the
dimension is reduced to three free parameters

I Each transformation remains three
observables Sj , FL and S3

I The observables

P0
i=4,5,6,8 =

Sj=4,5,7,8p
FL(1 � FL)

,

are considered to be largely free from
form-factor uncertainties (J. High Energy
Phys. 05 (2013) 137).

I Transverse polarization asymmetry

A(2)
T =

2S3

(1 � FL)

Introduced by LHCb in Phys. Rev. Lett. 111, 191801.
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“clean” observables

cancel form-factor uncertainties
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Most simple approach: Ratio of Branching Ratios

• Separate results B0 and B+

The new Belle result

arXiv:1904.02440

10.1007/JHEP10(2016)075SM prediction by:

https://doi.org/10.1007/JHEP10(2016)075
https://doi.org/10.1007/JHEP10(2016)075
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Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in Angular Observables

I Test lepton flavor universality
I Observables Qi = P

µ
i

� P
e

i
, JHEP 10, 075 (2016)

I Deviation from zero very sensitive to NP

I Published recently in Phys. Rev. Lett. 118, 111801 (2017)
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Testing for lepton flavour universality in angular observables

• Testing for LFU can overcome this with 
very clean observables

Smoking gun to overcome theory uncertainties

Qi = P′ i
μ − P′ i

e
Introduction Flavor Anomalies Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in Angular Observables

I Test lepton flavor universality
I Observables Qi = P

µ
i
� P

e

i
, JHEP 10, 075 (2016)

I Deviation from zero very sensitive to NP

I Published recently in Phys. Rev. Lett. 118, 111801 (2017)
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