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Why is CP violation in b-baryon decays interesting?

CP violation in the meson sector
• CP violation first observed in the kaon sector and since been observed

and well measured in B0,B+ and B0
s decays.

• However no deviations from the SM have been conclusively established
in the meson sector.

CP violation in the baryon sector
• Not yet observed but CKM mechanism predicts sizeable amount of CPV

in b baryons.

• At the LHC b- baryons are now produced in unprecedented quantities
facilitating searches for CPV in the baryon sector

• Important to measure CP asymmetries in as many decay modes as
possible to check consistency of the CKM mechanism throughout
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What exactly am I going to talk about?

• Discussion of the search for CPV in Λ0
b →pπ− (K−) decays at CDF

(Phys. Rev. Lett, 113:242001, 2014)

• Outline of recent results from the LHCb experiment namely:
• CP searches in Λ0

b →ΛK +K− (π−) (JHEP 05 081 (2016)

• First evidence for CP violation in baryons (Nature Physics 13, 391396 (2017))

• Searches for CPV in rare Λ0
b→ pK−µ+µ− decays (arXiv:1703.00256, 2017)

• Discussion of potential future CPV measurements in the baryon sector at
LHCb.
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CPV in Λ0
b →pK− (π−) decays

• Baryon equivalent of
B0 →K + (π+)π− decays

• Receives contributions from
penguins

• Theoretical predictions fairly
precise at ∼ 3% uncertainty,
Phys. Rev. D 91, 116007 (2015)

• CPV predicted to be around ∼
5% Phys. Rev. D 91, 116007 (2015)
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CPV in Λ0
b →pK− (π−) decays

CDF results

ACP (Λ0
b → pπ−) =

+0.06± 0.07(stat)± 0.03(syst)
ACP (Λ0

b → pK−) =
+0.10± 0.08(stat)± 0.04(syst)
ACP consistent with zero

LHCb: Ongoing analysis but expect at
least ∼ 10 times the statistics in Run 1
alone allowing for a 2-3% precision on
ACP
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Aside: the LHCb detector
The LHCb detector is a single arm spectrometer which covers the forward
region (2<η<5) at the LHC.

∆ p/p ∼ 0.4% at 5 GeV, σIP = 20µm for high pT tracks.

π/K separation: εK ∼90%, 5% π→K mis-id.

π/µ separation: εµ ∼97%, 1-3% π→µ mis-id.
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Experimental issues

Particle-antiparticle production asymmetry
• Initial pp state not CP symmetric→ particle/antiparticle production (AP )

asymmetric

• This initial asymmetry could mimic CPV and needs to be well understood

• First value of AP (Λ0
b) only recently obtained at LHCb (March 2017,

arXiv:1703.08464)

Detector reconstruction efficiency of daughters
• As detector is made of matter, not CP symmetric.

• Reconstruction efficiency asymmetries of ∼ 1%

• These are comparatively well handled and understood
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Experimental approaches

Experimental approaches

• Measure difference of ACP between different Λ0
b decay modes

• Measure CPV via (T̂ -)P-violating asymmetries which are largely
insensitive to AP → triple products (detailed definition later)
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LHCb results: CPV in Λ0
b →Λ h+h−

• Search for the charmless decays Λ0
b →Λ h+h−

• First observation of Λ0
b →ΛK +K− and Λ0

b →ΛK +π−

• Searches also made for Λ0
b →Λπ+π− but no significant excess observed.

• Control decays mediated via a Λ+
c : Λ0

b →Λ+
c (→Λπ+)π− or

Λ0
b →Λ+

c (→ΛK +)π− (expect minimal CP violation.)

• Measure relative to control decays to minimize sensitivity to the Λ0
b

production asymmetry as well as dependence on the reconstruction
asymmetries.
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LHCb results: CPV in Λ0
b →Λ h+h−

Measured values of ACP

ACP (ΛK +π−) = 0.53± 0.23± 0.11
ACP (ΛK +K−) = 0.28± 0.10± 0.07
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Search for CPV in Λ0
b →pπ−π+π− and Λ0

b →pπ−K +K−

decays

Λ0
b →pπ−π+π− and Λ0

b →pπ−K +K− decays are particular sensitive to CP
affects as penguin and diagrams ∼ magnitude and the potential interference

of resonances, e.g. N∗ → pπ and ρ(770)0 → π+π−
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Triple products (TP):
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b : CT̂ = pp.(ph−
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P, CP violating observables:

aT̂−odd
P = 1

2 (AT̂ + AT̂ ) if: 6= 0→ PV

aT̂−odd
CP = 1

2 (AT̂ − AT̂ ) if: 6= 0→ CPV

A non-zero CP-odd observable
implies CP violation
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Search for CPV in Λ0
b →pπ−π+π− and Λ0

b →pπ−K +K−

decays

Resonances:
CP asymmetries may vary over
phsp =⇒ may cancel when
integrating over phsp

Binning:

Scheme A: Split into phsp bins {m(pπ+),m(pπ−slow),m(π+π−slow),
m(π+π−fast), |φ|} to increase CPV sensitivity Phys. Rev. D92 (2015) 076013, Gronau, Michael et al.

Scheme B: |φ| - interference visible as a function of φ
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Event selection and yields

• Combine tracks identified as
protons, pions, or kaons that
originate from a common vertex
and tag using proton charge.

• Remove backgrounds from b → c
transitions with vetoes and use
BDT to reduce combinatorial
background.

• All selections and binning
schemes selected before looking
at signal region.

• Use
Λ0

b →Λ+
c (pπ+π− (K +K−))π− as

a control mode.
13/23 Flavour Physics and CP violation 2017 Eluned Smith .



Efficiencies and systematic uncertainties

• Signal candidates are split into four categories, C+/−
T̂

and Λ0
b or Λ0

b.

• The reconstruction efficiency for C+
T̂ is = C−

T̂
within uncertainties.

• The asymmetries in the signal samples are measured with a
simultaneous unbinned maximum likelihood fit to the mass distribution

Systematic uncertainties
• Experimental effects→ biases in the measured asymmetries→

quantified using control modes in data.

• Uncertainty statistically dominated.
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Results for Λ0
b →pπ−π+π−

• aT̂−odd
CP : A = 2.0 σ, B = 3.4 σ

• aT̂−odd
P : A = 2.8 σ, B = 2.3 σ

• Global: 3.3σ→ First evidence for CP violation in baryon sector
• Cross check with alternative binning schemes yield, global→ 3.1σ
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Search for CPV in |Vts| transitions

• Decay occurs via a Flavour Changing Neutral Current.

• Sensitive to NP effects
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Aside: search for CPV in equivalent charmounium modes

∆ACP = ACP (Λ0
b→ J/ψpπ−)−ACP (Λ0

b→ J/ψpK−) = (5.7± 2.4± 1.2)%
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Using ACP vs using triple products to look for CPV

T̂even, T̂odd amplitudes

aT̂−odd
CP ∝ cos(δeven − δodd )sin(φeven − φodd )

not sensitive if δeven − δodd = π/2 or 3π/2

A1, A2 amplitudes

ACP ∝ sin(δ1 − δ2)sin(φ1 − φ2)

not sensitive if δ1 − δ2 = 0 or π

δ = strong phase, φ = weak phase
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Search for CPV in |Vts| transitions

• Measure ∆ACP = ACP (Λ0
b→ pK−µ+µ−)−ACP (Λ0

b→ J/ψpK−)

• ∆ACP = ( -3.5 ± 5.0 (stat) ± 0.2 (syst)) ×10−2 → no significant CPV
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Search for CPV in |Vts| transitions

aT̂−odd
CP = (1.2± 5.0(stat)± 0.7(syst))× 10−2 → no significant CPV
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Potential future measurements: First observation of a b → d
transition in the baryon sector
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• The Cabibbo-suppressed equivalent channel of Λ0
b→ pK−µ+µ− is

Λ0
b→ pπ−µ+µ−.

• This channel has recently been observed for the first time and is the first
observation of a b → d transition in the baryon sector (JHEP 04 (2017) 029).

• With more data this channel could also be used in CPV searches.
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Potential future measurements: measuring γ with b−
baryons

• Λ0
b → ΛD decays can be used to determine the CKM angle γ through

CP violation caused by the interference of the b → u and b → c
tree-level transitions, as done in the meson sector.

• B(Λ0
b → ΛD) ∼ 10−6, B(Λ0

b → ΛD) ∼ 10−7, not observed to date.

• Related decay Λ0
b → DpK− however has been seen.
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Conclusions

• Searches for CPV b baryons are still in the early stages but with
increased data from the LHC this area is becoming more of interest.

• CP violation is expected in the baryon sector and first evidence of it has
been seen by LHCb.

• Looking for CP violation in baryons can provide an important range of
CPV searches which can complement those being undertaken in the
meson sector and could be an important tool in the search for new
physics.
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Back-up slides
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GLW method of measuring the CKM angle γ
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CPV in Λ0
b →Λ φ triple products

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 B0
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 B0
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 of B 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

b → sss loop (penguin)
process

A(cos(φi )) =
N(cos(φi ) > 0)− N(cos(φi < 0))
N(cos(φi ) > 0) + N(cos(φi < 0))

A(sin(φi )) =
N(sin(φi ) > 0)− N(sin(φi < 0))
N(sin(φi ) > 0) + N(sin(φi < 0))
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Results

A(cos(φΛ)) = 0.22±0.12±0.05
A(sin(φΛ)) = 0.13±0.12±0.06
A(cos(φφ)) = 0.01±0.12±0.01
A(sin(φφ)) = 0.07±0.12±0.03
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