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In this article, we review our recent dispersive analysis of the large lo-
calized CP-violating asymmetries observed by LHCb in B* — K*ntn~
decays. Low-energy w7 final-state interactions are treated in a model-
independent way, and the weak decay is described as a short-distance
source. By fitting angular-projected data, we reproduce the Dalitz-plot
CP-asymmetry pattern at low m .. Our framework highlights the essen-
tial role of the non-resonant isospin-2 S wave, ensures unitarity, and can
be extended to other three-body decays.
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1. Introduction

The study of CP violation (CPV) in non-leptonic heavy-meson decays
provides a powerful probe of the flavor structure of the Standard Model
(SM). In the SM, CPV originates from the complex phase of the Cabibbo—
Kobayashi-Maskawa (CKM) matrix |1, 2| and arises through the interference
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of amplitudes with different weak and strong phases. While two-body B
decays can often be addressed within QCD factorization, three-body decays
remain theoretically challenging due to the non-trivial role of strong final-
state interactions (FSI) [3].

The LHCb Collaboration achieved a major experimental advance, mea-
suring CP asymmetries in three-body B decays to three light mesons with
unprecedented precision |4, 5|. Although integrated asymmetries are typi-
cally small, LHCb observed strikingly large CPV asymmetries, up to 60%,
localized in specific regions of the Dalitz plot [6]. In B¥ — K*rn 7~ decays,
most of those large asymmetries appear at low 77 invariant masses.

Conventional isobar analyses based on Breit—Wigner parameterizations
can capture some qualitative features of the data, but they suffer from in-
trinsic limitations, including violations of unitarity, an inadequate treatment
of non-resonant contributions, and the lack of a direct connection to wm scat-
tering data. This motivates the development of approaches that incorporate
FSI in a model-independent and theoretically consistent way.

In this article, we summarize our recent dispersive analysis of B* —
K*7t7~ decays that addresses these challenges [7]. By exploiting the uni-
versality of low-energy 77 interactions and using dispersive parametrizations
of the wm amplitudes following [8], while neglecting three-body effects and
retaining only two-body 77 final-state interactions, the framework provides
a unitary and model-independent description of FSI and offers a description
of the observed large localized CPV effects.

2. Dispersive treatment of FSI

The B* — K*n T~ decay is described by the Mandelstam variables s =
mZ_and t = m%_, with 2 = cos @, where 6 is the angle between the kaon and
one of the pions in the 77 rest frame. In the low-m,, region, the 77 system
is dominated by a small set of partial waves: the isoscalar S0, containing
the broad fy(500) and the narrow f(980); the P wave, dominated by the
p(770) and including the effects of p—w mixing, that we include analogously
to [9]; and the non-resonant isotensor S2 wave. Higher partial waves are
strongly suppressed and can be neglected.

Elastic unitarity relates the discontinuity of the production amplitude
to the 77 scattering amplitude, leading to a solution in terms of Omnés
functions [10], £2;(s),

AE(s) = P(s) () AT (1)
where i = S0,, S0s, P, S2. Note here that, for the SO wave, a coupled-
channel 77— K K treatment is required due to the proximity of the f5(980)

to the KK threshold, leading to both contributions SOn and S0s. The
Omnés functions are constructed from the w7 phase shifts and encode the
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analytic structure of the hadron—hadron interactions. The polynomials P;(s)
account for possible cross-channel and high-energy effects and are taken to
be linear in s [9], whose slopes will be fit to LHCb data. The short-distance
production is contained in the source terms flgt. This construction ensures
exact two-body unitarity and automatically satisfies Watson’s theorem in
the elastic region [11].

3. Weak decay and source terms

The short-distance weak decay is governed by two contributions propor-
tional to the CKM factors Vo, V25 and V,, V5 [12], corresponding to the two
quark-level topologies shown in Fig. 1. In the standard CKM parameteri-
zation, only the latter, Fig. 1 (b), carries the weak CPV phase v, while the
former is CP-conserving. The corresponding hadronic matrix elements are
treated as short-distance source terms for the Knw final state.

Bi.

Fig. 1. Quark-level topologies for Bt — KTntn~ decays with (a) and without
(b) a charm loop. The black box denotes the weak interaction carrying the CKM
factors and CPV phase.

A key ingredient is the charm-loop topology shown in Fig. 1 (a). Its
hadronization into intermediate hadronic states, such as DD, generates
CP-even strong phases once it couples to the light 77 system [13, 14|. These
hadronization effects are not modeled explicitly but absorbed into complex
source terms, which are not expected to yield strong energy dependencies,
and thus they are approximated as constants.

For each 7w partial wave, the source terms are parametrized as follows:

Azi = AZ + eii’YBi = a; ib; + ic;, (2)

where 4; collects the CP-even contributions associated with the charm-loop
topology, and B; is real and encodes the CP-odd contribution. Since flavor
and isospin symmetries reduce the number of independent parameters a;, b;
and c¢;, the fit contains thirteen real parameters.
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4. CPV observables and results

The decay rates of BT and B~ define the CPV difference Alcp(s, 2)
and the CP-even sum X 1'(s, z), from which the CP asymmetry Acp reads
Alcp(s,z) T (s,z) —I'*(s,z)

XI(s,z) I (s,2)+I"(s,2)

Acp(s,t) = (3)

The fit to these projections in the low-m,, region provides a good de-
scription of all data sets within uncertainties, reproducing the main features
observed in the CPV distributions shown in Fig. 2. Higher partial waves
or additional free parameters do not improve the fit, indicating that the
dominant dynamics arises from the lowest S and P waves.
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Fig.2. Fit to the projected event distributions of the symmetric (+) and antisym-
metric (—) combinations versus LHCb data [6] (supplemental material). We show
(a) the angle-symmetric sum of yields, (b) the angle-asymmetric sum of yields,
(c) the angle-symmetric CPV difference of yields, and (d) the angle-asymmetric
CPV difference of yields.

The amplitude decomposition shown in Fig. 3 highlights the essential
role of the non-resonant isospin-2 S wave, whose interference with the S0
and P waves is crucial to reproduce the observed CPV. This contribution
is absent in previous theoretical analyses [15-18], including those of LHCb.
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Fig.3. (Color online) The most relevant contributions to the projected AT, éjf,)(s)
distributions. Note isospin-2 S wave contributions in orange, blue, and olive, and
P—P self-interference in green.
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Strong phases from c¢ loop hadronization also play a key role, allowing for
a P—P self-interference, which generates the pronounced peak observed in
the CPV distributions in Fig. 3 (a).

Once the parameters are fixed, the framework predicts the full angu-
lar dependence of the decay amplitudes and the CP asymmetry over the
Dalitz plot shown in Fig. 4 (b). The predicted distribution shows excellent
agreement with the LHCb measurements in Fig. 4 (a), including the local-
ized regions with giant CP asymmetries. In such regions, the CP-conserving
denominator XI" in Fig. 4 (d) is very suppressed, and even a moderate con-
tribution in the CPV numerator AI'cp in Fig. 4 (¢) can lead to a very large
relative asymmetry. The large asymmetries are thus not driven by an excep-
tionally large absolute CPV difference, but rather by a strongly suppressed
denominator.
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Fig.4. B* — K*n T~ Dalitz plot section for m?, _ <1 GeV?2. (a) LHCb binned
raw CP asymmetry Acp, cropped and enlarged from Fig. 3 of Ref. [6]. (b) Acp,
Eq. (3) from our analysis. (c) CPV difference Al'cp (numerator of Eq. (3)). (d)
CP-conserving sum X' I" (denominator in Eq. (3)).

5. Summary and conclusions

In this article, we have reviewed our recent dispersive analysis of the
B* - K*nt7~ decays that achieves a quantitative description of the large
localized CP asymmetries observed experimentally. The key ingredients of
the framework are a universal, model-independent treatment of low-energy
7w final-state interactions via Omnés functions and a parameterization of
the weak decay source with a clear physical interpretation. The approach
preserves unitarity and avoids the model dependence typical of traditional
isobar analyses. Our results highlight the essential role of CP-odd strong
phases arising from the hadronization of intermediate states, such as DD
contributions from the ¢¢ loop shown in Fig. 1 (a), as well as non-resonant
effects, particularly the isotensor S2 wave, in shaping the CP-violating struc-
ture of the Dalitz plot. Moreover, the framework can be readily extended to
other three-body B-meson decays and to different kinematic regions.
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