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The LHCb experiment has recently achieved several major breakthroughs in the study of CP
violation in the baryon sector. Using the full Run 1 and Run 2 datasets, LHCb has reported the
first observation of CP violation in baryon decays in Ag — pK~n*n~ with a significance of
5.20. Evidence for CP violation has also been established in charmless Ag — AK*K~ decays
at the 3.10 level, and in beauty-to-charmonium transitions through the asymmetry difference
between A) — J/ypn~ and A) — J/ypK~, reaching a combined significance of 3.90. In
addition, LHCb has performed the first determination of decay parameters in Ag — A}h™ decays,
finding results consistent with CP symmetry. This proceeding summarises these measurements
and highlights their implications for understanding CP violation in beauty baryon decays.
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CP Violation in Baryon Decays at LHCb Xueting Yang

1. Introduction

Violation of CP symmetry is a key ingredient in explaining the baryon asymmetry of the
Universe [1]. Within the Standard Model (SM), CP violation arises from a single complex phase
in the Cabibbo—Kobayashi—-Maskawa (CKM) matrix [2]. While the CKM mechanism successfully
describes the CP-violating phenomena observed in kaon, B-meson, and charm-meson systems, the
amount of CP violation predicted by it is insufficient by many orders of magnitude to explain the
observed baryon asymmetry of the Universe. This discrepancy suggests the existence of additional
sources of CP violation beyond the SM.

Beauty baryons, such as the Ag and Eg, offer a unique laboratory to test the CKM mechanism
and to search for possible new sources of CP violation. Their weak decays are governed by the same
underlying quark-level transitions as those of B mesons, yet the presence of a baryonic spectator
system gives rise to richer interference patterns between amplitudes with different weak and strong
phases. Although CP violation in baryons has now been observed for the first time, the sector
remains largely unexplored, motivating further high-precision measurements.

The LHCb detector [3, 4] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, optimised for precision studies of b- and c-hadron decays. It features a high-
precision tracking and vertexing system, and excellent particle identification capabilities. The
analyses discussed here make use of the full Run 1 and Run 2 datasets, corresponding to an
integrated luminosity of about 3 fb~! of pp collisions at /s = 7-8 TeV (Run 1) and 6 fb~! at 13 TeV
(Run 2). Unless stated otherwise, the first uncertainty quoted for each result is statistical, and the
second is systematic.

1.1 Experimental methods

Baryon-number conservation forbids baryon—antibaryon mixing, so only direct CP violation
can occur in baryon decays. To quantify this effect, one compares the partial decay widths of a
baryon decay H;, — f and its charge-conjugate mode H, — f:
T(Hy, — f) -T(Hp = f)
I'(Hp — ) +T(Hp — f)

A nonzero asymmetry requires at least two decay amplitudes with different weak and strong phases

Al (1)

P

that can interfere.

Experimentally, the asymmetry is determined from the relative difference in signal yields of
baryons and antibaryons:
N(Hp = f) = N(Hp > f)
N(Hp — f)+N(Hp = )
where N denotes the measured yield of specific decay channel. To obtain the physical asymmetry
Al
and Hjp, baryons and detection asymmetries among the final-state particles.

raw _
Cp —

2

corrections are applied for experimental effects such as production asymmetries between Hj,

2. CP violation in charmless beauty baryon decays

Charmless decays of b hadrons proceed predominantly through tree-level b — u(itd/s) tran-
sitions and loop b — d/s(qq) diagrams, where gq = uii,dd, s5 . These two sub-process carry
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Figure 1: Invariant-mass distributions of (top left) m(pK ™), (top right) m(pK™), (bottom left) m(pn~), and
(bottom right) m(pr*) of the full Run 1 and Run 2 sample. The results of the fits are also shown. [6]

different weak and strong phases, and their interference can generate direct CP violation. In two-
body decays, the final state contains only two hadrons, so the observable CP asymmetry is integrated
over the entire phase space and corresponds to a single global asymmetry. For multibody decays,
however, Acp may vary across the phase space of the final state, and localised asymmetries measured
in different regions offer additional insight into the dynamics underlying CP violation.

2.1 CPV in charmless two-body decays

The charmless two-body decays A) — pK~ and A — pr~ provide a clean laboratory for
searches of direct CP violation, in close analogy to B— hjh, decays where CP asymmetries as
large as O(10%) have been observed [5]. Using the full Run 1 and Run 2 datasets [6], signal yields
are extracted from fits to the two-body invariant-mass spectra; the distributions and fit projections
are shown in Fig. 1.

After correcting the raw asymmetries for production and detection effects using appro-
priate control channels, the measured CP asymmetries are Acp(pK~™) = (=1.1 £0.7 £ 0.4) %,
Acp(pr™) = (0.2 £ 0.8 £ 0.4) %. These measurements improve the precision by roughly a factor
of three relative to previous results. Both results are consistent with CP conservation and exclude
the presence of percent-level direct CP violation in these charmless two-body Ag decays.
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Figure 2: Invariant-mass distributions of (left) AY — AK*K~ and (right) AY — AK*K~ of the full Run 1
and Run 2 sample. The results of the fits are also shown. [7]

2.2 CPYV in charmless three-body decays

A search for CP violation covering the channels Ag — Antrn™, Ag — AK*n™, Ag — AK*K™,
and Eg — AK~r* is performed using the full Run 1 and Run 2 datasets [7]. The CKM-flavoured
decay Ag — Al (— An*)n™ is used as a control mode to correct for possible detection and
production asymmetries. A significant difference in CP asymmetries, AAcp = (8.3 2.3 £ 1.6) %,
is observed between the Ag — AK*K~ channel and the control channel, corresponding to a
3.10 evidence for direct CP violation. Invariant-mass distributions and fit results are shown in
Fig. 2. Moreover, when restricting to the region of the phase space dominated by the N** — AK*
resonance, the asymmetry reaches (16.5 + 5.1)%. No evidence is found for CP violation in other
modes.

Direct measurement of CP asymmetries in the Ag / Eg — ngﬂ'_ and ngK ~ decays has
also been performed using the full Run 1 and Run 2 datasets [8]. Compared with the previous
analysis based on a subset of the Run 1 data, the signal yield for Ag — ngn‘ has increased by
nearly an order of magnitude, and two additional decay channels have been observed for the first
time. Branching fractions and integrated CP asymmetries are measured for the Ag — ngn_,
A9 — pKIK~, and E) — pKJK~ decays. For the A) — pK3n~ channel, the CP asymmetries are
also studied in different regions of the Dalitz plot. No evidence for CP violation is found in any of
the modes.

2.3 CPYV in charmless four-body decays

The four-body decay Ag — pK~n*n~ proceeds through a rich spectrum of intermediate reso-
nances, such as Ag — A (pK™) fo(n*r™), A(l)) — N (pah)n K", andAg — N(prn™) K*¥(n*K™),
which receive contributions from tree and loop amplitudes of different magnitudes. These resonant
structures introduce varying weak and strong phases across the multi-dimensional phase space,
leading to potential local CP-violating effects arising from their interference.

Using the full Run 1 and Run 2 datasets [9], LHCb measured both global and local CP
asymmetries. The Ag — A}(— pK n*)n~ decay is employed as a control channel to correct
for production and detection asymmetries. The global asymmetry Acp = (2.45 = 0.46 = 0.10)%
corresponds to a significance of 5.20-. This constitutes the first observation of CP violation in baryon
decays. Invariant-mass distributions and fit results are shown in Fig. 3. Localised studies across the
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Figure 3: Invariant-mass distributions of (left) Ag — pK~n*n~ and (right) A, » pK*n~n* of the full
Run 1 and Run 2 sample. The results of the fits are also shown. [9]
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Figure 4: Invariant-mass distributions in the R(psn*7~) resonance phase space of the full Run 1 and Run 2
sample. (left) Distribution of the px*7~ mass including both Ag and X?, candidates. The low-mass structure
corresponds to excited nucleon resonances decaying to the pa* s~ final state. Invariant-mass distributions
of candidates within the region delimited by the red box on the left plot are shown for Ag — pK ntn”

(middle) and K?) — pK*n~n* (right) decays, together with the fit results. [9]

phase space reveal asymmetries up to 60, particularly in regions dominated by the N** resonances.
Figure 4 shows the invariant-mass distributions of m(pz*z™), highlighting the N* resonance and
the fits to Ag and K?, candidates in N* dominant regions. These local patterns provide valuable
insight into the underlying interference mechanisms and hint at the dynamics driving baryonic CP
violation.

3. CP violation in beauty baryon to charmonium decays

Decays of beauty baryons to final states containing charmonium, such as Ag — J/yph~
(h = m, K), provide a baryonic counterpart to the well-studied » — ccq transitions in B mesons. In
the mesonic sector, LHCD recently reported the first evidence of direct CP violation in beauty-to-
charmonium decays, observed as an asymmetry difference between B* — J/yn* and B* — J/yK*
decays [10]. Extending these studies to baryons, the Ag — J/YypK~ and Ag — J/Yypn~ modes
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Figure 5: Invariant-mass distributions of (top left) Ag — J/y pr~, (topright) A, — J /¥ pr*t, (bottom left)

—0
Ag — J/y pK~, and (bottom right) A, — J/y pK* of the Run 2 sample. The results of the fits are also
shown. [10]

probe the corresponding b — c¢cCs and b — ccd transitions. The latter is expected to be more
sensitive to CP-violating effects due to enhanced penguin amplitudes.

The phase-space—integrated CP asymmetry difference between the two channels, AAcp =
Acp(A) — Jypr™) — Acp(A) — J/ypK™), is measured using the full Run 2 pp dataset collected
by the LHCDb detector. Kinematic reweighting is applied to ensure the cancellation of production
and detection asymmetries. The result, AAcp = (4.03+1.18+0.23)%, provides the first evidence of
CP violation in decays of beauty baryons to charmonium, with a significance of 3.30-. Combining
with the earlier Run 1 measurement using the Best Linear Unbiased Estimate (BLUE) method yields
AAcp = (4.31 £ 1.06 + 0.28)%, corresponding to a total significance of 3.9¢. The corresponding
mass distributions are shown in Fig. 5.

Other asymmetry observables are also investigated. The phase-space—integrated triple-product
asymmetry for Ag — J/ypnr~ decays is measured to be Ar_oqq = (—1.37+1.15+0.21)%, consistent
with T-odd symmetry. Searches for local CP violation and triple-product asymmetries in different
Dalitz-plot regions show no significant deviations from symmetry across the accessible phase
space. These results constrain possible CP-odd effects and provide the most precise test to date of
CP violation in baryon decays involving charmonium final states.



CP Violation in Baryon Decays at LHCb Xueting Yang

4. CP violation in the decay parameters of beauty baryon to open-charm decays

Hadronic weak decays of baryons provide a powerful probe of parity violation and possi-
ble charge-parity (CP) violation in the baryon sector. In particular, the decay of a spin-half
baryon into another spin-half baryon and a pseudoscalar meson can be characterized by three
parameters (a, 3,v) [12], which quantify the interference between parity-conserving P-wave and
parity-violating S-wave amplitudes. Their magnitudes and relative phases encode the degree of
parity violation and, when compared between baryon and antibaryon decays, provide access to
CP-violating asymmetries. While such studies have been extensively performed for hyperon and
charm-baryon decays, analogous measurements in beauty baryons had not been explored prior to
this work [13].

A comprehensive angular analysis is performed in Ag — AYh™ (h = n, K) decays, followed by
AL — AR* or A} — pK? with A — pr~, K9 — n*n~. Using the full Run 1 and Run 2 datasets,
the decay parameters a, 8, and y were determined through simultaneous fits to multi-dimensional
angular distributions. This constitutes the first determination of decay parameters in Ag — ATh™
decays, and yields measurements to date of the corresponding A} parameters. The weak and strong
phase differences in A} — Ah* decays are also determined.

Possible CP violation in the decay parameters was investigated using the observables A, =
(¢ +@)/(a — @) and Rg = (B + B)/(@ — @), where @ and S correspond to the parameters of
the antibaryon decays and are expected to have opposite signs to their baryonic counterparts. All
measured asymmetries are consistent with zero, indicating no significant CP violation. These
results provide key experimental input for theoretical models of baryon weak decays dynamics.

5. Conclusions

The LHCb collaboration has played a leading role in the study of CP violation in baryon
decays. The first observation of CP violation in the four-body decay Ag — pK n*n~ marks a
major milestone in particle physics, providing unambiguous evidence that baryons, like mesons,
can exhibit direct CP-violating effects. This achievement is complemented by the evidence for CP
violation in Ag — AK*K~ decays and in the AAcp difference between Ag — J/ypn~ and Ag —
J/wpK~, together probing charmless and charmonium transitions of beauty baryons. In addition,
the first determination of decay parameters in Ag — A}h~ decays provides a new perspective for
investigating CP violation and the dynamics of weak interactions in the baryon sector.

With the upgraded LHCb detector and a fully software-based trigger in Run 3, future mea-
surements will achieve unprecedented precision across a wider range of beauty- and charm-baryon
modes, offering powerful tests of the CKM mechanism and sensitive probes for possible sources of
CP violation beyond the Standard Model.
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