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B-Factory Family Album
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B! threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

Collision cross section to hadrons in nb

BaBar

Belle II



University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful
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⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
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flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.
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* Reconstruct 2nd B via hadronic modes, look
for events with lepton and D-meson candidates

* Measure �B in bins of w v q2 = (pB � pD)2

by using

M2
miss = (pB � pD � p`)

2 = (p⌫)2

* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements

b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D

0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫e sub-sample. Points

with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed

background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! ¯D0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.

15

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25

30

35

40
15−10×

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25

30

35

40
15−10×

Belle
HPQCD
FNAL/MILC
Fit

FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
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We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
7 / 19
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B-Factory Family Album

HERA-B LHCb

proton-atom collisions proton-proton collisions

CDF D0

13

Note:
• Also proton-antiproton 

collision experiments and 
results from ATLAS & 
CMS
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The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 
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2001 2015

Existence of CPV phase established in 2001 by BaBar & Belle
• Picture still holds 15 years later, constrained with remarkable precision
• But: still leaves room for new physics contributions
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Recap of the last decade of BaBar & Belle: a rich harvest
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Physics done in Bonn 
an overview

Belle II Detector
concept and current status

Belle II Physics
from CPV to dark photons

Belle II & LHCb
On complementarity and overlap

B-Factories
a quick introduction to the family
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Flavour Anomalies: |Vub| & |Vcb|

Sizeable tension in exclusive and inclusive  |Vub| & |Vcb|
• Both methods considered theoretical and experimental mature
• Individual determinations leave a consistent picture
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• About 2.3σ and 3.4σ disagreement between incl. and excl. for |Vcb| & |Vub|, respectively
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B(B ! Xq ` ⌫̄`)
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from theory

from experiment
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Predominantly measured using

• Tagged and untagged measurements
• Tagged = fully reconstruct second B meson in decay with 

hadronic modes

• Some tension between the measurements:

• P-Value of combined 4 par fit: 2%
• Fit takes into account correlated 

uncertainties, but does not allow for 
systematic pulls.
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Fermilab+MILC: arXiv:1503.07839v2 [hep-lat] 
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Figure 27. Left: comparison of vector form factor f
+

(z) from z expansion fits to: only the lattice-

QCD data (cyan band) and only experimental data including all four measurements (gold band).

Right: the similar plot for the partial branching fraction dB/dq2. The fits including lattice results

use Nz = 4, while the experiment-only fit uses Nz = 3. The experimental data points and the

experiment-only z-fit result in the left plot have been converted from
�
�B/�q2

�
1/2 to f

+

using

|Vub| from the combined fit. The lattice-only fit result(cyan band) and the combined-fit result (red

band) in the right plot is converted from the form factor with the same |Vub|.

VI. RESULTS AND CONCLUSION

Our final result for |Vub|, obtained from our preferred z fit combining our lattice-QCD cal-

culation of the B ! ⇡`⌫ form factor with experimental measurements of the corresponding

decay rate, is

|Vub| = (3.72± 0.16)⇥ 10�3. (6.1)

The error includes all experimental and lattice-QCD uncertainties. The contribution from

lattice QCD to the total error is now comparable to that from experiment. The error reported

here, following HFAG [6], does not apply the PDG prescription for discrepant data; that

prescription [66] would scale the error by a factor of
p

�2/dof = 1.2. As can be seen from

Table XVII and Fig. 26, the low fit quality is due to the tension between the BaBar11 data

set and the others. An inspection of all the experimental data in Fig. 27 shows that the

point near z = �0.1 in the BaBar11 data set is lower than the others and a bit more precise

than one might have anticipated, but does not suggest that this or any of the data sets have

any systematic problems.

56

B ! ⇡ ` ⌫̄`

Table XVI. Results of the combined lattice+experiment fits with Nz = 4;.

Fit �2/dof dof p value b+
0

b+
1

b+
2

b+
3

|Vub|(⇥103)

Lattice+exp.(all) 1.4 54 0.02 0.419(13) �0.495(55) �0.43(14) 0.22(31) 3.72(16)

Lattice+BaBar11 [7] 1.1 9 0.38 0.414(14) �0.488(73) �0.24(22) 1.33(44) 3.36(21)

Lattice+BaBar12 [8] 1.1 15 0.34 0.415(14) �0.551(72) �0.45(18) 0.27(41) 3.97(22)

Lattice+Belle11 [9] 0.9 16 0.55 0.412(13) �0.574(65) �0.40(16) 0.38(36) 4.03(21)

Lattice+Belle13 [10] 1.0 23 0.42 0.406(14) �0.623(73) �0.13(22) 0.92(45) 3.81(25)

summarizes the various fit results. Due to the tension between the experimental data sets,

the p value of the fit to the lattice result and all experiments is only 0.02. Table XVII shows

the contributions to the total �2 from each data set of the combined fit. By far the largest

contribution to �2/dof is from the BaBar 6-bin data set, similar to what we find for the

experiment-only fits presented in Table XV.

In the combined fit to lattice form factors and experimental data, the kinematic constraint

between f
+

and f
0

at q2 = 0 is unimportant for the determination of |Vub|. This is because

the experimental data constrain the shape at low q2. Removing the kinematic constraint

from the combined fit and fitting only with the vector form factor f
+

changes neither the

coefficients of the z expansion nor the value of |Vub|. We also try varying the number of

parameters bm in the z expansion (Nz). The results are shown in Table XVIII. Compared

to our preferred fit with Nz = 4, the fit using Nz = 3 gives a very low p value and a shift of

about 1� in both the form factor and |Vub|, while the fit result using Nz = 5 nearly coincides

with that of the Nz = 4 fit and the values of |Vub| are almost identical.

The experimental data are plotted in Fig. 27 (left) along with the z fits to the lattice

data and to all experimental data. The lattice form factor and experimental measurements

provide complementary information and, when combined, yield an accurate description of

the form factor over the full-q2 range and hence a precise determination of |Vub|. The plot

shows that the experimental data dominate the determination of the form-factor shape in

the large-z (small-q2) region while the lattice-QCD form factor dominates the small-z (large-

q2) region. In the intermediate region around q2 ⇠ 20GeV2 (z ⇠ 0), the lattice-QCD and

experimental uncertainties are similar in size. This region is decisive in determining |Vub|
and, hence, can be used to estimate the separate contributions from lattice and experimental

54

A closer look on the exclusive |Vub| side
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FB, Stephan Duell, Jochen Dingfelder, in preparation

New average of experimental input, that allows 
for systematics to pull on central values:

• Can average differential branching 
fractions in finest given granularity
• Results in one averaged spectrum + correlations 

that can be analyzed separately

• Pulls on systematic errors are propagated 
through to the central values of the measured 
distributions

A closer look on the exclusive |Vub| side
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Y
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FB, Stephan Duell, Jochen Dingfelder, in preparation

Result of BCL + Fermilab/MILC + Bharucha fit:

|Vub|⇥ 10�3 = 3.67± 0.13

�2/ndf = 21.9/22 P = 0.47

• Used only large q2 range for lattice input

• Some tension in shape between data 
and lattice

• High q2 region sensitive to modelling of 
other SL b → u transitions

• Will need substantially larger data set 
to improve understanding there.

A closer look on the exclusive |Vub| side
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Abstract

The impact of right-handed currents in both charged- and neutral-current flavour-violating
processes is analysed by means of an e↵ective theory approach. More explicitly, we analyse
the structure of dimension-six operators assuming a left-right symmetric flavour group, com-
muting with an underlying SU(2)L⇥SU(2)R⇥U(1)B�L global symmetry, broken only by two
Yukawa couplings. The model contains a new unitary matrix controlling flavour-mixing in
the right-handed sector. We determine the structure of this matrix by charged-current data,
where the tension between inclusive and exclusive determinations of |Vub| can be solved. Hav-
ing determined the size and the flavour structure of right-handed currents, we investigate how
they would manifest themselves in neutral current processes, including particle-antiparticle
mixing, Z ! bb̄, Bs,d ! µ+µ�, B ! {Xs,K,K⇤}⌫⌫̄, and K ! ⇡⌫⌫̄ decays. The possi-
bility to explain a non-standard CP-violating phase in Bs mixing in this context, and the
comparison with other predictive new-physics frameworks addressing the same problem, is
also discussed. While a large S � asymmetry can easily be accommodated, we point out a
tension in this framework between |Vub| and S K .

1 Introduction

One of the main properties of the Standard Model (SM) regarding flavour violating processes
is the left-handed structure of the charged currents that is in accordance with the maximal
violation of parity observed in low energy processes. Left-handed charged currents encode
at the level of the Lagrangian the full information about flavour mixing and CP violation
represented compactly by the CKM matrix. Due to the GIM mechanism this structure
has automatically profound implications for the pattern of FCNC processes that seems to
be remarkably in accordance with the present data within theoretical and experimental
uncertainties, bearing in mind certain anomalies which will be discussed below.

Yet, the SM is expected to be only the low-energy limit of a more fundamental theory
in which parity could be a good symmetry implying the existence of right-handed charged
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Figure 1: Constraints on |Vub| and ✏R Re
⇣

eVub
Vub

⌘
from d B ! ⇡`⌫ (green), B ! Xu`⌫ (blue), and

B ! ⌧⌫ (orange). The bands denote the ±1� intervals of the various experimental constraints.
The ellipse denotes the 1� region of our best-fit solution.

where the inequalities correspond to the ±1� interval and we have assumed small phases
except for eVub. The entries without figures have very weak direct experimental constraints.
Altogether the constraints in Eq. (57) seem to be rather weak. However, thanks the unitarity
condition, they are su�cient to draw a series of interesting conclusions.

Constraints on ✏R. The large value of |eVub| allows us to derive a significant constraint on
the value of ✏R from the unitarity of the first row:

|✏R| =
⇣
|✏R eVud|2 + |✏R eVus|2 + |✏R eVub|2

⌘1/2
= (1.0± 0.5)⇥ 10�3 . (58)

Given the bound on ✏L derived in Eq. (35), the possibility of ✏L and ✏R of the same order
is perfectly allowed. Note also that the central value in Eq. (58) is in good agreement
with the näıve estimate of models with strong electroweak symmetry breaking, where
we expect cL,R = O(1) and ⇤ = 4⇡v ⇡ 3 TeV.

We have no information to disentangle the sign of ✏R and eVub. For simplicity in the
following we assume ✏R to be positive. This assumption will not have any consequence
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An interesting possibility to ease the tension between various determinations of |Vub| is to allow
a small right-handed contribution to the standard model weak current. The present bounds on
such a contribution are fairly weak. We propose new ways to search for such a beyond standard
model contribution in semileptonic B ! ⇢`⌫̄ decay. Generalized asymmetries in one, two, or three
angular variables are introduced as discriminators, which do not require an unbinned analysis of
the fully di↵erential distribution, and a detailed study of the corresponding theoretical uncertainties
is performed. A discussion on how binned measurements can access all the angular information
follows, which may be useful in both B ! ⇢`⌫̄ and B ! K⇤`+`�, and possibly essential in the
former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|
is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B

0�B

0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

L
e↵

= �4GFp
2
V

L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µ

PL`) + h.c.,

(1)
where PL,R = (1⌥�

5

)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u

and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|
assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �

2 fit for |V L
ub| � ✏R without and with

B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D

⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.

Fit |V L
ub|⇥ 104 ✏R �2 / ndf Prob.

3 modes 4.07± 0.18 �0.17± 0.06 2.5 /1 0.11

4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄

decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A

0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K
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� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
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in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
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TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄

decay is described by replacing in the matrix element
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0,1,2) form
factors via
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(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K
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� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡
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in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
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TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄

decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A

0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K

⇤
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� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡

+

in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
W

� in the B restframe. Finally � is the angle between
the decay planes of the hadronic and leptonic systems
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FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.
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4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.
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decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A

0,1,2) form
factors via
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(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K
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� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡
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in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
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usual definition in the similar flavor-changing neutral-
current decay B ! K

⇤(! K⇡)`+`� [18, 20]. The fully
di↵erential rate is

d�

dq2 d cos ✓V d cos ✓` d�
=

G

2

F |V L
ub|2m3

B

2⇡4

⇥
⇢
J

1s sin
2

✓V + J

1c cos
2

✓V

+ (J
2s sin

2

✓V + J

2c cos
2

✓V ) cos 2✓`

+ J

3

sin2 ✓V sin2 ✓` cos 2�

+ J

4

sin 2✓V sin 2✓` cos�+ J

5

sin 2✓V sin ✓` cos�

+ (J
6s sin

2

✓V + J

6c cos
2

✓V ) cos ✓`
+ J

7

sin 2✓V sin ✓` sin�+ J

8

sin 2✓V sin 2✓` sin�

+ J

9

sin2 ✓V sin2 ✓` sin 2�

�
. (3)

Our convention for the ranges of the angular variables are
� 2 [0, 2⇡], ✓` 2 [0,⇡], ✓V 2 [0,⇡]. Switching � ! �� ⇡,
so that � 2 [�⇡,⇡], customary in B ! K

⇤
`

+

`

�, amounts
to a sign flip in the terms

{J
4

, J

5

, J

7

, J

8

} ! {�J

4
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, �J

7

, �J

8

} . (4)

The dependence on q

2, as well as that on all form factors
and on the NP parameter ✏R, is contained in the 12 di-
mensionless Ji(q2, ✏R) functions. For the Lagrangian in
Eq. (1), some simplifications occur

J

1s = 3J
2s , J

1c = �J

2c , J

7

= 0 , (5)

and additionally J

6c = 0 for massless leptons. While the
functions J

7,8,9 are proportional to Im ✏R, the other Ji

functions start with (Im ✏R)2 and Re ✏R, and so they are
mainly sensitive to Re ✏R. Partially integrated rates can
be found in Appendix A.

An important di↵erence between B ! ⇢`⌫̄ and B !
K

⇤
`

+

`

� is that in the former case the leptonic current
is constrained to be left-handed, and in the latter case
several operators contribute already in the SM, thus it is
more compelling to study all possible NP contributions.
(Right-handed `⌫̄ couplings are severely constrained, e.g.,
by Michel parameter analyses.) The rate corresponding
to switching from left-handed to right-handed leptonic
current is obtained by the replacement ✓` ! ✓` � ⇡, re-
sulting in a sign flip of the terms

{J
5

, J

6s, J6c, J7} ! {�J

5

, �J

6s, �J

6c, �J

7

} . (6)

(As well as multiplication by the square of the right-
handed coupling; neglecting lepton masses, there is no
interference between the two lepton couplings.) This dif-
ference can only be seen in an angular analysis, as it does
not contribute after integration over the angles. The q

2

spectrum depends on 2J
1s + J

1c � (2J
2s + J

2c)/3 and
hence is insensitive to the chirality of the lepton current.

In B ! K

⇤
`

+

`

� decay, a set of “clean observables”
were proposed [13], which can be calculated model inde-
pendently in the SM, if the so-called “non-factorizable”

contributions dominate the form factors [16]. These ob-
servables are ratios of the Ji functions, constructed so
that these non-factorizable contributions cancel at each
value of q2, while there are corrections from power sup-
pressed e↵ects as well as calculable “factorizable” con-
tributions. The cancellation of the non-factorizable con-
tributions arises because in the heavy b-quark limit, the
number of independent nonperturbative parameters is re-
duced due to the symmetries of SCET [21, 22]. However,
even in this case, symmetry breaking corrections may be
a significant limitation in practice [18]. In the following
we explore the possibilities of constructing observables
sensitive to a right-handed current.
A fully di↵erential analysis in four-dimensions, as re-

quired for the determination of the Ji in bins of q2 for
the calculation of the “clean observables” is experimen-
tally challenging: an unbinned fit to the four-dimensional
decay rates requires parametrizing the background com-
ponents and their correlations adequately and when faced
with this problem experimentalists often choose alter-
native approaches, e.g., projections are analyzed (see
Refs. [10, 11]) or event probabilities are assigned (see,
e.g., Ref. [12]). Both methods are complicated, and as
we are interested in the search for right-handed currents,
corresponding to constraining a single unknown parame-
ter, we explore simpler variables, which amount to count-
ing experiments in di↵erent regions of phase space.

B. One- and generalized two-dimensional
asymmetries

It is well known that the forward-backward asymmetry
is sensitive to the chiral structure of currents contributing
to a decay,

A
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(7)
We study the sensitivity of this variable to ✏R in Sec. IV,
after discussing the form factor inputs used. The one-
dimensional distributions in � and ✓V are symmetric,
and hence it is not possible to construct asymmetry-type
observables with good sensitivity to ✏R from these one-
dimensional distributions.
Next, we integrate over one of the three angles, which

reduces the number of contributing Ji. We achieve the
best sensitivity by integrating over the angle �, which
leaves us with
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and J

6c = 0 for massless leptons. This limits the possible
observables substantially, and none of the “clean observ-
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FIG. 5. The optimized contour (red curve) separating the SM (left) and NP linear in ✏R (right) contributions.
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5i (top center), hP5,4i (top right), hP8,5i (lower left), hP9,5i (lower center), hP8,3i (lower right), are defined in Eqs. (11)–(14).

Fig. 6. The statistical correlations between the numera-
tor and denominator in the observables was estimated us-
ing Monte Carlo methods, neglecting any influence from
background. The three-dimensional observables reduce
the theoretical uncertainties with respect to the one-
dimensional or two-dimensional asymmetries. Their ex-
perimental uncertainties, however, are larger due to the
great number of free parameters that need to be deter-
mined from the same data. The most precise observable
for 1 ab�1 of integrated luminosity are hP

5,4i and hP
8,3i,

for real and imaginary ✏R, respectively.

C. Testing NP contributions vs. form factor
uncertainties

The predicted value of the observables depends on the
assumed form factor shape and integrated q

2 range. As
this is a nonperturbative calculation with possible un-
known systematic uncertainties, in case experimentally a
significant deviation is observed, it is necessary to verify
if NP is the source of a possible deviation (see the recent
discussion related to B ! K

⇤ transitions [18]).

An obvious consistency check is to measure several of
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tor and denominator in the observables was estimated us-
ing Monte Carlo methods, neglecting any influence from
background. The three-dimensional observables reduce
the theoretical uncertainties with respect to the one-
dimensional or two-dimensional asymmetries. Their ex-
perimental uncertainties, however, are larger due to the
great number of free parameters that need to be deter-
mined from the same data. The most precise observable
for 1 ab�1 of integrated luminosity are hP

5,4i and hP
8,3i,

for real and imaginary ✏R, respectively.

C. Testing NP contributions vs. form factor
uncertainties

The predicted value of the observables depends on the
assumed form factor shape and integrated q

2 range. As
this is a nonperturbative calculation with possible un-
known systematic uncertainties, in case experimentally a
significant deviation is observed, it is necessary to verify
if NP is the source of a possible deviation (see the recent
discussion related to B ! K

⇤ transitions [18]).

An obvious consistency check is to measure several of
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candidates as a function of q2. For the case where
one q2 solution is required to be above 15GeV2/c4

(marked by the vertical line), there is still significant
e�ciency for signal below this value, whereas, when
both solutions have this requirement, only a small
amount of signal below 15GeV2/c4 is selected.
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shapes of the signal and background components
are modelled using simulation, where the un-
certainties coming from the finite size of the
simulated samples are propagated in the fits.
The yields of all background components are
allowed to vary within uncertainties obtained as
described below.
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candidates, many sources of back-
ground are accounted for. The largest of
these is the cross-feed from ⇤0
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decays, where the ⇤+
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decays into a pro-
ton and other particles that are not recon-
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There are no data above the nominal ⇤0

b

mass due
to the removal of unphysical q2 solutions.

from these decay modes is estimated by fully
reconstructing two ⇤+
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decays in the data. The
background where the additional particles in-
clude charged particles originating directly from

4

LHCb carried out very nice measurement of 

• Can be well reconstructed due to well separated secondary 
vertex and clean final states 

• Signal & background separation in corrected mass:
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Figure 1: Diagram illustrating the topol-
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ground decays. The ⇤0
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baryon travels about 1 cm
on average before decaying; its flight direction is
indicated in the diagram. In the ⇤0
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signal
case, the only other particles present are typically
reconstructed far away from the signal, which are
shown as grey arrows. For the background from ⇤+
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decays, there are particles which are reconstructed
in close proximity to the signal and which are indi-
cated as dotted arrows.
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tion of about 1GeV2/c4, while the wrong solu-
tion has a resolution of 4GeV2/c4. To avoid
influence on the measurement by the large un-
certainty in form factors at low q2, both so-
lutions are required to exceed 15GeV2/c4 for
the ⇤0

b

! pµ�⌫
µ

decay and 7GeV2/c4 for the
⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

decay. Simulation
shows that only 2% of ⇤0

b

! pµ�⌫
µ

decays and
5% of ⇤0

b

! ⇤+

c

µ�⌫
µ

decays with q2 values below
the cut values pass the selection requirements.
The e↵ect of this can be seen in Fig. 2, where the
e�ciency for signal below 15GeV2/c4 is reduced
significantly if requirements are applied on both
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tainties. The e�ciency of simulated ⇤0
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! pµ�⌫
µ

candidates as a function of q2. For the case where
one q2 solution is required to be above 15GeV2/c4

(marked by the vertical line), there is still significant
e�ciency for signal below this value, whereas, when
both solutions have this requirement, only a small
amount of signal below 15GeV2/c4 is selected.

dates for the two decays are shown in Fig. 3. The
signal yields are determined from separate �2
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corr

distributions of the ⇤0

b

! pµ�⌫
µ

and ⇤0
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µ

candidates. The
shapes of the signal and background components
are modelled using simulation, where the un-
certainties coming from the finite size of the
simulated samples are propagated in the fits.
The yields of all background components are
allowed to vary within uncertainties obtained as
described below.
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Figure 3: Corrected mass fit used for de-

termining signal yields. Fits are made to
(top) ⇤0
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! pµ�⌫
µ

and (bottom) ⇤0

b

! (⇤+

c

!
pK�⇡+)µ�⌫

µ

candidates. The statistical uncer-
tainties arising from the finite size of the simulation
samples used to model the mass shapes are indi-
cated by open boxes while the data are represented
by the black points. The statistical uncertainty on
the data points is smaller than the marker size used.
The di↵erent signal and background components
appear in the same order in the fits and the legends.
There are no data above the nominal ⇤0
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mass due
to the removal of unphysical q2 solutions.

from these decay modes is estimated by fully
reconstructing two ⇤+
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decays in the data. The
background where the additional particles in-
clude charged particles originating directly from
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|Vub| from baryonic decays and more on RH currents
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Figure 1: Diagram illustrating the topol-

ogy for the (top) signal and (bottom) back-

ground decays. The ⇤0

b

baryon travels about 1 cm
on average before decaying; its flight direction is
indicated in the diagram. In the ⇤0

b

! pµ�⌫
µ

signal
case, the only other particles present are typically
reconstructed far away from the signal, which are
shown as grey arrows. For the background from ⇤+

c

decays, there are particles which are reconstructed
in close proximity to the signal and which are indi-
cated as dotted arrows.
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decay candidates, where the pion and kaon are
ignored in the calculation of the BDT response
for the ⇤0
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case.
The ⇤0

b

mass is reconstructed using the so-
called corrected mass [33], defined as

m
corr

=
q
m2

hµ

+ p2? + p?,

where m
hµ

is the visible mass of the hµ pair and
p? is the momentum of the hµ pair transverse

to the ⇤0

b

flight direction, where h represents
either the proton or ⇤+

c

candidate. The flight
direction is measured using the PV and ⇤0

b

vertex
positions. The uncertainties on the PV and
the ⇤0

b

vertex are estimated for each candidate
and propagated to the uncertainty on m

corr

; the
dominant contribution is from the uncertainty
in the ⇤0

b

vertex.
Candidates with an uncertainty of less than

100MeV/c2 on the corrected mass are selected
for the ⇤0

b

! pµ�⌫
µ

decay. This selects only 23%
of the signal; however, the separation between
signal and background for these candidates is
significantly improved and the selection thus re-
duces the dependence on background modelling.

The LQCD form-factors that are required to
calculate |V

ub

| are most precise in the kinematic
region where q2, the invariant mass squared of
the muon and the neutrino in the decay, is high.
The neutrino is not reconstructed, but q2 can
still be determined using the ⇤0

b

flight direction
and the ⇤0

b

mass, but only up to a two-fold
ambiguity. The correct solution has a resolu-
tion of about 1GeV2/c4, while the wrong solu-
tion has a resolution of 4GeV2/c4. To avoid
influence on the measurement by the large un-
certainty in form factors at low q2, both so-
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decay and 7GeV2/c4 for the
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shows that only 2% of ⇤0
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decays and
5% of ⇤0
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! ⇤+

c

µ�⌫
µ

decays with q2 values below
the cut values pass the selection requirements.
The e↵ect of this can be seen in Fig. 2, where the
e�ciency for signal below 15GeV2/c4 is reduced
significantly if requirements are applied on both
solutions. It is also possible that both solutions
are imaginary due to the limited detector resolu-
tion. Candidates of this type are rejected. The
overall q2 selection has an e�ciency of 38% for
⇤0

b

! pµ�⌫
µ

and 39% for ⇤0

b

! ⇤+

c

µ�⌫
µ

decays
in their respective high-q2 regions.
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The mass distributions of the signal candi-

3

due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0

b

! pµ�⌫
µ

) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support

Rε
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Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.
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• Helped carrying out an interpretation of RH currents
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Inclusive measurements very challenging: 
• CKM favoured b → c largest background (50 x larger)

• Near identical signature: lepton, one missing neutrino
• Can only be clearly separated near kinematic endpoints

• Problem: cannot make reliable theory predictions there

• Predictions depend on details of B-meson PDF 
• Fermi motion of b-quarks inside the B-meson determine details near kinematic endpoint

28

A closer look on the inclusive |Vub| side

3

(Brief) Overview New Developments Conclusions

|Vub| from Inclusive B ! Xu`⌫

Removing huge charm background requires
stringent phase space cuts

B(B ! Xc`⌫)/B(B ! Xu`⌫) � 50

Cuts can drastically enhance perturbative and
nonperturbative corrections

Rates become sensitive to b-quark PDFs in B meson
Determine shape of spectra
Leading order: Universal shape function (SF)
[Neubert (1993); Bigi et al. (1993)]

O(�QCD/mb): Several more subleading shape
functions [Bauer, Luke, Mannel (2001)]

Need to be extracted from data (like any PDF)
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Figure 2: The lepton energy distribution (E

`

) and hadronic mass spectrum (m
X

) from B̄ ! X
u

` ⌫̄
`

(orange) and B̄ ! X
c

` ⌫̄
`

(blue) are compared with each other. Both decays can be separated near the
kinematic endpoint of the lepton energy spectrum or at low values for the hadronic mass. Predictions
of this region are very sensitive for the details of the shape function. Note that B̄ ! X

u

` ⌫̄
`

decay was
scaled by a factor of 50 and that the resonance region at low m

X

is not shown.

The CKM Matrix Element V
ub

and semileptonic Decays : Precision knowledge of the CKM matrix
element V

ub

plays a central role in testing the unitarity of the CKM matrix as its absolute value is directly
constraining the size of the CP -violating KM phase. Figure 1 (left) shows the constraint of |V

ub

| in the
global CKM fit of Ref. [3] for the size of the CP violating phase. The displayed unitarity triangle is
constructed from one of the nine unitarity conditions of the CKM matrix,

V
ud

V ⇤
ub

+ V
cd

V ⇤
cb

+ V
td

V ⇤
tb

= 0 , (2)

and dividing each side by the experimentally best-constrained side V
cd

V ⇤
cb

. In this construction the edges
lie exactly at (0,0), (0,1) and (⌘̄, ⇢̄), where the complex KM phase, responsible for all CP violation in the
SM, is proportional to (⇢̄ + i⌘̄). The constraint from |V

ub

| is shown as a green circle in Figure 1 (left) and
the different coloured regions correspond to various constraints from CP violation in K0 � K̄0 mixing,
time dependent CP asymmetry measurements from neutral B-meson decays, and tree-level B decays.
The red hashed region in the apex of the unitary triangle is the result of the global combination of (⇢̄+ i⌘̄)
at 68% CL.

For the precision measurements of |V
ub

| semileptonic B̄ ! X
u

` ⌫̄
`

decays with electron and muon
final states are fundamental. Such transitions are believed to be largely free of new physics as they are
dominated by tree-level W±-boson exchanges1. Figure 1 (right) shows the Feynman graph of a typical
semileptonic transition of a B-meson: the b-quark decays into a lighter quark q of the first or second
generation via a charged weak current and the final state quarks undergo a fragmentation q ! X

q

into one or several final state hadrons. Up to small electroweak corrections, the final state lepton-
(anti)neutrino pair and the hadronic system do not interact with each other and factorize, which simplifies
theoretical predictions for such decays considerably. This is important as experimentally only the total
or partial branching fraction, �B, is accessible and input from theory is needed to convert this into a
measurement for |V

ub

|. For this translation a prediction for the partial or total rate, ��, without CKM
factors from theory is needed:

|V
ub

| =

r
�B

⌧
B

��
, (3)

with ⌧
B

the lifetime of the B-meson. In principle, a similar translation can be done with measured branch-
ing fractions from hadronic or leptonic B-meson decays. The strong interaction of the final state hadrons
make reliable predictions for the partial or total rate of hadronic B-meson decays extremely challenging
and less precise than semileptonic predictions. Leptonic decays are theoretically very well understood,
but in the SM the decay to light leptons is suppressed by helicity considerations and B̄ ! ⌧ ⌫̄

⌧

is ex-
perimentally very challenging and sensitive to new physics through charged Higgs boson exchanges.
Semileptonic decays offer a good middle ground between experimental difficulties and the need for pre-
cise theoretical predictions.

There are two approaches to measure |V
ub

| from semileptonic decays:
1Semileptonic processes with ⌧ -lepton final states are experimentally very challenging and also sensitive to the presence of a

charged Higgs boson. I’ve investigated the impact of a charged Higgs for the exclusive B̄ ! ⇡ ⌧ ⌫̄⌧ decay in Ref. [Ber15].
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| from semileptonic decays:
1Semileptonic processes with ⌧ -lepton final states are experimentally very challenging and also sensitive to the presence of a

charged Higgs boson. I’ve investigated the impact of a charged Higgs for the exclusive B̄ ! ⇡ ⌧ ⌫̄⌧ decay in Ref. [Ber15].
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Figure 3: The extracted bF (k) (with absorbed 1/mb corrections) for two (c0,1), three
(c0,1,2), four (c0,1,2,3), and five (c0,1,2,3,4) coe�cients and basis parameter � = 0.5 GeV
(Left). The colored envelopes are given by the uncertainties and correlations of the
extracted coe�cients cn. Determined values of |C incl

7 VtbV ⇤
ts| and m1S

b with ��2 = 1
contour (Right). The grey band shows the SM value of |C incl

7 VtbV ⇤
ts| and the pink

band show the SCET scale variation uncertainties.
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Figure 4: Left: The determined shape of the shape function is shown with two (c01), three (c012), four
(c0123), and five (c01234) coefficients. The coloured regions correspond to the experimental precision.
Right: The determined values of

��C incl
7 V

tb

V ⇤
ts

�� and m
b

is shown (orange). The grey band shows the SM
expectation of

��C incl
7

�� and the red band the theory uncertainties from missing higher order corrections
and input parameters. Both plots are from Ref. [Ber10, Ber13].

i. The use of model functions for the shape function is abolished. Instead, the functional form of the
shape function is directly constrained by the available experimental information. This removes a
range of ad-hoc assumptions on the chosen parametrization and allows for properly propagating
experimental uncertainties into the final result.

ii. The data-driven method of Ref. [11, 12, 13] to translate the leading shape function of B̄ ! X
s

�
cannot be combined with additional constraints from B̄ ! X

c

` ⌫̄
`

. In contrast, the proposed ap-
proach of Ref. [23] allows for readily combining the information from several input measurements
in a consistent way.

iii. The experimentally most precise regions, e.g. the endpoint of the lepton spectrum of B̄ ! X
u

` ⌫̄
`

,
can be used to extract |V

ub

| with minimal model dependence.

The principal idea of Ref. [23] is to treat the non-perturbative parts of the shape function as an
expansion of a set of suitable orthonormal functions, f

n

,

bF (k) =

"
X

n

c
n

f
n

(k)

#2

, (4)

where the coefficients c
n

can be obtained by fitting the experimental information and contain non-
perturbative physics. The construction in Eq. 4 can be consistently combined with perturbative cor-
rections, and expanding the square root ensures the necessary physical positivity of the shape function.
Although the coefficients can be constrained by fitting hadronic moments or partial branching fraction,
the highest sensitivity in determining them comes from differential information: precision measurements
of the photon energy spectrum from inclusive decays exist [20, 21], but so far no published differential
measurement of B̄ ! X

u

` ⌫̄
`

using the full Belle data set have been carried out. Eq. 4 offers a model-
independent construction for any choice of basis, but in practice the expansion will need to be truncated
after a finite number of coefficients. This results in a truncation or residual model-uncertainty. For suit-
able choices of the basis, the series converges quickly and the model-uncertainty due to the truncation is
negligible with respect to the experimental uncertainties. If new experimental information is incorporated
into the prescription of Ref. [23], the description of the shape function can be systematically improved by
increasing the number of determined coefficients, reducing the model error further. This allows one to
systematically control the model error and keep its size negligible with respect to the experimental error.
In this sense the |V

ub

| determination can be made shape function model independent.

Proof-of-concept Analysis to determine the Shape Function with B̄ ! X
s

� decays: In Ref. [Ber10,
Ber13] a proof-of-concept analysis of Ref. [23] using the available B̄ ! X

s

� measurements was carried
out and the shape function of the b ! s � decay with absorbed 1/m

b

corrections was determined. The
precision study of such radiative penguin transitions is interesting, as the loop responsible for the b ! s �

coefficients contain non-perturbative physics

orthonormal expansion γ
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q
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γ
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Figure 1: On the left-hand side the SM penguin B ! Xs � decay is shown. In
new-physics models, such as e.g. the minimal supersymmetric Standard Model, the
Wilson coe�cient associated with the e↵ective operator O

7

shown at the right-hand
side is modified.

would manifest itself in modifications of the total decay rate. In this presentation, a
model-independent analysis is carried out to test the compatibility of four B ! Xs �
measurements with the Standard Model expectation (SM). In Fig. 1 the SM decay
and a possible extension via a charged Higgs boson are shown. In the past, such
an analysis used the extrapolation of the measured decay rates to the low E� region
to compare the experimental measured partial branching fraction with the next-to-
next-to-leading order SM prediction, B(E� > 1.6GeV) = (3.55± 0.24± 0.09)⇥10�4,
from Ref. [1, 2], as adopted e.g. by the analysis of Ref. [3] and more recent updates.
The reason for this extrapolation lies in the theoretically poorly known nonpertur-
bative corrections from the b quark distribution function in the B meson, called the
shape function, which a↵ects the partial decay rate, B(E� > Ecut

� ), for high values of
Ecut

� . The drawback of the extrapolation based analyses lies in the introduction of
undesired model dependencies, which are hard to quantify, and also in making poor
use of the experimentally most precise regions at high E� by including the partial
branching fraction down to the region of phase space with low E�, which is domi-
nated by large background contributions from other B meson decays. The SIMBA
collaboration uses an alternative approach, outlined in Ref. [4], by determining the
shape function directly from data from a global analysis of the B ! Xs � spectra with
negligible model dependence compared to the present experimental and theoretical
uncertainties. The main changes with respect to our earlier work Ref. [5, 6] lies in
the evaluation of the uncertainties of missing higher-order perturbative corrections,
and the inclusion of the measured E� spectrum of Ref. [7].
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Fig. 10.1 The first five orthonormal basis functions fn are shown. The image was taken
from Ref. [94].

light-cone momentum in Eq. (10.11). Introducing Eq. (10.14) into Eq. (10.11) results in

d�(B æ Xs “)
dE“

= –em G2
F |VtbV ú

ts|2 ‚m5
b

16 fi4
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n,m=0
cncm

I

W 77
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ÿ

ij ”=77
W ij

nm +
ÿ

i”=7
W i7

nm

J

,

(10.18)

with the operator dependent contributions

W jk
nm =

⁄
dk W jk Fnm(k) , (10.19)

with W jk as defined in Sec. 10.2, and the basis function product

Fnm(k) = 1
⁄

fn

3
k

⁄

4
fm

3
k

⁄

4
. (10.20)

Eq. (10.18) parametrizes the di�erential B æ Xs “ decay rate as a function of the non-
perturbative coe�cients, cn, and allows for the experimental determination of the non-perturbative
function, ‚F (k). The basis of the expansion can be changed, e.g. by using di�erent values for ⁄.

The first few moments of ‚F (k) can be related to expectation values of heavy quark operators:

M0[ ‚F ] =
Œÿ

n,m=0
cncm”nm = 1 , (10.21)

M1[ ‚F ] = ⁄
Œÿ

n,m=0
cncmM1

nm = ‚” , (10.22)
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Figure 3: The extracted bF (k) (with absorbed 1/mb corrections) for two (c0,1), three
(c0,1,2), four (c0,1,2,3), and five (c0,1,2,3,4) coe�cients and basis parameter � = 0.5 GeV
(Left). The colored envelopes are given by the uncertainties and correlations of the
extracted coe�cients cn. Determined values of |C incl

7 VtbV ⇤
ts| and m1S

b with ��2 = 1
contour (Right). The grey band shows the SM value of |C incl

7 VtbV ⇤
ts| and the pink

band show the SCET scale variation uncertainties.
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Figure 4: Left: The determined shape of the shape function is shown with two (c01), three (c012), four
(c0123), and five (c01234) coefficients. The coloured regions correspond to the experimental precision.
Right: The determined values of

��C incl
7 V

tb
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ts

�� and m
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is shown (orange). The grey band shows the SM
expectation of

��C incl
7

�� and the red band the theory uncertainties from missing higher order corrections
and input parameters. Both plots are from Ref. [Ber10, Ber13].

i. The use of model functions for the shape function is abolished. Instead, the functional form of the
shape function is directly constrained by the available experimental information. This removes a
range of ad-hoc assumptions on the chosen parametrization and allows for properly propagating
experimental uncertainties into the final result.

ii. The data-driven method of Ref. [11, 12, 13] to translate the leading shape function of B̄ ! X
s

�
cannot be combined with additional constraints from B̄ ! X

c

` ⌫̄
`

. In contrast, the proposed ap-
proach of Ref. [23] allows for readily combining the information from several input measurements
in a consistent way.

iii. The experimentally most precise regions, e.g. the endpoint of the lepton spectrum of B̄ ! X
u

` ⌫̄
`

,
can be used to extract |V

ub

| with minimal model dependence.

The principal idea of Ref. [23] is to treat the non-perturbative parts of the shape function as an
expansion of a set of suitable orthonormal functions, f

n

,

bF (k) =

"
X

n

c
n

f
n

(k)

#2

, (4)

where the coefficients c
n

can be obtained by fitting the experimental information and contain non-
perturbative physics. The construction in Eq. 4 can be consistently combined with perturbative cor-
rections, and expanding the square root ensures the necessary physical positivity of the shape function.
Although the coefficients can be constrained by fitting hadronic moments or partial branching fraction,
the highest sensitivity in determining them comes from differential information: precision measurements
of the photon energy spectrum from inclusive decays exist [20, 21], but so far no published differential
measurement of B̄ ! X

u

` ⌫̄
`

using the full Belle data set have been carried out. Eq. 4 offers a model-
independent construction for any choice of basis, but in practice the expansion will need to be truncated
after a finite number of coefficients. This results in a truncation or residual model-uncertainty. For suit-
able choices of the basis, the series converges quickly and the model-uncertainty due to the truncation is
negligible with respect to the experimental uncertainties. If new experimental information is incorporated
into the prescription of Ref. [23], the description of the shape function can be systematically improved by
increasing the number of determined coefficients, reducing the model error further. This allows one to
systematically control the model error and keep its size negligible with respect to the experimental error.
In this sense the |V

ub

| determination can be made shape function model independent.

Proof-of-concept Analysis to determine the Shape Function with B̄ ! X
s

� decays: In Ref. [Ber10,
Ber13] a proof-of-concept analysis of Ref. [23] using the available B̄ ! X

s

� measurements was carried
out and the shape function of the b ! s � decay with absorbed 1/m

b

corrections was determined. The
precision study of such radiative penguin transitions is interesting, as the loop responsible for the b ! s �

contains non-perturbative physics
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Figure 1: On the left-hand side the SM penguin B ! Xs � decay is shown. In
new-physics models, such as e.g. the minimal supersymmetric Standard Model, the
Wilson coe�cient associated with the e↵ective operator O

7

shown at the right-hand
side is modified.

would manifest itself in modifications of the total decay rate. In this presentation, a
model-independent analysis is carried out to test the compatibility of four B ! Xs �
measurements with the Standard Model expectation (SM). In Fig. 1 the SM decay
and a possible extension via a charged Higgs boson are shown. In the past, such
an analysis used the extrapolation of the measured decay rates to the low E� region
to compare the experimental measured partial branching fraction with the next-to-
next-to-leading order SM prediction, B(E� > 1.6GeV) = (3.55± 0.24± 0.09)⇥10�4,
from Ref. [1, 2], as adopted e.g. by the analysis of Ref. [3] and more recent updates.
The reason for this extrapolation lies in the theoretically poorly known nonpertur-
bative corrections from the b quark distribution function in the B meson, called the
shape function, which a↵ects the partial decay rate, B(E� > Ecut

� ), for high values of
Ecut

� . The drawback of the extrapolation based analyses lies in the introduction of
undesired model dependencies, which are hard to quantify, and also in making poor
use of the experimentally most precise regions at high E� by including the partial
branching fraction down to the region of phase space with low E�, which is domi-
nated by large background contributions from other B meson decays. The SIMBA
collaboration uses an alternative approach, outlined in Ref. [4], by determining the
shape function directly from data from a global analysis of the B ! Xs � spectra with
negligible model dependence compared to the present experimental and theoretical
uncertainties. The main changes with respect to our earlier work Ref. [5, 6] lies in
the evaluation of the uncertainties of missing higher-order perturbative corrections,
and the inclusion of the measured E� spectrum of Ref. [7].
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Figure 2: Used Belle and BABAR B ! Xs� measurements: Ref. [13] (top left),
Refs. [7] (top right), Ref. [14] (bottom left), Ref. [12] (bottom right); The histograms
show the result of the fit with a basis of � = 0.5 GeV with two (yellow), three (green),
four (blue), and four (orange) coe�cients. The default fit result uses four coe�cients.

The corresponding fits with two (c
0,1), three (c

0,1,2), four (c0,1,2,3), and five (c
0,1,2,3,4)

expansion coe�cients with � = 0.5 GeV are shown in Fig. 2. The fit converges
after the inclusion of four coe�cients and describes the measured spectra well. The
�2/ndf for the default fit with four coe�cients is 41.65/48 corresponding to a p-value
of 0.87. The fit results for the shape function for 2, 3, 4, and 5 basis coe�cients are
shown in the left panel of Fig. 3. The corresponding results for |C incl

7

VtbV
⇤
ts| and

m1S
b , where the latter is computed from the moments of the fitted bF (k), are shown

in the right panel of Fig. 3. The shape function in Fig. 3 verify the convergence of
the basis expansion as the number of basis functions is increased. As one expects,
the uncertainties returned by the fit increase with more coe�cients due to the larger
number of degrees of freedom. However, with too few coe�cients one would have to
add the truncation uncertainty. A reliable value for the final uncertainty is provided
by the fitted uncertainty when the central values have converged and the respective
last coe�cients, here c

3

or c
4

, are compatible with zero. At this point, the truncation
uncertainty can be neglected compared to the fit uncertainties. Equivalently, the
increase in the fit uncertainties from including the last coe�cient that is compatible
with zero e↵ectively takes into account the truncation uncertainty. Using a fixed
model function and fitting one or two model parameters would thus underestimate
the true model uncertainties in the shape function model.
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Figure 3: The extracted bF (k) (with absorbed 1/mb corrections) for two (c0,1), three
(c0,1,2), four (c0,1,2,3), and five (c0,1,2,3,4) coe�cients and basis parameter � = 0.5 GeV
(Left). The colored envelopes are given by the uncertainties and correlations of the
extracted coe�cients cn. Determined values of |C incl

7 VtbV ⇤
ts| and m1S

b with ��2 = 1
contour (Right). The grey band shows the SM value of |C incl

7 VtbV ⇤
ts| and the pink

band show the SCET scale variation uncertainties.
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Figure 4: Left: The determined shape of the shape function is shown with two (c01), three (c012), four
(c0123), and five (c01234) coefficients. The coloured regions correspond to the experimental precision.
Right: The determined values of

��C incl
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ts
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is shown (orange). The grey band shows the SM
expectation of

��C incl
7

�� and the red band the theory uncertainties from missing higher order corrections
and input parameters. Both plots are from Ref. [Ber10, Ber13].

i. The use of model functions for the shape function is abolished. Instead, the functional form of the
shape function is directly constrained by the available experimental information. This removes a
range of ad-hoc assumptions on the chosen parametrization and allows for properly propagating
experimental uncertainties into the final result.

ii. The data-driven method of Ref. [11, 12, 13] to translate the leading shape function of B̄ ! X
s

�
cannot be combined with additional constraints from B̄ ! X

c

` ⌫̄
`

. In contrast, the proposed ap-
proach of Ref. [23] allows for readily combining the information from several input measurements
in a consistent way.

iii. The experimentally most precise regions, e.g. the endpoint of the lepton spectrum of B̄ ! X
u

` ⌫̄
`

,
can be used to extract |V

ub

| with minimal model dependence.

The principal idea of Ref. [23] is to treat the non-perturbative parts of the shape function as an
expansion of a set of suitable orthonormal functions, f

n

,

bF (k) =

"
X

n

c
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(k)
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, (4)

where the coefficients c
n

can be obtained by fitting the experimental information and contain non-
perturbative physics. The construction in Eq. 4 can be consistently combined with perturbative cor-
rections, and expanding the square root ensures the necessary physical positivity of the shape function.
Although the coefficients can be constrained by fitting hadronic moments or partial branching fraction,
the highest sensitivity in determining them comes from differential information: precision measurements
of the photon energy spectrum from inclusive decays exist [20, 21], but so far no published differential
measurement of B̄ ! X

u

` ⌫̄
`

using the full Belle data set have been carried out. Eq. 4 offers a model-
independent construction for any choice of basis, but in practice the expansion will need to be truncated
after a finite number of coefficients. This results in a truncation or residual model-uncertainty. For suit-
able choices of the basis, the series converges quickly and the model-uncertainty due to the truncation is
negligible with respect to the experimental uncertainties. If new experimental information is incorporated
into the prescription of Ref. [23], the description of the shape function can be systematically improved by
increasing the number of determined coefficients, reducing the model error further. This allows one to
systematically control the model error and keep its size negligible with respect to the experimental error.
In this sense the |V

ub

| determination can be made shape function model independent.

Proof-of-concept Analysis to determine the Shape Function with B̄ ! X
s

� decays: In Ref. [Ber10,
Ber13] a proof-of-concept analysis of Ref. [23] using the available B̄ ! X

s

� measurements was carried
out and the shape function of the b ! s � decay with absorbed 1/m
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corrections was determined. The
precision study of such radiative penguin transitions is interesting, as the loop responsible for the b ! s �

SIMBA idea: measure the non-perturbative details simultaneously with |Vub|
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To carry this out to its full potential: need differential measurements
• Differential branching fractions of inclusive SL b → u and b → c decays

• For SL b → u very difficult, but not impossible with B-Factory data

• For SL b → c: was never a priority to measure

• Auxiliary input: Differential measurements of inclusive b → s ɣ
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a substantial part of the existing B-factories’ data sets: The fully inclusive measurements [30, 31] are
carried out in such a way, that they have little dependence on the underlying shape function model used
in the simulation to account for migrations in the differential spectrum. Thus the necessary input for Task
2.2 already exists. The available Belle II data set at the end of this Emmy-Noether project will substan-
tially reduce the statistical and systematic errors of such measurements, improve the constraining power
on the shape function and reduce the error on |V

ub

| . Experimentally the biggest challenge is to subtract
highly energetic photons produced by continuum two-photon processes and by B-meson decays. The
understanding of these background processes dominates the systematic uncertainties at low photon
energies. At Belle II more photons and electrons from beam background processes are expected due
to the more collimated beam configuration in comparison to Belle or BABAR and the reduction of such
is addressed in Task 3.1. The Belle II detector will have a better calorimeter energy resolution than the
Belle detector, which will help improve the measurement of the photon energy spectrum.

The measurement in this task will be carried out by one PhD student. The calibration of the back-
ground subtraction and additional auxiliary measurements, such as a direct CP asymmetry measure-
ment,

A
CP

=
�(B̄ ! X

s

�) � �(B ! X̄
s

�)

�(B̄ ! X
s

�) + �(B ! X̄
s

�)
, (5)

and moments of the photon energy spectrum, are estimated to take two to three years. Similarly to Task
1.3 the amount of data will increase over time. Thus the analysis will also bet set up in a way that allows
for an easy addition of data to free up time near the end of the PhD for Task 2.3 and thesis writing. The
goal is to have the analysis in place in the fourth year of the project, identically to Tak 1.3, with all main
systematic errors evaluated.

Task 1.5: B̄ ! Xc ` ⌫̄` measurement with Belle II (optional) The goal of this task is to revisit the
B̄ ! X

c

` ⌫̄
`

branching fraction with a different focus. The execution of this optional task will depend
on external factors, such as the available luminosity and the progression of Task 2.1 and Task 2.3. As
mentioned in Task 1.2 there is little initial motivation to remeasure and unfold differential information
and moments from B̄ ! X

c

` ⌫̄
`

. However, in a sideband of a typical B̄ ! X
c

` ⌫̄
`

selection an analysis
of B̄ ! X ⌧(! `⌫̄

`

⌫
⌧

) ⌫̄
⌧

can be carried out: Recent measurements of BABAR, Belle and LHCb of such
semileptonic decays with ⌧ -leptons show a large disagreement with the SM in the ratio of rates

R
X

=
�(B̄ ! X ⌧ ⌫̄

⌧

)

�(B̄ ! X ` ⌫̄
`

)
, (6)

with X = D and X = D⇤ and ` = e and ` = µ [32, 33, 34]. The average of Ref. [35] of the experimental
information shows an agreement of these ratios with the SM at 3.9�. Many of my Belle II colleagues
have expressed interest in repeating the exclusive measurements with a D or D⇤ meson in the final
state. A complementary approach is a measurement of the inclusive B̄ ! X ⌧ ⌫̄

⌧

rate: the last mea-
surements for this originate from LEP experiments and an updated number would be very interesting as
the currently measured branching fractions for B̄ ! D ⌧ ⌫̄

⌧

and B̄ ! D⇤ ⌧ ⌫̄
⌧

completely saturate the re-
ported inclusive branching fraction from the LEP experiments, leaving little room for contributions for e.g.
exclusive excited D⇤⇤-mesons. The improved tracking and particle identification of Belle II will improve
the sensitivity to measure these decays using ⌧ ! `⌫̄

`

⌫
⌧

decays. The experimental selection is identical
with a B̄ ! X

c

` ⌫̄
`

analysis, but the measurement is carried out in the side-band of large missing-mass
squared (which is inferred from the reconstructed neutrino kinematics and the shift to large values is
caused by the additional neutrinos in the final state from the ⌧ -lepton decay). This task will be carried
out by the group leader with the help of MSc. students under the condition it can be executed without
slowing down any other tasks in the Emmy-Noether project crucial for the measurement of |V

ub

| with
Belle II data.

2.3.3 Activity 2: Global Analysis of all Inputs for the model-independent Determination of |V
ub

|

Task 2.1: Preparatory work for model-independent |V
ub

| determination The goal of this task is
to extend the model-independent analysis of B̄ ! X

s

� carried out as part of the preparatory work in
Section 1 to include B̄ ! X

u

` ⌫̄
`

information. At leading order in 1/m
b

the shape function is a universal
function and identical in B̄ ! X

s

� and B̄ ! X
u

` ⌫̄
`

decays. The dependence on the decay rates can
be symbolically written as [23]

d�(B̄ ! X
s

�)

dE
�

= 2H
s

Z
dk bP

s

(k) bF (k) ,
d�(B̄ ! X

u

` ⌫̄
`

)

dE
`

dp+
X

dp�
X

= H
u

Z
dk bP

u

(k) bF (k) . (7)
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To carry this out to its full potential: need differential measurements
• Differential branching fractions of inclusive SL b → u and b → c decays

• For SL b → u very difficult, but not impossible with B-Factory data

• For SL b → c: was never a priority to measure

• Auxiliary input: Differential measurements of inclusive b → s ɣ

33

A closer look on the inclusive |Vub| side

14 2 Objectives and work programme

Belle II Projection
15 ab-1

5 ab-1

1 ab-1

4.61 4.66 4.71 4.763.5

3.75

4

4.25

4.5

4.75

mb
1S @GeVD

»V ub
»¥1

03

Belle II Projection
Global Analysis
B Æ Xuln only

4.61 4.66 4.71 4.763.5

3.75

4

4.25

4.5

4.75

mb
1S @GeVD

»V ub
»¥1

03

Belle II Projection
15 ab-1

5 ab-1

1 ab-1

4.61 4.66 4.71 4.7614

14.5

15

15.5

16

mb
1S @GeVD

»C 7i
nc
l V

tb
V t
s*
»¥1

03

Figure 6: The estimated sensitivities on |V
ub

| , m
b

, and
��C incl

7

�� are shown. The error estimate is
based on the measurements of Refs. [31, 26] and assume a reduction of a factor of three in systematic
uncertainties. No theory uncertainties or uncertainties from sub-leading shape functions were included.

the full Belle data set and improved background suppression. The statistical framework will be based on
the ROOT software framework, that includes a collection of robust and widely used statistical tools. An
important aspect of the combination are model independence closure tests for the shape function: such
tests can be carried out using pseudo-measurements with a (known and constructed) underlying shape
function. Such pseudo-experiments can be analyzed in an identical way as real measurements, and can
be used to demonstrate that with the analysis strategy of Task 2.1 a model-independent determination
of |V

ub

| can indeed be carried out. The experience from such closure tests for Ref. [Ber10, Ber13] shows
that they are very computationally expensive.

This task will be carried out by the group leader, the postdoc, and the two PhD student carrying out
the B̄ ! X

u

` ⌫̄
`

and B̄ ! X
c

` ⌫̄
`

measurements. The involvement of all group members is important
as the PhD students and postdoc will have intimate knowledge of their corresponding analyses, which
is invaluable for the correct combination of all measurements. In addition, the theory and experimental
colleagues mentioned in Task 2.1 will be closely involved.

Task 2.3: Model-independent |V
ub

| determination using Belle II data With Tasks 1.3 and 1.4
completed, the combination of the measured differential branching fractions of B̄ ! X

u

` ⌫̄
`

and B̄ !
X

s

� using Belle II data can be carried out. The statistical framework developed for Task 2.2 will be
extended and a simultaneous analysis of the Belle II and Belle measurements will be implemented.
In particular the compatibility of both experimental inputs will be probed. To carry out a full analysis,
the systematic correlations not only between the two new measurements, but also between the two
experiments will need to be determined.

This task will involve the group leader, the postdoc, and the two PhD students working on the B̄ !
X

u

` ⌫̄
`

and B̄ ! X
s

� measurements using Belle II data. In particular the postdoc’s input will be crucial
due to his involvement in both B̄ ! X

u

` ⌫̄
`

measurements Tasks 1.1 and 1.3. Again the theory and
experimental colleagues mentioned in Task 2.1 will be closely involved.

The expected sensitivity on |V
ub

| , C incl
7 and m

b

is shown in Figure 6 for data sets with an integrated
luminosity of 1 ab�1, 5 ab�1, and 15 ab�1. The values were obtained by assuming a reduction of a factor
of three in systematic uncertainty and are based on the distributions in Refs. [31, 26] and by carrying out
a global analysis on three generated differential spectra (B̄ ! X

u

` ⌫̄
`

lepton and mass spectrum, and
a B̄ ! X

s

� photon energy spectrum) using a modified version of Refs. [Ber10, Ber13]. The analysis
neglects theory errors and sub-leading shape function effects. Even with a more pessimistic Belle II
luminosity yielding 5 ab�1 at the end of the Emmy-Noether project an experimental precision of 3% on
|V

ub

| can be reached. In addition new physics in b ! s � transitions can be probed with a precision of up
to 2%. These sensitivities improve to 2% and 1% for |V

ub

| and C incl
7 for the current estimate of 15 ab�1 of

integrated luminosity, respectively. Combining all experimental information into a global analysis reduces
the experimental error by about a factor of two compared with a dedicated B̄ ! X

u

` ⌫̄
`

analysis. The
b-quark mass can be constrained to 0.3% and 0.2% for 5 ab�1 and 15 ab�1, respectively. It is non-trivial
to quantify how theoretical errors and sub-leading shape function effects will contribute to the overall
error budget.
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Important auxiliary input:
Luis Pesantez, FB

Contents

Unfolding of detector e↵ects from the b ! s� spectrum.
Studies regarding model dependency and unfolding uncertainties.
Open tasks and plans.

Reminder: inclusive analysis. Only reconstruct a photon and lepton
for tagging. Measurement region in the CM frame 1.80-2.80 GeV.
Folding of theory and fitting gives:
mb = 4.626± 0.280 µ2

⇡ = 0.301± 0.064.
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Setup of toys and unfolding

Use a particular model to generate 10000 toys. Use a di↵erent model
to unfold and thus quantify the model dependency.

Actual toy distribution is recovered by unfolding.

But error bars in low ECM
� become very small, this is strange.
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Currently repeating untagged inclusive b → s ɣ 
measurement: 

• Reconstruct high energetic photon

• Veto events with continuum or B-background signature 
(multivariate)

• At low photon energies: mostly background from other B-
decays

• Reliable measurements possible down to about 1.8-2 GeV

• Theory prediction at NNLO from Misiak et al in B-meson rest 
frame with Eɣ > 1.6 GeV cut
•  For higher cuts the branching fraction depends on the details of the b-quark PDF / shape function

Result aims to be out for ICHEP
• Working on last details of unfolding

• ‘Unfolding’ = reverting resolution induced migrations
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Flavour Anomalies: R(D) & R(D*)

Another anomaly in the flavour sector is between that ratio 
of semitauonic and light lepton branching fractions

• Sensitive to for instance to contributions from a charged Higgs Boson
• In the prediction of this ratio, many of the theory uncertainties cancel
• Excess seen by BaBar, Belle and also LHCb
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The R(D(⇤)) anomaly
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3.9σ disagreement
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R(D(⇤)) =
B(B ! D(⇤) ⌧ ⌫̄⌧ )

B(B ! D(⇤) ` ⌫̄`)

Measuring |V
ub

| and |V
cb

|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated

Vqb

W �
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q
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W �
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⌫̄
b

qu

u

* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p2

B

, p2

X

, p
B

· p
X

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q2 = (p
B

� p
X

)2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|V
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|2 ⇥ �(B ! X ` ⌫̄`) = |V
qb

|2 ⇥ G 2

F

�
0

h
f (q2)

i
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12 / 31

4σ

• About 4σ disagreement 
between SM expectation and 
observation

• Deviations not compatible 
with type II 2HDM, could be 
accommodated by type III like 
scenarios
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R(X)

36

R(X) R(⇡) R(D⇤⇤)

Several alternatives to probe the R(D)/R(D*) 
enhancement: 

2/13

Messung des inklusiven Verzweigungsverhä
ltnisses B → Xτν 
Messung des inklusiven Verzweigungsverhä
ltnisses B → Xτν 

Messung des inklusiven Verzweigungsverhältnisses B → Xτν 

q q

H– 

Motivation

●  Standardmodel Vorhersage 

● BF(B→X
c
τν)

SM
 = (2.42±0.06)%

● Gemessen: b→X
c
τν am LEP in Z→bb

 

→ Weltmittelwert:

BF(B→X
c
τν)

WA
 = (2.40±0.23)%

● Bislang keine Messung an B-Fabriken!

  

b = Mischung von B, B
s
 und b-baryonen

arXiv:1406.7013v2

PDG 2013

X
c

B

B→X
c
τν sensitiv auf Neue Physik

→ zB geladenes Higgs in 2HDM
 arXiv:9403376

Diskrepanz zwischen SM und 
exklusiven B→D(*)τν Zerfällen → Neue Physik?

Jan Hasenbusch, FB

Working on an R(X) measurement, aiming for ICHEP
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N
sig

  ~ 13000 Ereignisse; S/B = 2.7%

e+ e-

bb

l = e,μ

→Signatur: 'langsames' sekundäres Lepton & viel fehlende Energie

← veto
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Jan Hasenbusch, FB
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Jan Hasenbusch, FB
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R(π)

Belle determined a first limit on R(π)
• Hadronic tagging, multivariate background subtraction
• Extraction of signal in EECL

• EECL  = extra neutral energy in calorimeter not 
associated with secondary B or signal decay

39
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FIG. 3: Distributions of E
ECL

in the three ⌧ reconstruction modes. The signal and b ! c contributions are scaled
according to the fit result.

the upper limit. First, the likelihood is fitted to data to
obtain the maximum likelihood estimates (MLEs) of all
nuisance parameters on data. In each pseudo-experiment
generation, the nuisance parameters are fixed to their
respective MLE. In the subsequent maximization of the
likelihood, the nuisance parameters are free parameters.
The global observables are randomized in each pseudo-
experiment.

Using pseudo-experiments, the p-value of the
background-only hypothesis for data is determined
and the significance level Z is computed in terms of
standard deviations as

Z = ��1 (1� p) ,

where ��1 is the cumulative distribution function of the
standard normal Gaussian.

We observe a signal significance of 2.8�, not includ-
ing systematic uncertainties in the calculation. Including
all relevant systematic e↵ects results in a significance of
2.4�. For this result, the test statistic has been computed
on 10 000 background-only pseudo-experiments.

Given the level of significance of these results, we invert
the hypothesis test and compute an upper limit on the
branching fraction. pseudo-experiments are generated
for di↵erent signal strength parameters for both signal-
plus-background and background-only hypotheses in or-
der to obtain CLs+b and CLb, respectively. The upper
limit is then computed using CLs = CLs+b/CLb [43],
where a scan over reasonable signal strength parame-
ter values is performed. At each step, 10 000 pseudo-
experiments have been evaluated for both hypotheses.

At the 90% confidence level, we obtain an upper
limit of B

�
B0 ! ⇡�⌧+⌫⌧

�
< 2.5⇥ 10�4. The upper

limit at the 95% confidence level has been computed to
B
�
B0 ! ⇡�⌧+⌫⌧

�
< 2.8⇥ 10�4. This result is the first

result on B
�
B0 ! ⇡�⌧+⌫⌧

�
and is in good agreement

with the SM prediction.

Phys. Rev. D 93, 032007 (2016)
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FIG. 1. (left) The di↵erential rate for B ! ⇡ ` ⌫̄` with ` = e, µ and B ! ⇡ ⌧ ⌫̄⌧ in the SM with associated errors are shown.
As input for the form factors the ’Lattice+Exp’ values of Table I are used (right) The di↵erential rate of B ! ⇡ ⌧ ⌫̄⌧ is shown
for the SM and two MSSM working points: tan�/mH+

= 0.3 (H2HDM
t < HSM

t ) and tan�/mH+

= 0.4 (H2HDM
t > HSM

t ).

charged Higgs boson and HSM
t = Ht, cf. Eq. 8. Further

mu/mb is the ratio of the u- and b-quark masses at an
arbitrary (but common) mass scale. This factor leads
to a negligible modification and can in principle safely
be ignored. Equation 12 proofs su�ciently accurate to
probe charged Higgs bosons with a mass of more than
about 15 GeV, what is the experimental interesting re-
gion as mass scales below 15 GeV are excluded by b ! s �
measurements already [20] or other constraints [21, 22].

Figure 1 (right) compares the SM di↵erential rate with
two working points for tan� and mH+ . The rate is
only sensitive to their respective ratio and for a value
of tan�/mH+ = 0.3 the negative interference causes
H2HDM

t to be smaller than HSM
t , resulting in a lower

B ! ⇡ ⌧ ⌫̄⌧ rate than for the SM. For tan�/mH+ = 0.4
the additional scalar transition starts to dominate the
matrix element, modifying the di↵erential decay rate
strongly near the kinematic endpoint. For larger values
of tan�/mH+ the 2HDM contribution completely domi-
nates the total and di↵erential rate.

IV. PREDICTION FOR R⇡ AND EXCLUSION
FOR tan� AND m+

H

By integrating the di↵erential rates Equations 4 and 6
over the allowed kinematic range in q2, a prediction for
R⇡ can be obtained:

R⇡ =
�(B ! ⇡ ⌧ ⌫̄⌧ )

�(B ! ⇡ ` ⌫̄`)
=

R q2
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dq2 d�(B ! ⇡ ⌧ ⌫̄⌧ )/dq
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R q2
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dq2 d�(B ! ⇡ ` ⌫̄`)/dq2
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with q2max = m2
B + m2

⇡ � 2mBm⇡ and the light lepton
masses can be set to zero. The CKM matrix element
|Vub|, Fermi’s constant, as well as other constant terms
cancel in the ratio. Using the B ! ⇡ BCL parameters

from the global analysis of Table I the following predic-
tion for the SM value is obtained:

RSM
⇡ = 0.641± 0.016 . (14)

The rates in the numerator and denominator are strongly
correlated (correlation ⇢ = 0.94) if the integration is car-
ried out over the full kinematic range, resulting in the
large desired cancelation of non-perturbative uncertain-
ties from the form factors. This number can be com-
pared to the recently reported first measurement from
Belle [6]:3

Rmeas
⇡ = 1.05± 0.51 . (15)

Although statistically limited, this ratio already has some
power to rule out several working points in tan� and
mH+ as many predict a very strong enhancement of R⇡.
This can be seen in Figure 2 (left) from the predicted
(dark grey) and observed (light grey) R⇡ values.
To perform a proper exclusion in terms of tan� and

mH+ though the impact on the acceptance and selec-
tion e�ciencies should be studied. This can be done for
instance by reweighing the used SM Monte Carlo (MC)
samples to the probed MSSM working point with weights
such as

w =
�MC

�(tan�,mH+)

d�(tan�,mH+)/dq2

d�MC/dq2
(16)

where the first factor ensures that the branching frac-
tion in the simulation is unaltered and the quantities are
�MC the total rate in MC, �(tan�,mH+) the total rate

3
The reported value for the branching fraction of Ref. [6] was di-

vided by the current world average of the B0 ! ⇡� `+ ⌫` branch-
ing fraction of (1.45± 0.05)⇥ 10

�4
from Ref. [23].

• Can be confronted with SM or 2HDM type II:
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FIG. 1. (left) The di↵erential rate for B ! ⇡ ` ⌫̄` with ` = e, µ and B ! ⇡ ⌧ ⌫̄⌧ in the SM with associated errors are shown.
As input for the form factors the ’Lattice+Exp’ values of Table I are used (right) The di↵erential rate of B ! ⇡ ⌧ ⌫̄⌧ is shown
for the SM and two MSSM working points: tan�/mH+

= 0.3 (H2HDM
t < HSM

t ) and tan�/mH+

= 0.4 (H2HDM
t > HSM

t ).
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mu/mb is the ratio of the u- and b-quark masses at an
arbitrary (but common) mass scale. This factor leads
to a negligible modification and can in principle safely
be ignored. Equation 12 proofs su�ciently accurate to
probe charged Higgs bosons with a mass of more than
about 15 GeV, what is the experimental interesting re-
gion as mass scales below 15 GeV are excluded by b ! s �
measurements already [20] or other constraints [21, 22].

Figure 1 (right) compares the SM di↵erential rate with
two working points for tan� and mH+ . The rate is
only sensitive to their respective ratio and for a value
of tan�/mH+ = 0.3 the negative interference causes
H2HDM

t to be smaller than HSM
t , resulting in a lower

B ! ⇡ ⌧ ⌫̄⌧ rate than for the SM. For tan�/mH+ = 0.4
the additional scalar transition starts to dominate the
matrix element, modifying the di↵erential decay rate
strongly near the kinematic endpoint. For larger values
of tan�/mH+ the 2HDM contribution completely domi-
nates the total and di↵erential rate.
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By integrating the di↵erential rates Equations 4 and 6
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masses can be set to zero. The CKM matrix element
|Vub|, Fermi’s constant, as well as other constant terms
cancel in the ratio. Using the B ! ⇡ BCL parameters

from the global analysis of Table I the following predic-
tion for the SM value is obtained:

RSM
⇡ = 0.641± 0.016 . (14)

The rates in the numerator and denominator are strongly
correlated (correlation ⇢ = 0.94) if the integration is car-
ried out over the full kinematic range, resulting in the
large desired cancelation of non-perturbative uncertain-
ties from the form factors. This number can be com-
pared to the recently reported first measurement from
Belle [6]:3

Rmeas
⇡ = 1.05± 0.51 . (15)

Although statistically limited, this ratio already has some
power to rule out several working points in tan� and
mH+ as many predict a very strong enhancement of R⇡.
This can be seen in Figure 2 (left) from the predicted
(dark grey) and observed (light grey) R⇡ values.
To perform a proper exclusion in terms of tan� and

mH+ though the impact on the acceptance and selec-
tion e�ciencies should be studied. This can be done for
instance by reweighing the used SM Monte Carlo (MC)
samples to the probed MSSM working point with weights
such as

w =
�MC
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d�MC/dq2
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where the first factor ensures that the branching frac-
tion in the simulation is unaltered and the quantities are
�MC the total rate in MC, �(tan�,mH+) the total rate
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The reported value for the branching fraction of Ref. [6] was di-

vided by the current world average of the B0 ! ⇡� `+ ⌫` branch-
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FIG. 2. (left) The evolution of R⇡ as a function of tan�/mH+

is shown (dark grey). The experimental 68% CI of Ref. [6] is
shown (in light grey) and MSSM parameter points that predict ratios larger than ⇡ 0.48 can be excluded at 95 CL under the
assumption that e�ciencies and acceptances are modified negligibly with respect to the current statistical precision. (right)
The 68% (light grey) and 95% (grey) excluded MSSM parameter points in the tan� �mH+

plane.

at a given working point in tan��mH+ , and d�/dq2 the
corresponding di↵erential rates. In addition the fraction
of negative and positive helicity ⌧ -leptons has to be cor-
rected for as e.g. subsequent leptons are either emitted
preferentially in or opposite to the ⌧ direction. The evo-
lution of the helicity fraction as a function of tan�/mH+

is briefly discussed in appendix A.
Assuming that such e↵ects are small with respect to

the current statistical precision, a first exclusion can be
carried out: Figure 2 (right) shows the excluded region
of tan� � mH+ at 95% CL (dark grey) and 68% CL
(light grey). A comparison with the current bounds from
B ! ⌧ ⌫̄⌧ can be found in appendix B.

V. OTHER OBSERVABLES WITH INCREASED
SENSITIVITY

An interesting alternative observable besides R⇡ could
be the ratio of partially integrated and measured rates

with a lower cut on q2. This is motivated that in
the 2HDM type II for large values of tan�/mH+ the
constructive interference is dominating the rate Equa-
tion 4 and due to the absence of the P -Wave suppression
strongly modifies the large q2 region. A fully di↵erential
analysis of course contains the most power to probe and
distinguish such a scenario with a scalar mediator from
the SM, but with the current small experimental sensi-
tivity a measurement that probes the high q2 range in
one bin already could lead to an improved rejection of
large tan�/mH+ ratios. For instance: the SM prediction
for a measurement in [q2max/2, q

2
max] is

RSM
⇡ (q2min = q2max/2) =

R q2
max

q2
min

=q2
max

/2
dq2 d�(B ! ⇡ ⌧ ⌫̄⌧ )/dq

2

R q2
max

q2
min

=q2
max

/2
dq2 d�(B ! ⇡ ` ⌫̄`)/dq2

= 1.012± 0.008 . (17)

and the ratio of branching fractions at for example
tan�/mH+ = 0.4 results in a prediction about a factor
of two larger for R⇡(q

2
max/2) = 2.09 ± 0.03. In compari-

son, the fully inclusive rate ratio for the same tan�/mH+

working point results in R⇡ = 1.01 ± 0.04 and shows
a smaller enhancement with respect to the SM value
Eq. 14. The reduction in experimental sensitivity on R⇡

due to only analyzing half of the allowed phase space of
course also has to be taken into account: a rough estimate
for the increase in statistical error, assuming that back-
ground is distributed uniformly in q2 and that the signal
is SM like, is a factor of about ⇡

p
2. These numbers

imply an overall improved sensitivity for a measurement
in [q2max/2, q

2
max] over the fully inclusive R⇡ value to ex-

• Studied (MSc. thesis Stephan 
Duell) if semi-leptonic tag 
result could add something: 
‣ Does not look promising

Fermilab+MILC: arXiv:1503.07839v2 [hep-lat] 
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R(D**)

Most analyses model D** backgrounds using 
LLSW

• Currently working with Zoltan Ligeti on updating this
• Some of the underlying assumptions changed; we know a tad more
• Use LLSW expansion and fit slope and normalization of leading 

form factors
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PRL 78 (1997) 3995, Phys.Rev.D57:308-330,1998

q2 = (pB � pD⇤⇤)2q2 = m2
⇡

d
�
(B

!
D

⇤⇤
`
⌫̄ `
)

d
q2 Z
dq2

Bmeas (B ! D⇤⇤ ` ⌫̄`)

Bmeas

�
B0 ! D⇤⇤� ⇡+

�

⇠

3

hT (v0, ✏)|Aµ|B(v)ip
mm0

= ✏µ↵v↵ kA1

+
�
✏↵�v

↵v�
�
(vµ kA2 + v0µ kA3) .

Here S, V , and T correspond, respectively, to the JP

states of 0+, 1+, and 2+. The matrix element of the
1+ and 2+ states depend in addition on the polariza-
tion ✏ of the final state meson and ✏µ↵�� denotes the
four-dimensional Levi-Civita tensor. The form factors,
denoted as f±, fV1�V2,A or kV,A1�A3 , are functions of
the product of the four-velocities v and v0 of the B-
and the D⇤⇤-meson. This product is related to the four-
momentum transfer squared of the B meson to the D⇤⇤,
q2, as

w = v · v0 = m2 +m02 � q2

2mm0 , (5)

with m and m0 the masses of the B and D⇤⇤ mesons.
The di↵erential decay rate as a function of q2 with its
full lepton mass dependence is given by

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2

96⇡3 m2

✓
1� m2

`

q2

◆2

⇥
"

X

k=±,0,t

(Hk)
2
✓
1 +

m2
`

2q2

◆
+

3

2

m2
`

q2
(Ht)

2

#
, (6)

with the helicity amplitudes Hk=±,0,t and p

0 the magni-
tude of the three-momentum of the D⇤⇤. It is related to
the four-momentum transfer squared as

p

0 =

s✓
m2 +m02 � q2

2m

◆2

�m02 . (7)

Setting the lepton mass to zero one recovers the expres-
sion

d�(B ! D⇤⇤` ⌫̄)

dq2
=

G2
F |Vcb|2 p0 q2
96⇡3 m2

X

k=±,0,t

�
Hk

�2
, (8)

that holds to be an excellent approximation for m` =
me or m` = mµ. The helicity amplitudes H±/0/t are
related to the form factors defined in Eqs. (4) and the
full expressions are given in Appendix A.

III. Bs ! D⇤⇤
s ` ⌫̄ DECAYS

An important di↵erence between B ! D⇤⇤`⌫̄ and
Bs ! D⇤⇤

s `⌫̄ is that all four D⇤⇤
s states are fairly nar-

row, because the s⇡l
l = 1

2

+
doublet is lighter than the

mD +mK mass threshold. As a result, the semi-tauonic
Bs decay to the spin-zero meson, Bs ! D⇤

s0⌧ ⌫̄, may be
easier to measure than B ! D⇤

0⌧ ⌫̄, and may provide es-
pecially good sensitivity to possible scalar interactions
from new physics.1

1
We thank Marcello Rotondo for drawing our attention to this.

Particle s⇡l
l JP m (MeV) � (MeV)

D⇤
s0

1
2

+
0+ 2318 < 4

D⇤
s1

1
2

+
1+ 2460 < 4

Ds1
3
2

+
1+ 2535 1

D⇤
s2

3
2

+
2+ 2567 17

Bs1
3
2

+
1+ 5829 1

B⇤
s2

3
2

+
2+ 5840 1

TABLE IV. Same as Table I, but for Ds mesons. For the 3
2

+

states we averaged the PDG with a recent LHCb measure-
ment [16] not included in the PDG.

* The s⇡l
l = 3

2

+
doublet looks completely “as ex-

pected” since these two states are about 100MeV above
their non-strange counterparts.
* The mass splittings within each heavy quark spin

symmetry doublet appear consistent with nominal SU(3)
breaking between the strange and non-strange states.
This supports the fact that the mass splittings in the
s⇡l
l = 1

2

+
doublets are comparable to mD⇤ � mD '

mD⇤
s
�mDs , unlike what LLSW considered based on the

data in 1997.
* The s⇡l

l = 1
2

+
doublet appears strange in the strange

sector, as these two states are surprisingly close in mass
to their non-strange counterparts.

IV. FORM FACTORS

V. FACTORIZATION IN NONLEPTONIC
DECAYS

B0 ! D⇤⇤� ⇡+ : Type I

B0 ! D⇤⇤ 0 ⇡0 : Type II

B+ ! D⇤⇤ 0 ⇡+ : Type III

Factorization is expected to work best for the D⇤⇤± ⇡⌥

decays. While in the mc,b � ⇤QCD limit the di↵erence
from the D⇤⇤ 0⇡± rates is power suppressed, there is clear
evidence in B ! D(⇤)⇡ decays that these corrections are
of order 30%.

B �
B0 ! D⇤

2
� �! D(⇤)⇡

�
⇡+

�

B �
B+ ! D̄⇤

2
0
�! D(⇤) ⇡

�
⇡+

� ⇥ ⌧B+

⌧B0

= 1.12± 0.20 ,

B �
B0 ! D�

1

�! D(⇤) ⇡(⇡)
�
⇡+

�

B �
B+ ! D̄0

1

�! D(⇤) ⇡ (⇡)
�
⇡+

� ⇥ ⌧B+

⌧B0
= 0.60± 0.21 ,

B �
B0 ! D⇤

0
� (! D⇡)⇡+

�

B �
B+ ! D̄⇤

0
0 (! D ⇡)⇡+

� ⇥ ⌧B+

⌧B0
= 0.13± 0.07 .

Table V summarizes the data on nonleptonic B !
D⇤⇤⇡ decays. There are no measurements of the purely

Approximation
B(B → D1 π)
B(B → D1 e ν̄e)

B(B → D∗
2 π)

B(B → D1 π)

A∞ 0.39 0.36
B∞ 0.26 1.00

A 0.29 0.21
B1 0.19 0.41

B2 0.20 0.56

TABLE V. Predictions for the ratios of branching ratios, B(B → D1 π)/B(B → D1 e ν̄e) and

B(B → D∗
2 π)/B(B → D1 π), using factorization and assuming τ̂ ′ = τ ′(1)/τ(1) = −1.5.

V. APPLICATIONS

A. Factorization

Factorization should be a good approximation for B decay into charmed mesons and a
charged pion. Contributions that violate factorization are suppressed by ΛQCD divided by
the energy of the pion in the B rest frame [27] or by αs(mQ). Furthermore for these decays,
factorization also holds in the limit of large number of colors. Neglecting the pion mass, the
two-body decay rate, Γπ, is related to the differential decay rate dΓsl/dw at maximal recoil
for the analogous semileptonic decay (with the π replaced by the e ν̄e pair). This relation is
independent of the identity of the charmed meson in the final state,

Γπ =
3π2 |Vud|2 C2 f 2

π

m2
B r

×
(

dΓsl

dw

)

wmax

. (5.1)

Here r is the mass of the charmed meson divided by mB, wmax = (1 + r2)/(2r), and fπ ≃
132 MeV is the pion decay constant. C is a combination of Wilson coefficients of four-quark
operators, and numerically C |Vud| is very close to unity.

These nonleptonic decay rates can therefore be predicted from a measurement of dΓsl/dw
at maximal recoil. The semileptonic decay rate near maximal recoil is only measured for
B → D(∗) e ν̄e at present. The measured B → D(∗) π rate is consistent with Eq. (5.1) at
the level of the 10% experimental uncertainties. In the absence of a measurement of the
B → (D1, D∗

2) e ν̄e differential decay rates, we can use our results for the shape of dΓsl/dw
to predict the B → D1 π and B → D∗

2 π decay rates. These predictions depend on the
semileptonic differential decay rates at wmax, where we are the least confident that ΛQCD/mQ

terms involving Λ̄ and Λ̄′ are the most important. With this caveat in mind, we find the
results shown in Table V.

At present there are only crude measurements of the B(B → D1 π) and B(B → D∗
2 π)

branching ratios. Assuming B(D1(2420)0 → D∗+ π−) = 2/3 and B(D∗
2(2460)0 → D∗+ π−) =

0.2, the measured rates are [28]

B(B− → D1(2420)0 π−) = (1.17 ± 0.29)× 10−3 ,

B(B− → D∗
2(2460)0 π−) = (2.1 ± 0.9)× 10−3 . (5.2)

28
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R(D**)

Reduces error on modelling
• ‘Postdiction’, as using measured differential 

and total branching fractions
• But: coherent prediction of the dynamics of 

the decays. Form factors and observed 
branching fractions do not decouple

• Can be used to predict R(D**)

41

1.00 1.05 1.10 1.15 1.20 1.25 1.300

2

4

6

8

10

12

w

dG
HBÆ

D
2*
ln

lLêd
w
@10-

15
G
eV
D

RHD**L
RHD0L
RHD1'L
RHD1L
RHD2L

0.0 0.2 0.4 0.6 0.8 1.00.0

0.1

0.2

0.3

0.4

0.5

tan b ê mH+ @GeV-1D

RHD
**
L

Important for signal modelling in R(X) 
measurements. 

• Plan to measure R(D**) using Belle data and hadronic 
tagging, today Mario Arndt started working on this. 

D⇤
2

FB, Zoltan Ligeti, in Preparation
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Physics done in Bonn 
an overview

Belle II Detector
concept and current status

Belle II Physics 
& LHCb

On complementarity and overlap

Summary B-Factories
a quick introduction to the family
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Nano-Beam Scheme 

12 

present KEKB 

SuperKEKB 
5mm 

1­m 

100­m 

(without crab) L 

Hourglass condition:  
                       ȕy*>~ L= x́/· �

Half crossing 
angle: · �

1­m 

5mm 
100­m 

~50nm 

83 mrad crossing 
angle 

22 mrad 
crossing angle 

13 15 

Transformation of a B-Factory into a Super B-Factory

To further push the intensity frontier need substantial instantaneous luminosity increase
KEK to SuperKEKB: 2.1x 1034 cm-2 s-1to 8 x 1035 cm-2 s-1

Key: nano-beam scheme — squeeze the beam to very small vertical spot size of ~50 nm

43

LER / HER KEKB SuperKEKB

 Energy [GeV] 3.5 / 8 4.0 / 7.0

𝛃y* [mm] 5.9 / 5.9 0.27 / 0.30

𝛃x* [mm] 1200 32 / 25

I± [A] 1.64 / 1.19 3.6 / 2.6

𝛇±y 0.129 / 0.09 0.09 / 0.09

𝜺 [nm] 18 / 24 3.2 / 4.6

# of bunches 1584 2500

Luminosity [1034 cm-2 s-1] 2.1 80

emittance⇣±y ⇠
p

�⇤/✏

𝛃 function

L =
�±
2er

e

✓
1 +

�⇤
y

�⇤
x

◆✓
I± ⇣±y

�⇤
y

◆✓
R

L

R
y

◆

vertical 𝛃 function

beam current beam-beam parameter

geometric factorsbeam size aspect ratio

Lorentz factor

Needs major upgrade of KEKB accelerator
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Upgrade positron capture section

Redesign the lattices of HER & LER 
to squeeze the emittance. Replace 
short  dipoles with longer ones (LER)

Replaced old beam pipes with TiN 
coated beam pipes with 
antechambers

New superconducting final 
focusing magnets near the  IP

Reinforced RF (radio 
frequency) system for 
higher beam currents, 
improved monitoring & 
control system Damping ring

Low emittance 
positrons to inject

Low emittance 
electrons to inject

Low emittance gun

Transformation of a B-Factory into a Super B-Factory
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Upgrade positron capture section

Damping ring

Low emittance 
electrons to inject

Low emittance gun

All magnets 
installed ✔

Beam pipes 
replaced ✔

new positron dampening 
ring is being constructed

RF system for higher 
beam currents upgraded ✔

Work on final focus 
magnets progressing well

Transformation of a B-Factory into a Super B-Factory
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The Belle II Detector

To cope with higher luminosity: need new detector
Design concept similar to Belle and BaBar

46

Electrons (7 GeV)

Positrons (4 GeV)

Needs to cope with 20 times larger beam backgrounds, many technological challenges
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The Belle II Detector

47

KL and Muon detection system
RPC based

Electromagnetic Calorimeter:
Thallium activated Caesium Iodide 
scintillation crystals

Central drift chamber:
Gas mixture of Helium and Ethan (C2H6)

Particle identification
Time-of-propagation counter, 
Aerogel Cherenkov ring detector

Vertex detectors
2 layers of Pixel (DEPFET) + 4 
layers of strips (DSSD)

To cope with higher luminosity: need new detector
Design concept similar to Belle and BaBar
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Commissioning is proceeding in 
three phases: first two phases are 
the BEAST II commissioning phases
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Commissioning is in three phases: 
first two phases: BEAST II 
commissioning phases

BEAST II: specialized 
detectors to measure 
beam backgrounds

Phase 1: single beams, varying vacuum 
pressure & beam size

Phase 2: real-time background levels to 
control room, measure individual beam 
background composition
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Phase 2: Mostly for machine studies, final 
focussing magnets in place, some useable data.

Likely scenarios: collect data at unique 
centre-of-mass energy or scan

Phase 3: Start of physics run, detailed 
program being discussed

Likely scenarios: Carry out an initial 
scan and then start with Y(4S) data taking
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Commissioning is in three phases: 
first two phases: BEAST II 
commissioning phases
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Physics done in Bonn 
an overview

Belle II Detector
concept and current status

Belle II Physics 
& LHCb

On complementarity and overlap

Summary B-Factories
a quick introduction to the family
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CPV
Semi-

leptonic

EWP Charm
physics

LFV

Low 
multiplicity 
signatures
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Precision measurements of CKM matrix 
elements priority
Exclusive measurements profit from 
large Belle II data samples

• Established measurement method: fully 
hadronic reconstruction of second B-
meson

• Very low efficiency due to low hadronic 
Branching Fractions (of the order 0.2-0.3%)

⌥(4S)

B0

B0

semileptonic
signal mode

hadronic
decay

Error on |Vcb| stat. tot.

B-Factories 0.6% 3.6%

Belle II 5/ab 0.2% 1.8%

Belle II 50/ab 0.1% 1.4%

B ! D⇤` ⌫̄`

Error on |Vub| stat. tot.

B-Factories 5.8% 10.8%

Belle II 5/ab 2.2% 4.7%

Belle II 50/ab 0.7% 2.4%

Neutrino of signal decay
the only missing particle!

Error on |Vub| stat. tot.

B-Factories 2.7% 9.4%

Belle II 5/ab 1.0% 4.2%

Belle II 50/ab 0.3% 2.2%

B ! ⇡ ` ⌫̄`
had. tagged

B ! ⇡ ` ⌫̄`
untaggedhad. tagged
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Error on |Vcb| stat. tot.

B-Factories 1.5% 1.8%

Belle II 50/ab 0.5% 1.2%

B ! Xc` ⌫̄`

Error on |Vub| stat. tot.

B-Factories 4.5% 6.5%

Belle II 5/ab 1.1% 3.4%

Belle II 50/ab 0.4% 3%

⌥(4S)

B0

B0

semileptonic
signal mode

hadronic
decay

Neutrino of signal decay
the only missing particle!

Precision measurements of CKM matrix 
elements a priority
Improvements on inclusive 
measurements less clear.

• |Vcb| systematically and theory limited; need 
new approaches and ideas

• |Vub| will gain; but need to improve on 
understanding of background and 
methodology

B ! Xu ` ⌫̄`
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0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

Semi-
leptonic
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The R(D(⇤)) anomaly

Vqb

H�
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⌫̄
b

q

�

⌧

⌧

R(X ) = B(B!X ⌧ ⌫̄⌧ )

B(B!X ` ⌫̄`)`=e,µ

The R(D(⇤)) anomaly

Vqb

H�

�

⌫̄
b

q

�

⌧

⌧

R(X ) = B(B!X ⌧ ⌫̄⌧ )

B(B!X ` ⌫̄`)`=e,µ

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χ∆

SM prediction

HFAG

EPS 2015

) = 55%2χP(

HFAG
Prel. EPS2015

22 / 24

3.9σ disagreement
22 / 31

Semi-tauonic decay modes highly sensitive to 
new physics
Clean measurement is a major Belle II goal

Error stat. tot.

B-Factories 13% 16.2%

Belle II 5/ab 3.8% 5.6%

Belle II 50/ab 1.2% 3.4%

R(D)

R(D⇤)

R(X) R(⇡)
R(D(⇤)) =

B(B ! D(⇤) ⌧ ⌫̄⌧ )

B(B ! D(⇤) ` ⌫̄`)

Target:

Error stat. tot.

B-Factories 7.1% 9.0%

Belle II 5/ab 2.1% 3.2%

Belle II 50/ab 0.7% 2.1%

R(D⇤⇤)

Belle II with 50/ab



Super B-Factory measurement candy bowl 
after LHCb had a treat
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Sorry, I was 
hungry! Hope you 

don’t mind
Best, LHCb
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Belle II & LHCb: On complementarity and overlap

Rivalry and competition — a good thing: 
• B-factories profited from scrutiny of other team
• In past schedules lined up — with LHCb and Belle II things lie differently

• LHCb: running and very successful 
• Belle II: first collisions 2017, first Y(4S) physics 2018

• Provocative question: ’Will there be anything interesting left to measure?’
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FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.
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FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at ⌥(4S), which is a realistic, but conservative operating scenario.

4

Not at all LHCb, 
Competition is 
most welcome!
Best, Belle II

• Clear overlaps between physics programs, 
but also unique strengths
• Large Baryonic samples and decays into 

visible particles: LHCb’s strength
• Missing particles, inclusive 

measurements, low multiplicity final 
states: Belle II’s forte

• Some channels will be head-and-neck run 
— great!

LHC LS2
LS3

Estimates 
for 2024 
data sets

LHC Run 2
Run 3

LHCb 22/fb

Belle II 50/ab
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Charm
physics

MoriondEW, Mar 19, 2016 Experimental Summary

Charm @ LHCb: CP violation and mixing
Exploiting huge recorded charm sample from Run-1

Charm: mixing frequency extremely low, challenging high-statistics measurement, CP violation small in SM

New mixing analysis using D0 → K– π+ π– π+. 
Sensitive to strong phase difference needed for γmeasurement via B+ → D0K+ (with D0 → K– π+ π– π+)

Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D

0 ! K

+

⇡

� [1–3].1 This Letter reports the first
observation in a di↵erent decay channel, D0 ! K

+

⇡

�
⇡

+

⇡

�. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D

0

K

+

and B

+! D

0

K

+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0! f and
D

0 ! f amplitudes. Previously, such input was thought to be accessible only at e

+

e

�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D

0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K

+

⇡

�
⇡

+

⇡

� to D

0 ! K

�
⇡

+

⇡

�
⇡

+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+! D

0

⇡

+

s

and D

⇤(2010)�! D

0

⇡

�
s

,
where the charge of the soft (low-momentum) pion, ⇡

s

, tags the flavour of the meson.
The wrong-sign (WS) decay D

0! K

+

⇡

�
⇡

+

⇡

� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D

0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D

0! K

�
⇡

+

⇡

�
⇡

+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D

0–D0 oscillations.
Ignoring CP violation, to second order in t/⌧ , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) ⇡ �
r

K3⇡

D

�
2 � r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

t

⌧

+
x

2 + y

2

4

✓
t

⌧

◆
2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
is the D0 lifetime, and r

K3⇡

D

gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D

0 meson system, with x

proportional to the mass di↵erence of the two mass eigenstates, and y proportional to
the width di↵erence [12]. Here, y0

K3⇡

is defined by y

0
K3⇡

⌘ y cos �K3⇡

D

� x sin �K3⇡

D

, where
�

K3⇡

D

is the average strong phase di↵erence; this and the coherence factor, RK3⇡

D

, are
defined by R

K3⇡

D

e

�i�

K3⇡
D ⌘ hcos �i + ihsin �i, where hcos �i and hsin �i are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.

1

WS D0 → K+ π– π+ π–

––– (t)  =  –––––––––––––– (t)  =
RS D0 → K– π+ π– π+

sensitive to mixing, to ratio of CF to DCS amplitudes and their interference (strong phase δ)

τt /
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S/

R
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3−10×

LHCb

Data
Unconstrained fit
No-mixing fit

Figure 2: Decay-time evolution of the background-subtracted and e�ciency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line) and no-mixing (dashed line) fits
superimposed. The bin centres are set to the decay-time where R(t) is equal to the bin integrated
ratio R̃.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.

Fit Type Parameter Fit result Correlation coe�cient
�

2/ndf (p-value) r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

1

4

(x2 + y

2)

Unconstrained r

K3⇡

D

(5.67± 0.12)⇥ 10�2 1 0.91 0.80
7.8/7 (0.35) R

K3⇡

D

· y0
K3⇡

(0.3± 1.8) ⇥ 10�3 1 0.94
1

4

(x2 + y

2) (4.8± 1.8) ⇥ 10�5 1

r

K3⇡

D

R

K3⇡

D

· y0
K3⇡

x y

Mixing-constrained r

K3⇡

D

(5.50± 0.07)⇥ 10�2 1 0.83 0.17 0.10
11.2/8 (0.19) R

K3⇡

D

· y0
K3⇡

(�3.0± 0.7) ⇥ 10�3 1 0.34 0.20
x (4.1± 1.7) ⇥ 10�3 1 -0.40
y (6.7± 0.8) ⇥ 10�3 1

consistent with the existing measurement from Belle [24], and has smaller uncertainties.
Using the RS branching fraction, B(D0! K

�
⇡

+

⇡

�
⇡

+) = (8.07±0.23)⇥10�2 [20], the WS
branching fraction, B(D0! K

+

⇡

�
⇡

+

⇡

�), is determined to be (2.66± 0.06± 0.08)⇥ 10�4

using the unconstrained result, and (2.60±0.04±0.07)⇥10�4 using the mixing-constrained
result. Here the first uncertainty is propagated from R

K3⇡

WS

and includes systematic e↵ects,
and the second is from the knowledge of B(D0! K

�
⇡

+

⇡

�
⇡

+).
In conclusion, the decay-time dependence of the ratio of D0! K

+

⇡

�
⇡

+

⇡

� to D

0!
K

�
⇡

+

⇡

�
⇡

+ decay rates is observed, and the no-mixing hypothesis is excluded at a

6

Using 11.4M RS, 43k WS

Confirms charm mixing

Taking x, y from WA, 
allows to measure

Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D

0 ! K

+

⇡

� [1–3].1 This Letter reports the first
observation in a di↵erent decay channel, D0 ! K

+

⇡

�
⇡

+

⇡

�. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D

0

K

+

and B

+! D

0

K

+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0! f and
D

0 ! f amplitudes. Previously, such input was thought to be accessible only at e

+

e

�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D

0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K

+

⇡

�
⇡

+

⇡

� to D

0 ! K

�
⇡

+

⇡
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+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+! D

0

⇡
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s

and D

⇤(2010)�! D

0

⇡
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s

,
where the charge of the soft (low-momentum) pion, ⇡

s

, tags the flavour of the meson.
The wrong-sign (WS) decay D

0! K

+

⇡

�
⇡

+

⇡

� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D

0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D

0! K

�
⇡

+

⇡

�
⇡

+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D

0–D0 oscillations.
Ignoring CP violation, to second order in t/⌧ , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by
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where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
is the D0 lifetime, and r

K3⇡

D

gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D

0 meson system, with x

proportional to the mass di↵erence of the two mass eigenstates, and y proportional to
the width di↵erence [12]. Here, y0

K3⇡

is defined by y

0
K3⇡

⌘ y cos �K3⇡

D

� x sin �K3⇡

D

, where
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K3⇡

D

is the average strong phase di↵erence; this and the coherence factor, RK3⇡

D

, are
defined by R
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K3⇡
D ⌘ hcos �i + ihsin �i, where hcos �i and hsin �i are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D

0 ! K

+

⇡

� [1–3].1 This Letter reports the first
observation in a di↵erent decay channel, D0 ! K

+

⇡

�
⇡

+

⇡

�. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D

0

K

+

and B

+! D

0

K

+ amplitudes. In order to constrain � using these decay modes, external
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colliders operating at the charm threshold, where correlated DD pairs provide well-defined
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0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.
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New results were shown for CP violation in charm:

ΔACP = ACP(D0/D0 → K+K–) – ACP(D0/D0 → π+π–)

D0 flavour inferred from soft pion charge in: D*+ → D0 π+

Earlier 0.6 fb–1 result exhibited 3.5σ discrepancy with SM, 
not confirmed with larger data sample. 

New, full 3 fb–1 result:

ΔACP = −0.10 ± 0.08stat ± 0.03syst % 

– –

MoriondEW, Mar 19, 2016 Experimental Summary

Charm @ LHCb: CP violation and mixing
Exploiting huge recorded charm sample from Run-1

Charm: mixing frequency extremely low, challenging high-statistics measurement, CP violation small in SM

New mixing analysis using D0 → K– π+ π– π+. 
Sensitive to strong phase difference needed for γmeasurement via B+ → D0K+ (with D0 → K– π+ π– π+)

Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
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Figure 2: Decay-time evolution of the background-subtracted and e�ciency corrected WS/RS
ratio (points) with the results of the unconstrained (solid line) and no-mixing (dashed line) fits
superimposed. The bin centres are set to the decay-time where R(t) is equal to the bin integrated
ratio R̃.

Table 1: Results of the decay-time dependent fits to the WS/RS ratio for the unconstrained and
mixing-constrained fit configurations. The results include all systematic uncertainties.
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beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D
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observation in a di↵erent decay channel, D0 ! K
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In the Standard Model of particle physics, transitions between di↵erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B

+! DK

+ (and others) where D represents a superposition
of D0 and D

0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D

0 and D

0, allowing the necessary interference of B+! D
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and B
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+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0! f and
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0 ! f amplitudes. Previously, such input was thought to be accessible only at e
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colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D

0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
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where the charge of the soft (low-momentum) pion, ⇡
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, tags the flavour of the meson.
The wrong-sign (WS) decay D
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� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D
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0! K

�
⇡

+

⇡

�
⇡

+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D
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where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
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are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
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where t is the proper decay-time of the D0 meson (measured with respect to production), ⌧
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New results were shown for CP violation in charm:

ΔACP = ACP(D0/D0 → K+K–) – ACP(D0/D0 → π+π–)

D0 flavour inferred from soft pion charge in: D*+ → D0 π+

Earlier 0.6 fb–1 result exhibited 3.5σ discrepancy with SM, 
not confirmed with larger data sample. 

New, full 3 fb–1 result:

ΔACP = −0.10 ± 0.08stat ± 0.03syst % 
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! pµ�⌫
µ

and ⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

candidates. The ratio of e�ciencies is 3.52±0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the ⇤+

c

!
pK�⇡+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e�ciency, which is due to possible di↵er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

decay. Another sys-
tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ⇤+

c

! pK�⇡+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the fit. The exception to this is the
uncertainty on the ⇤0

b

! N⇤µ�⌫
µ

mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e↵ects: the uncertainty in the ⇤0

b

life-
time; di↵erences in data and simulation in the
isolation BDT response; di↵erences in the rel-
ative e�ciency and q2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the ⇤0

b

kinematic
properties; the disagreement in the q2 migra-
tion between data and simulation; and the finite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7.8

�8.2

%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.

The table shows the relative systematic uncertainty
on the ratio of the ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
fits.

Source Relative uncertainty (%)

B(⇤+

c

! pK+⇡�) +4.7

�5.3

Trigger 3.2
Tracking 3.0
⇤+

c

selection e�ciency 3.0
⇤0

b

! N⇤µ�⌫
µ

shapes 2.3
⇤0

b

lifetime 1.5
Isolation 1.4
Form factor 1.0
⇤0

b

kinematics 0.5
q2 migration 0.4
PID 0.2

Total +7.8

�8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e�ciencies, the ratio of branching fractions of
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µ�⌫
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in the selected q2
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2
=

(1.00± 0.04± 0.08)⇥ 10�2 ,

where the first uncertainty is statistical and
the second is systematic. Using Eq. 1 with
R

FF

= 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|V
ub

|
|V

cb

| = 0.083± 0.004± 0.004 ,

is obtained. The first uncertainty arises from
the experimental measurement and the second is

6

due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0
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) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support
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Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.
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Error on |Vub| tot.

LHCb 22/fb 3.6%

Belle II 50/ab 2.2%

Error on ΔACP tot.

LHCb 22/fb 0.03%

Belle II 50/ab 0.03%

2024 data sets

Signal(!)



EWP

CPV
LFU: electron vs. muon (Rk) 

Johannes Albrecht 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  
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LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)
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Lepton universality 

Johannes Albrecht 

•  In the SM, leptons couple universal to W± and Z0 

! test this in ratios of semileptonic decays 

•  Ratios differ from unity only by phase space 
! hadronic uncertainties cancel in the ratio 

electrons / muons tau / muons 
 
 
 
 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

R(D*)=Β(B0"D*+τ-ντ)/Β(B0"D*+µ-ντ) 
with τ-"µ-νµντ  

13 

!  Ratio  R(D*) sensitive to NP coupled 
dominantly to 3rd generation, e.g. a 
charged Higgs 

!  Theoretically clean 

 
– BaBar: R(D) and R(D*) combined "           

3.4 σ tension (final data set) 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

d
b

d
s
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MoriondEW, Mar 19, 2016 Experimental Summary

The CKM matrix and more
Huge LHCb effort on CKM angle γ

The CKM angle γ ~ arg(–Vub*) can be measured 
through interference of b → u with b → c tree transitions 

Malcolm John
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• Accessible in decays where b→u and b→c transitions interfere to give CP violation 

• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
The most studied case is B–→DK– decays,

4.1 The Unitarity triangle

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the product of any
two rows, or any two columns must equal 1. For the columns we therefore have:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

The relative height of these triangles bares some relation to the size of the CP violation e↵ect involved. The first triangle
describes the neutral kaon system and its modest height reflect the size of the observed CP violation (⇠ 2 ⇥ 10�3). The
second encodes so much B-physics, it is worth examination.
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ū

W� s

ū
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ū

u

ū
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Hadronic parameters are: rB and strong FSI phase δB

Theoretically clean measurement, but large statistics 
needed due to CKM suppression of amplitudes. 

Hence use B±, B0, Bs, and many D decay modes 
requiring different techniques; also DK* and DsK used. 
Some modes show large CP asymmetries (example below)
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through interference of b → u with b → c tree transitions 
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ū

W� s

ū
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ū

B0

K⇤0

D0

b

¯d

u

¯d

W�

s

c̄

B0

K⇤0

D0

b

s̄

c

s̄

W� s

ū
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B-Factories
a quick introduction

Physics done in Bonn 
an overview

Belle II Detector
concept and current status

Belle II Physics 
& LHCb

On complementarity and overlap

Summary



University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

Summary

62

Stay tuned 
and 

keep snacking!

Brief overview about the Bonn Belle (II) physics activities
I hope you also got a tad excited about Belle II 

• Increasingly interesting physics at the intensity frontier with LHCb upgrade & Belle II
• Both experiments have competing topics, but also unique focal points & strengths

Era of the Super B-Factories will keep things interesting
• Significant sensitivity gain on many precision observables — will the SM remain? 
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Goals of the analysis

kinematic variables:

I w =
m2

B+m2

Dú ≠q2

2mBmDú with q2 = p2

W :

momentum transfer

I
cos ◊v & cos ◊¸: helicity angles

I ‰: angle Dú
and W decay planes

q2

Di�erential branching fractions:

d4�(BæDú¸‹)
dwd cos ◊v d cos ◊¸d‰ (|Vcb|, flDú , R

1

, R
2

) æ use 1D ≠ projections

æ measurement of |Vcb| and B æ Dúl‹ form factor paramters

æ search for deviations (in shape) from SM æ new Physics?

æ unfolding of the spectra
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Kinematic distributions
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Unitarity Triangle

Changed focus: No longer seeking to verify the CKM picture

Instead look for signs of New Physics
‹ Discrepancies in measurements or unitarity triangle

All constraints

[CKMfitter 03/14]

Patrick Koppenburg CKM Studies from Hadron Machines CKM workshop 2014 [4/45]

Unitarity Triangle

Changed focus: No longer seeking to verify the CKM picture

Instead look for signs of New Physics
‹ Discrepancies in measurements or unitarity triangle

(⇢̄, ⌘̄) fit is dominated by sin 2�

We don’t know much about constraints from trees

Only trees

[CKMfitter 03/14]

Patrick Koppenburg CKM Studies from Hadron Machines CKM workshop 2014 [4/45]

Search for new sources of CPV
CKM fit dominated by sin(2𝜷 = 
2 𝟇1) precision

If new sources of CPV is 
present expect tree-constraints 
and loop constraints to not 
agree
Current precision leaves room 
for new CPV physics
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Precision measurements of sin(2𝜷) will remain an important topic to check 
the consistency of the Unitary triangle and for the search of new physics

66

Error on sin(2𝜷) stat. tot.

B-Factories 3.5% 3.9%

Belle II 5/ab 1.3% 1.8%

Belle II 50/ab 0.4% 1.2%
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the B Factories is not systematically limited and may be
improved upon by the next generation of experiments.

17.6.2 Transitions and formalism

The Unitarity Triangle angle �1 = � is defined as

�1 ⌘ � ⌘ arg[�(VcdV
⇤
cb)/(VtdV

⇤
tb)]. (17.6.1)

It describes CP violation in the interference between de-
cays with and without B0-B0 mixing and is best measured
in B0 ! J/ ( (2S))K0

S transitions, which have CP -odd
final states (ignoring the small CP violation in K0-K0

mixing). As discussed in Section 10.1, �B = 2 transitions
in the SM are produced by quark box diagrams Obox in-
cluding QCD radiative corrections for �md.

The most precise technique for measuring �1 uses B0

decays to CP eigenstates with quark transitions of the
type b ! cc̄s (Fig. 17.6.1). Since the final state f is ac-
cessible to both B0 and B0, the amplitudes for B0 ! f
(direct decay) and B0 ! B0 ! f (decay preceded by
neutral meson oscillation) will interfere. As described in
Section 10.2,70 the resulting time-dependent CP asymme-
try is given as

A(�t) = S sin(�md�t) � C cos(�md�t), (17.6.2)

where S = 2Im�/(1 + |�|2), C = (1 � |�|2)/(1 + |�|2),
and � = (q/p)(Af/Af ). In the SM, q/p = VtdV ⇤

tb/V ⇤
tdVtb

to a good approximation. For the final state f = J/ K0
S ,

the B decay is dominated by a tree b ! cc̄s (or its CP
conjugate) amplitude71 followed by K0-K0 mixing.72 The

result is � = ⌘f
VtdV ⇤

tb

VtbV ⇤
td

VcbV ⇤
cd

VcdV ⇤
cb

, which leads to C = 0 and

S = �⌘f sin 2�1, where ⌘f = ⌘J/ K0
S

= �1 is the CP

eigenvalue. B0 ! J/ K0
L has ⌘f = ⌘J/ K0

L
= +1 and has

the opposite sign for S. The same magnitude is expected
for the CP -even and -odd modes up to a small correction
for CP violation in K0-K0 oscillations.

To understand the penguin amplitude contributions,
one can group tree (T ) and penguin (P q) amplitudes ac-
cording to their CKM factors, remove the VtbV ⇤

ts term us-
ing the unitarity condition

X

q=u,c,t

VqbV
⇤
qs = 0, (17.6.3)

and express the b ! cc̄s decay amplitude as

Acc̄s = VcbV
⇤
cs(T + P c � P t) + VubV

⇤
us(P

u � P t), (17.6.4)

where the superscripts indicate the quark in the loop. The
second term has a di↵erent phase but the magnitude is
suppressed by |VubV ⇤

us/VcbV ⇤
cs| ⇠ O(�2

Cabibbo). Therefore,
the e↵ect of the penguin amplitude on �1 is expected to
be very small.

70 See in particular Eqs (10.2.2, 10.2.4, 10.2.4, and 10.1.10).
71 B decay amplitude ratio provides a factor ⌘f

VcbV ⇤
cs

V ⇤
cb

Vcs
.

72 K0-K0 mixing provides a factor V ⇤

cdVcs/VcdV ⇤

cs.

Within the SM the level of CP violation in decay
(|Af/Āf̄ | 6= 1) is expected to be inaccessible to exist-
ing experiments, and new physics (NP) beyond the SM
is unlikely to generate large e↵ects due to the dominance
of the tree amplitude in decay. However, NP could modify
the time-dependent CP asymmetry across di↵erent modes
by a↵ecting the phase in q/p and lead to inconsistencies
between �1 and other observables that determine the Uni-
tarity Triangle.
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c

Figure 17.6.1. Tree and penguin diagrams of b ! ccs.

In b ! cc̄d (Fig. 17.6.2) decays, the di↵erence be-
tween the CKM phase of the tree diagram and that of
b ! cc̄s is negligible. This allows the measurements of
sin 2�1 through decays to CP eigenstates of b ! cc̄d (such
as B0 ! J/ ⇡0 and D+D�) in the same way as b ! cc̄s.
Unlike b ! cc̄s, however, the CKM factors of the pen-
guin diagrams here are of the same order (O(�3

Cabibbo)) as
the tree diagram. The possible contribution of the b ! cc̄d
penguin diagrams, which have a di↵erent CKM phase, can
alter the measured value of sin 2�1. Any such deviation
would be due to the e↵ect of penguin contributions or due
to NP.

b c

c

d

b d

c

c

Figure 17.6.2. Tree and penguin diagrams of b ! ccd.

The b ! cūd transition (Fig. 17.6.3) proceeds through
a tree diagram, and has no penguin contribution. It can
again be used to probe sin 2�1 if the final state is accessible
to both B0 and B0 (e.g., in the case of intermediate D0

and D0 decays to the same final state). However, in this
case, the process b ! uc̄d also contributes. The relative
CKM factor of these two tree diagrams, VubV ⇤

cd/VcbV ⇤
ud,

has a large phase and the magnitude is approximately
0.02. Therefore, the deviation from the b ! cc̄s value for
sin 2�1 obtained in these decays is expected to be small.

b c

u

d

b u
c
d

Figure 17.6.3. Tree diagrams of b ! cūd and b ! uc̄d.
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It describes CP violation in the interference between de-
cays with and without B0-B0 mixing and is best measured
in B0 ! J/ ( (2S))K0

S transitions, which have CP -odd
final states (ignoring the small CP violation in K0-K0

mixing). As discussed in Section 10.1, �B = 2 transitions
in the SM are produced by quark box diagrams Obox in-
cluding QCD radiative corrections for �md.

The most precise technique for measuring �1 uses B0

decays to CP eigenstates with quark transitions of the
type b ! cc̄s (Fig. 17.6.1). Since the final state f is ac-
cessible to both B0 and B0, the amplitudes for B0 ! f
(direct decay) and B0 ! B0 ! f (decay preceded by
neutral meson oscillation) will interfere. As described in
Section 10.2,70 the resulting time-dependent CP asymme-
try is given as
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and � = (q/p)(Af/Af ). In the SM, q/p = VtdV ⇤

tb/V ⇤
tdVtb

to a good approximation. For the final state f = J/ K0
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= +1 and has

the opposite sign for S. The same magnitude is expected
for the CP -even and -odd modes up to a small correction
for CP violation in K0-K0 oscillations.

To understand the penguin amplitude contributions,
one can group tree (T ) and penguin (P q) amplitudes ac-
cording to their CKM factors, remove the VtbV ⇤

ts term us-
ing the unitarity condition

X
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Acc̄s = VcbV
⇤
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where the superscripts indicate the quark in the loop. The
second term has a di↵erent phase but the magnitude is
suppressed by |VubV ⇤
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Cabibbo). Therefore,
the e↵ect of the penguin amplitude on �1 is expected to
be very small.
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Within the SM the level of CP violation in decay
(|Af/Āf̄ | 6= 1) is expected to be inaccessible to exist-
ing experiments, and new physics (NP) beyond the SM
is unlikely to generate large e↵ects due to the dominance
of the tree amplitude in decay. However, NP could modify
the time-dependent CP asymmetry across di↵erent modes
by a↵ecting the phase in q/p and lead to inconsistencies
between �1 and other observables that determine the Uni-
tarity Triangle.
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In b ! cc̄d (Fig. 17.6.2) decays, the di↵erence be-
tween the CKM phase of the tree diagram and that of
b ! cc̄s is negligible. This allows the measurements of
sin 2�1 through decays to CP eigenstates of b ! cc̄d (such
as B0 ! J/ ⇡0 and D+D�) in the same way as b ! cc̄s.
Unlike b ! cc̄s, however, the CKM factors of the pen-
guin diagrams here are of the same order (O(�3

Cabibbo)) as
the tree diagram. The possible contribution of the b ! cc̄d
penguin diagrams, which have a di↵erent CKM phase, can
alter the measured value of sin 2�1. Any such deviation
would be due to the e↵ect of penguin contributions or due
to NP.
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Figure 17.6.2. Tree and penguin diagrams of b ! ccd.

The b ! cūd transition (Fig. 17.6.3) proceeds through
a tree diagram, and has no penguin contribution. It can
again be used to probe sin 2�1 if the final state is accessible
to both B0 and B0 (e.g., in the case of intermediate D0

and D0 decays to the same final state). However, in this
case, the process b ! uc̄d also contributes. The relative
CKM factor of these two tree diagrams, VubV ⇤

cd/VcbV ⇤
ud,

has a large phase and the magnitude is approximately
0.02. Therefore, the deviation from the b ! cc̄s value for
sin 2�1 obtained in these decays is expected to be small.
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Figure 17.6.3. Tree diagrams of b ! cūd and b ! uc̄d.

B ! (cc̄)K0

impressive 
reduction thanks to 

LHCb
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The decays to CP eigenstates dominated by b ! sq̄q
penguin transitions (Fig. 17.6.4) also can be used for sin 2�1

measurements in the SM. Similar to Eq. (17.6.4), the dom-
inant penguin contribution has the same phase as that in
the b ! cc̄s tree diagram, and the sub-dominant term is
suppressed. Any deviation of S from the b ! cc̄s decay
(beyond theoretical uncertainty) is a clear indication of
the e↵ect of NP. The decays proceeding via b ! ss̄s pen-
guin diagrams, such as B0 ! �K0, K0

SK0
SK0

S , and ⌘0K0,
have a small theoretical uncertainty on S due to the lack
of a tree amplitude contribution. These decays are partic-
ularly promising for future new physics searches.

b s

q

q

Figure 17.6.4. Penguin diagram of b ! qqs.

Measurements of sin 2�1 have a four-fold ambiguity in
�1: �1 $ ⇡/2 � �1, �1 + ⇡ and 3⇡/2 � �1 (all these four
values result in the same sin 2�1). The �1 $ ⇡/2 � �1

and 3⇡/2��1 ambiguity can be resolved in one of several
ways: the full time-dependent angular analysis of vector-
vector final states such as B0 ! J/ K⇤0[K0

S⇡
0]; time-

dependent Dalitz analysis of three-body decays; time-
dependent Dalitz analysis of D0 ! K0

S⇡
+⇡� in B0 !

D(⇤)0h0; and time-dependent measurements in two sepa-
rate Dalitz regions in B0 ! D⇤+D⇤�K0. Using these mea-
surements the ambiguity is partially resolved and only the
two fold ambiguity �1 ! �1 +⇡ remains, which cannot be
resolved by a single measurement. When combining with
other CKM measurements, one can clearly see which of
the two remaining solutions is ruled out. See Chapter 25
for details.

The following sections describe the di↵erent measure-
ments of �1 made at the B Factories.

17.6.3 �1 from b ! cc̄s decays

The decays to CP eigenstates via a b ! cc̄s transition
include B0 decays to charmonium (cc̄) and a K0

S or K0
L.

These modes have experimentally clean signals, and large
signal yields are expected due to relatively large branch-
ing fractions (they are CKM favored, though color sup-
pressed73). These decays are also theoretically very clean
for �1 determination, i.e., the deviation due to the contri-
bution of penguin diagrams with a di↵erent CKM phase
is expected to be at the  1% level (H. Boos and Reuter,

73 Each of the two quarks (c̄s) from the virtual W is paired
with the quark originating from the initial state (bd̄) to form a
hadron. Since hadrons have to stay color-neutral, the color of
c̄ and s must match that of b and d̄. Therefore the overall am-
plitude is 1/number-of-colors smaller than the decays in which
W ⇤ ! q̄q0 hadronize by themselves.

2004, 2007). As a result the B0 ! J/ K0
S decay is called

a “Golden mode”.

Since the observation of CP violation in B decays
and the precise measurements of sin 2�1 are the primary
goals of the asymmetric B Factories, the measurements
made using b ! cc̄s modes were performed shortly after
data taking commenced, and have been updated several
times during the course of data taking. Both B Facto-
ries have updated their measurements using the whole
data sample collected by each experiment. BABAR (Au-
bert, 2009z) uses 465 ⇥ 106 BB, while Belle (Adachi,
2012c) uses 772⇥106 BB pairs. For �1 measurements with
b ! cc̄s decays, the B0 decays to the final states J/ K0

S ,
J/ K0

L,  (2S)K0
S , �c1K0

S , ⌘cK0
S , and J/ K⇤(890)0[K0

S⇡
0]

are used. The J/ K0
L state is CP -even, and J/ K⇤(890)0

is an admixture of two CP states. All the others are CP -
odd states.

The J/ and  (2S) mesons are reconstructed via their
decays to `+`� (` = e, µ). For decays to an e+e� final
state, photons near the direction of the e± are added to
recover the energy lost by radiated bremsstrahlung. The
 (2S) mesons are also reconstructed in the J/ ⇡+⇡� fi-
nal state. The �c1 mesons are reconstructed in the J/ �
final state, and these photons must not be consistent with
photons from ⇡0 decays. The ⌘c mesons are reconstructed
in the K0

SK+⇡� final states, and the regions that con-
tain the dominant intermediate resonant states in K+⇡�
and K0

SK+ are selected. Candidate K0
S mesons are recon-

structed via decays to the ⇡+⇡� final state. For the B0 !
J/ K0

S decay mode, K0
S mesons are also reconstructed in

the ⇡0⇡0 final state. Inclusion of the K0
S ! ⇡0⇡0 channel

increases a signal yield by about 20% of the K0
S ! ⇡+⇡�

channel. The masses of J/ ,  (2S), �c1, and K0
S candi-

dates are constrained to their respective nominal values
to improve their momentum resolutions. Candidate K0

L

mesons are identified using information from the electro-
magnetic calorimeter and IFR/KLM detectors (see Chap-
ter 2), requiring that the signals in these detectors are not
associated with any charged tracks. Since the energy of a
K0

L cannot be measured precisely, only the flight direction
is used when reconstructing B0 ! J/ K0

L decay candi-
dates. The K⇤0 candidates are selected by combining K0

S

and ⇡0 mesons. BABAR uses all of the aforementioned final
states for their analysis. While Belle (Abe, 2001g) used the
same set of modes for earlier iterations of their analysis,
more recent updates do not include the J/ K0

S(! ⇡0⇡0),
⌘cK0

S , and J/ K⇤0 final states.

Candidate B0 mesons are reconstructed by combin-
ing charmonium and K0

S , K0
L, or K⇤0 candidates. Two

kinematic variables �E and mES (see Section 7.1.1) are
used to select signal candidates, with the exception of the
B0 ! J/ K0

L channel. For the latter case a kinematic con-
straint is applied assuming a two-body decay of the B0,
and both BABAR and Belle use �E and the momentum of
the reconstructed B0 in the center-of-mass (CM) system
(p⇤

B) to isolate signal candidates. Figure 17.6.5 shows the
mES and �E distributions for candidates satisfying the
flavor tagging and vertex reconstructions in the BABAR

One of the most promising ways to search for new sources of CPV is to 
compare the mixing-induced CP asymmetries in penguin transitions with 
tree-dominated modes

Error on sin(2𝜷) tot.

B-Factories 9.4%

Belle II 5/ab 4.2%

Belle II 50/ab 1.6%

B ! ⌘0K0

B ! �K0

B ! K0K0K0

Error on sin(2𝜷) tot.

B-Factories 17.8%

Belle II 5/ab 7.9%

Belle II 50/ab 2.7%

Error on sin(2𝜷) tot.

B-Factories 33.9%

Belle II 5/ab 15.1%

Belle II 50/ab 4.9%
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B ! (cc̄)K0
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Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics

  μR   eR

 q  q

  
0

 μ   e

~ QED 

Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ ! e� (left) and µN ! eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ ! e� and ⌧ ! µ� established that µ
and ⌧ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ ! e� also required to introduce the muon neutrino, prior
to the ⌫

µ

discovery in 1962 [7], to cancel FCNC amplitudes [8].
Radiative lepton decays `1 ! `2� proceed via dimension-five left and right-handed radiative transition

amplitudes. The branching fraction can be written in the form [5]

B(`1 ! `2�) =
3↵

32⇡

�|A
L

|2 + |A
R

|2� · B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by A

L

= A
R

= 16

p
2⇡2/G

F

⇤

2, where G
F

is the Fermi constant and ⇤ the scale of the LFV interaction.
The upper limit of B(µ ! e�) < 1.2 · 10�11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound ⇤ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as `1 ! `2`2`2 and µ–e
conversion, have an additional rate suppression factor ↵QED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ ! e� (left) and µN ! eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (�), and squarks, leptons
and quarks (�0) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+ ! e+�) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) ⇡E5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ+ ! e+� signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)
positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ+ ! e+⌫⌫ decays and a photon from radiative µ+ ! e+�⌫⌫ decays, bremsstrahlung or positron
annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.

3

LFV signals are expected in many BSM scenarios, such as the MSSM or 
as a consequence of Seesaw models
Belle II will be able to improve current limits by a factor of 100 for 𝝉→3l and 
a factor of >10 for 𝝉→l 𝛄
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Charged lepton flavour violation: SM-free signals!
A very active field of BSM searches 
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Figure 1
Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ − N e− N . The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.
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FIG. 5: LFV UL (90% C.L.) results from CLEO, BaBar and Belle, and extrapolations for
Belle II (50 ab�1) and LHCb updgrade (50 fb�1).
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over 10 times
smaller for other modes, such as ⌧ ! `� that have irreducible background contributions.

51

LFV signals are expected in many BSM scenarios, such as the MSSM or 
as a consequence of Seesaw models
Belle II will be able to improve current limits by a factor of 100 for 𝝉→3l and 
a factor of >10 for 𝝉→l 𝛄

Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics

  μR   eR

 q  q

  
0

 μ   e

~ QED 

Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ ! e� (left) and µN ! eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ ! e� and ⌧ ! µ� established that µ
and ⌧ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ ! e� also required to introduce the muon neutrino, prior
to the ⌫

µ

discovery in 1962 [7], to cancel FCNC amplitudes [8].
Radiative lepton decays `1 ! `2� proceed via dimension-five left and right-handed radiative transition

amplitudes. The branching fraction can be written in the form [5]

B(`1 ! `2�) =
3↵

32⇡

�|A
L

|2 + |A
R

|2� · B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by A

L

= A
R

= 16

p
2⇡2/G

F

⇤

2, where G
F

is the Fermi constant and ⇤ the scale of the LFV interaction.
The upper limit of B(µ ! e�) < 1.2 · 10�11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound ⇤ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as `1 ! `2`2`2 and µ–e
conversion, have an additional rate suppression factor ↵QED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ ! e� (left) and µN ! eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (�), and squarks, leptons
and quarks (�0) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+ ! e+�) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) ⇡E5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ+ ! e+� signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)
positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ+ ! e+⌫⌫ decays and a photon from radiative µ+ ! e+�⌫⌫ decays, bremsstrahlung or positron
annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.

3
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Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ
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•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

Global fit with new physics parameterisation (C9
NP, C10

NP) seems to reproduce observed discrepancy pattern

]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1

0
2

q
)/

d
µ

µ
φ

→
s0

B
d

B
( 0

1

2

3

4

5

6

7

8

9

SM pred.
SM (wide)
SM LQCD
Data
Data (wide)

LHCb

Differential branching ratio of Bs → φµµ decay 

P’5 measurements from ATLAS & CMS in work

EWP

70

Electroweak penguin production very sensitive to New Physics
• Radiative penguins offer interesting probe for |C7 |

• ACP measurements of B →Xd/s ɣ and B →Xd+s ɣ
• Leptonic penguins access |C7 |, |C9 | and |C10 |

• Can measure full repertoire of kinematic, angular and    
CP observables

• Belle II can access inclusive and exclusive decays
• Way to deal with QCD independent; valuable cross check 
when anomalies show up (cf. slide 19)
• Measured B →Xs ll  AFB sensitive to |C7 |, |C9 | ratio

Error stat. tot.

B-Factories 13.4% 16.8%

Belle II 5/ab 4.8% 7.5%

Belle II 50/ab 1.5% 5.1%

B ! Xs�

Error stat. tot.

B-Factories 4.2% 12.3%

Belle II 5/ab 1.5% 6.6%

Belle II 50/ab 0.5% 5.4%

had. taggeduntagged
B ! Xs� B ! Xs ``

Error tot.

B-Factories 19%

Belle II 5/ab 9%

Belle II 50/ab 6%

C7/C9 ratio
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Electroweak penguin production very sensitive to New Physics
• Belle II will be able to probe modes with neutrinos                 
and 𝝉 leptons

• B → K(*) 𝝂𝝂 theoretically very clean, no long distance 
effects from resonances (J/𝛙, etc.) as for B → K(*) ll

Error 90% CL

B-Factories < 4.1 x 10-3

Belle II 5/ab < 0.8 x 10-3

Belle II 50/ab < 0.3 x 10-3

B ! ⌧⌧ B0 ! KS⌫⌫̄

B+ ! K+⌫⌫̄

B0 ! K⇤ 0⌫⌫̄SM ~ 2 x 10-10

Bs ! ⌧⌧

Error 90% CL

B-Factories < 13 x 10-3

Belle II 5/ab < 2 x 10-3

SM ~ 9 x 10-7

Error stat.

B-Factories 590%

Belle II 5/ab 220%

Belle II 50/ab 94%

SM ~ 2.2 x 10-6 SM ~ 9.5 x 10-6

SM ~ 4.7 x 10-6

had. tagged had. tagged

B+ ! K⇤+⌫⌫̄ SM ~ 10.2 x 10-6

Error stat.

B-Factories 130%

Belle II 5/ab 49%

Belle II 50/ab 22%

Error stat.

B-Factories 112%

Belle II 5/ab 42%

Belle II 50/ab 22%

Error stat.

B-Factories 120%

Belle II 5/ab 45%

Belle II 50/ab 22%

⌫

⌫̄
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Charm physics experienced a large boost in interest from 
the theory side as well from experimental efforts. 
Charm will be one of the important subjects to be studied 
by Belle II 

• Leptonic charm decays are sensitive to NP 
contributions

• Measurement of D0 mixing and CPV parameter 
measurement

• Charm mixing frequency extremely low, challenging 
high-statistics measurement

Error tot. (in 10-4)

B-Factories 22

Belle II 5/ab 10

Belle II 50/ab 3

yCP A�

Error tot. (in 10-3) 

B-Factories 2.4

Belle II 5/ab 1.1

Belle II 50/ab 0.5

SM ~ < x 10-4
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19.2 D-mixing and CP violation
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19.2.1 Introduction

19.2.1.1 Brief overview

The mixing phenomenon in B, D and K neutral meson
system is an example of the flavor changing neutral cur-
rent (FCNC) process. Within the SM, FCNC’s are ab-
sent at the tree level (first order). However, mixing can
occur through box diagrams (second order), as shown in
Fig. 19.2.1.

cj

c d,s,b u

u d,s,b c

D0 D0W W+ −

Vci Vuj*

Vui* V

Figure 19.2.1. Box diagram leading to D0 � D0 mixing.

The strong suppression of FCNC’s is a consequence
of the GIM mechanism (Glashow, Iliopoulos, and Maiani,
1970) (see Chapter 16). In the past, measurements of mix-
ing provided a basis for important discoveries. The dis-
coveries of K0 � K0 and B0

d � B0
d mixing, for example,

enabled predictions of the masses of the charm and top
quarks, respectively, before the quarks were first observed
at Brookhaven and SLAC (Aubert et al., 1974; Augustin
et al., 1974), and at Fermilab (Abachi et al., 1995b; Abe
et al., 1995). The probability for any of the above men-
tioned neutral mesons to transform into its anti-particle
in the course of its lifetime is described by the mixing
parameters x and y. The mixing parameters are defined
as

� =
�1 + �2

2

x =
m1 � m2

�

y =
�1 � �2

2�
, (19.2.1)

where �1,2 are the widths of the two mass eigenstates. The
time integrated probability for a neutral meson initially

produced as P 0 to decay at a later time as P
0

is given by
(x2 + y2)/2(x2 + 1). By inspection of approximate values
for x and y in Table 19.2.1 it is clear that this probability
is by far the smallest for the system of neutral D mesons.

Table 19.2.1. Discoveries of neutral mesons and their mixing
Approximate values of the mixing parameters are listed as well.

Meson Discovery year and place Mixing parameter

K0 1950 Caltech

Mixing 1956 Columbia x ⇡ 1, y ⇡ 1

B0
d 1983 CESR

Mixing 1987 DESY x ⇡ 0.8, y ⇠ 0

B0
s 1992 LEP

Mixing 2006 Fermilab x ⇡ 26, y ⇠ 0.05

D0 1976 SLAC

Mixing 2007 KEK, SLAC x ⇠ 0.01, y ⇠ 0.01

The reason for the small rate of mixing of D0 mesons
lies in the fact that they are the only flavored neutral
mesons composed of up-type quarks. The GIM mecha-
nism, as explained below, is even more e�cient for the case
of up-type quark FCNC’s. For the same reason measure-
ments of mixing in the D0 system yield complementary
constraints on possible contributions from new physics
(NP) processes beyond the SM to those arising from the
measurements of FCNC’s of down-type quarks (B or K
mesons). In 2007 the B Factories established evidence for
mixing in the neutral charm mesons system, and those
results were published back-to-back in Phys. Rev. Lett.
as (Aubert, 2007j) and (Staric, 2007). These results are
discussed in Sections 19.2.2 and 19.2.3, respectively.

19.2.1.2 Mixing

A general description of oscillations of pseudoscalar neu-
tral mesons is given in Section 10.1. In the following we
emphasize some of the specifics of the D0 system. The
mixing parameters are defined in Eq. (19.2.1).

In the absence of CP violation (q = p = 1/
p

2 in Eq.
10.1.2), D1(2) is the CP -even (odd) state if one adopts the

phase convention CP |D0i = |D0i and CP |D0i = |D0i.119
The amplitude for the process of Fig. 19.2.1,

hD0|H�C=2|D0i, can be schematically written as

X

i,j=d,s,b

V ⇤
uiVciVcjV

⇤
ujF(m2

W , m2
i , m

2
j ), (19.2.2)

119 For the mixing parameter x (y) one subtracts the mass
(width) of the CP -odd state (or in case of CP violation of the
state which has a larger CP -odd component) from that of the
CP -even state (or in case of CP violation of the state which
has a larger CP -even component).
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masses below 500 MeV/c2. Above this mass, only Belle II will be able to improve the existing
limits.

The BaBar analysis excluded 30–50 MeV/c2 regions around the !, �, J/ ,  (2S), ⌥ (1S),
and ⌥ (2S) resonances, where the backgrounds are changing rapidly with mass, and where
the A

0 branching fractions to leptons are low. An analysis of hadronic final states would be
useful here.

The lifetime of the A

0 is proportional to 1/(M
A

0
"

2) [66]. For the vast majority of the
parameter space covered by Belle II in Fig. 8 the A

0 decay can be assumed to be prompt.
This approximation starts to fail only at the lowest mass and highest luminosity: calculated
in the centre-of-mass frame, ��c⌧ = 10 mm for M

A

0 = 20 MeV/c2 and " = 0.0003. Although
Belle II will little sensitivity to dark photon parameter space corresponding to displaced
vertices, a general search for long-lived new particles, as was recently published by BaBar
[67], is worthwhile. This analysis will require more statistics than available in the initial
data set.

B. Dark photon searches, invisible final states

If there is a dark fermion � lighter than the A

0, the A

0 will decay essentially 100% via
A

0 ! ��. Since the interaction probability of the � in the detector is negligible, radiative
production of the dark photon will produce a final state that consists of a single mono-
energetic photon with no accompanying charged tracks. The centre of mass energy of the
photon E

⇤
�

is related to the dark photon mass by E

⇤
�

= (s�M

2

A

0)/(2
p

s), where s is the square
of the centre of mass energy. This is an interesting search to perform. There are no explicit
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Ref. [69]. The scaling is done as for the leptonic analysis. In this case, we assume there is no
improvement in mass resolution compared to BaBar. To obtain the e�ciency, we unfold the
angular distribution of the radiative photon in the light Higgs search to obtain the e�ciency
for reconstructing the photon within the acceptance cuts. The dark photon cross section is
then calculated for the analysis acceptance.

BaBar had a large systematic error on the residual �� peaking background due to the
time variation in the response of the muon identification hardware. We assume that this can
be reduced to a negligible level. Otherwise, we do not assume any analysis improvements,
or optimisations for the light Higgs/dark photon di↵erences. The result is shown in Fig. 9
for a massless �.

The single photon data can also be interpreted in terms of the radiative production of
a non-resonant pair of weakly interaction particles, e

+

e

� ! ���. In this case, there is no
peak in the energy distribution of the photon, but rather an overall increase in the single
photon rate compared to the expected QED backgrounds.

C. Dark photon and dark Higgs searches

The dark U(1) symmetry group could be spontaneously broken by a Higgs mechanism,
adding a dark Higgs h

0 (or several dark Higgs bosons) to these models [66]. Therefore, since
the dark photon has a mass, the dark photon coupling, ↵

D

, to the dark Higgs is non zero.
The hypothetical dark photon and dark Higgs particles can be searched in the so-called
Higgs-strahlung channel, e

+

e

� ! A

0
h

0 (Fig. 10).
The dark photon A

0 can decay into either `

+

`

�, hadrons or invisible particles while dark
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Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.

2

Belle II can probe ‘dark forces’ with dedicated Triggers
• ‘dark forces’: involving dark-matter particles that serve 

as ‘portals' between the SM and a dark-matter sector

• Motivated by rise in cosmic-ray positron fraction       
(which does not necessarily have to be due to New Physics)

• Also models with dark Higgs bosons that could be 
produced in Y(nS) decays. 

Belle II will probe a unique piece of phase space, and even a 
small data sample will have a sizeable impact on todays limits 
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Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.

2

(Prompt) dilepton final state invisible final state

Constraints on dark forces from the B factories and
low-energy experiments

Abner So↵er, Tel Aviv University

On the behalf of the BABAR Collaboration.

Abstract

The idea that dark-matter interactions with Standard-Model particles may be me-
diated by new bosons with masses in the MeV-to-GeV range took o↵ several years ago.
Constraints on such models were soon calculated based on older measurements. Subse-
quently, active collaborations conducted dedicated searches for these bosons, and new
experiments were planned to improve the search sensitivity. I review the basic models
that predict dark vectors and dark Higgs bosons in this mass range, the constraints from
electron-positron colliders, fixed-target experiments, and hadron colliders, and comment
on the sensitivities of future experiments.

To appear in the proceedings of the Interplay between Particle and Astroparticle Physics workshop,
18 – 22 August, 2014, held at Queen Mary University of London, UK.

1 Dark forces

The colorful term “dark forces” refers to interactions involving dark-matter particles, partic-
ularly to the extent that they serve as “portals” between the Standard Model (SM) particles
and those of the dark-matter sector (DS). Recently, scenarios in which such interactions are
mediated by GeV-scale particles have generated a great deal of interest. Such a model was
proposed in Ref. [1] in order to explain chiefly the rise in the cosmic-ray positron fraction
with energy, starting around 10 GeV, as seen by PAMELA [2] and later confirmed with
high precision by AMS-02 [3]. This rise is also consistent with secondary positron produc-
tion due to collisions of primary cosmic rays with interstellar gas and dust. However, the
idea that it may partly be due to physics beyond the Standard Model has proven almost
revolutionary: it has motivated much theoretical and experimental work on new, GeV-scale
states, including the construction of new experiments.

We describe here two types of portals. In the vector portal, one postulates the existence
of a U(1) gauge interaction in the dark sector, which mixes with the SM U(1)Y . After
electroweak symmetry breaking, the e↵ective Lagrangian mixes the associated dark photon
A0 with the SM photon:

Le↵ = LSM � 1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ � ✏

2
F 0
µ⌫F

µ⌫ , (1)

where F 0
µ⌫ is the dark photon field, ✏ is the e↵ective mixing parameter, and mA0 is the dark

photon mass, which may be generated by the breaking of a larger symmetry. Phenomeno-
logically, a dark photon may be created in electromagnetic processes, replacing a virtual
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤
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where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 .
To obtain a signal event count, we integrate over an

invariant-mass range of |m
µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter than
m

A

0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when R

µ

is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the m

A

0 ⌧ m
Z

limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , denoted
as B

M

. There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ

misID: A fake di-muon pair can also arise from
one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played
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Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.
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University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

Flavour Anomalies: b → sμμ

Penguin decays are very sensitive to new physics 
contributions
In b → sμμ new physics can enter via new mediators 
and alter the total rate, but also the angular correlations

• P5’ is one particular observable depending on the helicity angle and the 
tilting angle of the decay planes, normalized by the fraction of longitudinal 
polarized K* mesons

• P5’ can be predicted reliably as many form factor uncertainties cancel 
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MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 
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b ! sµ+µ� example

Standard Model
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“New physics” (loop order and at tree level)
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P’5 measurements from ATLAS & CMS in work

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

Global fit with new physics parameterisation (C9
NP, C10

NP) seems to reproduce observed discrepancy pattern

]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1

0
2

q
)/

d
µ

µ
φ

→
s0

B
d

B
( 0

1

2

3

4

5

6

7

8

9

SM pred.
SM (wide)
SM LQCD
Data
Data (wide)

LHCb

Differential branching ratio of Bs → φµµ decay 

P’5 measurements from ATLAS & CMS in work

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+µ� example

Standard Model

b s

µ+

µ�
t

�, Z0

W� b s

µ+

µ�
⌫

W� W+

t

“New physics” (loop order and at tree level)

b s

µ+

µ�

d̃i

�, Z0

�̃0
b s

µ+

µ�

d̃i

H0

g̃ b s

µ+

µ�
⌫

H� H+

t b s

µ+

µ�Z 0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 

Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

Global fit with new physics parameterisation (C9
NP, C10

NP) seems to reproduce observed discrepancy pattern

]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1

0
2

q
)/

d
µ

µ
φ

→
s0

B
d

B
( 0

1

2

3

4

5

6

7

8

9

SM pred.
SM (wide)
SM LQCD
Data
Data (wide)

LHCb

Differential branching ratio of Bs → φµµ decay 

P’5 measurements from ATLAS & CMS in work

B! µµK ⇤ at LHCb (1 fb�1) — 2nd paper
[LHCb, Phys. Rev. Lett. 111 (2013) 191801, arXiv:1308.1707]
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We also measure P

0
4,5 = S4,5p

FL(1�FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P

0
5 at 3.7�

observed. (P = 0.5% with
look-elsewhere e↵ect)

Patrick Koppenburg 2014-D0-Dimuon CKM workshop 2014 [43/45]

P 0
5 =

S5p
FL(1� FL)

q2 = (pB � pK⇤)2 =
�
pµ + p0µ

�2
= m2

µµ• Deviation from SM of the order 3.4σ

B ! K⇤ µµ
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Flavour Anomalies: b → sμμ

77

P 0
5 =

S5p
FL(1� FL)

Experimental Challenges

The reconstruction of B ! K (⇤)`+`� is challenging!

I The branching ratio for B0 ! K⇤(892)0`+`�is in the order of 10�7

I There is irreducible background from B ! K⇤J/ and B ! K⇤ (2S)

I We expect O(100) candidates in the Belle data-sample

Solution:

I Highly efficient reconstruction algorithms to find as many candidates as possible

I Robust fitting technique – suitable for low statistics

I ! folding method introduced by LHCb in 2013 (arXiv:1308.1707)

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 6/15
Intoduction Angular Analysis Result
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P 0
5 =

S5p
FL(1� FL)

Reconstruction of B0 ! K⇤0`+`�

Multivariate approach

I Neural networks for identifying all primary
particles and K⇤

I K⇤ is reconstructed in K⇤(892)0 ! K+⇡�

I Neural networks for signal selection (one for each
B decay channel)

I Signal is identified in the beam constrained mass

Mbc ⌘
q

E 2
Beam � |~pB |2

We find:
117.6 ± 12.4 signal candidates for B0 ! K⇤(892)0µ+µ�

69.4 ± 12.0 for B0 ! K⇤(892)0e+e�
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5 =

S5p
FL(1� FL)

Result for the angular observable P 0
5
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TABLE VIII: Systematic errors in % for B(B0 → π−ℓ+ν)
from the four-mode fit for bins in q2 and the total q2 range.
The total errors are derived from the individual contributions
taking into account the complete covariance matrix.

B → πℓν

q2 range (GeV2) 0-4 4-8 8-12 12-16 16-20 >20 0-26.4
Track efficiency 3.4 1.5 2.3 0.1 1.5 2.8 1.9
Photon efficiency 0.1 1.4 1.0 4.6 2.8 0.3 1.8
Lepton identification 3.8 1.6 1.9 1.8 1.9 3.0 1.8
KL efficiency 1.0 0.1 0.5 4.5 0.4 2.0 1.4
KL shower energy 0.1 0.1 0.1 0.8 0.9 3.8 0.7
KL spectrum 1.6 1.9 2.2 3.1 4.4 2.3 2.5
B → πℓνFF f+ 0.5 0.5 0.5 0.6 1.0 1.0 0.6
B → ρℓνFFA1 1.7 1.2 3.4 2.0 0.1 1.6 1.7
B → ρℓνFFA2 1.3 0.8 2.6 1.0 0.1 0.4 1.1
B → ρℓνFFV 0.2 0.3 0.9 0.7 0.1 0.5 0.5
B(B+ → ωℓ+ν) 0.1 0.1 0.1 0.2 0.3 1.5 0.2
B(B+ → ηℓ+ν) 0.1 0.1 0.2 0.2 0.2 0.5 0.2
B(B+ → η′ℓ+ν) 0.1 0.1 0.1 0.1 0.1 0.3 0.1
B(B → Xuℓν) 0.2 0.1 0.1 0.1 1.1 1.6 0.4
B → Xuℓν SF param. 0.4 0.1 0.2 0.2 0.5 4.2 0.7
B → Dℓν FF ρ2D 0.2 0.1 0.5 0.3 0.2 0.7 0.3
B → D∗ℓν FF R1 0.1 0.4 0.8 0.6 0.3 0.6 0.5
B → D∗ℓν FF R2 0.5 0.2 0.1 0.2 0.1 0.4 0.2
B → D∗ℓν FF ρ2D∗ 0.7 0.2 0.6 0.8 0.4 1.1 0.6
B(B → Dℓν) 0.2 0.2 0.3 0.4 0.5 0.5 0.3
B(B → D∗ℓν) 0.4 0.1 0.3 0.3 0.3 0.7 0.3
B(B → D∗∗ℓν)narrow 0.4 0.1 0.1 0.3 0.1 0.5 0.2
B(B → D∗∗ℓν)broad 0.1 0.1 0.1 0.5 0.1 0.2 0.2
Secondary leptons 0.5 0.2 0.3 0.2 0.2 0.7 0.3
Continuum 5.3 1.0 2.6 1.8 3.1 6.1 2.0
Bremsstrahlung 0.3 0.1 0.1 0.1 0.1 0.4 0.2
Radiative corrections 0.5 0.1 0.1 0.2 0.2 0.6 0.3
NBB 1.2 1.0 1.2 1.2 1.1 1.6 1.2
B lifetimes 0.3 0.3 0.3 0.3 0.3 0.7 0.3
f±/f00 1.0 0.4 0.8 0.8 0.5 1.3 0.8
Total syst. error 8.2 3.9 6.7 8.3 6.9 10.6 5.0

For the two B → ρℓν samples, the B → Xuℓν back-
ground is large compared to the signal and very difficult
to separate. Consequently, the fit shows very high corre-
lations between the fitted yields for signal and this back-
ground. We therefore choose to fix the background yields
and shapes to those provided by the simulation, and ac-
count for the uncertainty by assessing the sensitivity of
the fitted signal yield to variations of the B → Xuℓν
branching fraction and the shapes of the background dis-
tributions, corresponding to the estimated error of the
shape-function parameters. The resulting estimated er-
rors are the two dominant contributions to the system-
atic errors of the B → ρℓν partial and total branching
fractions.

3. B → Xcℓν Background

The systematic error related to the shapes of the
B → Xcℓν background distributions is dominated by the

TABLE IX: Systematic errors in % for B(B0 → ρ−ℓ+ν) from
the four-mode fit for three bins in q2 and the total q2 range.
The total errors are derived from the individual contributions
taking into account the complete covariance matrix.

B → ρℓν

q2 range (GeV2) 0-8 8-16 >16 0-20.3
Track efficiency 3.2 2.9 0.3 2.5
Photon efficiency 2.6 2.0 2.6 2.4
Lepton Identification 5.7 3.0 4.0 3.4
KL efficiency 10.3 1.2 4.9 4.8
KL shower energy 1.6 0.8 1.0 1.1
KL spectrum 4.2 6.1 7.0 5.7
B → πℓν FF f+ 0.1 0.1 0.7 0.2
B → ρℓν FF A1 10.7 6.6 4.5 7.5
B → ρℓν FF A2 8.5 3.8 0.8 4.7
B → ρℓν FF V 3.4 3.0 3.6 3.2
B(B+ → ωℓ+ν) 0.7 0.7 3.4 1.2
B(B+ → ηℓ+ν) 0.8 0.1 0.6 0.4
B(B+ → η′ℓ+ν) 0.8 0.5 1.2 0.7
B(B → Xuℓν) 7.4 7.3 10.6 8.0
B → Xuℓν SF param. 11.9 7.6 12.8 10.0
B → Dℓν FF ρ2D 0.9 0.2 0.1 0.4
B → D∗ℓνFF R1 0.7 0.1 0.3 0.3
B → D∗ℓνFF R2 1.7 0.1 0.2 0.6
B → D∗ℓνFF ρ2D∗ 2.0 0.2 0.1 0.7
B(B → Dℓν) 1.6 0.3 0.1 0.7
B(B → D∗ℓν) 0.5 0.1 0.3 0.3
B(B → D∗∗ℓν)narrow 1.3 0.1 0.1 0.5
B(B → D∗∗ℓν)broad 0.7 0.1 0.1 0.3
Secondary leptons 1.5 0.1 0.1 0.5
Continuum 8.9 3.8 5.0 4.0
Bremsstrahlung 0.9 0.1 0.2 0.4
Radiative corrections 1.3 0.1 0.7 0.6
NBB 2.7 2.0 2.5 2.3
B lifetimes 1.5 0.4 0.4 0.7
f±/f00 1.2 0.1 0.1 0.4
Total syst. error 26.1 16.1 21.3 15.7

uncertainties in the branching fractions and form factors
for the various semileptonic decays. We vary the compo-
sition of the B → Xcℓν background based on a compila-
tion of the individual branching fractions of B → Dℓν,
B → D∗ℓν and B → D∗∗ℓν (narrow and broad D∗∗

states) decays within the ranges given by their errors, see
Table I. Since we scaled up the four B → D∗∗ℓν branch-
ing fractions to take into account the unknown D∗∗ par-
tial branching fractions, the errors were increased by a
factor of three relative to the published values.

To evaluate the effect of uncertainties in the form-
factor parameters for the dominant B → D∗ℓν compo-
nent, we repeat the fit with ±1σ variations in each of
the three form-factor parameters, ρ2D∗ , R1 and R2. The
impact of the form factor for the B → Dℓν background
is evaluated by varying the parameter ρ2D within its un-
certainty.

⇤0

b

! pµ�⌫
µ

and ⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

candidates. The ratio of e�ciencies is 3.52±0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the ⇤+

c

!
pK�⇡+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e�ciency, which is due to possible di↵er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

decay. Another sys-
tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ⇤+

c

! pK�⇡+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the fit. The exception to this is the
uncertainty on the ⇤0

b

! N⇤µ�⌫
µ

mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e↵ects: the uncertainty in the ⇤0

b

life-
time; di↵erences in data and simulation in the
isolation BDT response; di↵erences in the rel-
ative e�ciency and q2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the ⇤0

b

kinematic
properties; the disagreement in the q2 migra-
tion between data and simulation; and the finite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7.8

�8.2

%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.

The table shows the relative systematic uncertainty
on the ratio of the ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
fits.

Source Relative uncertainty (%)

B(⇤+

c

! pK+⇡�) +4.7

�5.3

Trigger 3.2
Tracking 3.0
⇤+

c

selection e�ciency 3.0
⇤0

b

! N⇤µ�⌫
µ

shapes 2.3
⇤0

b

lifetime 1.5
Isolation 1.4
Form factor 1.0
⇤0

b

kinematics 0.5
q2 migration 0.4
PID 0.2

Total +7.8

�8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e�ciencies, the ratio of branching fractions of
⇤0

b

! pµ�⌫
µ

to ⇤0

b

! ⇤+

c

µ�⌫
µ

in the selected q2

regions is

B(⇤0

b

! pµ�⌫
µ

)
q

2
>15GeV/c

2

B(⇤0

b

! ⇤+

c

µ�⌫
µ

)
q

2
>7GeV/c

2
=

(1.00± 0.04± 0.08)⇥ 10�2 ,

where the first uncertainty is statistical and
the second is systematic. Using Eq. 1 with
R

FF

= 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|V
ub

|
|V

cb

| = 0.083± 0.004± 0.004 ,

is obtained. The first uncertainty arises from
the experimental measurement and the second is

6

B-Factories and LHCb |Vub| Systematics



21

TABLE V. Systematic uncertainties and correlations on R(D(∗)) for the isospin-unconstrained (columns 1–4 and 7–8) and
isospin-constrained (columns 5–6 and 9) fits. The total uncertainties and correlations are calculated based on Eq. 27.

Fractional uncertainty (%) Correlation

Source of uncertainty R(D0) R(D∗0) R(D+) R(D∗+) R(D) R(D∗) D0/D∗0 D+/D∗+ D/D∗

Additive uncertainties

PDFs

MC statistics 6.5 2.9 5.7 2.7 4.4 2.0 −0.70 −0.34 −0.56

B → D(∗)(τ−/ℓ−)ν FFs 0.3 0.2 0.2 0.1 0.2 0.2 −0.52 −0.13 −0.35

D∗∗ → D(∗)(π0/π±) 0.7 0.5 0.7 0.5 0.7 0.5 0.22 0.40 0.53

B(B → D∗∗ℓ−νℓ) 1.0 0.4 1.0 0.4 0.8 0.3 −0.63 −0.68 −0.58

B(B → D∗∗τ−ντ ) 1.2 2.0 2.1 1.6 1.8 1.7 1.00 1.00 1.00

D∗∗ → D(∗)ππ 2.1 2.6 2.1 2.6 2.1 2.6 0.22 0.40 0.53

Cross-feed constraints

MC statistics 2.6 0.9 2.1 0.9 2.4 1.5 0.02 −0.02 −0.16

fD∗∗ 6.2 2.6 5.3 1.8 5.0 2.0 0.22 0.40 0.53

Feed-up/feed-down 1.9 0.5 1.6 0.2 1.3 0.4 0.29 0.51 0.47

Isospin constraints – – – – 1.2 0.3 – – −0.60

Fixed backgrounds

MC statistics 4.3 2.3 4.3 1.8 3.1 1.5 −0.48 −0.05 −0.30

Efficiency corrections 4.8 3.0 4.5 2.3 3.9 2.3 −0.53 0.20 −0.28

Multiplicative uncertainties

MC statistics 2.3 1.4 3.0 2.2 1.8 1.2 0.00 0.00 0.00

B → D(∗)(τ−/ℓ−)ν FFs 1.6 0.4 1.6 0.3 1.6 0.4 0.00 0.00 0.00

Lepton PID 0.6 0.6 0.6 0.5 0.6 0.6 1.00 1.00 1.00

π0/π± from D∗ → Dπ 0.1 0.1 0.0 0.0 0.1 0.1 1.00 1.00 1.00

Detection/Reconstruction 0.7 0.7 0.7 0.7 0.7 0.7 1.00 1.00 1.00

B(τ− → ℓ−ν̄ℓντ ) 0.2 0.2 0.2 0.2 0.2 0.2 1.00 1.00 1.00

Total syst. uncertainty 12.2 6.7 11.4 6.0 9.6 5.5 −0.21 0.10 0.05

Total stat. uncertainty 19.2 9.8 18.0 11.0 13.1 7.1 −0.59 −0.23 −0.45

Total uncertainty 22.7 11.9 21.3 12.5 16.2 9.0 −0.48 −0.15 −0.27

TABLE VI. Additional B → D∗∗ℓ−νℓ decays and the MC
model implemented for their decays. The fourth decay mode
refers to three-body decay of the four L = 1 D∗∗ states.

Decay Decay model

Non-resonant B → D(∗)πℓνℓ Goity-Roberts [38]

Non-resonant B → D(∗)ππℓνℓ Phase Space

B → D(∗)ηℓνℓ Phase Space

B → D∗∗(→ D(∗)ππ)ℓνℓ ISGW2 [31]

Feed-down constraints: The feed-down constraints of
the signal yields are corrected as part of the iteration of
the fit. The uncertainties on these corrections are given
by the statistical uncertainty on the ratios of the fitted
D∗ℓν ⇒ D∗ℓ and D∗ℓν ⇒ Dℓ yields. They are 2.4% and
4.4% on the D∗0τν and D∗+τν feed-down constraints,
respectively.

Feed-up constraints: We estimate the uncertainty on
the Dτν and Dℓν feed-up constraints as 100% of the
corrections on the feed-down constraints. This results in
6.8% on the D0(ℓ/τ)ν feed-up and 9.9% on the D+(ℓ/τ)ν
feed-up. These two effects combined lead to an uncer-
tainty of 1.3% on R(D) and 0.4% on R(D∗).

Isospin constraints: In the isospin-constrained fit, we
employ five additional constraints to link the signal and
normalization yields of the samples corresponding to B−

and B0 decays. Since we reweight these contributions
with the q2 ≤ 4GeV2 control sample, the uncertainty
on the isospin constraints is given by the statistical un-
certainty on the ratios of the q2 ≤ 4GeV2 yields. This
uncertainty is 3.4% in the Dℓ samples and 3.6% in the
D∗ℓ samples. This translates into uncertainties of 1.2%
on R(D) and 0.3% on R(D∗).

B-Factories R(D) /  R(D*) Systematics
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The results of the fit to the signal sample are shown in Fig. 1. Values of the
B0 ! D⇤+µ�⌫

µ

form factor parameters determined by the fit agree with the current
world average values. The fit finds 363 000± 1600 B0 ! D⇤+µ�⌫

µ

decays in the signal
sample and an uncorrected ratio of yields N(B0 ! D⇤+⌧�⌫

⌧

)/N(B0 ! D⇤+µ�⌫
µ

) =
(4.54 ± 0.46)⇥10�2. Accounting for the ⌧� ! µ�⌫

µ

⌫
⌧

branching fraction [25] and the
ratio of e�ciencies results in R(D⇤) = 0.336± 0.034, where the uncertainty includes the
statistical uncertainty, the uncertainty due to form factors, and the statistical uncertainty
in the kinematic distributions used in the fit. As the signal yield is large, this uncertainty is
dominated by the determination of various background yields in the fit and their correlations
with the signal, which are as large as �0.68 in the case of B ! D⇤+H

c

(! µ⌫X 0)X.
Systematic uncertainties on R(D⇤) are summarized in Table 1. The uncertainty

in extracting R(D⇤) from the fit (model uncertainty) is dominated by the statistical
uncertainty of the simulated samples; this contribution is estimated via the reduction in
the fit uncertainty when the sample statistical uncertainty is not considered in the likelihood.
The systematic uncertainty from the kinematic shapes of the background from hadrons
misidentified as muons is taken to be half the di↵erence in R(D⇤) using the two unfolding
methods. Form factor parameters are included in the likelihood as nuisance parameters,
and represent a source of systematic uncertainty. The total uncertainty onR(D⇤) estimated

Table 1: Systematic uncertainties in the extraction of R(D⇤).

Model uncertainties Absolute size (⇥10�2)
Simulated sample size 2.0
Misidentified µ template shape 1.6
B0 ! D⇤+(⌧�/µ�)⌫ form factors 0.6
B ! D⇤+H

c

(! µ⌫X 0)X shape corrections 0.5
B(B ! D⇤⇤⌧�⌫

⌧

)/B(B ! D⇤⇤µ�⌫
µ

) 0.5
B ! D⇤⇤(! D⇤⇡⇡)µ⌫ shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B ! D⇤⇤(! D⇤+⇡)µ�⌫

µ

form factors 0.3
B ! D⇤+(D

s

! ⌧⌫)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (⇥10�2)
Simulated sample size 0.6
Hardware trigger e�ciency 0.6
Particle identification e�ciencies 0.3
Form-factors 0.2
B(⌧� ! µ�⌫

µ

⌫
⌧

) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

7



5

as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫

[Pk(∆t′)Rk(∆ti −∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏

i Pi(∆ti;Sf ,Af ). This likelihood is maximized
for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All
Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007
∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007
resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001
Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001
interference Af

+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004
tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004
fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004
fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002
Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001
∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001
Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001
parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001
Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function

Table 1: Summary of systematic uncertainties on the CP parameters.
Origin ‡(S

J/Â K

0
S
) ‡(C

J/Â K

0
S
)

Tagging calibration 0.034 0.001
Tagging e�ciency di�erence 0.002 0.002
Decay time resolution 0.001 0.002
Decay time acceptance 0.002 0.006
Background model 0.012 0.009
Fit bias 0.004 0.005
Total 0.036 0.012

in the description of the e�ciency decrease at large decay times is checked by varying the
parameters within their errors, but is found to be negligible.

The uncertainty induced by the limited knowledge of the background distributions is
evaluated from a fit method based on the sPlot technique. A fit with the PDFs for the
reconstructed mass is performed to extract signal weights for the distributions in the other
observable dimensions. These weights are then used to perform a fit with the PDF of
the signal component only. The di�erence in fit results is treated as an estimate of the
systematic uncertainty.

To estimate the influence of possible biases in the CP parameters emerging from the
fit method itself, the method is probed with a large set of pseudo-experiments. Systematic
uncertainties of 0.004 for S

J/Â K

0
S

and 0.005 for C
J/Â K

0
S

are assigned based on the biases
observed in di�erent fit settings.

The uncertainty on the scale of the longitudinal axis and on the scale of the momen-
tum [23] sum to a total uncertainty of < 0.1% on the decay time. This has a negligible
e�ect on the CP parameters. Likewise, potential biases from a non-random choice of the
B0 candidate in events with multiple candidates are found to be negligible.

The sources of systematic e�ects and the resulting systematic uncertainties on the CP
parameters are quoted in Table 1 where the total systematic uncertainty is calculated by
summing the individual uncertainties in quadrature.

The analysis strategy makes use of the time-integrated and time-dependent decay rates
of B0 æ J/Â K0

S decays that are tagged as B0/B0 meson. Cross-check analyses exploiting
only the time-integrated or only the time-dependent information show that both give
results that are in good agreement and contribute to the full analysis with comparable
statistical power.

7 Conclusion
In a dataset of 1.0 fb≠1 collected with the LHCb detector, approximately 8200 flavour
tagged decays of B0 æ J/Â K0

S are selected to measure the CP observables S
J/Â K

0
S

and

8

C
J/Â K

0
S
, which are related to the CKM angle —. A fit to the time-dependent decay rates of

B0 and B0 decays yields

S
J/Â K

0
S

= 0.73 ± 0.07 (stat) ± 0.04 (syst),
C

J/Â K

0
S

= 0.03 ± 0.09 (stat) ± 0.01 (syst),

with a statistical correlation coe�cient of fl(S
J/Â K

0
S
, C

J/Â K

0
S
) = 0.42. This is the first

significant measurement of CP violation in B0 æ J/Â K0
S decays at a hadron collider [24].

The measured values are in agreement with previous measurements performed at the B
factories [5, 6] and with the world averages [7].
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as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫

[Pk(∆t′)Rk(∆ti −∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏

i Pi(∆ti;Sf ,Af ). This likelihood is maximized
for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All
Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007
∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007
resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001
Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001
interference Af

+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004
tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004
fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004
fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002
Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001
∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001
Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001
parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001
Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function

LHCb and Belle sin(2𝜷 = 2 𝟇1)



acceptance function derived from simulation to assess the
impact upon these parameters arising from this source. It is
found that in all cases the biases are negligible compared to
the assigned uncertainties.
The results for the observables, as determined by the

fit, are

AKππ0
ADSðKÞ ¼ −0.20$ 0.27$ 0.04

AKππ0
ADSðπÞ ¼ 0.438$ 0.190$ 0.011

AKKπ0
qGLWðKÞ ¼ 0.30$ 0.20$ 0.02

Aπππ0
qGLWðKÞ ¼ 0.054$ 0.091$ 0.011

AKKπ0
qGLWðπÞ ¼ −0.030$ 0.040$ 0.005

Aπππ0
qGLWðπÞ ¼ −0.016$ 0.020$ 0.004

AKππ0
K ¼ 0.010$ 0.026$ 0.005

RKππ0
ADSðKÞ ¼ 0.0140$ 0.0047$ 0.0021

RKππ0
ADSðπÞ ¼ 0.00235$ 0.00049$ 0.00006

RKKπ0
qGLW ¼ 0.95$ 0.22$ 0.05

Rπππ0
qGLW ¼ 0.98$ 0.11$ 0.05

AProd ¼ −0.0008$ 0.0055$ 0.0050;

where the first uncertainties are statistical and the second
are systematic.
None of the asymmetry observables exhibit any signifi-

cant CP violation. The results for the ADS observables are
more precise than those obtained by previous experiments
[19,20] and are compatible with them. Furthermore, apart
from Aπππ0

qGLWðKÞ, this is the first time that the qGLW
observables have been measured.
A likelihood-ratio test is used to assess the significance

of the suppressed ADS signal yields, as well as those of the
B∓ → ½KþK−π0'Dh∓ decays. This is performed by calcu-
lating the quantity

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðLb=LsþbÞ

p
where Lb and Lsþb

are the maximum likelihood values of the background-only
and signal-plus-background hypotheses, respectively.
Including systematic uncertainties, significances of 5.3σ
and 2.8σ are found for the B∓ → ½π∓K$π0'Dπ∓ and B∓ →
½π∓K$π0'DK∓ decays, respectively. For the B∓ →
½KþK−π0'Dh∓ selections, the B∓ → Dπ∓ mode is found
to have a significance greater than 10σ, while a significance
of 4.5σ is measured for the B∓ → DK∓ decay.

VII. INTERPRETATION AND CONCLUSIONS

The measured observables from the B∓ → DK∓ decay
channels are used to obtain constraints on the underlying
physics parameters rB, δB and γ. For this purpose, the small
effects of D0D̄0 mixing and interference in B∓ → Dπ∓
decays are neglected. Using the measurements and asso-
ciated fit covariance matrix and systematic uncertainty
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FIG. 5 (color online). Scan of the χ2 probabilities over the γ −
rB parameter space. Shown are the nσ profile likelihood contours,
where Δχ2 ¼ n2, with n ¼ 1 being the light (blue) shaded region,
n ¼ 2 the dark (blue) shaded region and n ¼ 3 corresponding to
the white area. The result is seen to be compatible with the current
LHCb measurement of γ and rB, indicated by the point with
error bars.

TABLE II. Systematic uncertainties on the observables, multi-
plied by a factor of 103. “PID” refers to the fixed PID efficiency
attributed to the bachelor tracks. “PDFs” refers to the uncertain-
ties based on fixed parameters in the PDF shapes that are used in
the invariant mass fit. “Sim” refers to the use of simulation to
calculate relative efficiencies between the B∓ → DK∓ and B∓ →
Dπ∓ modes, in addition to the estimated charmless background
contributions and the fixed DK to Dπ ratio on the ADS modes.
“Ainstr” refers to the interaction and detection asymmetries. The
“Total” column represents the sum in quadrature of all of the
categories of systematic uncertainties.

PID PDFs Sim Ainstr Total

AKππ0
ADSðKÞ

3.4 39.6 8.7 5.7 41.1

AKππ0
ADSðπÞ

1.6 7.5 4.5 6.9 11.3

AKKπ0
qGLWðKÞ

5.1 10.2 18.8 2.1 22.1

Aπππ0
qGLWðKÞ

0.9 7.9 7.3 0.9 10.8

AKKπ0
qGLWðπÞ

0.8 2.2 1.2 4.4 5.1

Aπππ0
qGLWðπÞ

0.3 0.9 0.7 4.2 4.4

AKππ0
K

0.4 0.9 1.4 4.2 4.6

RKππ0
ADSðKÞ

0.3 2.0 0.6 0.1 2.1

RKππ0
ADSðπÞ

0.02 0.05 0.02 0.01 0.06

RKKπ0
qGLW

23.8 24.9 36.5 7.7 50.8

Rπππ0
qGLW

8.1 20.7 42.5 5.3 48.3

AProd 0.3 0.3 0.5 5.0 5.0
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acceptance function derived from simulation to assess the
impact upon these parameters arising from this source. It is
found that in all cases the biases are negligible compared to
the assigned uncertainties.
The results for the observables, as determined by the

fit, are

AKππ0
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AProd ¼ −0.0008$ 0.0055$ 0.0050;

where the first uncertainties are statistical and the second
are systematic.
None of the asymmetry observables exhibit any signifi-

cant CP violation. The results for the ADS observables are
more precise than those obtained by previous experiments
[19,20] and are compatible with them. Furthermore, apart
from Aπππ0

qGLWðKÞ, this is the first time that the qGLW
observables have been measured.
A likelihood-ratio test is used to assess the significance

of the suppressed ADS signal yields, as well as those of the
B∓ → ½KþK−π0'Dh∓ decays. This is performed by calcu-
lating the quantity
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−2 lnðLb=LsþbÞ

p
where Lb and Lsþb

are the maximum likelihood values of the background-only
and signal-plus-background hypotheses, respectively.
Including systematic uncertainties, significances of 5.3σ
and 2.8σ are found for the B∓ → ½π∓K$π0'Dπ∓ and B∓ →
½π∓K$π0'DK∓ decays, respectively. For the B∓ →
½KþK−π0'Dh∓ selections, the B∓ → Dπ∓ mode is found
to have a significance greater than 10σ, while a significance
of 4.5σ is measured for the B∓ → DK∓ decay.

VII. INTERPRETATION AND CONCLUSIONS

The measured observables from the B∓ → DK∓ decay
channels are used to obtain constraints on the underlying
physics parameters rB, δB and γ. For this purpose, the small
effects of D0D̄0 mixing and interference in B∓ → Dπ∓
decays are neglected. Using the measurements and asso-
ciated fit covariance matrix and systematic uncertainty
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FIG. 5 (color online). Scan of the χ2 probabilities over the γ −
rB parameter space. Shown are the nσ profile likelihood contours,
where Δχ2 ¼ n2, with n ¼ 1 being the light (blue) shaded region,
n ¼ 2 the dark (blue) shaded region and n ¼ 3 corresponding to
the white area. The result is seen to be compatible with the current
LHCb measurement of γ and rB, indicated by the point with
error bars.

TABLE II. Systematic uncertainties on the observables, multi-
plied by a factor of 103. “PID” refers to the fixed PID efficiency
attributed to the bachelor tracks. “PDFs” refers to the uncertain-
ties based on fixed parameters in the PDF shapes that are used in
the invariant mass fit. “Sim” refers to the use of simulation to
calculate relative efficiencies between the B∓ → DK∓ and B∓ →
Dπ∓ modes, in addition to the estimated charmless background
contributions and the fixed DK to Dπ ratio on the ADS modes.
“Ainstr” refers to the interaction and detection asymmetries. The
“Total” column represents the sum in quadrature of all of the
categories of systematic uncertainties.
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