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B physics <—> Higgs physics
Two main ways to find new physics with b-hadrons
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Study the CKM matrix
Arises from Higgs Yukawa interactions

Unitary in the SM, with one CP violating 
phase. 

Find new sources of CPV 

Measure decays of 
ground state b-hadrons

Compare results to SM predictions 
(need QCD input). 

Test unitarity with many measurements.  

Properties influenced by virtual particles 
in NP models

Particularly sensitive to NP models 
preferring third generation.wru anti-matter!?

Both approaches sensitive to extended Higgs sector
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Why semi-leptonic decays?

• These decays can be factorised into the weak and 
strong parts, greatly simplifying theoretical calculations.
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• A decay is semi-leptonic if its products are part leptons 
and part hadrons.

d�

dq2
(B ! D`⌫) /

G2
F |Vcb|2f(q2)2

EW QCD
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Types of semi-leptonic decay
Two types of semi-leptonic b-decay
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Charged current Neutral current

Factorised up to (small) QED corrections.

Can proceed via tree level -large O(%) 
branching fractions.

B0 K⇤0
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d
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Forbidden at tree level - low O(10-6) 
branching fractions.

Factorised up to corrections from                                                                      
B ! h(! µ+µ�)hWhen you factorise, QCD part broken 

down into form-factors.
decays.
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Anomalies
• Today I will talk about three anomalies in these 

decays. 

• R(D(*)) 

• RK 

• P5’
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Anomaly #1
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R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
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R(D*)
• Large rate of charged current decays allow for measurement 

in semi-tauonic decays.
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1. Introduction 2/23

B! D⇤⌧⌫

b c

q q

⌫⌧

⌧�

}D(⇤)B{
W�/H�

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean - ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• New measurement B! D⇤⌧⌫ with ⌧ ! µ⌫⌫ published in PRL last year

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

• Form ratio of decays with different 
lepton generations. 

• Cancel QCD/expt uncertainties.

• R(D*) sensitive to any physics model favouring 3rd generation 
leptons (e.g. charged Higgs).
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Who has made measurements
• Three experiments have made measurements 
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BaBar Belle LHCb

#B’s produced O(400M) O(700M) O(800B)*

* during run 1 of the LHC

Production  
mechanism

⌥(4S) ! BB̄ ⌥(4S) ! BB̄ pp ! gg ! bb̄

Publications
Phys. Rev. D 88, 
 072012 (2013)

Phys.Rev.Lett 109, 
101802 (2012)

Phys.Rev.D 92,  
072014 (2015)

arXiv:1603.06711

Phys.Rev.Lett.115, 
111803 (2015)
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Experimental challenges
• Three neutrinos in the final state (using τ—>µνν). 

• No sharp peak to fit in any distribution.
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• More difficult at LHCb, compensate 
using large boost (flight information) 
and huge B production.

1.2. The full reconstruction

The main goal and also the main difficulty of the full reconstruc-
tion is to take any event and try to reconstruct one of the B mesons
in one of many different decay channels. Should this attempt
succeed, it is possible to assign all the tracks and electromagnetic
clusters used in the reconstruction to this one B meson. As it is
completely reconstructed, its four-momentum is known. We call
the fully reconstructed B meson, the Btag. After reconstruction of the
tag side, it is possible to assign all the remaining tracks and
electromagnetic clusters within the detector to the other B meson,
which we call the Bsig (see Fig. 1). This Bsig meson actually is the
object of interest for physics analyses, as explained below.

We can be sure that there are no additional particles produced
by the eþe" collision within the detector, as the Uð4SÞ resonance
decays into two B mesons only. In this two-body decay, we can
obtain the momentum of the Bsig without any additional analysis
once the Btag is known. This follows by applying four-momentum
conservation as given by Eq. (1).

This procedure might seem rather involved at first glance, but
has the benefit that it yields information, otherwise inaccessible,
about a hard or impossible to reconstruct B decay on the signal
side. A prominent example for the application of the full recon-
struction is a B meson decay including neutrinos where the decay
kinematics can otherwise not be fully constrained or a decay with
very large non"BB background. Many of these decays are very
sensitive to small contributions from new physics and thus it is
important to adopt powerful reconstruction algorithms for them.
Examples for the application of the full reconstruction include:

Bþ-tþnt ð3Þ

Bþ-DðnÞtþnt ð4Þ

Bþ-Kþnn ð5Þ

B0-nn ð6Þ

B-Xulþn: ð7Þ

One possible topology of the first decay is given in Fig. 1, where
the t lepton decays into an electron and two neutrinos.

The most important practical difference between the full
reconstruction method and most analyses is just the sheer
number of decay channels for the tag side. As there are several
hundreds of known B decay channels, the task of reconstructing
one of the two B mesons in the event cannot always succeed.
Additionally, most of those decay channels include other unstable
particles, mostly Dn and D mesons, which also decay in a vast
spectrum of decay channels that also have to be reconstructed.

The quantity that has to be maximized by the full reconstruc-
tion method is the total B reconstruction efficiency

etot ¼
XN

i

ei & Bi ð8Þ

where N is the number of reconstructed B decay channels, ei is the
reconstruction efficiency of the decay channel i and Bi is the
branching fraction of the decay channel i. The typical scale for Bi

is 10"3 to 10"5 and typically ei is of the order of 10%. As the Bi is
fixed by nature, we can maximize etot only by increasing ei and the
number of reconstructed decay channels N. In order to increase ei,
multivariate techniques are used (see Chapter 2). The main chal-
lenge is to keep track of all the used variables in these multivariate
methods, particularly because we want to reconstruct as many
decay channels as possible. For this we had to develop a software
framework which gives us the possibility to automatically manage
hundreds of decay channels with extensive usage of multivariate
methods. The automatic handling of many steps allows to minimize
human errors.

2. Multivariate techniques

A common technique to achieve more sophisticated selections
is to combine all significant variables available into a single scalar
variable, for example a likelihood ratio, and to perform a cut on
this new variable. These multivariate techniques are in principle
capable of taking correlations of the variables into account. The
application of these techniques can, however, be rather involved.
Simplified models can deliver quite good results when correla-
tions between the different variables are small.

Another example of a multivariate technique is the Neuro-
Bayes package [4] that was used extensively for the new full
reconstruction tool. The idea of the NeuroBayes package is to pass
all of the relevant variables, through a preprocessing algorithm, to
a neural network. For a classification task, to decide if a candidate
is signal or background, the network maps the input variables to a
single output variable while taking into account the correlations
of the input variables. An example of the separation power of this
output variable for one of the classification task used can be seen
in Fig. 2(a).

2.1. NeuroBayes output as a probability

As shown in Fig. 2(b), the purity, defined as the number of
signal events divided by the total number of events in a network
output bin, is a linear function of the NeuroBayes output. This
indicates that the produced output is a good measure of prob-
ability for the candidate to be signal.

If a NeuroBayes training is performed with the same signal to
background ratio as found on data, the output of the classification
can directly be interpreted as a Bayesian probability for signal.
While it would be better to train the neural network with the
same signal to background ratio as expected on data, it is some-
times not possible. If, for example, the desired signal is very rare in
nature, a training would not learn to distinguish the few signal
events from the millions of background events, but rather try to
learn something from statistical fluctuations of the background
that swamp the signal and therefore also dominate the loss
function that is minimized during the network training. Therefore,
a training with a higher signal fraction is the only way, in which
the selection of such rare signals can be optimized. On the other
hand, if we artificially increase the signal to background ratio, the
network output cannot be interpreted as a Bayesian probability
any more on the real dataset, because the a priori probabilities of
being signal or background differ from the training dataset.
Nevertheless, one can correct the network output in a way that
is interpretable as a probability again. For this, we need to know
the signal to background ratio in the training dataset and in the
dataset where the network should give the prediction. To calculate
this correction, we need Bayes’ theorem, which is defined for two

tag side signal side
t1

t2

t3
t4

t5

Fig. 1. Exemplary fully reconstructed event. The Bsig (signal side) is the decay of
physics interest, while the Btag (tag side) is the other B meson, reconstructed by
the full reconstruction method.

M. Feindt et al. / Nuclear Instruments and Methods in Physics Research A 654 (2011) 432–440 433

• At B-factories, can control this 
using ‘tagging’ technique.

1. Introduction 4/25

Experimental challenge

B! D⇤⌧⌫ B! D⇤µ⌫

• Di�culty: neutrinos - 3 for (⌧ ! µ⌫⌫)⌫
• No narrow peak to fit (in any distribution)

• Main backgrounds: partially reconstructed B decays
• B ! D⇤µ⌫,B ! D⇤⇤µ⌫, B ! D⇤D(! µX )X ...

• Also combinatorial background

B
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Signal fits

• Fit variables which discriminate between muon and tauonic mode.

11

• Three main backgrounds: 
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FIG. 8. (Color online). Comparison of the m2
miss and |p∗

ℓ | distributions of the D
(∗)ℓ samples (data points) with the projections of

the results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background
component corresponds to BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p∗

ℓ | distributions show the signal-enriched region with
m2

miss ≥ 1GeV2, thus excluding most of the normalization events in these samples.

B → D∗∗(τ−/ℓ−)ν branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the
D(∗)π0ℓ samples constrains contributions from B →
D(∗)πℓν decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more difficult to separate from other back-
grounds and signal events. This is the case for B →
D∗∗τ−ντ decays, which are combined with B → D∗∗ℓ−νℓ
decays in the D∗∗(ℓ/τ)ν PDFs with the relative propor-
tion R(D∗∗)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B → D(∗)ℓ−νℓ decays results in
R(D)PS = 0.279 and R(D∗)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D∗∗),
we increase R(D∗∗) by 50%, recalculate the D∗∗(ℓ/τ)ν
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D∗) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B → D∗∗τ−ντ con-

tributions are small with respect to signal decays, which
have much higher reconstruction efficiencies.
Unmeasured B → D∗∗(→ D(∗)ππ)ℓνℓ decays: To as-

sess the impact of other potential B → D∗∗ℓ−νℓ contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D∗∗ states
with L = 1 give the best agreement in the fits to the
D(∗)π0ℓ samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2GeV2 in Fig. 9. We assign the observed
change in R(D(∗)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the efficiency ratios
that link contributions from the same source are taken
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RESULTS AND DISCUSSION

The best-fit results, including systematic uncertainties,
are

R(D) = 0.375± 0.064± 0.026 (12)

R(D⇤) = 0.293± 0.038± 0.015 . (13)

Figure 6 shows the exclusion level in the R(D)–R(D⇤)
plane, based on the likelihood distribution that is con-
voluted with a correlated two-dimensional normal distri-
bution according to the systematic uncertainties. The
exclusions of the central values of the BaBar mea-

surement [11] and the SM prediction as determined in
Ref. [11] are comparably low at 1.4� and 1.8�, respec-
tively. While our measurement does not favor one over
the other, both measurements deviate in the same direc-
tion from the SM expectation.

We also use our fit procedure to test the compatibility
of the data samples with the two-Higgs-doublet model of
type II. For this purpose, we perform the analysis with
the 2HDM MC sample with tan�/mH+ = 0.5 c2/GeV
to extract probability density distributions. The best-fit

2. Fit 10/25

Signal fit

Data
ντ D*→B 

X')Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatoric
µMisidentified 

• Fit to isolated data, used to determine ratio of B! D⇤⌧⌫ and
B! D⇤µ⌫

• Model fits data well
• Fit model uncertainties listed on next slide
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B ! D⇤`⌫
B ! D⇤⇤`⌫

2. Fit 10/25

Signal fit

Data
ντ D*→B 

X')Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatoric
µMisidentified 

• Fit to isolated data, used to determine ratio of B! D⇤⌧⌫ and
B! D⇤µ⌫

• Model fits data well
• Fit model uncertainties listed on next slide

B ! D⇤DX

BaBar [1]

Belle [2]
LHCb [3]

[1] Phys. Rev. D 88, 072012 (2013)
[2] Phys.Rev.D 92, 072014 (2015)
[3] Phys.Rev.Lett.115, 111803 (2015)
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FIG. 8. (Color online). Comparison of the m2
miss and |p∗

ℓ | distributions of the D
(∗)ℓ samples (data points) with the projections of

the results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background
component corresponds to BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p∗

ℓ | distributions show the signal-enriched region with
m2

miss ≥ 1GeV2, thus excluding most of the normalization events in these samples.

B → D∗∗(τ−/ℓ−)ν branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the
D(∗)π0ℓ samples constrains contributions from B →
D(∗)πℓν decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more difficult to separate from other back-
grounds and signal events. This is the case for B →
D∗∗τ−ντ decays, which are combined with B → D∗∗ℓ−νℓ
decays in the D∗∗(ℓ/τ)ν PDFs with the relative propor-
tion R(D∗∗)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B → D(∗)ℓ−νℓ decays results in
R(D)PS = 0.279 and R(D∗)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D∗∗),
we increase R(D∗∗) by 50%, recalculate the D∗∗(ℓ/τ)ν
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D∗) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B → D∗∗τ−ντ con-

tributions are small with respect to signal decays, which
have much higher reconstruction efficiencies.
Unmeasured B → D∗∗(→ D(∗)ππ)ℓνℓ decays: To as-

sess the impact of other potential B → D∗∗ℓ−νℓ contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D∗∗ states
with L = 1 give the best agreement in the fits to the
D(∗)π0ℓ samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2GeV2 in Fig. 9. We assign the observed
change in R(D(∗)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the efficiency ratios
that link contributions from the same source are taken
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component corresponds to BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p∗

ℓ | distributions show the signal-enriched region with
m2

miss ≥ 1GeV2, thus excluding most of the normalization events in these samples.

B → D∗∗(τ−/ℓ−)ν branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the
D(∗)π0ℓ samples constrains contributions from B →
D(∗)πℓν decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more difficult to separate from other back-
grounds and signal events. This is the case for B →
D∗∗τ−ντ decays, which are combined with B → D∗∗ℓ−νℓ
decays in the D∗∗(ℓ/τ)ν PDFs with the relative propor-
tion R(D∗∗)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B → D(∗)ℓ−νℓ decays results in
R(D)PS = 0.279 and R(D∗)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D∗∗),
we increase R(D∗∗) by 50%, recalculate the D∗∗(ℓ/τ)ν
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D∗) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B → D∗∗τ−ντ con-

tributions are small with respect to signal decays, which
have much higher reconstruction efficiencies.
Unmeasured B → D∗∗(→ D(∗)ππ)ℓνℓ decays: To as-

sess the impact of other potential B → D∗∗ℓ−νℓ contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D∗∗ states
with L = 1 give the best agreement in the fits to the
D(∗)π0ℓ samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2GeV2 in Fig. 9. We assign the observed
change in R(D(∗)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the efficiency ratios
that link contributions from the same source are taken
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RESULTS AND DISCUSSION

The best-fit results, including systematic uncertainties,
are

R(D) = 0.375± 0.064± 0.026 (12)

R(D⇤) = 0.293± 0.038± 0.015 . (13)

Figure 6 shows the exclusion level in the R(D)–R(D⇤)
plane, based on the likelihood distribution that is con-
voluted with a correlated two-dimensional normal distri-
bution according to the systematic uncertainties. The
exclusions of the central values of the BaBar mea-

surement [11] and the SM prediction as determined in
Ref. [11] are comparably low at 1.4� and 1.8�, respec-
tively. While our measurement does not favor one over
the other, both measurements deviate in the same direc-
tion from the SM expectation.

We also use our fit procedure to test the compatibility
of the data samples with the two-Higgs-doublet model of
type II. For this purpose, we perform the analysis with
the 2HDM MC sample with tan�/mH+ = 0.5 c2/GeV
to extract probability density distributions. The best-fit
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Results
• All experiments see an excess of signal w.r.t. SM prediction.

12

Combined R(D*) data

20

•Plot and average from HFAG
◦ SM p-value = 5.2 × 10−5 →≈ 4.0𝜎 (down from 1.1 × 10−4)

𝑅 𝐷∗
𝑎𝑣𝑔 = 0.316 ± 0.019

𝑅 𝐷 𝑎𝑣𝑔 = 0.397 ± 0.049
𝜌 = −0.21

NEW

Combined R(D*) data

20

•Plot and average from HFAG
◦ SM p-value = 5.2 × 10−5 →≈ 4.0𝜎 (down from 1.1 × 10−4)

𝑅 𝐷∗
𝑎𝑣𝑔 = 0.316 ± 0.019

𝑅 𝐷 𝑎𝑣𝑔 = 0.397 ± 0.049
𝜌 = −0.21

NEW
Horizontal bands refer to R(D*), 

ellipses refer to both R(D*,D)

Latest HFAG average [1] quotes 4σ from SM prediction 

QCD uncertainties very small - unlikely to be explanation.

[1] http://www.slac.stanford.edu/xorg/hfag/semi/
winter16/winter16_dtaunu.html

http://www.slac.stanford.edu/xorg/hfag/semi/winter16/winter16_dtaunu.html
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Possible NP models
• The central values of R(D*) and 

R(D) cannot be explained by 
2HDM type II.

13

• Can also compare kinematic 
distributions to narrow down 
model possibilities.

Still several 2HDM models can explain it, related to H—>τµ?

11

0.0 0.5 1.0 1.5 2.0

0

10

20

30

/ndf = 20.3/19, p = 37.6 %2χ      

 [GeV/cp *D
]

Ev
e

n
ts

 /
 ( 

0
.1

 G
e

V
/c

 )

(a)SM.

0.0 0.5 1.0 1.5 2.0

0

10

20

30

/ndf = 20.3/19, p = 37.9 %2χ      

 [GeV/cp *D
]

Ev
e

n
ts

 /
 ( 

0
.1

 G
e

V
/c

 )

(b)Type II 2HDM with
tan β/mH+ = 0.7 GeV−1.
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(c)R2 type leptoquark model with
CT = +0.36.
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(e)Type II 2HDM with
tan β/mH+ = 0.7 GeV−1.
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(f)R2 type leptoquark model with
CT = +0.36.

FIG. 4. Background-subtracted momenta distributions of D∗ (top) and ℓ (bottom) in the region of NN > 0.8 and EECL < 0.5
GeV. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The expected
distributions are normalized to the number of detected events.
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FIG. 20. (Color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tanβ/mH+ = 0.
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FIG. 21. (Color online). Level of disagreement between this
measurement of R(D(∗)) and the type II 2HDM predictions
for all values in the tanβ–mH+ parameter space.

by B → Xsγ measurements [22], and therefore, the type
II 2HDM is excluded in the full tanβ–mH+ parameter
space.
The excess in both R(D) and R(D∗) can be explained

in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

+ SL(cPLb) (τPLντ ) + SR(cPRb) (τPLντ )
]

, (31)

where SL and SR are independent complex parameters,
and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ ≫ q2.
In this context, the ratios R(D(∗)) take the form

R(D) = R(D)SM +A
′

DRe(SR + SL) +B
′

D|SR + SL|2,

R(D∗) = R(D∗)SM +A
′

D∗Re(SR − SL) +B
′

D∗ |SR − SL|2.

The sign difference arises because B → Dτ−ντ decays
probe scalar operators, while B → D∗τ−ντ decays are
sensitive to pseudo-scalar operators.
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0

2 σ1 σ2 σ3
Favored at

S
R
+

S
L

SR − SL

FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(∗)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
−mbmτ tan2β/m2

H+ and SL = 0.
The R(D(∗)) measurements in the type II 2HDM con-

text correspond to values of SR±SL in the range [−7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q
2)| ∝ |1 + (SR ± SL)× F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(∗)) ob-
tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the
small tanβ/mH+ dependence of R(D∗) (Fig. 20), this
is a good approximation for B → D∗τ−ντ decays. For
B → Dτ−ντ decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR+SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value ofR(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) ̸= Hs(−SR − SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D∗) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) ≈
Hs(−SR ∓ SL) extrapolation.
Figure 22 shows that for real values of SR and SL,

there are four regions in the type III parameter space
that can explain the excess in both R(D) and R(D∗).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of B → Dτ−ντ
decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.

Phys.Rev.D 92,  
072014 (2015)

Phys. Rev. D 88, 072012 (2013)

A. Crivellin, J. Heeck, P. Stoffer, Phys. Rev. Lett. 116, 081801 (2016)
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Anomaly #2
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RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)
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• The decay                            is a semileptonic b—>s transistion. 

15

B+ ! K+`+`�

B+ ! K+`+`�

• The branching fraction of the muonic mode has been well measured 
and is slightly below the SM prediction.

1. Introduction 2/15

B! Kµ+µ�

B! Kµ+µ� is stereotypically a simpler, less interesting version of
B0! K ⇤0µ+µ�.

Its rate is sensitive to (axial-)vectors.

Angular distribution sensitive to (pseudo-)scalars and tensors.

LHCb UK 2014 Patrick Owen Isospin update
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FIG. 6. Standard-Model di↵erential branching fraction (gray band) for B ! Kµ+µ� decay (left)
and B ! K⌧+⌧� (right), where B denotes the isospin average, using the Fermilab/MILC form
factors [62]. Experimental results for B ! Kµ+µ� are from Refs. [45, 146–148]. The BaBar, Belle,
and CDF experiments report isospin-averaged measurements.

logarithmically enhanced QED corrections.
Figure 6 plots the isospin-averaged Standard-Model di↵erential branching fractions for

B ! Kµ+µ� and B ! K⌧+⌧�. For B ! Kµ+µ� decay, we compare our results with
the latest measurements by BaBar [148], Belle [146], CDF [147], and LHCb [45]. Tables V
and VI give the partially integrated branching fractions for the charged (B+) and neutral
(B0) meson decays, respectively, for the same q2 bins used by LHCb in Ref. [45]. In the
regions q2 . 1 GeV2 and 6 GeV2 . q2 . 14 GeV2, uū and cc̄ resonances dominate the
rate. To estimate the total branching ratio, we simply disregard them and interpolate
linearly in q2 between the QCD-factorization result at q2 ⇡ 8.5 GeV2 and the OPE result at
q2 ⇡ 13 GeV2. Although this treatment does not yield the full branching ratio, it enables a
comparison with the quoted experimental totals, which are obtained from a similar treatment
of these regions. Away from the charmonium resonances, the Standard-Model calculation
is under good theoretical control, and the partially integrated branching ratios in the wide
high-q2 and low-q2 bins are our main results:

�B(B+ ! K+µ+µ�)SM ⇥ 109 =

⇢
174.7(9.5)(29.1)(3.2)(2.2), 1.1 GeV2  q2  6 GeV2,
106.8(5.8)(5.2)(1.7)(3.1), 15 GeV2  q2  22 GeV2,

(4.3)

�B(B0 ! K0µ+µ�)SM ⇥ 109 =

⇢
160.8(8.8)(26.6)(3.0)(1.9), 1.1 GeV2  q2  6 GeV2,
98.5(5.4)(4.8)(1.6)(2.8), 15 GeV2  q2  22 GeV2,

(4.4)

where the errors are from the CKM elements, form factors, variations of the high and low
matching scales, and the quadrature sum of all other contributions, respectively. LHCb’s
measurements for the same wide bins are [45]

�B(B+ ! K+µ+µ�)exp ⇥ 109 GeV2 =

⇢
118.6(3.4)(5.9) 1.1 GeV2  q2  6 GeV2,
84.7(2.8)(4.2) 15 GeV2  q2  22 GeV2,

(4.5)

21

Fermilab Lattice and MILC, Phys. Rev. D 93, 034005 (2016)

• q2  is the four-momentum 
transferred to the di-leptons.
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RK

• Muon and electron masses small compared to b-quark. 

• RK is essentially unity in SM, with no uncertainty. 

• QED effects can be large but this is accounted for in the 
measurements.

16

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

• Here take ratio of light leptons,
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Measurement at LHCb
• Most precise measurement from LHCb. 

• Electrons difficult due to Bremsstrahlung. 

• If miss one of two hadrons, known as ‘partially reconstructed’ background.

17
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Figure 2: Mass distributions with fit projections overlaid of selected B+! J/ (! e+e�)K+ candidates
triggered in the hardware trigger by (a) one of the two electrons, (b) by the K+ and (c) by other particles
in the event. Mass distributions with fit projections overlaid of selected B+! K+e+e� candidates in the
same categories, triggered by (d) one of the two electrons, (e) the K+ and (f) by other particles in the
event. The total fit model is shown in black, the combinatorial background component is indicated by the
dark shaded region and the background from partially reconstructed b-hadron decays by the light shaded
region.

The results of the fits for the B+! J/ (! e+e�)K+ and B+! K+e+e� channels are shown
in Fig. 2. In total there are 172+20

�19

(62 324± 318) B+! K+e+e� (B+! J/ (! e+e�)K+) decays
triggered by the electron trigger, 20+16

�14

(9 337± 124) decays triggered by the hadron trigger and
62± 13 (16 796± 165) decays that were triggered by other particles in the event.

It is possible for B+ ! K+e+e� decays that emit bremsstrahlung to migrate out of the
1 < q2 < 6GeV2/c4 range at the lower edge and in from the upper edge. The e↵ect of this
bin migration on the yield is determined using B+ ! K+e+e� simulation and validated with
B+ ! J/ (! e+e�)K+ data. The corresponding uncertainty due to the dependence of the
branching fraction on non-SM contributions is estimated by independantly varying the B+ ! K+

form factors and by adjusting the Wilson coe�cients [19]. The overall yield of B+ ! K+e+e�

is scaled by (90.9± 1.5)% to account for this migration, where the uncertainty is mainly due to
the model dependence. The quality of the fits to the mass distribution of K+`+`� candidates is
investigated and found to be acceptable.

The systematic dependence of the signal yield on the signal model is considered negligible for
the muon modes due to the excellent dimuon mass resolution at LHCb [20]. The proportion of the
partially reconstructed backgrounds is changed based on the measurements of the B+! (J/ !
e+e�)K+X contribution in Refs. [21, 22] and contributes a systematic uncertainty of 1.6% to
the value of R

K

. The uncertainty in the signal model for the B+! K+e+e� mass distribution
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Figure 2: Mass distributions with fit projections overlaid of selected B+! J/ (! e+e�)K+ candidates
triggered in the hardware trigger by (a) one of the two electrons, (b) by the K+ and (c) by other particles
in the event. Mass distributions with fit projections overlaid of selected B+! K+e+e� candidates in the
same categories, triggered by (d) one of the two electrons, (e) the K+ and (f) by other particles in the
event. The total fit model is shown in black, the combinatorial background component is indicated by the
dark shaded region and the background from partially reconstructed b-hadron decays by the light shaded
region.

The results of the fits for the B+! J/ (! e+e�)K+ and B+! K+e+e� channels are shown
in Fig. 2. In total there are 172+20

�19

(62 324± 318) B+! K+e+e� (B+! J/ (! e+e�)K+) decays
triggered by the electron trigger, 20+16

�14

(9 337± 124) decays triggered by the hadron trigger and
62± 13 (16 796± 165) decays that were triggered by other particles in the event.

It is possible for B+ ! K+e+e� decays that emit bremsstrahlung to migrate out of the
1 < q2 < 6GeV2/c4 range at the lower edge and in from the upper edge. The e↵ect of this
bin migration on the yield is determined using B+ ! K+e+e� simulation and validated with
B+ ! J/ (! e+e�)K+ data. The corresponding uncertainty due to the dependence of the
branching fraction on non-SM contributions is estimated by independantly varying the B+ ! K+

form factors and by adjusting the Wilson coe�cients [19]. The overall yield of B+ ! K+e+e�

is scaled by (90.9± 1.5)% to account for this migration, where the uncertainty is mainly due to
the model dependence. The quality of the fits to the mass distribution of K+`+`� candidates is
investigated and found to be acceptable.

The systematic dependence of the signal yield on the signal model is considered negligible for
the muon modes due to the excellent dimuon mass resolution at LHCb [20]. The proportion of the
partially reconstructed backgrounds is changed based on the measurements of the B+! (J/ !
e+e�)K+X contribution in Refs. [21, 22] and contributes a systematic uncertainty of 1.6% to
the value of R

K

. The uncertainty in the signal model for the B+! K+e+e� mass distribution

6

Signal
Part. Reco.
Combinatorial

Table 1: Observed yields of the four signal channels summed over the q2 bins, excluding the
charmonium resonance regions. Only the statistical uncertainties are shown.

Decay mode Signal yield

B+! K+µ+µ� 4746± 81

B0! K0

Sµ
+µ� 176± 17

B+! K⇤+(! K0

S⇡
+)µ+µ� 162± 16

B0! K⇤0(! K+⇡�)µ+µ� 2361± 56

]2c) [MeV/−µ+µ S
0K(m

5200 5400 5600

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

0

20

40
LHCb

−µ+µ S
0K → 0B

]2c) [MeV/−µ+µ+K(m
5200 5400 5600

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

0

500

1000

LHCb

−µ+µ+K → +B

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

0

200

400 LHCb

−µ+µ *0K → 0B

]2c) [MeV/−µ+µ+πS
0K(m

5200 5400 5600

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

0

20

40

60

LHCb

−µ+µ *+K → +B

Figure 1: Reconstructed B candidate mass for the four signal modes. The data are overlaid
with the result of the fit described in the text. The long and downstream K0

S categories are
combined. The results of the fits, performed in separate q2 bins, are merged for presentation
purposes. The blue (shaded) region is the combinatorial background.

made to the long and downstream categories. The mass fits for the four signal channels
are shown in Fig. ??, where the long and downstream K0

S categories are combined and the
results of the fits, performed in separate q2 bins, are merged for presentation purposes.
The corresponding number of signal candidates for each channel is given in Table ??.

5

Part. Reco.  

JHEP 06 (2014) 133 Phys. Rev. Lett. 113, 151601 (2014)
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Result

18

• Take ratio of signal yields and correct for efficiency to get RK1.

1We take double ratio with J/ψ control channels to further cancel systematic uncertainties.

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The

7

• LHCb result is 2.6σ from the SM prediction of unity.

•

•
•
•
• B+→ J/ψK+

• 3fb−1

RK = 0.745+0.090−0.074(stat.)
+0.036
−0.036(syst.)

• 2.6σ
•

•

Marcin Chrząszcz
/

LHCb: Phys. Rev. Lett. 113, 151601 (2014)
BaBar: Phys. Rev. D 86,032012 (2012)
Belle: Phys. Rev. Lett. 103,171801 (2009)

(LHCb)
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Remarks
• All of the muonic b—>sll branching fractions tend to be below the SM 

prediction. 

• If NP doesn’t couple (strongly) to first generation, one would naively 
expect RK to be less than unity.

19

• Its not particularly significant, but at least things are consistent, and 
that’s before anomaly #3 …
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FIG. 6. Standard-Model di↵erential branching fraction (gray band) for B ! Kµ+µ� decay (left)
and B ! K⌧+⌧� (right), where B denotes the isospin average, using the Fermilab/MILC form
factors [62]. Experimental results for B ! Kµ+µ� are from Refs. [45, 146–148]. The BaBar, Belle,
and CDF experiments report isospin-averaged measurements.

logarithmically enhanced QED corrections.
Figure 6 plots the isospin-averaged Standard-Model di↵erential branching fractions for

B ! Kµ+µ� and B ! K⌧+⌧�. For B ! Kµ+µ� decay, we compare our results with
the latest measurements by BaBar [148], Belle [146], CDF [147], and LHCb [45]. Tables V
and VI give the partially integrated branching fractions for the charged (B+) and neutral
(B0) meson decays, respectively, for the same q2 bins used by LHCb in Ref. [45]. In the
regions q2 . 1 GeV2 and 6 GeV2 . q2 . 14 GeV2, uū and cc̄ resonances dominate the
rate. To estimate the total branching ratio, we simply disregard them and interpolate
linearly in q2 between the QCD-factorization result at q2 ⇡ 8.5 GeV2 and the OPE result at
q2 ⇡ 13 GeV2. Although this treatment does not yield the full branching ratio, it enables a
comparison with the quoted experimental totals, which are obtained from a similar treatment
of these regions. Away from the charmonium resonances, the Standard-Model calculation
is under good theoretical control, and the partially integrated branching ratios in the wide
high-q2 and low-q2 bins are our main results:

�B(B+ ! K+µ+µ�)SM ⇥ 109 =

⇢
174.7(9.5)(29.1)(3.2)(2.2), 1.1 GeV2  q2  6 GeV2,
106.8(5.8)(5.2)(1.7)(3.1), 15 GeV2  q2  22 GeV2,

(4.3)

�B(B0 ! K0µ+µ�)SM ⇥ 109 =

⇢
160.8(8.8)(26.6)(3.0)(1.9), 1.1 GeV2  q2  6 GeV2,
98.5(5.4)(4.8)(1.6)(2.8), 15 GeV2  q2  22 GeV2,

(4.4)

where the errors are from the CKM elements, form factors, variations of the high and low
matching scales, and the quadrature sum of all other contributions, respectively. LHCb’s
measurements for the same wide bins are [45]

�B(B+ ! K+µ+µ�)exp ⇥ 109 GeV2 =

⇢
118.6(3.4)(5.9) 1.1 GeV2  q2  6 GeV2,
84.7(2.8)(4.2) 15 GeV2  q2  22 GeV2,

(4.5)
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Figure 4. Differential branching fraction of the decay B0
s → φµ+µ−, overlaid with SM predic-

tions [4, 5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

efficiency on the underlying physics model. Its effect on the branching fraction measure-

ment is evaluated by varying the Wilson coefficient C9 used in the generation of simulated

signal events. By allowing a New Physics contribution of −1.5, which is motivated by the

global fit results in ref. [38], the resulting systematic uncertainty is found to be less than

1.6%. The selection requirements introduce a decay-time dependence of the efficiencies

which can, due to the sizeable lifetime difference in the B0
s system [39], affect the mea-

sured branching fraction [40]. The systematic uncertainty is determined with simulated

B0
s → φµ+µ− signal events, generated using time-dependent decay amplitudes as described

in ref. [12]. When varying the Wilson coefficients, the size of the effect is found to be at

most 1.6%, which is taken as the systematic uncertainty. The statistical uncertainty due to

the limited size of the simulated signal samples leads to a systematic uncertainty of 1.9%.

The systematic uncertainties due to the parametrisation of the mass shapes are eval-

uated using pseudoexperiments. For the signal mass model, events are generated using a

double Gaussian mass shape, and then fitted using both the double Gaussian as well as the

nominal signal mass shape, taking the observed deviation as the systematic uncertainty.

For the parametrisation of the combinatorial background, the nominal exponential function

is compared with a linear mass model. The systematic uncertainties due to the modelling

of the signal and background mass shape are 2.1% and 1.6%, respectively. Peaking back-

grounds are neglected in the fit for determination of the signal yields. The main sources of

systematic uncertainty are caused by contributions from the decays Λ0
b → pK−µ+µ− and

B0 → K∗0µ+µ−, resulting in systematic uncertainties of 0.2 − 2.2%, depending on the q2

bin. Finally, the uncertainty on the branching fraction of the decay J/ψ → µ+µ− amounts

to a systematic uncertainty of 0.6%. The complete list of systematic uncertainties is given

in table 2.

For the total branching fraction of the signal decay, the uncertainty on the branching

fraction of the normalisation channel is the dominant systematic uncertainty, at the level

– 8 –

New: Result of dB(B0 ! K ⇤0(892)µ+µ�)/dq2

⌘ Differential branching fraction determined relative to B

0 ! J/ K

⇤0(892)

! cancel possible sources of systematic uncertainty
⌘ Use FS measured in 644 < m

K⇡ < 1200MeV to correct for the contribution
of the S-wave (S-P interference cancels when integrating over cos✓

K

)

! First ever measurement of dB(B0 ! K

⇤0(892)µ+µ�)/dq

2

⌘ SM prediction from Bharucha et al
[1503.05534]

⌘ Compatible both with SM
predictions and new physics
scenarios hinted by R

K

and other
b ! s`` branching fractions

[LHCb-PAPER-2016-012]

K.A. Petridis (UoB) b ! s`+`� @ LHCb Beauty 2016 11 / 20

FNAL/MILC, Phys. Rev. D 93, 034005 (2016)

 JHEP 09 179 (2015)
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Anomaly #3
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Brief Discussion: Why P 0
5 is largely a↵ected by CNP

9 < 0 and P 0
4 not?

P 0
5 was proposed for the first time in JHEP 1301 (2013) 048
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The decay 
• Now we move to a P—>VV decay. 

• Rich angular structure.
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• Angular analysis desirable because: 

• Partially cancel QCD uncertainty. 

• Probe the helicity structure of NP.
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Results
• Measure 15 observables, most consistent with SM. 

• One particular one, P5’ shows a significant discrepancy. 

22
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• Residual uncertainties under debate (see discussion session).
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Interpretation
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Branching Ratios vs. Angular Observables

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 9
'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 1
0NP

Javier Virto (U. Siegen) Fitting B decay Anomalies April 19, 2016 27 / 41

Branching Ratios vs. Angular Observables

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 9
'NP

Branching Ratios

Angular Observables HPiL
All

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C9
NP

C 1
0NP

Javier Virto (U. Siegen) Fitting B decay Anomalies April 19, 2016 27 / 41

Vector NP coupling
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 Descotes-Genon, Hofer, Matias, Virto, arXiv:1510.04239  
(consistent results found by Altmannshofer, Straub, arXiv:1411.3161)

• Global fits say purely vector contribution is destructively interfering with 
penguin diagram can cause such a discrepancy. 

• This matches with low BFs and RK.
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But is it QCD or NP?

• Related to how factorisable b—>sll diagrams are, more 
on this in the discussion session …T. Blake

Interpretation of global fits

5

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

Can we disentangle the two?
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Propsect for controlling charm
• Charm contribution dominated by J/ψ resonance. 

• Size known but phase w.r.t. penguin not.

25

• Can have significant 
effect on predictions

What can we say with current information cont’d
Naively...

⌘ Putting all the theory and experimental information together
⌘ Setting Wilson coefficients to SM and varying FFs within uncertainties
⌘ Ignoring detector resolution effects

⌘ cc̄ could explain part
of the effect

⌘ Uncertainties of
experimental inputs do
not change picture

⌘ Potential information
in peak positions (need
resolution effect)

Pomery, Blake, Egede, Owen, KP
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/2π = pφδ

' JHEP02(2016)045P

' DHMV145P

FF BSZ15 68% (0) 

)πFF BSZ15 68% (

/2)πFF BSZ15 68% (

! Worth perform fit to data to extract relative mag’s and phases
K.A. Petridis (UoB) b ! s`` at LHCb Barcelona b ! s`` 10 / 15

Preliminary

• We plan to fit for this phase using our data (see K. 
Petridis talk [here]).

https://indico.cern.ch/event/466933/contributions/1974107/attachments/1259378/1860456/BarcelonaWorkshop2016_KAPetridis.pdf
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Summary and outlook
• The Higgs sector and b-physics are inexorably intertwined. 

• Not only is SM flavour violation due to the Higgs, but b-physics in 
particular is sensitive to Higgs extensions. 

• Always fight QCD when searching for NP in these decays. 

• Control this by 

• Looking at semi-leptonic decays (factorisation) 

• Measuring ratios of observables (LFU, angular analysis).

26
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Summary and outlook
• I discussed three anomalies in these decays. 

• Can have models which link all of these: 

• Updates from LHCb are coming soon so there’s no point in getting too excited yet. 

• Expect improved precision on R(D*,D0), R(K). 

• Expect new LFU tests like R(K*) soon and improvements to R(K). 

• Plan to use data to control hadronic uncertainties in P5
’.
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Belle arXiv:1604.04042

Combined R(D*) data

20

•Plot and average from HFAG
◦ SM p-value = 5.2 × 10−5 →≈ 4.0𝜎 (down from 1.1 × 10−4)

𝑅 𝐷∗
𝑎𝑣𝑔 = 0.316 ± 0.019

𝑅 𝐷 𝑎𝑣𝑔 = 0.397 ± 0.049
𝜌 = −0.21

NEW

Combined R(D*) data

20

•Plot and average from HFAG
◦ SM p-value = 5.2 × 10−5 →≈ 4.0𝜎 (down from 1.1 × 10−4)

𝑅 𝐷∗
𝑎𝑣𝑔 = 0.316 ± 0.019

𝑅 𝐷 𝑎𝑣𝑔 = 0.397 ± 0.049
𝜌 = −0.21

NEW

•

•
•
•
• B+→ J/ψK+

• 3fb−1

RK = 0.745+0.090−0.074(stat.)
+0.036
−0.036(syst.)

• 2.6σ
•

•

Marcin Chrząszcz
/

L. Calibbi, A.Crivellin. and T. Ota, PRL, arXiv:1506.02661
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Back-ups

28
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Linking with R(D*)
• There are models which can link 

these anomalies together.
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L. Calibbi, A.Crivellin. and T. Ota, 
PRL, arXiv:1506.02661
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FIG. 3: Allowed regions in the ↵µ⌧–↵sb plane from R(D⇤)
(red) and b ! sµ+µ� (dark blue) for ⇤ =TeV and �(3) =
�(1) = �1. The light blue region corresponds to the MFV-like
ansatz for the lepton masses. Note that ↵sb = ⇡/64 roughly
corresponds to the angle needed to generate Vcb and that the
MFV-like Ansatz only di↵ers marginally from the one with
third generation couplings only in the region compatible with
R(D). The contour lines denote Br[B ! K⇤⌧µ] in units of
10�6.

K(⇤)⌫⌫̄. However, in the allowed regions of parameter
space, Br[B ! K(⇤)⌧µ] can only be up to 1⇥10�6. In the
case of �(3) 6= 0, b ! sµ+µ� data can be explained simul-
taneously with R(D⇤). In these regions Br[B ! K(⇤)⌧µ]
can again be only up to 10�6. Finally we considered
�(3) = �(1) 6= 0. Such a scenario can be realized with a
leptoquark in the singlet representation of SU(2)L (mak-
ing an MFV-like ansatz for the lepton couplings possible)
and constraints from B ! K(⇤)⌫⌫̄ are avoided. Again,
LFV B decays turn out to be of the same order as in the
other scenarios.

Note added — During the completion of this work, an
article presenting a dynamical model with additional vec-
tor bosons and third generation couplings appeared in

which Q(3)
`q is generated [61].
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Will these anomalies hold up with more 
data?

𝛼ab parameters proportional ratio of 
NP coupling between fields a and b
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Quark hadron duality
• Theoretical calculations live in the partonic world. 

• To translate this to reality, rely on quark-hadron duality.

30

• Important not to mix the two!

6 44. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 44.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

R =

�(e+e� ! hadrons)

�(e+e� ! µ+µ�
)
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R(D*) control samples

31

5. Backup 18/25

B ! D⇤⇤(! D⇤+⇡)µ⌫ control sample

• Isolation MVA selects one track, M
D

⇤+⇡ around narrow D⇤⇤ peak !
select a sample enhanced in B! D⇤⇤µ+⌫

• Use this to constrain, justify B! D⇤⇤µ+⌫ shape for light D⇤⇤ states
• Also fit above, below narrow D⇤⇤ peak region to check all regions of

M
D

⇤+⇡ are modelled correctly in data

Anti-isolate signal to enrich particular backgrounds.

2. Fit 8/25

Background strategy

• Three main physics backgrounds:
B ! D⇤⇤(! D⇤⇡)µ⌫,B ! D⇤⇤(! D⇤⇡⇡)µ⌫, B ! D⇤DX

• Three control samples used to model shapes:
• Isolation MVA selects a single pion, two pions, or one kaon
• Each sample fitted using full model
• Data-driven systematic uncertainties
• Quality of fit used to justify modelling

• All combinatorial or misidentified backgrounds taken from data
• More details on everything in backups
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R(D*) 3D fit

32

3D fit used to discriminate signal from backgrounds

2. Fit 7/25

Fit strategy

• Three dimesional template fit in Eµ (left), m2

missing

(middle), and q2

• Projections of fit to isolated data shown

• All uncertainties on template shapes incorporated in fit:
• Continuous variation in e.g di↵erent form factor parameters

Good agreement seen everywhere
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K*mm decay distribution

33

for q2 < 1GeV2
/c
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