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Introduction, techniques and experimental 
constraints 

[e.g. production and detection asymmetries] 

Searches for CP violation in b -baryon multi-
body decays  

[e.g. Λ0b → p{K,π}, Λ0b → {Λ,K0}hh] 

Searches for CP violation in Λ0b → p3h, 

including first evidence in Λ0b → pπ-π+π-   

[Local phase-space asymmetry]

This talk covers some recent results in b -baryon decays at LHCb
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[3 fb�1 Run-I (2011/12) at 7/8 TeV]
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Phenomenon well stablished in the meson sector, 
i.e. Kaon and Bµ,0(s) decays: no deviation from the 
SM has been seen  

As-of-yet no CP violation in b -baryons has                             
been observed, though the CKM mechanism                       
predicts sizeable amount of violation 

At LHCb b -baryons are collected in 
unprecedented quantities → opens a new field in 
flavour physics for precision measurements  

Same underlying short distance physics for                               
b-baryons and B mesons but with different spin                  
and QCD structure 

CP violation in the baryonic sector
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Experimental issues

Initial pp state is not CP symmetric  

[i] Particle-antiparticle production 
asymmetries (AP) 

Asymmetry could mimic CPV and needs 
to be disentangled or measured  

4

B field inversion is crucial to keep 
charged particle tracking  
asymmetries under control (10-4)

[LHCb, PLB 713 (2012), PRL 110 (2013) 221601]
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Figure 8: Dependence of AP(⇤0
b

), for data collected in proton-proton collisions with centre-of-
mass of energies of (top) 7 and (bottom) 8 TeV, on (left) pT and (right) y. The results of fits
with a straight line with zero (solid line) or floating slope parameter (dashed line) are also shown.
The fits take into account the correlations amongst the bins.
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[LHCb-PAPER-2016-062, Submitted to PLB]

Detector is made of matter  

[ii] particle/antiparticle detection 
asymmetries (AD) 

AD(p/p̄) ⇠ 1� 2%
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Experimental techniques

CP violation in decay: only type available in the baryonic sector (no mixing due 
to baryon number conservation)  

This observable can be measured by comparing yields between baryon/anti-baryon: 

5

Direct CPV in baryon sector

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     14

• Only direct CPV in baryon sector, because no baryon mixing due 
to baryon number conservation

• CPV can be measured by comparing yields between baryon and 
anti-baryon decays

ACP = N(A!f)�N(A!f)

N(A!f)+N(A!f)
/ sin (�1 � �2) sin ('1 � '2)

�
'

: strong phase
: weak phase

✓ sensitive to baryon-antibaryon production asymmetries
✓ sensitive to charged particle reconstruction asymmetries

✓ need non-vanishing strong and weak phase difference

✓ the decay receives contributions from at least two 
amplitudes:                   ,A1ei�1ei'1 A2ei�2ei'2

strong phase   
CP conserving

weak phase 
CP violating

Contributions from at least two amplitudes: e.g. 

Need non-vanishing strong and weak phase difference 

Sensitive to baryon-antibaryon production asymmetries 

Sensitive to charged particle reconstruction asymmetries 

A1e
i�1ei�1 , A2e

i�2ei�2

R. Coutinho (UZH) 



Experimental techniques

Triple product asymmetry: use momenta of any 3 final particles in 4-body decays

6
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Experimental technique

⇤0
b ! p⇡�⇡+⇡�

⇤0
b ! p⇡�K+K�for

⇤0
b

•  Triple products:

use momenta of any 3 final particles in     4-body decays

/ sin�
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forh
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taking                     in      rest frame.~p⇡
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Figure 3: Definition of the Φ angle. The decay planes formed by the pπ−
fast and the π−

slowπ
+

systems in the Λ0
b rest frame. The momenta of the particles, represented by vectors, determine

the decay planes and the angle Φ measures their relative orientation.

over the whole phase space. Therefore, the asymmetries are measured in different regions
of phase space for the Λ0

b → pπ−π+π− decay using two binning schemes. 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 Φ ∈ [−π, π] [19] between the decay planes
formed by the pπ−

fast and the π−
slowπ

+ systems, as illustrated in Fig. 3. Scheme B has 10
non-overlapping bins of width π/10 in |Φ|. For every bin in each of the schemes, the
Λ0

b efficiencies for CT̂ > 0 and CT̂ < 0 are compared and found to be equal within
uncertainties, and likewise the Λ0

b efficiencies for C T̂ > 0 and C T̂ < 0. The analysis
technique is validated on the Λ0

b → Λ+
c (pK

−π+)π− control sample, for which the angle
Φ is defined by the decay planes of the pK− and π+π− pairs, and on simulated signal
events.

The asymmetries measured in Λ0
b→ pπ−π+π− 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 χ2 test, with χ2 = RTV −1R, where R is the array of aT̂ -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 (σ). A similar χ2 test is performed on aT̂ -odd

P measurements with p-values for
the P -symmetry hypothesis of 5.8× 10−3 (2.8σ) and 2.4× 10−2 (2.3σ), for scheme A and
B, respectively.

Since the results from schemes A and B are not statistically independent, the overall
significance for CPV in Λ0

b → pπ−π+π− decays is determined by means of a permutation
test [42]. A sample of 40,000 pseudoexperiments is generated from the data by assigning
each event a random Λ0

b/Λ
0
b flavour such that CP symmetry is enforced. The sign of CT̂ is

unchanged if a Λ0
b candidate stays Λ

0
b and reversed if the Λ0

b candidate becomes Λ0
b . The p-

5
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Experimental technique

• P-odd (          ) asymmetries:

⇤0
b rest frame

ˆT -odd

, for ⇤0
b

, for ⇤
0
b

•       and      indicate P violation,AT̂ AT̂

if non zero.
Gasiorowicz, S. (1966). Elementary particle 

physics. John Wiley & Sons, New York.

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

P-odd asymmetries: CP violation 
observable
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Experimental technique

⇤0
b rest frame

• CP-violating observable:

• P-violating observable:

a
ˆT -odd

P =
1

2
(A

ˆT + Ā
ˆT )
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Experimental technique

⇤0
b rest frame

• CP-violating observable:

• P-violating observable:

a
ˆT -odd

P =
1

2
(A

ˆT + Ā
ˆT )

P-violating 
observable

The                                             observables are largely unaffected by AD and APA
ˆT , Ā ˆT , a

ˆT�odd

P and a
ˆ

T�odd

CP

R. Coutinho (UZH) 



LHCb results : L = 3 fb�1 � 2011 + 2012 dataset

Searches for CP violation in b -baryon decays

Searches for CP in multi-body decays    

                   [LHCb, JHEP 04 (2014) 087, JHEP 05 (2016) 08]



Beauty baryon: two-body case

Simplest decay modes: Λ0b → pK-, pπ-

8
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FIG. 1: Mass distribution of reconstructed candidates, where
the charged pion mass is assigned to both tracks. The sum
of the fitted distributions and the individual components (C-
conjugate decay modes are also implied) of signal and back-
ground are overlaid on the data distribution.

ulations. The corresponding distributions for the com-
binatorial background are extracted from data [23] and
are included in the likelihood through the Lkin

c term. The
likelihood term Lkin

p describes the kinematic distributions
of the background from partially reconstructed decays of
generic b hadrons [22, 23].

To ensure the reliability of the search for small signals
in the vicinity of larger structures, the shapes of the mass
distributions assigned to each signal are modeled in de-
tail with the full simulation of the detector. Effects of
soft photon radiation in the final state are simulated by
photos [24]. The mass resolution model is tuned to the
observed shape of the 3.8×106 D0 → K−π+ and 1.7×105

D0 → π+π− candidates in a sample of D∗+ → D0π+

decays, collected with a similar trigger selection. The
accuracy of the procedure is checked by comparing the
observed mass line-shape of 9× 105 Υ(1S) → µ+µ− de-
cays to that predicted by the tuned simulation. A good
agreement is obtained when a global scale factor to the
mass resolution of 1.017 is applied to the model. Based
on this result, we conservatively assign a 2% systematic
uncertainty to the mass line-shape model.

Particle identification is achieved by means of the en-
ergy deposition measurements (dE/dx ) from the drift
chamber. The D∗+ → D0π+ sample is also used to cal-
ibrate the dE/dx response to positively and negatively
charged kaons and pions, using the charge of the pion
from the D∗± decay to determine the flavour of the neu-
tral D meson. The response for protons and antiprotons
is determined from a sample of 1.4 × 106 Λ → pπ− de-
cays, where the kinematic properties and the momentum
threshold of the trigger allow unambiguous identification

of the decay products [23]. The PID information is sum-
marized by a single observable κ, defined as follows:

κ ≡
dE/dx− dE/dx(π)

dE/dx(K)− dE/dx(π)
, (3)

in which dE/dx(π) and dE/dx(K) are the average ex-
pected specific ionizations given the particle momentum
for the pion and kaon mass hypothesis, respectively. The
statistical separation between kaons and pions with mo-
mentum larger than 2 GeV/c is about 1.4σ, while the
ionization rates of protons and kaons are quite similar.
Thus, the separation between K+π− or pπ− final states
and their charge-conjugates is about 2.0σ and 2.8σ re-
spectively, while that between pK− and p̄K+ is about
0.8σ. However, in the last case additional discrimina-
tion at the 2σ level is provided by kinematic differences
in (m2

π+π−
,β) distributions [16, 23]. The PID likeli-

hood term, which is similar for physics signals and back-
grounds, depends only on κ and on its expectation value
⟨κ⟩ (given a mass hypothesis) for the decay products.
The physics signal model is described by the likelihood
term LPID

j , where the index j uniquely identifies the fi-
nal state. The background model is described by the
two terms LPID

p and LPID
c , respectively, for the physics

and combinatorial background, that account for all pos-
sible pairs that can be formed combining only charged
pions and kaons. With the available dE/dx resolution,
muons are indistinguishable from pions with the avail-
able dE/dx resolution and are therefore included in the
pion component. Similarly, the small proton component
in the background is included in the kaon component.
Thus, the combinatorial background model allows for
independent positively and negatively charged contribu-
tions of pions and kaons, whose fractions are determined
by the fit, while the physics background model, where
charge asymmetries are negligible, only allows for charge-
averaged contributions.
To check the goodness of the fit with regard to the

PID observables, Fig. 2 shows the distributions of the
average value of κsum = κ+ + κ− and κdif = κ+ − κ− as
a function of mπ+π− , with fit projections overlaid, where
κ+(κ−) is the PID observable for positively(negatively)
charged particles. The κsum distribution is sensitive to
the identity of final-state particles, and reveals the pres-
ence of baryons as a narrow structure, where the mass
distribution lacks prominent features. Conversely, the
κdif distribution is expected to be uniformly zero, except
in the presence of a charge asymmetry coupled with a
different dE/dx response of the final particles. It is in-
sensitive to the Λ0

b → pK− signal due to the similarity
of proton and kaon dE/dx responses, but it is sensitive
to the CP asymmetries of the other decay modes, and
indeed it displays a deviation corresponding to each of
the other three decay modes object of this study. The
signal yields from the likelihood fit of Equation (2) are

[CDF, PRL 113, 242001 (2014)]

Potentially large CPV effects in charmless decays

IV. CONCLUSIONS

Based on the generalized factorization method and SU(3) flavor and SU(2) spin sym-

metries, we have simultaneously explained the recent observed decay branching ratios in

Λb → pK− and Λb → pπ− and obtained the ratio of RπK being 0.84 ± 0.09, which agrees

well with the combined experimental value of 0.84 ± 0.22 from CDF and LHCb, demon-

strating a reliable theoretical approach to study the two-body Λb decays. We have also

predicted that ACP (Λb → pK−) = (5.8 ± 0.2)% and ACP (Λb → pπ−) = (−3.9 ± 0.2)%

with well-controlled uncertainties, whereas the current data for these CPAs are consistent

with zero. We have used this approach to study the corresponding vector modes. Ex-

plicitly, we have found that B(Λb → pK∗−, pρ−) = (2.5 ± 0.5, 11.4 ± 2.1) × 10−6 with

RρK∗ = 4.6± 0.5 and ACP (Λb → pK∗−, pρ−) = (19.6± 1.6, −3.7± 0.3)%. Since our predic-

tion for ACP (Λb → pK∗−) is large and free of both mesonic and baryonic uncertainties from

the hadron sector, it would be the most promised direct CP asymmetry to be measured by

the experiments at CDF and LHCb to test the SM and search for some possible new physics.

TABLE II. Decay branching ratios and direct CP asymmetries of Λb → pM(V ), where the errors

for B(Λb → pM(V )) arise from fM(V ) and f1(g1), the CKM matrix elements and non-factorizable

effects, while those for ACP (Λb → pM(V )) are from the CKMmatrix elements and non-factorizable

effects, respectively.

our result pQCD [5] data

106B(Λb → pK−) 4.8± 0.7± 0.1 ± 0.3 2.0+1.0
−1.3 4.9± 0.9 [4]

106B(Λb → pπ−) 4.2± 0.6± 0.4 ± 0.2 5.2+2.5
−1.9 4.1± 0.8 [4]

106B(Λb → pK∗−) 2.5± 0.3± 0.2 ± 0.3 — —

106B(Λb → pρ−) 11.4 ± 1.6± 1.2± 0.6 — —

102ACP (Λb → pK−) 5.8 ± 0.2± 0.1 −5+26
− 5 −10± 8± 4 [8]

102ACP (Λb → pπ−) −3.9± 0.2± 0.0 −31+43
− 1 6± 7± 3 [8]

102ACP (Λb → pK∗−) 19.6± 1.3 ± 1.0 — —

102ACP (Λb → pρ−) −3.7± 0.3± 0.0 — —
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the hadron sector, it would be the most promised direct CP asymmetry to be measured by

the experiments at CDF and LHCb to test the SM and search for some possible new physics.

TABLE II. Decay branching ratios and direct CP asymmetries of Λb → pM(V ), where the errors

for B(Λb → pM(V )) arise from fM(V ) and f1(g1), the CKM matrix elements and non-factorizable

effects, while those for ACP (Λb → pM(V )) are from the CKMmatrix elements and non-factorizable

effects, respectively.

our result pQCD [5] data

106B(Λb → pK−) 4.8± 0.7± 0.1 ± 0.3 2.0+1.0
−1.3 4.9± 0.9 [4]

106B(Λb → pπ−) 4.2± 0.6± 0.4 ± 0.2 5.2+2.5
−1.9 4.1± 0.8 [4]

106B(Λb → pK∗−) 2.5± 0.3± 0.2 ± 0.3 — —

106B(Λb → pρ−) 11.4 ± 1.6± 1.2± 0.6 — —

102ACP (Λb → pK−) 5.8 ± 0.2± 0.1 −5+26
− 5 −10± 8± 4 [8]

102ACP (Λb → pπ−) −3.9± 0.2± 0.0 −31+43
− 1 6± 7± 3 [8]

102ACP (Λb → pK∗−) 19.6± 1.3 ± 1.0 — —

102ACP (Λb → pρ−) −3.7± 0.3± 0.0 — —
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþh0− decays and
control signals.
The corrections for f ¼ Kþπ− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþπ− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B → DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþπ−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþπ−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþπ− mass distributions
[21]. We find a significant asymmetry cKþπ− ¼ 1=cK−πþ ¼
1.011& 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþÞ ¼
ð0.1& 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03& 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþπ−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþÞ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþπ− . The fit function is overlaid.
For reference, the distribution of mπþπ− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþπ−, B0

s → K−πþ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþπ− 5313& 109 6348& 117 −0.083&0.013&0.004
B0
s → K−πþ 560& 51 354& 46 þ0.22& 0.07& 0.02

Λ0
b → pπ− 242& 24 206& 23 þ0.06& 0.07& 0.03

Λ0
b → pK− 271& 30 324& 31 −0.10& 0.08& 0.04
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþh0− decays and
control signals.
The corrections for f ¼ Kþπ− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþπ− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B → DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþπ−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþπ−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþπ− mass distributions
[21]. We find a significant asymmetry cKþπ− ¼ 1=cK−πþ ¼
1.011& 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþÞ ¼
ð0.1& 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03& 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþπ−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþÞ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþπ− 5313& 109 6348& 117 −0.083&0.013&0.004
B0
s → K−πþ 560& 51 354& 46 þ0.22& 0.07& 0.02

Λ0
b → pπ− 242& 24 206& 23 þ0.06& 0.07& 0.03

Λ0
b → pK− 271& 30 324& 31 −0.10& 0.08& 0.04
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþh0− decays and
control signals.
The corrections for f ¼ Kþπ− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþπ− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B → DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþπ−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþπ−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþπ− mass distributions
[21]. We find a significant asymmetry cKþπ− ¼ 1=cK−πþ ¼
1.011& 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþÞ ¼
ð0.1& 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03& 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþπ−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþÞ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþπ− 5313& 109 6348& 117 −0.083&0.013&0.004
B0
s → K−πþ 560& 51 354& 46 þ0.22& 0.07& 0.02
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþh0− decays and
control signals.
The corrections for f ¼ Kþπ− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþπ− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B → DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþπ−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþπ−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþπ− mass distributions
[21]. We find a significant asymmetry cKþπ− ¼ 1=cK−πþ ¼
1.011& 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþÞ ¼
ð0.1& 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03& 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþπ−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþÞ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþπ− . The fit function is overlaid.
For reference, the distribution of mπþπ− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþπ−, B0

s → K−πþ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþπ− 5313& 109 6348& 117 −0.083&0.013&0.004
B0
s → K−πþ 560& 51 354& 46 þ0.22& 0.07& 0.02

Λ0
b → pπ− 242& 24 206& 23 þ0.06& 0.07& 0.03

Λ0
b → pK− 271& 30 324& 31 −0.10& 0.08& 0.04
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Results for Λ0b(Ξ0b) →Λh+h- decays

First observation of the decays Λ0
b → ΛK+π- (8.1σ) and                                 

Λ0
b → ΛK+K- (15.8σ) with 3 fb-1 

Decays involving an un-reconstructed π0 or photon are shown with the magenta 
and cyan lines, respectively
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LHCb results : L = 3 fb�1 � 2011 + 2012 dataset

Searches for CP violation in four body b -baryon decays

First evidence for CP violation in Λ0b → pπ-π+π- decays    

      [LHCb, Nature Physics 13 (2017) 391-396]



Search for CP violation in 4-body decays

Integrated and triple-product asymmetry measurements in Λ0b → pπ-[π+π-,K+K-] 

Transitions with both tree and penguin amplitudes at comparable magnitude 

14

[LHCb, Nature Physics 13 (2017) 391]

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
sufficient 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 Λ0

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,
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, Λ0
b → pπ−π+π− and Λ0

b → pπ−K+K−,
are mediated by the weak interaction and governed mainly by two amplitudes of similar
magnitude from different 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 differ between particle and antiparticle decays, leading to differences
in the Λ0

b and Λ0
b decay rates. The main source of this effect in the SM would be the

large phases of the CKM matrix elements Vub and Vtd, which are present in the different
diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,
but has never been observed in Λ0

b decays.
To search for CP -violating effects one needs to measure CP -odd observables, which
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Figure 1: Dominant Feynman diagrams for Λ0
b
→ pπ−π+π− and Λ0

b
→ pπ−K+K−

transitions. The two diagrams show the transitions that contribute most strongly to Λ0
b →

pπ−π+π− and Λ0
b → pπ−K+K− decays. In both cases, a pair of π+π− (K+K−) is produced

by gluon emission from the light quarks (u,d). The difference 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 comparable, and each is proportional to the product
of the CKM matrix elements involved, which are shown in the figure.
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CP violation is accommodated in the Standard Model (SM) of particle physics by the3

Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between4

up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a5

virtual W boson and where the phases of the couplings change sign between quarks6

and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not7

su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are8

expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and9

more recently it has been observed in B
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0

s

[12] meson decays,10
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(bud)11
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non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay13

modes [13]. It is important to measure the size and nature of these CP asymmetries,14

to determine whether they are consistent with the CKM mechanism or, if not, what15

extensions to the SM would be required to explain them [14–16].16
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are mediated by the weak interaction and governed mainly by two amplitudes of similar18

magnitude from di↵erent diagrams describing quark-level b ! uud transitions, as shown19

in Fig. 1. Throughout this paper the inclusion of charge-conjugate reactions is implied,20

unless otherwise indicated. CPV could arise from the interference of two amplitudes with21

relative phases that di↵er between particle and antiparticle decays, leading to di↵erences22

in the ⇤

0

b

and ⇤

0

b

decay rates. The main source of this e↵ect in the SM would be the23

large phases of the CKM matrix elements V
ub

and V

td

, which are present in the di↵erent24

diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,25

but has never been observed in ⇤

0

b

decays.26

To search for CP -violating e↵ects one needs to measure CP -odd observables, which27
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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 comparable, and each is proportional to the product of
the CKM matrix elements involved, which are shown in the figure.
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CP violation measurements in Λ0
b → pπ-[π+π-,K+K-] 

15

                    integrated asymmetries 
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Phase space integrated 
result consistent with P 
and CP symmetry

=(–3.71±1.45±0.32)%

=(1.15±1.45±0.32)%

a
ˆT -odd

P

⇤0
b ! p⇡�⇡+⇡�

reminder:
arXiv:1609.05216, submitted to Nature Physics

a
ˆT -odd

CP

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

Phase space integrated 
asymmetries for Λ0b → pπ-π+π-

Consistent with hypothesis of   
P and CP symmetry

Similar results are found for the 
less sensitive mode pπ-K+K-
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Experimental technique

• P-odd (          ) asymmetries:

⇤0
b rest frame

ˆT -odd

, for ⇤0
b

, for ⇤
0
b

•       and      indicate P violation,AT̂ AT̂

if non zero.
Gasiorowicz, S. (1966). Elementary particle 

physics. John Wiley & Sons, New York.

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

a
ˆT�odd

CP = (1.15± 1.45± 0.32)%

a
ˆT�odd

P = (�3.71± 1.45± 0.32)%

[LHCb, Nature Physics 13 (2017) 391]⇤0
b : CT̂ > 0 ⇤0

b : CT̂ < 0

⇤̄0
b : �C̄T̂ > 0 ⇤̄0

b : �C̄T̂ < 0

R. Coutinho (UZH) 



Phase-space CP violation in Λ0b → pπ-π+π-
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Binning A: based on dominant resonant 
structures, e.g. ∆++, N* and ρ(770)

Binning B: function of the angle between 
the decay planes π+π 

-slow and pπ 
-fast

First evidence for CP violation with 3.3 standard deviations!

[LHCb, Nature Physics 13 (2017) 391]
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General conclusions 

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

Also in the charmonium and semi-leptonic sector, e.g. Λ0b → J/ψp{π-,K-} 

[LHCb, JHEP 07 (2014) 103] and Λ0b → pK-µ+µ- decays [LHCb, JHEP 06 (2017) 108] 

 CP violation is expected in the baryon sector and first evidence in              
Λ0b → pπ-π+π- decays has been seen by LHCb  

 Many interesting results are foreseen with the LHCb Run-II data     

Precise measurement two body decays, e.g. Λ0b → pK-, pπ-  

Local phase-space ACP measurements can further reveal the            
presence of CPV in multi-body decays 

Ξ(0,±)b decays are also a possibility, e.g. Ξ-b → pK-K-

17R. Coutinho (UZH) 
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[Int. J. Mod. Phys. A 30 (2015) 1530022]

The LHCb experiment

[Backup]

R. Coutinho (UZH) 



19

The LHCb experiment
LHCb in Run 1 and Run 2

3 fb�1 in 2011 and 2012 (Run 1,
p
s = 7, 8TeV)

2 fb�1 in 2015 and 2016 (Run 2,
p
s = 13TeV, higher b cross section)

Anton Poluektov Exotic hadrons at LHCb HINT2016, J-PARC, Japan, 5-9 December 2016 5/33
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K0S reconstruction performed via 
two categories: Downstream (DD)   
or Long Tracks (LL)  

Dynamical structure of DP is  
correct non-uniform εsig over  

Veto intermediate open charm states: 
i.e. Ξ+c, D0, Λ+c  

Direct CP violation measurement is 
naturally available (simultaneous fit)

Long Track

Downstream Track

Searches for the unobserved decays Λ0
b(Ξ0

b) → Λh±h’∓               
(h(Ê) ∈ {πµ, Kµ}) BF relative to Λ0

b → (Λ+cπ+)π- 

d� ⇠ |M|2 dE1 dE2 d↵ d(cos�) d�

Analysis strategy for Λ0b(Ξ0b)→ Λh±h’∓ 

JHEP 05 (2016) 08
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