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Important questions

The CKM matrix is a cornerstone of our understanding of particle physicsCKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 
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12 orders of magnitude differences not explained; t quark as heavy as Tungsten 
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� One complex phase accounts for CPV in SM (O(107) too small)
� Do not understand relative sizes of the values (|Vub| = O(10−3)|Vtb|)
� Pattern of masses similarly puzzling (mu = O(10−3)mt)
� How can dark matter be accommodated in SM
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Experimental approaches

SM could be a low-energy effective theory of a more fundamental theory at
higher energy scale with new particles, dynamics/symmetries.

Direct approach

� Rely on high energy collisions to
produce new particle(s)
on-mass-shell, observed through
their decay products

Indirect approach (typical of flavour)

� New particles appear off-mass-shell
in heavy flavour processes, leading
to deviations from SM expectations
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Setting the scene

� LHC σbb̄ = 460µb @
√
s = 13TeV

(scale ∼ linear with
√
s)

� σbb̄ in LHCb acceptance ∼ 100µb
� c.f σbb̄ = 0.001µb @

B-factories

7 

The LHCb Experiment 
•  b production predominately at small polar angles  

  → forward spectrometer Proven"track"record"
isolaKng"short6lived"
rare"decays"at"1"in"
109"level""
I"also"led"first"rare"
decay"searches"with"
long6lived"KS0"
parKcles""

∼ 60 papers since IOP HEPP 2015,
> 300 in total

Run 2: 320pb−1 (current), Run 1: 3fb−1

LHCb data-taking 

 
•  In total have recorded 3fb-1 at instantaneous luminosities of up to     

4×1032 cm−2s−1 (twice the design value!) 
•  While data-taking from 2015 onward will add substantial luminosity 

will not be the step-change from higher √s anticipated at the central 
detectors – need 2018 upgrade for that step-change 

13"

LMax
inst = 4× 1032cm−2s−1 (double the

design value)
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The LHCb detector

Jonas Rademacker (Bristol) on behalf of LHCb                      Recent highlights from LHCb                                            HEPMAD 2013, Antananarivo

1.9 < η < 4.9  or!
 15 < θ < 300 mrad!

~1 cm!

B!

The LHCb Detector

7

p p
b

b
_

� UK responsible for VeLo and RICH systems
� B-lifetime means displaced secondary vertex
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Detector performance
[Int.J.Mod.Phys.A30(2015)1530022]

� Tracking δp/p = 0.4− 0.6%

� Muon εid
µ = 98% for 1% mis-id

� Mass resolution J/ψ → µµ

� LHCb: 13MeV
� CMS: 28MeV [arXiv:1011.4193]

� ATLAS: 46MeV [arXiv:1104.3038]
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The LHCb trigger in Run 2
The challenge

� Only 1 in 200 pp inelastic events contain a b-quark
� Looking for B-hadron decays with BF ∼ 10−6 − 10−9

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

Major development for Run 2:
� Buffer all events after HLT1 to perform

calibrations and alignment
� Determine calibration and alignment

constants per fill (minutes) [UK led]
� Global offline-like reconstruction using

these constants
� Major step towards realising upgrade

trigger strategy (see later)
→ More selective triggers e.g offline like
particle ID in the trigger!
→ Physics measurement with data straight
out of HLT2

� Output rate of HLT2 5kHz 12.5kHz
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Measurements straight out of trigger
→ Measurement of prompt J/ψ production at 13TeV
→ Measurement of prompt D0, D+, Ds and D∗+ production at 13TeV

[JHEP10(2015)172], [arXiv:1510.01707]
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Figure 1: Invariant mass (left) and pseudo decay time (right) distributions for the kinematic bin
2 < pT < 3 GeV/c, 3.0 < y < 3.5, with fit results superimposed. The solid (red) line is the total
fit function, the shaded (green) area corresponds to the background component. The prompt
J/ contribution is shown in cross-hatched area (blue), J/ -from-b in a solid (black) line and
the tail contribution due to the association of J/ with the wrong PV is shown in full filled
(magenta) area. The tail contribution is not visible in the invariant mass plot.

example for one (pT, y) bin of the invariant mass and the pseudo decay time distributions
is shown in Fig. 1 with the one-dimensional projections of the fit result superimposed.

5 Systematic uncertainties

Systematic uncertainties, most of which apply to both prompt J/ and J/ -from-b mesons,
are summarised in Table 1 and described below.

The uncertainty related to the modelling of the signal mass shape is studied by
replacing the nominal model with a Hypatia function [56], which takes into account the
mass uncertainty distribution. The relative di↵erence of the signal yield is about 1.0%,
which is taken as a fully correlated systematic uncertainty in each bin.

Due to the presence of bremsstrahlung in the J/ ! µ+µ� decay, a fraction of J/ 
events fall outside the mass window used in this analysis. The e�ciency of the mass
window selection is determined from simulation, and based on a detailed comparison
between the radiative tails in simulation and data, a value of 1.0% of the yield is assigned
as the systematic uncertainty.

To calibrate the muon identification e�ciency determined from simulation, the single-
track muon identification e�ciency is measured with a J/ ! µ+µ� data sample using
a tag-and-probe method. In this method, the J/ candidates are reconstructed with
only one track identified as a muon (“tag”). The single muon identification e�ciency
is measured as the probability of the other track (“probe”) to be identified as a muon,
in bins of momentum, pµ, and pseudorapidity, ⌘µ of the probe track. The single-track
muon identification e�ciency obtained in data is weighted with the (pµ, ⌘µ) distribution
of the muons from J/ mesons in simulation. The resulting e�ciency is divided by that
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Figure 1: Distributions for selected D0 ! K�⇡+ candidates: (left) K�⇡+ invariant mass and
(right) ln�2

IP for a mass window of ±20 MeV/c2 around the nominal D0 mass. The sum of the
simultaneous likelihood fits in each (pT, y) bin is shown, with components as indicated in the
legends.
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Figure 2: Distributions for selected D+ ! K�⇡+⇡+ candidates: (left) K�⇡+⇡+ invariant mass
and (right) ln�2

IP for a mass window of ±20 MeV/c2 around the nominal D+ mass. The sum of
the simultaneous likelihood fits in each (pT, y) bin is shown, with components as indicated in the
legends.
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Figure 2: Double di↵erential cross-section for prompt J/ mesons as a function of pT in bins of
y. Statistical and systematic uncertainties are added in quadrature.

Fb is taken as a systematic uncertainty. The impact of the choice of tz parametrisation for
the long tail component is studied using an exponential function with equal magnitude
for positive and negative slopes and the relative di↵erence of Fb is taken as a systematic
uncertainty. The total relative systematic uncertainty on the J/ -from-b cross-section
related to the tz fit is 0.1%.

6 Results

The measured double di↵erential cross-sections for prompt J/ and J/ -from-b mesons,
assuming no polarisation, are shown in Figs. 2 and 3, and given in Tables 2 and 3. The
cross-sections for prompt J/ and J/ -from-b mesons in the acceptance pT < 14 GeV/c
and 2.0 < y < 4.5, integrated over all (pT, y) bins, are:

�(prompt J/ , pT < 14 GeV/c, 2.0 < y < 4.5) = 15.30 ± 0.03 ± 0.86 µb,

�(J/ -from-b, pT < 14 GeV/c, 2.0 < y < 4.5) = 2.34 ± 0.01 ± 0.13 µb,

where the first uncertainties are statistical and the second systematic.

6.1 Fraction of J/ -from-b mesons

The fractions of J/ -from-b mesons in di↵erent kinematic bins are given in Fig. 4 and
Table 6. The fraction increases as a function of pT, and tends to decrease with increasing
rapidity. These trends are consistent with the measurements at

p
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Figure 5: Measurements and predictions for the absolute prompt (top) D0, and (bottom) D+

cross-sections at
p

s = 13TeV. Each set of measurements and predictions in a given rapidity bin
is o↵set by a multiplicative factor 10�m, where the factor m is shown on the plots. The boxes
indicate the ±1� uncertainty band on the theory predictions. In cases where this band spans
more than two orders of magnitude only its upper edge is indicated.
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Cracks appearing in the SM?
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Cracks appearing in the SM?

1. Measurements of decay rates and angular distributions of
B → K (∗)µ+µ− and Bs → φµ+µ− are all in tension with SM.
Combined significance > 4σ

� As described in Tom’s talk

2. Tension between inclusive and exclusive determinations of |Vub|
� LHCb measurement possible due to close collaboration with Lattice

QCD community

3. Tension in measurements of
B(B0 → D∗τν)

B(B0 → D∗µν)

All three topics are UK led
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|Vub| at LHCb: Results
[Nature Physics 11,743,(2015)]ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS3415

Table 1 | Summary of systematic uncertainties.

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

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 contributions. 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.

⇤+
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 sample. Other
contributions come from the tracking e�ciency, which is due
to possible di�erences 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

systematic uncertainty is assigned due to the limited knowledge of
the momentum distribution for the ⇤+

c !pK�⇡+ decay products.
Uncertainties related to the background composition are included
in the statistical uncertainty for the signal yield through the use
of nuisance parameters 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 lifetime; di�erences in data and simulation
in the isolation BDT response; di�erences in the relative e�ciency
and q2 migration due to form factor uncertainties for both signal and
normalization channels; corrections to the⇤0

b kinematic properties;
the disagreement in the q2 migration between data and simulation;
and the finite size of the PID calibration samples. The total 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 branching fractions
can safely be considered independent 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)q2>15GeV/c2

B(⇤0
b !⇤+

c µ�⌫µ)q2>7GeV/c2
=(1.00±0.04±0.08)⇥10�2

where the first uncertainty is statistical and the second is systematic.
Using equation (1)withRFF =0.68±0.07, computed in ref. 20 for the
restricted q2 regions, the measurement

|Vub|
|Vcb|

=0.083±0.004±0.004

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

R
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Figure 4 | Experimental constraints on the left-handed coupling, |VL
ub| and

the fractional right-handed coupling, ✏R. Whereas the overlap of the 68%
confidence level bands for the inclusive14 and exclusive7 world averages of
past measurements suggested a right-handed coupling of significant
magnitude, the inclusion of the LHCb |Vub| measurement does not
support this.

the LQCD prediction. Finally, using the world average
|Vcb|=(39.5±0.8)⇥10�3 measured using exclusive decays14,
|Vub| is measured as

|Vub|=(3.27±0.15±0.16±0.06)⇥10�3

where the first uncertainty is due to the experimental measurement,
the second arises from the uncertainty in the LQCD prediction
and the third from the normalization to |Vcb|. As the measurement
of |Vub|/|Vcb| already depends on LQCD calculations of the form
factors it makes sense to normalize to the |Vcb| exclusive world
average and not include the inclusive |Vcb| measurements. The
experimental uncertainty is dominated by systematic e�ects, most
of which will be improved with additional data by a reduction of the
statistical uncertainty of the control samples.

The measured ratio of branching fractions can be extrapolated
to the full q2 region using |Vcb| and the form factor predictions20,
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 |Vub| from the measured ratio of
branching fractions depends on the size of a possible right-handed
coupling36. 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
measurements. 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`�⌫ decays, 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 significant right-
handed coupling, but the inclusion of the LHCb |Vub| measurement
does not support that.

In summary, a measurement of the ratio of |Vub| to |Vcb| is
performed using the exclusive decay modes ⇤0

b ! pµ�⌫µ and
⇤0

b ! ⇤+
c µ�⌫µ. Using a previously measured value of |Vcb|, |Vub|

is determined precisely. The |Vub| measurement is in agreement
with the exclusively measured world average from ref. 7, but
disagrees with the inclusive measurement14 at a significance
level of 3.5 standard deviations. The measurement will have a
significant impact on the global fits to the parameters of the
CKMmatrix.

746 NATURE PHYSICS | VOL 11 | SEPTEMBER 2015 | www.nature.com/naturephysics

© 2015 Macmillan Publishers Limited. All rights reserved

� Tension between inclusive and exclusive determination of |Vub|

� LHCb’s Λb → pµν measurement disfavours interpretations invoking the
presence of right handed currents in order to explain tension between
inclusive and exclusive |Vub|
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B̄0 → D∗+τ ν̄

� Test lepton universality by measuring R(D(∗)) ≡ B(B̄→D(∗)τν̄)

B(B̄→D(∗)µν̄)

� Sensitive to NP coupling differently to 1st and 3rd generations (e.g charged
Higgs)

� Note this is a tree-level test of universality compared to B(B→Kee)
B(B→Kµµ)

B ! D(⇤)⌧⌫

⌘ Sensitive to extended Higgs sectors at tree level such as Two Higgs Doublet
Models (2HDM)

b c

q q

⌫⌧

⌧�

}D(⇤)B{
W�/H�

⌘ B-factories well suited for this measurement due to hermetic detectors and
clean environment

⌘ Measure:

R(D(⇤)) =
B(B ! D(⇤)⌧⌫⌧ )

B(B ! D(⇤)`⌫`)`=µ,e

⌘ Uncertainties from theory (form factors) and experiment (efficiency) mostly
cancel in the ratio

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 9 / 20

K.A. Petridis (UoB) Recent results from LHCb IOP HEPP 2016 12 / 30



B̄0 → D∗+τ ν̄
� Test lepton universality by measuring R(D(∗)) ≡ B(B̄→D(∗)τν̄)

B(B̄→D(∗)µν̄)

� Sensitive to NP coupling differently to 1st and 3rd generations (e.g charged
Higgs)

� Note this is a tree-level test of universality compared to B(B→Kee)
B(B→Kµµ)

B ! D(⇤)⌧⌫

⌘ Both Belle and BaBar at tension with SM at the level of ⇠ 3�
⌘ Exclude full TypeII 2HDM parameter space at 99.8% CL BaBar [PRD 88,072012]

(TypeIII still viable though constrained)
⌘ Far beyond the reach of direct searches

29

TABLE X. Previous measurements of R(D(�)).

Measurement R(D) R(D�)

Belle 2007 [13] — 0.44 ± 0.08 ± 0.08

BABAR 2008 [14] 0.42 ± 0.12 ± 0.05 0.30 ± 0.06 ± 0.02

Belle 2009 [15] 0.59 ± 0.14 ± 0.08 0.47 ± 0.08 ± 0.06

Belle 2010 [16] 0.34 ± 0.10 ± 0.06 0.43 ± 0.06 ± 0.06

0.2 0.4 0.6 0.80.2 0.4 0.6 0.8 0.3 0.4 0.5 0.60.3 0.4 0.5 0.6
R(D)R(D) R(D�)R(D�)

Belle 2007

BABAR 2008

Belle 2009

Belle 2010

BABAR 2012

FIG. 24. (Color online). Comparison of the previous mea-

surements of R(D(�)) with statistical and total uncertainties
(Table X) with this measurement (BABAR 2012). The verti-
cal bands represent the average of the previous measurements
(light shading) and SM predictions (dark shading), separately
for R(D) and R(D�). The widths of the bands represents the
uncertainties.

X. CONCLUSIONS

In summary, we have measured the ratios R(D(⇤)) =
B(B ! D(⇤)⌧�⌫⌧ )/B(B ! D(⇤)`�⌫`) based on the full
BABAR data sample, resulting in

R(D) = 0.440 ± 0.058 ± 0.042,

R(D⇤) = 0.332 ± 0.024 ± 0.018,

where the first uncertainty is statistical and the second is
systematic. These results supersede the previous BABAR

measurements [14]. Improvements of the event selec-
tion have increased the reconstruction e�ciency of signal
events by more than a factor of 3, and the overall statis-
tical uncertainty has been reduced by more than a factor
of 2.

Table X shows the results of previous B ! D(⇤)⌧�⌫⌧
analyses. In 2007 and 2010, the Belle collaboration mea-
sured the absolute B ! D(⇤)⌧�⌫⌧ branching fractions
which we translate to R(D(⇤)) with B(B� ! D0`�⌫`) =
(2.26 ± 0.11)% [12] and B(B0 ! D⇤+`�⌫`) = (4.59 ±
0.26)% [48]. For the translation of R(D⇤), we choose
Belle’s measurement of the branching fraction, instead
of the world average, because of the current large spread
of measured values. For Belle 2009, we average the re-
sults for B0 and B� decays.

The values measured in this analysis are compatible
with those measured by the Belle Collaboration, as illus-
trated in Fig. 24.

The results presented here exceed the SM predictions
of R(D)SM = 0.297±0.017 and R(D⇤)SM = 0.252±0.003

by 2.0� and 2.7�, respectively. The combined signifi-
cance of this disagreement, including the negative corre-
lation between R(D) and R(D⇤), is 3.4�. Together with
the measurements by the Belle Collaboration, which also
exceed the SM expectations, this could be an indication
of NP processes a�ecting B ! D(⇤)⌧�⌫⌧ decays.

These results are not compatible with a charged Higgs
boson in the type II 2HDM, and, together with B ! Xs�
measurements, exclude this model in the full tan�–mH+

parameter space. More general charged Higgs models, or
NP contributions with nonzero spin, are compatible with
the measurements presented here.

An analysis of the e�ciency corrected q2 spectra of
B ! D⌧�⌫⌧ and B ! D⇤⌧�⌫⌧ decays shows good agree-
ment with the SM expectations, within the estimated un-
certainties. The combination of the measured values of
R(D(⇤)) and the q2 spectra exclude a significant portion
of the type III 2HDM parameter space. Charged Higgs
contributions with small scalar terms, |SR + SL| < 1.4,
are compatible with the measured R(D(⇤)) and q2 distri-
butions, but NP contributions with spin 1 are favored by
data.
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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 tan�/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 tan�–mH+ parameter space.

by B ! Xs� measurements [22], and therefore, the type
II 2HDM is excluded in the full tan�–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

He� =
4GF Vcbp

2

�
(c�µPLb) (⌧�µPL⌫⌧ )

+ SL(cPLb) (⌧PL⌫⌧ ) + SR(cPRb) (⌧PL⌫⌧ )
�
, (31)

where SL and SR are independent complex parameters,
and PL,R � (1 � �5)/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
0
DRe(SR + SL) + B

0
D|SR + SL|2,

R(D⇤) = R(D⇤)SM + A
0
D�Re(SR � SL) + B

0
D� |SR � SL|2.

The sign di�erence arises because B ! D⌧�⌫⌧ decays
probe scalar operators, while B ! D⇤⌧�⌫⌧ decays are
sensitive to pseudo-scalar operators.

-6 -4 -2 0 2

-2

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 =
�mbm⌧ tan2�/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; q2)| / |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 tan�/mH+ dependence of R(D⇤) (Fig. 20), this
is a good approximation for B ! D⇤⌧�⌫⌧ decays. For
B ! D⌧�⌫⌧ 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 of R(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 ! D⌧�⌫⌧
decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector e�-
ciency, with the expectations of three di�erent scenarios.

BaBar [PRD 88,072012]

⌘ Belle and LHCb are preparing a measurement
⌘ Belle2 will be able to measure B(B ! D⌧⌫⌧ ) with 2.5% precision

[arXiv:1002.5012]

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 10 / 20

BaBar [PRD 88,072012], [Belle Moriond EWK 2016]

� Previous measurements from B factories using τ → `νν decays combining D
and D∗ final states

� Latest BaBar result 3σ excess over SM [1303.0571]
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B̄0 → D∗+τ ν̄ challenges at LHCb

� Only D∗+ for now with τ → µνν

→ No narrow peak to fit in any distribution
� Use B flight direction to measure transverse component of missing

momentum
� Assume no missing momentum along flight direction of B
→ 18% resolution on B momentum
→ Template fit to rest frame quantities m2

missing, Eµ, q
2

[PRL 115(2015)112001]
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Figure 1: Distributions of m2
miss (left) and E⇤

µ (right) of the four q2 bins of the signal data,
overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
the Poisson uncertainty in the data. The bands give the 1� template uncertainties.
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Figure 1: Distributions of m2
miss (left) and E⇤

µ (right) of the four q2 bins of the signal data,
overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
the Poisson uncertainty in the data. The bands give the 1� template uncertainties.
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B̄0 → D∗+τ ν̄ global fit
3.9σ tension with SM excluding Belle’s latest result!→ Tension will increase
further

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

� LHCb uncertainty split between statistical and systematic.
� Dominant systematic uncertainty: MC template statistics
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Can we form a consistent picture?

K.A. Petridis (UoB) Recent results from LHCb IOP HEPP 2016 14 / 30



Possible interpretations

Uncertainties underestimated?
� Experimental side to blame for

lepton universality measurements?
� Theory side to blame for b → s``

observables, related to potentially
significant miscalculation of charm
loop effects?

� Planned measurements with Run 2
and Run 1 data will help resolve
both sides

New physics? Example:
Leptoquark model Bauer et al [1511.01900]

� Non-universality tensions including
muon (g-2) simultaneously
explained through introduction of
leptoquark sector

MITP/15-100
November 9, 2015

One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c

aInstitut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
bPRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

cDepartment of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745 +0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20, 21]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry. The
leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|2|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
can be reproduced from the R-parity violating superpo-
tential. The above Lagrangian refers to the weak basis.
In the mass basis, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤�d̄c
L�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �LU⌫ , �R
ue = V T

u �RVe ,
(5)
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Rest of heavy flavour picture
� New for Moriond: Precision measurement of B0 − B̄0 oscillation frequency

[LHCb-PAPER-2015-031]

→ ∆md = (505.0± 2.1(stat.)± 1.0(syst.))ns−1

→ World’s most precise (comparable precision with global average)
→ 2σ agreement with SM

� Global CKM picture so far looks untouched by anomalies
→ Precision of direct determination of angle γ is key

� Precision of CPV measurements in Bs system is far below precision of
predictions

CP violation in b ! ccs decay + mixing

�mix = 2 arg(VtbV⇤
ts)

�decay = arg(VcbV⇤
cs) �s ⌘ �arg

⇣
q
p

Af

Af

⌘

�s
SM
= �0.0365 ±

0.0012 rad
[CKMFitter]

Combination
�s = �0.034 ± 0.033 rad
��s = 0.082 ± 0.006 ps�1

Dominated by LHCb [PRL 114

(2015) 041801]

New physics not large.

) need to control SM
e↵ects (penguins).

Also competitive in
gluonic penguin decays
(B0

s ! ��).

29 / 34

FIG. 17. Global CKM unitarity-triangle fit using the new determination of ⇠ from this work as

well as |Vub| and |Vcb| based on our calculations of the B ! ⇡`⌫ and B ! D`⌫ form factors on the

same gauge-field configurations [131, 196, 197]. The constraint from B-meson mixing (solid green

band) is approximately three times smaller than that obtained using our previous result for ⇠ [15]

(dashed gray lines). For the remaining hadronic matrix elements, we use the preliminary (2 + 1)-

flavor FLAG III average B̂K = 0.7627(97) [198], and the 2015 PDG averages fK± = 155.6(0.4) MeV

and fB± = 187.0(2.9) MeV [147], which include (2 + 1)- and (2 + 1 + 1)-flavor lattice-QCD results.

The QCD contributions to "K from charm- and top-quark loops are taken from Refs. [63, 199, 200],

while all experimental inputs are from the PDG [102]. Plot courtesy E. Lunghi [201] using the

procedures of Ref. [202].

inputs by 1.7–2.1� [155], and di↵er even more (by up to 3.0�) from the values obtained
when loop-induced processes (including Bq-mixing) are excluded from the fit. Because our
new Bq-mixing matrix elements imply lower values for |Vtd|, |Vts|, and their ratio, they
enhance the observed tension between tree-level and loop-induced processes [155]. Figure 17
shows the current status of the CKM unitarity triangle using our new result for ⇠ plus recent
determinations of |Vub| = 3.72(16)⇥ 10�3 and |Vcb| = 40.8(1.0)⇥ 10�3 from our calculations
of the B ! ⇡`⌫ and B ! D`⌫ form factors [131, 196].4 At present, the experimental
measurements are compatible with the Standard Model at p = 0.28. The overall precision
still leaves ample room for BSM flavor-changing neutral currents that may be observable
with anticipated theoretical improvements such as those discussed below, in conjunction
with more precise experimental measurements expected from the LHC upgrade [10, 205]
and Belle II [11].

Despite the improvement in the Bq-mixing elements obtained in this paper, the theoretical
hadronic errors are still the limiting source of uncertainty in all calculations of observables
in Sec. IX. In a forthcoming paper, we will report bag-parameter results from a combined
analysis of the mixing-matrix-elements presented here with our collaboration’s companion

4 We obtain this value of |Vcb| from a fit similar to the one in Ref. [197] including the recent B ! D`⌫

measurements from Belle [203], earlier measurements from BaBar [204], and our lattice-QCD form factors

from Ref. [131].

58
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Measuring γ

� Unitarity of CKM matrix implies:
Vud V ∗

ub

Vcd V ∗
cb

+ 1 +
Vtd V ∗

tb

Vcd V ∗
cb

= 0

→ CKM unitarity triangle for Bd

� Measuring γ is a benchmark test of the SM
� Measured through interference between two tree decay amplitudes to the

same final state

17

and apexes of the two triangles, in particular the relative phase between A(B� !
D̄0K�) and A(B+ ! D0K+) is 2�.

Vcb

V ⇤
us

B� B�

Vub

V ⇤
cs

K�

D0

D̄0

K�

Fig. 14. Feynman diagrams for B ! DK that can be used to extract the � angle.

3.1. CP violation e↵ects and errors in B ! DK

Since the identities in Eq. (28) holds irrespective of the strong phase in the decay,

this method is free of hadronic uncertainties and is believed theoretically clean. Thus

the measurement of � provides a benchmark of extraction of the CKM parameters.

However the GLW method is based on the neglect of the direct CP asymmetry

in D0 and D̄0 decays. For instance the K+K� and ⇡+⇡� final states can project out

the same D0
+. One of the most exciting measurements by LHCb collaboration,169

confirmed by CDF170 and Belle171 collaborations, was CP violation in charm sector.

These three collaborations have found nonzero di↵erence of CP asymmetries (CPAs)

which are much larger than SM expectation. The direct CP violation of D0 decays

was extracted as13

�Adir
CP = (�0.678 ± 0.147)%. (29)

However this large value is not confirmed in later analysis by LHCb collaboration172

and the new average is13

�Adir
CP = (�0.329 ± 0.121)%. (30)

Though the new result in Eq. (30) has a smaller central value, the CPA in D

decays may play an important role in measuring the �173–176 ( see also Ref.177,178).

Physical observables are given as

RK
+ = 2

B(B� ! D0
+K�) + B(B+ ! D0

+K+)

B(B� ! D0K�) + B(B+ ! D̄0K+)

= 1 + (rK
B )2 +

2rK
B cos �B [(1 + (rf

D)2) cos � + 2rf
D cos �f

D]

1 + (rf
D)2 + 2rf

D cos � cos �f
D

,

⌘ 1 + (rK
B )2 + 2rK

B cos �K
B cos �eff , (31)

3. CKM angle � 11/24

Measuring angle � from trees

I NEW result for Moriond - [LHCb-CONF-2016-001]

I Use tree decays of B± ! DK± which lead to the same final state

Favoured Suppressed

B�

D0K�

D
0
K�

fD

AD

ADrDei�DAB

ABrBei(�B��)

I Inteference between D0 �D0 decays to
the same final state

I Combine results of many modes with
di↵erent methodologies

I Nominal results produced using a
frequentist Feldman-Cousins procedure
(“plugin” method)

I Also performed a Bayesian combination

I The most precise single experiment
measurement of �

rB

rB

x

y

y+ = rB sin(�B + �)

y� = rB sin(�B � �) x+ = rB cos(�B + �)

�B + �x� = rB cos(�B � �)

�

��

(x+, y+)

(x�, y�) �� � 1

rB
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Measuring γ B± → DK± [New for Moriond]
[LHCb-PAPER-2016-003]

� Measure asymmetries and amplitude ratios of B± → DK± with 2 or 4 body
D decays
→ D0 → K+K−/π+π−/π+π−π+π−new! (GLW),
→ D0 → K±π∓/K±π∓π+π− (ADS)
→ 21 CP observables in total, use to determine γ, rB and δB

� Use CLEO-c/LHCb/HFAG inputs to constrain parameters in charm system
e.g rD and δD

→LHCb [1602.07224]: Observation of D0 → D
0
oscillations with K3π decays

sensitive to rK3π
D and δK3π

D

� CP violation in B± → DK± clearly observable → Improved precision on γ

K.A. Petridis (UoB) Recent results from LHCb IOP HEPP 2016 18 / 30



Measuring γ B0 → DK ∗0 [New for Moriond]
Model dependent [LHCb-PAPER-2016-007], Model independent [LHCb-PAPER-2016-006]

� Fit for CP observables in the Dalitz plane of D → K 0
Sπ

+π− decays for both
B0 and B̄0 decays (GGSZ)
→ Use an amplitude model to fit the Dalitz distribution (Model Dependent)
→ determine γ, rB and δB

Left: B̄0 Right: B0
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Figure 4: Dalitz plot distribution of the selected B0 → DK∗0 candidates (a) and its projections
on m2

− (b), m2
+ (c) and m2

0 (d). The blue line superimposed on the Dalitz plot projections
corresponds to the fit result and the points are data.

uncertainty on the B-meson invariant mass fit, the background description across the298

D-meson decay phase space and the uncertainty arising from bias of the CP violation299

observables fit. Unless otherwise stated, for each source considered the CP violation300

observables fit is repeated and the differences in the z± values from the nominal results301

are taken as the systematic uncertainties.302

The uncertainty on the description of the efficiency variation across the D-meson303

decay phase space arises from several sources. One source is the statistical fluctuations304

in the simulated sample used to determine the efficiency, and uncertainties on the data-305

driven calibrations used to describe the hardware trigger and PID efficiencies. Large306

numbers of alternative efficiency maps are created by smearing the nominal efficiency by307

its statistical uncertainty and the trigger and PID calibration uncertainties. The width of308

the distribution of the difference between the alternative results and the nominal result is309

taken as the systematic uncertainty. Additionally, in the nominal fit the efficiency map is310

determined with BDTA. The fit is repeated with the alternative efficiency map determined311

with BDTB. The fit is also performed with alternative efficiency maps obtained when the312
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Figure 3: Dalitz plot distribution of the selected B0 → DK∗0 candidates (a) and its projections
on m2

− (b), m2
+ (c) and m2

0 (d). The blue line superimposed on the projections corresponds to
the fit result and the points are data.

where the uncertainty is statistical only. The correlation matrix is293

Ṽ =

x− y− x+ y+⎛
⎜⎜⎜⎝

1. 0.143 0. 0.

0.143 1. 0. 0.

0. 0. 1. 0.143

0. 0. 0.143 1.

⎞
⎟⎟⎟⎠,

and the corresponding likelihood contours for z± are show in Fig. 5.294

6 Systematic uncertainties295

Several sources of systematic uncertainty on the evaluation of z± are considered, and are296

summarised in Table 2. Three main categories of systematic effect are identified: the297

11

� Included in γ combination for the first time!
� Through combination with other modes maximise sensitivity to γ
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γ Combination
[LHCb-CONF-2016-001]

� Combine number of LHCb
measurements (full list in
backup)

� γ = (70.9+7.1
−8.5)◦

� Improvement of ∼ 2◦

� Precision better than
combined B-factories

� Still lots of space for NP to
hide!

� → more precision required
� LHCb upgrade: precision 1◦!
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Figure 1: 1 � CL curves for the combination, with central values (solid vertical lines) and
1� uncertainties (dashed vertical lines) labelled. The 1� and 2� levels are indicated by
the horizontal dotted lines.
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Figure 8: 1 � CL plots for combinations split by the initial B meson flavour: (orange) B0
s ,

(yellow) B0, (blue) B+ and (green) the full combination.
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Figure 9: 1�CL plots for combinations split by analysis method: (yellow) GGSZ, (orange)
GLW/ADS, (blue) others and (green) the full combination.

28

3. CKM angle � 17/24

LHCb combination of angle � from trees

I Nominal result: � = (70.9+7.1
�8.5)

�

I Uncertainty < 10� is better than combined B
factories

I LHCb combination paper expected later this
year
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Exotic hadrons: Where dreams are created and crushed!
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Pentaquark observation in Λb → J/ψpK

� 6D amplitude fit requires two additional resonant amplitudes with
JP = (3/2+, 5/2−) in the J/ψp system (cc̄uud) to describe the data

[PRL115,072001(2015)]

and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−

combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within"30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within "30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007" 166 signal candidates
containing 5.4% background within "15 MeV ("2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b → J=ψΛ%, Λ% → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ%RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the
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New for Moriond: Model independent approach [LHCb-PAPER-2016-009]

� Confirms model dependent measurement
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X (5568) non confirmation [New for Moriond]
� Feb 24: D0 announced mass bump X (5568)→ Bsπ

± with global
significance 5.1σ [arXiv:1602.07588]

� Using ∼ 6K Bs → J/ψφ decays

Left: D0 [arXiv:1602.07588, Right: LHCb [LHCb-CONF-2016-004]
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F (Eq. 2) that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ, MX , ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [10]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.

The fit function has the form:

F = fsig × Fsig(mBπ, MX , ΓX) + fbgr × Fbgr(mBπ), (2)

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate

for an S-wave two-body decay near threshold:

BW (mBπ) ∝ M2
XΓ(mBπ)

(M2
X − m2

Bπ)2 + M2
XΓ2(mBπ)

. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional to the natural width ΓX , where q1 and q0

are three-vector momenta of the B0
s meson in the rest

frame of the B0
sπ

± system at the invariant mass equal to
mBπ and MX , respectively.

In the fit shown in Fig. 3a, the normalization pa-
rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133 ± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
that X(5568) → B0

sπ
± is a strong decay. The statistical

significance of the signal is defined as
√

−2 ln(L0/Lmax),
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK±

mass threshold (5774 MeV/c2).

We also extract the signal from the m(Bsπ
±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ

±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2
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Figure 2: Results of the fit to the Q value distribution, shifted to display the B0
s⇡

± invariant
mass, for B0

s⇡
± candidates (both B0

s modes combined) with minimum B0
s pT of (top) 5GeV/c

and (bottom) 10GeV/c. The pull distributions, shown underneath the main figures, show good
agreement between the fit functions and the data.

B (X(5568) ! B0
s⇡

±) in the LHCb acceptance. The relative e�ciency ✏rel(X) = ✏(X)
✏(B0

s )
is

determined from simulation and accounts for the reconstruction and selection e�ciency of
the companion pion as well as the requirement that is within the LHCb acceptance. A
correction, determined from data, is applied to ✏rel(X) to account for the e�ciency of the
requirement on the number of tracks associated with the primary vertex, which is applied
for the B0

s⇡
± sample and not for the B0

s sample. The quantities used to evaluate ⇢LHCb
X

5

� LHCb looked in 50K J/ψφ and
70K Dsπ decays, cannot confirm

� Upper limit on production set,
more details [LHCb-CONF-2016-004]

the central value for the X(5568) mass claimed by D0 is Q = 61.4 MeV/c2. The resolution102

is less than 1 MeV/c2 in the Q value region of interest, and is neglected. The background103

is modelled with a polynomial function. It is verified that this function gives a good104

description of backgrounds composed of either a real B0
s decay or a fake B0

s candidate105

combined with a random pion (as determined from simulation or from data in B0
s candidate106

mass sideband regions, respectively).107

A binned maximum likelihood fit to the B0
s⇡

± candidates is used to determine the108

signal and background yields and the parameters of the polynomial shape that describes109

the background. The two B0
s decay modes are fitted simultaneously. The results are shown110

in Fig. 2 for both B0
s decay modes combined; results separated by decay mode are shown111

in the supplementary material. The fit has a p-value of 34.0% and no significant X(5568)112

yield. The change in negative log-likelihood between fits including or not including the113

signal component is 3.8 for two additional free parameters. The results of the fits are given114

in the next Section.115

A similar fit is performed to the B0⇡+ mass distribution, but with signal com-116

ponents included for peaks due to B+
2 (5747) ! B0⇡+, B+

2 (5747) ! B⇤0(B0�)⇡+ and117

B+
1 (5721) ! B⇤0(B0�)⇡+ decays. They are modelled by three Breit–Wigner compo-118

nents as in Ref. [10]. The soft photons emitted in B+
1 (5721) and B+

2 (5747) decays are119

not included in the candidate and therefore the peaks are shifted by the B⇤0–B0 mass120

di↵erence [12]. Since two of the peaks overlap, the B+
2 (5747) ! B⇤0(B0�)⇡+ yield is121

fixed to 60% of the B+
2 (5747) ! B0⇡+ yield [10]. The free parameters of the fit are the122

two remaining signal yields, the background yield and the parameters of the polynomial123

background function. The fit results are shown in Fig. 3; the yields are (8.1± 0.4)⇥ 103 for124

B+
1 (5721) ! B0⇤(B0�)⇡+, (4.6 ± 0.3) ⇥ 103 for B+

2 (5747) ! B0⇡+, and (2.8 ± 0.3) ⇥ 103
125

for B+
2 (5747) ! B0⇤(B0�)⇡+. This fit function is considerably simplified compared to126

that in Ref. [10], but is su�cient to demonstrate that large yields of B0⇡+ resonances are127

present in the data sample obtained with very similar selection requirements to those for128

the B0
s⇡

± sample.129

5 Cross-section ratios130

The results of the fits are used to obtain a value for the ratio of cross-sections131

⇢LHCb
X ⌘ �(pp ! X(5568) + anything) ⇥ B (X(5568) ! B0

s⇡)

�(pp ! B0
s + anything)

, (1)

=
N(X)

N(B0
s )

⇥ 1

✏rel(X)
, (2)

where the cross-sections � are for promptly produced particles within the LHCb acceptance.132

Since �(pp ! B0
s + anything) in the LHCb acceptance has been previously measured [23],133

any result for ⇢LHCb
X can be scaled to give a result for �(pp ! X(5568) + anything) ⇥134

B (X(5568) ! B0
s⇡) in the LHCb acceptance. The relative e�ciency ✏rel(X) = ✏(X)

✏(B0
s )

is135

determined from Monte Carlo samples and accounts for the requirement that the companion136

4

Table 1: Yields N(B0
s ) and N(X) obtained from the fits to the B0

s candidate mass distributions
and the B0

s⇡
± Q-value distributions, respectively, with statistical uncertainties only. The values

reported for N(B0
s ) are those inside the B0

s signal window. Relative e�ciencies ✏rel(X) are also
given. Results are given for the baseline selection and for the case where the B0

s minimum pT

requirement is increased to 10GeV/c.

B0
s ! D�

s ⇡
+ B0

s ! J/ � Sum
N(B0

s ) B0
s pT > 5 GeV/c (103) 66.3 ± 0.3 46.3 ± 0.2 112.6 ± 0.4

N(B0
s ) B0

s pT > 10 GeV/c (103) 30.1 ± 0.2 14.1 ± 0.1 44.2 ± 0.2
N(X) B0

s pT > 5 GeV/c 23 ± 55 �15 ± 37 8 ± 66
N(X) B0

s pT > 10 GeV/c 70 ± 48 11 ± 30 81 ± 57
✏rel(X) B0

s pT > 5 GeV/c 0.141 ± 0.002 0.102 ± 0.001 —
✏rel(X) B0

s pT > 10 GeV/c 0.239 ± 0.003 0.230 ± 0.003 —

addition to the limited size of the simulation sample, uncertainties associated with ✏rel(X)
arise due to the precision with which the companion pion reconstruction and particle
identification e�ciencies are known [26,27]. The uncertainties from di↵erent sources are
combined in quadrature. The dominant sources of systematic uncertainty are due to the
variation of the signal width and the e↵ect of the e�ciency on the signal shape.

The values for the two B0
s decay modes are consistent and are subsequently combined

in a weighted average in which the systematic uncertainties are taken to be uncorrelated.
The results are

⇢LHCb
X (B0

s ! D�
s ⇡

+; B0
(s) pT > 5 GeV/c) = 0.0025 ± 0.0059 ± 0.0021 ,

⇢LHCb
X (B0

s ! D�
s ⇡

+; B0
(s) pT > 10 GeV/c) = 0.0097 ± 0.0067 ± 0.0052 ,

⇢LHCb
X (B0

s ! J/ �; B0
(s) pT > 5 GeV/c) = �0.0032 ± 0.0079 ± 0.0027 ,

⇢LHCb
X (B0

s ! J/ �; B0
(s) pT > 10 GeV/c) = 0.0034 ± 0.0092 ± 0.0034 ,

⇢LHCb
X (B0

(s) pT > 5 GeV/c) = 0.0004 ± 0.0050 ,

⇢LHCb
X (B0

(s) pT > 10 GeV/c) = 0.0070 ± 0.0064 ,

where, when two uncertainties are given, the first is statistical and the second is systematic.
Since the signal is not significant, upper limits on ⇢LHCb

X are obtained by integration of the
likelihood in the positive region to find the value that contains the fraction of the integral
corresponding to the required confidence level (CL). The upper limits are found to be

⇢LHCb
X (B0

s pT > 5 GeV/c) < 0.009 (0.010) @ 90 (95) % CL ,

⇢LHCb
X (B0

s pT > 10 GeV/c) < 0.016 (0.018) @ 90 (95) % CL .

6 Summary

A search for the claimed X(5568) state has been carried out using a data sample cor-
responding to 3 fb�1 of pp collision data at

p
s = 7 and 8 TeV recorded by LHCb. No

7
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Ξ∗0b confirmation [New for Moriond]

� CMS published in 2012 [PRL108,252002(2012)]

observation of Ξ∗0b

further evidence that the observed peak corresponds to a
real !!

b signal. The !!
b mass extracted from the fit is

5795:0" 3:1ðstatÞ MeV, in good agreement with the
world-average value [13]. The corresponding mass resolu-
tion is 23:7" 3:2ðstatÞ MeV, in agreement with the value
22:5" 4:7 MeV, obtained from a detailed Monte Carlo
(MC) simulation of the CMS detector response, using
PYTHIA 6.409 [15], EVTGEN [16], and GEANT4 [17].

To search for !%0
b baryons, the !!

b candidates with a
mass within 2.5 standard deviations of the fitted peak value
are combined with tracks, assumed to be pions, with a
charge opposite to the !! charge (opposite-sign pairs)
and coming from the selected PV, with a significance less
than 3 standard deviations on the distance between the
track trajectory and the PV. Other quality requirements
applied to the tracks are pT > 0:25 GeV, at least two hits
in the silicon pixel layers, at least five hits in the entire
tracker, and a track fit "2=ndf < 2:5.

The !%0
b search uses the mass difference Q between the

measured J=c!!!þ invariant mass and the sum of the
masses of the decay products, Q ¼ MðJ=c!!!þÞ !
MðJ=c!!Þ !Mð!Þ, where Mð!Þ is the charged-pion
mass [13]. The search for new resonances in the Q distri-
bution requires a reliable background shape. A background
model is built using candidates where the prompt pion and
the !!

b have the same charge (same-sign pairs), given that
the background is expected to be dominated by combina-
torial sources, as checked by MC studies. The measured
momentum distributions of !!

b candidates and same-sign
pions (pð!bÞ, pð!Þ), together with the distribution of the
angle between them (#), are used to randomly generate
uncorrelated values for pð!bÞ, pð!Þ, and #. Given the
limited statistical precision of the !!

b momentum distri-
bution, the corresponding random numbers are generated
from a parametrized version using the fit function
f!!

b
ðpÞ ¼ pk1e!k2p, where ki are free parameters. The

three random values are then combined to calculate a Q
value for predicting the combinatorial background distri-
bution. One hundred million Q values are generated in this
way and the resulting distribution is fitted to the function
Qc1ðe!c2Q þ e!c3Q þ e!c4QÞ, where ci are free parame-
ters. Figure 2(a) compares the Q distribution of the
same-sign !%0

b candidates with the predicted background
shape. Alternative functional forms of f!!

b
ðpÞ are used to

estimate the systematic uncertainty associated with this
method, which contributes to the determination of the
background parameters.

The measured opposite-sign Q distribution is displayed
in Fig. 2(b) for the range 0–50 MeV. The 21 events ob-
served in the region 12<Q< 18 MeV represent a clear
excess with respect to the expected background yield of
3:0" 1:4 events, evaluated by integrating the background
function in this Q window. An unbinned maximum-
likelihood fit is performed to the opposite-sign Q distribu-
tion with a Breit-Wigner distribution convolved with a

Gaussian function, added to the background function pre-
viously described. The Gaussian resolution of the peak is
constrained to 1:91" 0:11 MeV, as determined in the
signal MC simulation, and the background parameters
are allowed to float within their total uncertainties (statis-
tical plus systematic, added in quadrature). Figure 2(b) also
shows the result of the fit. A peak is clearly visible above
the background continuum. The fitted parameters of the
peak are Q ¼ 14:84" 0:74ðstatÞ MeV and Breit-Wigner
width " ¼ 2:1" 1:7ðstatÞ MeV. The fitted Breit-Wigner
width agrees with " ¼ 0:51" 0:16 MeV, the value ob-
tained following Eq. (102) of Ref. [18], based on lattice
quantum chromodynamic calculations.
To evaluate the significance of the signal, the likelihood

Lsþb of the signal-plus-background fit is determined. The
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FIG. 2 (color online). (a) Same-sign Q distribution (closed
circles) and result of a fit with the background model (red dashed
curve) in the range 0<Q< 400 MeV. (b) Opposite-sign Q
distribution (closed circles) in the 0<Q< 50 MeV range,
along with the result of the signal-plus-background fit (blue
solid curve); the background term is also shown (red dashed
curve).
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252002-3

� LHCb already observed two excited partners of the charged Ξb state
[PRL114,062004(2015)]

� What about Ξ∗0b ?

Presented tomorrow at Moriond [LHCb-PAPER-2016-010] QCD, LHCb confirms CMS

� Ξ∗0b → Ξ−b π
+, Ξ−b → Ξ0

cπ
−, Ξ0

c → pK−K−π+

� δm = 15.73± 0.07± 0.02MeV (×10 precision)
� Γ = 0.90± 0.16± 0.08MeV (first measurement)
� Expect two excited states, only one above Ξ−b π

+

threshold observed
→ Other state must decay via Ξbγ or Ξbπ

0

23rd March 2016 Paolo Gandini - Moriond QCD 5

Introduction
● LHCb has successfully observed two Ξb� charged states
● Now look for the neutral 
● CMS published in 2012 the observation of  Ξb

0�

● Aim is to confirm CMS observation and measure width 

● Full Run1 dataset
● Use a fully hadronic decay of the Ξb
● Look near threshold
● Fit with RBW convolved with resolution function from MC (BKG is a threshold function)

No other significant 
structure at higher mass

PRL 114, 062004 (2015)

PRL 108, 252002 (2012)

Preliminary
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W ,Z and t physics
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W and Z production measurements

� Unique forward coverage of LHCb
→ Sensitivity to low and high x

� Complementary constraints on
PDFs

LHCb and the forward region

Complementary to central detectors

I Low pT , low mass triggers
I Interesting domain of phase space for MPI

studies
I J/ C , CC [JHEP 06 (2012) 141]
I ⌥C [LHCb-PAPER-2015-046]

I Low pile-up environment
I Allow studies of central exclusive production
I J/ and  (2S) CEP [JPG41 (2013) 055002].
I Double Charmonium [JPG 41(2014)115002]
I Upsilon CEP [JHEP 09 (2015) 084]

I Forward region: high/low-x partons involved:
I Heavy flavour production:

large impact on low-x gluon [ref][ref]
I W/Z production:

large impact on u/d PDFs.

Victor Coco, on behalf of the LHCb Collaboration Electroweak physics and QCD in the forward direction at LHCb March 8, 2016 2 / 17

� Z ’s produced with large pz

→ Increased sensitivity of AFB to sin θeff
W

→ Among most precise determination of sin θeff
W at hadron collider

[JHEP11(2015)190]

� Jets reconstructed with energy resolution ∼ 15%
� Excellent b/c- vs udsg -jet (65%/25% vs 0.3%) and b- vs c-jet tagging

[JINST 10 P06013]→ Zb[JHEP 01 (2015) 064], Wb/c[PRD92(2015)052001],
W/Z+jets[LHCb-PAPER-2016-11], Ab̄b

FC [PRL(2014)082003], tt̄[PRL115(2015)112001]
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W /Z+jets at
√
8 TeV, Z → µµ at

√
13 TeV

� Ldg. Jet pT > 20GeV ,
2.2 < η < 4.2

� Sensitive to large-x u/d PDFs

� Observation of t-production in
fiducial region,
σ(8TeV) = 289± 43(stat)±
40(syst)± 29(theory)

[PRL115(2015)112001]
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Figure 5: Results for the W +b yield (left) and charge asymmetry (right) versus pT(µ + b)
compared to SM predictions obtained at NLO using MCFM.

W +b, with the statistical precision of this study assigned as the systematic uncertainty.
Mismodeling of the pT(µ)/pT(jµ) distributions largely cancels, since this shifts the inclusive
W+jet and W +b final-state yields by the same amount, leaving the observed excess over
the expected direct W +b yield una↵ected. The one exception is possible mismodeling of
the dijet templates, since the flavor content of the dijet background is not the same in the
two samples. Variations of these templates are considered and a relative uncertainty of 5%
is assigned on the W boson yields.

The jet reconstruction e�ciencies for heavy-flavor and light-parton jets in simulation
are found to be consistent within 2%, which is assigned as the systematic uncertainty for
flavor-dependencies in the jet-reconstruction e�ciency. The SV-tagger BDT templates used
in this analysis are two-dimensional histograms obtained from the data samples enriched
in b and c jets used in Ref. [24]. Following Refs. [19, 24], a 5% uncertainty on the b-tagged
yields is assigned due to uncertainty in these templates. The precision of the b-tagging
e�ciency measurement (10%) in data [24] is assigned as an additional uncertainty.

To determine the statistical significance of the top quark contribution, a binned profile
likelihood test is performed. The top quark distribution and charge asymmetry versus
pT(µ + b) are obtained from the SM predictions. The total top quark yield is allowed
to vary freely. Systematic uncertainties, both theoretical and experimental, are handled
as Gaussian constraints. The profile likelihood technique is used to compare the SM
hypotheses with and without a top quark contribution. The significance obtained using
Wilks theorem [28] is 5.4�, confirming the observation of top quark production in the
forward region.

The yield and charge asymmetry distributions versus pT(µ + b) observed at
p

s = 7
and 8 TeV are each consistent with the SM predictions. The excess of the observed yield
relative to the direct W +b prediction at each

p
s is attributed to top quark production,

and used to measure the cross-sections. Some additional systematic uncertainties that
apply to the cross-section measurements do not factor into the significance determination.

6

� W + b (including t) yield extracted
from fitting b-tagging response

New for Moriond [LHCb-PAPER-2016-011]

Theory/Data
0.8 1 1.2
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±WR

LHCb
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A(Wj)
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Figure 2: Summary of the measurements performed in the full fiducial region. The measurements
are shown as bands, while the theoretical predictions are presented as points. For the experimental
measurements, the inner band represents the statistical uncertainty, while the outer band
represents the total uncertainty. For the theory points, the inner error bar represents the scale
uncertainty, while the outer bar represents the total uncertainty, obtained by adding the PDF
and ↵s uncertainties in quadrature, and then adding the result in sum with the scale uncertainty.
The cross-sections and ratios are shown normalised to the measurement, while the asymmetry is
presented separately.

the Z bosons are reconstructed in the decay Z ! µµ. Total cross-sections are presented in346

the chosen fiducial region in addition to measurements of the charge ratio and asymmetry347

of Wj production and the ratio of Wj to Zj production. Di↵erential cross-sections are348

presented as a function of pjet
T , ⌘jet, ⌘µ in the case of Wj production, and pjet

T , ⌘jet, yZ and349

|��| in the case of Zj production. The Wj ratio and charge asymmetry are presented350

as a function of ⌘µ. All measurements are observed to be in agreement with predictions351

obtained at O(↵s
2) both at fixed order in perturbative QCD and interfaced with a parton352

11

New for Moriond [LHCb-CONF-2016-002]

)  [pb]µµ→(Zσ
160 170 180 190 200 210 220 230 240

 = 13 TeVsLHCb preliminary, 
) > 20 GeVµ(

T
p

) < 4.5µ(η2.0 < 
) < 120 GeVµµ(M60 < 

LHCb - Statistical Uncertainty
LHCb - Total Uncertainty
CT14
NNPDF30
MMHT14

Figure 2: The fiducial cross-section compared between theory and data. The bands correspond
to the data, with the inner band corresponding to the statistical uncertainty and the outer band
corresponding to the total uncertainty. The points correspond to O(↵2

S) predictions with di↵erent
PDF sets. The inner error bars on these points are due to the PDF uncertainty, with the outer
error bars giving the contribution of all uncertainties.

is measured in a fiducial acceptance defined by the muon pseudorapidity in the range
2.0 < ⌘ < 4.5, transverse momenta pT > 20 GeV, and where the dimuon invariant mass is
in the range 60 < M(µµ) < 120 GeV. The cross-section is measured to be

�Z!µµ = 198.4 ± 1.0 ± 4.7 ± 7.7 pb,

where the uncertainties are due to the sample size, systematic e↵ects, and the luminosity
determination respectively. In addition, the measurement is performed di↵erentially as
a function of the Z boson rapidity, transverse momentum and �⇤

⌘. The measurement is
compared to theoretical predictions calculated at O(↵2

S) in pQCD as a function of the
boson rapidity. The results do not favour one specific parton distribution function, but
the di↵erences between the PDF sets suggest that with more data LHCb results will
significantly constrain the PDFs. In addition, predictions from Pythia 8 describe the
di↵erential cross-sections as a function of the Z boson transverse momentum and �⇤

⌘ much
better than predictions from Powheg + Pythia 8 using the default Powheg settings
and the Monash 2013 tune of Pythia 8.
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Future Directions
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The LHCb upgrade

� If cracks in the SM persist in Run 2, the LHCb upgrade will allow for
precision measurements of the flavour structure of New Physics

� Otherwise, LHCb upgrade will probe NP at multi-TeV energy scale
� General purpose forward experiment: Complementary non-flavour

programme to ATLAS and CMS

The LHCb upgrade

⌘ If cracks in the SM persist in Run 2, the LHCb upgrade will allow for
precision measurements of the flavour structure of New Physics

⌘ Otherwise, LHCb upgrade will probe NP at multi-TeV energy scale
⌘ General purpose forward experiment: Complementary non-flavour program

to ATLAS and CMS

Run	1	(2010-2012) 2012-2015 Run	2	(2015-2018) 2018-2021 Run	3	(2021-2023) 2023-2025 Run	4	(2025-2028) 2028-2030 Run	5	(2030+)
3fb-1 Shutdown ~5fb-1 Shutdown ~23fb-1 Shutdown ~46fb-1 Shutdown ~100fb-1

LHCb LHCb	upgrade LHCb	upgrade++

The problem:
⌘ Current conditions: up to Linst = 4 ⇥ 1032cm�2s�1, µ ⇠ 1.7
⌘ 2020 conditions: Linst = 2 ⇥ 1033cm�2s�1, µ ⇠ 5

Higher luminosities:
⌘ More interactions per crossing, more vertices, higher track multiplicities,

more ghost tracks...
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2017-2024	Belle-II	(50ab-1)	

The problem:
� Current conditions: up to Linst = 4× 1032cm−2s−1, µ ∼ 1.7
� 2020 conditions: Linst = 2× 1033cm−2s−1, µ ∼ 5

Higher luminosities:
� More interactions per crossing, more vertices, higher track multiplicities,

more ghost tracks...
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The LHCb upgrade cont’d
The solution:

� More flexible trigger, reading out full detector at 40MHz and HLT output
between 20 and 100 kHz

LHCb UK
→ VELO upgrade:

� Silicon microstrips → Pixel sensors
� 40MHz readout
� Closer to the beam (8mm→5mm)
� Microchannel cooling and RF foil
→ RICH upgrade:

� Replace HPDs with MaPMTs in RICH1,2
� 40MHz readout
� Upgrade photodetector assembly in RICH1,2
� Complete redesign of RICH1 mechanical structure to reoptimise optics

and easier access

→ Major upgrades to tracking as well
[LHCb-TDR-013], [LHCb-TDR-014], [LHCb-TDR-015],[LHCb-TDR-016]
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Phase 1 upgrade of LHCb firmly established
→ Momentum building for developing a detector for Run4,5...
→ Theatre of Dreams Beyond the LHCb Phase 1 upgrade: 6-7 April
Manchester [link]
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Other flavour prospects

NA62 status 

K	decay	
2015	data	

 m2
miss = (PK -Pπ)2 

K	decay	
2015	data	

K+� µ+ν 	

K+� π+π0 	

K+� 3π 	2015	data	

e+	

µ+	 π+	 K+	

Ring radius in RICH vs Momentum 

Main goal: measure BR(K+→π+νν) at 10% precision 

But also: rare decays, searches for LFV, HNL, … 

First physics run in 2015: 

Ø  Low intensity data used for quality studies 

Ø  Detector performance for K+→π+νν measurement 
is in line with design 

Ø  High intensity beam in 2016-2018 for physics runs 
(next run: ~200 days starting in April 2016) 

PID 

Kinematics 

see talk by A. Romano (Wed 23 April, Session 4D) 
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Conclusions
� Presented biased set of LHCb’s highlights over the past year
� Tensions with the SM persist and appear in new places

� Can be explained through extensions to the SM
� Can be attributed to large unexpected experimental or theory effects
� More tests underway

� Precision of CPV and mixing parameters in charm and beauty sector is
rapidly increasing

As LHC pushes energy scale of new physics �1TeV, Minimal Flavour Violation
constraints get lifted → Increase chances to see NP in flavour
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Backup
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|Vub|/|Vcb| Λb → pµν systematics
ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS3415

Table 1 | Summary of systematic uncertainties.

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

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 contributions. 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.

⇤+
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 sample. Other
contributions come from the tracking e�ciency, which is due
to possible di�erences 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

systematic uncertainty is assigned due to the limited knowledge of
the momentum distribution for the ⇤+

c !pK�⇡+ decay products.
Uncertainties related to the background composition are included
in the statistical uncertainty for the signal yield through the use
of nuisance parameters 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 lifetime; di�erences in data and simulation
in the isolation BDT response; di�erences in the relative e�ciency
and q2 migration due to form factor uncertainties for both signal and
normalization channels; corrections to the⇤0

b kinematic properties;
the disagreement in the q2 migration between data and simulation;
and the finite size of the PID calibration samples. The total 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 branching fractions
can safely be considered independent 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)q2>15GeV/c2

B(⇤0
b !⇤+

c µ�⌫µ)q2>7GeV/c2
=(1.00±0.04±0.08)⇥10�2

where the first uncertainty is statistical and the second is systematic.
Using equation (1)withRFF =0.68±0.07, computed in ref. 20 for the
restricted q2 regions, the measurement

|Vub|
|Vcb|

=0.083±0.004±0.004

is obtained. The first uncertainty arises from the experimental
measurement and the second is due to the uncertainty in
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Figure 4 | Experimental constraints on the left-handed coupling, |VL
ub| and

the fractional right-handed coupling, ✏R. Whereas the overlap of the 68%
confidence level bands for the inclusive14 and exclusive7 world averages of
past measurements suggested a right-handed coupling of significant
magnitude, the inclusion of the LHCb |Vub| measurement does not
support this.

the LQCD prediction. Finally, using the world average
|Vcb|=(39.5±0.8)⇥10�3 measured using exclusive decays14,
|Vub| is measured as

|Vub|=(3.27±0.15±0.16±0.06)⇥10�3

where the first uncertainty is due to the experimental measurement,
the second arises from the uncertainty in the LQCD prediction
and the third from the normalization to |Vcb|. As the measurement
of |Vub|/|Vcb| already depends on LQCD calculations of the form
factors it makes sense to normalize to the |Vcb| exclusive world
average and not include the inclusive |Vcb| measurements. The
experimental uncertainty is dominated by systematic e�ects, most
of which will be improved with additional data by a reduction of the
statistical uncertainty of the control samples.

The measured ratio of branching fractions can be extrapolated
to the full q2 region using |Vcb| and the form factor predictions20,
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 |Vub| from the measured ratio of
branching fractions depends on the size of a possible right-handed
coupling36. 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
measurements. 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`�⌫ decays, 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 significant right-
handed coupling, but the inclusion of the LHCb |Vub| measurement
does not support that.

In summary, a measurement of the ratio of |Vub| to |Vcb| is
performed using the exclusive decay modes ⇤0

b ! pµ�⌫µ and
⇤0

b ! ⇤+
c µ�⌫µ. Using a previously measured value of |Vcb|, |Vub|

is determined precisely. The |Vub| measurement is in agreement
with the exclusively measured world average from ref. 7, but
disagrees with the inclusive measurement14 at a significance
level of 3.5 standard deviations. The measurement will have a
significant impact on the global fits to the parameters of the
CKMmatrix.
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R(D∗) systematics

3. B ! D⇤⌧⌫ (LHCB-PAPER-2015-025) 32/34

Systematics / e�ciencies

• Largest systematic from simulation statistics ! reducible in future

• Next largest systematic from choice of method used to construct fake
muon template

• Other systematic from background modelling depend on control samples
in data

• No uncertainties limited by external inputs

• Systematics from ratio of B! D⇤µ⌫ and B! D⇤⌧⌫ e�ciencies small
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γ Combination
table courtesy of M. Kenzie

3. CKM angle � 12/24

LHCb � combination inputs

B decay D decay Type
R

L Ref.

L
H

C
b

In
p
u
ts

B+ ! DK+ D ! hh GLW/ADS 3 fb�1 [LHCb-PAPER-2016-003]
B+ ! DK+ D ! h⇡⇡⇡ GLW/ADS 3 fb�1 [LHCb-PAPER-2016-003]
B+ ! DK+ D ! hh⇡0 GLW/ADS 3 fb�1 [arXiv:1504.05442]
B+ ! DK+ D ! K 0

Shh GGSZ 3 fb�1 [arXiv:1405.2797]
B+ ! DK+ D ! K 0

SK⇡ GLS 3 fb�1 [arXiv:1402.2982]
B0 ! D0K⇤0 D ! K⇡ ADS 3 fb�1 [arXiv:1407.3186]
B+ ! DK+⇡⇡ D ! hh GLW/ADS 3 fb�1 [arXiv:1505.07044]
B0

s ! D⌥
s K± D+

s ! hhh TD 1 fb�1 [arXiv:1407.6127]
B0 ! D0K+⇡� D ! hh Dalitz 3 fb�1 [arXiv:1602.03455]
B0 ! D0K⇤0 D ! K 0

S⇡⇡ GGSZ 3 fb�1 [LHCb-PAPER-2016-007]

Decay Parameters Source Ref.

A
u
xi

lli
ar

y
In

p
u
ts

Charm mixing HFAG - [arXiv:1412.7515]
D ! K⇡⇡⇡ (�D , D , rD ) CLEO+LHCb - [arXiv:1602.07430]
D ! ⇡⇡⇡⇡ (F+) CLEO - [arXiv:1504.05878]
D ! K⇡⇡0 (�D , D , rD ) CLEO+LHCb - [arXiv:1602.07430]
D ! hh⇡0 (F+) CLEO - [arXiv:1504.05878]
D ! K 0

SK⇡ (�D , D ) CLEO - [arXiv:1203.3804]
D ! K 0

SK⇡ (rD ) CLEO - [arXiv:1203.3804]
D ! K 0

SK⇡ (rD ) LHCb - [arXiv:1509.06628]
B0 ! D0K⇤0 (B , R̄B , �̄B ) LHCb - [arXiv:1602.03455]
B0

s ! D+
s K� (�s ) LHCb - [arXiv:1411.3104]

Combination: [LHCb-CONF-2016-001]

New or updated since last combination
Matthew Kenzie (CERN) Moriond QCD 2016 CP violation in B and charm decays at LHCb
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Upgrade Trigger
The problem: saturation of L0 Hadronic trigger rate on hadronic decays at
> 4× 1032cm−2s−1

30 MHz inelastic event rate 
(full rate event building)

h± 400 kHz
µ/µµSoftware High Level Trigger

2-5 GB/s rate to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Buffer events to disk, perform online 
detector calibration and alignmentAdd offline precision particle identification 

and track quality information to selections

LHCb Upgrade Trigger Diagram

Run-by-run detector 
calibration
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LHCb upgrade
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Measuring |Vub| through exclusive decays
� B-factories: B̄0 → π+µν̄ most precise
� LHCb: Λb → pµν better choice
→ Lower backgrounds (proton vs π)
→ 20% of b-hadrons are Λbs

How to measure |Vub| (exclusively)
• Semi-leptonic decays can be used to make precise 

measurements of  |Vub| 

!

!

!

• Factorise electroweak and strong parts of the decay:

5

Context and Motivation
Current Bs ! Kµ⌫ line

⇤b ! pµ⌫ Line
Conclusion

Current Status of |Vub|
I Semi-Leptonic B Decays:

Inclusive (B̄ ! Xu l ⌫̄l) Exclusive (B̄0 ! ⇡+l ⌫̄l)

Xu

l

v̄l

Vub

W�

B̄

b u

B̄0 ⇡+
d̄

b u

W�

l

⌫̄l

Vub

|Vub| = (4.41 ± 0.15+0.15
�0.17) ⇥ 10�3 |Vub| = (3.23 ± 0.31) ⇥ 10�3

I Leptonic B decays (B+ ! ⌧+⌫⌧ ):

B+

b̄

u

Vub

⌧+

⌫⌧

W+

William Sutcli↵e ⇤b ! pµ⌫ 3/ 16

Having a ground state hadron, 
such as a pion, is useful to 

control theoretical uncertainties.

QCD part encompassed by form-
factor.

How to measure |Vub| (exclusively)
• Semi-leptonic decays can be used to make precise 

measurements of  |Vub| 

!

!

!

• Factorise electroweak and strong parts of the decay:

5

Context and Motivation
Current Bs ! Kµ⌫ line

⇤b ! pµ⌫ Line
Conclusion

Current Status of |Vub|
I Semi-Leptonic B Decays:

Inclusive (B̄ ! Xu l ⌫̄l) Exclusive (B̄0 ! ⇡+l ⌫̄l)

Xu

l

v̄l

Vub

W�

B̄

b u

B̄0 ⇡+
d̄

b u

W�

l

⌫̄l

Vub

|Vub| = (4.41 ± 0.15+0.15
�0.17) ⇥ 10�3 |Vub| = (3.23 ± 0.31) ⇥ 10�3

I Leptonic B decays (B+ ! ⌧+⌫⌧ ):

B+

b̄

u

Vub

⌧+

⌫⌧

W+

William Sutcli↵e ⇤b ! pµ⌫ 3/ 16

Having a ground state hadron, 
such as a pion, is useful to 

control theoretical uncertainties.

QCD part encompassed by form-
factor.

� Decay rate factorises electroweak and strong part
� Form factor calculated using Lattice QCD (greatest precision at high q2)
� Normalise Λb → pµν rate to Λb → Λcµν

→ Use lattice prediction for ratio of Form Factors Detmold et al [1503.01421]

→ Extract |Vub|/|Vcb|
K.A. Petridis (UoB) Recent results from LHCb IOP HEPP 2016 30 / 30



Measuring |Vub| through inclusive decays

� By not focusing at particular final state, simply measure b → u`ν without
worrying about form factors

� Experimentally very challenging as suffer from large b → c related
backgrounds

� Require tight fiducial cut introducing strong dependence on non perturbative
effects → large systematic

|Vub| from inclusive decays
• Forget about form factors, just measure all 

• Experimentally very difficult, need fiducial cut to 
remove large Vcb background. 

• Efficiency of this fiducial cut introduces model 
dependence, and drives systematic uncertainty.

8

– 13–

The values obtained from inclusive and exclusive determi-

nations are

|Vub| = (4.41 ± 0.15 + 0.15
− 0.17) × 10−3 (inclusive), (27)

|Vub| = (3.28 ± 0.29) × 10−3 (exclusive). (28)

The two determinations are independent, and the dominant

uncertainties are on multiplicative factors. Given the marginal

agreement between the inclusive and exclusive values their

combination should be treated with caution. To combine these

values, the inclusive and exclusive values are weighted by their

relative errors and the uncertainties are treated as normally

distributed. The resulting average has p(χ2) = 0.01, so we scale

the error by
√

χ2/1 = 2.7 to find

|Vub| = (4.13 ± 0.49) × 10−3. (29)

Given the poor consistency between the two determinations,

this average should be treated with caution.

|Vub| from inclusive decays

The theoretical description of inclusive B → Xuℓνℓ decays

is based on the Heavy Quark Expansion, as for B → Xcℓνℓ

decays, and leads to a predicted total decay rate with un-

certainties below 5% [79,80]. Unfortunately, the total decay

rate is hard to measure due to the large background from

CKM-favored B → Xcℓνℓ transitions. Technically, the calcula-

tion of the partial decay rate in regions of phase space where

B → Xcℓνℓ decays are suppressed requires the introduction of

a non-perturbative distribution function, the “shape function”

(SF) [81,82], whose form is unknown. The shape function

becomes important when the light-cone momentum component

P+ ≡ EX − |PX | is not large compared to ΛQCD. This addi-

tional difficulty can be addressed in two complementary ways.

The leading shape function can either be measured in the ra-

diative decay B → Xsγ, or be modeled with constraints on the

0th-2nd moments, and the results applied to the calculation of

the B → Xuℓνℓ partial decay rate [83–85]; in such an approach

the largest challenges are for the theory. Alternatively, mea-

surements of B → Xuℓνℓ partial decay rates can be extended

August 21, 2014 13:18

Measurement found to be:

Doesn’t agree with exclusive  
determination at all.

b ! u`⌫

� |Vub| = (4.41± 0.15+0.15
−0.19)× 10−3

[PDG 2014]

� Tension between inclusive and
exclusive ∼ 2.5σ
Prior to FNAL/MILC 2015 tension > 3σ
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|Vub| at LHCb: Background suppression
Main backgrounds from Vcb decays (1000 larger rate)

� Charm has significant lifetime
→ cut on vertex quality

� PID reduces backgrounds with real
protons and muons

� Presence of additional charged
hadrons
→ train MVA to decide if each
track from same B-hadron or
primary vertex
→ remove candidates with
additional tracks (90% rejection
80% efficiency)

� Difficult to isolate against neutral
particles

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS3415

PV

Xb̄

Xb̄

0
bΛ

0
bΛ

+
cΛ

−µ

−µ

p

pPV

ν̄µ

ν̄µ

Figure 1 | Diagram illustrating the topology for the (top) signal and
(bottom) background 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 that are
reconstructed in close proximity to the signal, which are indicated as
dotted arrows.

model the experimental conditions in full detail, including the
proton–proton collision, the decay of the particles, and the response
of the detector. The software used is described in refs 23–29.

Candidates of the signal modes are required to pass a trigger
system30 which reduces in real time the rate of recorded collisions
(events) from the 40MHz read-out clock of the LHC to around
4 kHz. For this analysis, the trigger requires a muon with a large
momentum transverse to the beam axis that at the same time forms
a good vertex with another track in the event. This vertex should be
displaced from the PVs in the event. The identification e�ciency for
these high-momentum muons is 98%.

In the selection of the final states, stringent particle identification
(PID) requirements are applied to the proton. These criteria are
accompanied by a requirement that its momentum is greater than
15GeV/c, as the PID performance is most e�ective for protons
above the momentum threshold to produce Cherenkov light. The
pµ� vertex fit is required to be of good quality, which reduces
background from most of the b! cµ�⌫µ decays, as the resulting
ground state charmed hadrons have significant lifetime.

To reconstruct ⇤0
b ! (⇤+

c ! pK�⇡+)µ�⌫µ candidates, two
additional tracks, positively identified as a pion and kaon, are
combined with the proton to form a⇤+

c !pK�⇡+ candidate. These
are reconstructed from the same pµ� vertex as the ⇤0

b ! pµ�⌫µ

signal to minimize systematic uncertainties. As the lifetime of the
⇤+

c is short compared to other weakly decaying charm hadrons, the
requirement has an acceptable e�ciency.

There is a large background from b-hadron decays, with
additional charged tracks in the decay products, as illustrated in
Fig. 1. To reduce this background, a multivariate machine learning
algorithm (a boosted decision tree, BDT (refs 31,32)) is employed to
determine the compatibility of each track from a charged particle in
the event to originate from the same vertex as the signal candidate.
This isolation BDT includes variables such as the change in vertex
quality if the track is combined with the signal vertex, as well
as kinematic and IP information of the track that is tested. For

the BDT, the training sample of well-isolated tracks consists of
all tracks apart from the signal decay products in a sample of
simulated ⇤0

b !pµ�⌫µ events. The training sample of non-isolated
tracks consists of the tracks from charged particles in the decay
products X in a sample of simulated ⇤0

b !(⇤+
c !pX)µ�⌫µ events.

The BDT selection removes 90% of background with additional
charged particles from the signal vertex, whereas it retains more
than 80%of signal. The same isolation requirement is placed on both
the⇤0

b !pµ�⌫µ and ⇤0
b !(⇤+

c !pK�⇡+)µ�⌫µ decay candidates,
where the pion and kaon are ignored in the calculation of the BDT
response for the ⇤0

b !(⇤+
c !pK�⇡+)µ�⌫µ case.

The ⇤0
b mass is reconstructed using the so-called corrected

mass33, defined as

mcorr =
q
m2

hµ +p2? +p?

wheremhµ is the visiblemass of the hµ pair and p? is themomentum
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 mcorr; 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 reduces the dependence on background modelling.

The LQCD form factors that are required to calculate |Vub|
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 resolution of
about 1GeV2/c4, whereas the wrong solution has a resolution of
4GeV2/c4. To avoid influence on the measurement by the large
uncertainty in form factors at low q2, both solutions 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 the
signal below 15GeV2/c4 is reduced significantly if requirements are
applied on both solutions. It is also possible that both solutions are
imaginary owing to the limited detector resolution. Candidates of
this type are rejected. The overall q2 selection has an e�ciency of
38% for ⇤0

b !pµ�⌫µ decays and 39% for ⇤0
b !⇤+

c µ�⌫µ decays in
their respective high-q2 regions.

The mass distributions of the signal candidates for the two
decays are shown in Fig. 3. The signal yields are determined from
separate � 2 fits to the mcorr distributions of the ⇤0

b ! pµ�⌫µ and
⇤0

b ! (⇤+
c ! pK�⇡+)µ�⌫µ candidates. The shapes of the signal

and background components are modelled using simulation, where
the uncertainties 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.

For the fit to themcorr distribution of the⇤0
b !pµ�⌫µ candidates,

many sources of background are accounted for. The largest of
these is the cross-feed from ⇤0

b !⇤+
c µ�⌫µ decays, where the ⇤+

c
decays into a proton and other particles that are not reconstructed.
The amount of background arising from these decay modes is
estimated by fully reconstructing two ⇤+

c decays in the data.
The background where the additional particles include charged
particles originating directly from the ⇤+

c decay is estimated
by reconstructing ⇤0

b !(⇤+
c !pK�⇡+)µ�⌫µ decays, whereas the
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|Vub| at LHCb: Reconstruction techniques

� Presence of neutrino makes q2 reconstruction difficult

Selection for high q2
• Difficult to calculate q2 with missing neutrino.

26

3. Selection 7/17

The corrected mass

Fit the corrected mass:

Mcorr =
q

p2
? + M2

pµ + p?

Determine its uncertainty.

Reject candidates if:
�Mcorr > 100 MeV/c2

⇤b
PV SV

pµ

p

µ

⌫

p?

p?

Compare simulated signal and
background shapes for low and
high �Mcorr

All curves normalised to unit
area.
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Moriond Electroweak 2015 William Sutcli↵e Vub from ⇤b ! pµ�⌫µ

• Use pointing and Λb mass 
constraints to solve for q2 up to a 
two-fold ambiguity. 

• Correct solution has a resolution 
of 1GeV2/c4 whereas incorrect is 
4GeV2/c4.

• Require both solutions to be 
above 15 GeV2 for                  to 
minimise migration from low q2. 
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⇤0
b ! pµ⌫

Differential measurement?
• Should we do a differential measurement of                   ? 

• Resolution is pretty wide compared to B-factories. 

• Do not rely heavily on z-expansion as we are not 
extrapolating.

9
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one solutionWe would probably need more 

data to understand migration 
between different bins. 

[Nature Physics 11,743,(2015)]

� Use line of flight and mass of
B-hadron to calculate q2 (two fold
ambiguity)

� Select solutions with q2 > 15 GeV2 to
reduce migration effects

� Fit for mcorr =
√

m2
vis + |p⊥|2 + |p⊥|

→ technique from SLD, minimum
mass assuming massless single
missing particle
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|Vub| at LHCb: Results

� Template shapes determined from
simulation

� Background yields constrained in fit
using using control modes in data

� Λb → N∗µν least known shape and
yield
→ 100% uncertainty added for yield
and shape due to FF knowledge

� Lattice QCD input for ratio of
Λb → pµν and Λb → Λcµν Form
Factors Meinel [arXiv:1503.01421]

|Vub|
|Vcb| =

0.083± 0.004(expt.)± 0.004(LQCD)

� Dominant experimental uncertainty
knowledge of B(Λc → pK−π+) [Belle
2014]

[Nature Physics 11,743,(2015)]NATURE PHYSICS DOI: 10.1038/NPHYS3415 ARTICLES
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Figure 2 | Illustrating the method used to reduce the number of selected
events from the q2 region where lattice QCD has high uncertainties. The
e�ciency of simulated ⇤0

b !pµ�⌫µ candidates as a function of q2. For the
case where one q2 solution is required to be above 15 GeV2/c4 (marked by
the vertical line), there is still significant e�ciency for the signal below this
value, whereas, when both solutions have this requirement, only a small
amount of signal below 15 GeV2/c4 is selected.

background where only neutral particles come directly from the
⇤+

c decay is estimated by reconstructing ⇤0
b !(⇤+

c !pK 0
s )µ

�⌫µ

decays. These two background categories are separated because
the isolation BDT significantly reduces the charged component but
has no e�ect on the neutral case. For the rest of the ⇤+

c decay
modes, the relative branching fraction between the decay and either
the ⇤+

c ! pK�⇡+ or ⇤+
c ! pK 0

s decay modes, as appropriate, is
taken from ref. 14. For some neutral decay modes, where only
the corresponding mode with charged decay particles is measured,
assumptions based on isospin symmetry are used. In these decays,
an uncertainty corresponding to 100% of the branching fraction
is allowed for in the fit. Background from ⇤0

b !D0pµ�⌫µ decays
is constrained in a similar way to the ⇤+

c charged decay modes,
with the normalization done relative to ⇤0

b !D0(!K�⇡+)pµ�⌫µ

decays reconstructed in the data.
Any background with a ⇤+

c baryon may also arise from
decays of the type ⇤0

b ! (⇤⇤+
c ! ⇤+

c ⇡⇡)µ�⌫µ, where ⇤⇤+
c

represents the ⇤c(2,595)+ or ⇤c(2,625)+ resonances as well
as non-resonant contributions. The proportions between the
⇤0

b !(⇤⇤+
c !⇤+

c ⇡⇡)µ�⌫µ and the ⇤0
b !⇤+

c µ�⌫µ backgrounds
are determined from the fit to the ⇤0

b !(⇤+
c !pK�⇡+)µ�⌫µ mcorr

distribution and then used in the ⇤0
b !pµ�⌫µ fit.

The decays ⇤0
b !N ⇤µ�⌫µ, where the N ⇤ baryon decays into

a proton and other non-reconstructed particles, are very similar
to the signal decay and have poorly known branching fractions.
The N ⇤ resonance represents any of the states N (1,440), N (1,520),
N (1,535) or N (1,770). None of the ⇤0

b ! N ⇤µ�⌫µ decays have
been observed and the mcorr shape of these decays is obtained
using simulation samples generated according to the quark-model
prediction of the form factors and branching fractions34. A 100%
uncertainty is allowed for in the branching fractions of these decays.

Background where a pion or kaon is mis-identified as a proton
originates from various sources and is measured by using a special
data set where no PID is applied to the proton candidate. Finally, an
estimate of combinatorial background, where the proton and muon
originate from di�erent decays, is obtained from a data set where
the proton and muon have the same charge. The amount and shape
of this background are in good agreement between the same-sign
and opposite-sign pµ samples for corrected masses above 6GeV/c2.

For the ⇤0
b ! (⇤+

c ! pK�⇡+)µ�⌫µ yield, the reconstructed
pK�⇡+ mass is studied to determine the level of combinatorial
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Figure 3 | Corrected mass fit used for determining signal yields. Fits are
made to (top) ⇤0

b !pµ�⌫µ and (bottom) ⇤0
b !(⇤+

c !pK�⇡+)µ�⌫µ

candidates. The statistical uncertainties arising from the finite size of the
simulation samples used to model the mass shapes are indicated by open
boxes and 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

b mass
owing to the removal of unphysical q2 solutions.

background. The ⇤+
c signal shape is modelled using a Gaussian

function with an asymmetric power-law tail, and the background
is modelled as an exponential function. Within a selected signal
region of 30MeV/c2 from the known ⇤+

c mass, the combinatorial
background is 2% of the signal yield. Subsequently, a fit is
performed to the mcorr distribution for ⇤0

b ! (⇤+
c !pK�⇡+)µ�⌫µ

candidates, as shown in Fig. 3, which is used to discriminate between
⇤0

b !⇤+
c µ�⌫µ and ⇤0

b !(⇤⇤+
c !⇤+

c ⇡⇡)µ�⌫µ decays.
The ⇤0

b ! pµ�⌫µ and ⇤0
b ! (⇤+

c ! pK�⇡+)µ�⌫µ yields are
17,687 ± 733 and 34,255 ± 571, respectively. This is the first
observation of the decay ⇤0

b !pµ�⌫µ.
The ⇤0

b ! pµ�⌫µ branching fraction is measured relative to
the ⇤0

b ! (⇤+
c ! pK�⇡+)µ�⌫µ branching fraction. The relative

e�ciencies for reconstruction, trigger and final event selection are
obtained from simulated events, with several corrections applied to
improve the agreement between the data and the simulation. These
correct for di�erences between data and simulation in the detector
response and di�erences in the ⇤0

b kinematic properties for the
selected ⇤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 below.

Systematic uncertainties associated with the measurement are
summarized in Table 1. The largest uncertainty originates from the
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e�ciency of simulated ⇤0

b !pµ�⌫µ candidates as a function of q2. For the
case where one q2 solution is required to be above 15 GeV2/c4 (marked by
the vertical line), there is still significant e�ciency for the signal below this
value, whereas, when both solutions have this requirement, only a small
amount of signal below 15 GeV2/c4 is selected.
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a proton and other non-reconstructed particles, are very similar
to the signal decay and have poorly known branching fractions.
The N ⇤ resonance represents any of the states N (1,440), N (1,520),
N (1,535) or N (1,770). None of the ⇤0

b ! N ⇤µ�⌫µ decays have
been observed and the mcorr shape of these decays is obtained
using simulation samples generated according to the quark-model
prediction of the form factors and branching fractions34. A 100%
uncertainty is allowed for in the branching fractions of these decays.

Background where a pion or kaon is mis-identified as a proton
originates from various sources and is measured by using a special
data set where no PID is applied to the proton candidate. Finally, an
estimate of combinatorial background, where the proton and muon
originate from di�erent decays, is obtained from a data set where
the proton and muon have the same charge. The amount and shape
of this background are in good agreement between the same-sign
and opposite-sign pµ samples for corrected masses above 6GeV/c2.

For the ⇤0
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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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function with an asymmetric power-law tail, and the background
is modelled as an exponential function. Within a selected signal
region of 30MeV/c2 from the known ⇤+

c mass, the combinatorial
background is 2% of the signal yield. Subsequently, a fit is
performed to the mcorr distribution for ⇤0
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candidates, as shown in Fig. 3, which is used to discriminate between
⇤0

b !⇤+
c µ�⌫µ and ⇤0

b !(⇤⇤+
c !⇤+

c ⇡⇡)µ�⌫µ decays.
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c ! pK�⇡+)µ�⌫µ yields are
17,687 ± 733 and 34,255 ± 571, respectively. This is the first
observation of the decay ⇤0
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b ! pµ�⌫µ branching fraction is measured relative to
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c ! pK�⇡+)µ�⌫µ branching fraction. The relative

e�ciencies for reconstruction, trigger and final event selection are
obtained from simulated events, with several corrections applied to
improve the agreement between the data and the simulation. These
correct for di�erences between data and simulation in the detector
response and di�erences in the ⇤0

b kinematic properties for the
selected ⇤0

b !pµ�⌫µ and ⇤0
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c !pK�⇡+)µ�⌫µ candidates.
The ratio of e�ciencies is 3.52 ± 0.20, with the sources of the
uncertainty described below.

Systematic uncertainties associated with the measurement are
summarized in Table 1. The largest uncertainty originates from the
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|Vub| at LHCb: Strategy
� Use line of flight and mass of Λb to calculate q2 (two fold ambiguity)
→ Selection guarantees migrations negligible

� Normalise signal yield to Λb → Λc (pK−π+)µν (Vcb)
→Cancel many systematic uncertainties including Λb production rate

� Measure ratio of branching fractions at high q2

→ Use lattice prediction for Form Factors
→ Extract |Vub|/|Vcb|

Analysis strategy
• Normalise signal yield to Vcb decay,                   . 

• Cancel many systematic uncertainties, including 
the production rate of Λb baryons. 

• Calculate the branching fraction ratio at high q2.
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W/Z+jets systematics

Table 1: Summary of the di↵erent contributions to the total systematic uncertainty on �W+j ,
�W�j , �Zj and their ratios given as a percentage of the measured observable.

Source �W+j �W�j �Zj RWZ RW ±

Statistical 0.4 0.5 1.1 1.2 0.7
Muon reconstruction 1.3 1.3 0.6 0.9 0.0
Jet reconstruction 1.9 1.9 1.9 0.0 0.0

Selection 1.0 1.0 0.0 1.0 0.0
GEC 0.5 0.5 0.4 0.2 0.1
Purity 5.5 7.0 0.4 6.0 2.5

Acceptance 0.6 0.6 0.0 0.6 0.0
Unfolding 0.8 0.8 0.8 0.0 0.2
Jet energy 6.5 7.7 4.3 3.4 1.2
Systematic 8.9 10.7 4.8 7.0 3.3
Luminosity 1.2 1.2 1.2 – –

coupling constant, ↵s. The total theoretical uncertainty is obtained by combining the PDF323

and ↵s uncertainties in quadrature, and adding the result in sum with the scale uncertainty.324

The measurements are represented by bands where the inner band represents the statistical325

uncertainty and the outer band the total uncertainty. In the cross-section measurements,326

the scale uncertainty dominates the theoretical uncertainty, while it is seen to largely327

cancel in the ratios and asymmetry. The data and predictions are further compared328

di↵erentially for Wj and Zj production in Figs. 3 and 4, Figs. 5 and 6, respectively, with329

good agreement seen in all distributions.330

Further to the production cross-sections, measurements of the charge ratio and asym-331

metry of Wj production are also performed as a function of lepton pseudorapidity and332

are compared to Powheg and aMC@NLO in Fig. 7. Due to the cancellation of scale333

uncertainties, these distributions are expected to show sensitivity to the PDFs and con-334

sequently are also compared in Fig. 8 to fixed order calculations performed with Fewz335

separately for the NNPDF3.0, CT14 and MMHT14 PDF sets. The fixed order predictions336

are expected to give a good description of the ratios and asymmetries as the e↵ects of337

higher-order terms and hadronisation largely cancel between the positively and negatively338

charged Wj predictions. In general, good agreement is seen between the data and the339

predictions, although the data presents a slightly larger ratio and asymmetry than the340

predictions, particularly in the first bin of ⌘µ. However, when the spread of predictions by341

PDF sets is considered, the deviations are not statistically significant.342

7 Conclusions343

Measurements of the forward W and Z boson cross-sections in association with jets at344 p
s = 8 TeV are presented. The W bosons are reconstructed in the decay W ! µ⌫µ and345

10

Luminosity determined through combination of Van-der-Meer scans and
beam-gas imaging methods combined
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F (Eq. 2) that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ, MX , ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [10]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.

The fit function has the form:

F = fsig × Fsig(mBπ, MX , ΓX) + fbgr × Fbgr(mBπ), (2)

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate

for an S-wave two-body decay near threshold:

BW (mBπ) ∝ M2
XΓ(mBπ)

(M2
X − m2

Bπ)2 + M2
XΓ2(mBπ)

. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional to the natural width ΓX , where q1 and q0

are three-vector momenta of the B0
s meson in the rest

frame of the B0
sπ

± system at the invariant mass equal to
mBπ and MX , respectively.

In the fit shown in Fig. 3a, the normalization pa-
rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133 ± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
that X(5568) → B0

sπ
± is a strong decay. The statistical

significance of the signal is defined as
√

−2 ln(L0/Lmax),
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK±

mass threshold (5774 MeV/c2).

We also extract the signal from the m(Bsπ
±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ

±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2
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