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CP noninvariance effects induced by quantum gravity inB systems
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The effects of a newCP-violating source originated from quantum gravity are studied systematically for the
B system. A comparison with theK system is presented. It is found that in terms of the parameter values
obtained in theK system the observational prospect of such effects in theB system is not optimistic even at the
B factory.

PACS number~s!: 11.30.Er; 14.20.Mr
I. INTRODUCTION

It is interesting to explore possible sources ofCP viola-
tion. It is believed@1# that in the standard theory of Koba
yashi and Maskawa@2# all CP-violating effects reside in the
quark-Higgs-boson Yukawa couplings, whereas if the Hig
sector contains several scalar fields, an additio
CP-violating phase may appear in the Higgs self-couplin
@3#; thus, allCP-violation sources are associated with th
Higgs boson sector.

In the regular theory, the neutral meson systems,K, B,
etc., can be described by quantum mechanics; their ev
tions are determined by the Hamiltonian. By studying bla
hole physics, Hawking@4# proposed that, due to quantum
gravity effects, quantum-mechanical evolution should
modified. The new phenomenological term induced
Hawking’s action should be taken into account for the ev
lution of a quantum system. Namely, the quantum-mechan
violation causesCP and evenCPT violation. In the most
general form, the evolution of the density matrix can be e
pressed@6,5#

d

dt
rB
A5H” BC

ADrD
C , ~1!

where the linear operatorH” contains an additional term to
the usual quantum-mechanical piece, so

H” BC
ADrD

C5 i @r,H#B
A1dH” BC

ADrD
C ~2!

and

dH” r5h0 jr j11hj0r0s j1hi js ir j , ~3!

wherer is the density matrix of the quantum system,H is
the regular Hamiltonian, andh is a parameter set. Conside
ing that the probability must be conserved and the entro
should not decrease at any time,h0 j5hj050.

The extra term causes a pure state to evolve into a mi
state, but not the inverse. This leads to a new evolution eq
tion for the density matrix components@5# as
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r052G0r02G ir i ,

~4!
d

dt
r i52e i jkM jrk2G ir01hi jr j ,

whereH5M2( i /2)G is a 232 matrix and determined by
the standard model andG0, G i , M0, Mi are described in
the basis of the Pauli matricess0[1 ands i .

Huet and Peskin~HP! and Ellis, Hagelin, Nanopoulos,
and Srednicki~EHNS! studied the possible effects ofdH” r in
theK system@5,6# and paramterizedh in a 333 matrix form
as

h52S 0 0 0

0 2a 2b

0 2b 2g
D . ~5!

It is noted that this new additional term is Hermitian negative
definite, that requiresa andg to be positive and an inequal-
ity ag.b2 must be satisfied.h should be phenomenologi-
cally relevant to theCP-violation observables~see below!.
More explicitly, for theK system, the first row and column in
Eq. ~5! are set to zero because of the assumption of strange-
ness conservation. Here we simply generalize this form to
theB system where theb flavor corresponds to thes flavor
in the K system. Because of close analogue ofK and B
systems for mixing effects and decay mechanisms, this
simple generalization may be reasonable; namely the argu-
ments given in@6,5# for the K system can apply to theB
system.

The solution ofr can be obtained as

r~ t !5AHrHe
2GHt1ALrLe

2GLt1AIr Ie
2~G1a2g!te2 iDmt

1AĪr Īe
2~G1a2g!te1 iDmt, ~6!

where all notation is taken from@6,5# andGH(L) denotes the
total widths of the heavy and light eigenstates of theB sys-
tem, which will be clarified in a better way in the next sec-
tion. Comparing with the original expression ofr wherea,
b, andg do not appear, it is noted that the new effects cause
2645 © 1996 The American Physical Society
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G5(GH1GL)/2 to shift bya2g and change the eigenmode
of the rH , rL , r I , andr Ī . We will discuss the results in
the third section.

In theK system, by comparing expression~6! where the
subscriptsH andL for the B system should be changed to
S ~short! andL ~long! with data, the parameters are obtaine

g5~0.163!310222 GeV,

b5~1623!310220 GeV ~@6# !, ~7!

and

g5~20.262.2!310221 GeV,

b5~0.3260.29!310218 GeV ~@5# !. ~8!

a cannot be determined by theCP-violation data of theK
system.1 In @5,6#, there are only mild constraints fora. In
our calculations, considering the positiveness ofa and
g and the inequality, we set the parameter valu
as a55.8310218 GeV, b50.12310218 GeV, and
g52.5310221 GeV.

Because of large uncertainties of the parameters, one
only estimate the order of magnitude and expect to fix the
through future precision measurements on theCP and
CPT violation in thef factory which is discussed by Huet
and Peskin@5# in some detail.

Obviously, it is natural to apply the same scenario to th
B systems. The reason is twofold: first, theB system is very
similar to theK system, especially, both of them have larg
mixing effects and are good subject to quantum mechani
second becauseB is heavy, the contributions from the long
distance effects associated with the intermediate resonan
can be less important and negligible@7#. In fact the sugges-

1In the previous version of the paper of Huet and Peskin, t
parametersb andg were different from that listed at Eq.~7!, the
original one set was g5(21.163.6)310221 GeV and
b5(0.1260.44)310218GeV, to make thea value not too large we
choose a reasonable set ofa, b, andg given in the text. In fact, at
the present stage, with the large uncertainties, especially, for
B system, only an estimation of order of magnitude is feasib
therefore selecting a reasonable set of the parameters which
within the possible ranges would be sufficient, of course, adjusti
the parameters, one may obtain larger or smallerCP-violation re-
sults, but cannot deviate by orders. So in this work we only co
strain ourselves with this set of parameters.
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tion of detecting direct and indirectCPT violation at aB
factory has been raised by some authors@8#.

Moreover, according to@6,5#, the parameters ofh (a,
b, and g) for the K system are of orderMK

2 /MPl;10219

GeV, whereMPl is the Planck mass. The reason is that the
effects are induced by the quantum gravity, so the physics is
at or near the Planck scale and optimistically, only one
Planck mass suppression exists. Thus one might expect tha
in the B system,b and g can be 2 orders of magnitude
larger. It would be helpful for observation.

Motivated by the idea, we study the effect of the
quantum-gravity induced additional termdH” r in theB sys-
tem. Thus we investigate its effect onxd (x̄d), etc., in the
semileptonic decays and then on

AB5
G~B0→2p!2G~B̄0→2p!

G~B0→2p!1G~B̄0→2p!

for nonleptonic decays.
In the next section, we give the necessary formulas, but

for saving space, we refer the readers to the original refer-
ences for details. In Sec. III, we present our numerical re-
sults. The last section is devoted to the discussions and con
clusions.

II. FORMULATION

TheB system has been carefully studied by many authors
@9#. The B02B̄0 mixing is large because the top quark is
heavy. Since the intermediate resonance contributions can be
neglected in theB system, the box diagram fully determines
M12 andG12.

Recently, the top quark mass has been measured by the
Collider Detector at Fermilab~CDF! and D0” Collaborations
at Fermilab@10,11#:

mt517668~stat!610~syst! GeV/c2 ~CDF!,

mt5199221
119~stat!622~syst! GeV/c2 ~D0”!.

The values are measured at themt mass shell, and may run to
a larger value at theMB energy scale, the running depends
onLMS̄ and is not very certain so far. Following Buras@12#,
we takemt;176 – 200 GeV. Since the purpose of this work
is to test the newCP-violation effects induced bydH” r com-
pared to that of the box diagram, considering large uncertain-
ties of the parameters in theK system, the small deviation
caused by the variedmt value is not important.

~i! Solution ~6! is obtained by following the procedure
given in @5#. Explicitly, Eq. ~4! can be rewritten as

he

the
le,
are
ng

n-
d

dt S r1

r2

r

r̄

D 5F2G1S 2DG/2 0 1 i e* d* 2 i ed

0 DG/2 1 i ed 2 i ed

2 i e* d* 2 i ed 1 iDm 0

1 i ed 1 i e* d* 0 2 iDm

D G S r1

r2

r

r̄

D , ~9!
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where d5Dm1 iDG/2 and since we do not consider th
CPT violation, so ignore the difference betweeneH andeL
in the expression. Since thee!1 assumption does not exis
for theB system, the corresponding approximation adop
in @5# does not apply. Therefore, instead, we directly diag
nalize the matrix and obtain the eigenstates of ther vector
which appear in Eq.~6!.

~ii ! The mixing effects and the semileptonic decays. Ge
erally, one defines

uBL&5
1

Aupu21uqu2
~puB0&1quB̄0&), ~10!

uBH&5
1

Aupu21uqu2
~puB0&2quB̄0&), ~11!

where we use the phase convention ofCPuB0&5uB̄0&, the
superscriptsH andL denote ‘‘heavy’’ and ‘‘light’’ eigenstates
of H5M2( i /2)G, andDm[MB

H
02MB

L
0.

Diagonalizing the HamiltonianH5M2( i /2)G, one
achieves@13#

p

q
5AM12* 2 iG12* /2

M122 iG12/2
, ~12!

Dm52 ReD, ~13!

DG524 ImD ~14!

whereD5@(M122 iG12/2)(M12* 2 iG12* /2)#
1/2.

One of the authors@14# pointed out that asmt is very
large, the formulas forM12 andG12 given in the earlier lit-
eratures should be modified, the explicit expressions
M12 andG12 are very complicated and are presented in@14#.

It is noted thatM12 andG12 are fully determined by the
box diagram and so areDm and Ḡ. However, some measur
able quantities are associated with the evolution of the qu
tum system, so closely related todH” r via Eq. ~6!, such as
r , xd(xs), andAB , etc.

By definition,

j5
G~ l l !1G~ l̄ l̄ !

G~ l l̄ !1G~ l̄ l !
~15!

and

r5
G~B0→ l1X via B̄0!

G~B0→ l6X!
, ~16!

x5
r

11r
5P~B0→B̄0!, ~17!

a5
r2 r̄

r1 r̄
. ~18!

It is noted thatj52r /(11r 2) if the B0B̄0 pair is produced
incoherently, in contrast,j5r if it is produced coherently
@for example, atY(4s)# @15#. Calculating the hadronic ma
trix elements of the exclusive semileptonic or nonlepton
e
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decay width needs more knowledge on the nonperturbativ
QCD. With the PCAC~partial conservation of axial-vector
current! theorem, one can simplify

^ l2nD1uHWuB0&; j m
l f1

B0D~p
B
1p

D
!m,

where j m
l is the lepton currentn̄gm(12g5)e and the form

factor f1
B0D is not calculable in the framework of perturbative

QCD. Fortunately, to evaluater anda, the troublesome fac-
tor can be canceled out at the ratios.

It is easy to obtain

r5
*0

`$tr@r
B0

~t!Ol1#%dt

*0
`$tr@r

B0
~t!Ol2#%dt

, ~19!

where the density matrix is the expression in Eq.~6! and the
operator matrixOl1 reads

Ol15uBi&^Bi uHWu l1nX&^ l1nXuHWuBj&^Bj u, ~20!

where the subscriptsi and j refer toB0 and B̄0, but in the
calculations, one needs to project them into the basis o
uB1,2&5(1/A2)(uB0&6uB̄0&), while theOl2 is similar. The
other quantities can be easily obtained.

~iii ! TheCP violation in the nonleptonic decay processes.
The nonleptonic decay processes concern directCP viola-
tion resulted by theCP noninvariant interactions. Following
the literature, we study

AB5
N~B0→p1p2!2N~B̄0→p1p2!

N~B0→p1p2!1N~B̄0→p1p2!
. ~21!

AB is an integrated value over time, so related to the evo
lution of the quantum system and thus depends on th
quantum-gravity induceddH” r:

AB5

E
0

`

dt tr$@r
B0

~t!2r
B̄0

~t!#Op1p2
%

E
0

`

dt tr$@r
B0

~t!1r
B̄0

~t!#Op1p2
%

. ~22!

The operator matrixOp1p2 is defined as

~Op1p2! i j5uBi&^Bi uHWup1p2&^p1p2uHWuBj&^Bj u,
~23!

where the operator matrixOp1p2 has the same notation as
Ol6.

Generally, the directCP violation emerges via an inter-
ference between two~or more! channels whose weak and
strong phases are all different; namely, aCP asymmetry is
proportional to sin(d12d2)sin(f12f2) whered1 , d2 are the
strong phase shifts andf1 , f2 are the weak phases due to
the Kobayashi-Maskawa~KM ! phase for the two channels.
In theK→2p case, 1 and 2 correspond toupp(I50)& and
upp(I52)& channels.

In B→2p, the main contribution comes from the inter-
ference between the tree diagram and the one-loop pengu
diagram@16#:
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A~B0→ f !5T exp@ i ~fT1aT!#

1P exp@ i ~fP1uP1aP!#, ~24!

A~B̄0→ f !5T̄ exp@ i ~2fT1aT!#

1 P̄ exp@ i ~2fP1uP1aP!# ~25!

wheref i are the weak phases,a i are the final state interac
tion induced phase shifts anduP is the loop-induced phase
In general,aT5aP , uP is determined by the absorptive an
dispersive parts of the penguin diagram. In fact, only t
timelike penguin diagram can have an absorptive part a
contributes touP; however, recent research@17# pointed out
that a spacelike penguin diagram also affects theCP asym-
metry by modifying the dispersive or absorptive parts of t
timelike penguin amplitudes. For the time being, in this wo
we ignore the contribution from the spacelike penguin d
gram because it would make the calculation very comp
cated, but does not influence the qualitative conclusion.

Defining

g5
P

T
, ḡ5

P̄

T̄
,

one has@16#

g'cgUI ut1 vc*

vu*
I ctU, ḡ'cgUI ut1 vc

vu
I ctU

where

cg5
as

2p S 11
2Mp

2

~md1mu!~mb2mu!
D .

v i5VibVid* andI ut[I u2I t , I ct[I c2I t are very complicated
functions ofyi5mi

2/MW
2 which are given explicitly in@16#.

Substituting all the information into Eq.~23!, it would be
straightforward to achieve the operator matrixOp1p2.

In the next section, we will present our numerical resu
for the quantities.

III. NUMERICAL RESULTS

Except for the Cabibbo angleuC , all KM entries are not
well determined, and the phased is not either. They disperse
in a wide rangeuVubu;0.002–0.005,uVtdu;0.004–0.015,
and sinuC50.22 @18#. In theB system,xd is relatively well
measured~even with a small portion ofxs), so we take rea-
sonable values for sinu2 and sinu3 which guarantee
xd5Dm/G to remain within the experimentally allowed re
gion of 0.7160.06 @18#. Sincemt@mc , M12 mainly is de-
termined byVtdVtb* , which is only sensitive tou2 , thus in
our later computations we adoptuVtdu50.0075 and
uVubu50.005. Furthermore, unlike in theK case, for
B02B̄0 mixing, uG12u!uM12u, becauseuM12u is related to the
largemt , whileG12 only to much smallermc andmu . There-
fore,

q

p
'AM12*

M12
,

-
.
d
he
nd

he
rk
ia-
li-

lts

-

by the KM parametrization, the phase;2d. If one writes
q/p5(12e)/(11e) in the traditional way, approximately
e.2 i tand, thus atd5p/2 there is a discontinuity in sign,
but it does not change the physics. Even so, we try to avo
the vicinity ofp/2 and restrict thed value at 0.2 – 0.73 and
2.4 – 2.9~getting rid of the regionp/267p/30). It is noted
that if mt were small, the situation would be different, since
the above approximation would not be valid.

As aforementioned, the parametersb and g are propor-
tional to Mmeson

2 /MPl;10219 GeV for K mesons, since
MB;10MK approximately, one can expectb andg to be 2
orders of magnitude larger than that obtained for theK sys-
tem. In our numerical calculations, we take two sets ofb and
g, the first one is that obtained by Huet and Peskin@5#, and
for the second set, we enlarge the first one by 100 times.

j andr concern the mixing parameters which are experi
mentally measurable, but do not refer to theCP violation.
The calculatedxd5r /(11r ) 50.168, compared to the data
0.15660.024 and our result showsj'2r /(11r 2). In the
standard way, by varying thed value, we obtainj0;0.388,
while (j12j0)/j0;102621025, (j22j0)/j0;1024

21023, and r 0;0.2, (r 12r 0)/r 0;102621025, (r 22r 0)/
r 0;102421023, where the subscripts 0, 1, and 2 denote th
cases without gravity,a, b, g being the values listed in last
section and witha, b, g being 100 times larger than the first
set, respectively. Indeed by an estimate of the order of ma
nitude,

MB
2/mPlDM;1025,

which indicatesDj/j and Dr /r to be of such orders and
much smaller than unity, so may not be very meaningful fo
experiments.

But for the CP-violation parametersa and AB defined
above an estimate of theCP-violation effects originated
from quantum gravity may somehow make some sense. B
low we tabulate the dependence of theCP violation on the
phased, the parametersa, b, andg which characterize the
quantum-gravity effects.

In Table I, we will presenta andAB corresponding to the
CP violation in semileptonic and nonleptonic decay, respec
tively. Their definitions were given in the last section.

IV. DISCUSSIONS AND CONCLUSIONS

Hawking’s generalization of quantum mechanics which
encompasses gravity allows the evolution of pure states in
mixed states, so it is a model violating quantum mechanic
CP violations may occur at the evolution processes of
quantum system. EHNS@6# and HP@5# investigated possible
effects of such gravity-induced termdH” r on theCP viola-
tion in the K system. Comparing with the data of theK
system, they obtained corresponding parametersb andg. It
is noted that the parameters obtained by EHNS and HP a
have very large uncertainties, or in fact they are still consis
tent with zero.

It is natural to extend their work to theB system which is
another good place for observingCP violation besides the
K mesons. We adopt the parametersb andg given in@5# and
another set with them being enlarged by 2 orders of magn
tude according to the aforementioned discussion:a, b,
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TABLE I. The CP asymmetry parameters for in semileptonic and nonleptonic decays.

a AB

d a0
a12a0
a0

a22a0
a0

(AB)0
~AB!12~AB!0

~AB!0

~AB!22~AB!0
~AB!0

0.209 5.5331024 25.6031025 25.5931023 0.145 6.0631026 6.0431024

0.314 8.2131024 23.2131025 23.2031023 0.184 1.8031026 1.7631024

0.419 1.0831023 21.5931025 21.5831023 0.222 21.8231026 21.8931024

0.524 1.3331023 23.6431026 23.6231024 0.258 24.6131026 24.6831024

0.628 1.5631023 5.5731026 5.5431024 0.291 26.4031026 26.4731024

0.730 1.7731023 1.1931025 1.1931023 0.322 27.1831026 27.2331024

2.40 1.7731023 22.3031025 22.3231023 0.304 24.4431026 24.4231024

2.51 1.5631023 23.0031025 23.0031023 0.257 26.7531026 26.7431024

2.62 1.3231023 23.3231025 23.3231023 0.207 28.6331026 28.6331024

2.72 1.0831023 23.1131025 23.1131023 0.156 29.5031026 29.5031024

2.83 8.1931024 22.0731025 22.0731023 0.105 28.3931026 28.4031024

2.93 5.5131024 5.0831026 25.0831024 0.053 21.8231026 21.8231024
-

g;MM
2 /MPl . Since for theK system there is only a mild

bound fora, for example, in@5# the authors gave a distribu
tion Q(p1p2;p1p2;t) which is less sensitive toa and its
leading a effect is of order ofauh12u2, so very small.
Therefore we take thea value according to the inequality
ag.b2. Then we study the effects ofdH” r on the mixing
xd , j, andCP violation of the semileptonic and nonleptoni
decays.

Since the quantum-gravity effects enter this game throu
the evolution of the density matrix of the system, we c
analyze the changes caused by theses effects and find s
larities and differences between theK andB systems.

The time dependence of the density matrix is given in E
~6!, one can notice that there are two sorts of changes,
first is the shift of the average lifetimeG to G1a2g and the
second is the variation of the eigenmodesr i . It is noticed
from our numerical results that the changes of the mat
elements ofr i are of the order ofa, b, andg. For theK
system,G5(GS1GL)/2;3.7310215 GeV, while for theB
system,G5(GH1GL)/2;2.2310213 GeV, 2 orders larger
than that forK, so if we adopt the first set ofa,b,g, the
relative changes inB would be smaller than inK, whereas,
with the second set of the parameters which is 100 tim
larger than the first one, the relative changes are of the s
order as for theK system. For the density matrix, the situa
tion is similar, however,e is measured in theK system which
is as small as 1023, but forB, there are no data yet and th
calculated value ofe is not so small@9#. Since all corrections
to r i for theK case appear at the terms proportional toueu2
@6,5#, it seems that the direct effects in theB system is much
smaller than that in theK system. But this is not true, since
the smalle approximation does not hold for theB system,
there is no simple analytic solution for Eq.~9! as for theK
system, and it should be solved numerically. The numeri
results show that the changes caused by the quantum-gra
effects are similar to that for theK system as long as the
second set of parameters is employed.

Thus one can see that theK system andB system have a
-
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very similar response to the effects of the quantum gravity.
Our numerical results show that if the parametersb and

g obtained in theK meson are valid, the additional phenom-
enological termdH” r can only result in a change of about
1026 for the CP violation from that caused by the regular
mechanisms, for example, the box and penguin diagrams,
etc. It is impossible to observe it in any available or in near
future experiments. However, if the parameters can be 2 or-
ders of magnitude larger than in theK system, the additional
CP-violation effect can reach 1023–1024 of the regular
ones. Namely the expected observableCP violation may be
(161023) times of that resulted by the standard mecha-
nisms. Of course, it is still a small effect. In addition, even
though the contribution of the long distance effects~interme-
diate resonances! is much smaller than that in theK system,
it may still be as large as the effect of gravity. It would be
hard to distinguish between them in experiments.

Moreover, experimental difficulties for measuring such
effects caused by the phenomenological term in theB system
are greater than in theK system, because the time scales for
the neutralB system are 2 orders shorter than for theK
system and the measurement background is larger.

Even in the proposedB-meson factory, it is not easy to
observe so small effects and identify them from other
sources, such as the long distance effects. Therefore our con
clusion is that the prospect for observing the effects of grav-
ity on theCP violation in theB system is pessimistic, even
not completely impossible.
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