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In this paper, we investigate the time-dependent angular analysis of B — ¢¢ decay to search for new
physics signals via CP-violating observables. We work with a new physics Hamiltonian containing both
left- and right-handed chromomagnetic dipole operators. The hierarchy of the helicity amplitudes in this
model gives us a new scheme of experimental search, which is different from the ones LHCb has used in its
analysis. To illustrate this new scheme, we perform a sensitivity study using two pseudo datasets generated
using LHCb’s measured values. We find the sensitivity of CP-violating observables to be of the order of
5-7% with the current LHCb statistics. In addition, we present a revised version of the table of coefficients
of time-dependent terms in the angular decay distribution with precisely defined quantities. Moreover, we
show that Belle(I)’s B?z — ¢K, and LHCb’s B — ¢¢ measurements could be coupled within our model

to obtain the chirality of the new physics.
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I. INTRODUCTION

Currently, the only confirmed source of CP violation is
the Kobayashi-Maskawa (KM) phase present in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2], which
arises when we move the quarks from flavor to mass
eigenstate in the Standard Model (SM). However, we
expect to find more sources of CP violation owing to the
observed matter-antimatter asymmetry in the Universe [3].
Thus, it is imperative to look for CP-violating observables,
especially those which are very small or zero in the SM,
because if they deviate even slightly from zero (which can
be checked by a null test), it would not just be a discovery
of a new source of CP violation, but also be a smoking-gun
signal of new physics (NP).

In this article, we study the BY — ¢¢ decay [where
$(1020) is implied throughout this paper], which is a
B — VV-type pure penguin process. B — VV type proc-
esses have been extensively studied in the literature [4—18].
The presence of penguin quantum loop makes it an
excellent probe to search for new heavy particles and
being a purely penguin-type decay keeps it free from tree-
penguin interference contamination, making it a clean
observable to search for NP [16—18]. The object of interest
is going to be the phase in the interference of the direct
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decay of BY mesons and decay via mixing of B — BY to CP
eigenstates, which is a CP-violating parameter. This phase
is expected to be very small in SM [-28, ~ O(4?)]. In
this paper, we will be presenting a new scheme for the
interference phases of different helicities within the frame-
work of our chosen model of study, which is constructed by
adding the chromomagnetic dipole operator (and its chir-
ally flipped counterpart) to our Hamiltonian.

The objective of this article is threefold. The first is to
show the power of angular decay distribution; it can help
segregate the final state when it is a mixture of different
helicities. Combining it with a P — VV-type decay
(P-pseudoscalar particle and V-vector particle) gives us
access to three (helicity) amplitudes instead of one,
meaning we can go beyond the assumption of helicity-
independent phases to probe three CP-violating phases,
and possibly three new indicators of NP.

Secondly, we present a new scheme for the interference
phases, based on the hierarchy of helicity amplitudes
arising in our model, which is different from the ones
LHCb used in its fits [19]. We also note the fact that
LHCDb’s objective is to do a null test of the interference
phase, without any regard to its origin (decay or mixing).
However, we specifically assume that the weak phase is
coming from decay amplitude, not mixing amplitude.
Consequently, we change the form of helicity/transversity
amplitude to include a CP-violating decay phase. This
modifies the coefficients of time-dependent part of ampli-
tude, which we present in Table V. In addition, we
investigate the Bg — ¢K, decay amplitude with our NP
Hamiltonian. We show that the Belle(II)’s Bg — ¢K, decay
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measurement along with the LHCb’s B — ¢¢ measure-
ment can provide the chirality of NP in our model, as long
as the signs of cosine of strong phases of these decays can
be obtained from the theory.

Lastly, we perform a sensitivity study to illustrate the
new scheme of experimental analysis we are proposing. We
perform a fit with two pseudo datasets (based on two sets of
result of LHCb) to calculate the sensitivities of the CP-
violating parameters, which also act as null test parameters
for new physics.

The organization of the article is as follows: In Sec. II,
we describe the angular decay distribution of the BY —
¢(—» K"K )p(— KTK™). In Sec. III, we talk about the
CP-violating parameters in SM and in the presence of a NP
amplitude. In Sec. IV, we introduce our NP Hamiltonian
and do a helicity/transversity analysis in order to pinpoint
the effect of NP in the correct transversity amplitude, based
on which we present our new phase scheme in Sec. V.
Following this phase scheme, we do a sensitivity study on
the CP-violating parameters with two pseudodatasets in
Sec. VL. Finally, we show that under certain conditions, the
results of Bg — ¢K, from Belle(Il) can be used to comple-
ment the results of BY — ¢¢ to find the chirality of NP.

II. ANGULAR DECAY DISTRIBUTION

The angular decay distribution for BY — ¢(— K+*K™) x
¢(— KTK™) decay can be described by the help of three
angles as shown in Fig. 1. A random choice is made for
which ¢ meson is used to determine 6; and 6,.
The power of angular analysis is that it can disentangle

|

the final states of BY — ¢¢ decay (which is a mixture
of CP eigenstates) and we get access to three (helicity/
transversity) amplitudes instead of one, meaning we can
probe three CP-violating phases, and possibly three new
indicators of NP. We will neglect the contribution of scalar
f0(980) resonance, as it can be removed by appropriate
experimental cuts [19,20]. The amplitude then for this
process is given by

A(t,60,,0,,®) = Ay(r) cos 6, cos 0,

V2
AL (1)
V2

where Ay is the longitudinal CP-even, A is the transverse-
parallel CP-even, and A, is the transverse-perpendicular
CP-odd transversity amplitude. The resulting angular
decay distribution is proportional to square of the amplitude
in Eq. (1) and has six terms [21],

+

sin 6; sin 6, cos ®

+i sin@; sin@, sin®, (1)

arT
dtd cos 0,d cos 0,dD

& |'A(t’61, 92,(I)>|2
1
=12 Ki(0fi(61.6,.9). (2)
i=1

The angular dependence contained in f;(6,,0,,®) is as
follows:

1
|A(2,0,,0,,®)> = 1 [4K (1) cos® 0 cos? 0 + K, (1) sin® 0, sin® 0, (1 + cos 2®) + K5(¢) sin 0, sin® 6, (1 — cos 2P)

— 2K, (1) sin? 0, sin® 0, sin 2® + V2K 5(7) sin 20, sin 26, cos ® — v/2K(t) sin 26, sin 20, sin®]. (3)

FIG. 1. Decay angles for the BY — ¢(— K*K~)¢p(— KTK~) decay, where 0, () is the angle between the K momentum in the ¢;(»)
meson rest frame and the ¢, ;) momentum in the BY rest frame. @ is the angle between the two ¢ meson decay planes. The angular

conventions used are defined in detail in Appendix A.
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The time dependence is contained in K;(¢#) which is
defined as

1 1
Kl(t) = Nl'e_r“'[ |:al‘ COSh <§ AFJ‘) + bi Sinh (E AFXZ’)
+ c;cos(Amyt) + d; sin(AmSt)} ) (4)

The coefficients a;, b;, c; and d; are the LHCb experimental
observables given in Table V. The structure of these
coefficients depend on the form of amplitudes Ag , (7),
defined in Sec. IIIB. Ay, =1, —I'y is decay-width
difference between the light and heavy BY mass eigenstate,
I, = (', +'y)/2 is the average decay width and Am, =
my —my is the mass difference between the heavy and
light BY mass eigenstate, and also the B — B? oscillation
frequency. Their values are AT’y = 0.086 + 0.006 ps~! and
Iy = 0.6646 £ 0.0020 ps~! [20], and the oscillation fre-
quency is constrained by the LHCb measurement to be
Amg = 17.768 £ 0.023(stat) & 0.006(syst) ps~! [22].

III. SEARCH FOR NEW PHYSICS VIA CP
OBSERVABLES

A. CP-violating quantities in the Standard Model

Before looking at how to search for NP, we must know
the SM predictions [23]. The phase in the interference of
decay with and without mixing is almost zero in SM in
BY - ¢¢ decays because the KM phase in B? decay
amplitude cancels the one arising from the BY — BY mixing
box diagram (considering the dominant #-quark contribu-
tion). This makes BY — ¢¢ decay a very attractive null-test
channel. But for a more accurate prediction of phase (to
higher orders in 1), we need to consider the contribution of
u and c-quarks too. These contributions can arise due to
QCD rescattering c¢ — gg and uit — qg (¢ = d, s) from
tree operators b — ¢c5 and b — fus, respectively, and may
have a contribution up to around 20-30% [24] of the
dominant top amplitude. Taking into account these con-
tributions, the SM amplitude for b — 5 decay for a given
helicity ‘k’ can be written as

AEM = )“IPt,k + /?'cRc.k + )“uRu,k’ (5)

where 4, = V,V s is the CKM matrix element. Here,
while P, arises due to gluonic penguin with a #-quark in
the loop, R, and R, are the rescattering contribution.
The existence of these contributions prevents the above-
mentioned cancellation from occuring. In the following
sections, we neglect the rescattering contributions; still, let
us look at their possible impact.

Using the unitarity of the CKM matrix to eliminate the
c-quark contribution in Eq. (5) and writing strong phases
explicitly, we get

AEM = |V:bvts |e_[ﬂs
= |V:ths |e_iﬂs

PRtC’k|ei6m_k +|VE, Vs |€7 | RR ¢ | €0
PR, |e®et[1 4 FMei(rthe) oi(Guci—dren)]

(6)

where Pth,k = Ptfk - Rcfk’ RRuc,k = Ru,k - Rc,ks 6 denote
the SM strong phases, ff; = arg(_vv’—:vvj”) ~n%, and M =
esVep

IV:;qu.\'HRRuL'.kI
|V7hvz.xHPch4k‘ :
around 20-30% of the dominant penguin amplitude, we

can write % = O(4), as A~ 0.22. Therefore, we have

rM = O(4%). Thus, by defining ASM = [ASM|¢id™ i
we find ¢M = —p, + O(2}) and &M =6, + O(2%).
This implies that the following discussion (and this form
of amplitude) is valid for NP searches of order 1.

Assuming that the rescattering contribution is

B. CP-violating quantities in the presence of new
physics: Parametrization

In this study, as mentioned before, we are only probing
CP-violating phases in the decay; thus, our parametrization
is done accordingly. Here, for generality, we include both
left- and right-handed currents (which could arise from
several NP models), which could give rise to new CP-
violating phase(s). Also, we assume |%| =1 [25].

The helicity/transversity amplitudes, with helicity/
transversity “k” are written as [26]

A1) = ()i Her|B2(1)) = g, (1)As +§g_<r>Ak,

Ar(1) = ((¢@)i|Her| BY(1)) = g1 (DAy + Sg_(t)Ak- (7)

where ¢, (1) and g_(#) describe the time evolution of BY and
BY, respectively. Using Eq. (6) and adding a NP compo-
nent, the amplitude at + = 0 can be written as

Al0) = A = AP 4+ AT

— |A2M‘ei52M6i¢SM + |AIIjP’ei5],jPei¢}jP

_ |A§M‘€i5iMei¢SM(1 + rlljpei( EP—quM)ei(afP—azM))

= |A§M\eiﬁfMei¢SMXkei9k, (8)
where in the last line, we denote the quantity in the
B |ANP‘
= T
mixture of weak and strong phases." Similarly, for the
CP-conjugate amplitude, the expression is (7, is the CP

parenthesis as X;e% and rYP The phase 6, is a

'Notice that if we assume 6™ = &}®, then the phase 6, would
be a purely weak phase. In such a case the interference phase in
Eq. (10) would not just tell us about the presence of NP, it would
also tell us the value of CP-violating (weak) phase in the decay
amplitude. However, we work in the most general case in this
calculation, as we only wish to probe for NP.
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eigenvalue of the transversity state, with n;, = —1 and
Mo = 1)

A = AP e (1
= AP e X 9)

rNP=ilB" ™) i (57 =5))

Recalling that arg(q/p) = 2, ~ 2¢SM, we finally get

e il —i(0=07)

= MAe ", (10)
P A

where A, = Ii—:} =2t becomes the direct CP violation

measurement parameter, Ar # 1 implies direct CP violation
is present in the decay. Since in SM, 4, =1 for all
helicities, the deviation of this value from 1 [by more than
O(2*)] would be a clear signal for NP, i.e., 4, — 1 is a null-
test parameter for NP. Another quantity that can be used for
NP search is the interference phase 6, —6{. In SM, this
quantity is zero, as explained in Sec. III A. Therefore, the
deviation of this quantity from zero [by more than O(4%)]
would be a signal of NP, i.e., 6, — 0 is also a null-test
parameter for NP. One must note that there is one special
case when neither of these two parameters would be able to
detect the presence of NP; it is the case when ¢YF = ¢SM.
In this case, 4, =1 and 6; — 07 =0 and NP cannot be
detected by CP-violating observables.

Here, we take a moment to explain the #; factors used.
When we write the CP-conjugate decay, we replace the
particles by their antiparticles. The effect of this replace-
ment on the helicity angle is ¢p — 27 — ¢, which gives rise
to a negative sign in those terms which contain amplitudes
having a negative CP parity (A, in our case). Therefore,
using #; in the definition of amplitude allows us to use

|

U =sin®cos D,
Nu=>0)-1U<0)
AU =
U >0)+I(U<0)
V = sin(+0),
rv>0)-I(v=<o0)
AU =

I(V>0)+I(V<0)

the same angular functions for B? and B decays, which
facilitates calculations in untagged samples [23].
The time-dependent amplitude is given by

q A
A t :A )
(=9, (0400024
A1) = [AM|X e 0™ e (g (1) + g_ (1) mide™ %]

(11)

The coefficients of the time-dependent terms in Eq. (4),
obtained by using Eq. (11), are given in Table V. Our time-
dependent amplitude differs from the one given by LHCb,
because while LHCb has used the amplitude A, = |A;|e™,
our amplitude contains both SM and NP contribution, and
both contain strong and weak phases [see Eq. (8)].2 Thus,
we have the phase ¢SM + 6, along with 53M (contrary to
LHCb equation where there only is S3M outside the
bracket). In addition, because we have both SM and NP
amplitudes, we get two different mixed phases (8 and 6Y)
coming from A, and A, and thus the interference phase is
0, — 0, contrary to LHCb s equation, where the interfer-
ence phase is simply ¢, ;.” 3 This changes the coeff1c1ents in
Table V with respect to the ones given by LHCb [19]. For
simplicity of notation, we simply denote &;™ as &, in the
rest of the paper.

Another probe for measuring CP violation are the triple-
product asymmetries. This arises from the fact that the
scalar triple product of three-momentum or spin vectors are
odd under time reversal. In BY — ¢¢ decay, we have two
triple products U and V, and we measure the corresponding
asymmetries A;; and Ay as follows [26],

alﬂmmmq@+awm@m,

o [ AL (0A3(0) + A0 (0)ar (12)

*The mixing-induced CP violation (i.e., the CP violation in interference of decay with and without mixing) cannot tell us if the
original source of this effect is coming from the dynamics of AB = 2 (mixing) sector or that of AB = 1 (decay) sector, as long as we are
working with only one final state (or one pair of CP-conjugate final state). We need information from at least one more final state to
demde unamblguously the presence of direct CP violation and/or CP violation in mixing [27].

*This increase in number of parameters will make the search more sensitive to NP. However, this comes at a price; it becomes more
difficult to make the fit converge. Thus, we need model-dependent simplifying assumptions to reduce the free parameters, as we will

show in the subsequent sections, to make the fit converge.

*If 6, and 0 are helicity independent, they will cancel out when we write terms of type A;(1)A;(t) or |A;(1)

that of LHCb would exactly be the same.

2. Then our formula and

096002-4



NEW PHYSICS SEARCH VIA CP OBSERVABLES IN B? — ¢¢ ...

PHYS. REV. D 108, 096002 (2023)

Putting the amplitudes, and comparing it with Eq. (4) and
Table V, we see that these triple products are related to the
K,4(t) and K¢(r) terms in the decay amplitude.

IV. NEW PHYSICS MODEL

In this section, we see the new physics model and
perform an helicity analysis on it to pinpoint its effect on
the relevant CP observables. The model we choose to use
in our study is that of the chromomagnetic dipole operator
Og,, which, for b— 5g process, is given as follows:

_ a8
Js v fo a
g2 b (14 y5)7ﬁsﬂG,w. (13)

Ogg -
Though the chromomagnetic operator is a SM operator, it is
suppressed by b-quark mass m,, (and its chirally flipped
counterpart is suppressed by s-quark mass m,). However,
it is very sensitive to several NP models, like the left-
right symmetric class of models or SUSY, where it can
undergo chiral enhancement to overcome the quark mass
suppression [28-35]. In addition, there are some NP
models that give the same contribution to both decay
and mixing amplitudes. This causes the contribution to
cancel out in the interference phase, and they remain
undetectable in B — ¢¢) decay. However, since the chro-
momagnetic operator only contributes to the decay ampli-
tudes, a NP contribution manifesting itself through this
operator can be very well detected via this channel (the
BY — BY mixing amplitude has already been well con-
strained by previous measurements [36,37], so we do not
focus on it in this work).
Starting from the effective Hamiltonian for AB =1
decay, it is given by (¢ €{d,s})

6
Herr = V?‘b | D_(CM0:) + Cyy 05, + Cyy Oy,
i=3

+H.c. (14)

The operators are given by (¢’ € {u,d, s, c})

03 = (Baqa)V—AZ(q‘/ﬂq/ﬂ)V—A’
q/

04 = (BﬁQa)V—AZ(EI,aQ;})V—A’
q/

0s = (l_’a%)v—AZ(f_I;;%)v+A’
q/

06 = (Bﬁq(l)V—AZ(E]ilq;j)V+A’ (15)
ql

with the notation (ab)y.,(cd)yys = ar*(1£y°)b x
ey, (1£9°)d.

Here, we only include the gluonic penguin operators.
The operator with tilde is obtained by changing the sign of
¥5 term in the definition of Og, to obtain the chirally flipped
counterpart.

A. Helicity analysis

Once we have the model clearly defined with Hamiltonian
and amplitudes, we can move on to the helicity analysis. As
mentioned before, the advantage in P — V'V type decays is
that the final state can be split into three helicity states, which
gives us access to three amplitudes, whose sum makes up the
total amplitude. The general form of helicity amplitude for
the process BgM, p) = Vile, M, ki) + Vy(er, Ms, ks) is
given by [38]

H; = a(e1(4) - 3(4) + (€1(4) - k2)(€3(4) - ky)

MM,
iC * *U o
+ m%waﬁ”(ﬁ)ez (kK3 (16)

where 4 = {4, —, 0} is the polarization of final state. a, b,
and ¢ are the invariant amplitudes. Putting the polarization
vectors for the three different polarizations, we get

Hy=ax+b(x* - 1), H,=a+cVx*-1, (17)

M2—M2—M>
IR
helicity basis is transversity basis [21]. To go there, we first
note that by angular momentum conservation, the final-state
helicities could only be |+ +),|——), and |00). Since
P|++) =|——) and P|00) = |00), we can define parity

eigenstates with eigenvalues £1 as [27]

where x = 2. A more convenient basis to work than

= (|++>+|——>)

L) =—=(++ -1 (18)

Sl 8-

These are called transversity amplitudes, denoted by A, with
k =

Ay = (H EH). Ag=Hy (19
Thus
Ag=ax+b(x*-1), A =V2a,
AL =/2(:2 = 1)e. (20)

*We use the convention ¢°'23 = 1. The opposite convention
would simply interchange the definition of H, and H_, without
affecting Hy.
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Let us see the hierarchy of amplitudes predicted by the
V — A structure of current. The hierarchy is Hy > H, >
H_ (interchange + and — signs for B decay) [39], with the
approximate ratio Hy: H, :H_~1: (m</) : (Z—‘;)z [39.,40].
However, it is well known that this hierarchy is not
observed experimentally in B — VV decays. A large trans-
verse polarization was first observed in B; — ¢K* [41]
(and then later in B; — J/w¢ [37], By — ¢p¢ [19], etc.)
which gave rise to intense theoretical and experimental
studies of charmless B — VV decays. Several theoretical
papers have been written to go beyond the naive factori-
zation method and use more sophisticated tools (like QCDf,
pQCD, SCET, etc.) to compute these decays more accu-
rately [16-18,39]. It has been pointed out in [17,39,42]
that a major contributor to transverse amplitudes are the
annihilation diagrams which can explain the large fraction
of transverse amplitudes observed experimentally.

On the other hand, the contribution from the chromo-
magnetic operator is suppressed in transverse penguin
amplitudes (originally pointed out in [39], and verified
by pQCD approach in [43]). Therefore, the NP contribu-
tions manifesting via the chromomagnetic operator should
predominantly contribute to longitudinal polarization
amplitude. This is a key point, that we would use in the
subsequent sections for our fit.

The total amplitude for SM, left- and right-handed
currents can be written as follows, where, as discussed

above, we neglect the transverse contributions Mﬁ 'f in NP

amplitudes:
SM, Total
My = MGy + MGy + My
Gr
_ \/' th ts(f f‘SM+§SMfSM_|_§ fSM)
LTtl L
M ota M 540
Gr .
= \/Evtb ts(fo}—o )
RTotal
M M0¢¢
Gr
==LV V(-8R (21)

where M and FNP contains the contribution from the
matrix elements for SM and NP case, respectively. The &7
(k=1{0,||,L} and pe{SM,L,R}) are combinations of
Wilson coefficients, and contain the weak phases. The
actual form of £ and F depend upon the model chosen to
compute the matrix elements, but it is not important for our
purposes. The important thing to notice is the sign change
in the longitudinal component of right-handed amplitude.
This sign change occurs due to the sign change in the axial
part of the current; we have verified this for longitudinal
amplitude by both naive factorization and pQCD approach.

V. NEW PHASE SCHEME FROM THE
CHROMOMAGNETIC OPERATOR

Let us now clarify the observables which are sensitive to
our NP model. Following Eq. (21), the total longitudinal
transversity amplitude in the presence of NP manifested via
the chromomagnetic operator is now given by

Gr
MR = =SV Vi (@R + SR - )
V2
MO ¢¢(1 + rLei(a)L+a) _ I‘Rei(a’R+°—)), (22)

where we parametrize the NP contribution as follows:

R]:'NP )
;:(;A;SM = Reiloxte) (23)
0 0

L NP .
gi(]zA;SM — ;Leilor+o)
0 70
wp g are the weak/CP-odd phases and o is a strong/CP-
even phase. Recalling the definition of interference phase
from Eq. (10) and putting Eq. (22) in it, we can write

q ./\_/lg‘;};‘;l _ 9 —i(60=65)
P Mo
- 1 +2coso(rlemon — fReior)
1 + 2rt cos(wp. + o) = 2rR cos(wg + )

(24)

Therefore, only Ay and 6, — 6 would get contributions
from NP, while other transversities CP-violating parame-
ters would assume their SM values, i.e., QH = Hﬁ =0, =
07 =0 and ) =4, = 1. As we can see, the five theo-
retical parameters (rR, g and o) cannot be determined,
as we do not have sufficient observables (only 4, and
0y — 0;). Nevertheless, an observation of nonzero value
of 4y — 1 and/or 6, — 6 would clearly indicate the pre-
sence of NP.

Let us now compare the phase scheme that LHCb used
in their fit to ours. Before comparing with our parametri-
zation, we note that the interference phase in LHCD is
defined as

1

a Mgy _
A sTotal —

P MG

_ ¢I]:HCb

klke (25)

where k is the transversity and 7, is the CP parity of the
transversity state. Comparing Eq. (25) with Eq. (10), we
find pLHC = g, — 0¢. LHCD uses the following two differ-
ent fit configurations:
(i) LHCD helicity-dependent (HD) scheme: ¢p5H = 0,
=1V k(¢ and qﬁﬁ”c" are the CP-violating

fit parameters).
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(ii) LHCb helicity-independent (HI) scheme: ¢ =
PV k, A=AV k (¢ and A are the CP-
violating fit parameters).

The new fit configuration we are proposing is

(1) NP manifested via the chromomagnetic operator:
pHHCe = ﬁHCb =0 or equivalently 0 =6f=
0, =07=0,1, =24 =1 (@' and 1, are the
CP-violating fit parameters).

The LHCD fit configuration does not match to ours, and
a new fit of LHCb data with this new scheme based on
our model would be very interesting. We emphasize that
neither of the two LHCb schemes above fit ¢§"® and 4,
simultaneously; therefore, our phase scheme is a new
avenue to search for NP manifesting itself via the chro-
momagnetic operator.

VI. SENSITIVITY STUDY WITH THE NEW FIT
CONFIGURATION

In this section, we illustrate an analysis with the new
phase scheme we proposed in Sec. V. To start, let us list all
the possible fit parameters before considering any model
assumptions; (|Ag 1 |*. 81601, 05,1 4.1 First,
using the relation [Ag|* + |A| [* +|A||* = 1, we remove
one of the amplitudes, e.g., |AH |. Next, we notice that in
Table V, the phases always appear as combinations of 8, —
0, and y; —y; where y; =0, + ;. For example, the
combination 6§ + §; can be rewritten as y; — (6, — 6).
Now, let us use the results of our model introduced in
Sec. I'V; the chromomagnetic operator contributes predomi-
nantly to longitudinal polarization, giving us 6, = Qﬁ =
0, = 07 = 0. Then, the arguments of trigonometric func-
tions in Table V can be expressed by the three parameters,
(0o — 05,6 — 61,0 — 69 — 6). As explained in Sec. 1II B,
the first parameter is the phase in the interference of decay
with and without mixing, which is a CP-violating quantity,
while the last two contain strong phases. Thus, only the first
one can be used for a null test. Finally, our model also
imposes 4 )= 1. As a result, we are left with six
parameters to fit

(40,09 — 65,6 — 61,8 — 6y — Oy, Ag[*, 1AL).

Only the first two can be used for a null test; 4y # 1 and/or
0y — 0 # 0 are/is a clear signal of new physics.

To illustrate the fit, we first construct two pseudodatasets
by using the LHCb best-fit values, denoted as Data HI
and Data HD for the LHCb helicity-independent and
helicity-dependent fit, respectively. The details of the
statistical procedure applied in this study are given in
Appendix B.

Our fit results are shown in Table I, and the correlation
matrices are given in Tables III and IV in Appendix C. We

TABLE 1. Fit results based on our model assumptions, i.e.,
longitudinal component dominance for NP contributions coming
from the chromomagnetic operator (Hﬁ =0,=0{=0, =0and

=2, =1

Data HD Data HI

Fit parameter ~ Central value o Central value o

Ao 0.978 0.058 0.984 0.070
|A0|2 0.386 0.025 0.385 0.032
|AJ_\2 0.287 0.018 0.288 0.036
0y — 6 —0.002 0.055 0.066 0.053
5” -0 -0.259 0.054 -0.261 0.056
o — 8 — 6y 2.560 0.071 2.589 0.079

note that the results using Data HI and Data HD agree
relatively well. The obtained uncertainty of o(4) = 6-7%
and o(0y — 05) = 5-6% with the currently available
LHCb statistics (5 fb~!) may be used as an indication
for future studies.

VII. LEFT OR RIGHT: Bg — ¢pKg DECAY

A decay very similar to BY — ¢h¢ decay is the B — @K
decay, since at the quark level, both contain a b — 555
decay. We thus expect the weak interaction to be the same
in both the decays, while strong interaction may differ. In
this section, we investigate how the experimental results of
BY - ¢K, complements the BY — ¢¢ results, within the
left- and right-handed chromomagnetic operator model.

We start with the B — ¢K, decay. The phase in the
interference of decay with and without mixing in SM is
2¢,, where ¢, is the unitary triangle angle. However, NP
contributions may deviate its value from ¢;, and what we
measure experimentally should then be called 2¢<. Using
Eq. (D3), we can thus write

g My
;Mg%al — K,

. “2igy 1+ ?Lei<—’;’L+5> + ?Rei(—rbR+fr) o
- 1_|_;,Lei(zZ)L+ir) _|_f»Rei(67>R+?f) ’ ( )

2"

where the negative sign is present as ¢ K is a CP-odd state.
Rearranging and rationalising the right-hand side, we get

—2(4T— ) 1+ 2cos 5(FLemi®L 4 fReiox)

1 1) — .
1+ 2/ cos(d@y, + &) + 2R cos(dg + 6)

(27)

Ak, e

We can now compare Eqgs. (24) and (27). As mentioned
before, we assume the weak interaction contribution from
NP to be the same for both the decays, thus making
wpr = @ g. In addition, we assume that r“® and #-R are
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small and positive. This implies that the sign of the strong

NP
interaction (coming from the ratio of matrix elements &
0

NP
PKs

7o
respectively. In addition, we see in Eqgs. (24) and (27) that
the right-handed contribution from NP has opposite signs
for the two cases in the denominator. Therefore, if we can
theoretically predict the sign of cosc and cosé (which
could be done, for example, by pQCD approach [44]), we
can tell the chirality of NP in the following two cases:
Case 1: Only left-handed NP is present (r} = iR =0)
Taking the ratio of real and imaginary parts of
Egs. (24) and (27), and expanding in " and ?*, we get

and

) is contained in the terms cosc and cos&,

tan(f — 65) ~ 2r" sinwy_cos o + O((r%)?),
tan(2¢ST — 2¢p)) ~ 27 sin@p cos 6 + O((PF)?).  (28)

At this point we can define a quantity
T = [tan(0, — 05) tan(2¢S"" — 2¢,)]. As we defined
rl and #* to be positive and the chromomagnetic

operator leads to w; = @;, we obtain the relation
sign(X) = sign(cos o cos 8). (29)

Case 2: Only right-handed NP is present (r* = - = 0)
Taking the ratio of real and imaginary parts of
Egs. (24) and (27), and expanding in 7R and 7R, we get

tan(6y — 65) ~ —2rR sinwg coso + O((rR)?),
tan(2¢ST — 2¢) = 27R sin g cos 6 + O((#R)?).  (30)

TABLE II. Table demonstrating the chirality of NP arising
from different combinations of signs of coso, cosé and X =
[tan(0y — 65) tan (25T — 2¢b,)], under the assumption that only
left-handed or right-handed NP is present. ¢ and & denote the
strong-phase difference between NP and SM in B? — ¢¢ and
BY — ¢K, decays, respectively [see Eq. (23)]. 6, — 05 and 2451t
are the phase in the interference of decays with and without
mixing in BY — ¢¢ and BY - ¢K decays, respectively. ¢ is the
unitary triangle angle.

coso cos & NP chirality

z
+ LH
+

+

RH
RH
LH
LH
— RH
RH
LH

|+ + 4+

1+ 1+
|

+ 4

Thus, in this case, we find an opposite relative sign
with respect to the left-handed model,

sign(X) = —sign(cos 6 cos ). (31)

Hence, if the experiments show nonzero CP-violating
phase results, one can test the chirality of the NP
contribution by combining the BY — ¢¢ and BY —
¢K ; decay measurements, along with the relative sign
of cos & and cos 5, which might be obtained theoreti-
cally. This conclusion is summarized in Table II.

VIII. CONCLUSIONS

In this article, we investigate a new physics search with
the CP-violation measurements of the BY — ¢¢ decay.
The large statistics of the LHCb experiment allows one to
perform the time-dependent angular analysis of this decay
channel. Such an analysis gives access to the information
of the helicity amplitudes, which are sensitive to different
types of NP effects. In the LHCb analysis, two types of NP
scenarios have been investigated, called helicity-dependent
and helicity-independent assumptions. In this work, we
propose a new search scenario based on the NP model
induced by the left- and right-handed chromomagnetic
operators, producing a new quark level b — s§s diagram
with an extra source of CP violation. Using the fact that the
NP coming from this type of operator is dominated by the
longitudinal amplitude, we derive a new scheme of phase
assumptions which can be tested by the LHCb experiment.
The same NP effects can manifest itself in the time-
dependent CP asymmetry measurement of BY — @K
decay. We found that Belle(Il)’s B2 — @K, decay mea-
surements could complement LHCb’s B — ¢¢ measure-
ment to obtain the chirality of NP operator, under the
condition that the signs of the strong phases of these decays
can be predicted by the theory. Finally, we present a
sensitivity study of the CP-violating parameters of our
proposed model in order to illustrate how the fit can
actually be performed. We show that on top of the two
CP-violating parameters, there are four extra parameters to
be fitted simultaneously; two amplitudes and two phases.
The theoretical predictions for these extra parameters
depend heavily on the models describing the strong
interaction. On the other hand, a nonzero measurement
of the former two CP violating parameters can be inter-
preted immediately as a signal of NP. Our sensitivity study
shows that LHCb with current statistics can determine these
two parameters at 5—7% precision. These numbers are
obtained using two pseudodatasets and they might not
reflect the reality, though, the sensitivities obtained could
be used as an indication for future studies. Even though the
current measurements do not show a clear signal of NP,
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further theoretical and experimental efforts would shed
more light on these results, and would pave the way for
future studies.
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APPENDIX A: ANGULAR CONVENTIONS

In BY — ¢¢ decay, since the two ¢'s are indistinguish-
able, we can randomly assign them (and their decay
products) the subscripts 1 and 2. 6, () is the angle between

the K ﬂ
and ¢;;) meson momentum in B meson rest frame.

Mathematically, we can write it as

») Meson momentum in the ¢, ;) meson rest frame

_ ~(i@) A(BY)

- I(TQ) 'p(/)l(z)’

cos 0z (A1)

where the notation f)@ means momentum of particle y in

the frame of particle x. The angle ®, which is the angle
between the two decay planes (or between the perpendic-
ulars of the planes), can be defined as follows:

cos @ = (f’Kl+ X f’K]*) - (
sin®2 = [(p- x pi-) x (i x prc)].  (A2)
where we choose to define the z-direction by the direction
of ¢»; momentum [26].

APPENDIX B: STATISTICAL PROCEDURE

The LHCb experimental observables (a;, b;, ¢;, and d;)
are given in Table V; they are the LHCb observables.
The only available information from LHCDb is the result
of fit of those measurements to the theory parameters
(|Ag 2 85 p), given in [19]. Therefore, in our study, we
first construct pseudodataset, i.e., the central values and the
covariance matrices for the LHCb observables, from this
available information. The covariance matrix is obtained by

using
1 of (x); 0f (x); 1
Vijl_N/ ( dv;  dv; f (X)a)

where

dx (BI)

v=0"

1) j‘ is the normalized probability distribution function,
which in our case is the angular decay distribution
given by Eq. (2). Integration over x represents
integration over the complete phase space and time.

(ii)  is the vector of LHCb observables (a;, b;, ¢; and
d;) that LHCb measures.

(iii) 7* is the values of ¥ obtained by using the best-fit
values of the theoretical parameters obtained by
LHCDb [19]. Note that there are two fits performed by
LHCb with the so-called helicity-independent and
helicity-dependent assumptions, and we use both to
construct two pseudodatasets.

(iv) N is the number of events.

Finally, using this pseudodataset, we perform a y? fit

using v; with our model assumptions, which we call 175“0‘161,

)(2 _ Z(E;nodel _ 7‘}r)v;l (1—]'};[10del _ 5;)
ij

(B2)

APPENDIX C: CORRELATION MATRICES

TABLE III. Correlation matrix based on our model assump-
tions, i.e., longitudinal component dominance for NP contribu-
tions from the chromomagnetic operator (H‘H' =0)=01 =

6, =0 and 4 = 4, = 1). Pseudodataset used; Data HD.

Op—05 8 —81. 6 -6 —6 A AP A

0o — 65 100 001  —033 0.00 000 -0.03
8~ 5, 001  1.00 038 0.1 013 —-0.01
5 -8 -6, —033 038 .00 024 023 —0.03
Ao 000 -0.11  —0.24 1.00 —0.72 —0.67
AL 0.00  0.13 023  -072  1.00 049
2 —0.03 -001  —0.03  —0.67 049 100

TABLE IV. Correlation matrix based on our model assump-
tions, i.e., longitudinal component dominance for NP contribu-
tions from the chromomagnetic operator (9“" =0)=01 =

0, =0 and 4 = 4, = 1). Pseudodataset used; Data HI.

Op—05 6,—6. 8,—8 -6 |Al* AP Ao

0y — 0 100 -0.02  —037 0.03 —0.04 —001
8- 61 ~0.02 100 040 006  0.07 —0.04
3y =80—0) 037 040 100 -0.19 021 —0.04
Ao 003 -006  —0.19 100 —0.85 -0.76
AL ~0.04 007 021  —085 100  0.65
Ao -001 -0.04  -0.04 076 065 1.00
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APPENDIX D: BY — ¢Ks DECAY (e‘: S b A g
S L o [} 7]
The amplitude for BY — ¢K for SM, left-handed NP N i |8 @ :E" <
. . . n
and right-handed NP case respectively, can be written as S = — Q.‘; < =
Sl SE 7 &
— )
Gr 2SM L e BT S Q
M;)I}(/IY = _ﬁ ;kbvtsg f?}}{/[s’ § RZ I NC: k= g
SIS 7 Z S
SIS N S
.A/l](/7 _ _ﬁ *bV ELFgP E g | g ]
pK, — \/E th " ts K>
—~5= >~
Gr R SO = F
MgKS :—7‘/;7‘/”5 .7:22‘, (D]) | I q|: | | I
V2 _— g SEES
S ST €7 Y
~ . . [ + _ 4+ _ +
where &7 (p € {SM,L,R}) are combination of the Wilson e e L im® 25 oS
; . ; . SIS e g S [
coefficients, which contain weak phases, and their exact s = 40 o
f ) ZE A E A oS Hdw
orm depends upon the model chosen to evaluate the =S e T -
matrix elements. Like for the case of B — ¢¢ decay, the [ rr< 8 8: g :: g 80
variables F 3} and FJ; contain all the information about = ST T+ ST
. s s . . | I
the matrix elements. Note that K is a flavor eigenstate, §
which, by Kaon oscillation, oscillates between K, and K|, s = o &
and we see the mass eigenstate K in detectors. -3 PR qf 1
Now the total amplitude, which is the sum of all three § T s Y
amplitudes, can be written as ] o o '4 + 'O + !i
2 N~ N F TS5 D
AL ENP ER NP = o @%‘?’Q""? t? 1
MTotal _ MSM 1+ 5 DK é: DK (D2) 51 [ | ‘07(5‘ ‘Q_zéi %ouo_(
¢k, = VLK, BMpsM T ESMpsv |- . -G R
9K, 9K, < &S0 ST
. = 2
. .. . . . = = S &
Using similar parametrization for NP as in Eq. (23) (but 2 s ‘i °T @ ‘i
putting hats to differentiate from B? — ¢¢ case), we get _§
Q
2 —~ — —~
Total _ A (SM AL Li(@L+8) | #R ,i(@g+6 = A g =T
MG = M3 (1-+ PelOn2) 4 Releneo) (03) STSY S
2 lz2ale s e
Q S 1 o & o=l
2 T JgT T g
2 (. I+ = + + o
APPENDIX E: COEFFICIENTS OF TIME- ElslEE ¢.&7 va:? S
DEPENDENT TERMS & 8221 4 Lo 1 4
g 228 48 vy 48
The terms in the Table V are the coefficients of 2 TT < ‘2’ 8 § 87 %5
time-dependent terms in Eq. (4), which are functions of s RN RN
. . . .. E‘ < | | | ~< |
CP-violating parameters. The various quantities used here £
are defined as follows (k = {||, L,0}): ot —~ =
(i) |Ag|]: magnitude of the complete transversity am- _c§ ELIT Sy élro
. — —~ =
) plitude [see Egs. (8) and (9)]. . ' Q Syl Ty Sy
(i1) Oy strong phase of SM transversity amplitude. 3 T R
(iii) @;: a mixture of weak and strong phase, as defined g L L s T e
in Egs. (8) and (9), arising due to presence of NP i o | e + 0t t [
— = o
strong and weak phases. =] S T e S
s === LF 8 L%
g S BT ET
.9 w5 o< 7.
2 +
= | |
Q
o
© 9\l [\l 9\l
> ol < >—| >c:: >—|
lElEs <2 £ =
3 = = =<
g -l N n < v O
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