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Introduction

Decays of b-hadrons to
charmless hadronic final states
typically proceed via either:

b→u tree level diagrams
b→s, d penguin loop
diagrams

Tree level decays involve factor Vub:

Often similar amplitude to penguin decays, good for CP violation
searches!
Charmless b decays are generally rare, B∼ O(10−5 − 10−8) -
experimental challenges.
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Physics Motivation

Two main routes to new physics with charmless b decays.

Measure Branching Fractions

Presence of new physics in
virtual loops could alter rate of
decay process

Tree decay often forbidden or
similar amplitude - sensitivity
to loop processes.

Measure CPV observables

New physics participants could
introduce significant levels of
CPV.

Measure both time dependent
and independent CPV
observables.

Any significant discrepancies wrt. the standard model could be
evidence for new physics.

All measurements provide vital tests/input for QCD.
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LHCb Detector

Acceptance: 2 <η <5, 25% of
bb pairs within acceptance

2 RICH sub detectors provide
excellent PID ability, E(K)
∼ 95% with misID(π−→K−)
∼ 5%

Dedicated vertex locator
(VELO) close to beam pipe -
finds secondary vertices, impact
parameter resolution:
(15± 29

pT )µm

Detector Performance [Int. J. Mod.
Phys. A 30 (2015) 1530022]

The LHCb Detector at the LHC
[JINST 3 (2008) S08005]
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Luminosity Levelling at LHCb

March 5, 2015 12:10 IJMPA S0217751X15300227 page 9

LHCb detector performance

Fig. 3. Development of the instantaneous luminosity for ATLAS, CMS and LHCb during LHC
fill 2651. After ramping to the desired value of 4× 1032cm−2s−1 for LHCb, the luminosity is kept

stable in a range of 5% for about 15 hours by adjusting the transversal beam overlap. The difference
in luminosity towards the end of the fill between ATLAS, CMS and LHCb is due to the difference
in the final focusing at the collision points, commonly referred to as the beta function, β∗.

beams. This deferred triggering method allowed LHCb to increase the data sample

available for physics analysis.

The integrated luminosity recorded by LHCb was 38 pb−1 in 2010, 1.11 fb−1 in

2011 and 2.08 fb−1 in 2012. The evolution of the integrated luminosity for the years

2010 to 2012 is shown in Fig. 4.

Luminosity calibrations were carried out with the LHCb detector for the various

centre-of-mass energy
√

s at which data has been taken. Both the “van der Meer

scan” and “beam-gas imaging” luminosity calibration methods were employed.28

Fig. 4. Integrated luminosity in LHCb during the three years of LHC Run I. The figure shows
the curves for the delivered (dark coloured lines) and recorded (light coloured lines) integrated
luminosities.
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Luminosity kept ∼constant throughout duration of LHC fill by
detuning beams.

2012 LHCb mean interactions per bunch crossing = 2.5 c.f ATLAS
mean interactions per bunch crossing ∼ 40.
Lower detector occupancy allows precision hardware to be used - make
precision measurements.
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Recent Charmless Hadronic Beauty Decay Results

Discussed in this Talk
Updated branching fraction measurements of B0

(s)
→K0

Shh
′ decays

[LHCb-PAPER-2017-010]

Observation of charmless baryonic decays B0
(s)
→pph+h− [arXiv:1704.08497]

Search for the B0
s→φη′ decay. [JHEP 05 (2017) 158]

Observation of the decay Ξ−b →pK−K−. [Phys. Rev. Lett. 118 (2017) 071801]

First observation of a baryonic B0
s decay [arxiv:1704.07908]

Measurement of matter-antimatter differences in beauty baryon decays
[Nature Physics 13 (2017) 391]

Evidence for the two-body charmless baryonic decay B+→pΛ [JHEP 04 (2017) 162]

Observation of the decay B0
s→φπ+π− and evidence for B0→φπ+π−

[Phys. Rev. D 95 (2017) 012006]

Observation of the annihilation mode decay B0→K+K−

[Phys. Rev. Lett. 118 (2017) 081801]

Measurement of time-dependent CP-violating asymmetries in B0→π+π− and
B0
s→K+K− decays at LHCb. [LHCb-CONF-2016-018]
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https://arxiv.org/abs/1704.08497
https://link.springer.com/article/10.1007/JHEP05%282017%29158
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Search for B0
s→K 0

SK
+K− and

Updated B0
(s)
→K 0

S hh
′ Branching

Fraction Measurements

[LHCb-PAPER-2017-010]NEW!
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Motivation [LHCb-PAPER-2017-010]

Long Term Goals

Possible to measure the weak phase of B0 meson mixing in b→qq̄s
(q=s,d ,u) transitions through the decays B0→K 0

S π
+π− and

B0→K 0
SK

+K−.

Several extensions to the standard model introduce additional weak
phases only present in b→qqs decays - compare to weak phase
extracted from b→ccs decays - search for new physics.

Possible to determine the CKM angle γ with input from the
amplitude analysis of B0

s→K 0
S π

+π− decays - theoretically clean
[Phys. Lett. B645 (2007) 201].

First steps

Observe all B0
(s)→K 0

S hh
′ signal modes and measure branching

fractions
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Current Status [LHCb-PAPER-2017-010]

Previous LHCb analysis using only 1 fb−1 of 2011 data made first
observation of the B0

s→K 0
SK
±π∓, B0

s→K 0
S π

+π− decays and
confirmed the B0→K 0

SK
±π∓. [JHEP 10 (2013) 143]

No significant evidence for the B0
s→K 0

SK
+K− decay - still

unobserved.

Previous Branching Fraction Results (val±stat±syst±σ(B(K 0
S π

+π−))

B(B0→K 0
SK
±π∓)= (6.4± 0.9± 0.4± 0.3)× 10−6

B(B0→K 0
SK

+K−)= (19.1± 1.5± 1.1± 0.8)× 10−6

B(B0
s→K 0

S π
+π−)= (14.3± 2.8± 1.8± 0.6)× 10−6

B(B0
s→K 0

SK
±π∓)= (73.6± 5.7± 6.9± 3.0)× 10−6

B(B0
s→K 0

SK
+K−)∈ [0.2− 3.4]× 10−6; at 90% CL

New analysis using 3 fb−1 2012+2011 LHCb data aims to observe
B(B0

s→K 0
SK

+K−) mode.
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Strategy and Event Selection [LHCb-PAPER-2017-010]

Separate reconstruction categories for
K 0

S candidates with/without hits in the
VELO - labelled Long/Downstream.

B(B0
(s)→K 0

S hh
′)

B(B0→K 0
S π

+π−)
=
εsel
B0→K0

Sπ
+π−

εsel
B0

(s)
→K0

Shh
′

NB0
(s)
→K0

Shh
′

NB0→K0
Sπ

+π−

fd
fd ,s

VELO track Downstream track

Long track

Upstream track

T track

VELO
TT

T1 T2 T3

BDT classifier trained to remove combinatorial background.

Only use topological variables to avoid significant variation in efficiency
over phase-space.
Separate optimisations for suppressed/favoured modes - two separate
selections for each final state.

PID requirements used to remove mis-ID backgrounds e.g
Λ0
b→K 0

S pπ
−.
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Mass Fits [LHCb-PAPER-2017-010]

B0 Signal, B0
s Signal, Partially Reconstructed Background, Mis-ID

Background, Mis-ID Background.

Favoured Optmisation
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Figure 1: Invariant mass distributions of, from top to bottom, K0
SK+K�, K0

SK±⇡⌥ and K0
S⇡

+⇡�

candidates, summing the three periods of data taking, with the selection optimisation chosen for
the favoured decay modes for (left) downstream and (right) long K0

S reconstruction categories.
In each plot, data are the black points with error bars and the total fit model is overlaid (solid
blue line). The B0 (B0

s ) signal components are the pink (orange) short-dashed (dotted) lines,
while fully reconstructed misidentified decays are the green and dark blue dashed lines close
to the B0 and B0

s peaks. The sum of the partially reconstructed contributions from B to open
charm decays, charmless hadronic decays, B0! ⌘0K0

S and charmless radiative decays are the
red dash triple-dotted lines. The combinatorial background contribution is the gray long-dash
dotted line.

samples vary from 1% to 20%, reflecting the di↵erent dynamical structures of the decay279

modes.280

The imperfections of the simulation are corrected for in several respects. Inaccuracies281
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Figure 1: Invariant mass distributions of, from top to bottom, K0
SK+K�, K0

SK±⇡⌥ and K0
S⇡

+⇡�

candidates, summing the three periods of data taking, with the selection optimisation chosen for
the favoured decay modes for (left) downstream and (right) long K0

S reconstruction categories.
In each plot, data are the black points with error bars and the total fit model is overlaid (solid
blue line). The B0 (B0

s ) signal components are the pink (orange) short-dashed (dotted) lines,
while fully reconstructed misidentified decays are the green and dark blue dashed lines close
to the B0 and B0

s peaks. The sum of the partially reconstructed contributions from B to open
charm decays, charmless hadronic decays, B0! ⌘0K0

S and charmless radiative decays are the
red dash triple-dotted lines. The combinatorial background contribution is the gray long-dash
dotted line.

samples vary from 1% to 20%, reflecting the di↵erent dynamical structures of the decay279

modes.280

The imperfections of the simulation are corrected for in several respects. Inaccuracies281

8

K 0
S π

+ π−

]2c) [MeV/−K+K0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

210
LHCb
Downstream

]2c) [MeV/−K+K0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

210
LHCb
Long

]2c) [MeV/

±

π±K0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

LHCb
Downstream

]2c) [MeV/

±

π±K0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

LHCb
Long

]2c) [MeV/−π+π0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

210
LHCb
Downstream

]2c) [MeV/−π+π0SK(m
5200 5400 5600 5800

C
an

di
da

te
s /

 ( 
16

.2
5 

)

1

10

210 LHCb
Long

Figure 1: Invariant mass distributions of, from top to bottom, K0
SK+K�, K0

SK±⇡⌥ and K0
S⇡

+⇡�

candidates, summing the three periods of data taking, with the selection optimisation chosen for
the favoured decay modes for (left) downstream and (right) long K0

S reconstruction categories.
In each plot, data are the black points with error bars and the total fit model is overlaid (solid
blue line). The B0 (B0

s ) signal components are the pink (orange) short-dashed (dotted) lines,
while fully reconstructed misidentified decays are the green and dark blue dashed lines close
to the B0 and B0

s peaks. The sum of the partially reconstructed contributions from B to open
charm decays, charmless hadronic decays, B0! ⌘0K0

S and charmless radiative decays are the
red dash triple-dotted lines. The combinatorial background contribution is the gray long-dash
dotted line.
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Suppressed Optimisation
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Figure 2: Invariant mass distributions of, from top to bottom, K0
SK+K�, K0

SK±⇡⌥ and K0
S⇡

+⇡�

candidates, summing the three periods of data taking, with the selection optimisation chosen for
the suppressed decay modes for (left) downstream and (right) long K0

S reconstruction categories.
Colours and line styles follow the same conventions as in Fig. 1
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candidates, summing the three periods of data taking, with the selection optimisation chosen for
the suppressed decay modes for (left) downstream and (right) long K0

S reconstruction categories.
Colours and line styles follow the same conventions as in Fig. 1
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candidates, summing the three periods of data taking, with the selection optimisation chosen for
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S reconstruction categories.
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Unobserved B0
s→K 0

S
K+K− channel Mass Fit

[LHCb-PAPER-2017-010]

Suppressed Optimisation
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SK+K�, K0

SK±⇡⌥ and K0
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candidates, summing the three periods of data taking, with the selection optimisation chosen for
the suppressed decay modes for (left) downstream and (right) long K0

S reconstruction categories.
Colours and line styles follow the same conventions as in Fig. 1
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correction factor obtained from a data calibration sample [43]. An analogous correction is283

applied regarding the K0
S tracking and vertex reconstruction e�ciency. A data control284

sample of D⇤+ ! D0(! K�⇡+)⇡+
s decays is used to quantify the di↵erences between285

the data and simulation hardware trigger stage for pions and kaons, independently for286

positive and negative hadron charges, as a function of pT [30]. Corrections to account287

for di↵erences between data and simulation related to tracking e�ciency are O(1%),288

while those related to trigger e�ciency can be O(10%), depending on the position on the289

9

Signal Signal

12± 6/7± 4 B0
s→K 0

SK
+K− signal events seen in the

long/downstream reconstruction category.

Still only 2.5σ significance for B0
s→K 0

SK
+K− !
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Results and Conclusions [LHCb-PAPER-2017-010]

Using world average value of B(B0→K 0
S π

+π−)= 4.96± 0.20× 10−6

with previous LHCb result omitted

Updated Branching Fraction Results (val±stat±syst±σ(B(K 0
S π

+π−))

B(B0→K 0
SK
±π∓)= (6.1± 0.5± 0.7± 0.3)× 10−6

B(B0→K 0
SK

+K−)= (27.2± 0.9± 1.6± 1.1)× 10−6

B(B0
s→K 0

S π
+π−)= (9.5± 1.3± 1.5± 0.4)× 10−6

B(B0
s→K 0

SK
±π∓)= (84.3± 3.5± 7.4± 3.4)× 10−6

B(B0
s → K 0K+K−) ∈ [0.4− 2.5]× 10−6; at 90% C.L.

Precision improved but still consistent with previous LHCb results.
[JHEP 10 (2013) 143]

B0
s→K 0

SK
+K− still not observed - have to wait for inclusion of LHC

Run II data.

Work underway to perform Dalitz-plot analyses of dominant decay
modes - B0→K 0

S π
+π−,B0

s→K 0
SK
±π∓ and B0→K 0

SK
+K−.
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Search for the decay B0
s→pΛK−

[arxiv:1704.07908]
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Introduction & Motivation [arxiv:1704.07908]

Inclusive branching fraction to baryonic final states ∼ 7% of total B
width!

Most decay modes still unobserved/unstudied

Baryonic decay of B0
s meson never previously observed.

B(Multi-body baryonic B decays) >B(two-body baryonic B decays)

B(B0
s→pΛK−) predicted to be O(10−6).

Perform blind search for B0
s→pΛK− using 3 fb−1 Run I dataset.

Optimise selection on MC, Data not viewed until selection and mass fit
frozen.

Threshold enhancement in baryon-antibaryon system observed in
other decays [Eur. Phys. J. C74 (2014) 3026].
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Analysis Strategy & Selection [arxiv:1704.07908]

Strategy

Measure B(B0
s→pΛK−)+B(B̄0

s→pΛK−) because of identical final
states.

Topologically very similar decay B0→pΛπ− used as normalisation
channel.

B(B0
s→pΛK−) + B(B0

s→pΛK−) = fd
fs

N(B0
s→pΛK−)

N(B0→pΛπ−)

εB0→pΛπ−
ε
B0
s→pΛK−

B(B0→pΛπ−)

Yield of control channel and ratio of branching fractions determined
with simultaneous fit to all data samples.

Ratio of efficiencies included as Gaussian constraint.

Selection

MLP classifier used to remove combinatorial background and PID
requirements on p and K−/π− to remove mis-ID background.
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Mass Fits [arxiv:1704.07908]
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Figure 1: Mass distributions for b-hadron candidates for (left) the p⇤⇡� and (right) the p⇤K�

sample for the combined long and downstream categories. The black points represent the data,
the solid blue curve the result of the fit, the red dashed curve the B0

s ! p⇤K� contribution,
the black (magenta) dotted curve the B0! p⇤⇡� (B0

s ! p⌃0K�) and the green dash-dotted
curve the contribution from B0! p⌃0⇡� decays. The combinatorial background distribution is
indicated by the shaded histogram.

B0
s ! p⇤K� decay. The combinatorial background yield and shape parameters are treated

independently in each subsample and are allowed to vary in the fit.
Figure 1 presents the fit to the p⇤h� invariant mass distributions for all subsamples

combined. Both B0 ! p⇤⇡� and B0
s ! p⇤K� signals are prominent. In particular,

the B0
s ! p⇤K� decay is observed with a statistical significance above 15 standard

deviations, estimated from the change in log-likelihood between fits with and without
the B0

s ! p⇤K� signal component [33]. It constitutes the first observation of a baryonic
B0

s decay. The yields summed over all subsamples are N(B0 ! p⇤⇡�) = 519 ± 28 and
N(B0

s ! p⇤K�) = 234 ± 29, where the uncertainties are statistical only.
The sPlot technique is used to subtract the background and obtain the phase space

distribution of signal candidates. Figure 2 shows the m(p⇤) invariant mass distributions
for the B0 ! p⇤⇡� and B0

s ! p⇤K� candidates after correcting for the distribution
selection e�ciencies. Both distributions show a pronounced enhancement at threshold in
the baryon-antibaryon invariant mass, first suggested in Ref. [5] and observed in several
baryonic B decay modes.

The sources of systematic uncertainty arise from the fit model, the knowledge of the
selection e�ciencies, and the uncertainties on the B0! p⇤⇡� branching fraction and on
the ratio of hadronization probabilities fs/fd. Uncertainties on the selection e�ciencies
arise from residual di↵erences between data and simulation in the trigger, reconstruction,
selection and particle identification. Additional uncertainties arise due to the limited size
of the simulation samples and the corresponding uncertainty on the distribution of the
e�ciencies across the decay phase space. As the e�ciencies depend on the signal decay-time
distribution, the e↵ect coming from the di↵erent lifetimes of the B0

s mass eigenstates has
been evaluated [34]. Pseudoexperiments are used to estimate the e↵ect of using alternative
shapes for the fit components, of including additional backgrounds in the fit such as
partially reconstructed decays, and of excluding the B0 ! p⌃0⇡� and B0

s ! p⌃0K�

decays that show no significant contribution. Intrinsic biases in the fitted signal yields are

5

Fit Results

N(B0→pΛπ−) = 519± 28

N(B0
s→pΛK−) = 234± 29, significance >15σ, first observation!

B(B0
s→pΛK−)+B(B̄0

s→pΛK−)=[
5.46± 0.61± 0.57± 0.50(B)± 0.32( fs

fd
)
]
× 10−6
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Threshold enhancement in M(p Λ) [arxiv:1704.07908]
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Figure 2: E�ciency-corrected and background-subtracted m(p⇤) invariant mass distributions
for (left) B0! p⇤⇡� and (right) B0

s ! p⇤K� candidates. The distributions are normalized to
unity.

investigated with ensembles of simulated pseudoexperiments. A small bias is found and
added to the systematic uncertainty on the fit model. The systematic uncertainty due to
the knowledge of the e�ciencies involved in the definition of fit constraints is negligible.
The total systematic uncertainty on the B0

s ! p⇤K� branching fraction is given by the
sum of all uncertainties added in quadrature and amounts to 10.5%; it is dominated by
the systematic uncertainty on the fit model.

The uncertainty on the branching fraction of the normalization decay,
B(B0! p⇤⇡�) = (3.14 ± 0.29) ⇥ 10�6 [25], is taken as a systematic uncertainty from
external inputs. The 5.8% uncertainty on the latest fs/fd combination from LHCb,
fs/fd = 0.259 ± 0.015 [35], is taken as a second source of systematic uncertainty from
external inputs.

The B0
s ! p⇤K� branching fraction, determined relative to that of the B0! p⇤⇡�

normalization channel according to Eq. 1, is measured to be

B(B0
s ! p⇤K�)+B(B0

s ! p⇤K+) =
h
5.46 ± 0.61 ± 0.57 ± 0.50(B) ± 0.32(fs/fd)

i
⇥10�6 ,

where the first uncertainty is statistical and the second systematic, the third uncertainty
accounts for the experimental uncertainty on the branching fraction of the B0! p⇤⇡�

decay, and the fourth uncertainty relates to the knowledge of fs/fd.
In summary, the first observation of the three-body charmless baryonic decay

B0
s ! p⇤K� is reported using a proton-proton collision data sample collected by the

LHCb experiment, corresponding to an integrated luminosity of 3 fb�1. The decay is
observed with a statistical significance above 15 standard deviations, which constitutes
the first observation of a baryonic B0

s decay.
Decays of B mesons to final states containing baryons are now observed for all B-meson

species. Their study provides valuable information on the dynamics of hadronic decays
of B mesons. The present analysis motivates further theoretical studies of baryonic B0

s

decays in addition to those currently published [6, 8, 36, 37]. The decays B0
s ! p⇤h�

have been studied in Ref. [8], where it is emphasized that the newly observed decay
B0

s ! p⇤K� is a unique baryonic B decay in that it is the only presently known decay
where all four processes, namely B0

s , B
0
s ! p⇤K�, p⇤K+, can occur. A B-flavor-tagged

6

Normalised, background subtracted and efficiency corrected M(p Λ)
distributions shown.

Clear threshold enhancement can be seen.
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Search for B0
(s)
→pph+h− decays

[arXiv:1704.08497]
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Motivation and Strategy [arXiv:1704.08497]

No four body charmless baryonic B0
s decay has been observed.

Search performed for B0
(s)→pph+h− (h=K or π) decays using 3 fb−1

data from LHCb Run I.

m(p p) <2.85GeV and Λ+
c and D0 resonances vetoed.

B0→(J/ψ→pp)(K ∗0→K+π−) used as normalisation channel.

BDT used to reduce combinatorial background and particle
identification requirements remove mis-ID background.

Simultaneous fit to invariant mass of 3 final states used to extract
signal yields (M(p p K π), M(p p K K ), M(p p π π)).

3D Fit to M(p p K π), M(p p) and M(K π) used to extract
normalisation yield.
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Signal Channel Fit Results [arXiv:1704.08497]

Signal Yields

NppKK
B0 = 68± 17

NppKπ
B0 = 4155± 83

Nppππ
B0 = 902± 35

NppKK
B0
s

= 635± 32

NppKπ
B0
s

= 246± 39

Nppππ
B0
s

= 39± 16

First observation, Strong Evidence

]2c) [MeV/KKpp(m
5200 5300 5400 5500

 )2 c
C

an
di

da
te

s /
 ( 

8 
M

eV
/

0
20
40
60
80

100
120
140
160
180

Data
Total fit

KKp p→ 0B
KKp p→ s

0B
πKp p→ 0B

Comb. bkgd.

LHCb

]2c) [MeV/πKpp(m
5200 5300 5400 5500

 )2 c
C

an
di

da
te

s /
 ( 

5 
M

eV
/

0

100

200

300

400

500

600

700 Data
Total fit

πKp p→ 0B
πKp p→ s

0B
ππp p→ 0B

Comb. bkgd.

LHCb

]2c) [MeV/ππpp(m
5200 5300 5400 5500

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

0

50

100

150

200

250

300
Data
Total fit

ππp p→ 0B
ππp p→ s

0B
πKp p→ 0B

Comb. bkgd.

LHCb

]2c) [MeV/πKpp(m
5200 5250 5300 5350

 )2 c
C

an
di

da
te

s /
 ( 

5 
M

eV
/

0
20
40
60
80

100
120
140
160
180
200
220
240

Data
Total fit

*0KψJ/ → 0B
 S-waveπK

Comb. bkgd.

LHCb

Figure 1: Invariant mass distributions for B0
(s) candidates in the (top left) ppKK, (top

right) ppK⇡, (bottom left) pp⇡⇡ final state and (bottom right) invariant mass distribution
of B0! J/ K⇤(892)0 in the ppK⇡ final state. The results of the fits are shown with blue solid
lines. In the first three figures signals for B0 and B0

s decays are shown, respectively, with green
dotted and red dot-dashed lines, combinatorial backgrounds are shown with black dashed lines
and cross-feed backgrounds are shown with violet dot-dashed lines. In the bottom right figure the
normalization signal is shown with a green dotted line, the K⇡ S-wave component is displayed
with a red dot-dashed line and the combinatorial background with a black dashed line.

where the B0! J/ K⇤(892)0 branching fraction is taken from Ref. [35] and the others
from Ref. [11].

The branching fraction of each signal mode is reported in Table 1. The significance
for the B0

s ! pp⇡⇡ mode is less than 3 �; an upper limit on its branching fraction is
found to be

B(B0
s ! pp⇡⇡) < 6.6 ⇥ 10�7 at 90% confidence level,

by integrating the likelihood after multiplying by a prior probability distribution that is
uniform in the region of positive branching fraction. The values of the ratios of branching
fractions between di↵erent B0

(s)! pphh0 decay modes are reported in Table 2.
The signal distributions in m(hh0) and m(pp) are obtained by subtracting the back-

ground using the sPlot technique [34], with the B0
(s) candidate invariant mass as the

discriminating variable. A correction is applied using the distribution of the selection
e�ciency over the phase space. Figure 2 shows the hh0 invariant mass distributions of the
B0

s ! ppKK, B0! pp⇡⇡ and B0! ppK⇡ decay modes. A peak from a vector meson is
identifiable in each mass spectrum, corresponding to a �(1020), a ⇢(770)0 and a K⇤(892)0

meson respectively. The pp invariant mass distribution is also shown for the B0! ppK⇡
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Figure 1: Invariant mass distributions for B0
(s) candidates in the (top left) ppKK, (top

right) ppK⇡, (bottom left) pp⇡⇡ final state and (bottom right) invariant mass distribution
of B0! J/ K⇤(892)0 in the ppK⇡ final state. The results of the fits are shown with blue solid
lines. In the first three figures signals for B0 and B0

s decays are shown, respectively, with green
dotted and red dot-dashed lines, combinatorial backgrounds are shown with black dashed lines
and cross-feed backgrounds are shown with violet dot-dashed lines. In the bottom right figure the
normalization signal is shown with a green dotted line, the K⇡ S-wave component is displayed
with a red dot-dashed line and the combinatorial background with a black dashed line.

where the B0! J/ K⇤(892)0 branching fraction is taken from Ref. [35] and the others
from Ref. [11].

The branching fraction of each signal mode is reported in Table 1. The significance
for the B0

s ! pp⇡⇡ mode is less than 3 �; an upper limit on its branching fraction is
found to be

B(B0
s ! pp⇡⇡) < 6.6 ⇥ 10�7 at 90% confidence level,

by integrating the likelihood after multiplying by a prior probability distribution that is
uniform in the region of positive branching fraction. The values of the ratios of branching
fractions between di↵erent B0

(s)! pphh0 decay modes are reported in Table 2.
The signal distributions in m(hh0) and m(pp) are obtained by subtracting the back-

ground using the sPlot technique [34], with the B0
(s) candidate invariant mass as the

discriminating variable. A correction is applied using the distribution of the selection
e�ciency over the phase space. Figure 2 shows the hh0 invariant mass distributions of the
B0

s ! ppKK, B0! pp⇡⇡ and B0! ppK⇡ decay modes. A peak from a vector meson is
identifiable in each mass spectrum, corresponding to a �(1020), a ⇢(770)0 and a K⇤(892)0

meson respectively. The pp invariant mass distribution is also shown for the B0! ppK⇡
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Figure 1: Invariant mass distributions for B0
(s) candidates in the (top left) ppKK, (top

right) ppK⇡, (bottom left) pp⇡⇡ final state and (bottom right) invariant mass distribution
of B0! J/ K⇤(892)0 in the ppK⇡ final state. The results of the fits are shown with blue solid
lines. In the first three figures signals for B0 and B0

s decays are shown, respectively, with green
dotted and red dot-dashed lines, combinatorial backgrounds are shown with black dashed lines
and cross-feed backgrounds are shown with violet dot-dashed lines. In the bottom right figure the
normalization signal is shown with a green dotted line, the K⇡ S-wave component is displayed
with a red dot-dashed line and the combinatorial background with a black dashed line.

where the B0! J/ K⇤(892)0 branching fraction is taken from Ref. [35] and the others
from Ref. [11].

The branching fraction of each signal mode is reported in Table 1. The significance
for the B0

s ! pp⇡⇡ mode is less than 3 �; an upper limit on its branching fraction is
found to be

B(B0
s ! pp⇡⇡) < 6.6 ⇥ 10�7 at 90% confidence level,

by integrating the likelihood after multiplying by a prior probability distribution that is
uniform in the region of positive branching fraction. The values of the ratios of branching
fractions between di↵erent B0

(s)! pphh0 decay modes are reported in Table 2.
The signal distributions in m(hh0) and m(pp) are obtained by subtracting the back-

ground using the sPlot technique [34], with the B0
(s) candidate invariant mass as the

discriminating variable. A correction is applied using the distribution of the selection
e�ciency over the phase space. Figure 2 shows the hh0 invariant mass distributions of the
B0

s ! ppKK, B0! pp⇡⇡ and B0! ppK⇡ decay modes. A peak from a vector meson is
identifiable in each mass spectrum, corresponding to a �(1020), a ⇢(770)0 and a K⇤(892)0

meson respectively. The pp invariant mass distribution is also shown for the B0! ppK⇡
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Branching Fraction Results [arXiv:1704.08497]

Results

Decay Channel Significance/σ Branching Fraction/10−6

B0→ppK+K− 4.1 0.113± 0.028± 0.011± 0.008
B0→ppK+π− > 25 5.9± 0.3± 0.3± 0.4
B0→ppπ+π− > 25 2.7± 0.1± 0.1± 0.2
B0
s→ppK+K− > 25 4.2± 0.3± 0.2± 0.3± 0.3

B0
s→ppK+π− 6.5 1.3± 0.21± 0.11± 0.09± 0.08

B0
s→ppπ+π− 2.6 < 0.66 at 90% CL

Results presented as val ± stat ± sys ± σ(normB)± σ( fSfd )

Limit set on B0
s→ppπ+π− by integrating likelihood in physical region.
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M(h+h−) Substructures [arXiv:1704.08497]

Normalised background subtracted
and efficiency corrected M(h+h−)
distributions shown.

Vector mesons, φ, ρ0, K ∗0 clearly
present
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Figure 2: E�ciency-corrected and background-subtracted m(hh0) distributions from (top left)
B0

s ! ppKK, (top right) B0 ! pp⇡⇡, and (bottom left) B0 ! ppK⇡ candidates and (bottom
right) m(pp) distributions from B0 ! ppK⇡ candidates. All distributions are normalized to
unity.

uncertainty on the e�ciency of the hardware stage of the trigger. As the e�ciencies
depend on the signal decay-time distribution, the e↵ect coming from the di↵erent lifetimes
of the B0

s mass eigenstates has been evaluated. The systematic uncertainties due to the
vetoes of charm hadrons are also included.

In summary, a search for the four-body charmless baryonic decays B0
(s)! pphh0 has

been carried out by the LHCb collaboration with a sample of proton-proton collision data
corresponding to an integrated luminosity of 3 fb�1. First observations are obtained for
the decays B0 ! pp⇡⇡, nonresonant B0 ! ppK⇡, B0

s ! ppKK and B0
s ! ppK⇡, while

first evidence is reported for the B0 ! ppKK mode and an upper limit is set on the
B0

s ! pp⇡⇡ branching fraction. In particular, four-body baryonic B0
s decays are observed

for the first time and a threshold enhancement in the baryon-antibaryon mass spectra is
confirmed for baryonic B0

s decays [2].
The LHCb collaboration has recently published studies of CP violation with four-body

⇤0
b ! ph�h+h� decays studying triple-product correlations, and presented first evidence

for CP violation in baryons [36]. The decays of B0 and B0
s mesons to pphh0 final states

reported in this Letter may be used in the future for similar studies of CP violation in
baryonic B decays.
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depend on the signal decay-time distribution, the e↵ect coming from the di↵erent lifetimes
of the B0

s mass eigenstates has been evaluated. The systematic uncertainties due to the
vetoes of charm hadrons are also included.

In summary, a search for the four-body charmless baryonic decays B0
(s)! pphh0 has

been carried out by the LHCb collaboration with a sample of proton-proton collision data
corresponding to an integrated luminosity of 3 fb�1. First observations are obtained for
the decays B0 ! pp⇡⇡, nonresonant B0 ! ppK⇡, B0

s ! ppKK and B0
s ! ppK⇡, while

first evidence is reported for the B0 ! ppKK mode and an upper limit is set on the
B0

s ! pp⇡⇡ branching fraction. In particular, four-body baryonic B0
s decays are observed

for the first time and a threshold enhancement in the baryon-antibaryon mass spectra is
confirmed for baryonic B0

s decays [2].
The LHCb collaboration has recently published studies of CP violation with four-body

⇤0
b ! ph�h+h� decays studying triple-product correlations, and presented first evidence

for CP violation in baryons [36]. The decays of B0 and B0
s mesons to pphh0 final states

reported in this Letter may be used in the future for similar studies of CP violation in
baryonic B decays.
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depend on the signal decay-time distribution, the e↵ect coming from the di↵erent lifetimes
of the B0

s mass eigenstates has been evaluated. The systematic uncertainties due to the
vetoes of charm hadrons are also included.

In summary, a search for the four-body charmless baryonic decays B0
(s)! pphh0 has

been carried out by the LHCb collaboration with a sample of proton-proton collision data
corresponding to an integrated luminosity of 3 fb�1. First observations are obtained for
the decays B0 ! pp⇡⇡, nonresonant B0 ! ppK⇡, B0

s ! ppKK and B0
s ! ppK⇡, while

first evidence is reported for the B0 ! ppKK mode and an upper limit is set on the
B0

s ! pp⇡⇡ branching fraction. In particular, four-body baryonic B0
s decays are observed

for the first time and a threshold enhancement in the baryon-antibaryon mass spectra is
confirmed for baryonic B0

s decays [2].
The LHCb collaboration has recently published studies of CP violation with four-body

⇤0
b ! ph�h+h� decays studying triple-product correlations, and presented first evidence

for CP violation in baryons [36]. The decays of B0 and B0
s mesons to pphh0 final states

reported in this Letter may be used in the future for similar studies of CP violation in
baryonic B decays.
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Threshold enhancement in M(p p) [arXiv:1704.08497]

Normalised background subtracted
and efficiency corrected M(pp)
distributions shown.

Clear threshold enhancement

B0
s→ppK+K−
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Figure 1: Invariant mass distribution of B0! J/ K⇤(892)0 in the (left) pp and (right) K⇡ final
state. The result of the fits is displayed with blue solid lines, the signal with a green dotted line,
the K⇡ S-wave component with a red dot-dashed line and the combinatorial background with a
black dashed line.
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Figure 2: E�ciency-corrected and background-subtracted m(pp) distributions from (left) B0
s !

ppKK and (right) B0! pp⇡⇡ candidates. The distributions are normalized to unity.
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Figure 2: E�ciency-corrected and background-subtracted m(pp) distributions from (left) B0
s !

ppKK and (right) B0! pp⇡⇡ candidates. The distributions are normalized to unity.
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Figure 2: E�ciency-corrected and background-subtracted m(hh0) distributions from (top left)
B0

s ! ppKK, (top right) B0 ! pp⇡⇡, and (bottom left) B0 ! ppK⇡ candidates and (bottom
right) m(pp) distributions from B0 ! ppK⇡ candidates. All distributions are normalized to
unity.

uncertainty on the e�ciency of the hardware stage of the trigger. As the e�ciencies
depend on the signal decay-time distribution, the e↵ect coming from the di↵erent lifetimes
of the B0

s mass eigenstates has been evaluated. The systematic uncertainties due to the
vetoes of charm hadrons are also included.

In summary, a search for the four-body charmless baryonic decays B0
(s)! pphh0 has

been carried out by the LHCb collaboration with a sample of proton-proton collision data
corresponding to an integrated luminosity of 3 fb�1. First observations are obtained for
the decays B0 ! pp⇡⇡, nonresonant B0 ! ppK⇡, B0

s ! ppKK and B0
s ! ppK⇡, while

first evidence is reported for the B0 ! ppKK mode and an upper limit is set on the
B0

s ! pp⇡⇡ branching fraction. In particular, four-body baryonic B0
s decays are observed

for the first time and a threshold enhancement in the baryon-antibaryon mass spectra is
confirmed for baryonic B0

s decays [2].
The LHCb collaboration has recently published studies of CP violation with four-body

⇤0
b ! ph�h+h� decays studying triple-product correlations, and presented first evidence

for CP violation in baryons [36]. The decays of B0 and B0
s mesons to pphh0 final states

reported in this Letter may be used in the future for similar studies of CP violation in
baryonic B decays.

6

Tim Williams (Birmingham) Charmless hadronic beauty decays at LHCb 30/06/2017 24 / 43

https://arxiv.org/abs/1704.08497


Search for the decay B0
s→φη′

[JHEP 05 (2017) 158]
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Motivation [JHEP 05 (2017) 158]

B0
s→φη′ proceeds predominantly through a

b→s gluonic penguin diagram.

b s

s s

s

s

W

u, c, t
φ, η′

η′, φ

B0
s

Sensitive to phase φs but yet to be observed.
Wide range of theory predictions and large uncertainties partly due to
limited knowledge of B0

s→φ form factors

Theory Approach B(10−6) Reference

QCD Factorisation 0.05+1.18
−0.19 [Nucl.Phys. B 675 (2003) 333-415]

QCD Factorisation 2.2+9.4
−3.1 [arXiv:hep-ph/0701146]

Perturbative QCD 0.19+0.20
−0.13 [Phys.Rev. D 76 (2007) 074018]

Perturbative QCD 20.0+16.3
−9.1 [Phys.Rev. D 80 (2009) 114026]

SCET 4.3+5.2
−3.6 [Phys.Rev. D 78 (2008) 034011]

SU(3) flav. symm 5.5± 1.8 [Phys.Rev.D 91 (2014) 014011]

FAT 13.0± 1.6 [Eur. Phys. J. C (2017) 77: 125.]
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Analysis Strategy [JHEP 05 (2017) 158]

Blind search performed using full LHCb Run I data set.

B+→K+η′ used as normalisation channel - high yield, minimal
background and precisely known B(B+→K+η′ )= (70.6± 2.5)× 10−6

η′ reconstructed in decay η′→π+π−γ and φ reconstructed in decay
φ→K+K−.

Optimise similar selection for signal and control channel:

Multivariate classifier (BDT) with 9 variables used to reject majority of
background
Particle identification requirements on both hadrons and photons.

2D( Mη′K+(K−),Mπ+π−γ) simultaneous fit to both B0
s→φη′ and

B+→K+η′ to extract yields
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Mass Fits [JHEP 05 (2017) 158]

Fit Components:
Signal
B0
s→φ(φ→π+π−π0)

background
Combinatorial
background with true
η′

Combinatorial
background without
true η′
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Results [JHEP 05 (2017) 158]

Small bias correction due to B0
s→φ(φ→π+π−π0) component

(1.3± 0.7) events.

Fit Results

N (B0
s→φη′) = −1.9+5.0

−3.8(stat)± 1.1(syst)

N (B0
s→φη′)

N (B+→K+η′) = (−1.73+4.54
−3.45(stat)± 0.99(syst))× 10−4

Upper limit set on branching fraction using bayesian method with
uniform prior.

Branching Fraction Limit

B(B0
s→φη′) < 0.82(1.01)× 10−6 at 90%(95%) CL
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Comparison to Theoretical Predictions [JHEP 05 (2017) 158]

Motivation

B0
s !�⌘0 proceeds predominantly through a

b!s gluonic penguin diagram.

b s

s s

s

s

W

u, c, t
�, ⌘0

⌘0,�

B0
s

Sensitive to phase �s but yet to be observed.

Wide range of theory predictions and large uncertainties partly due to
limited knowledge of B0

s !� form factors

Theory Approach B(10�6) Reference

QCD Factorisation 0.05+1.18
�0.19 [Nucl.Phys. B 675 (2003) 333-415]

QCD Factorisation 2.2+9.4
�3.1 [arXiv:hep-ph/0701146]

Perturbative QCD 0.19+0.20
�0.13 [Phys.Rev. D 76 (2007) 074018]

Perturbative QCD 20.0+16.3
�9.1 [Phys.Rev. D 80 (2009) 114026]

SCET 4.3+5.2
�3.6 [Phys.Rev. D 78 (2008) 034011]

SU(3) flav. symm 5.5 ± 1.8 [Phys.Rev.D 91 (2014) 014011]
FAT 13.0 ± 1.6 [Eur. Phys. J. C (2017) 77: 125.]

Tim Williams (Birmingham) Charmless hadronic beauty decays at LHCb 30/06/2017 6 / 354 out of 7 presented theory predictions are ruled out at 95%
confidence level!
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Search for Ξ−b , Ω
−
b →ph−h′−

decays
[Phys. Rev. Lett. 118 (2017) 071801]
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Introduction & Motivation [Phys. Rev. Lett. 118 (2017) 071801]

The decay of a Ξ−b or Ω−b to a charmless final state has never been
observed.

Interference between CKM suppressed tree and loop diagrams may
lead to CP-violation effects.

Decays of b hadrons to final states that do not contain charm quarks provide fertile
ground for studies of CP violation, i.e. the breaking of symmetry under the combined
charge conjugation and parity operations. Significant asymmetries have been observed
between B and B partial widths in B0 ! K�⇡+ [1–4] and B0

s ! K+⇡� [3, 4] decays.
Even larger CP -violation e↵ects have been observed in regions of the phase space of
B� ! ⇡+⇡�⇡�, K�⇡+⇡�, K+K�K� and K+K�⇡� decays [5–7]. A number of theoretical
approaches [8–18] have been proposed to determine whether the observed e↵ects are
consistent with being solely due to the non-zero phase in the quark mixing matrix [19, 20]
of the Standard Model, or whether additional sources of asymmetry are contributing.

Breaking of the symmetry between matter and antimatter has not yet been observed
with a significance of more than five standard deviations (�) in the properties of any
baryon. Recently, however, the first evidence of CP violation in the b-baryon sector has
been reported from an analysis of ⇤0

b ! p⇡�⇡+⇡� decays [21]. Other CP -asymmetry
parameters measured in ⇤0

b baryon decays to p⇡�, pK� [3], K0
Sp⇡

� [22], ⇤K+K� and
⇤K+⇡� [23] final states are consistent with zero within the current experimental precision;
these comprise the only charmless hadronic b-baryon decays that have been observed to
date. It is therefore of great interest to search for additional charmless b-baryon decays
that may be used in future to investigate CP -violation e↵ects.

In this Letter, the first search is presented for decays of ⌅�
b and ⌦�

b baryons, with
constituent quark contents of bsd and bss, to the charmless hadronic final states ph�h0�,
where h(0) is a kaon or pion. The inclusion of charge-conjugate processes is implied
throughout. Example decay diagrams for the ⌅�

b ! pK�K� mode are shown in Fig. 1.
Interference between Cabibbo-suppressed tree and loop diagrams may lead to CP -violation
e↵ects. The ⌅�

b ! pK�⇡� and ⌦�
b ! pK�K� decays proceed by tree-level diagrams

similar to that of Fig. 1 (left). Diagrams for ⌦�
b ! pK�⇡� and both ⌅�

b and ⌦�
b ! p⇡�⇡�

require additional weak interaction vertices. The rates of these decays are therefore
expected to be further suppressed.

The analysis is based on a sample of proton-proton collision data, recorded by the
LHCb experiment at centre-of-mass energies

p
s = 7 and 8 TeV, corresponding to 3 fb�1

of integrated luminosity. Since the fragmentation fractions, f⌅�
b

and f⌦�
b
, which quantify

the probabilities for a b quark to hadronise into these particular states, have not been
determined, it is not possible to measure absolute branching fractions. Instead, the
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Figure 1: (Left) tree and (right) loop diagrams for the ⌅�
b ! pK�K� decay channel.

1

First search for these decays performed using 3 fb−1 LHCb Run I data.
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Analysis Strategy [Phys. Rev. Lett. 118 (2017) 071801]

Selection

Neural network used to separate signal and combinatorial background

Tight Particle-ID requirement on proton to remove background from
B−→K−h−h′− decays.

Pion and Kaon Particle-ID requirements optimised and chosen to
ensure each candidate is only assigned to one of three possible final
states (p K− K−, p K− π−, p π− π−).

Fit Strategy

Fit performed to all three p h+h′− mass distributions simultaneously,
constrain cross-feed between channels to expected rate.

Separate fit to B−→K+K−K− control channel.
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Mass Fits [Phys. Rev. Lett. 118 (2017) 071801]
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K+K�K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�

b and B� (⌦�
b ) decays are shown with pink (light

green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

of reconstruction and selection e�ciencies in the simulation has been validated with large
control samples; the impact on the results of possible residual di↵erences between data
and simulation is negligible.

For the ⌅�
b ! pK�K�, ⌅�

b ! pK�⇡� and B� ! K+K�K� channels, e�ciency cor-
rections for each candidate are applied using the method of Ref. [46] to take the vari-
ation over the phase space into account. Using this procedure, the e�ciency-corrected
and background-subtracted m(pK�)min distribution shown in Fig. 3 is obtained from
⌅�

b ! pK�K� candidates. Here m(pK�)min indicates the smaller of the two m(pK�)
values for each signal candidate, evaluated with the ⌅�

b and the final-state particle masses
fixed to their known values [40, 44]. The distribution contains a clear peak from the
⇤(1520) resonance, a structure that is consistent with being a combination of the ⇤(1670)
and ⇤(1690) states, and possible additional contributions at higher mass. Compared to
the pK� structures seen in the amplitude analysis of ⇤0

b ! J/ pK� [47], the contributions
from the broad ⇤(1600) and ⇤(1810) states appear to be smaller. A detailed amplitude
analysis will be of interest when larger samples are available.

For channels without significant signal yields the e�ciency averaged over phase space
is used in Eq. (1). A corresponding systematic uncertainty is assigned from the variation
of the e�ciency over the phase space; this is the dominant source of systematic uncertainty
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K+K�K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�

b and B� (⌦�
b ) decays are shown with pink (light

green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

of reconstruction and selection e�ciencies in the simulation has been validated with large
control samples; the impact on the results of possible residual di↵erences between data
and simulation is negligible.

For the ⌅�
b ! pK�K�, ⌅�

b ! pK�⇡� and B� ! K+K�K� channels, e�ciency cor-
rections for each candidate are applied using the method of Ref. [46] to take the vari-
ation over the phase space into account. Using this procedure, the e�ciency-corrected
and background-subtracted m(pK�)min distribution shown in Fig. 3 is obtained from
⌅�

b ! pK�K� candidates. Here m(pK�)min indicates the smaller of the two m(pK�)
values for each signal candidate, evaluated with the ⌅�

b and the final-state particle masses
fixed to their known values [40, 44]. The distribution contains a clear peak from the
⇤(1520) resonance, a structure that is consistent with being a combination of the ⇤(1670)
and ⇤(1690) states, and possible additional contributions at higher mass. Compared to
the pK� structures seen in the amplitude analysis of ⇤0

b ! J/ pK� [47], the contributions
from the broad ⇤(1600) and ⇤(1810) states appear to be smaller. A detailed amplitude
analysis will be of interest when larger samples are available.

For channels without significant signal yields the e�ciency averaged over phase space
is used in Eq. (1). A corresponding systematic uncertainty is assigned from the variation
of the e�ciency over the phase space; this is the dominant source of systematic uncertainty
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K+K�K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�

b and B� (⌦�
b ) decays are shown with pink (light

green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

of reconstruction and selection e�ciencies in the simulation has been validated with large
control samples; the impact on the results of possible residual di↵erences between data
and simulation is negligible.

For the ⌅�
b ! pK�K�, ⌅�

b ! pK�⇡� and B� ! K+K�K� channels, e�ciency cor-
rections for each candidate are applied using the method of Ref. [46] to take the vari-
ation over the phase space into account. Using this procedure, the e�ciency-corrected
and background-subtracted m(pK�)min distribution shown in Fig. 3 is obtained from
⌅�

b ! pK�K� candidates. Here m(pK�)min indicates the smaller of the two m(pK�)
values for each signal candidate, evaluated with the ⌅�

b and the final-state particle masses
fixed to their known values [40, 44]. The distribution contains a clear peak from the
⇤(1520) resonance, a structure that is consistent with being a combination of the ⇤(1670)
and ⇤(1690) states, and possible additional contributions at higher mass. Compared to
the pK� structures seen in the amplitude analysis of ⇤0

b ! J/ pK� [47], the contributions
from the broad ⇤(1600) and ⇤(1810) states appear to be smaller. A detailed amplitude
analysis will be of interest when larger samples are available.

For channels without significant signal yields the e�ciency averaged over phase space
is used in Eq. (1). A corresponding systematic uncertainty is assigned from the variation
of the e�ciency over the phase space; this is the dominant source of systematic uncertainty
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Signal Yields

Ξ−b →pK−K− 82.9± 10.4 8.7σ
Ξ−b →pK−π− 59.6± 16.0 3.4σ
Ξ−b →pπ−π− 33.2± 17.9 < 2σ
Ω−b→pK−K− −2.8± 2.5 < 2σ
Ω−b→pK−π− −7.6± 9.2 < 2σ
Ω−b→pπ−π− 20.1± 13.8 < 2σ
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Branching Fraction Results [Phys. Rev. Lett. 118 (2017) 071801]

Ξ−b ,Ω−b fragmentation fractions not measured, measure fΞ
fd
× B

Rphh′ = fΞ
fd
× B(Ξ−b →ph−h′−)

B(B−→K+K−K−) =
N (Ξ−b →ph−h′−)

N (B−→K+K−K−)
ε(B−→K+K−K−)

ε(Ξ−b →ph−h′−)

Efficiencies corrected for variation over phase-space.

For channels with < 3σ significance, limit set by integrating likelihood
in physical region, 90% confidence levels shown.

Rphh′ Results (10−5)

Rphh′(Ξ
−
b →pK−K−)= 265± 35± 47 Rphh′(Ω

−
b→pK−K−)< 18

Rphh′(Ξ
−
b →pK−π−)= 259± 64± 49 Rphh′(Ω

−
b p K− π−)< 51

Rphh′(Ξ
−
b →pπ−π−)< 147 Rphh′(Ω

−
b→pπ−π−)< 109

No evidence for Ω−b decays, hierarchy of Ξ−b decays as expected.
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M(pK−) Resonances in Ξ−b→pK−K−

[Phys. Rev. Lett. 118 (2017) 071801]

Background subtracted using sPlot method.
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Figure 3: E�ciency-corrected and background-subtracted [36] m(pK�)min distribution from
⌅�

b ! pK�K� candidates.

Table 1: Fitted yields, e�ciencies and relative branching fractions multiplied by fragmentation
fractions (Rph�h0�). The two uncertainties quoted on Rph�h0� are statistical and systematic.
Upper limits are quoted at 90 (95) % confidence level for modes with signal significance less than
3�. Uncertainties on the e�ciencies are not given as only the relative uncertainties a↵ect the
branching fraction measurements.

Mode Yield N E�ciency ✏ (%) Rph�h0� (10�5)
⌅�

b ! pK�K� 82.9 ± 10.4 0.398 265 ± 35 ± 47
⌅�

b ! pK�⇡� 59.6 ± 16.0 0.293 259 ± 64 ± 49
⌅�

b ! p⇡�⇡� 33.2 ± 17.9 0.573 74 ± 40 ± 36 < 147 (166)
⌦�

b ! pK�K� �2.8 ± 2.5 0.375 � 9 ± 9 ± 6 < 18 (22)
⌦�

b ! pK�⇡� �7.6 ± 9.2 0.418 �23 ± 28 ± 23 < 51 (62)
⌦�

b ! p⇡�⇡� 20.1 ± 13.8 0.536 48 ± 33 ± 28 < 109 (124)
B� ! K+K�K� 50 490 ± 250 0.643 —

reported in Table 1. When the signal significance is less than 3 �, upper limits are set
by integrating the likelihood after multiplying by a prior probability distribution that is
uniform in the region of positive branching fraction.

The sources of systematic uncertainty arise from the fit model and the knowledge of the
e�ciency. The fit model is changed by varying the fixed parameters of the model, using
alternative shapes for the components, and by including components that are omitted
in the baseline fit. Intrinsic biases in the fitted yields are investigated with simulated
pseudoexperiments, and are found to be negligible. Uncertainties in the e�ciency arise due
to the limited size of the simulation samples and possible residual di↵erences between data
and simulation in the trigger and particle identification e�ciencies [48]. Possible biases
in the results due to the vetoes of charm hadrons are also accounted for. The e�ciency
depends on the signal decay-time distribution, and therefore the precision of the ⌅�

b and
⌦�

b lifetime measurements [40–42] is a source of uncertainty. Similarly, the pT distribution
assumed for signal decays in the simulation a↵ects the e�ciency. Since the pT spectra for
⌅�

b and ⌦�
b baryons produced in LHC collisions have not been measured, the e↵ect is

6

Λ(1520)
Λ(1670) 

& Λ(1690)

Efficiency corrected M(pK−)min distribution shows a rich resonant
structure which appears to be consistent with known states such as
the Λ(1520), Λ(1670) and Λ(1690).
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CP Violation in Λ0
b→pπ−π+π− decays

Search for CP Violation in
Λ0b→pπ−π+π− decays

Nature Physics 13 (2017) 391
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Motivation Nature Physics 13 (2017) 391

5σ evidence for CP violation in a b-baryon has never been observed.

The asymmetry between matter and antimatter is related to the violation of the
CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.
CP violation is accommodated in the Standard Model (SM) of particle physics by the
Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between
up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a
virtual W boson and where the phases of the couplings change sign between quarks
and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not
su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are
expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and
more recently it has been observed in B0 [6, 7], B+ [8–11], and B0

s [12] meson decays,
but it has never been observed in the decays of any baryon. Decays of the ⇤0

b (bud)
baryon to final states consisting of hadrons with no charm quarks are predicted to have
non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay
modes [13]. It is important to measure the size and nature of these CP asymmetries in
as many decay modes as possible, to determine whether they are consistent with the
CKM mechanism or, if not, what extensions to the SM would be required to explain
them [14–16].

The decay processes studied in this article, ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�,
are mediated by the weak interaction and governed mainly by two amplitudes, expected
to be of similar magnitude, from di↵erent diagrams describing quark-level b ! uud
transitions, as shown in Fig. 1. Throughout this paper the inclusion of charge-conjugate
reactions is implied, unless otherwise indicated. CPV could arise from the interference of
two amplitudes with relative phases that di↵er between particle and antiparticle decays,
leading to di↵erences in the ⇤0

b and ⇤0
b decay rates. The main source of this e↵ect in

the SM would be the large relative phase (referred to as ↵ in the literature) between the
product of the CKM matrix elements VubV

⇤
ud and VtbV

⇤
td, which are present in the di↵erent

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,
but has never been observed in ⇤0

b decays.

⇤0
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b ! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are expected to be comparable, and each is proportional to
the product of the CKM matrix elements involved, which are shown in the figure.

1

Cabibbo suppressed tree diagram(left) and loop diagram(right) have
similar amplitudes-CPV could arise from the interference of the two
amplitudes.

LHCb looks to exploit copious Λ0
b production at the LHC, nearly 20%

of all b hadrons produced.
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Strategy Nature Physics 13 (2017) 391

Study asymmetries in the T̂ operator - unitary operator that reverses
both momentum and spin three-vectors.

Define scalar triple products:

CT̂ = ~pp · (~pπ− × ~pπ+), C̄T̂ = ~pp · (~pπ+ × ~pπ−)

Define asymmetries as:

AT̂ (CT̂ ) =
N(CT̂>0)−N(CT̂<0)

N(CT̂>0)+N(CT̂<0) , ĀT̂ (C̄T̂ ) =
N̄(−C̄T̂>0)−N̄(−C̄T̂<0)

N̄(−C̄T̂>0)+N̄(−C̄T̂<0)

where CPV and PV observables then defined as:

aT̂−oddCP =
1

2
(AT̂ − ĀT̂ ), aT̂−oddp =

1

2
(AT̂ + ĀT̂ )

A significant deviation from zero in this observable would signal CPV.
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Observation of Λ0
b→pπ−π+π− Nature Physics 13 (2017) 391

Λ0
b→pπ+π−π+ yet to be observed - first step is to observe it!

Selection makes use of BDT classifier and LHCb particle ID
requirements.
Signal yield extracted with unbinned extended maximum likelihood fit.
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Figure 2: Reconstructed invariant mass fits used to extract the signal yields. The
invariant mass distributions for (a) ⇤0

b ! p⇡�⇡+⇡� and (b) ⇤0
b ! p⇡�K+K� decays are shown.

A fit is overlaid on top of the data points, with solid and dotted lines describing the projections
of the fit results for each of the components described in the text and listed in the legend.
Uncertainties on the data points are statistical only and represent one standard deviations,
calculated assuming Poisson-distributed entries.

modelled by an exponential distribution with the rate parameter extracted from data. All
other parameters of the fit model are taken from simulations except the yields. Partially
reconstructed ⇤0

b decays are described by an empirical function [43] convolved with a
Gaussian function to account for resolution e↵ects. The shapes of backgrounds from other
b-hadron decays due to incorrectly identified particles, e.g., kaons identified as pions or
protons identified as kaons, are modelled using simulated events. These consist mainly
of ⇤0

b ! pK�⇡+⇡� and B0 ! K+⇡�⇡�⇡+ decays for the ⇤0
b ! p⇡�⇡+⇡� sample and of

similar final states for the ⇤0
b ! p⇡�K+K� sample, as shown in Fig. 2. The yields of

these contributions are obtained from fits to data reconstructed under the appropriate
mass hypotheses for the final-state particles. The signal yields of ⇤0

b ! p⇡�⇡+⇡� and
⇤0

b ! p⇡�K+K� are 6646 ± 105 and 1030 ± 56, respectively. This is the first observation
of these decay modes.

Signal candidates are split into four categories according to ⇤0
b or ⇤0

b flavour and
the sign of C bT or C bT in order to calculate the asymmetries defined in equations (1)
and (2). The reconstruction e�ciency for signal candidates with C bT > 0 is identical to
that with C bT < 0 within the statistical uncertainties of the control sample, and likewise
for C bT , which indicates that the detector and the reconstruction program do not bias
this measurement. This check is performed both on the ⇤0

b ! ⇤+
c (pK�⇡+)⇡� data control

sample and on large samples of simulated events, using yields about 30 times those found
in data, which are generated with no CP asymmetry. The CP asymmetry measured in
the control sample is a

bT -odd
CP (⇤+

c ⇡
�) = (0.15 ± 0.31)%, compatible with CP symmetry.

The asymmetries AbT and AbT in the signal samples are measured with a simultaneous
unbinned maximum likelihood fit to the invariant mass distributions of the di↵erent signal
categories, and are found to be uncorrelated. Corresponding asymmetries for each of the

4

Yield Results

6646± 105 Signal events

First observation of
Λ0
b→pπ−π+π−
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CPV observable extraction Nature Physics 13 (2017) 391

Sample split into 4 categories according to Λ0
b or Λ

0
b and CT̂ or C̄T̂ -

simultaneous extended maximum likelihood fit to extract asymmetries.

CP asymmetries may vary over phase space of four body decay due to
resonant contributions - phase-space integrated asymmetries could
cancel.

Measure aT̂−oddCP and aT̂−oddp in bins of phase-space - two separate
binning schemes used.

Binning scheme A - use two body
invariant masses - designed to
exploit strong resonant structure
e.g ∆(1232)++→pπ+

Binning scheme B - use angle
between pπ−

fast and π+π−
slow decay

planes Φ - exploit interference of
contributions.

0

�⇡+

⇡�
slow ⇡�

fast

p

Figure 3: Definition of the � angle. The decay planes formed by the p⇡�fast and the ⇡�slow⇡
+

systems in the ⇤0
b rest frame. The momenta of the particles, represented by vectors, determine

the two decay planes and the angle � 2 [�⇡,⇡] [19] measures their relative orientation.

background components are also measured in the fit; they are found to be consistent with
zero, and do not lead to significant systematic uncertainties in the signal asymmetries.
The values of a

bT -odd
CP and a

bT -odd
P are then calculated from AbT and AbT .

In four-body particle decays, the CP asymmetries may vary over the phase space due
to resonant contributions or their interference e↵ects, possibly cancelling when integrated
over the whole phase space. Therefore, the asymmetries are measured in di↵erent regions
of phase space for the ⇤0

b ! p⇡�⇡+⇡� decay using two binning schemes, defined before
examing the data. Scheme A, defined in Table 1, is designed to isolate regions of phase
space according to their dominant resonant contributions. Scheme B exploits in more
detail the interference of contributions which could be visible as a function of the angle
� between the decay planes formed by the p⇡�

fast and the ⇡�
slow⇡

+ systems, as illustrated
in Fig. 3. Scheme B has 10 non-overlapping bins of width ⇡/10 in |�|. For every bin in
each of the schemes, the ⇤0

b e�ciencies for C bT > 0 and C bT < 0 are compared and found
to be equal within uncertainties, and likewise the ⇤0

b e�ciencies for C bT > 0 and C bT < 0.
The analysis technique is validated on the ⇤0

b ! ⇤+
c (pK�⇡+)⇡� control sample, for which

the angle � is defined by the decay planes of the pK� and ⇡+⇡� pairs, and on simulated
signal events.

The asymmetries measured in ⇤0
b ! p⇡�⇡+⇡� decays with these two binning schemes

are shown in Fig. 4 and reported in Table 2, together with the integrated measurements.
For each scheme individually, the compatibility with the CP -symmetry hypothesis is
evaluated by means of a �2 test, with �2 = RT V �1R, where R is the array of a

bT -odd
CP

measurements and V is the covariance matrix, which is the sum of the statistical and
systematic covariance matrices. An average systematic uncertainty, whose evaluation is
discussed below, is assigned for all bins. The systematic uncertainties are assumed to be
fully correlated; their contribution is small compared to the statistical uncertainties. The
p-values of the CP -symmetry hypothesis are 4.9⇥ 10�2 and 7.1⇥ 10�4 for schemes A and
B, respectively, corresponding to statistical significances of 2.0 and 3.4 Gaussian standard
deviations (�). A similar �2 test is performed on a

bT -odd
P measurements with p-values for

the P -symmetry hypothesis of 5.8⇥10�3 (2.8�) and 2.4⇥10�2 (2.3�), for scheme A and B,
respectively. The overall significance for CPV in ⇤0

b ! p⇡�⇡+⇡� decays from the results

5
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Figure 4: Distributions of the asymmetries. The results of the fit in each region of binning

schemes A and B are shown. The asymmetries a
bT -odd
P and a

bT -odd
CP for ⇤0

b ! p⇡�⇡+⇡� decays are
represented by open boxes and filled circles, respectively. The error bars represent one standard
deviations, calculated as the sum in quadrature of the statistical uncertainty resulting from the
fit to the invariant mass distribution and the systematic uncertainties estimated as described in
the main text. The values of the �2/ndf are quoted for the P - and CP -conserving hypotheses
for each binning scheme.

Table 1: Definition of binning scheme A for the decay mode ⇤0
b ! p⇡�⇡+⇡�. Binning

scheme A is defined to exploit interference patterns arising from the resonant structure of the
decay. Bins 1-4 focus on the region dominated by the �(1232)++ ! p⇡+ resonance. The other
eight bins are defined to study regions where p⇡� resonances are present (5–8) on either side of
the ⇢(770)0 ! ⇡+⇡� resonances (5–12). Further splitting for |�| lower or greater than ⇡/2 is
done to reduce potential dilution of asymmetries, as suggested in Ref. [19]. Masses are in units
of GeV/c2.

Phase space bin m(p⇡+) m(p⇡�slow) m(⇡+⇡�slow), m(⇡+⇡�fast) |�|
1 (1.07, 1.23) (0, ⇡

2 )
2 (1.07, 1.23) (⇡2 ,⇡)
3 (1.23, 1.35) (0, ⇡

2 )
4 (1.23, 1.35) (⇡2 ,⇡)
5 (1.35, 5.34) (1.07, 2.00) m(⇡+⇡�slow) < 0.78 or m(⇡+⇡�fast) < 0.78 (0, ⇡

2 )
6 (1.35, 5.34) (1.07, 2.00) m(⇡+⇡�slow) < 0.78 or m(⇡+⇡�fast) < 0.78 (⇡2 ,⇡)
7 (1.35, 5.34) (1.07, 2.00) m(⇡+⇡�slow) > 0.78 and m(⇡+⇡�fast) > 0.78 (0, ⇡

2 )
8 (1.35, 5.34) (1.07, 2.00) m(⇡+⇡�slow) > 0.78 and m(⇡+⇡�fast) > 0.78 (⇡2 ,⇡)
9 (1.35, 5.34) (2.00, 4.00) m(⇡+⇡�slow) < 0.78 or m(⇡+⇡�fast) < 0.78 (0, ⇡

2 )
10 (1.35, 5.34) (2.00, 4.00) m(⇡+⇡�slow) < 0.78 or m(⇡+⇡�fast) < 0.78 (⇡2 ,⇡)
11 (1.35, 5.34) (2.00, 4.00) m(⇡+⇡�slow) > 0.78 and m(⇡+⇡�fast) > 0.78 (0, ⇡

2 )
12 (1.35, 5.34) (2.00, 4.00) m(⇡+⇡�slow) > 0.78 and m(⇡+⇡�fast) > 0.78 (⇡2 ,⇡)

6

χ2 test used to determine compatibility of each binning scheme with
the null hypothesis of CP symmetry.

p-values indicate 2.0σ and 3.4σ evidence for CP violation in binning
schemes A and B respectively.

Combined significance = 3.3σ obtained using permutation test. First
evidence for CP-violation in a b-baryon decay!
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Summary & Conclusions

Wide and interesting range of charmless b-hadron decays are studied
at LHCb.

Stringent upper limit set on B(B0
s→φη′)<0.82(1.01)× 10−6 at

90%(95%) confidence level.

First observation of the baryonic B0
s decay, B0

s→pΛK−.

First observations of B0→ppπ+π−,B0
s→ppK+π−,B0

s→ppK+K−

decays and strong evidence for B0→ppK+K− decay.

Updated branching fraction measurements for all B0
d ,s→K 0

S h
±h
′∓

decays.

8.4σ observation of Ξ−b →pK−K−, no evidence seen for
Ω−b→pK−K−

3.3σ evidence for CP violation seen in Λ0
b→pπ−π+π−, first evidence

for CP violation in a b-baryon decay!
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Particle Identification
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! logL, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called sP lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! logL distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! logL(K − π) versus
! logL(p −π). Each particle type is seen within a quadrant
of the two dimensional ! logL space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! logL(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! logL(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large
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Figure 40: Pion misidentification fraction versus kaon identification e�ciency as measured in
7 TeV LHCb collisions: (left) as a function of track multiplicity, and (right) as a function of the
number of reconstructed primary vertices [81]. The e�ciencies are averaged over all particle
momenta.

each station and separately for each muon system region. The parameters are optimised
to maximise the e�ciency and at the same time provide low misidentification probabilities
of pions as muons. The same criterion is used to define the number of stations required to
have hits within a window as a function of momentum. A minimum momentum of 3 GeV/c
is necessary for a muon to traverse the calorimeters and reach the M2 and M3 stations,
while above 6 GeV/c they traverse all five of the stations. For each muon candidate,
likelihoods for the muon and non-muon hypotheses are computed, based on the average
squared distance of the hits that are closest to the extrapolation points.

The performance of the muon identification is obtained from data using muons from
J/ ! µ+µ� decays, protons from ⇤ ! p⇡� decays and kaons and pions from D0 !
K�⇡+, where the D0 is selected from D⇤+ ! D0⇡+ decays. These samples can be selected
without using PID information and are characterised by relatively high statistics and low
background. The latter is subtracted by fitting the appropriate invariant mass distribution.
Figure 41 shows, as a function of the track momentum and for di↵erent ranges of transverse
momentum, the e�ciency of the muon candidate selection, and the probabilities of incorrect
identification of protons, pions and kaons as muons.

The incorrect assignment of the muon identity to a proton occurs either due to a
combination of spurious hits in the di↵erent muon stations that are aligned with the
proton direction, or due to the existence of a true muon in the event that points in the
same direction as the proton in the muon system. This muon can be produced close to
the interaction point or in the calorimeter shower. Since the window dimension decreases
with momentum and an increasing number of hits is required for tracks above 10 GeV/c, a
strong reduction of the proton misidentification rate is seen in the interval 3 � 30 GeV/c
and for pT < 1.7 GeV/c. For higher pT values, the protons have a high polar angle and
therefore fall outside of the high-occupancy part of the detector. Decays in flight are the
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B0
s→φη′ Theory Prediction Authors

B(10−6) Reference Authors

QCD Factorisation 0.05+1.18
−0.19 M. Beneke, M. Neubert

QCD Factorisation 2.2+9.4
−3.1 X. Chen, D. Guo, Z. Xiao

Perturbative QCD 0.19+0.20
−0.13 A. Ali, G. Kramer, Y. Li,

C. Lu, Y. Shen, W. Wang, Y. Wang

Perturbative QCD 20.0+16.3
−9.1 H. Cheng, C. Chua

SCET 4.3+5.2
−3.6 W. Wang, Y. Wang, D. Yang, C. Lu

SU(3) flav. symm 5.5± 1.8 H. Cheng, C. Chiang, A. Kuo

FAT 13.0± 1.6 S. Zhou, Q. Zhang, W. Lyu,C. Lü
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Observation of annhilation mode
decay B0→K+K−

[Phys. Rev. Lett. 118, 081801]
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Introduction & Motivation [Phys. Rev. Lett. 118, 081801]

Large uncertainties still remain on the theoretical predictions of
branching fractions for decays that are dominated by weak
annihilation transitions, e.g B0→K+K− and B0

s→π+π−

The understanding of the dynamics governing the decays of heavy-flavored hadrons is a
fundamental ingredient in the search for new particles and new interactions beyond those
included in the Standard Model of particle physics (SM). The comparison of theoretical
predictions and experimental measurements enables the validity of the SM to be tested
up to energy scales well beyond those directly accessible by current particle accelerators.
In the last two decades, the development of e↵ective theories significantly improved
the accuracy of theoretical predictions for the partial widths of such decays. Several
approaches are used to deal with the complexity of quantum chromodynamics (QCD)
computations, like QCD factorization (QCDF) [1–3], perturbative QCD (pQCD) [4, 5]
and soft collinear e↵ective theory (SCET) [6]. Despite the general progress in the field,
calculations of decay amplitudes governed by so-called weak annihilation transitions are
still a↵ected by large uncertainties. In the SM, the rare decay modes B0! K+K� and
B0

s ! ⇡+⇡� (charge conjugate modes are implied throughout) can proceed only through
such transitions, whose contributions are expected to be small but could be enhanced
through certain rescattering e↵ects [7]. The corresponding Feynman graphs are shown
in Fig. 1. Precise knowledge of the branching fractions of these decays is thus needed
to improve our understanding of QCD dynamics in the more general sector of two-body
b-hadron decays. The B0! K+K� and B0

s ! ⇡+⇡� decays play also a role in techniques
proposed to measure the angle � of the unitary triangle [8].

While the B0
s ! ⇡+⇡� decay has already been observed [9], no evidence exists for the

B0 ! K+K� decay to date, despite searches performed by the BaBar [10], CDF [11],
Belle [12] and LHCb [9] collaborations. Averages of the measurements of the branching
fractions of these two decays are given by the Heavy Flavor Averaging Group (HFAG):
B(B0 ! K+K�) = (0.13+ 0.06

� 0.05) ⇥ 10�6 (corresponding to an upper limit of 0.23 ⇥ 10�6

at 95% confidence level) and B(B0
s ! ⇡+⇡�) = (0.76 ± 0.13) ⇥ 10�6 [13]. The results

of a new search for the B0 ! K+K� decay and an update of the branching fraction
measurement of the B0

s ! ⇡+⇡� decay are presented in this Letter. The data sample that
is analyzed corresponds to integrated luminosities of 1.0 fb�1 at

p
s = 7 TeV and 2.0 fb�1

at
p

s =8 TeV of pp collision data collected with the LHCb detector in 2011 and 2012,
respectively.

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < ⌘ < 5. The tracking system consists of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream of the magnet. The particle

b

d, s

W

s, d

s, d

u

u

W

b

d, s

s, d

s, d

u

u

Figure 1: Dominant Feynman graphs contributing to the B0! K+K� and B0
s ! ⇡+⇡� decay

amplitudes: (left) penguin-annihilation and (right) W -exchange topologies.

1

Measurement of B0→K+K− and B0
s→π+π− branching fractions

provide vital input to understanding these decays.

The decay B0
s→π+π− was observed for the first time by LHCb using

fraction of Run I dataset. B(B0
s→π+π−)= (0.95+0.21

−0.17 ± 0.13)× 10−6.

No evidence previously existed for the decay B0→K+K−.
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Strategy & Selection [Phys. Rev. Lett. 118, 081801]

Analysis Strategy

Perform search for B0→K+K− and improve measurement of
B0
s→π+π− using full Run I LHCb dataset.

Well known decay B0→K+π− used as control channel for both signal
channels.

Extract signal yields by fitting K+ K− and π+ π− final states
simultaneously and constraining mis-ID crossfeed.

Selection

LHCb PID system used to separate data into mutually exclusive
subsamples corresponding to K+ π−, π+ π− and K+ K− final states.

BDT classifier used to reduce combinatorial background.

Two separate optimisations of BDT output and PID requirements for
K+ K− and π+ π− final states, selections denoted SK+K− and Sπ+π− .
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Mass Fit Results [Phys. Rev. Lett. 118, 081801]
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Figure 2: Distributions of (left) mK+K� and (right) m⇡+⇡� for candidates passing SK+K� and
S⇡+⇡� , respectively. The continuous (blue) curves represent the results of the best fits to the data
points. The most relevant contributions to the invariant mass spectra are shown as indicated in
the legends. The vertical scales are chosen to magnify the relevant signal regions. The bin-by-bin
di↵erences between the fits and the data, in units of standard deviations, are also shown.

reduced to 5.8 when considering systematic uncertainties.
The branching fractions of B0 ! K+K� and B0

s ! ⇡+⇡� decays are determined
relative to the B0! K+⇡� branching fraction, according to the following equation

fx

fd

B(B0
x! h+h�)

B(B0! K+⇡�)
=

N(B0
x! h+h�)

N(B0! K+⇡�)

"(B0! K+⇡�)

"(B0
x! h+h�)

,

where fx is the probability for a b quark to hadronize into a B0
x meson (x = d, s), N and

" are the yield and the e�ciency for the given decay mode, respectively, and h stands
for K or ⇡. The yields of the B0! K+⇡� decay in the sub-samples selected with K+⇡�

PID requirements are determined from the fits, and their values are N(B0! K+⇡�) =
105010 ± 431 ± 988 and N(B0! K+⇡�) = 71304 ± 312 ± 609, when applying the BDT
requirements of SK+K� and S⇡+⇡� , respectively. Trigger and reconstruction e�ciencies

Table 1: Systematic uncertainties on the yields for the B0! K+K� and B0
s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
s ! ⇡+⇡�)

Signal mass shape 11.8 6.3
Combinatorial mass shape 5.5 2.6
Partially reco. mass shape 1.3 23.1
PID e�ciencies 3.4 2.5
Sum in quadrature 13.5 24.2

5

Fit Results

N(B0→K+K−) = 201±33±14

N(B0
s→π+π−) = 455± 35± 24

Statistical significance of
B0→K+K− signal = 5.5σ.
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Figure 3: Log-likelihood ratio as a function of the B0! K+K� signal yield. The dashed (red)
and continuous (blue) curves correspond to the exclusion and to the inclusion of systematic
uncertainties, respectively.

are determined from simulation and corrected using information from data. For the
B0

s ! ⇡+⇡� decay the sizeable value of the decay width di↵erence between the long- and
short-lived components of the B0

s -meson system is taken into account. The B0
s ! ⇡+⇡�

lifetime is assumed to be that of the short-lived component, as expected in presence
of small CP violation. The final ratios of e�ciencies are found to be 2.08 ± 0.16 and
1.43 ± 0.10 for the B0 ! K+K� and B0

s ! ⇡+⇡� decays, respectively. The dominant
contributions to the uncertainties on these ratios are due to the PID calibration and to
the knowledge of the trigger e�ciencies. The following results are then obtained

B(B0! K+K�)

B(B0! K+⇡�)
= (3.98 ± 0.65 ± 0.42) ⇥ 10�3,

fs

fd

B(B0
s ! ⇡+⇡�)

B(B0! K+⇡�)
= (9.15 ± 0.71 ± 0.83) ⇥ 10�3,

where the first uncertainty is statistical and the second systematic. Using the HFAG
average B(B0 ! K+⇡�) = (19.57+0.53

�0.52) ⇥ 10�6 [13], and fs/fd = 0.259 ± 0.015 from
Ref. [29], the following branching fractions are obtained

B(B0! K+K�) = (7.80 ± 1.27 ± 0.81 ± 0.21) ⇥ 10�8,

B(B0
s ! ⇡+⇡�) = (6.91 ± 0.54 ± 0.63 ± 0.19 ± 0.40) ⇥ 10�7,

6
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Branching Fraction Results [Phys. Rev. Lett. 118, 081801]

First observation of B0→K+K−!

Branching Fraction calculated as:

B(B0
x→h+h−)

B(B0→K+π−)
=

N(B0
x→h+h−)

N(B0→K+π−)

ε(B0→K+π−)

ε(B0
x→h+h−)

fd
fx

Branching Fraction Results

B(B0→K+K−)= (7.80± 1.27± 0.81± 0.21)× 10−8

B(B0→π+π−)= (6.91± 0.54± 0.63± 0.19± 0.40)× 10−7

Results presented as val ± stat ± sys ± σ(normB)± σ( fSfd )
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