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Abstract

:

Observations in astronomy suggest that our Universe contains an abundance of matter over antimatter, which can only be explained if the combined   C  P   symmetry is violated. Studies of   C  P   violation have driven the flavor physics with the aim of testing the Standard Model of particle physics and searching for physics beyond it.   C  P   violation is discovered in strange, beauty, and charm meson systems; however, no conclusive sign of   C  P   violation in baryon decays has been observed yet. This review summarizes   C  P   violation studies performed by the LHCb experiment in charmless decays and rare decays of beauty baryons and singly Cabibbo-suppressed decays of charm baryons. A brief on prospects for future LHCb measurements is also discussed.
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1. Introduction


As stated in the Noether’s Theorem, the conservation of a quantity corresponds to a continuous symmetry in the underlying interaction [1]. Studies of symmetries have played an important role in establishing our understandings of the fundamental dynamics and matter of Nature. Besides continuous symmetries, Nature also exhibits discrete symmetries, for example the parity (P) and charge conjugation (C) symmetries. Conserving the P symmetry, a system is invariant to the space inversion. Similarly, the C symmetry links together the properties of particles and their relevant anti-particles. These symmetries are not preserved in all known fundamental interactions, as first postulated for the P symmetry by T. D. Lee and C. N. Yang [2] and subsequently observed by C. S. Wu in 1956 [3] in weak interactions. The combined   C  P   symmetry was unexpectedly observed to be violated in decays of neutral kaons in 1964 [4]. These observations were incorporated into the electroweak theory and subsequently into the Standard Model (SM) of particle physics, via so-called Cabibbo–Kobayashi–Maskawa (CKM) mechanism [5].



The   C  P   violation (  C  P V  ) in the SM arises from the   W ±   boson-mediated charged-current interaction with quarks. The quark eigenstates interacting with the   W ±   bosons do not align with those interacting with the Higgs boson. The   3 × 3   unitary CKM matrix:


   V CKM  ≡      V  u d      V  u s      V  u b        V  c d      V  c s      V  c b        V  t d      V  t s      V  t b       ,  



(1)




proposed by M. Kobayashi and T. Maskawa, describes the mixing between the two eigenstates for three generations of quarks in the SM. Being complex, the CKM matrix has an irreducible weak phase, whose sign is flipped for antiparticles, providing the only established source of   C  P V   in Nature.



The violation of the   C  P   symmetry is required to explain the observed asymmetry between baryons and antibaryons in the Universe, often called the Baryon Asymmetry of the Universe (BAU) [6]. Even though the SM allows   C  P V  , the CKM mechanism is not strong enough to account for the BAU, demanding new physics for additional sources of   C  P V  . The last two decades have witnessed great achievements of   C  P   studies. The two B-factories, BaBar [7] and Belle [8], successfully established the CKM mechanism through measurements in B meson decays. The LHCb experiment [9] extended the measurements to   B s 0   and beauty baryons’ decays and manifestly increased the precision of measurements for charm hadrons. All obtained results in general agree with predictions in the SM as suggested by a global fit of the CKM parameters [10]; however, there is still room for new physics effects. Besides, up to now,   C  P V   has not been detected in baryon decays despite being driven by dynamics identical to mesons in the SM.   C  P V   in the baryon sector remains a largely unexplored area.



In this article, measurements of   C  P V   in beauty and charm baryons at the LHCb were reviewed. The remaining parts are organized as follows: in Section 2, the LHCb experiment is briefly discussed; in Section 3, common methods for   C  P V   measurements are summarized; Section 4 and Section 5 present the results of   C  P V   in beauty and charm baryons, respectively, and finally, future measurements are prospected in Section 6. For the numeric quoted results in this review, the first uncertainties are statistical, the second are systematic, and the third, if shown, are due to external inputs. All figures reproduced in this review used to demonstrate the LHCb detector or measurements were published as open access, allowing their reuse, and the detailed information can be found in the original LHCb publications.




2. The LHCb Experiment


The LHCb is one of the four main experiments at the Large Hadron Collider (LHC) operated by CERN. It is designed with a focus on precise tracking, vertexing, momentum measurement, and high-efficiency particle identification. It records particles produced in   p p   collisions within the forward pseudorapidity ( η ) range   2 < η < 5  , taking advantage of b and   b ¯   being produced as correlated at relatively small angles with respect to the proton beam direction. The layout of the LHCb spectrometer during the LHC Run 2 operation is shown in Figure 1 and briefly described below. A full description is available in [9,11,12].



The LHCb magnet provides an integrated magnetic field of about 4 Tm. It deflects charged particles on the horizontal plane to accurately measure their momenta. The magnet field polarity is periodically switched to achieve a comparable amount of data recorded with each polarity, allowing the validation and correction of the instrumental asymmetries of charged particles. The tracking system consists of the VErtex LOcator (VELO), the Tracker Turicensis (TT), and Tracking Stations T1–T3. Charged hadron identification is achieved by two Ring Imaging Cherenkov detectors, RICH1 and RICH2. The calorimeter system consists of a Scintillating Pad Detector, a Preshower Detector, a shashlik-type Electromagnetic Calorimeter (ECAL), and a Hadronic Calorimeter (HCAL). The muon detection system is composed of five stations, M1–M5, built predominantly with multiwire proportional chambers, providing muon identification.



The LHCb trigger system used to collect the data for results reviewed in this article consists of hardware and software stages. The hardware stage combines information from the ECAL and the HCAL to select hadrons with high transverse energy and uses information from the muon system to select muons with high transverse momenta (  p T  ). Selected events are then passed to the software trigger, which utilizes all LHCb systems to perform beauty and charm selections based on information including the momentum, vertex displacement, particle identification, etc.



The LHCb experiment began collecting   p p   collision data for physics analyses at the start of the LHC’s operation in 2010. During the Run 1 period (2010–2012),   p p   collisions were recorded at center-of-mass energies of    s  = 7   or   8  Te  V  , with an integrated luminosity of   ∫ L ≈ 3   fb  − 1    . For Run 2 (2015–2018),   p p   collisions were recorded at    s  = 13  Te  V   with   ∫ L ≈ 6   fb  − 1    . The results reviewed in this article were based on these data. The Run 3 operation started in 2022 and is expected to finish in 2025. During Run 3, the LHCb is being operated with a nominal instantaneous luminosity five-times higher than during Run 2. In order to increase the sensitivity and broaden the accessible physics reach, the LHCb experiment has been significantly upgraded for Run 3 [13]. This upgrade included a completely new tracking system consisting of a pixel-based VELO and two new tracking detectors, UT and SciFi, which replaced the TT and Tracking Stations T1–T3, respectively. The trigger system has been upgraded to a fully software one, which allows even higher flexibility in the physics program. Hadronic decays, in particular, benefit from this improvement [14]. In total, about   25   fb  − 1      p p   collisions are expected to be collected during Run 3.



Concerning the physics performances, the LHCb is specialized in the detection of decays with charged final states, while B-factories are better at decays involving neutral particles. Besides, the measurements of beauty baryons are unique to the LHCb. The next generation of B-factories, the Belle II experiment [15], started to accumulate data in 2019. In the next few years, the LHCb and Belle II, complementary to each other, will be the two major experiments with   C  P   measurements as their core physics program.




3. Experimental Methods


Baryon number conservation prevents mixing of baryons and antibaryons, such that only direct   C  P V   is allowed in baryon decays, usually quantified as the relative difference between the partial width ( Γ ) of a baryon decay   Γ (  H b  → f )   and its antibaryon decay   Γ (       H  ¯  b   →  f ¯  )  :


   A  C  P  f  ≡   Γ  (  H b  → f )  − Γ  (       H  ¯  b   →  f ¯  )    Γ  (  H b  → f )  + Γ  (       H  ¯  b   →  f ¯  )    .  



(2)




For   C  P V   to emerge, at least two sub-processes are required to contribute with both different weak and strong phases. Experimentally, the relative partial width difference is transformed to the relative signal yield difference as


   A  C  P  raw  ≡   N  (  H b  → f )  − N  (       H  ¯  b   →  f ¯  )    N  (  H b  → f )  + N  (       H  ¯  b   →  f ¯  )    ,  



(3)




where N represents the yield of a specific decay. Besides the   C  P   asymmetry   A  C  P    in b-hadron decays,   A  C  P  raw   also contains experimental asymmetries, which must be subtracted. Experimental asymmetries include the asymmetry of the   H b   and        H  ¯  b    production cross-section in proton–proton collisions (the production asymmetry) and the asymmetry of the final state f detection efficiency (the detection asymmetry). These experimental asymmetries would create a false   C  P   signature if not properly corrected. At the LHCb, the production asymmetry of the most-studied    Λ  b 0   baryon is   1 ∼ 2 %  , evidencing a trend increasing with the    Λ  b 0   rapidity [16]. The detection asymmetry is about   1 %   for protons [16] and kaons [17] and is reduced with a higher momentum. The detection asymmetry for pions is approximately zero [18]. For measurements aiming at a precision below a percent level, it is often useful to measure the difference of the   C  P   asymmetry between the signal mode and a control mode,   Δ  A  C P    , in order to cancel the experimental asymmetries. The control mode is usually chosen to be one with negligible   C  P V  . If the expected   C  P   asymmetries in relevant channels have a different sign,   Δ  A  C P     also helps to enhance the experimental sensitivity.



For two-body decays, i.e., the final state f is composed of two particles, Equation (3) gives the only result that can be probed experimentally, named the global asymmetry. For multi-body decays,   A  C  P    can be dependent on the phase-space of the final state f, such that localized asymmetries measured in different phase-space regions provide additional information to understand the dynamics of   C  P V  . There are a few methods to study phase-space-dependent   C  P V  , varying in the experimental complexity, the sensitivity to   C  P V  , and the extent of information probed [19].



Measuring   C  P V   by binning phase-space is a very often-used method, for example that implemented with the Miranda technique [20]. Various phase-space binning schemes can be defined, such as uniform binning, where each bin has the same area, adaptive binning, where each bin is required to have the same amount of signal events, and physics-motivated binning, following specific resonance structures of the studied decay channel. The localized   C  P V   in each bin then can be measured according to Equation (3) as for the global symmetry, which is nicely illustrated by the     B  +  →  h 1   h 2   h 3    analysis [21]. Specifically for the Miranda technique, the asymmetry significance is calculated for the number of baryon (  n i  ) and antibaryon (   n ¯  i  ) decays for each bin i:


   S  C  P  i  =    n i  − α   n ¯  i     α (  n i  +   n ¯  i  )    ,  



(4)




where i runs over the phase-space bins and   α =  ∑ i   n i  /  ∑ i    n ¯  i    normalizes the total number of baryon decays to that of antibaryons and removes global asymmetries. In the case of no   C  P V  ,   S  C  P    follows a normal distribution.



Unbinned methods, which overcome the ambiguity of binning scheme choices, are also implemented to study   C  P V   in multi-body decays. In the so-called Energy Test [22] method, the unbinned model-independent test statistic T measures the average distance between pairs of   H b   and        H  ¯  b    decays, i and j, based on the selected metric   ψ  i j   :


  T ≡  1  2 n ( n − 1 )    ∑  i ≠ j  n   ψ  i j   +  1  2  n ¯   (  n ¯  − 1 )     ∑  i ≠ j   n ¯    ψ  i j   −  1  n  n ¯     ∑  i = 1  n   ∑  j = 1   n ¯    ψ  i j   ,  



(5)




where n and   n ¯   are the signal yields in the   H b   and        H  ¯  b    samples, respectively. The first (second) term sums over the metric-weighted distance of pairs from the   H b   (       H  ¯  b   ) sample, whereas the third term sums over pairs of an   H b   and an        H  ¯  b    decay. A usual choice for the metric function is    ψ  i j   =  e  −  d  i j  2  / 2  δ 2     , where   d  i j    is the distance of events i and j calculated using phase-space variables and  δ  is a tunable effective radius defining the scale of the phase-space region of the   H b   and        H  ¯  b    being compared. Without   C  P   asymmetries, T would be consistent with 0, while a large   C  P V   would result in a large positive T. The expected distribution of  T  under null   C  P V   is usually obtained using permutation samples, in which the flavor of each decay as   H b   or        H  ¯  b    is randomly reassigned.



The k-Nearest Neighbors (kNN) technique [23,24] is another unbinned method based on a set of nearest neighbor candidates (  n k  ) in the combined sample of   H b   and        H  ¯  b    decays. The test statistic T is defined as


  T ≡  1   n k   ( n +  n ¯  )     ∑  i = 1   n +  n ¯     ∑  k = 1   n k   I  ( i , k )  ,  



(6)




where   I ( i , k ) = 1   if the   i  t h    candidate and its   k  t h    nearest neighbor have the same change and   I ( i , k ) = 0   otherwise. To determine the   k  t h    nearest neighbors, a distance metric must be defined as for the Energy Test method. The parameter   n k   is tunable to study its sensitivity on the   C  P V   measurement. The distribution of T under the hypothesis of no   C  P V   follows a normal distribution with its mean and variance calculated from known parameters.



The amplitude analysis is a powerful unbinned method to search for   C  P   violation over the phase-space of a multi-body decay [25]. The total amplitude  A  (  A ¯  ) for the   H b   (       H  ¯  b   ) decay can be described model dependently by the coherent sum of quasi-two-body amplitudes of intermediate resonant or non-resonant contributions:


   A  ( − )   =  ∑ i    a i   ( − )     A i   ( − )     



(7)




where    A i   ( − )    is the amplitude for the intermediate state i and    a i   ( − )    the corresponding complex coefficient. The amplitude   A i   as a function of the n-body phase-space variables   Φ n   can be parameterized by the helicity formalism [26] or the covariant tensor formalism [27]. The probability density function is given by [28]


  S  (  Φ n  ;  a i  ,   a ¯  i  )  =   ϵ [  ( 1 + q )  | A  | 2  +  ( 1 − q )  |  A ¯   | 2  ]     ∫ ϵ [  ( 1 + q )  | A |  2   +  ( 1 − q )  |   A ¯    | 2  ]  d  Φ n    ,  



(8)




where  ϵ  represents the experimental efficiency and q equals   + 1   and   − 1   for   H b   and        H  ¯  b   , respectively. The coefficients    a i  ,   a ¯  i    of each component are determined by fitting to the data, and the differences in the magnitudes and phases of   a i   and    a ¯  i   represent   C  P V  . The relative   C  P V   can also be defined as


   A  C  P  i  =    |   a i    |  2  −   |   a ¯  i  |  2     |   a i    |  2  +   |   a ¯  i  |  2    .  



(9)




There are a few known complexities associated with amplitude analyses, for example the compositions of resonances in the amplitude, the large consumption of computing resources, and possible multiple solutions. A model-independent moment-like analysis was proposed in [29] to deal with these difficulties. Data are projected onto a series of orthogonal Legendre polynomials of an angular phase-space variable, and any differences between the coefficients of the   H b   and        H  ¯  b    polynomials signals   C  P V  .



For the four-body decays    H b  → p  h 1   h 2   h 3  , h = K , π  , the Triple Product Asymmetry (TPA) [30,31,32,33] is also used to measure the   C  P V   at LHCb. The triple product for an   H b   (  C  T ^   ) or        H  ¯  b    (       C  ¯   T ^    ) decay is calculated using final state momenta,    p →  i  , evaluated in the b-baryon rest frame as


      C  T ^   ≡   p →  p  ·  (   p →   h 1   ×   p →   h 2   )  ,         C  ¯   T ^    ≡   p →   p ¯   ·  (   p →    h ¯  1   ×   p →    h ¯  2   )  ,     



(10)




where   T ^   is an operator that flips the direction of final state momenta and spin. Then the TPA is calculated for both   H b   and        H  ¯  b    decays


      A  T ^    (  C  T ^   )      =   N  (  C  T ^   > 0 )  − N  (  C  T ^   < 0 )    N  (  C  T ^   > 0 )  + N  (  C  T ^   < 0 )    ,     



(11)






           A  ¯   T ^     (       C  ¯   T ^    )      =    N ¯   ( −       C  ¯   T ^    > 0 )  −  N ¯   ( −       C  ¯   T ^    < 0 )     N ¯   ( −       C  ¯   T ^    > 0 )  +  N ¯   ( −       C  ¯   T ^    < 0 )    ,     



(12)




where N and   N ¯   are the yields of   H b   and        H  ¯  b    decays that have the triple product with a definite sign. The TPA is P-odd and   T ^  -odd, namely it changes sign under P or   T ^   transformations,    A  T ^    =  P ,  T ^    −  A  T ^    . From the TPA, the following P- and   C  P  -violating observables are defined:


      a P   T ^   - odd    =  1 2    A  T ^   +       A  ¯   T ^     ,     



(13)






      a  C  P    T ^   - odd    =  1 2    A  T ^   −       A  ¯   T ^     ,     



(14)




The advantage of measuring   C  P V   using the triple product asymmetry is that it is insensitive to instrumental asymmetries and is complementary to the usual asymmetries due to a different dependence on strong phases.




4. Results on Beauty Baryon   C  P V  


4.1.   C  P V   in Charmless Two-Body Decays


Charmless decays of b-hadrons are governed by   b → u (  u ¯  d / s )   and   b → d / s ( q  q ¯  )   diagrams, where   q  q ¯  = u  u ¯  , d  d ¯  , s  s ¯   . The two sub-processes have different weak and strong phases, so a potential   C  P V   can arise. The charmless two-body decays     Λ  b 0  → p   K  −  , p  π −    are in analogy to   B →  h 1   h 2    decays, for which   C  P V   as large as ∼10% has been observed [34]. The   C  P   violation defined according to Equation (2) as    A  C  P    [   Λ  b 0  → p   K  −   (  π −  )  ]    is predicted as   5.8 %   (  − 3.9 %  ) in the generalized factorization approach [35] and is   − 5 %   (  − 31 %  ) in the perturbative QCD approach [36]. Predictions of large   C  P V   are inconsistent with the measurements by the LHCb, giving [37]


         A  C  P    (  Λ b 0  → p   K  −  )  = − 0.020 ± 0.013 ± 0.019 ,           A  C  P    (  Λ b 0  → p  π −  )  = − 0.035 ± 0.017 ± 0.020 .     



(15)







The LHCb analysis was performed using Run 1 data, with a total of about 9000     Λ  b 0  → p   K  −    decays and 6000     Λ  b 0  → p   π  −    decays. The two-body invariant mass distributions and fit results used to obtain the raw yields are displayed in Figure 2. In addition, the difference in   C  P   asymmetries between     Λ  b 0  → p   K  −    and     Λ  b 0  → p  π −    decays, which is insensitive to systematic uncertainties, is also reported to be


  Δ  A  C  P   ≡  A   C  P    p   K  −    −  A   C  P    p  π −    = 0.014 ± 0.022 ± 0.010 .  



(16)




Overall, no evidence of   C  P   violation has been observed in these decays.




4.2.   C  P V   in Three-Body Decays


A search for   C  P   violation in the charmless decay     Ξ  b −  → p   K  −    K  −    was performed using Run 1 and part of Run 2 data, resulting in a total of 500 signal events [38]. The three-body final state was investigated using an amplitude analysis approach introduced in Section 3. A good description of the phase-space distribution was obtained with an amplitude model containing contributions from   Σ ( 1385 )  ,   Λ   ( 1405 )  0   ,   Λ   ( 1520 )  0   ,   Λ   ( 1670 )  0   ,   Σ   ( 1775 )  0   , and   Σ   ( 1915 )  0    resonances, as demonstrated by Figure 3, where the   p K  -invariant-mass distributions are compared with the amplitude fit results. The   C  P   asymmetry for the contribution of resonance R is defined as


   A i  C  P   =    ∫  Φ 3    d  Γ R  / d  Φ 3  − d   Γ ¯  R  / d  Φ 3   d  Φ 3     ∫  Φ 3    d  Γ R  / d  Φ 3  + d   Γ ¯  R  / d  Φ 3   d  Φ 3    ,  



(17)




where   Γ  ( − )    denotes the density of the final state phase-space for    Ξ  b −   (       Ξ  ¯      b  +   ). It is equivalent to the definition in Equation (9), but sums over all the helicity-dependent sub-amplitudes of each resonance. The results for these asymmetries are summarized in Table 1, which were all found to be consistent with zero, given the limited precision.



A study of     Λ  b 0  → D p   K  −    decays with D going to the     K  −    π  +    and     K  +    π  −    final states was performed based on the full Run 1 and Run 2 data [39]. About 1400 signal decays were reconstructed for the     Λ  b 0  →   [   K  −    π  +  ]  D  p   K  −    decay, which is dominated by the CKM favoured     Λ  b 0  →   D  0  p   K  −    process, while the     Λ  b 0  →   [   K  +    π  −  ]  D  p   K  −    decay is contributed by     Λ  b 0  →   D  0  p   K  −    with     D  0  →   K  +    π  −    and     Λ  b 0  →       D  ¯     0   p   K  −    with         D  ¯     0   →   K  +    π  −    processes. They are of similar magnitude, and both involve (suppressed) off-diagonal CKM matrix elements, such that only around 240 signal decays are detected. The two interfering processes of the     Λ  b 0  →   [   K  +    π  −  ]  D  p   K  −    decay make it sensitive to the CKM  γ  angle [40]. The branching fraction of the favored decay     Λ  b 0  →   [   K  −    π  +  ]  D  p   K  −    over that of the suppressed decay     Λ  b 0  →   [   K  +    π  −  ]  D  p   K  −    was measured to be   R = 7.1 ± 0 .  8  − 0.3   + 0.4    . The global   C  P   asymmetry of the     Λ  b 0  →   [   K  +    π  −  ]  D  p   K  −    decay was measured according to Equation (3) to be    A  C  P   = 0.12 ± 0 .  09  − 0.03   + 0.02    . The relative branching fraction and   C  P   asymmetry were also measured in the   p   K  −   -resonance-dominated phase-space region    M 2   ( p   K  −  )  < 5  Ge   V 2   /  c 4    to be   R = 8.6 ± 1 .  5  − 0.3   + 0.4     and    A  C  P   = 0.01 ± 0 .  16  − 0.03   + 0.02    , respectively. The relative branching fraction in the   p   K  −   -resonance region is consistent with a rough estimate based on relevant CKM matrix elements. No hint of   C  P V   was observed given the limited statistics.



  C  P V   studies have also been attempted for b-baryon decays with a    K  S 0   or Λ hadron in the final state, which is not favored by the LHCb due to the lower detection efficiencies for long-lived neutral particles. Within the Run 1 data, about 200 signal decays were observed for the     Λ  b 0  → Λ   K  +    K  −    decay and 100 for the     Λ  b 0  → Λ   K  +    π  −    decay [41].   C  P   asymmetries were measured using the CKM favoured     Λ  b 0  →   Λ  c +   ( Λ   π  +  )    π  −    decay as a control mode to cancel the production and most detection asymmetries. The results integrated over the final state phase-space were


         A  C  P    (  Λ b 0  → Λ   K  +    π  −  )  = − 0.53 ± 0.23 ± 0.11 ,           A  C  P    (  Λ b 0  → Λ   K  +    K  −  )  = − 0.28 ± 0.10 ± 0.07 ,     



(18)




both indicating a consistency with the   C  P   symmetry.



The direct   C  P   asymmetry measurement for the     Λ  b 0  →   K  S 0  p   π  −    decay is only available for the 2011 data, with a total of about 200 signal decays [42]. Similarly, the     Λ  b 0  →   Λ  c +   ( p   K  S 0  )    π  −    decay is used as a control mode to cancel the production and detection asymmetries, giving


   A  C  P    (   Λ  b 0  →   K  S 0  p   π  −  )  = 0.22 ± 0.13 ± 0.11 ,  



(19)




which is consistent with no   C  P V  .




4.3.   C  P V   in Charmless Four-Body Decays


Charmless four-body decays are composed of abundant intermediate resonances that may receive contributions from tree and loop diagrams of varying magnitudes, causing the weak phase and the strong phase to vary in the final state phase-space. Significant localized   C  P   asymmetries may be produced due to the interferences. The LHCb collaboration studied   C  P   violation in charmless four-body decays of    Λ  b 0   and    Ξ  b 0   baryons,     Λ  b 0  ,   Ξ  b 0  → p  h 1   h 2   h 3   , using the Run 1 data [43]. The production and detection asymmetries were canceled out by measuring   Δ  A  C P     with respect to the     Λ  b 0  →   Λ  c +    π  −    or     Ξ  b 0  →   Ξ  c +    π  −    control mode. The invariant mass distributions and fit results used to obtain raw yields of the     Λ  b 0  → p   K  −    π  +    π  −    decay and its corresponding charmed decay     Λ  b 0  →   Λ  c +   ( p   K  −    π  +  )    π  −    are displayed in Figure 4 as examples. A total of about 13,000     Λ  b 0  → p   K  −    π  +    π  −    charmless decays were observed.



In total, eighteen   C  P   asymmetries were measured, including the global   C  P   asymmetries for    Λ  b 0   and    Ξ  b 0   decays and localized asymmetries in the phase-space regions defined in Table 2, which put a focus on specific light resonances.



The measurements of   Δ  A  C  P     in low two-body invariant-mass regions (“LBM”) (defined in Table 2) were:


     Δ  A  C  P      Λ  b 0  → p   π  −    π  +    π  −  , LBM      = ( + 3.7 ± 4.1 ± 0.5 ) % ,       Δ  A  C  P      Λ  b 0  → p   K  −    π  +    π  −  , LBM      = ( + 3.5 ± 1.5 ± 0.5 ) % ,       Δ  A  C  P      Λ  b 0  → p   K  −    K  +    K  −  , LBM      = ( + 2.7 ± 2.3 ± 0.6 ) % .     



(20)







The measurements for quasi two-body decays defined in Table 2 were:


     Δ  A  C  P      Λ  b 0  → p  a 1    ( 1260 )  −       = ( − 1.5 ± 4.2 ± 0.6 ) % ,       Δ  A  C  P      Λ  b 0  → N   ( 1520 )  0  ρ   ( 770 )  0       = ( + 2.0 ± 4.9 ± 0.4 ) % ,       Δ  A  C  P      Λ  b 0  → Δ   ( 1232 )   + +     π  −    π  −       = ( + 0.1 ± 3.2 ± 0.6 ) % ,       Δ  A  C  P      Λ  b 0  → p  K 1    ( 1410 )  −       = ( + 4.7 ± 3.5 ± 0.8 ) % ,       Δ  A  C  P      Λ  b 0  → Λ  ( 1520 )  ρ   ( 770 )  0       = ( + 0.6 ± 6.0 ± 0.5 ) % ,       Δ  A  C  P      Λ  b 0  → N   ( 1520 )  0   K *    ( 892 )  0       = ( + 5.5 ± 2.5 ± 0.5 ) % ,       Δ  A  C  P      Λ  b 0  → Δ   ( 1232 )   + +     K  −    π  −       = ( + 4.4 ± 2.6 ± 0.6 ) % ,       Δ  A  C  P      Λ  b 0  → Λ  ( 1520 )  ϕ  ( 1020 )       = ( + 4.3 ± 5.6 ± 0.4 ) % ,       Δ  A  C  P      Λ  b 0  →   p   K  −     high - mass     ϕ  ( 1020 )       = ( − 0.7 ± 3.3 ± 0.7 ) % .     



(21)







The integrated (global)   Δ  A  C  P     were:


     Δ  A  C  P      Λ  b 0  → p   π  −    π  +    π  −       = ( + 1.1 ± 2.5 ± 0.6 ) % ,       Δ  A  C  P      Λ  b 0  → p   K  −    π  +    π  −       = ( + 3.2 ± 1.1 ± 0.6 ) % ,       Δ  A  C  P      Λ  b 0  → p   K  −    K  +    π  −       = ( − 6.9 ± 4.9 ± 0.8 ) % ,       Δ  A  C  P      Λ  b 0  → p   K  −    K  +    K  −       = ( + 0.2 ± 1.8 ± 0.6 ) % ,       Δ  A  C  P      Ξ  b 0  → p   K  −    π  +    π  −       = ( − 17 ± 11 ± 1 ) % ,       Δ  A  C  P      Ξ  b 0  → p   K  −    π  +    K  −       = ( − 6.8 ± 8.0 ± 0.8 ) % .     



(22)







No significant   C  P   violating effect was observed in any of the measurements, ruling out   C  P V   as large as ∼10%. The measurements are being updated to Run 2 data, which will improve the precision by more than a factor of two.



The TPA and the Energy Test methods discussed in Section 3 were also exploited to study   C  P V   in     Λ  b 0  → p   π  −    π  +    π  −    decays using data from Run 1 and 2015–2017 [44]. The dominant contributions proceed through the chain     Λ  b 0  →  N  * +     π  −   ,    N  * +   → Δ   ( 1234 )   + +     π  −    with   Δ   ( 1234 )   + +   → p   π  +    and the chain     Λ  b 0  →  a 1    ( 1260 )  −    π  +   ,    a 1    ( 1260 )  −  → ρ   ( 770 )  0    π  −    with   ρ   ( 770 )  0  →   π  +    π  −   . With a total of about 27 000 signal decays, the global   C  P   asymmetry measured using the TPA method was    a  C  P    T ^   - odd    =  ( − 0.7 ± 0.7 ± 0.2 )  %  . The   a  C  P    T ^   - odd     parameter was also studied in final state phase-space regions defined according to polar and azimuthal angles of the proton in the   Δ   ( 1234 )   + +     rest frame and the   Δ   ( 1234 )   + +     in the   N  * +    rest frame for the two   m ( p   π  +      π  −   slow  )  -invariant-mass regions. The high mass region   m  ( p   π  +      π  −   slow  )  > 2.8  Ge  V  /  c 2    is dominated by the    a 1    ( 1260 )  −    resonance, and the low one   m  ( p   π  +      π  −   slow  )  < 2.8  Ge  V  /  c 2    is dominated by the   N  * +    resonance. These two groups of phase-space bins are referred to as   A 1   and   A 2  , respectively. A second binning scheme is defined by dividing the absolute value of the angle (  | Φ |  ) between the planes of the   p     π  −   fast    system and the     π  +      π  −   slow    system, separately for the two   m ( p   π  +      π  −   slow  )   mass regions, referred to as   B 1   and   B 2  , respectively. Here,      π  −   fast   and      π  −   slow   represent the faster and slower of two negative pions in the    Λ  b 0   rest frame, respectively. No evidence of   C  P V   was observed for any binning scheme, as shown in Figure 5. For the study using the method of the Energy Test, where the distance is built from final state two-body and three-body invariant masses, no evidence of   C  P V   was found either. On the other hand, violation of parity P was observed by more than 5.3 standard deviations with both methods, largely contributed by the high   m ( p   π  +      π  −   slow  )   mass, i.e., the    a 1    ( 1260 )  −    region, as can be seen in Figure 5.




4.4. Rare Beauty Baryon Decays


In the SM, Flavor-Changing Neutral Current (FCNC) decays are mediated only by loop diagrams, which are heavily suppressed, such that they are usually referred to as rare decays. For charmless decays of beauty hadrons, the FCNC diagrams interfere with the tree diagrams, which have different weak phases. The flavor structure of b-hadron FCNC decays is well known in the SM and is very sensitive to hypothetical new heavy particles in the loop. The     Λ  b 0  → Λ γ   decay, where Λ is reconstructed with   Λ → p   π  −   , is contributed by the   b → s γ   FCNC diagram. The final state photon is almost fully left-handed, with the right-handed component suppressed by the ratio of strange-over-beauty quark masses    m s 2  /  m b 2   , such that parity P is strongly violated. The P asymmetry is quantified by the normalized difference,   α γ  , between the number of left-handed (  γ L  ) and right-handed (  γ R  ) photons,    α γ  ≡    γ L  −  γ R     γ L  +  γ R     . Dominated by a single diagram,   C  P V   is negligible for the     Λ  b 0  → Λ γ   decay. The LHCb made the first measurement of   α γ   for     Λ  b 0  → Λ γ   decays using the full Run 2 data with a total yield of about 450 signal decays [45]. The parameter   α γ   was extracted from an angular analysis to the proton polar angle (  θ p  ) in the rest of Λ, as illustrated in Figure 6. The results obtained separately for    Λ  b 0   and        Λ  ¯     b 0    decays were    α γ   (   Λ  b 0  )  = 1.26 ± 0.42 ± 0.20   and    α γ   (       Λ  ¯     b 0   )  = − 0.55 ± 0.32 ± 0.16  . These are consistent with a left(right)-handed     Λ  b 0  → Λ γ   (        Λ  ¯     b 0   →      Λ  ¯   γ  ) decay and are compatible with no   C  P V  .



The     Λ  b 0  →   Λ   ( * )    μ +   μ −    decay is an FCNC process with the underlying quark-level transition   b → s   μ +   μ −    . At low    Q 2  ≡  m 2   (   μ +   μ −   )   , it probes similar new physics effects as for   b → s γ   and provides additional information at high   Q 2  . In analogous   B →  K  ( * )     μ +   μ −     decays,   Q 2  -differential branching fractions and angular distributions have been found to have tensions with SM calculations [46]. These flavor anomalies have triggered much interest in the particle physics community. In the SM, all the dominating   b → s   μ +   μ −     diagrams have the same small weak phase, such that   C  P V   is limited, making it sensitive to   C  P   violation effects from physics beyond the SM. The   C  P V   of the    Λ b 0  → p   K  −   μ +   μ −    decay is studied by the LHCb using the Run 1 data sample of around 600 signal decays [47], as shown by the invariant mass distributions in Figure 7. The direct   C  P   asymmetry is measured with respect to the control mode     Λ  b 0  → p   K  −   J  /  ψ    (   μ +   μ −   )   , giving    A  C  P   =  ( − 3.5 ± 5.0 ± 0.2 )  ×  10  − 2    . The   C  P V   is also measured using the TPA method according to Equation (13) as    a  C  P    T ^  − o d d   =  ( 1.2 ± 5.0 ± 1.7 )  ×  10  − 2    . Both are compatible with   C  P   conservation and agree with SM predictions [48,49].





5. Results on Charm Baryon   C  P V  


The charm sector is both complementary to measurements in b-hadrons and at the same time is unique for studies of   C  P   effects in decays of an up-type quark. Additionally, when compared to studies in the b-sector, any theoretical predictions for the charm sectorare more complicated due to the mass of charm baryons, which is not negligible as in the case of light quarks, but also not heavy enough to use heavy quark expansion methods.



In the SM,   C  P   violation in the charm sector can only occur in Cabibbo-suppressed decays. The direct   C  P   asymmetry is expected to be at the   O (  10  − 3   )   level [50]. However,   S U ( 3 )   flavor breaking, rescattering, and new physics may enhance the   C  P   asymmetry to   O (  10  − 2   )  . Although the SM does not produce   C  P   violation in Cabibbo-Favoured (CF) and Doubly Cabibbo-Suppressed (DCS) decays, it is still worthwhile to measure their   C  P   asymmetries. DCS decays provide a clean environment to find new physics due to the low rate of possible SM processes. CF decays are usually used as control modes to cancel instrumental uncertainties.



The LHCb collaboration studied the   C  P   asymmetries in decays of     Λ  c +  → p   K  −    K  +    and     Λ  c +  → p  π −   π +    decays using the Run 1 data [51]. The    Λ  c +   baryon is produced in the semileptonic decay     Λ  b 0  →   Λ  c +   μ −  X  , where X represents any additional particle(s). The presence of   μ −   in the final state increases the trigger efficiency due to a highly sensitive muon detection at the LHCb.   Δ  A  C  P   ≡  A  C  P    ( p   K  −    K  +  )  −  A  C  P    ( p  π −   π +  )    is calculated to cancel the    Λ  b 0   production asymmetry, muon detection asymmetry, and    Λ  c +   final state detection asymmetry, to be


  Δ  A  C  P   =  ( 0.30 ± 0.91 ± 0.61 )  % ,  



(23)




which is consistent with   C  P   conservation. This result is dominated by the statistical uncertainty, and the LHCb is currently working on an extension of this analysis using the Run 2 data and also including promptly produced    Λ  c +   decays.



As discussed above, for multi-body decays, not only the global   C  P   asymmetry, but also localized asymmetries in the phase-space can be studied, which is the case for the measurement of   C  P V   for the Cabibbo-suppressed decay     Ξ  c +  → p   K  −    π  +    using the Run 1 data [52]. In comparison to the above-described    Λ  c +   measurements, decays of promptly produced    Ξ  c +   are studied for this analysis. The CF decay     Λ  c +  → p   K  −    π  +    is used to subtract experimental asymmetries. Due to the lack of knowledge about the    Ξ c +  → p   K  −   π +    decay amplitude, two model-independent methods, the binned Miranda and the unbinned kNN, are employed to examine   C  P   asymmetries. The distribution of   S  C  P    for the Miranda method shown in Figure 8 is consistent with a normal distribution, which corresponds to the   C  P   symmetry. Similarly, the results obtained by using the kNN method are also consistent with the   C  P   symmetry.




6. Summary and Prospects


The LHCb collaboration is highly active in studies of   C  P   violation in baryon decays. This article reviewed recent results on   C  P V   and rare decays in beauty and charm baryons, with emphases on charmless two-body, three-body, and four-body beauty decays and Cabibbo-suppressed charm decays. In brief, no   C  P V   has been observed in baryon decays yet. It is noted that most of them have been obtained using the Run 1 or some combination with part of the Run 2 data. Studies on the most-promising channels using the full LHCb dataset are ongoing. At the same time, thanks to the largest recorded beauty and charm baryon datasets, the LHCb can search for   C  P   violations in many additional decay modes.



One of the interesting opportunities is to measure the pseudo two-body decay     Λ  b 0  → Λ D  , where   D ≡   D  0  +       D  ¯     0    . A large   C  P   asymmetry is expected within the CKM model, arising from the interference between the   b → s +   D  0    and   b → s +       D  ¯     0     amplitude, governed by   V  c b     V  u s  *   and   V  u b     V  c s  *   CKM matrix elements, respectively. The decay is complementary to B-meson modes for determinations of the CKM angle  γ . With the Run 1 and Run 2 data, the sensitivity to the angle gamma has been estimated to be 12–  36 ∘   [40]. This study is expected to benefit greatly from Run 3 of the LHCb, where the expected sensitivity for the angle  γ  could reach 4–  11 ∘  .



Another large area of potentially interesting decays are charmless decays of    Ξ  b −  →Λhhh,    Ξ  b −  →p   K  S 0  hh, where h represents a kaon or a pion, and similar decays resulting in five and more charged final state particles. These decays offer a very rich decay dynamics; however, their low production rate and low reconstruction efficiency arising from many final state particles make these studies challenging.



With a new flexible software trigger and upgraded hardware, the LHCb is in a good position to study all already discussed decays and many more with a significantly higher precision, allowing us to shed more light on the baryonic   C  P   violation puzzle. We look forward to more results from the LHCb in the coming years.







Author Contributions


Conceptualization, X.D., M.S., Y.S., X.Y. and Y.Z.; methodology, X.D., M.S., Y.S., X.Y. and Y.Z.; writing—original draft preparation, X.D., M.S., Y.S., X.Y. and Y.Z.; writing—review and editing, X.D., M.S., Y.S., X.Y. and Y.Z.; supervision, X.D., M.S., Y.S., X.Y. and Y.Z.; project administration, X.D., M.S., Y.S., X.Y. and Y.Z.; funding acquisition, X.D., M.S., Y.S., X.Y. and Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (NSFC) under Contract Nos. 12061141007 and 12175005 and by the National Key Research and Development Program of China under Contract No. 2022YFA1601904. M.S. and Y.Z. were funded by Peking University by the Boya program.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the State Key Laboratory of Nuclear Physics and Technology.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	P
	Parity



	C
	Charge conjugation



	  C P  
	Charge conjugation and Parity



	  C P V  
	  C P   Violation



	SM
	Standard Model



	CKM
	Cabibbo–Kobayashi–Maskawa



	FCNC  
	Flavor-Changing Neutral Current



	DCS
	Doubly Cabibbo Suppressed



	CF
	Cabibbo Favoured



	BAU
	Baryon Asymmetry of the Universe



	kNN
	k-Nearest Neighbors



	TPA
	Triple Product Asymmetry



	LHC
	Large Hadron Collider



	  L H C b  
	Large Hadron Collider Beauty Experiment



	VELO
	VErtex LOcator



	TT
	Tracker Turicensis



	ECAL
	Electromagnetic Calorimeter



	HCAL
	Hadronic Calorimeter
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Figure 1. View of the LHCb detector. Reproduced from [11]. 
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Figure 2. Invariant-mass distributions of (top left)   m  p   K  −    , (top right)   m   p ¯    K  +    , (bottom left)   m  p   π  −    , and (bottom right)   m   p ¯    π  +    . Fit results are superimposed. Reproduced from [37]. 
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Figure 3. Distributions of the lower proton–kaon mass for (left)    Ξ  b −   and (right)        Ξ  ¯      b  +    decays, with fit results superimposed. Reproduced from [38]. 
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Figure 4. Invariant-mass distributions of (top left)   m  p   K  −    π  +    π  −    , (top right)   m   p ¯    K  +    π  −    π  +    , (bottom left)   m    Λ  c +    π  −    , and (bottom right)   m   Λ c −    π  +    . Fit results are superimposed. The legend from the top-left (bottom-left) figure is valid also for the top-right (bottom-right) figure. Reproduced from [43]. 
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Figure 5.   T ^  -odd P and   C  P   asymmetries of     Λ  b 0  → p   π  −    π  +    π  −    decays measured for the binning scheme (left)   A 1   and   A 2   and (right)   B 1   and   B 2  . Reproduced from [44]. 






Figure 5.   T ^  -odd P and   C  P   asymmetries of     Λ  b 0  → p   π  −    π  +    π  −    decays measured for the binning scheme (left)   A 1   and   A 2   and (right)   B 1   and   B 2  . Reproduced from [44].
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Figure 6. The   cos  θ p    distribution for (left)     Λ  b 0  → Λ γ   and (right)         Λ  ¯     b 0   →      Λ  ¯   γ   candidates superimposed by the fit results. Reproduced from [45]. 






Figure 6. The   cos  θ p    distribution for (left)     Λ  b 0  → Λ γ   and (right)         Λ  ¯     b 0   →      Λ  ¯   γ   candidates superimposed by the fit results. Reproduced from [45].
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Figure 7. Invariant mass distributions of (left)     Λ  b 0  → p   K  −    μ +   μ −     and (right)         Λ  ¯     b 0   →  p ¯    K  +    μ +   μ −     decays, with fit results superimposed. Reproduced from [47]. 
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Figure 8. Distributions of   S   C  P   i   and corresponding one-dimensional distributions for     Ξ  c +  → p   K  −    π  +    decays in the LHCb Run 1 data: (top row) 29 uniform bins and (bottom row) 111 uniform bins of the three-body phase-space. Reproduced from [52]. 
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Table 1. Results for the   C  P   asymmetries of     Ξ  b −  → p   K  −    K  −    decays. Reproduced from [38].






Table 1. Results for the   C  P   asymmetries of     Ξ  b −  → p   K  −    K  −    decays. Reproduced from [38].





	Component
	   A  C  P     (   10  − 2    )





	   Σ   ( 1385 )  0    
	   − 27 ± 34 ± 73   



	   Λ   ( 1405 )  0    
	   − 1 ± 24 ± 32   



	   Λ   ( 1520 )  0    
	   − 5 ± 9 ± 8   



	   Λ   ( 1670 )  0    
	   3 ± 14 ± 10   



	   Σ   ( 1775 )  0    
	   − 47 ± 26 ± 14   



	   Σ   ( 1915 )  0    
	   11 ± 26 ± 22   
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Table 2. Invariant-mass requirements used to select different phase-space regions for localized   C  P V   measurements. LBM refers to “Low 2×2-Body Mass”. Reproduced from [43].
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	Decay Mode
	Invariant-Mass Requirements (in MeV/   c 2   )





	     Λ  b 0  → p   π  −    π  +    π  −    
	



	LBM
	   m  p   π  −   < 2000  and  m    π  +    π  −   < 1640   



	     Λ  b 0  → p  a 1    ( 1260 )  −    
	   419 < m    π  +    π  −    π  +   < 1500   



	     Λ  b 0  → N   ( 1520 )  0  ρ   ( 770 )  0    
	   1078 < m  p   π  −   < 1800  and  m    π  +    π  −   < 1100   



	     Λ  b 0  → Δ   ( 1232 )   + +     π  −    π  −    
	   1078 < m  p   π  +   < 1432   



	     Λ  b 0  → p   K  −    π  +    π  −    
	



	LBM
	   m  p   K  −   < 2000  and  m    π  +    π  −   < 1640   



	     Λ  b 0  → N   ( 1520 )  0   K *    ( 892 )  0    
	   1078 < m  p   π  −   < 1800  and  750 < m    π  +    K  −   < 1100   



	     Λ  b 0  → Λ  ( 1520 )  ρ   ( 770 )  0    
	   1460 < m  p   K  −   < 1580  and  m    π  +    π  −   < 1100   



	     Λ  b 0  → Δ   ( 1232 )   + +     K  −    π  −    
	   1078 < m  p   π  +   < 1432   



	     Λ  b 0  → p  K 1    ( 1410 )  −    
	   1200 < m    K  −    π  +    π  −   < 1600   



	     Λ  b 0  → p   K  −    K  +    K  −    
	



	LBM
	   m  p   K  −   < 2000  and  m    K  +    K  −   < 1675   



	     Λ  b 0  → Λ  ( 1520 )  ϕ  ( 1020 )    
	   1460 < m  p   K  −   < 1600  and  1005 < m    K  +    K  −   < 1040   



	     Λ  b 0  →   p   K  −     high - mass     ϕ  ( 1020 )    
	   m  p   K  −   > 1600  and  1005 < m    K  +    K  −   < 1040   
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