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Possible effects of noncommutative geometry on weakCP violation and unitarity triangles
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The possible effects of noncommutative geometry on weakCP violation and unitarity triangles are dis-
cussed by taking into account a simple version of the momentum-dependent quark mixing matrix in the
noncommutative standard model. In particular, we calculate nine rephasing invariants ofCP violation and
illustrate the noncommutativeCP-violating effect in a couple of chargedD-meson decays. We also show how
inner angles of thedeformedunitarity triangles are related toCP-violating asymmetries in some typicalBd and
Bs transitions intoCP eigenstates.B-meson factories are expected to help probe or constrain noncommutative
geometry at low energies in the near future.
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I. INTRODUCTION

One of the major goals ofB-meson factories is to test th
Kobayashi-Maskawa mechanism ofCP violation in the stan-
dard model ~SM! @1#. If this mechanism is correct, a
CP-violating asymmetries in weak decays of quark flavo
must be proportional to a universal and rephasing-invar
parameterJ @2#, defined through

Jab
i j [Im~Va iVb jVa j* Vb i* !

5J(
g,k

~eabge i jk !, ~1.1!

where V denotes the Cabibbo-Kobayashi-Maskawa~CKM!
matrix of quark flavor mixing, and its Greek and Latin su
scripts run, respectively, over (u,c,t) and (d,s,b). A number
of promising measurables ofCP violation atB-meson facto-
ries are directly related to the unitarity triangle shown in F
1~a!, which describes the following orthogonal relation ofV
in the complex plane:

Vub* Vud1Vcb* Vcd1Vtb* Vtd50. ~1.2!

The inner angles of this unitarity triangle are commonly d
fined as

a[argS 2
Vtb* Vtd

Vub* Vud
D ,

b[argS 2
Vcb* Vcd

Vtb* Vtd
D ,

g[argS 2
Vub* Vud

Vcb* Vcd
D . ~1.3!
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Of course,a1b1g5p andJ}sina}sinb}sing hold. So

far the CP-violating asymmetry inBd
0 vs B̄d

0→J/cKS de-
cays, which approximates to sin 2b to a high degree of ac
curacy in the SM, has been unambiguously measured at
KEK and SLAC @3#. Further experiments are expected
help determine all three angles of the unitarity triangle a
test the consistency of the Kobayashi-Maskawa picture
CP violation.

Another major goal ofB-meson factories is to detect po
sible new sources ofCP violation beyond the SM. On the
one hand, the Kobayashi-Maskawa mechanism ofCP viola-
tion is unable to generate a sufficiently large matt
antimatter asymmetry of the universe observed today; and
the other hand, many extensions of the SM do allow
presence of newCP-violating phenomena@4#. Therefore it is

FIG. 1. The CKM unitarity triangle in the standard model~a!
and itsdeformedcounterpart in the noncommutative standard mo
~b!.
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worthwhile to look for new sources ofCP violation in vari-
ous weak decays of quark~and lepton! flavors. A particularly
interesting possibility is that newCP violation may stem
from noncommutative geometry.

Noncommutative geometry plays a very important role
unraveling the properties of the Planck-scale physics. It
for a long time been suspected that the noncommuta
spacetime might be a realistic picture of how spacetime
haves near the Planck scale@5#. Strong quantum fluctuation
of gravity may make points fuzzy. In fact, the noncommu
tive geometry naturally enters the theory of open string i
backgroundB field @6#. In particular, the noncommutativ
geometry makes the holography@7# @e.g., the AdS/conforma
field theory~CFT! correspondence# of a higher-dimensiona
quantum system of gravity and lower-dimensional the
possible. It was also discovered that simple limits ofM
theory and superstring theory lead directly to the noncomm
tative gauge field theory@8,9#. The fluctuations of the
D-brane are described by the noncommutative gauge
theory @10#. The noncommutative field theory has been
tensively studied in the past two decades@11#. A standard
model on noncommutative spacetime was even set up@12#.
However, in recent years, the study of noncommutative
ometry has been focused on the so-called Moyal plane, w
the coordinates and their conjugate momenta satisfying
relations@13#

@xm
,
!
xn#5 iumn,

@xm
,
!
pn#5 i\hmn, ~1.4!

where umn is a constant antisymmetric matrix. Here th
Moyal-Weyl star product can be defined by a formal pow
series:

~ f !g!~x!5e( i /2)umn(]/]xm)(]/]xn) f ~x!g~y!ux5y . ~1.5!

There are two obstacles in the way of building a SM-li
gauge field theory on the Moyal plane. The first one is
charge quantization in the noncommutative QED@14#. The
charges of matter fields coupled to theU!(1) gauge theory
are fixed to only three possible values,61 and 0, depending
on the representation of particles. This is indeed a problem
view of the range of hypercharges in theU(1)Y part of the
SM. The second one is due to extraU!(1) gauge fields@15#.
Under the infinitesimal gauge transformationd̂, the vector
gauge potentialV̂m , the fundamental matter fieldĈ, and the
Higgs fieldF̂ transform as

d̂V̂m5]mL̂1 i @L̂ ,
!

V̂m#,

d̂Ĉ5 i L̂!Ĉ,

d̂F̂5 i L̂!F̂2 i F̂!L̂8. ~1.6!

It should be noticed that the Moyal-Weyl product would d
stroy the closure condition of theSU!(n). For example, two
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Lie algebra-valued consecutive transformations
d̂ L̂@5La(x)Ta# and d̂ L̂8(5La8T

a) of the matter fields in the
fundamental representation,

@ d̂L̂,
!
d̂ L̂8#5

1

2
$La~x! ,

!
Lb8~x!%@Ta,Tb#

1
1

2
@La~x! ,

!
Lb8~x!#$Ta,Tb%, ~1.7!

are not equivalent to a Lie algebra-valued gauge transform
tion. The only group which admits a simple noncommutative
extension isU(N). However, there are extraU!(1) factors
in the U!(N) gauge field theory compared to the extended
SM on the noncommutative space. In order to construct a
SU!(3)3SU!(2)3U!(1) Yang-Mills theory @16#, Wess
and his collaborators@17–20# have extended the ordinary Lie
algebra-valued gauge transformations to enveloping algebr
valued noncommutative gauge transformations,

L̂5La
0~x!Ta1Lab

1 :TaTb:

1Labc
2 ~x!:TaTbTc:1•••, ~1.8!

where :Ta1Ta2
•••Tam: denotes a symmetric ordering under

the exchange of the indexai . This kind of extension of the
gauge transformations and the Seiberg-Witten map@6# to-
gether solves the two main problems in building a noncom
mutative SM quite well.

The purpose of this paper is to examine possible effects
noncommutative geometry on weakCP violation and CKM
unitarity triangles. In Sec. II, we elucidate a simple version
of the momentum-dependent CKM matrix in the noncommu
tative SM, which consists of a new source ofCP violation
induced by nonvanishingumn. We calculate the rephasing
invariants ofCP violation in Sec. III, and find that the non-
commutativeCP-violating effects may be manifest in a
couple of chargedD-meson decays. In Sec. IV, we show how
the CKM unitarity triangles in the SM get modified in the
noncommutative SM. We also figure out the relations be
tween inner angles of thedeformedunitarity triangles and
CP-violating asymmetries in some nonleptonic decays ofBd
andBs mesons. Section V is devoted to a brief summary o
our main results.

II. MOMENTUM-DEPENDENT CKM MATRIX

The noncommutative SM @21,22# is an SU!(3)
3SU!(2)3U!(1) gauge field theory on the Moyal plane,

SYM52E d4xF 1

2g8
Tru(1)~ F̂mn!F̂mn!

1
1

2g
Trsu(2)~ F̂mn!F̂mn!

1
1

2gS
Trsu(3)~ F̂mn!F̂mn!G . ~2.1!
9-2
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The gauge field strengthF̂mn is given by

F̂mn5]mV̂n2]nV̂m2 i @V̂m,
!
V̂n#, ~2.2!

where V̂m is the vector potential of theSU!(3)3SU!(2)
3U!(1) gauge field, which is related to the ordinary pote
tial

Vm5g8Am~x!Y1g(
a51

3

Bma~x!TL
a

1gS(
a51

8

Gma~x!TS
a , ~2.3!

by the Seiberg-Witten map~to the first order ofumn)

V̂m5Vm1
1

4
ulr$Vr ,]lVm%

1
1

4
ulr$Flm ,Vn%1O~u2!. ~2.4!

Here Fmn5]mVn2]nVm2 i @Vm,Vn# is the ordinary field
strength, andY, TL

a , and TS
a are the generators ofU(1)Y ,

SU(2)L , andSU(3)C , respectively.
The parameterL̂ of the gauge transformations on the no

commutative space is determined by the ordinary gauge
rameterL via the Seiberg-Witten map,

L̂5L1
1

4
umn$Vn ,]mL%1O~u2!, ~2.5!

where the ordinary gauge parameterL is of the form

L5g8t~x!Y1g(
a51

3

ta
L~x!TL1gS(

a51

8

ta
S~x!TS

a . ~2.6!

The Seiberg-Witten maps for the Higgs fieldF̂ and the fer-
mion field Ĉ are given as

F̂5F1
1

2
umnVnF]mF2

i

2
~VmF2FVm8 !G

1
1

2
umnF]mF2

i

2
~VmF2FVm8 !GVn81O~u2!,

Ĉ5C1
1

2
umnVn]mC1

i

8
umn@Vm ,Vn#C1O~u2!.

~2.7!

At this stage, we can say that a SM-like gauge field theory
the noncommutative spacetime is set up consistently. M
interesting properties of noncommutative spacetime can
investigated directly within the framework of the noncom
mutative SM@22,23#.

In the noncommutative SM, theW-quark-quarkSU(2)L
vertex in the flavor basis can be written as
05600
-
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LWqq5~u8 c8 t8!L JccS d8

s8

b8
D

L

1H.c., ~2.8!

where the superscript ‘‘prime’’ denotes the flavor or intera
tion eigenstates of quarks, and

Jcc5
A2

2
ggmWm

12 ig
A2

4 S 1

2
umnga1unagmD

3~]mWn
12]nWm

1!]a ~2.9!

represents the charged current. Note that the charged-cu
interactions with more than oneW6 and ~or! Z bosons as
well as those with gluons@21# are not included in Eqs.~2.8!
and~2.9!, since they are not closely associated with our s
sequent discussions about weakCP violation and unitarity
triangles. To diagonalize the Yukawa interactions of qua
with the Higgs boson, one should make proper unitary ro
tions on the up- and down-type quark fields. In the ba
where the Yukawa coupling matrices are diagonal,
W-quark-quarkSU(2)L vertex in Eq.~2.8! becomes

LWqq5~u c t!L UJccS d

s

b
D

L

1 H.c. ~2.10!

Within the SM ~i.e., umn50), U turns out to be the CKM
matrix V after a spontaneous breakdown of theSU(2)L sym-
metry.

Making use of the antisymmetric property ofumn and tak-
ing into account theSU(2)L symmetry, we have the follow-
ing relations for theW-u-d vertex:

E d4x@u~p!unagm]mWn
1]ad~q!#

52E d4x@u~p!unagm~pm2qm!qaWn
1d~q!#

50, ~2.11!

and

E d4xFu~p!
1

2
umnga~]mWn

12]nWm
1!]ad~q!G

52E d4x@u~p!umn~pm2qm!gaqaWn
1d~q!#

50. ~2.12!

Therefore, we can generally rewrite theW-quark-quark
SU(2) vertex in the form
9-3
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LWqq5
A2

2
g ~u c t!L ŪgmWm

1S d

s

b
D

L

1H.c.,

~2.13!

where we have used the notation

Ūak~p,q!5UakS 1 2
i

2
pa

mumnqk
nD , ~2.14!

with a andk running, respectively, over (u,c,t) and (d,s,b).
The momentum-dependent matrixŪ is not guaranteed to b
unitary, and its new phases~induced by nonzeroumn) may
lead to newCP-violating effects in weak interactions.

Indeed, the aforementioned property ofŪ has been ob-
served by Hinchliffe and Kersting in Ref.@24#. They point
out that the signal for noncommutative geometry at low
ergies can simply be a momentum-dependent CKM ma
V̄, which is defined in analogy withŪ as follows:

V̄5V2
i

2 S Vudxud Vusxus Vubxub

Vcdxcd Vcsxcs Vcbxcb

Vtdxtd Vtsxts Vtbxtb
D , ~2.15!

wherexak[pa
mumnqk

n for a5u,c,t andk5d,s,b. Thiseffec-
tive flavor mixing matrix arises from an approximation of th
exact noncommutative SM in the leading order ofumn. Sub-
sequently, we explore some phenomenological implicati
of V̄ on weakCP violation and unitarity triangles.

III. REPHASING INVARIANTS OF CP VIOLATION

The momentum-dependent CKM matrixV̄ is not unitary
in general, as one can see from Eq.~2.15!. Note that the
following normalization relations hold up toO(xa i

2 ):

(
a

uV̄a i u25(
a

uVa i u251,

(
i

uV̄a i u25(
i

uVa i u251. ~3.1!

On the other hand, we obtain (iÞ j andaÞb)

(
a

~V̄a i* V̄a j !5 i(
a

F ~Va i* Va j !
xa i2xa j

2 G ,
(

i
~V̄a i* V̄b i !5 i(

i
F ~Va i* Vb i !

xa i2xb i

2 G ,
~3.2!

which do not vanish unless (xa i2xa j )5const and (xa i
2xb i)5const.
05600
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The observables ofCP violation in the noncommutative
SM must depend upon the imaginary parts of nine rephas
invariants (V̄a i V̄b j V̄a j* V̄b i* ). Up to O(xa i), we have

J̄ab
i j [Im~V̄a i V̄b j V̄a j* V̄b i* !

5J(
g,k

~eabge i jk !1R ab
i j jab

i j , ~3.3!

where

R ab
i j [Re~Va iVb jVa j* Vb i* !,

jab
i j [

1

2
~xa j1xb i2xa i2xb j !, ~3.4!

and the subscripts (a,b,g) and (i , j ,k) run, respectively,
over (u,c,t) and (d,s,b). If V̄ were unitary~i.e., jab

i j 50),
the term associated withR ab

i j would vanish and the equality

J̄ab
i j 5Jab

i j would hold. Otherwise, both the magnitude a

the sign ofJ̄ab
i j , rely on the momentum-dependent para

eterjab
i j which signifies the effect of noncommutative geom

etry. To get an order-of-magnitude feeling about the SM a
noncommutative SM contributions toJ̄ab

i j , we adopt the
Wolfenstein parametrization@25# for the CKM matrixV and
then obtain

J'A2l6h, ~3.5!

and

R uc
ds'2l2,

R ut
ds'2A2l6~12r!,

R ct
ds'A2l6~12r!,

R uc
db'2A2l6r,

R ut
db'A2l6@r~12r!2h2#,

R ct
db'2A2l6~12r!,

R uc
sb'A2l6r,

R ut
sb'2A2l6r,

R ct
sb'2A2l4, ~3.6!

where A'0.81, l'0.22, r'0.15, andh'0.34 extracted
from a global fit of current experimental data in the fram
work of the SM @26#. The values ofl and A, which are
extracted, respectively, from the semileptonicKe3 and B

→D̄ (* )l 1n l decays without any loop-induced pollution, re
main unchanged even in the presence of noncommuta
geometry. In contrast,r andh are sensitive to possible new
physics induced by loop~box and penguin! effects, which
may reside inBd

0-B̄d
0 mixing, Bs

0-B̄s
0 mixing, andCP viola-
9-4
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tion in K0-K̄0 mixing. Hence the results ofr and h are
expected to deviate somehow from their SM values in a n
analysis of current experimental data, when the noncom
tative SM takes the place of the SM. It is unnecessary
know an accurate range ofr or h, however, for our purpose
to illustrate the effects of noncommutative geometry on we
CP violation and unitarity triangles. One can see thatJ
!uR ct

sbu!uR uc
dsu holds, while the other sevenR ab

i j have
comparable sizes asJ. Note in particular that

J̄uc
ds'A2l6h2l2juc

ds ,

J̄ct
sb'A2l6h2A2l4jct

sb . ~3.7!

Thus the noncommutativeCP-violating effect may be com-
parable with or dominant over the SM one, ifjuc

ds is of

O (l4) or larger inJ̄ uc
ds , and if jct

sb is of O(l2) or larger in

J̄ ct
sb .

To see how the rephasing invariantsJ̄ ab
i j are related to

CP-violating asymmetries in specific weak decays, let
take Ds

6→K6KS for example. DirectCP violation arises
from the interference between the Cabibbo-allowed chan
and the doubly Cabibbo-suppressed channel ofDs

6 decays

into the final statesK6KS, whereK0-K̄0 mixing leads to an
additional CP-violating effect of magnitude 2 ReeK'3.3
31023 @27#. The latter dominates over the former in the S
because two interferring amplitudes ofDs

1 or Ds
2 transitions

have a small relative weak phase arg@(VcdVud* )/(VcsVus* )#
'A2l4h;531024 and a small relative size
uVcdVus* u/uVcsVud* u'l2;531022 @28#:

A~Ds
1→K1KS!}~VcsVud* !qK* 1~VcdVus* !pK* Rs eids,

A~Ds
2→K2KS!}~Vcs* Vud!pK* 1~Vcd* Vus!qK* Rse

ids,
~3.8!

wherepK andqK are theK0-K̄0 mixing parameters,1 ds de-
notes the relative strong phase difference between two in
ferring decay amplitudes, andRs'11a2 /a1'21.2 in the
factorization approximation for relevant hadronic matrix
ements@a1'1.1 anda2'20.5 being the effective Wilson
coefficients at theO(mc) scale@30##. When noncommutative
geometry is taken into consideration, the relative weak ph
between two interferring decay amplitudes of aDs

1 or Ds
2

meson becomes associated with Im@(V̄cdV̄ud* )/(V̄csV̄us* )#. In
this case, we obtain the momentum-dependentCP-violating
asymmetry between the partial rates ofDs

2→K2KS and
Ds

1→K1KS decays as follows:

1SinceCP violation in the kaon system is tiny, we expect that t

weak phase ofK0-K̄0 mixing is nearly the same as that ofK0 vs K̄0

decays, which amounts to (VusVud* )/(Vus* Vud) at the tree level@29#.
It is therefore plausible to take qK/pK5@(VusVud* )(1
2eK)#/@(Vus* Vud)(11eK)# as an effective description of the wea

phase and the associatedCP violation in K0-K̄0 mixing.
05600
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As[
uA~Ds

2→K2KS!u22uA~Ds
1→K1KS!u2

uA~Ds
2→K2KS!u21uA~Ds

1→K1KS!u2

'2 ReeK22J̄uc
dsRssinds . ~3.9!

If ds;O(1) andjuc
ds;O(l2) or J̄uc

ds;O(l4) held, two dif-
ferent contributions toAs would be comparable in magni
tude. Therefore, a significant deviation ofAs from 2 ReeK ,
if experimentally observed, would signal the presence of n
physics, which is likely to be noncommutative geometry.

IV. UNITARITY TRIANGLES IN B-MESON DECAYS

In the complex plane, the vectorV̄a i* V̄b i can be obtained
from rotating the vectorVa i* Vb i anticlockwise to a small

angle (xa i2xb i)/2. It is therefore expected thatV̄ub* V̄ud ,

V̄cb* V̄cd , andV̄tb* V̄td do not form a close triangle, as shown
Fig. 1~b!. Nevertheless, one may define three angles by us
these three vectors:

ā[argS 2
V̄tb* V̄td

V̄ub* V̄ud
D ,

b̄[argS 2
V̄cb* V̄cd

V̄tb* V̄td
D ,

ḡ[argS 2
V̄ub* V̄ud

V̄cb* V̄cd
D . ~4.1!

Comparing between Eqs.~1.3! and ~4.1!, we find

ā5a1j tu
db ,

b̄5b1jct
db ,

ḡ5g1juc
db . ~4.2!

By definition in Eq.~3.4!, j tu
db1jct

db1juc
db50 holds. It turns

out that

ā1b̄1ḡ5a1b1g5p ~4.3!

holds too. In Ref.@24#, the momentum-dependent features
ā, b̄, and ḡ are illustrated in the assumption ofh50 or J
50 ~i.e., CP violation from the SM is switched off!.

Besidesa, b, and g, CP violation in weak B-meson
decays is also associated with the following three angles
the CKM unitarity triangles in the SM@29#:

g8[argS 2
Vub* Vtb

Vus* Vts
D ,

d[argS 2
Vtb* Vts

Vcb* Vcs
D ,
9-5
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TABLE I. Typical Bd and Bs decays and associatedCP-violating asymmetries in the noncommutativ
standard model.

Class Sub-process Decay mode CP asymmetry

1d b̄→ c̄cs̄ Bd
0→J/cKS 1sin 2(b̄1v̄)

2d b̄→ c̄cd̄ Bd
0→D1D2

2sin2b̄
3d b̄→ūud̄ Bd

0→p1p2
1sin 2ā

4d b̄→ s̄ss̄ Bd
0→fKS 2sin 2(ā1ḡ8)

1s b̄→ c̄cs̄ Bs
0→Ds

1Ds
2

1sin 2d̄
2s b̄→ c̄cd̄ Bs

0→J/cKS 2sin 2(ḡ2ḡ8)
3s b̄→ūud̄ Bs

0→rKS 1sin 2ḡ8
4s b̄→ s̄ss̄ Bs

0→h8h8 0
e

i-

a
ge

f

ap-

is

-

t
,

m-
orth

of

the

s
le.
e-

ect

we
v[argS 2
Vus* Vud

Vcs* Vcd
D . ~4.4!

It is easy to check that the relationd1v5g2g8 holds. The
counterparts ofg8, d, andv in the noncommutative SM ar
defined as

ḡ8[argS 2
V̄ub* V̄tb

V̄us* V̄ts
D ,

d̄[argS 2
V̄tb* V̄ts

V̄cb* V̄cs
D ,

v̄[argS 2
V̄us* V̄ud

V̄cs* V̄cd
D . ~4.5!

Of course, the similar relationd̄1v̄5ḡ2ḡ8 holds. Compar-
ing between Eqs.~4.4! and ~4.5!, we obtain

ḡ85g81jut
sb ,

d̄5d1j tc
sb ,

v̄5v1juc
ds . ~4.6!

One can see thatv or v̄ is actually the weak phase assoc
ated with Ds

6→K6KS decays discussed above. Asudu
'l2h;231022 anduvu'A2l4h;531024 in the SM, the
noncommutative effect may be comparable withd in d̄ and
dominant overv in v̄. In particular, the latter could be
sensitive window to probe or constrain noncommutative
ometry at low energies.

The weak anglesā, b̄, ḡ, ḡ8, d̄, and v̄ can be deter-
mined from direct and indirectCP-violating asymmetries in
a variety of weakB decays. Here let us consider neutralBd
and Bs decays into CP eigenstates. In the neglect o
penguin-induced pollution, indirectCP violation in such de-
cay modes may arise from the interplay of directBq

0 andB̄q
0

decays~for q5d or s) and Bq
0-B̄q

0 mixing @31#. If the final
05600
-

state consists of aKS or KL meson, thenK0-K̄0 mixing
should also be taken into account. In the box-diagram
proximation of the SM, the weak phase ofBq

0-B̄q
0 mixing is

associated with the CKM factor (Vtb* Vtq)/(VtbVtq* ). On the

other hand, the weak phase ofK0-K̄0 mixing can simply be
taken as (VusVud* )/(Vus* Vud), sinceCP violation is tiny in
the kaon system@29#. When noncommutative geometry
concerned, allVa i should be replaced byV̄a i .

To illustrate how the inner angles ofdeformedunitarity
triangles are related to theCP-violating asymmetries in neu
tral B-meson decay modes, we takeBd

0 vs B̄d
0→J/cKS and

Bs
0 vs B̄s

0→J/cKS transitions for example. Their indirec
CP-violating asymmetriesDd andDs are given, respectively
as

Dd52ImS V̄tb* V̄td

V̄tbV̄td*
•

V̄cbV̄cs*

V̄cb* V̄cs

•

V̄usV̄ud*

V̄us* V̄ud
D

51sin2~ b̄1v̄ !,

Ds52ImS V̄tb* V̄ts

V̄tbV̄ts*
•

V̄cbV̄cd*

V̄cb* V̄cd

•

V̄us* V̄ud

V̄usV̄ud* D
52sin 2~ ḡ2ḡ8!. ~4.7!

Here we have taken into account the fact thatJ/cKS is a
CP-odd state. Possible deviations of such momentu
dependent observables from the SM predictions are w
searching for atB-meson factories.

In Table I, we list a number of typical decay channels
Bd and Bs mesons and theirCP-violating asymmetries, in-
cluding two examples given above. One can see that
weak anglesā, b̄, ḡ, ḡ8, d̄, andv̄ are ~in principle! mea-
surable. The self-consistent relations such asā1b̄1ḡ5p

and ḡ2ḡ85 d̄1v̄ could be tested, if the relevant angle
were able to be determined at the same momentum sca

Note that it is possible to distinguish noncommutative g
ometry from some other sources of new physics in indir
CP-violating asymmetries ofBd and Bs decays. Taking a
variety of supersymmetric standard models, for example,
9-6
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TABLE II. Typical Bd andBs decays and associatedCP-violating asymmetries in the noncommutativ
standard model and in the presence of supersymmetricDB52 effects.

Class Sub-process Decay mode CP asymmetry

1d b̄→ c̄cs̄ Bd
0→J/cKS 1sin 2(b̄1v̄1ud)

2d b̄→ c̄cd̄ Bd
0→D1D2

2sin 2(b̄1ud)
3d b̄→ūud̄ Bd

0→p1p2
1sin 2(ā2ud)

4d b̄→ s̄ss̄ Bd
0→fKS 2sin 2(ā1ḡ82ud)

1s b̄→ c̄cs̄ Bs
0→Ds

1Ds
2

1sin 2(d̄2us)
2s b̄→ c̄cd̄ Bs

0→J/cKS 2sin 2(ḡ2ḡ81us)
3s b̄→ūud̄ Bs

0→rKS 1sin 2(ḡ81us)
4s b̄→ s̄ss̄ Bs

0→h8h8 2sin 2us
I
r

i

h

In
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lly
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nd

ta-

ent
e

par-

i-
M.
f the

m-

m-
e-
lid

ul
nal
find that thoseCP-violating asymmetries listed in Table
may get corrections from gauginos, Higgsinos, and squa
through box diagrams which produce nonstandardDB52
effects. This kind of new physics can be parametrized
terms of two phases@29#,

ud[
1

2
argS ^Bd

0uH eff
fulluB̄d

0&

^Bd
0uH eff

SMuB̄d
0&
D ,

us[
1

2
argS ^Bs

0uH eff
fulluB̄s

0&

^Bs
0uH eff

SMuB̄s
0&
D , ~4.8!

whereH eff
full is the effective Hamiltonian consisting of bot

standard and supersymmetric contributions, andH eff
SM con-

sists only of the contribution from the SM box diagrams.
the presence ofud and us , the CP-violating asymmetries
given in Table I get modified. We list the new results f
those asymmetries in Table II. Comparing between Tabl
and II, one can see that noncommutative and supersymm
effects are actually distinguishable, if some of tho
CP-violating asymmetries are measured atB-meson facto-
ries. In particular, theCP asymmetry inBs

0 vs B̄s
0→h8h8

decay modes is nonvanishing only if there is new phys
contributing toBs

0-B̄s
0 mixing.

In our discussions, the penguin-induced effects have b
neglected. This approximation is expected to be reason
for thoseBd

0 and Bs
0 transitions occurring through the sub

processesb̄→ c̄cd̄ and b̄→ c̄cs̄, but it might be problematic
for those charmless decay modes whose tree-level am
tudes are strongly CKM-suppressed. In the latter case,
nificant new noncommutativeCP-violating effects may ap-
pear via the QCD penguins as a result ofCP-odd phase
05600
ks

n

I
ric
e

s

en
le

li-
g-

factors in the relevant quark-gluon vertices@21#. The en-
tanglement of different types of noncommutativeCP viola-
tion in weak decays of quark flavors should be carefu
analyzed. Such an analysis, which must involve much co
plexity and subtlety of the noncommutative SM, is beyo
the scope of this paper.

V. SUMMARY

We have examined the possible effects of noncommu
tive geometry on weakCP violation and unitarity triangles
based on a simple version of the momentum-depend
CKM matrix in the noncommutative SM. Among nin
rephasing invariants ofCP violation, we find that two of
them are sensitive to the noncommutative corrections. In
ticular, the noncommutativeCP-violating effect could be
comparable with or dominant over the SM one inDs

6

→K6KS decays. We have also illustrated how the CKM un
tarity triangles get deformed in the noncommutative S
Simple relations are established between inner angles o
deformedunitarity triangles andCP-violating asymmetries
in some typical decays ofBd andBs mesons intoCP eigen-
states, such asBd→J/cKS andBs→Ds

1Ds
2 . We anticipate

thatB-meson factories may help probe or constrain nonco
mutative geometry at low energies in the near future.

Finally, we remark that further progress in the nonco
mutative gauge field theory will allow us to study the ph
nomenology of noncommutative geometry on a more so
ground.
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