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Outline

• Overview of CP violation in b-decays 
• Measurements of B meson mixing 
• Quantification of penguin pollution 

!
• New physics searches in loop decays 

• Searches and CP violation studies in b-baryon decays 
!

• Λb➝Λ𝜙 exclusive search, arXiv:1603.02870 
!

• Λb(Ξb)➝Λhh’ inclusive searches, arXiv:1603.00413 - see dedicated talk by 
Daniel O’Hanlon on Monday.
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New result

New result



LHCb Detector

• LHCb is a forward arm spectrometer  (pseudo-rapidity range: 2 < η < 5), 
• Precise resolutions through vertex locator and tracking stations (Δp/p~0.4%, σ(IP)~20μm), 
• Accurate particle ID provided by RICH detectors, 
• High muon identification efficiency from muon stations.

LHCb detector [JINST 3 (2008) S080005]

LHCb proved itself to be a forward general purpose detector
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Performance:
I �p/p = 0.35%� 0.55%
I Mass resolution= 10� 25MeV/c2

I Impact parameter resolution: 20µm for high-p
T

tracks
I ECAL �(E )/E = 10%(E/GeV)�1/2 � 1%
I Excellent particle ID thanks to RICH detectors and Muon stations
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Note on tracks in LHCb
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• For long-lived particles such as Λ and 
Ks hadrons, a large fraction decay  
outside the vertex detector, and 
are then reconstructed as downstream. 

• Due to different efficiencies and  
resolutions, so-called long and  
downstream datasets are treated  
separately.



Current picture
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• Wide array of results from LHCb testing CP violation in b-hadron decays in Run 1: 
• Vast programme to measure the CKM angle γ - see the talk of Malcolm John today. 

• So far the SM stands up amazingly (at least in terms of CP violation).  
Picture from CKMfitter:  
!
!
!
!
!
!
!
!
!
!

• LHCb is making important contributions, even in places we were not expected to, i.e. |Vub| - see 
the talk of Jeroen Van Tilburg today.



Bd mixing
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• LHCb is able to provide input to the CP-
violating phase in Bd mixing, defined as 
!
!
!
!

• At LHCb, measured through the time-
dependent CP asymmetry in Bd➝KsJ/ψ 
!
!

• where  
S=2sin𝜙d/(1+|λ|2)  
C=(1-|λ|2)/(1+|λ|2)  
AΔΓ=-2cos𝜙d/(1+|λ|2) 
!

• LHCb measurement of 
S=sin2β=0.731±0.035±0.020 
is approaching the precision of the B-factories

Sf ≡
2sinφ
1+ λ f

2 , Cf ≡
1− λ f

2

1+ λ f
2

AΔΓ ≡ −
2cosφ
1+ λ f

2

CP violation in mixing & decay 
Interference between mixing and decay  

 

 

introduces a phase 

 

that leads to CP violation  
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CP violation in b ! ccs(d) decays + mixing
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Introduction - B0
q mesons oscillations
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Oscillations of neutral B0
q (q=d,s) mesons through box diagrams

The oscillation frequency corresponds to �mq = mH - mL

It represents an important ingredient for the time-dependent CP
asymmetry measurements

B0 and B0
s mixing frequencies at LHCb 4/24 Giulia Tellarini
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The violation of charge-parity (CP ) conservation in processes involving B mesons was
first observed in the “golden mode” B0! J/ K0

S by the BaBar and Belle experiments at
the asymmetric e+e� colliders PEP-II and KEKB [1,2]. Since then, measurements of CP
violation in this decay mode have reached a precision at the level of 10�2 [3,4]. Thus, these
measurements play an important role in constraining and testing the quark-flavor sector
of the Standard Model [5, 6], which relates CP -violating observables to a single irreducible
phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [7, 8]. As the
J/ K0

S final state is common to both the B0 and the B0 meson decays, the interference
between the amplitudes for the direct decay and for the decay after B0–B0 oscillation
results in a decay-time dependent CP asymmetry between the time-dependent decay rates
of B0 and B0 mesons,

A(t) ⌘ �(B0(t)! J/ K0
S )� �(B0(t)! J/ K0

S )

�(B0(t)! J/ K0
S ) + �(B0(t)! J/ K0

S )
=

S sin(�mt)� C cos(�mt)

cosh(�� t

2
) + A�� sinh(

�� t

2
)
. (1)

Here, B0(t) and B0(t) indicate the flavor of the B meson at production, while t indicates
the decay time. The parameters �m and �� are the mass and the decay width di↵erences
between the heavy and light mass eigenstates of the B0–B0 system, and S, C, and A��

are CP observables. As �� is negligible for the B0–B0 system [9], the time-dependent
asymmetry simplifies to A(t) = S sin(�mt)� C cos(�mt).

The B0 ! J/ K0
S decay is dominated by a b! cc s transition,1 and CP violation

in the decay is expected to be negligible at the current level of experimental precision,
giving C ⇡ 0. This allows to identify S with sin(2�), where � ⌘ arg[�(V

cd

V ⇤
cb

)/(V
td

V ⇤
tb

)]
is one of the angles of the CKM triangle. Other measurements that constrain this
triangle predict sin(2�) as 0.771±0.017

0.041 [10], giving a small discrepancy with respect to
the average of direct measurements, 0.682 ± 0.019 [9], where the most precise input
comes from a CP violation measurement in B0! J/ K0

S decays by the Belle experiment,
S = 0.670 ± 0.029 (stat) ± 0.013 (syst) [4]. To clarify the CKM picture, both better
experimental precision and improved understanding of higher-order contributions to the
decay amplitudes are required [11,12].

The analysis presented in this Letter supersedes a previous measurement by LHCb [13],
which was performed on data corresponding to an integrated luminosity of 1.0 fb�1 at
a center-of-mass energy of 7TeV. By adding data corresponding to 2 fb�1 at 8TeV and
using an optimized selection and additional “flavor tagging” algorithms to identify the
quark content of the B meson at production, we increase the statistical power of the
analysis by almost a factor 6.

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the pseu-
dorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet, and three stations of silicon-strip detectors and straw drift

1Mention of a particular decay mode implies the inclusion of charge-conjugate states except when the
measurement of CP violation is involved.

1

LHCb: PRL 115 (2015) 031601



Bs mixing
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• An important measurement for LHCb is that of CP violation in Bs mixing, tested with tree-
dominated b➝ccs decays. 
!
!
!
!
!
!
!

• Experimentally very complex due to mixture  
of CP eigenstates in the Bs➝J/ψKK  
transition 

• CP eigenstates disentangled with an  
angular analysis 

• Require excellent knowledge of the  
initial B meson flavour and B decay 
time resolution.
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Figure 1: Feynman diagrams contributing to the decay B0
s → J/ψh+h− (where h = π, K)

within the SM. Left: tree diagrams; right: penguin diagrams.
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Figure 2: Feynman diagrams responsible for B0
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0
s mixing, within the SM.

diagrams responsible for B0
s → J/ψφ decays are indicated in Fig. 1. The effects induced41

by the sub-leading penguin contributions are discussed, for example, in Ref. [14]. The42

B0
s–B

0
s mixing box diagrams are shown in Fig. 2.43

The B0
s → J/ψφ mode proceeds via two intermediate spin-1 particles (i.e., with the44

K+K− pair in a P-wave). The final state is a superposition of CP -even and CP -odd states45

depending upon the relative orbital angular momentum between the J/ψ and the φ. The46

same final state can also be produced with K+K− pairs with zero relative orbital angular47

momentum (S-wave) [15]. This S-wave final state is CP -odd. In order to measure φs it48

is necessary to disentangle the CP -even and CP -odd components. This is achieved by49

analysing the distribution of the reconstructed decay angles in the helicity basis.50

The helicity angles are denoted by Ω = (cos θK , cos θµ,ϕh) and their definition is shown51

in Fig. 3. The polar angle θK is the angle between the K+ and the axis in the direction52

opposite to the B0
s in the K+K− centre-of-mass system. Similarly, θµ is defined in the53

µ+µ− centre-of-mass system with the direction of the µ+. The relative orientation of the54

K+K− and µ+µ− systems is given by ϕh, the azimuthal angle between the two decay55

planes. This angle is defined by a rotation from the K− side of the K+K− plane to the56

2
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Introduction - B0
q mesons oscillations
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New J. Phys. 15 (2013) 053021, LHCb-PAPER-2013-006

In the mass range around the
B0
s mass peak

5320 < mB0
s
< 5550 MeV:

A(t)meas = Nunmix (t) � Nmix (t)
Nunmix (t) + Nmix (t)

) �ms = 17.768± 0.023(stat) ± 0.006(syst) ps�1

Systematic dominated by the knowledge of the decay time:
length scale ) 0.004 ps�1

momentum scale ) 0.004 ps�1

World Average �ms = 17.761± 0.022 ps

�1 by CDF and LHCb (from HFAG)

LHCb most precise measurement to date
B0 and B0

s mixing frequencies at LHCb 10/24 Giulia Tellarini
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BL,H = p B0 ± q B0
Δm =mH −mL ≈ 2 M12

ΔΓ = ΓL −ΓH ≈ 2 Γ12 cosφ12
φ12 = arg −M12 Γ12( )

Matter-antimatter oscillations are governed by 

 

 

 

 

Measurements of Δm require 
-  excellent decay time resolution  
     LHCb ~ 40 fs 

-  flavour tagging 
 LHCb, εD2 ~ 3-5.4% (2015) 

decay time [ps] 

LHCb New J Phys 15 (2013) 053021 

LHCb Eur Phys J C72 (2012) 2022. 
LHCb arXiv: 1507.07892 

Bs
0 →Ds

−π +

Δms = 17.768± 0.023± 0.006( ) ps−1
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Figure 2: Decay-time and helicity-angle distributions for B0
s

! J/ K+K� decays (data points)
with the one-dimensional fit projections overlaid. The solid blue line shows the total signal
contribution, which is composed of CP -even (long-dashed red), CP -odd (short-dashed green)
and S-wave (dotted-dashed purple) contributions.

The e↵ect due to the b-hadron background contributions is evaluated by varying the
proportion of simulated background events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic uncertainty is assigned as
the di↵erence between the results of the fit to weighted or non-weighted data.

A small fraction of B0
s

! J/ K+K� decays come from the decays of B+
c

mesons [23].
The e↵ect of ignoring this component in the fit is evaluated using simulated pseudoexper-
iments where a 0.8% contribution [23,24] of B0

s

-from-B+
c

decays is added from a simulated
sample of B+

c

! B0
s

(! J/ �)⇡+ decays. Neglecting the B+
c

component leads to a bias
on �

s

of 0.0005 ps�1, which is added as a systematic uncertainty. Other parameters are
una↵ected.

The decay angle resolution is found to be of the order of 20 mrad in simulated events.
The result of pseudoexperiments shows that ignoring this e↵ect in the fit only leads to
small biases in the polarisation amplitudes, which are assigned as systematic uncertainties.

The angular e�ciency correction is determined from simulated signal events weighted
as in Ref. [6] such that the kinematic distributions of the final state particles match those

5

Polarization dependence of φs 
Measure φs from a tagged, 
time-dependent, angular 
analysis of Bs→J/ΨKK decays. 
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• LHCb measurement of -10±39 mrad  
dominates the global fit 

• Constraining power of the measurement  
will increase as LHCb accumulates more 
data. 

• Attention turns more to control of penguin  
pollution…
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Figure 2: Illustration of additional decay topologies contributing to some of the
B ! J/ X channels: exchange (left), penguin annihilation (middle) and annihilation
(right).

the B0
s ! J/ ⇡0 decay (and B0

s ! J/ ⇢0 for B0
d ! J/ ⇢0) [13]. First measurements of

CP violation in B0
d ! J/ ⇡0 were reported by the BaBar and Belle collaborations:

Adir
CP(Bd ! J/ ⇡0) =

(
�0.08 ± 0.16 ± 0.05 (Belle [33])

�0.20 ± 0.19 ± 0.03 (BaBar [34])
(38)

Amix
CP (Bd ! J/ ⇡0) =

(
0.65 ± 0.21 ± 0.05 (Belle [33])

1.23 ± 0.21 ± 0.04 (BaBar [34]) .
(39)

The results for the mixing-induced CP asymmetry are not in good agreement with each
other, with the BaBar result lying outside the physical region. The Heavy Flavour
Averaging Group (HFAG) has refrained from inflating the uncertainties in their average,
giving Amix

CP (Bd ! J/ ⇡0) = 0.93 ± 0.15 [27]. The Belle II experiment will hopefully
clarify this unsatisfactory situation.

The charged counterpart B+ ! J/ ⇡+ of B0
d ! J/ ⇡0 also has dynamics similar

to B0
s ! J/ K0

S but — as it is the decay of a charged B meson — does not exhibit
mixing-induced CP violation. It receives additional contributions from an annihilation
topology, illustrated in Fig. 2, which arises with the same CKM factor VudV

⇤
ub as the

penguin topologies with internal up-quark exchanges, contributing similarly to the pen-
guin parameter ace

i✓c (defined in analogy to Eq. (16)). If this parameter is determined
from the charged B+ ! J/ ⇡+, B+ ! J/ K+ decays and compared with the other
penguin parameters, footprints of the annihilation topology could be detected. In view
of the present uncertainties, we neglect the annihilation topology, like the contributions
from the exchange and penguin annihilation topologies in B0

d ! J/ ⇡0. In Appendix A,
we give a more detailed discussion of the annihilation contribution and its importance
based on constraints from current data, which do not indicate any enhancement.

We shall also add data for the B+ ! J/ K+ (neglecting again the corresponding
annihilation contribution) and B0

d ! J/ K0 modes to the global analysis, although the
penguin contributions are doubly Cabibbo-suppressed in these decays.

Using the SU(3) flavour symmetry and assuming both vanishing non-factorisable
corrections and vanishing exchange and annihilation topologies, the decays listed above
are characterised by a universal set of penguin parameters (a, ✓), which can be extracted
from the input data through a global �2 fit. The resulting picture extends and updates
the previous analyses of Refs. [12, 13].

A first consistency check is provided by the ratios

⌅(Bq ! J/ X, Bq0 ! J/ Y ) ⌘ PhSp (Bq0 ! J/ Y )

PhSp (Bq ! J/ X)

⌧Bq0

⌧Bq

B (Bq ! J/ X)theo
B (Bq0 ! J/ Y )theo

, (40)

8

De Bruyn & Fleischer, arXiv:1412.6834

PRL 114 (2015) 041801
Global fit: -34±33 mrad

The Hi observables are constructed in terms of the theoretical branching fractions
defined at zero decay time, which di↵er from the measured time-integrated branching
fractions [51] due to the non-zero decay-width di↵erence ��s of the B0

s meson system [7].
The conversion factor between the two branching fraction definitions [51] is taken to be

B(B ! f)
theo

B(B ! f)
=

1 � y2

s

1 � ys⌘i cos(�SM

s )
, (29)

where ⌘i is the CP eigenvalue of the final state, and ys = ��s/2�s. Taking values for �s,
��s and �SM

s from Refs. [6,7], the conversion factor is 1.0608± 0.0045 (0.9392± 0.0045) for
the CP -even (-odd) states. For the flavour-specific B0

s ! J/ K⇤0 decay ⌘i = 0, resulting
in a conversion factor of 0.9963 ± 0.0006. The ratios of hadronic amplitudes |A0

i/Ai| are
calculated in Ref. [52] following the method described in Ref. [53] and using the latest
results on form factors from Light Cone QCD Sum Rules (LCSR) [54]. This leads to

H
0

= 0.98 ± 0.07 (stat) ± 0.06 (syst) ± 0.26 (|A0
i/Ai|) ,

Hk = 0.90 ± 0.14 (stat) ± 0.08 (syst) ± 0.21 (|A0
i/Ai|) ,

H? = 1.46 ± 0.14 (stat) ± 0.11 (syst) ± 0.28 (|A0
i/Ai|) .

Assuming Eq. 28 and external input on the Unitarity Triangle angle � =
�
73.2+6.3

�7.0

��
[6],

the penguin parameters ai and ✓i are obtained from a modified least-squares fit to {ACP
i , Hi}

in Eq. 24 and Eq. 25. The information on � is included as a Gaussian constraint in the fit.
The values obtained for the penguin parameters are

a
0

= 0.04+0.95
�0.04 , ✓

0

=
�
40+140

�220

��
,

ak = 0.32+0.57
�0.32 , ✓k = � �

15+148

�14

��
,

a? = 0.44+0.21
�0.27 , ✓? =

�
175+11

�10

��
.

For the longitudinal polarisation state the phase ✓ is unconstrained. Correlations between
the experimental inputs are ignored, but the e↵ect of including them is small. The
two-dimensional confidence level contours are given in Fig. 6. This figure also shows,
as di↵erent (coloured) bands, the constraints on the penguin parameters derived from
the individual observables entering the �2 fit. The thick inner darker line represents the
contour associated with the central value of the input quantity, while the outer darker
lines represent the contours associated with the one standard deviation changes. For
the parallel polarisation the central value of the H observable does not lead to physical
solutions in the ✓k–ak plane, and the thick inner line is thus absent.

When decomposed into its di↵erent sources, the angle �s takes the form

�s,i = �2�s + �BSM

s +��J/ �
s,i (a0

i, ✓
0
i) , (30)

where �2�s is the SM contribution, �BSM

s is a possible BSM phase, and ��J/ �
s,i is a shift

introduced by the presence of penguin pollution in the decay B0

s ! J/ �. In terms of the

20
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• LHCb can measure Δ𝜙penguin in decays that do not have the penguin amplitude suppressed. 
!
!
!
!

• Assuming SU(3) symmetry, ai=ai’ and θi=θi’ 
• a and θ can be determined from the data with a  

modified least squares fit to CP asymmetries and  
branching fraction information. 

• In combination with an equivalent study using  
Bd➝J/ψρ decays (Phys.Lett. B742 (2015)  
38-49), penguin pollution can be evaluated as:

8.2 Branching fraction

Several sources of systematic uncertainties on the branching fraction measurements are
studied, summarised along with the results in Table 5: systematic uncertainties due to the
external parameter fd/fs and due to the branching fraction B(� ! K+K�); systematic
uncertainties due to the ratio of e�ciencies obtained from simulation and due to the angular
parameters, propagated into the ! factors (see Sect. 8.1); and systematic uncertainties
a↵ecting the B0

s ! J/ K⇤0 and B0 ! J/ K⇤0 yields, which are determined from the fit to
the J/ K+⇡� invariant mass and described in Sect. 8.1. Finally, a systematic uncertainty
due to the B0

s ! J/ � yield determined from the fit to the J/ K+K� invariant mass
distribution, described in Sect. 7.3, is also taken into account, where only the e↵ect due
to the modelling of the upper tail of the B0

s peak is considered (see Sect. 8.1.1). For the
computation of the absolute branching fraction B(B0

s ! J/ K⇤0) (see Sect. 7.5), two
additional systematic sources are taken into account, the uncertainties in the external
parameters B(B0 ! J/ K⇤0) and B(B0

s ! J/ �).

Table 5: Summary of the measured values for the relative branching fractions and their statistical
and systematic uncertainties.

Relative branching fraction
B(B0

s

!J/ K⇤0)
B(B0!J/ K⇤0) (%)

B(B0
s

!J/ K⇤0)
B(B0

s

!J/ �) (%)

Nominal value 2.99 4.05
Statistical uncertainties 0.14 0.19
E�ciency ratio 0.04 0.05
Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 —
B(� ! K+K�) — 0.04
Quadratic sum (excluding fd/fs) 0.12 0.13
Total uncertainties 0.25 0.23

9 Penguin pollution in �s

9.1 Information from B0
s ! J/ K⇤0

Following the strategy proposed in Refs. [9, 11, 13], the measured branching fraction,
polarisation fractions and CP asymmetries can be used to quantify the contributions
originating from the penguin topologies in B0

s ! J/ K⇤0. To that end, the transition
amplitude for the B0

s ! J/ K⇤0 decay is written in the general form

A
�
B0

s ! (J/ K⇤0)i
�
= ��Ai

⇥
1 � aie

i✓iei�
⇤

, (23)
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where � = |Vus| = 0.22548+0.00068
�0.00034 [6] and i labels the di↵erent polarisation states. In the

above expression, Ai is a CP -conserving hadronic matrix element that represents the tree
topology, and ai parametrises the relative contribution from the penguin topologies. The
CP -conserving phase di↵erence between the two terms is parametrised by ✓i, whereas their
weak phase di↵erence is given by the angle � of the Unitarity Triangle.

Both the branching fraction and the CP asymmetries depend on the penguin parameters
ai and ✓i. The dependence of ACP

i is given by [9]

ACP
i = � 2ai sin ✓i sin �

1 � 2ai cos ✓i cos � + a2

i

. (24)

To use the branching fraction information an observable is constructed [9]:

Hi ⌘ 1

✏

����
A0

i

Ai

����
2

�

✓
mJ/ 

m
B0
s

,
m�

m
B0
s

◆

�

✓
mJ/ 

m
B0
s

,
mK⇤0
m

B0
s

◆ B(B0

s ! J/ K⇤0)
theo

B(B0

s ! J/ �)
theo

fi
f 0
i

, (25)

=
1 � 2ai cos ✓i cos � + a2

i

1 + 2✏a0
i cos ✓

0
i cos � + ✏2a02

i

,

where f
(0)
i represents the polarisation fraction,

✏ ⌘ �2

1 � �2
= 0.0536 ± 0.0003 [6] , (26)

and �(x, y) =
p
(1 � (x � y)2)(1 � (x + y)2) is the standard two-body phase-space func-

tion. The primed quantities refer to the B0

s ! J/ � channel, while the non-primed ones
refer to B0

s ! J/ K⇤0. The penguin parameters a0
i and ✓

0
i are defined in analogy to ai and

✓i, and parametrise the transition amplitude of the B0

s ! J/ � decay as

A
�
B0

s ! (J/ �)i
�
=

✓
1 � �2

2

◆
A0

i

h
1 + ✏a0

ie
i✓0iei�

i
. (27)

Assuming SU(3) flavour symmetry, and neglecting contributions from exchange and
penguin-annihilation topologies, 4 which are present in B0

s ! J/ � but have no counterpart
in B0

s ! J/ K⇤0, we can identify

a0
i = ai , ✓0i = ✓i . (28)

The contributions from the additional decay topologies in B0

s ! J/ � can be probed
using the decay B0 ! J/ � [13]. The current upper limit on its branching fraction is
B(B0 ! J/ �) < 1.9⇥10�7 at 90% confidence level (C.L.) [50], which implies that the size
of these additional contributions is small compared to those associated with the penguin
topologies.

4We follow the decomposition introduced in Ref. [49].
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H
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0
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Figure 6: Limits on the penguin parameters ai and ✓i obtained from intersecting contours derived
from the CP asymmetries and branching fraction information in B0

s ! J/ K⇤0. Superimposed
are the confidence level contours obtained from a �2 fit to the data. Shown are the longitudinal
(top), parallel (middle) and perpendicular (bottom) polarisation.
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are included as Gaussian constraints in the fit. The values obtained from the fit are

a
0

= 0.01+0.10
�0.01 , ✓

0

= � �
83+97

�263

��
,

����
A0

0

A
0

���� = 1.195+0.074
�0.056 ,

ak = 0.07+0.11
�0.05 , ✓k = � �

85+72

�63

��
,

�����
A0

k

Ak

����� = 1.238+0.104
�0.080 ,

a? = 0.04+0.12
�0.04 , ✓? =

�
38+142

�218

��
,

����
A0

?
A?

���� = 1.042+0.081
�0.063 ,

with the two-dimensional confidence level contours given in Fig. 8, which also shows the
constraints on the penguin parameters derived from the individual observables entering
the �2 fit as di↵erent bands. Note that the plotted contours for the two H observables do
not include the uncertainty due to |A0/A|.

The results on the penguin phase shift derived from the above results on ai and ✓i are

��J/ �
s,0 = 0.000+0.009

�0.011 (stat)
+0.004
�0.009 (syst) rad ,

��J/ �
s,k = 0.001+0.010

�0.014 (stat) ±0.008 (syst) rad ,

��J/ �
s,? = 0.003+0.010

�0.014 (stat) ±0.008 (syst) rad .

These results are dominated by the input from the CP asymmetries in B0 ! J/ ⇢0, and
show that the penguin pollution in the determination of �s is small.

10 Conclusions

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions
and the direct CP violation parameters in B0

s ! J/ K⇤0 decays have been measured. The
results are

B(B0

s ! J/ K⇤0) = (4.14 ± 0.18(stat) ± 0.26(syst) ± 0.24(fd/fs)) ⇥ 10�5

f
0

= 0.497 ± 0.025 (stat) ± 0.025 (syst)
fk = 0.179 ± 0.027 (stat) ± 0.013 (syst)

ACP
0

(B0

s ! J/ K⇤0) = �0.048 ± 0.057 (stat) ± 0.020 (syst)
ACP

k (B0

s ! J/ K⇤0) = 0.171 ± 0.152 (stat) ± 0.028 (syst)

ACP
? (B0

s ! J/ K⇤0) = �0.049 ± 0.096 (stat) ± 0.025 (syst) ,

which supersede those of Ref. [16], with precision improved by a factor of 2 � 3. The shift
on �s due to penguin pollution is estimated from a combination with the B0 ! J/ ⇢0

channel [15], and is found be to compatible with the result from the earlier analysis.
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Conclusion: penguin contamination is small

JHEP 11 (2015) 082

Detailed relations between  
{a,θ} ⟺ {ACP,H} given in the backup

Can parameterise penguin and tree  
contributions to each polarisation amplitude
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• Not all penguins are bad news… 
!

• Penguins are also important in searches for new physics  
(hep-ph/0007328, arXiv:1212.6486, hep-ph/0510245,  
arXiv:0811.2957) 

• SM predictions of the CP violating phase in b->sss penguin decays  
(arXiv:0810.0249, arXiv:0910.5237) predict values  
close to 0. 

• Amplitude analysis to disentangle the CP  
components of the Bs➝𝜙𝜙 decay.  
. 

• 4000 candidates from 3fb-1 of Run 1 data. 
• LHCb measures the CP-violating phase to  

be (arXiv:1407.2222)  
              -0.17±0.15±0.03 rad.

CP Violation and the Phenomenology of B0
s mesons 21
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Figure 1.7.: Feynman diagrams contributing to the B

0
s ! �� decay, consisting of a gluonic

penguin (top-left), electroweak penguin (top-right), and a 2-loop gluonic penguin
(bottom).

For the case of the SM prediction of CP violation in B0
s ! ��, it is useful to evaluate

the expression in equation 1.45 as

�(B0
s ! �L�L) � �(B0

s ! �L�L)

�(B0
s ! �L�L) + �(B0

s ! �L�L)
= S� sin(�mst) � C� cos(�mst). (1.70)

The coe�cients S� and C� take the form

S� = 2�2⌘<
✓

ac � au

ac

◆
, (1.71)

C� = 2�2⌘=
✓

ac � au

ac

◆
, (1.72)

where � and ⌘ are Wolfenstein parameters. The symbols ap represent coe�cients of

the B0
s ! �L�L penguin amplitudes in the framework of QCDF, where p is the quark

Low systematic contributions, 
very interesting with Run 2 dataset sizes

Phys.Rev. D90 (2014) 5, 052011
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• Analysis a pure b➝sdd transition. 
• Mixture of CP eigenstates, 

so requires an angular amplitude analysis 

Mo;va;on*
•  Pure*penguin*decay*in*SM*
•  Final*state*is*a*mixture*of*CP*

eigenstates*depending*on*
polarisa;on*–*need*amplitude*
analysis*to*disentangle*these*

•  Intriguingly*small*fL*seen*in*
previous*analysis*

•  Sensi;ve*to*CP*viola;on*in*
interference*between*mixing*
and*decay*

•  The*UTspin*partner*B0*decay*to*
the*same*final*state*can*be*used*
to*control*SM*uncertain;es*

•  Good*future*prospects*for*
tes;ng*SM*

18/09/2015* Hadron*2015*T*Newport*News,*VA* 9*

1fb-1 of Run 1 data yields 
~700 events

•  Small*value*of*fL*
is*confirmed*

•  Large*STwave*
contribu;on*

Amplitude*analysis*

18/09/2015* Hadron*2015*T*Newport*News,*VA* 12*

•  5D*fit*to*the*two*mKπ*and*3*angles*
•  Full*expression*contains*21*terms*
•  Assuming*no*CPV*eliminates*11*of*these*
•  Systema;c*uncertain;es*dominated*by*the*

angular*acceptance*and*mKπ*lineshapes*

JHEP*07,*166*(2015)*

Low value of fL confirmed

Large S-wave

JHEP 07 (2015) 166
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CP*viola;on*
•  Untagged*analysis*due*to*rela;vely*

small*signal*yield*

•  S;ll*have*sensi;vity*to*CP*viola;on*
through*interferences*between*CPT
odd*and*CPTeven*amplitudes:*
–  TTodd*triple*products*

–  STwave*induced*direct*CP*asymmetries*

•  Expected*to*be*small*in*SM*

•  All*consistent*with*zero*but*some*
intriguing*~2σ*“hints”*

•  Mo;vates*update*with*more*data*

18/09/2015* Hadron*2015*T*Newport*News,*VA* 11*

N(Bs
0*⟶*K+π−*K−π+)*=*697*±*31*±*11*

JHEP*07,*166*(2015)*

JHEP 07 (2015) 166

Mo;va;on*
•  Pure*penguin*decay*in*SM*
•  Final*state*is*a*mixture*of*CP*

eigenstates*depending*on*
polarisa;on*–*need*amplitude*
analysis*to*disentangle*these*

•  Intriguingly*small*fL*seen*in*
previous*analysis*

•  Sensi;ve*to*CP*viola;on*in*
interference*between*mixing*
and*decay*

•  The*UTspin*partner*B0*decay*to*
the*same*final*state*can*be*used*
to*control*SM*uncertain;es*

•  Good*future*prospects*for*
tes;ng*SM*

18/09/2015* Hadron*2015*T*Newport*News,*VA* 9*

sample, Ai
T , are proportional to the CP -violating interference terms Im(A?A⇤

0,k�Ā?Ā⇤
0,k).

Using Eq. (6), these terms can be written as

Im(A?A⇤
0,k � Ā?Ā⇤

0,k) =
1

2
e��st


Im(A?A

⇤
0,k � Ā?Ā

⇤
0,k) cosh

✓
��s

2
t

◆

+ Im[(Ā?A
⇤
0,k + A⇤

?Ā0,k)e
�i�

mix ] sinh

✓
��s

2
t

◆�
,

(14)

where ��s ⌘ �L � �H , �s ⌘ (�L + �H)/2 and �
mix

is the phase in B0

s–B
0

s mixing. The
coe�cients Im(A?A

⇤
0,k � Ā?Ā

⇤
0,k) and Im[(Ā?A

⇤
0,k + A⇤

?Ā0,k)e�i�
mix ] are TP and mixing-

induced TP asymmetries, respectively, and are CP -violating quantities [4]. In the analysis
presented in this paper, only the time-integrated asymmetries

A1

T =
2
p
2

⇡

1

D

Z
Im(A?A⇤

0

) dt and (15)

A2

T = � 4

⇡

1

D

Z
Im(A?A⇤

k) dt, (16)

are measured (D =
R D dt), with no identification of initial B0

s flavour. Thus CP -violating
linear combinations of the above observables are accessible.

When the S–wave contribution is taken into account, two additional CP -even amplitudes,
A�

s and Ass, interfere with A?, and give rise to two additional CP -violating terms. Further
asymmetric integrations of the decay rate, analogous to those in [14], lead to the following
observables

A3

T ⌘ �((cos ✓
1

+ cos ✓
2

) sin' > 0)� �((cos ✓
1

+ cos ✓
2

) sin' < 0)

�((cos ✓
1

+ cos ✓
2

) sin' > 0) + �((cos ✓
1

+ cos ✓
2

) sin' < 0)

=
32

5⇡
p
3

1

D
Z

Im ��A?A�⇤
s � Ā?Ā�⇤

s

�M
1

(m)M⇤
0

(m)
�
dm (17)

and

A4

T ⌘ �(sin' > 0)� �(sin' < 0)

�(sin' > 0) + �(sin' < 0)

=
3⇡

4
p
2

1

D
Z

Im ��A?A⇤
ss � Ā?Ā⇤

ss

�M
1

(m)M⇤
0

(m)
�
dm, (18)

where the mass integration extends over the chosen K⇡ mass window. It is performed
over the product of mass propagators of di↵erent resonances, times specific CP -violating
observables involving A?.

Since A+

s is also CP -odd, its interference terms with the CP -even amplitudes change
sign under B0

s to B0

s interchange. Consequently, four new CP -violating asymmetries are

5

Triple products measured through asymmetries of 
angular observables - Gronau & Rosner arXiv:1506.01346

4 CP-even polarisations give rise to 4 triple product 
asymmetries and 4 direct asymmetries



Observation of the Λb➝Λ𝜙 decay,  
arXiv:1603.02870

• Submitted to Phys. Lett. B. 
• Based on 3fb-1 of Run 1 data. 
!

• Baryonic version of the Bs➝𝜙𝜙 decay.  

• Bd➝Ks𝜙 control mode used for BF measurement 
!

• As for B decays, polarisation structure  
of Λb➝ΛV decays gives rise to T-odd 
observables. 

• Allow access to CP violation without the use of a control mode. 
!

• Measurements probe the decay directly without the presence of mixing.

1 Introduction29

In the Standard Model (SM), the flavour-changing neutral current (FCNC) decay ⇤b! ⇤�30

proceeds via a b ! ßs penguin process. A Feynman diagram of the gluonic penguin31

process that contributes to this decay is given in Figure 1. This is therefore the same32

as the B

0
s ! �� decay, which is a golden mode for the LHCb upgrade. New particles33

entering the penguin loop could induce non-SM CP violation. In the B0
s ! �� decay, this34

is tested through the measurement of CP violation in the interference between mixing35

and decay, characterised through the CP -violating phase, �sss
s . An LHCb measurement36

of the phase has provided a value of �sss
s = �0.17 ± 0.15(stat) ± 0.03(syst) rad [1]. The37

SM can also be tested with triple product asymmetries, which also provide a measure of38

CP violation [2]. For the case of the B

0
s ! �� decay, which is a pseudo-scalar to vector39

vector transition, the triple product asymmetries exploit the helicity angles of the decay40

to isolate the interference terms between the CP -even and CP -odd polarisations. The two41

CP -even polarisations therefore allow for two triple product asymmetries, denoted by AU42

and AV . An LHCb measurement of these triple product asymmetries has provided values43

of AU = 0.003± 0.017(stat)± 0.006(syst) and AV = 0.017± 0.017(stat)± 0.006(syst) [1],44

that are currently limited by statistical uncertainties.
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Figure 1: Gluonic penguin Feynman diagram contributing to the ⇤b ! ⇤� decay.

45

The decays of ⇤b baryons are largely unexplored compared to those ofB mesons. While46

mixing phenomenology is not present in ⇤b decays, a wealth of observables is present that47

allow for tests of SM predictions. These consist of branching fraction and polarisation48

measurements, in addition to triple product asymmetries.49

A large polarisation has been measured for ⇤b barons produced in e

+
e

� colliders [3, 4,50

5], in line with theoretical predictions. Corresponding predictions of the polarisation of51

⇤b baryons at hadron colliders anticipate values between 10-20% [6, 7], though this can52

be diluted due to the small Feynman variable, xF = 2pL/
p
s, where pL is the longitudinal53

2
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Observation of the Λb➝Λ𝜙 decay,  
arXiv:1603.02870

• 3D fit performed in the  
KKpπ, KK, pπ 
dimensions. 
!

• Decay observed with 
6.5σ statistical 
significance (5.9σ 
including systematic 
uncertainties). 

New result

)2
Ev

en
ts

 / 
(7

 M
eV

/c

2

4

6

8

10

12 LHCb
ΛLong 

]2 [MeV/cπKKpM
5500 5600 5700

Pu
ll

-2
0
2

(a)

)2
Ev

en
ts

 / 
(1

 M
eV

/c

2
4
6
8

10
12
14
16 LHCb

ΛLong 

]2 [MeV/cKKM
1000 1010 1020 1030

Pu
ll

-2
0
2

(c)

)2
Ev

en
ts

 / 
(1

 M
eV

/c

2

4

6

8

10

12 LHCb
ΛLong 

]2 [MeV/cπpM
1110 1115 1120 1125

Pu
ll

-2
0
2

(e)

)2
Ev

en
ts

 / 
(7

 M
eV

/c

5

10

15

20

25 LHCb
ΛDownstream 

]2 [MeV/cπKKpM
5500 5600 5700

Pu
ll

-2
0
2

(b)

)2
Ev

en
ts

 / 
(1

 M
eV

/c
2
4
6
8

10
12
14
16
18 LHCb

ΛDownstream 

]2 [MeV/cKKM
1000 1010 1020 1030

Pu
ll

-2
0
2

(d)

)2
Ev

en
ts

 / 
(1

 M
eV

/c

5

10

15

20

25
LHCb

ΛDownstream 

]2 [MeV/cπpM
1110 1115 1120 1125

Pu
ll

-2
0
2

(f)

Figure 2: Fit projections to the p⇡�K+K� invariant mass in the (a) long and (b) downstream
datasets, the K+K� invariant mass in the (c) long and (d) downstream datasets, and the p⇡�

invariant mass in the (e) long and (f) downstream datasets. The total fit projection is given by
the blue solid line. The blue and green dotted lines represent the � + ⇤ and pure combinatorial
fit components, respectively. The red and magenta dashed lines represent the ⇤0

b

! ⇤� signal
and the ⇤0

b

! ⇤K+K� non-resonant components, respectively. Black points represent the data.
Data uncertainties are Poisson 68% confidence intervals.

divided according to the data-taking period and also according to whether the ⇤ (K0

S )188

decay products are reconstructed as long or downstream tracks. E�ciencies are applied to189

each dataset individually. The projections of the fit result to ⇤0

b

! ⇤� data are shown190

in Fig. 2. The fitted yields are 350 ± 24 and 89 ± 13 for the B0 ! K0

S� and ⇤0

b

! ⇤�191

decay modes, respectively. The statistical significance of the ⇤0

b

! ⇤� decay, determined192

according to Wilks’ theorem [35] from the di↵erence in the likelihood value of the fits193

with and without the ⇤0

b

! ⇤� component, is found to be 6.5 standard deviations. With194

the systematic uncertainties discussed below included, the significance of the observed195

⇤0

b

! ⇤� decay yield is calculated to be 5.9 standard deviations. The projections of the fit196

result to the B0 ! K0

S� data are shown in Fig. 3. The fit is found to describe the data197

well in all three dimensions and a clear peak from the control mode is seen.198

The systematic contributions to the branching fraction uncertainty budget are sum-199

marised in Table 1. The largest contributions to the systematic uncertainties result from200

6

89±13 combined 
signal yield

signal 
combinatorial 
Λb➝ΛKK non-res 
true Λ+𝜙

MKKpπ MKK Mpπ



Observation of the Λb➝Λ𝜙 decay,  
arXiv:1603.02870

• With a large enough dataset, a 
full angular analysis may be 
performed as has been done for 
Λb➝ΛJ/ψ - arXiv:1302.5578 
 
 
 

• T-odd observables are accessible 
without a full angular analysis. 

• Use convention of Leitner and 
Ajaltouni - hep-ph/0610189  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Figure 3: Decay angles for the ⇤b! ⇤� decay, where the angles are defined in the text.

Note that the basis {~eX ,~eY ,~eZ} defines the ⇤b rest frame, in which ~eZ is parallel to ~e3,120

and ~n⇤(V ) is the normal vector to the ⇤(V ) decay plane 1 , defined through121

~n⇤ =
~pp ⇥ ~p⇡

|~pp ⇥ ~p⇡|
, (9)

~n� =
~pK+ ⇥ ~pK�

|~pK+ ⇥ ~pK� | . (10)

Asymmetries in cos�ni and sin�ni , where i 2 {⇤,�}, are defined as122

A

c
i =

N(cos�ni > 0)�N(cos�ni < 0)

N(cos�ni > 0) +N(cos�ni < 0)
, (11)

A

s
i =

N(sin�ni > 0)�N(sin�ni < 0)

N(sin�ni > 0) +N(sin�ni < 0)
. (12)

While Leitner and Ajaltouni provide no predictions for ⇤b ! ⇤�, predictions for ⇤b !123

⇤J/ and ⇤b ! ⇤⇢ are determined to be124

A

c
⇤(⇤b ! ⇤J/ ) = 4.3%, (13)

A

s
⇤(⇤b ! ⇤J/ ) = �5.5%, (14)

A

c
⇤(⇤b ! ⇤⇢) = 2.4%, (15)

A

s
⇤(⇤b ! ⇤⇢) = �2.7%. (16)

It should be noted that Ac(s)
� are found to be zero.125

1Note that ~eX,Y,Z are basis vectors in the ⇤b rest frame, whereas ~e1,2,3 denote basis vectors in the
laboratory frame.
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Table 3: Systematic uncertainty contributions to the triple-product asymmetries.

Source Ac

⇤

As

⇤

Ac

�

As

�

Mass model 0.061 0.051 0.026 0.009
Angular acceptance 0.010 0.010 0.010 0.010
Angular resolution 0.008 0.008 0.005 0.005
Total 0.062 0.053 0.028 0.014

assigned assuming maximal asymmetry and leads to minor uncertainties of 0.007 for the284

�
n�

angle and 0.010 for the �
n⇤ angle. Systematic contributions to the triple-product285

uncertainty budget are summarised in Table 3.286

7 Summary287

A search for the ⇤0

b

! ⇤� decay is presented based on a dataset of 3.0 fb�1 collected by288

the LHCb experiment in 2011 and 2012. The decay is observed for the first time with a289

significance of 5.9 standard deviations including systematic uncertainties. The branching290

fraction is found to be291

B(⇤0

b

! ⇤�)/10�6 =

5.18 ± 1.04 (stat) ± 0.35 (syst) +0.50

�0.43

(B(B0 ! K0

S�)) ± 0.44 (f
d

/f
⇤

0
b
).

Triple-product asymmetries are measured to be292

Ac

⇤

= �0.22 ± 0.12 (stat) ± 0.06 (syst),

As

⇤

= 0.13 ± 0.12 (stat) ± 0.05 (syst),

Ac

�

= �0.01 ± 0.12 (stat) ± 0.03 (syst),

As

�

= �0.07 ± 0.12 (stat) ± 0.01 (syst),

and are consistent with zero. Data collected by the LHCb experiment in the forthcoming293

years will improve the statistical precision of these measurements and enable the dynamics294

of b ! s transitions in beauty baryons to be probed in greater detail, which will greatly295

enhance the reach of searches for physics beyond the SM.296
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baryons may potentially be produced with a transverse241

polarisation in proton-proton collisions [13], as shown in Fig. 4. The angle ✓ is defined as242

the polar angle of the ⇤ baryon in the ⇤0
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defined through244
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is the momentum of the ⇤0

b

245

baryon. The angles ✓
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are defined as the polar and azimuthal angles of the proton246

from the decay of the ⇤ baryon in the ⇤ rest frame. The angles ✓
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and �
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are defined as247

the polar and azimuthal angles of the K+ meson in the rest frame of the � meson.248

Triple-product asymmetries, which are odd under time-reversal, have been proposed249
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! �� decay, where the angles are defined in the text.

Note that the basis {~e
X
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Y
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Z

} defines the ⇤
b

rest frame, in which ~e
Z

is parallel to ~e
3

,120

and ~n
�(V )

is the normal vector to the �(V ) decay plane 1 , defined through121
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Asymmetries in cos �
ni and sin �

ni , where i 2 {�,�}, are defined as122
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=
N(cos �

ni > 0) � N(cos �
ni < 0)

N(cos �
ni > 0) + N(cos �

ni < 0)
, (11)

As

i

=
N(sin �

ni > 0) � N(sin �
ni < 0)

N(sin �
ni > 0) + N(sin �

ni < 0)
. (12)

While Leitner and Ajaltouni provide no predictions for ⇤
b

! ��, predictions for ⇤
b

!123

�J/ and ⇤
b

! �� are determined to be124

Ac
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! �J/ ) = 4.3 %, (13)
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! �J/ ) = �5.5 %, (14)

Ac
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! ��) = 2.4 %, (15)
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It should be noted that Ac(s)

�

are found to be zero.125

1Note that �e
X,Y,Z
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rest frame, whereas �e1,2,3 denote basis vectors in the
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Λb(Ξb)➝Λhh’ inclusive searches, arXiv:1603.00413
New result

See talk of Daniel O’Hanlon 
tomorrow in YSF

Table 1: Signal yields for the ⇤0

b

and ⌅0

b

decay modes under investigation. The totals are simple
sums and are not used in the analysis.

Mode Run period Yield
⇤0

b

⌅0

b

downstream long downstream long
2011 10.2± 5.5 8.7± 4.7 �0.6± 2.4 4.9± 3.2

⇤⇡+⇡� 2012a 9.1± 5.2 13.6± 5.7 5.3± 3.6 1.0± 2.6
2012b 17.2± 7.1 6.2± 4.6 3.9± 4.0 4.1± 2.7
Total 65± 14 19± 8
2011 20.9± 6.4 8.2± 3.5 3.5± 3.7 �0.7± 2.4

⇤K±⇡⌥ 2012a 9.3± 3.7 1.7± 3.6 �0.1± 1.7 0.3± 1.5
2012b 39.7± 8.9 16.9± 5.1 2.9± 4.5 �1.8± 1.5
Total 97± 14 4± 7
2011 32.3± 6.4 20.1± 4.6 0.6± 2.3 0.0± 0.6

⇤K+K� 2012a 22.2± 5.3 15.9± 4.2 0.5± 2.4 0.0± 0.5
2012b 60.5± 8.5 34.4± 6.1 3.0± 2.7 0.0± 0.6
Total 185± 15 4± 4
2011 78.1± 9.1 78.9± 9.2

(⇤⇡+)
⇤

+
c
⇡� 2012a 45.0± 7.0 63.0± 8.3

2012b 115.3± 11.1 90.7± 9.8
Total 471± 22
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Figure 2: Results of the fit for the (left) ⇤K±⇡⌥ and (right) ⇤K+K� final states, for all
subsamples combined. Superimposed on the data are the total result of the fit as a solid blue
line, the ⇤0

b

(⌅0

b

) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple
dot-dashed brown lines, the combinatorial background as a long-dashed green line, and partially
reconstructed background components with either a missing neutral pion as a dot-dashed purple
line or a missing soft photon as a dotted cyan line.
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First observations reported of Λb➝ΛKK and Λb➝ΛKπ

Measurements of branching fractions 
and CP asymmetries relative to the 
Λb➝Λcπ control mode

Plots show long and downstream 
combined
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Figure 1: Results of the fit for the (left) ⇤0

b

! (⇤⇡+)
⇤

+
c
⇡� control mode and (right) ⇤⇡+⇡�

signal final states, for all subsamples combined. Superimposed on the data are the total result of
the fit as a solid blue line, the ⇤0

b

(⌅0

b

) decay as a short-dashed black (double dot-dashed grey)
line, cross-feed as triple dot-dashed brown lines, the combinatorial background as a long-dashed
green line, and partially reconstructed background components with either a missing neutral
pion as a dot-dashed purple line or a missing soft photon as a dotted cyan line.

are imposed. The yield of each cross-feed contribution is constrained within uncertainty to
the yield of the corresponding correctly reconstructed decay multiplied by the appropriate
misidentification rate. The peak value of the signal shape is fixed to be the same for all ⇤0

b

decays, and the di↵erence in peak values for ⌅0

b

and ⇤0

b

decays is fixed to the known mass
di↵erence [4]. The widths of the signal shapes di↵er only between the two reconstruction
categories, with a small correction factor, obtained from simulation, applied for the control
channel modes with an intermediate ⇤+

c

decay.
In the ⇤K+K� final state, little or no background is expected in the ⌅0

b

signal region.
Since likelihood fits cannot give reliable results if there are neither signal nor background
candidates, the signal yields for ⌅0

b

! ⇤K+K� decays in the long reconstruction category
are constrained to be non-negative. All other yields are unconstrained. The fit model
and its stability are validated with ensembles of pseudoexperiments that are generated
according to the fit model, with yields allowed to fluctuate around their expected values
according to Poisson statistics. No significant bias is found.

The results of the fit to data are given in Table 1 and shown, for all subsamples
combined, in Fig. 1 for the ⇤0

b

! (⇤⇡+)
⇤

+
c
⇡� control mode and the ⇤⇡+⇡� signal final

state, and in Fig. 2 for the ⇤K±⇡⌥ and ⇤K+K� signal final states. The statistical
significances of the ⇤0

b

! ⇤⇡+⇡�, ⇤0

b

! ⇤K+⇡�, and ⇤0

b

! ⇤K+K� decays, estimated
from the change in log-likelihood between fits with and without these signal components,
are 5.2 �, 8.5 �, and 20.5 � respectively. The e↵ects of systematic uncertainties on these
values are given in Sec. 6. The statistical significances for all ⌅0

b

decays are less than 3�.
As significant yields are obtained for ⇤0

b

! ⇤K+⇡� and ⇤0

b

! ⇤K+K� decays, their
Dalitz plot distributions are obtained from data using the sPlot technique and applying

6

Evidence for Λb➝Λππ

Table 3: Systematic uncertainties on A
CP

(in units of 10�3).

A
CP

(⇤0

b

! ⇤K+⇡�) A
CP

(⇤0

b

! ⇤K+K�)
Control mode 66 57
PID asymmetry 20 –
Fit model 27 32
Fit bias 14 4
E�ciency uncertainty 80 28
Total 110 71

Araw

CP

(⇤0

b

! ⇤K+K�) = �0.21± 0.10 and Araw

CP

(⇤0

b

! (⇤⇡+)
⇤

+
c
⇡�) = 0.07± 0.07, where

the uncertainties are statistical only. The asymmetries for the background components
are found to be consistent with zero, as expected.

Several sources of systematic uncertainty are considered, as summarised in Table 3.
The uncertainty on A

P

+A
D

comes directly from the result of the fit to ⇤0

b

! (⇤⇡+)
⇤

+
c
⇡�

decays. The e↵ect of variations of the detection asymmetry with the decay kinematics,
which can be slightly di↵erent for reconstructed signal and control modes, is negligible.
However, for the ⇤0

b

! ⇤K+⇡� channel, a possible asymmetry in kaon detection, which
is taken to be 2% [53], has to be accounted for. E↵ects related to the choices of signal
and background models, possible intrinsic fit biases, and uncertainties in the e�ciencies
are evaluated in a similar way as for the branching fraction measurements. The total
systematic uncertainty is obtained by summing all contributions in quadrature.

The results for the phase-space integrated CP asymmetries, with correlations taken
into account, are

A
CP

(⇤0

b

! ⇤K+⇡�) = �0.53± 0.23± 0.11 ,

A
CP

(⇤0

b

! ⇤K+K�) = �0.28± 0.10± 0.07 ,

where the uncertainties are statistical and systematic, respectively. These are both less
than 3 � from zero, indicating consistency with CP symmetry.

8 Conclusions

Using a data sample collected by the LHCb experiment corresponding to an integrated
luminosity of 3 fb�1 of high-energy pp collisions, a search for charmless three-body decays
of b baryons to the ⇤⇡+⇡�, ⇤K±⇡⌥ and ⇤K+K� final states has been performed. The
⇤0

b

! ⇤K+⇡� and ⇤0

b

! ⇤K+K� decay modes are observed for the first time, and their
branching fractions and CP asymmetry parameters are measured. No evidence is seen
for CP asymmetry in the phase-space integrated decay rates of these modes. Evidence
is seen for the ⇤0

b

! ⇤⇡+⇡� decay, with a branching fraction somewhat larger than
predicted by theoretical calculations [22–24], and limits are set on the branching fractions
of ⌅0

b

! ⇤⇡+⇡�, ⌅0

b

! ⇤K�⇡+, and ⌅0

b

! ⇤K+K� decays. These results motivate

12

CP asymmetries measured for observed 
decays, which are interesting though consistent  

with zero



Summary

18

• Wide programme at LHCb for tests of the SM. 
• Precision is everything: 

• SM is holding up pretty well at current levels of precision.  
 
 

• Experimental measurements used to determine affect of penguin pollution on CP violation 
measurements. 

• Penguin modes themselves are important searches for physics beyond the SM.  
 
 

!
• First exploratory studies undertaken of new baryonic modes:  
 
 
 

Run 2 of the LHC will mean the SM will be tested in flavour observables to new 
levels. Stay tuned…
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Backup: SU(3) breakingpenguin parameters a0
i and ✓

0
i, the shift ��J/ �

s,i is defined as

tan(��J/ �
s,i ) =

2✏a0
i cos ✓

0
i sin � + ✏2a02

i sin(2�)

1 + 2✏a0
i cos ✓

0
i cos � + ✏2a02

i cos(2�)
. (31)

Using Eqs. 28 and 31, the fit results on ai and ✓i given above constrain this phase shift,
giving

��J/ �
s,0 = 0.003 +0.084

�0.011 (stat)
+0.014
�0.009 (syst)

+0.047
�0.030 (|A0

i/Ai|) ,

��J/ �
s,k = 0.031 +0.047

�0.037 (stat)
+0.010
�0.013 (syst)±0.032 (|A0

i/Ai|) ,

��J/ �
s,? = �0.045±0.012 (stat)±0.008 (syst) +0.017

�0.024 (|A0
i/Ai|) ,

which is in good agreement with the values measured in Ref. [15], and with the predictions
given in Refs. [12–14].

The above results are obtained assuming SU(3) flavour symmetry and neglecting con-
tributions from additional decay topologies. Because aie

i✓i represents a ratio of hadronic
amplitudes, the leading factorisable SU(3)-breaking e↵ects cancel, and the relation be-
tween aie

i✓i and a0
ie

i✓0i is only a↵ected by non-factorisable SU(3)-breaking. This can be
parametrised using two SU(3)-breaking parameters ⇠ and � as

a0
i = ⇠ ⇥ ai , ✓0i = ✓i + � . (32)

The above quoted results assume ⇠ = 1 and � = 0. The dependence of the uncertainty
on ��J/ �

s,i on the uncertainty on ⇠ is illustrated in Fig. 7, while the dependence on the
uncertainty on � is negligible for the solutions obtained for {ai, ✓i}.

9.2 Combination with B0 ! J/ ⇢0

The information on the penguin parameters obtained from B0

s ! J/ K⇤0 can be comple-
mented with similar information from the SU(3)-related mode B0 ! J/ ⇢0 [15]. Both
modes describe a b̄ ! c̄cd̄ transition, and are related by exchanging the spectator s $ d
quarks. The decay amplitude of B0 ! J/ ⇢0 is also parametrised as

A
�
B0 ! (J/ ⇢0)i

�
= ��Ãi

h
1 � ãie

i

˜✓iei�
i

, (33)

which is the equivalent of Eq. 23. In contrast to B0

s ! J/ K⇤0, however, ãi and ✓̃i also
include contributions from exchange and penguin-annihilation topologies, which are present
in B0 ! J/ ⇢0 but have no counterpart in B0

s ! J/ K⇤0. Assuming SU(3) symmetry,
and neglecting the contributions from the additional decay topologies in B0

s ! J/ � and
B0 ! J/ ⇢0, the relation in Eq. 28 can be extended to

a0
i = ai = ãi , ✓0i = ✓i = ✓̃i , (34)

which allows a combined fit to be performed to the CP asymmetries and branching fraction
information in B0

s ! J/ K⇤0 and B0 ! J/ ⇢0.
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Figure 7: Dependence of the uncertainty on the penguin shift ��J/ �
s,i on the uncertainty on ⇠.

The bands correspond to the 68% C.L. The longitudinal (top), parallel (middle) and perpendicular
(bottom) polarisations are shown.
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Backup: Penguin pollution
where � = |Vus| = 0.22548+0.00068

�0.00034 [6] and i labels the di↵erent polarisation states. In the
above expression, Ai is a CP -conserving hadronic matrix element that represents the tree
topology, and ai parametrises the relative contribution from the penguin topologies. The
CP -conserving phase di↵erence between the two terms is parametrised by ✓i, whereas their
weak phase di↵erence is given by the angle � of the Unitarity Triangle.

Both the branching fraction and the CP asymmetries depend on the penguin parameters
ai and ✓i. The dependence of ACP

i is given by [9]

ACP
i = � 2ai sin ✓i sin �

1 � 2ai cos ✓i cos � + a2

i

. (24)

To use the branching fraction information an observable is constructed [9]:

Hi ⌘ 1

✏

����
A0

i

Ai

����
2

�

✓
mJ/ 

m
B0
s

,
m�

m
B0
s

◆

�

✓
mJ/ 

m
B0
s

,
mK⇤0
m

B0
s

◆ B(B0

s ! J/ K⇤0)
theo

B(B0

s ! J/ �)
theo

fi
f 0
i

, (25)

=
1 � 2ai cos ✓i cos � + a2

i

1 + 2✏a0
i cos ✓

0
i cos � + ✏2a02

i

,

where f
(0)
i represents the polarisation fraction,

✏ ⌘ �2

1 � �2
= 0.0536 ± 0.0003 [6] , (26)

and �(x, y) =
p
(1 � (x � y)2)(1 � (x + y)2) is the standard two-body phase-space func-

tion. The primed quantities refer to the B0

s ! J/ � channel, while the non-primed ones
refer to B0

s ! J/ K⇤0. The penguin parameters a0
i and ✓

0
i are defined in analogy to ai and

✓i, and parametrise the transition amplitude of the B0

s ! J/ � decay as

A
�
B0

s ! (J/ �)i
�
=

✓
1 � �2

2

◆
A0

i

h
1 + ✏a0

ie
i✓0iei�

i
. (27)

Assuming SU(3) flavour symmetry, and neglecting contributions from exchange and
penguin-annihilation topologies, 4 which are present in B0

s ! J/ � but have no counterpart
in B0

s ! J/ K⇤0, we can identify

a0
i = ai , ✓0i = ✓i . (28)

The contributions from the additional decay topologies in B0

s ! J/ � can be probed
using the decay B0 ! J/ � [13]. The current upper limit on its branching fraction is
B(B0 ! J/ �) < 1.9⇥10�7 at 90% confidence level (C.L.) [50], which implies that the size
of these additional contributions is small compared to those associated with the penguin
topologies.

4We follow the decomposition introduced in Ref. [49].
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i are defined in analogy to ai and
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s ! J/ � but have no counterpart
in B0

s ! J/ K⇤0, we can identify
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i = ai , ✓0i = ✓i . (28)

The contributions from the additional decay topologies in B0

s ! J/ � can be probed
using the decay B0 ! J/ � [13]. The current upper limit on its branching fraction is
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penguin parameters a0
i and ✓

0
i, the shift ��J/ �

s,i is defined as

tan(��J/ �
s,i ) =

2✏a0
i cos ✓

0
i sin � + ✏2a02

i sin(2�)

1 + 2✏a0
i cos ✓

0
i cos � + ✏2a02

i cos(2�)
. (31)

Using Eqs. 28 and 31, the fit results on ai and ✓i given above constrain this phase shift,
giving

��J/ �
s,0 = 0.003 +0.084

�0.011 (stat)
+0.014
�0.009 (syst)

+0.047
�0.030 (|A0

i/Ai|) ,

��J/ �
s,k = 0.031 +0.047

�0.037 (stat)
+0.010
�0.013 (syst)±0.032 (|A0

i/Ai|) ,

��J/ �
s,? = �0.045±0.012 (stat)±0.008 (syst) +0.017

�0.024 (|A0
i/Ai|) ,

which is in good agreement with the values measured in Ref. [15], and with the predictions
given in Refs. [12–14].

The above results are obtained assuming SU(3) flavour symmetry and neglecting con-
tributions from additional decay topologies. Because aie

i✓i represents a ratio of hadronic
amplitudes, the leading factorisable SU(3)-breaking e↵ects cancel, and the relation be-
tween aie

i✓i and a0
ie

i✓0i is only a↵ected by non-factorisable SU(3)-breaking. This can be
parametrised using two SU(3)-breaking parameters ⇠ and � as

a0
i = ⇠ ⇥ ai , ✓0i = ✓i + � . (32)

The above quoted results assume ⇠ = 1 and � = 0. The dependence of the uncertainty
on ��J/ �

s,i on the uncertainty on ⇠ is illustrated in Fig. 7, while the dependence on the
uncertainty on � is negligible for the solutions obtained for {ai, ✓i}.

9.2 Combination with B0 ! J/ ⇢0

The information on the penguin parameters obtained from B0

s ! J/ K⇤0 can be comple-
mented with similar information from the SU(3)-related mode B0 ! J/ ⇢0 [15]. Both
modes describe a b̄ ! c̄cd̄ transition, and are related by exchanging the spectator s $ d
quarks. The decay amplitude of B0 ! J/ ⇢0 is also parametrised as

A
�
B0 ! (J/ ⇢0)i

�
= ��Ãi

h
1 � ãie

i

˜✓iei�
i

, (33)

which is the equivalent of Eq. 23. In contrast to B0

s ! J/ K⇤0, however, ãi and ✓̃i also
include contributions from exchange and penguin-annihilation topologies, which are present
in B0 ! J/ ⇢0 but have no counterpart in B0

s ! J/ K⇤0. Assuming SU(3) symmetry,
and neglecting the contributions from the additional decay topologies in B0

s ! J/ � and
B0 ! J/ ⇢0, the relation in Eq. 28 can be extended to

a0
i = ai = ãi , ✓0i = ✓i = ✓̃i , (34)

which allows a combined fit to be performed to the CP asymmetries and branching fraction
information in B0

s ! J/ K⇤0 and B0 ! J/ ⇢0.
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Backup: B➝Ks𝜙 projections
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Figure 3: Fit projections to the ⇡+⇡�K+K� invariant mass in the (a) long and (b) downstream
datasets, the K+K� invariant mass in the (c) long and (d) downstream datasets, and the ⇡+

⇡� invariant mass in the (e) long and (f) downstream datasets. The total fit projection is given
by the blue solid line. The green and blue dotted lines represent the combinatorial and K0

S +
random K+K� fit components, respectively. The red and magenta dashed lines represent the
B0 ! K0

S� signal and the B0 ! K0

SK+K� non-resonant components, respectively. Black points
represent the data. Data uncertainties are Poisson 68% confidence intervals.

data-driven corrections applied to simulated data along with the mass model used to201

determine the signal yields.202

Signal mismodelling is accounted for using a one-dimensional kernel estimate for the203

description of the simulated mass distributions [36]. Background mismodelling is accounted204

for using a linear function. The kernel estimate is used in both the signal and control205

channels to describe the ⇤0

b

, B0, K0

S , and ⇤ line shapes. In order to determine the206

systematic uncertainties, 1000 pseudoexperiments are generated with the alternative model207

and are subsequently fitted with the nominal model. The average di↵erence between the208

generated and fitted yield values is taken as the systematic uncertainty. This leads to209

uncertainties of 3.0% and 0.6% for the signal and control mode yields, respectively.210

Systematic uncertainties associated with the e�ciency corrections from simulated211

datasets are considered. The limited size of the simulated sample gives rise to an uncertainty212

of 2.2%. The main uncertainties in the tracking and vertexing correction factors arise213

7


