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Triple-product asymmetries in multi-body B decays can provide clean information about CP-
violating new physics. This Letter of Interest aims at promoting theory progress needed to interpret
future measurements of triple-product asymmetries, to identify appropriate models of new physics,
and to create a road map for the discovery of new sources of CP violation beyond the Standard

Model of particle physics.

I. Introduction

The Standard Model (SM) source of CP violation
is a single complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix that governs the mixing between
different flavors of quarks. Even though the fundamental
origin of this phase is not known — it is a free parameter
in the SM, experiments have already been successful in
measuring it. In fact, soon we will have very precise mea-
surements for the CP-violating phase in the CKM matrix.
Yet, this poses a much greater challenge. It is well known
that CP violation embedded in the CKM paradigm is
not enough to explain the baryon-asymmetry problem of
the universe, and that new-physics (NP) sources of CP
violation beyond the SM are needed. In order to ob-
tain concrete evidence for such NP we need two types of
progress in the upcoming decade to occur concurrently.
First, we need precise measurements of CP-violating ob-
servables from the experimental side, and second we need
to identify and calculate new CP-violating observables
from the theory side, both within the SM as well as in
NP frameworks for comparison with data and explain
deviations. This letter of interest will focus on ideas on
making progress from the theory side.

CP-violation can manifest in the following ways: I) a
time-independent asymmetry between the decay rates of
a particle and its antiparticle in specific channels, also
known as direct CP asymmetry, II) a time-dependent
asymmetry between such decay rates, also known as indi-
rect CP asymmetry, and III) an asymmetry that appears
as a difference between angular distributions of a multi-
body decay of a particle and its antiparticle. Triple-
Product asymmetries (TPAs) that appear in angular dis-
tributions of particle decays are of the third kind. The
TPAs are asymmetries involving scalar triple products
of the type TP = +¥; - (Vo X V3), where the Vi3
are momenta or polarizations of the final state parti-
cles. The TPAs can be constructed as Ap ~ N(TP >
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0) — N(TP < 0) where N(TP < (>)0) are the num-
ber of events with TP less than or greater than 0. Our
main focus in this Letter of Interest is to motivate the-
ory progress on the topic of triple-product asymmetries in
various multi-body B-meson decays[1-3|. Triple-product
asymmetries involving baryon spins and momenta can
also arise in baryon decays [4-6]. We focus on TPAs due
to their relative cleanliness as indicators of new physics.

Any non-vanishing CP-violating observable requires an
interference between two or more amplitudes with differ-
ent weak (CP-odd) phases. Direct CP asymmetries, how-
ever, also require the two interfering amplitudes to have
different strong (CP-even) phases. It is very likely that
new sources of CP violation living at energies higher than
the TeV scale only couple weakly to the SM. Therefore,
the strong interactions being the only source of CP-even
phases it is difficult to construct direct CP asymmetries,
even with NP. TPAs, on the other hand, can be non-
vanishing even if the two interfering amplitudes do not
have different strong phases. This makes TPAs great
targets for searches for CP-violating NP.

TPAs are generally T-odd observables. While many
TPAs are CP violating — called “true” TPAs, many TPAs
do not violate CP symmetry and are called “fake” TPAs.
“Fake” TPAs are non-vanishing even when the two inter-
fering amplitudes have the same weak phase. Measure-
ment of both “True” (CP-violating) TPAs and “fake”
(CP-conserving) TPAs can lead to a wealth of informa-
tion on the CP properties of any new interaction [7]. In
the following section we present a brief mathematical ba-
sis for TPAs.

II. Theory of Triple-Product Asymmetries

In angular distributions of multi-body decays of pseu-
docalar mesons (such as B mesons), where the final state
spin information is not retained, TPAs appear as coef-
ficients of terms that are proportional to a scalar triple
product of the form Py - (P2 X P3) (hence the name TPA),
where P; represents the vector 3-momentum of the i‘P
final state particle. Clearly, a non-zero TPA requires
the investigation of processes with at least four particles
in the final state [8]. In the simplest possible situation,
where there are only four particles in the final state, the



distribution of events in the decay can be parametrized
using three helicity angles. Fig. 1 presents an example
for these angles using the decay B — Dnl~ vy-.

FIG. 1. Angles in the B — D*(— Dr) £~ 1, distribution.

The full decay amplitude for a multi-body B decay can
be broken down into several helicities. For example, in
case of a decay that proceeds through two intermediate
on-shell vector mesons the amplitude depends on three
helcities. This decay can be represented in terms of he-
licity amplitudes (Ao, A), A1) as,

AB—=ViVe) = Ag &t &t — A & &7
—iAJ_(glng)'f, (1)

where €-(T); represents the longitudinal (transverse)
part of the vector V;. Allowing for time dependence due
to neutral B-meson mixing, the angular distribution can
be expressed as [9, 10],
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where 61,605 are polar angles, x is an azimuthal angle,
X;’s denote angular functions, and K;’s denote time-
dependent coefficient functions. The coefficient functions
can be further represented using,

K;(t) = a; cosh(AT't/2) + b; sinh(AT't/2)
+ ¢; cos(Amt) + d; sin(Amt) , (3)

where the time-independent observables a;,b;,c;, and
d; are functions of the helicity amplitudes contain-
ing information about the underlying physics. These
time-independent functions are of the form Re[A;A}]
or Im[A;A}]. Upon appropriately combining these ob-
servables with their CP-conjugate counterparts one can

construct interesting CP-violating TPAs of the following
form,

Im[A; A — A;A]] = 2| A;||Aj| cos(Ad) sin(Ag) ,  (4)

where Ad and A¢ represent the respective differences
between the strong and weak phases of the interfering
amplitudes. In experiments such a TPA can be measured
from an asymmetry in the distribution of decay events,

I'(sinx > 0) — I'(sinx < 0)
I(sinx > 0)+T(sinyx <0)

(5)

The SM contributions to CP-violating TPs often vanish,
making them clean signals for new physics weak phases.
Once a non-vanishing TP is measured at an experiment,
theory progress will be needed to identify the type of new
physics responsible.
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III. Future directions

One can systematically study the TPAs in various de-
cays. Of particular interest are the semileptonic charged
current and neutral current processes with the quark level
transitions b — ¢~ 7, and b — s¢T¢~ where evidence
of lepton-flavor non-universal new physics have been ac-
cumulating over the past few years. It is possible that
future experiments will see signatures of lepton flavor vi-
olating new physics. Measurement of nonzero true TPA
in these decays is a sure sign of new physics and needs
to be explored in greater details. Measurements and the-
oretical studies of TPAs in nonleptonic B decays is an
important tool to probe possible new physics that may
explain the polarization puzzle [11] or the K7 puzzle[12]
in B decays. Below we identify some processes where the
study TPAs can be very fruitful in the search for new
physics.

1. B— K*ptp~. In [13, 14] it was shown that TPAs
in this mode have distinguishing power between
certain classes of leptoquarks and new heavy vec-
tor bosons. Progress is needed to identify the ex-
perimental precision necessary for the discovery of
CP-violating new physics in this channel.

2. B— D*uv [15] and B — D*7v [16-18]. Modes in-
volving the 7 lepton are particularly interesting as
the 7 can be detected through its hadronic decay.
Theory progress is needed to identify additional an-
gular observables from multi-body decays of the 7
coming from a semi-leptonic B decay.

3. B — K*K* [10]. We consider this decay as an ex-
ample where many TPAs occur. Reliable calcula-
tion of these asymmetries in the SM and in different
models of new physics will be very useful to estab-
lish new physics and to distinguish among different
new physics models.
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