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CPT violation and triple-product correlations in B decays
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The T-odd triple-product (TP) asymmetries in B decays to a pair of vector mesons are treated as a good
probe of CP violation because of the CPT symmetry. If CPT is no longer a good symmetry, such
correlations between T-odd and CP-odd observables do not exist, and one might get unexpected nonzero
TP asymmetries as a signal for CPT violation. We give a general formalism of TP asymmetries in the
presence of CPT violation, either in decay or in neutral meson mixing. We also discuss how the
observables depending on the transversity amplitudes are modified, and compare our expressions with
the LHCb results, showing that the study of TP asymmetries might turn out to be one of the best probes for

CPT violation.
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L. INTRODUCTION

Triple-product (TP) correlations are known to be a good
probe of CP violation in B decays [1-5]. Consider a B
meson decaying into two vector mesons V; and V:

B(p) — Vi(ky, &) + Vy(ky, €7), (D

where k and € are respectively the four-momentum and
polarization of the vector mesons. Suppose one constructs

an observable o = El.(él X &,), where we have taken out
the spatial components of the respective four-vectors. The
asymmetry
I'a>0) —T'(a<0)
IN'a>0)+T'(a<0)

(2)

is odd under the time-reversal operator T as « itself is
T-odd. As CPT is supposed to be a good symmetry of the
Hamiltonian, the asymmetry is CP-odd too, and can be
taken as a probe and measure of CP violation.

TP asymmetries are also an excellent probe of new
physics (NP) beyond the Standard Model (SM). There
are many TP asymmetries which are either zero or tiny in
the SM but can go up to observable range under some new
physics (NP) dynamics. Also, true TP asymmetries, unlike
direct CP asymmetries, are nonzero even if the strong
phase difference between two competing amplitudes is
small or even zero. Of course, TP asymmetries can be
faked by a sizable strong phase difference. The authors
of Ref. [4] have discussed in detail the conditions for
observation of TP asymmetries, and also the feasibility of
measuring such asymmetries for different decay channels.
The analysis has been extended by the authors of Ref. [5]
for 4-body final states.

A crucial ingredient of extracting CP-violating signals
from TP asymmetries is the CPT theorem: the combined
discrete symmetry CPT, taken in any order, is an exact
symmetry of any local axiomatic quantum field theory [6].
Experiments have put stringent limits on CPT violation
(CPTV), as all tests performed so far to probe CPTV [7]
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yielded null results [8]. Still, one should try to measure
CPTV in B systems in as many ways as possible, irrespec-
tive of the theoretical dogma, as CPTV can be a flavor-
dependent phenomenon, and the constraints obtained from
the K system [9] may not be applicable to the B systems.
One might also want to know whether any tension between
data and the SM expectation is due to CPT conserving
canonical NP, or just due to CPTV.

The issue of CPTV has started to receive significant
attention due to the growing phenomenological importance
of CPTV scenarios in neutrino physics and cosmology
[10]. A comprehensive study of CPTV in the neutral K
meson system, with a formulation that is closely analogous
to that in the B system, may be found in Ref. [11]. CPTV in
the B systems and its possible signatures, including differ-
entiation from CPT conserving NP models, have been
already investigated by several authors [12-15]. It was
shown that the lifetime difference of the two mass eigen-
states, or the direct CP asymmetries and semileptonic
observables, may be affected by such new physics. The
experimental limits are set by both BABAR, who looked for
diurnal variations of CP-violating observables [16], and
Belle, who looked for lifetime differences of B; mass
eigenstates [17]. This makes it worthwhile to look for
possible CPTV effects in the B system (by B, we generi-

cally mean both BY and B? mesons).

In this paper, we would like to develop the formalism
of TP asymmetries with possible CPTV terms in the
Lagrangian. Thus, T violation and CP violation are no
longer correlated. We will show, in detail, how and where
deviations occur from the standard CPT conserving
cases. In particular, it will be shown that some decay
channels where TP asymmetries are not expected might
show some new surprises. We will also relate the TP-
violating observables with the transversity amplitudes [4],
and discuss the implications of the LHCb results [18]
on B, — ¢ .

At this point, we note that violations of different con-
servation rules lead to different signals. For example,
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violation of AB = AQ keeping CPT invariant would lead
to some interesting time-integrated dilepton asymmetries
[19]. While a systematic study of the inverse problem
(i.e. going from the signal to the underlying model) in
the B sector is worthwhile, it is outside the ambit of this
paper. We would like to refer the reader to [15] for ways to
differentiate between CPT-conserving and CPT-violating
NP under certain conditions; such a differentiation is not
always possible.

The paper is arranged as follows. In Sec. II, we discuss
the essential formalism of TP asymmetries when CPTV
terms are present in the decay amplitudes. In Sec. III, we
show how the transversity amplitudes are modified by the
CPTV terms. Section IV is devoted to the case where
CPTV terms are present in the neutral B meson mixing
Hamiltonian but not in the subsequent decay processes. In
Sec. V, we correlate the expressions with the data from
LHCb. In Sec. VI, we summarize and conclude. Some
calculational details and a compendium of relevant expres-
sions, not strictly necessary to catch the main flow of the
paper, have been relegated to the two appendixes.

II. FORMALISM

Following Ref. [4], we can write the decay amplitude for
B(p) = Vi(ky, &)) + V,(ky, &) as

M=aS+bD +icP
b
=as]- &5+ —(p-e)p-e3)
mp

C %p 4
. P ko
Ti—5€upoP"q"e &7, 3)
mp

where ¢ = k; — k,. Terms are normalized with a factor
m%,, so that each of a, b and ¢ is expected to be of the same
order of magnitude. The a, b and ¢ terms correspond to
combinations of s-, d- and p-wave amplitudes for the final
state, denoted by S, D, and P respectively. The quantities
a, b and ¢ are complex and will in general contain both
CP-conserving strong phases and CP-violating weak
phases.

Similarly, the amplitude for the CP-conjugate process
B(p) — V,(ky, &,) + V,(ky, ;) can be expressed as

= % % b % %
M =ae]-e5+—5(p-e))(p-e))
nmp

c *p
— 3 VP kO
l 2 eﬂvpopﬂq €1 &, (4)
my

where, considering CPT conservation, a, b and € can be
obtained from a, b and ¢ by changing the sign of the
weak phases.
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In that case, one can write

a= Zaiei"sfe";i", a= Zaie*id’?eifrg,
i i

b= Zbiei‘/’fe’[ib, b= Zbie_i‘bfeigf, (5
i i

c= Zciei‘/’?‘e"ﬁ, c= Zcie_i¢fei§f,

i

i

where qbi“‘b’c ({i‘l’b’c) are weak (strong) phases of the
respective amplitudes. The relevant quantities for true
T-violating TP asymmetries are [Im(ac*) — Im(ac*)] and
[Im(bc*) — Im(b&*)], which we get by adding T-odd
asymmetries in |M|> and |M|?>. One can show [4] that
TPs would be nonzero in B — V;V, decays as long as
Im(ac*) or Im(bc*) is nonzero. For that, both B — V,
and B — V, channels must be present with different
weak phases, following a naive factorization argument,
detailed in Appendix A following Ref. [4].

There are two ways to introduce CPT violation in the
formalism, namely,

(1) CPTV in the decay amplitude, and

(2) CPTV in the mixing amplitude.
We will discuss the former here and postpone the latter for
Sec. IV. However, note that even if CPTV is present in the
decay amplitudes, one can still have a mixing-induced
CPT violation, characterized by time-dependent TP
asymmetries, as discussed below.

A. CPTYV in decay

Let us start with the first option, which can be subdi-
vided into two categories.

1. Type I: CPTV present only in the p-wave amplitude

We introduce the CPTV parameter f = Re(f) + iIm(f)
in the following way:

c= Zciei‘f’fe"{f((l - 1), ¢ = Zcie*"d’fe"ff(l + ),
1 1

(6)

and other amplitudes remain the same. This is the simplest
way to introduce CPTV; a channel-dependent CPTV
parameter f; would only complicate the calculation with-
out giving any extra insight.

The relevant quantity for TP is

%[Im(ac*) — Im(ac")]
~ Saieilsin (¢ — #5)cos (&~ &)
LJ
— Re(f) cos (6 — ) sin (& — &)
— Im(f) sin (¢¢ — ¢$) sin (&f — &5)] (7

A similar expression is obtained for %[Im(bc*) —
Im(bc*)]. Even if the weak phase difference vanishes,
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these are still nonzero because of the second term, so the
TP asymmetry will essentially probe Re(f).

2. Type I1: Universal CPTV present in all amplitudes

In this case, the coefficients from Egs. (3) and (4) are
modified as

(a, b, c)—(a b, c)(1 - ),

_ _ )
(@ b,¢)— (a,b o)1 + ).

Thus, the relevant expression for TP becomes
1 __
E[Im(ac*) — Im(ac*)]
= Sajelsin (¢ — b%) cos (¢ = &)
ij
— 2Re(f)cos (¢f — ¢$)sin({f — {)]. (9)

Here too, only the second term remains in absence of weak
phase.

Following Eq. (A5) taken from [4], one finds the cases
where no TP asymmetry is expected in the SM. On the
other hand, introduction of CPTV may induce nonzero TP
asymmetries for some of the cases as follows:

(1) In order to have a TP correlation in a given decay,
both of the amplitudes in Eq. (A2) must be present;
otherwise either X or Y becomes zero. This re-
mains true for CPTV of type II, but for type I,
even in the absence of either X or Y, TPs can be
generated.

(2) For the same reason as above, CPTV of type I can
produce nonzero TPs even if V| and V, have iden-
tical flavor wave functions (same meson, or an
excited state). Such nonzero TPs are not allowed
in the SM as then a, b, and ¢ are all proportional to
the same factor and there is no relative phase.

(3) In the SM (or in any NP model with CPT con-
servation), two kinematical amplitudes must have
different weak phases for a nonzero TP asymme-
try. Thus, if the quark-level decay is dominated
by a single decay amplitude, a nonzero TP can
never be generated. This is again not necessarily
true for CPTV of either type I or type II, as we
have seen from Egs. (7) and (9) that even in the
absence of weak phase difference, one of the
terms in the relevant expressions can have a non-
zero value.

3. Effects of type I and type II CPTV in mixing

There could be another way to induce CPTV. Let us
suppose CPTV to be present only for B — V| and not for
B — V,. As can be seen from Eq. (A3), this changes only
the terms with the same phase in the expressions for a, b,
and c. Thus, | f| is absorbed in the form factors and arg (f)
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in the phase. Obviously, this scenario does not produce any
TP even if CPTV is present.

Now let us consider the special case where V| can be
accessed from B but not from B, and vice versa. Let us also
take, for simplicity, B— V, and B — V, to be single-
amplitude processes. For B = B,;,, there will be a
mixing-induced TP because the B meson can oscillate
into B and hence decay to V,, thus providing the second
amplitude. The relevant T-violating terms, as shown in
Ref. [4], are proportional to the a-c (and b-c¢) interference
contributions, and are given by

M3 + IM|3c ~ Im(ac*) — Im(ac*)
AMt
= COSZ(T)Im(alcT —a,c))
. H(AM! v = —a
+ sin —— Im(ayc; — a,¢5)

AMt AMt .
+ sin ( ) cos (T)Re[e‘z”/’M a,c}

2

— e¥Puaset — e?dva el + e 2%va c;]  (10)

where AM is the mass difference of the two eigenstates,

and following Eq. (3),
AB—V,V,)=aS+bD+ic,P,
AB—V\V,) =a,S+ b, D+ ic,P,
AB—V,V,) = 2,8 + b,D — ic,P,
AB—V,V,)=a,S+b,D-ic,P,

an

so that

M = A(B(t) = V,V,) = e i M=D[aS + bD + icP],
M = A(E(Z) - ‘71‘72) = eii(M?éF)t[ﬁS + BD - lé?],

(12)
with
(AMt) . aig ( Mt)
a=alcosT — e “'Pusin| —— )a,,
_ (A t) i (AMI)_
a = a;cos ) e M sin a,,
AM¢ . AMt
b = b, cos (T) — je %du sin( 5 )bz,
A A (13)
_ _ Mt M\ -
b = b, cos (—) — je%Pu sin( b,,
2 2
c—c (AMI) iy o (AMt c
= ¢, cos — M sin
1 2 e 2 2s
o (AMt didy o (AM[)_
¢ = ¢ cos — ) e M sin > C,.
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Note that amplitudes like a; are complex, with relevant
weak and strong phases:

a, = ajeii el (14)

The first term in Eq. (10) describes the time evolution
of the TP in B — V|V, and the second term, generated
due to B-B mixing, describes the time evolution of the TP
in B — V,V,. The third term can potentially generate a TP
due to B-B mixing even in the absence of TP in B — V,V,.
This term can be rewritten after explicitly writing down a;,
a, etc. following Eq. (5):

J
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— (sin AM1t)[aycy sin (p§ — ¢S — 2¢y) sin ({8 — £5)
—ajcysin(¢§ — hS + 2¢y) sin (4 — £5)]. (15)

This expression goes to zero in the absence of strong
phase differences, which is intuitively obvious as strong
phase differences are related in part to kinematics, and
the TP vanishes if the kinematics of B — V, is identical
to B— Vl‘

However, in the presence of CPTV of type I, the ex-
pression in (15) is modified to

= (sinAMD)[ac, sin (95 — ¢ — 2¢y) sin (&5 — ) — ajcasin(@f — b5 + 2y sin (L] — £5)]

= 2Re(f)lasci cos (@3 — ¢f = 2¢y) cos (&3 —

{f) — ajcycos (@] — ¢5 + 2 ) cos ({f — £3)]

— Im(f)[ayc, sin (@5 — ¢f = 2¢y) cos ({5 — {f) — ajcasin (] — ¢S5 + 2¢y) cos ({f — {5)] (16)

while for CPTV of type II, the same expression takes the
form

— (sin AM1t)[aycy sin (¢§ — ¢ — 2¢y) sin (5 — £F)
—ajcy8in (@ — ¢S + 2¢y) sin ({f — £5)]
— 2Re(f)layc; cos (p3 — ¢f — 2¢y) cos (&5 — {f)
—ajcyc08 (hf — @5 + 2¢y) cos ({f — £5)] (17)

The last two equations show that in the presence of
CPTV, we can get a nonzero TP from mixing, even if
the strong phase differences vanish. Only if the final
state is self-conjugate, the third term in Eq. (10) is
zero and the first two terms add up, so the TP in B —
V1V, is time-independent and this remains true even in
the presence of CPTV.

dr’
dcosfdcosb,do

|A;I?

+wsin20 sin26,cos ¢ —
2\/5 1 2 ¢

dr ALl

dcosf,dcosb,dp

n RC(A()AW)

242

sin26, sin26,cos @ +

= N[|A0|200s291005202 + Tsinzﬁlsinzﬁzcoszgp +

Im(A, A)

22
- A 2enc2d 27 1AL 20 <in2.cin2 |AIIIZ 027 «in2d 2~
= N| |Ay|*cos?8,cos 02+Tsm 0,sin%6,sin go—i—Tsm 0,sin%6,co8* @

242

[
III. RELATION TO TRANSVERSITY AMPLITUDES

The angular momentum amplitudes are related to the
tranversity amplitudes by the following relations [4]:

Aj=+2a,  Ay=-—ax- m’;’gzb(ﬁ -1,
(18)
Ay =220 e,
mp

Let us consider, following Ref. [5], the channels in which
each of the two vector mesons in B — V|V, further decays
into two pseudoscalar mesons. The decay angular distri-
bution in three dimensions is given in terms of the three
transversity amplitudes. We take 6 (6,) to be the angle
between the direction of motion of P; (P,) in the V| (V,)
rest frame and that of V| (V,) in the B rest frame. The angle
between the planes defined by P, P} and P,P) in the B rest
frame is denoted by ¢. One obtains [5]

AL I?

sin?6,sin6,sin%¢

Im(A| A7)

sin26 sin26, sin ¢ — sin%@,sin’6, sin2go:|,

Integrating these over 6, and 6, gives a T-odd asymmetry involving sin2¢ [4]

I'(sin2¢ >0) — I'(sin2¢ <0) 4

oo ImA A
sm20151n20231n¢+#sm 0,sin“6,sin2¢ |.
(19)
Im(A | A})
_ 1 Il (20)

2)
AD =

" I(sin2¢ >0) + [(sin2¢ <0)

Al + 1AL+ |4 1>
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Similarly, we may define an asymmetry with respect to the values of sin ¢, assigning it the sign of cos 6, cos 6, and

integrating over all angles,

) _ I'lsign(cos 6, cos 6,) sin ¢ > 0] — I'[sign(cos §; cos B,) sing <0] 242

T

One can define similar asymmetries A and A by inte-
grating the second part of Eq. (19) and proceeding in a
similar manner. As the p-wave amplitude in M changes
sign relative to that of M [Egs. (3) and (4)], the sign of the
T-odd asymmetry in [M|? is opposite that in |[M|?. The true
T-violating asymmetry is therefore found by adding
the T-odd asymmetries in |M|?> and |M|? [2]:

1 -
Ar= E(AT + Ar). (22)

This essentially means that instead of Im(A)AY), we
should look for expressions involving Im(A| A¥ + A AY)
in search of true TP-violating asymmetries. If we consider
specifically the decay B, — ¢ ¢, following Ref. [5], we
notice that final states are flavorless and accessible to both
B, and B,. As a result of B,-B, oscillation, the angular
decay distributions become time-dependent. Using stan-
dard notations for B,-B, mixing, and assuming no CP
violation in mixing (|g/p| = 1) and decay (|A;| = |A.]),
one has [20]

g A _

1 —2igy
e 20, (23)
P Ax
Here 7, is the CP parity for a state of transversity
k (mg = m = —my = +1), while ¢, is the weak phase

involved in an interference between mixing and decay
amplitudes. Denoting the CP conserving strong phase
of A, by £, one can write A, = |A|e’e’®t, so that
Ay = (p/q)niee %« One thus has for i = 0, || :

Im(A AT + Al/if) = |A | ||A;|Im[e® (e!® — e7i¢ )]
=2|A |lA;lcos ({7)sin(¢p7),  (24)
where we define the notations for our future references:

=4 -4 ¢ =dL — b, Pt =¢, + ¢
(25)

One finds from Eq. (18) that expressions such as Im(A; Ag)
are proportional to linear combinations of terms like
Im(a*c) and Im(b*c). Now, as per Eq. (A5), they are all
zero for decays like B, — ¢ ¢; thus, A(Tl), A(Tz), and con-
sequently all of their combinations are zero. This can also
be seen from Eq. (24) if the weak phases for all the
tranversity amplitudes are the same. So, any nonzero val-
ues to any of these observables unambiguously point to
new physics.

Let us assume the NP to be CPT violating in nature, and
parametrize the amplitudes following Egs. (5) and (18):

~ TT[sign(cos 8, cos 6,) sin ¢ > 0] + I'[sign(cos 8, cos 6,) sinp < 0]

— . @D
o |A0|2 + |A_L|2 + |A|||2
[
Ay = YAl e e (1 - f),
[
A= YlAplei e,
" (26)

A= ﬂiZMUff—i‘ﬁieiﬁ(l + ),
7

A = Y|Arletrei#r, (i =0,
m

Using the notation ¢, = (] —¢") and ¢;, =
(¢!, — @), we obtain

Im(A; A7 + A AY) = ZZIAILIIA;"I[Sin (¢br,,)cos (L)
Lm

— Re(f)sin({;,,) cos (¢,)
+1Im(f) sin (¢;,) sin (;,,)] (27)

For f = 0 this reduces to Eq. (24). On the other hand, even
it ¢;,, = 0, we still get a nonzero result:

Im(A; AT +A A} = —ZZIA’LIIA;-"IRe( fsin({;,). (28)

Lm

A. Time dependence of the transversity amplitudes

Next, let us consider the time dependence of transversity
amplitudes; we will use a formalism closely following
Ref. [5]. The states B and B evolve in time as

B(1) = f (B + (q/p)f-(1)B,

B(1) = (p/a)f-()B + f+(1)B, )
where
Fol)= g+ e
=%(e—imlt—(l_'lt/2) + e—iinzt—(rzt/Z))
Fo )= g = e
= %(efimltf(ntﬂ) — e*imzl‘*(rzl‘/z))’

|f=(0))?>= (e ""/2)[cosh(AT't/2) + cos (AM?)],
i@ f_(t)=(e " /2)[sinh(AT't/2) —isin(AM?)],  (30)

AM and AT being the mass and width differences of the
stationary states respectively.
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Time dependence of transversity amplitudes, A; =
(k|B), Ay = (kIB) (k =0, ||, L), is given by

A1) = kIB() = f+ (DA, + (q/p)f- (DA,
A1) = kIB(1) = (p/@)f-(DA; + f (DA,

(31

PHYSICAL REVIEW D 87, 116005 (2013)

Let us calculate the interference terms A7 (r)A(t)
and A%(1)A.(t), where i = 0, ||, Kk =L. Inserting ATA; =
|A;[1AI(1 = f)expli({i — &i)lexpli(py — ¢;)], and ATA, =
Nl AillA (1 + f*)expli(¢y — &) Jexp[—i(¢i — ¢;)], one
gets, using Eq. (25),

Im[A | (DA; (1) + AL (DA} ()] =2|A L [|A;le ""[{cos ({ ") sin(¢p ™) —sin({ ™) (Re(f) cos (¢ )
—Im(f)sin(¢~))}cosh (AT't/2) +{cos({ " )sin(¢p ™) + sin (7 )(Re(f)cos(p™)
+ Im(f)sin(¢™*))}sinh (AT't/2)]. (32)

This, again, agrees with Eq. (24) at t =0, f = 0. When CPT is conserved, it shows the variation of a genuine
CP-violating quantity with time which requires no strong phase differences. The CPTV contribution is nonzero even if the
weak phase difference vanishes but the strong phase difference {~ must be nonzero.

If there is more than one decay channel contributing to the transversity amplitudes, Eq. (32) can be generalized to

Im[A | (DA} (1) + AL (NA; (0] = Y 2|4 [|A7 e "[{eos (£;,,) sin (¢7,) — sin (¢, )[Re(f) cos (¢,,)

Lm

— Im(f) sin (¢,,,)]} cosh (AT'7/2) + {cos (¢;,,) sin (¢}),)
+ sin (¢, )[Re(f) cos (¢,) + Im(f) sin (¢/,)]} sinh (AT'7/2)]. (33)

The two “true” CP-violating time-integrated triple product asymmetries (i = 0, || ) for untagged decays are propor-

tional to

Tfooo Im[A | (DA} (1) + AL (DA] (0]dr = Y 2|AL A7 I[{cos (£;,,) sin (¢7,) — sin (&, )(Re(f) cos (¢,) — Im(f)sin (¢;,))}

Lm

+ {cos (&) sin (¢ffm) +sin(¢;,,)(Re(f) cos (<;b;fm) + Im(f)sin (d)lfm))}(AF/ZF)

+ O[(AT/2I")*]].

(34)

In the limit A" < I, one can neglect everything apart from the first term in Eq. (34) and find

+ O[(AT'/2I')]

7 Wuntagsed _ _ 42 3 |AY 114§ [eos (£7,,) sin (&{,,) = sin (¢, )(Re(f) cos (¢7,,) — Im(f) sin (7,,)]
T (Ao + 1AL + 14117 + (Aol + 1ALI> + 141

T ILm

Al 1A [cos (£)),) sin (¢],) — sin (], )(Re(f) cos (},) — Im(f) sin (¢],,))]

(2)untagged __ 8
Apmes - S5

Lm

where £/, = ({{ — ¢ and ¢}, = (¢!, — @) for i =
0, || , and the coefficients of the AT'/2I" terms can be easily
found out from Eq. (34).

In the absence of weak phase difference, ¢ | = ¢y =
¢y, i.e. ¢, =0, the asymmetries vanish in the leading
order if CPT is conserved [5] but are nonzero if CPT is
violated. Again, a nonzero strong phase difference ¢ ; 18
obligatory for this.

In the SM, all three transversity amplitudes have
approximately equal and very small weak phases. Thus,
one expects the asymmetries to be quite small. On the other
hand, if CPTV is present, these asymmetries, measured in

(Al + [ALI> + 14313 + (Apl* + |ALI? + A7)

+ O[(AT/2IN)],

(35)

self-tagged decays to final CP eigenstates, need not be
nonzero; thus, measurements of such asymmetries may
either put stringent limits on the CPT-violating parameter
f, or indicate physics beyond SM.

IV. CPT VIOLATION IN MIXING

One can also consider the case where CPTV is
present not in decay but in B-B mixing, and parametrize
the 2 X 2 Hamiltonian matrix with the introduction of an
extra complex parameter 6 which incorporates CPT vio-
lation [14]:
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H22 —H 11

5 = 7’
VH2Hy,

(36)

so that

My—¢6 M i(Ty T
M= 0 ] 2o\ _ 1 :) 2) 1 37
M,  My+8 ) 2\, T,

where &' is defined by

26’
0= ——=—. (38)
VH 2 Hy)
We work within the Wigner-Weisskopf approximation
which is a reliable one after a time scale of ~1/Mj.
Violation of this approximation, which has nevertheless
been considered in the literature [21], would change all the

PHYSICAL REVIEW D 87, 116005 (2013)

subsequent expressions, and we refrain from considering
such a possibility. This will give, akin to the Bell-
Steinberger analysis [22], a way to measure the
CPT-violating parameter 6 in terms of the interference
amplitudes which are supposed to be good probes of CP
violation.

Eq. (31) can be written as

Ai(1) = (KIB() = f+(0A; + mf- (DA,

f- () (39)

A = kB =1=2a, + 7,004,

72

where f. (), f.(t) and 7, ,) are defined in Appendix B.
Using Eq. (25), one gets

Im[A| (A (t) + A, ()AL (1)] = 2e*F’|Ai||AJ_||:cosh (AFt/Z){cos {singg” — % Imé& cos ¢t (1 + sin {7)}

+ sinh (AFt/Z){cos {‘(sin ot — % Red sin (]5_) - % Redsin {~ cos (b_}

1 1
+ 5 €08 (AMt)ImSdcos ¢ cospt — 3 sin (AMH)IméS sin ™ cos ¢~ ] (40)

If there are multiple decay channels, one can generalize the above expression, by replacing {~, ¢, ¢ with ¢ im €tC.,
|A;[|A1 | with |A”'[|A! | and then taking a summation over [ and m.
Then the two “true” CP-violating time-integrated triple product asymmetries (i = 0, || ) for untagged decays are

proportional to

r /“’ Im[A| (A (t) + AL (DAT(D)] = ZZlA;-”I |AY I[{cos {mSing,, — i Imé cos ¢/, (1 + sin {,Tm)}
0 Lm

AT (. 1 o 1 o B
+ (f){cos Q,nl(sm Dl — 3 Red sin ¢z,m) ~3 Redsin £, cos ¢Lm}

1

In the limit AM/I" < 1, one can neglect the last term and
simplify the expression considerably.

We also note that even in the case {;,, = ¢,, = 0, i.e.
when all strong and weak phase differences cancel out
individually, there is a nonzero TP asymmetry that gives
a clean measurement of Imé:

r ] " Im[A L (DAX(1) + A, (DAZ(1)]
0

1
=~ ZE |A2|| Al [Tm8 cos ¢}, (42)

Lm

where we have used AM/T" = 0 and neglected the sub-
leading AT'/T" terms.

AM

1 1
T\ @y JImocos +_—#>Ic‘3' - —]. 41
2(1 +(ATM)2)m cos g, cos 2(1 T @ mdsin{;,, cos ¢, | (4D

V. B, — ¢¢p AT LHCB

The LHCb collaboration has recently measured the
transversity amplitudes for the decay B, — ¢ ¢ [18],
which is a pure penguin process and hence dominated by
a single amplitude in the SM. Thus, for all I, m, Al = A"
(fori = 0, ||, L ). The analysis also assumes that the weak
phases of the three polarization amplitudes are all equal;
thus, all (;Sf;n (for i = 0, || ) in our notation become zero.
The correspondence between our notation and that of
Ref. [18] is as follows:

ﬂ(TZ)untagged _ AU ﬂ(Tl)untagged _ AV
(lL—g)— 9y ({L =) — 6y (43)
(§|| —{)— 5|| = (6, — 6)).

i
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Left panel: Allowed values of Ay, for —1 = Re(f) =< 1. The inner wedge is for the input parameters varied in

their 1o ranges; the outer wedge is for 2o variation. Also shown are the 10 and 20 experimental bands for A;;, and the allowed region
for a smaller range of Re(f), namely, |Re(f)| = 0.1. Right panel: Same plot for Ay .

With the standard normalization of the transversity
amplitudes, viz. [Ag]* + [AL | + |Ay1* = [A]* + [AL]* +
|AjI> = 1, Eq. (35) becomes

Ay = — %ﬁ |A 1 [|Aol[— sin (8,)(Re(f))
+ {cos (8,)sin (2¢,) + sin (5,)(Re(f) cos (2¢,)
T Im(f) sin (2,)}(AT/21)] + O[(AT/2I)?]
Ay = = 1AL IT= sin (5)Re(f) + {eos (5, sin (2,

+ sin (8;)(Re(f) cos 2¢;)
+ Im(f) sin (2¢,))}(AT'/2T")] + O[(AT'/2I')?].

(44)
We will use the following numbers from Ref. [18]:
|Aol? = 0.365 + 0.022(stat) + 0.012(syst),
|A |17 = 0.291 + 0.024(stat) = 0.010(syst),
|Aj> = 0.344 = 0.024(stat) = 0.014(syst), 45)
cos (8)) = —0.844 = 0.068(stat) = 0.029(syst),
Ay = —0.055 = 0.036(stat) = 0.018(syst)

Ay = 0.010 = 0.036(stat) = 0.018(syst).

For our analysis, we use Eqs. (43)—(45), and keep terms
only up to the first order in AI'/T". Even for the B, system,
this is a good approximation. All d);;s in Eq. (34) (for
i =0,]|) are now equal to 2¢,, where ¢, is the weak
CP-violating phase which is the same for the three polar-

ization amplitudes, and very small in the SM (¢, ~ 0.02

[23,24] based on QCD factorization).! Even if there is
some new physics making ¢, large, the effects will be
suppressed by AT'/T", so we do not expect much sensitivity
on the precise value of ¢,. One may note that this phase
has recently been measured by the LHCb Collaboration
[25] to be between —2.46 and —0.76 rad with 68% con-
fidence level, which is not exactly in total conformity with
the SM prediction.

As is evident from Eq. (44), if we neglect higher order
terms in AI'/T’, both A;; and Ay are zero in the SM; thus,
any definite nonzero value for these observables would
point to the presence of some NP. Considering CPT vio-
lation as the source of NP, one sees that there is a definite
deviation from zero even at the zeroth order of AI'/T;
unfortunately, the shift depends only on Re(f), as Im(f)
comes as a coefficient of sin (2¢,) in the subleading order.
Figure 1 shows the allowed ranges for A;; and Ay when the
input parameters are varied over their experimental ranges.
We have varied the three transversity amplitudes over their
allowed ranges keeping the normalization to unity fixed,
and also varied the strong phase differences 6, and §, over
the entire range of [0:27] keeping the constraint on
cos (8)). This gives a bound on Ay and Ay, although this
is quite weak at present (however, note that if we take the
1o region on A, seriously, small values of Re(f) are ruled
out, as is the SM). The allowed region will shrink consid-
erably with more data.

In Fig. 2 we show the allowed region in the A;;-Ay plane
for large and small values of Re(f), varying all other input
parameters as above. Again, with more data, the elliptic
figures are bound to shrink, as well as the horizontal and
vertical bands, constraining CPT violation. If finally the
intersection of the bands settles outside the ellipses, that

1"l:his should not be confused with the phase ¢, relevant for
B,-B, mixing and defined as ¢, = arg (—M,/T",).
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Left panel: Allowed region in the A;-Ay plane when all the input parameters are varied over their 1o ranges.

The outer ellipse is for —1 = Re(f) = 1 and the inner green ellipse is for —0.1 = Re(f) = 0.1. The 1o bands for A; and Ay are
shown as dashed lines. Right panel: The same plot when the input parameters are varied over 20; also, the 20 bands are shown. The

left edge of the A band coincides with the left edge of the plot.

will rule out CPT violation in this channel at least, but that
will also rule out the pure-SM explanation and call for
some other NP.

VI. CONCLUSIONS

The role of TP asymmetries as a probe of CP violation
crucially hinges on the CPT theorem which relates a
possible T-violating observable to a CP-violating one. If
CPT is not conserved, there is no such relationship, and
observables that are not supposed to show any TP asym-
metries in the SM might do so. For example, if CPT
violation is present in one or more decay amplitudes, there
will be a nonzero TP asymmetry even if the weak phases of
all the amplitudes are equal. The same trend persists in the
time dependence of the TP asymmetries.

One might trade the s-, p-, and d-wave amplitudes with
the transversity amplitudes, which are directly accessible
to the experiments. Some of the interference terms between
these anplitudes are CP violating only if the corresponding
weak phases are different; in the presence of CPT
violation, we again observe that a nonzero signal can be
observed even if all the weak phases are equal. The
observables Ay and Ay, as measured by LHCb, are sup-
posed to be zero in the SM for channels like B, — ¢ ¢.
We show how one gets nonzero and possibly large values
for these observables with CPT violation; a more canoni-
cal NP that contributes only to the B-B mixing and
hence modifies the weak CP-violating phase ¢, in the
decay can hardly generate such large values as all
¢ ,-dependent terms are suppressed by AI'/I". The other
side of the coin is that with more data, one can successfully
constrain the parameter space for the CPT-violating
parameters.
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APPENDIX A: FACTORIZATION

Following Ref. [4], we briefly describe the main results
of naive factorization. The prediction of naive factoriza-
tion, that most TP asymmetries with ground state vector
mesons are expected to be small in the SM, will necessarily
hold in perturbative QCD (PQCD) or QCD factorization
too.

The starting point for factorization is the SM effective
Hamiltonian for B decays [26]:

GF s
Hgff = —2[Vfbeq(C1 O?f + Czng)

7%
10

=D (Vip Virg et + Vo Vigc§ + Vi Vi) 0] + He,
i=3

(AD)

where the superscripts u, c, t indicate the internal quark,
f can be the u or ¢ quark, and g can be either a d or s
quark.

Within factorization, the amplitude for B — V|V, can be
written as

AB— ViVy) = Y {(Vi|010XV,|O'|B)
0,0'

+(V2|Ol0XV, | O'|B)}, (A2)
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where O and @' are some relevant four-fermion operators.
The first amplitude, (V,|0|0), is proportional to the
polarization vector of V|, namely, &}. The second ampli-
tude, (V,|O'|B), can be written in terms of the usual vector
and axial-vector form factors. Thus, the first term of
Eq. (A2) is given by

> (V,1010XV,|0'|B)
0,0

= —(mp + mZ)mlgVIXA(lz)(m%)aT " &)

m
+2—1—

@), 2y . *
mB+ngV,XA2 (ml)SQ PEL P

. ml y ¥ *or
B lmglev(z)(m%)eﬂwapﬂq e," &3,

(A3)

All phase information is contained within the factor X,
which is common to all three independent amplitudes.
Thus, these quantities must have the same phase.

A similar treatment for the second term in Eq. (A2) gives

> (V,10l0XV,|0'|B)
0,0

= —(mp + ml)m2gV2YA(ll)(m%)8T " &)

ma (D) 2\ ok ok
* 2mB + my g, YAy (my)e - pey - p
. my «
—_— ] YV(I) m2 € y23 VS Ps*o"
(mB + ml)gvz ( 2) uvpaeP" 4 €1 €y

(A4)

where the phase information is contained in the common
factor Y, which need not be the same as X.

We can now express the quantities a, b and ¢ of Eq. (3)
as follows:

I~ =

PHYSICAL REVIEW D 87, 116005 (2013)
a=—mgy,(mg+ mz)A(lz)(m%)X
— mygy,(mg + m1)A(11)(m§)Y
_ mp @, 2
b=2m ————mpAy’ (m9)X
lgVI (mB+m2) B4 ( l)

mpg
(mp + my)

mgV® (m)X

+2msgy, mBA(zl)(mg)Y

mp
c=—-m -_—
18V, (mp + mjy)

mgVO(m3)Y. (A5)

mp
—m —_—
28V, (mg + my)

Thus, nonzero TP asymmetries are generated from
Im(ac®) or Im(bc*) if and only if both X and Y are present
with different phases. Thus, if V; = V,, there cannot be
any TP asymmetry in the SM.

APPENDIX B: CPT VIOLATION IN MIXING

This closely follows Ref. [14] with a couple of
typographical errors corrected. Consider the 2 X2
Hamiltonian matrix with an explicit CPT-violating term
6. Let us define

_q1 _ o\ . _ @ (. 6\ . _m
m=,= yts)as m=-—=|y—Sa; o=—,

: 2 P> 2 us
(BI)
and
f- = TS (e7ihit — gmikar),
f+(@) = TS (e ™M1 4 e~ ihat), (B2)
0= e s e
Thus,

2e 11 ATt e T'(1 — Red) ATt
11+ ol [COSh (T) — cos (AMZ)] =~ —[COSh(T) — cos (AMI)],

—I't
lf+()]? = e—lz[cosh (?)(1 + |w|?) + sinh (%)(1 — |w|?) + 2Re(w) cos (AM1) — 2Im(w) sin(AMt)],

T+

2

o AT AT
PP = 5o ; S

2

—I't
~¢ [cosh <%) — sinh (%)Reé + cos (AM1t) — Imé sin (AM1) :I
—I't
ei[cosh (A“)u 4 lf?) - sinh (Art)u ~ |]?) + 2Re(w) cos (AM1) + 2Im(w) sin (AMt)],

-T AT AT
~ ¢ [cosh (Tt) + sinh ({)Re& + cos (AM1t) + Imé sin (AM1) ]
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ATt

T4
fif-@) = ﬁ[cosh( 3

)(1 — ") + sinh (Azrt)u + %) + cos (AMD)(—1 + ") — isin (AMD)(1 + a)*)],
e—Ft

AT AT
~~ [cosh ({)(—Reﬁ + iIm&) + sinh (TI)(Z — Red — iIméd) + cos (AM1)(Red — ilmd)

— sin (AMH)(Imé + i(2 — Reﬁ))],

—I't

FL (1) = —lz[cosh (%)(w — 1) + sinh (%)(1 + ) + cos (AMA(1 — w) + isin (AM)(1 + a))]

1+
—TIt AT AT
=~ 64 [cosh (%)(Re& + iImd) + sinh <Tt)(2 — Red + iImé) — cos (AM1)(Red + iImd)
+ isin (AM1t)(—Imé + i(2 — Reé))], (B3)

where we take y =1, nyp = (1 +(—)2), w = (1 +9), |o> = (1 +2Red), |1 + w| 2 =1(1 —Red), Inipl* =
(1 + (—)Red).
This gives

A;(DAL(1) = [FLA] + i fLATI L A + i f-Ay]

= ATALI S P+ (A /ADF -1+ AR AL PLE-1P + mi (A /ADf 2 ]
=TIt
5 I:A;‘Ak{cosh(AI‘t/Z) + cos(Amt) — Red sinh (AT't/2) — Imé sin (Amt)}

—2igy

2

e
+ Mk

ATA{2sinh (AT'7/2) — 2isin (AM¢t) + (—Reé + ilmé) cosh (AT't/2) + (Red — ilmé) cos (AM1)}

+ ArAfcosh (AT'#/2) — cos (AMD} + X5 A*A,{2sinh (AT't/2) + 2isin (AM1)

+ cosh(AI't/2)(—Red — iImé) + (Red + iImd) cos (Amt)}]

A?(r)/ik(r)—[f s pa) 7.4+ ’; =]

2
Py gt

| 2|2 772

= A?Akl:

e—l"t

= I:A?Ak{cosh (AT't/2) — cos (AM1)} +

+ (Red + ilmd) cosh (AT'2/2) — (Red + ilms) cos (AM1)} + AFA{cosh (AT't/2) + cos (AM?1)

] + Aakt‘\k|:|f+|2 + (Ak/Ak)f ];+]

Nie —2i¢n " . . .
TAiAk{2 sinh (AT't/2) + 2i sin (AM¢)

+ Reéd sinh (AT't/2) + Imé sin (AM1)} + UL AfA{2sinh (AT't/2) — 2isin (AM?1)

+ (Red — iImd) cosh (AI't/2) — (Red — iImd) cos (AMt)}]. (B4)
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