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I. INTRODUCTION

The possible effects of noncommutative geometry on weé&kviolation 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 invarig@ wiblation and
illustrate the noncommutative P-violating effect in a couple of chargda-meson decays. We also show how
inner angles of theeformedunitarity triangles are related ©©P-violating asymmetries in some typica); and
B, transitions intoC P eigenstatesB-meson factories are expected to help probe or constrain noncommutative
geometry at low energies in the near future.

PACS nuni®er11.90+t, 11.30.Er, 12.60~i

Of course,a+ B+ y=m and Je«sinaxsin Be«siny hold. So
far the CP-violating asymmetry int VS §3—>J/¢KS de-

One of the major goals d-meson factories is to test the cays, which approximates to si2o a high degree of ac-

Kobayashi-Maskawa mechanism@® violation in the stan-

curacy in the SM, has been unambiguously measured at both

dard model(SM) [1]. If this mechanism is correct, all keK and SLAC[3]. Further experiments are expected to
CP-violating asymmetries in weak decays of quark flavorspe|p determine all three angles of the unitarity triangle and

must be proportional to a universal and rephasing-invarianfest the consistency of the Kobayashi-Maskawa picture of
parameter7 [2], defined through

whereV denotes the Cabibbo-Kobayashi-Maska(@KM)

j;ﬁzlm(vaivﬁjvgjv;i)
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CP violation.

Another major goal oB-meson factories is to detect pos-
sible new sources of P violation beyond the SM. On the
one hand, the Kobayashi-Maskawa mechanisr@ Bfviola-

(1.1 tion is unable to generate a sufficiently large matter-

antimatter asymmetry of the universe observed today; and on
the other hand, many extensions of the SM do allow the

presence of neW P-violating phenomeng4]. Therefore it is

matrix of quark flavor mixing, and its Greek and Latin sub-
scripts run, respectively, oveu(c,t) and d,s,b). A number

of promising measurables @fP violation atB-meson facto-
ries are directly related to the unitarity triangle shown in Fig.
1(a), which describes the following orthogonal relation\of v

in the complex plane:

The inner angles of this unitarity triangle are commonly de-

fined as

VipVuat VepVeat VipVia=0. (1.2
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FIG. 1. The CKM unitarity triangle in the standard modae)
and itsdeformedcounterpart in the noncommutative standard model
(b).
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worthwhile to look for new sources & P violation in vari-  Lie algebra-valued consecutive transformations
ous weak decays of quatind lepton flavors. A particularly — 3;:[= A ,(x)T?] and 84/ (=ALT?) of the matter fields in the
interesting possibility is that newCP violation may stem  fyndamental representation,
from noncommutative geometry.
Noncommutative geometry plays a very important role in o 1 .
unraveling the properties of the Planck-scale physics. It has [ 53, 5A,]=§{Aa(x), ALOOMTETR]
for a long time been suspected that the noncommutative
spacetime might be a realistic picture of how spacetime be- 1 .
haves near the Planck scaf. Strong quantum fluctuations + E[Aa(x), AL(X) T3, TP, 1.7
of gravity may make points fuzzy. In fact, the noncommuta-
tive geometry naturally enters the theory of open string in a . :
backgroundB field [6]. In particular, the noncommutative '€ MOt équivalent to a Lie algebra-valued gauge transforma-
geometry makes the holograpfi] [e.g., the AdS/conformal tion. The o.nly group which admits a simple noncommutative
field theory(CFT) correspondendeof a higher-dimensional €Xtension isU(N). However, there are extrd, (1) factors
quantum system of gravity and lower-dimensional theoryln the U.(N) gauge field theory compared to the extended
possible. It was also discovered that simple limits Mf SM on the noncommutative space. In order to construct an
theory and superstring theory lead directly to the noncommuS U (3)XSU.(2) XU, (1) Yang-Mills theory [16], Wess
tative gauge field theonf8,9]. The fluctuations of the and his collaboratorfsl 7—20 have e_xtended the oro!lnary Lie
D-brane are described by the noncommutative gauge fielg!9ebra-valued gauge transformations to enveloping algebra-
theory[10]. The noncommutative field theory has been in-Valued noncommutative gauge transformations,
tensively studied in the past two decadég]. A standard R
model on noncommutative spacetime was even sdtldp AzAg(x)Ta+ A;b:TaTb:
However, in recent years, the study of noncommutative ge- ) o aborc.
ometry has been focused on the so-called Moyal plane, with HA(X) THTTE A+ 19
the coordinates and their conjugate momenta satisfying the
relations[13] where T&1T2...T%m: denotes a symmetric ordering under
the exchange of the index . This kind of extension of the
[Xufxv]:iguv, gauge transformations and the Seiberg-Witten rfipto-
gether solves the two main problems in building a noncom-
(1.4) mutative SM quite well.

' The purpose of this paper is to examine possible effects of
where ¢*” is a constant antisymmetric matrix. Here the nopcqmmytative geometry on weﬁ]&P_vioIation.and CKM.
Moyal-Weyl star product can be defined by a formal powerumtarlty triangles. In Sec. I, we eIumdatQ a simple version
series: of the momentum-dependent CKM matrix in the noncommu-

tative SM, which consists of a new source ©P violation
— li12)077 (3l axH) (a1 9x") induced by nonvanishing””. We calculate the rephasing

(frg)(x)=e F09Y)lk=y- (19 invariants ofCP violation in Sec. Ill, and find that the non-
There are two obstacles in the way of building a SM-like commutative CP-violating effects may be manifest in a
gauge field theory on the Moyal plane. The first one is thecouple of charged-meson decays. In Sec. IV, we show how
charge quantization in the noncommutative QEIZ]. The the CKM unitarity triangles in th_e SM get m0d|f|ed_ in the
charges of matter fields coupled to the(1) gauge theory noncommutatlve SM. We also f|gure_ ogt thg relations be-
are fixed to only three possible values] and 0, depending tween inner angles of_thd_eformedunltanty tr_|angles and
on the representation of particles. This is indeed a problem ify P-violating asymmetries in some nonleptonic decayBof
view of the range of hypercharges in th1)y part of the andBg mesons. Section V is devoted to a brief summary of
SM. The second one is due to extia(1) gauge field§15]. ~ OUr main results.
Under the infinitesimal gauge transformatién the vector
gauge potentiaV,, the fundamental matter fieNt, and the

Higgs field® transform as The noncommutative SM[21,22 is an SU,(3)
X SU,(2)xXU,(1) gauge field theory on the Moyal plane,

[x* p*]=ifin"",

Il. MOMENTUM-DEPENDENT CKM MATRIX

m 1 P
A A A A SYM: - f d4X _,Tru(l)(F,u,V*FMV)
oW =iAxV, 29
Ar m e A A 1 . e
SDP=iAxd—iDxA’. (1.6) + ﬁTrsu(z)(Fw*F“ )
It should be noticed that the Moyal-Weyl product would de- 1 . .
stroy the closure condition of th&U, (n). For example, two + 2—gSTrsu(3)(FW* FAoy . (2.1
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The gauge field strengtfﬁw is given by d’
A~ A~ ~ N — ’ ’ ! SI
F=0,V,—aV,—i[V,V,], (2.2) Lgq= (U c ) Jee o +H.c., (2.8
whereV,, is the vector potential of th&U,(3)x SU,(2) -

X U, (1) gauge field, which is related to the ordinary poten-

tial

3
V,=g'A,(x)Y+ gazl B () T2

8
+ gsagl Gua(X)Taa

by the Seiberg-Witten mafio the first order of9*")
- 1 v
V,=V,+ ZG {Vp ,é’AVM}

1 \p 2
+ 2 O{F,, VL1 0(62).

where the superscript “prime” denotes the flavor or interac-
tion eigenstates of quarks, and

2 21
‘JCCZTQ'}’#W;_'gT(EGMV)’a‘F Gm’y“)

2.3 X(d,W, —a,W})d, 2.9

represents the charged current. Note that the charged-current
interactions with more than on@/* and (or) Z bosons as
well as those with gluong21] are not included in Eq$2.8)
and(2.9), since they are not closely associated with our sub-
sequent discussions about we@le violation and unitarity
triangles. To diagonalize the Yukawa interactions of quarks

(2.4)  Wwith the Higgs boson, one should make proper unitary rota-

tions on the up- and down-type quark fields. In the basis
where the Yukawa coupling matrices are diagonal, the

Here FA7=g*V"—g"V¥—i[V# V"] is the ordinary field

W-quark-quarkSU(2), vertex in Eq.(2.8) becomes
strength, andy, T}, and TE are the generators df(1)y,

SU(2),, andSU(3)c, respectively. d
The parameteh of the gauge transformations on the non- S
commutative space is determined by the ordinary gauge pa- Ligq= (U c ) Udge + H.c. (2.10
rameterA via the Seiberg-Witten map, b
L
A 1 Y34 2
A=A+760%1V,,d,A;+0(6%), (2.9 within the SM (i.e., #**=0), U turns out to be the CKM
matrix V after a spontaneous breakdown of 8ig(2), sym-
where the ordinary gauge parameteiis of the form metry.

Making use of the antisymmetric property @&f” and tak-
3 ] 8 < ing into account th&&U(2), symmetry, we have the follow-
A=g'7(x)Y+g 21 Ta(X)TL+ 9321 2(X)T§. (2.6)  ing relations for theN-u-d vertex:
a= a=

The Seiberg-Witten maps for the Higgs fiefd and the fer- j d*x[u(p) 6"*y*3,W, 3,d(q)]
mion field ¥ are given as

- f d*X[U(P) 6"y (P, — 0, G W d(Q)]

. 1 i
D=0+ 504V, 3,D— 5 (V, P~ DV))

1 i =0, (2.11)
+ 50 0,0-5(V,0-DV)) V! +0(6%),
and
xif—\lflfwv«yiwvvxpoz 1
SV VAT G HTVL VYO8, | andutmrs o0y, w5 - 0w 5,000
(2.7)
At this stage, we can say that a SM-like gauge field theory on =— J d*x[u(p) 0" (p,— qM)y“anId(q)]

the noncommutative spacetime is set up consistently. Many
interesting properties of noncommutative spacetime can be
investigated directly within the framework of the noncom- =0. (2.12
mutative SM[22,23.

In the noncommutative SM, thé/-quark-quarkSU(2),  Therefore, we can generally rewrite th&-quark-quark
vertex in the flavor basis can be written as SU(2) vertex in the form

056009-3



ZHE CHANG AND ZHI-ZHONG XING PHYSICAL REVIEW D 66, 056009 (2002

d The observables of P violation in the noncommutative
J2 _ s SM must depend upon the imaginary parts of nine rephasing
Lwga=—%9 (U c O Uy"W, X +H.c, invariants ¥,V Vi V). Up to O(x,), we have

(2.13 Tg=Im(Vi Vg Vi, Vi)

where we have used the notation —jE (Ga,gyfuk)+R Bgaﬁ, 3.3

_ i
UaP.@=Uu 1 = 5 Phbo|, (214 Wwhere
R =RV Vg Vi V),
with @ andk running, respectively, oveu(c,t) and d,s,b).
The momentum-dependent mattikis not guaranteed to be gl =
unitary, and its new phasésmduced by nonzer@*”) may ap—
lead to newC P-violating effects in weak interactions.

Indeed, the aforementioned property Bfhas been ob- @nd the subscriptsa(f,y) and .j,k) run, respectively,
served by Hinchliffe and Kersting in Reff24]. They point  over (u,c,t) and d,s,b). If V were unitary(i.e., g” =0),
out that the signal for noncommutative geometry at low enthe term associated witR ! 5 would vanish and the equality
ergies can simply be a momentum-dependent CKM matmgu _ju would hold. OtherW|se both the magnitude and

V, which is defined in analogy with/ as follows: the sign ofj'c{ﬁ, rely on the momentum-dependent param-
eterggﬁ which signifies the effect of noncommutative geom-
etry. To get an order-of-magnitude feeling about the SM and

N| -

(Xaj T Xgi = Xai = Xgj) s (3.9

Vuqud Vusxus Vu bXub

V=v— | VeXca VesXcs VewXen | (215  noncommutative SM contributions tg'),, we adopt the
2 VigXta  VieXts  VipXio Wolfenstein parametrizatiof25] for the CKM matrixV and
then obtain
wherex 4=p%9,,qx for a=u,c,t andk=d,s,b. This effec- J~A\°7, (3.9

tive flavor mixing matrix arises from an approximation of the
exact noncommutative SM in the leading orderét. Sub- ~ and
sequently, we explore some phenomenological implications

g Rds% _)\2
of V on weakCP violation and unitarity triangles. ue ’
Rt~ —A\E(1-p),
IIl. REPHASING INVARIANTS OF CP VIOLATION
_ . RE~ANS(1-p),
The momentum-dependent CKM matNkis not unitary
in general, as one can see from Eg#.15. Note that the Rdb%_Azhep
uc !

following normalization relations hold up t@(xii):
Rp=ANp(1-p)— 77,
2 VailP=2 Vail*=1,

Re~—ANS(1-p),

Vi R o~A2\%p,
2 Vail?= 2 [Vail?=1. (3.2) ue

| | R it~ —A\Cp,

On the other hand, we obtain=j and a# )

RSP~ —A2\4 (3.6
E (VZiVaj):iE (VX V a'_xai}’ where A~O.81,_ A~0.22, p~0.15z and 7;%0.34_ extracted
o « from a global fit of current experimental data in the frame-

work of the SM[26]. The values ofA and A, which are
extracted, respectively, from the semileptoidg; and B
' —D®)I*y, decays without any loop-induced pollution, re-
(3.2 ~ main unchanged even in the presence of noncommutative
geometry. In contrasp and » are sensitive to possible new
which do not vanish unlessx(;—x,j)=const and X,;  Physics induced by loogbox and penguineffects, which
—Xg) = const. may reside inB3-BY mixing, B2-BY mixing, andCP viola-

S ViVm=i3 {(vzivm@
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tion in K°%-K° mixing. Hence the results gf and » are |A(D; —K Kg)|?—|A(DS —K*Kg)|?
expected to deviate somehow from their SM values in a new As= |A(D; K Kg)|2+|A(DI —K*Kg)|?
analysis of current experimental data, when the noncommu- s S s S
tative SM takes the place of the SM. It is unnecessary to s
know an accurate range pfor 7z, however, for our purpose ~2 Re ex— 27, Rssinds. 3.9

to illustrate the effects of noncommutative geometry on weak ds ) s . .

CP violation and unitarity triangles. One can see tigat T ds~O(1) and§,c~O(\%) or Jy,c~O(X%) held, two dif-
<|R<|R Y holds, while the other sevetREB have ferent contributions to4s would be comparable in magni-

if experimentally observed, would signal the presence of new
fji%Aszn—szﬂi, physics, which is likely to be noncommutative geometry.
TE IV. UNITARITY TRIANGLES IN B-MESON DECAYS
TP~ A2N\O gy — ADNAESD. (3.7

In the complex plane, the vectdf;V 4 can be obtained
from rotating the vectoV};Vg anticlockwise to a small

angle &, —xg)/2. It is therefore expected thali,V,q,
V§Veq, andVi V4 do not form a close triangle, as shown in

Thus the noncommutativ€ P-violating effect may be com-
parable with or dominant over the SM one, 4fS is of

O (A% or larger in7%, and if £&3° is of O(\?) or larger in
7. B

To see how the rephasing invarianfs); are related to these three vectors:
CP-violating asymmetries in specific weak decays, let us

take Dy —K*Kg for example. DirectCP violation arises _ Vi Vig
from the interference between the Cabibbo-allowed channel a=arg — Vv
and the doubly Cabibbo-suppressed channelD@f decays ub*ud
into the final state “Kg, whereK%-K° mixing leads to an VY
additional CP-violating effect of magnitude 2 Rg~3.3 Eza@( L) Cd),
X 103 [27]. The latter dominates over the former in the SM, VipVia

because two interferring amplitudes@f or D transitions

have a small relative weak phase [d\.qV}q)/(VcsVio) ] — ViVud
~A2\*p~5x10* and a small relative size =ag ~ Vi Vea) 4.
IVeaVE/|VesVE =~N2~5x 1072 [28]: e
) Comparing between Eq$l.3) and(4.1), we find
A(Dg —K " Kg)*(VeVia)aik + (VeaV i) PKRs €%, _
' a=a+ §tdub,
A(Dg —K™Kg) = (VEVua) Pk + (ViaVus) Ak Ree', _
(3.8 ,3=,6’+§§tb-
wherepy andqy are theK®-K® mixing parameters,s, de- y=y+ &0 (4.2)

notes the relative strong phase difference between two inter-

ferring decay amplitudes, ar8s~1+a,/a;~—1.2 in the By definition in Eq.(3.4), 3P+ 90+ £9°=0 holds. It turns
factorization approximation for relevant hadronic matrix el- gyt that

ements[a;~1.1 anda,~ — 0.5 being the effective Wilson

coefficients at th&)(m,) scale[30]]. When noncommutative a+Bry=a+tBry=m 4.3
geometry is taken into consideration, the relative weak phase

between two interferring decay amplitudes oDd or D @Id_s too. In Ref[24], the momentum-dependent features of

meson becomes associated with (WoV*o)/(VeVi)]. In - @, B, andy are illustrated in the assumption gf=0 or

this case, we obtain the momentum-depend®Rtviolating =0 (i.e., CP violation from the SM is switched off
asymmetry between the partial rates Bf —K Kg and Besidesa, 8, and y, CP violation in weakB-meson
D —K*Kg decays as follows: decays is also associated with the following three angles of
the CKM unitarity triangles in the SNI29]:
ISinceCP violation in the kaon system is tiny, we expect that the y' Eari _ VioVib
weak phase ok°-K° mixing is nearly the same as thatf vs K° ViV

decays, which amounts t/(V}3)/(ViVyg) at the tree level29].

It is therefore plausible to take qu/px=[(VusVig) (1 VEV,
—e) V[ (ViVug) (1+€4)] as an effective description of the weak =arg — th7ts

phase and the associate€d violation in K°-K° mixing.

V:bvcs

056009-5
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TABLE I. Typical By and Bg decays and associat€uP-violating asymmetries in the noncommutative

standard model.

Class Sub-process Decay mode CP asymmetry
1d b—ccs Bi—J/yKs +5in 2(8+w)
2d b—ccd Bq—~D'D" ~sin28

3d b—uud By— 7w +sin 2o

4d bosss Bi— ¢Ks —sin 2@+y)
1s b—ccs B¢—~D:Ds +sin25
2s b—ccd BY—J/yKs —sin2(y—7)
3s b—uud B—pKs +sin2y

4s bsss Ba—7'7' 0

V:svud

. 4.4
V:svcd ( )

wEar%

It is easy to check that the relatigi+ w=y— v’ holds. The
counterparts ofy’, 8, andw in the noncommutative SM are
defined as

—_ | ViV
IR VAV
usVts
g= arg{ o V?bvts
V:chs ,
_ VEV,
wEar{ - _is_”d . (4.5
Vcsvcd

Of course, the similar relatiod+w=y— ' holds. Compar-
ing between Eq94.4) and(4.5), we obtain

Y=y &
5=686+&P,

0=+ §ﬂ§.

(4.6

One can see thab or w is actually the weak phase associ-

ated with D; —K*Kg decays discussed above. A8|
~\?7p~2x10 2 and|w|~A%\*~5Xx 10 % in the SM, the
noncommutative effect may be comparable witin § and
dominant overo in . In particular, the latter could be a

state consists of &g or K, meson, thenk®-K° mixing
should also be taken into account. In the box-diagram ap-
proximation of the SM, the weak phase ggg mixing is
associated with the CKM facto,Viq)/(VyVig). On the
other hand, the weak phase Kf-K° mixing can simply be
taken as VysV}ig)/(ViVug), since CP violation is tiny in

the kaon systeni29]. When noncommutative geometry is
concerned, alV,; should be replaced bVai .

To illustrate how the inner angles aeformedunitarity
triangles are related to ti@P-violating asymmetries in neu-
tral B-meson decay modes, we taBé VS §3HJ/¢KS and
B(S’ VS §2—>J/¢KS transitions for example. Their indirect
CP-violating asymmetried y andAg are given, respectively,
as

V:‘bvtd VcbV:s Vusvzd

Ad:_lm = = T T
thvtd Vcchs VusVud
= +sin2(f+w),
V?bvt s Vc bvgd _: svu d
AS:_Im__*'_*_ T
thvts Vcchd VusVud
=—sin2(y—19"). 4.7

Here we have taken into account the fact thayKg is a
CP-odd state. Possible deviations of such momentum-
dependent observables from the SM predictions are worth
searching for aB-meson factories.

In Table I, we list a number of typical decay channels of
By and Bg mesons and thei€ P-violating asymmetries, in-

sensitive window to probe or constrain noncommutative gecluding two examples given above. One can see that the

ometry at low energies.

The weak anglesy, B, vy, v', 4, andw can be deter-
mined from direct and indiredT P-violating asymmetries in
a variety of weakB decays. Here let us consider neutggl
and Bg decays intoCP eigenstates. In the neglect of
penguin-induced pollution, indire@ P violation in such de-
cay modes may arise from the interplay of dirBtgtandgg

decays(for g=d or s) and Bg-gg mixing [31]. If the final

weak anglesy, 8, v, v', 6, andw are(in principle) mea-

surable. The self-consistent relations sucheasg+ y=

and y— vy’ =6+ w could be tested, if the relevant angles
were able to be determined at the same momentum scale.
Note that it is possible to distinguish noncommutative ge-
ometry from some other sources of new physics in indirect
CP-violating asymmetries oBy and Bg decays. Taking a
variety of supersymmetric standard models, for example, we

056009-6
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TABLE II. Typical B4 andBg decays and associat€P-violating asymmetries in the nhoncommutative
standard model and in the presence of supersymméBic 2 effects.

Class Sub-process Decay mode CP asymmetry
1d b—ccs Bi—J/yKs +5in 2(B+w+ 6,
2d b—ccd Bq—~D'D" —sin 2(8+ 6,
3d b—uud Bi—m +5sin 2(— 6y
4d bosss Bd— ¢Ks —sin 2ty — 6)
1s b—ccs B:—D Dy +5sin 2(5— 69
2s b—ccd BI—J/yKs —sin2(y—y +6y
3s b—uud B—pKs +sin2(/ +6)
4s b—sss BI— 7' 7’ —sin 26,

find that thoseC P-violating asymmetries listed in Table | factors in the relevant quark-gluon verticE&l]. The en-
may get corrections from gauginos, Higgsinos, and squarkinglement of different types of noncommutati@é viola-
through box diagrams which produce nonstanda®l=2  tion in weak decays of quark flavors should be carefully
effects. This kind of new physics can be parametrized imnalyzed. Such an analysis, which must involve much com-
terms of two phaseg29], plexity and subtlety of the honcommutative SM, is beyond

the scope of this paper.
1 g(<BS|HL“4' B?»)

d 2ar (Bngﬁf'}" §3> V. SUMMARY
We have examined the possible effects of honcommuta-
1 (Bngfe‘#' §g> tive geometry on wealkc P yiolation and unitarity triangles
0= 2219 =5 smmon | (4.8 based on a simple version of the momentum-dependent
(Bs|H cff | Bs) CKM matrix in the noncommutative SM. Among nine
- ) o o rephasing invariants o€P violation, we find that two of
where’H ¢ is the effective Hamiltonian consisting of both them are sensitive to the noncommutative corrections. In par-
standard and supersymmetric contributions, &gl con-  ticular, the noncommutative P-violating effect could be
sists only of the contribution from the SM box diagrams. Incomparable with or dominant over the SM one )y
the presence oty and 65, the CP-violating asymmetries _, K *Kg decays. We have also illustrated how the CKM uni-
given in Table | get modified. We list the new results for tarity triangles get deformed in the noncommutative SM.
those asymmetries in Table Il. Comparing between Tables §imple relations are established between inner angles of the
and Il, one can see that noncommutative and supersymmetrifeformedunitarity triangles andC P-violating asymmetries
effects are actually distinguishable, if some of thosejn some typical decays @y andBs mesons intcCP eigen-
CP-violating asymmetries are measuredBameson facto-  gtates, such aBy— J/ K and Bs—D!D; . We anticipate
ries. In particular, theCP asymmetry inB vs BY— 5’7’ thatB-meson factories may help probe or constrain noncom-
decay modes is nonvanishing only if there is new physicsnutative geometry at low energies in the near future.
contributing toBg-ﬁg mixing. Finally, we remark that further progress in the noncom-
In our discussions, the penguin-induced effects have beefutative gauge field theory will allow us to study the phe-
neglected. This approximation is expected to be reasonabRomenology of noncommutative geometry on a more solid

for thoseBY and BY transitions occurring through the sub- ground.
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