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CP violation from noncommutative geometry
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If the geometry of space-time is noncommutative, (&, ,x,]=i6,,, then noncommutativ€ P violating
effects may be manifest at low energies. For a noncommutative acaleé” *><2 TeV, CP violation from
noncommutative geometry is comparable to that from the standard model alone: the noncommutative contri-
butions toe and €’/ e in the K system may actually dominate over the standard model contributions. Present
data permit noncommutative geometry to be the only sourc€ ®fviolation. Furthermore the most recent
findings forg—2 of the muon are consistent with predictions from noncommutative geometry.
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[. INTRODUCTION effect. This axis, as well as the motion of the solar system,
In recent years there has been a growing interest in quaralaxy, etc., does not vary over time scales relevant to ter-
tum field theory over noncommutative spaddg, that is, restrial experiments.

spaces where the space-time coordinatgs replaced by The basic idea of noncommutative geometry is not new
Hermitian operator&w do not commute: and has been known in the context of string theory for some
time [4]. We refer the reader to a few of the many excellent

[)‘(M X,]=i 0,,. (1)  reviews of the mathematics of noncommutative sp&eed)]

for a more rigorous understanding of the present material.
Here @ is a real and antisymmetric object with the dimen-Noncommuting coordinates are expected on quite general
sions of length-squared and corresponds to the smallest patgiounds in any theory that seeks to incorporate gravity into a
of area in physical space one may “observe,” similar to thequantum figld theory: the usual sgmi-classit_:ali argument is
role  plays in[X; ,ﬁj]=iﬁ5ij, defining the corresponding that a particle may only be localized to within a Planck
smallest patch of phase space in quantum mechanics. In tH€Ngth Ap without creating a black hole that swallows the
paper we define the energy scale=1/\/d (where 6 is the pe}rtlcle, hence - jAX;AX;=N\p",; aItgrnatwer, one is Ied'to
average magnitude of an element &f,) which is a more think _of space as a noncommutative algebra upon trying to
convenient parametrization in constructing an effectivedu@ntize the Einstein theof10,11.

theory at low energies. Many researchersé&gt 0 to avoid Much f‘?seamh has a_lready gone into gn_dersta_nding non-
problems with unitarity and causality, but since this is On|ycommutat|ve quantum field theofy2—15; it is equivalent

an issue at energies above[2], we do not use this con- to working with ordinary(commutative field theory and re-

straint for the purposes of low-energy phenomenology. We!acing the usual product by the product defined as fol-
may viewd,,, as a “background-field” which has attained ows:

a vacuum expectation value, and, hence, appears in the La- e NP

grangian as a Lorentz tensor of constdi3fs Assuming that (fxg)(x)=€""w"u"f(y)g(2)|y=7=x- 2
the components off,, are constant over cosmological Wi
scales, in any given frame of reference there is a speci%
“noncommutative direction” given by the vectord'
=€'%0,,. Experiments sensitive to noncommuteltive geom- [X,,%,],=16,,. 3
etry will therefore be measuring the component®pand it

is necessary to take into account the motion of the lab framé&his x product intuitively replaces the point-by-point multi-
in this measurement. Since noncommutative effects are meglication of two fields by a sort of “smeared” produtsee
sured in powers op*6,,p’", wherep,p’ are some mo- Fig. 1). Indeed the concept of “smearing” is borne out in
menta involved in the measurement, it is possible that odd

powers ofd will partially average to zero if the time scale of ' ‘ ‘ .
the measurement is long enough. Effects of first orde# in

vanish at a symmetrie*e™ collider, for example, if the . . . .
measurement averages over the entiresblid angle of de- . ' ' .
cay products. If the data are binned by angle then it is pos-

sible to restore the sensitivity t@. In addition to any other . ‘ ' .
averaging process over short time scales, terrestrial experi

ments performed over several days will only be sensitive to bl o) € W) (%)

the projection of6 on the axis of the Earth’s rotation. Of  FIG. 1. An illustration of the star product between two func-

course binning the data hourly or at least by day-night, taktions. The two scalar functiong and ¢ are strongly orthogonal
ing into account the time of year, can partially mitigate this[¢(x) ¢(x)=0 Vx] yet thex product is nonzero.

ith this definition, Eq(1) holds in function space equipped
ith a = product:
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more detailed analysis of 1- and 2-point functiofis]: [Here we have used the fact thitixéx &= [dx&E, which
spacetime is only well defined down to distances of order  follows straightforwardly from Eq(2).] Gauge interactions
so functions of spacetime must be appropriately averagelikewise generalize from the standard form; the action for
over a neighborhood of points. In eadhjj plane, we must NCQED for example is

replace

1 _ _ —
szf d4x< —EFWFWL piby—egxAxy—my

d(X; ,xj)—>f dxi’dxj’¢(x’) ®

Xe—[(xi—xi’)2+(xj—xj’)Z]/gij(ﬂ_aij)—1_ (4) where

Examples of theories which have received attention in- Fu=0,A,—d,A,—1[A,A]. (7)
clude scalar field theory[13,17,18, NCQED (the
noncommutative analog of QBI19], as well as noncom-
mutative Yang-Mills theory20,21]; perturbation theory ir§
is applicable and the theories are renormaliz®®23. For
gauge theories, a suitably adjusted definition of the gaugé'
transformationg 24,25 permits the construction o6 U(N) In momentum space the product becomes a momentum-
theories. There has been no work explicitly proving that fer-deéPendent phase factor which means that the theory effec-

mion representations are consistent with such theories, hoWlVely contains an infinite number of derivative interactions
ever we know that the proof must exist since suppressed by powers éf This directly exhibits the nonlo-
noncommutative geometry is derived from a string theoryc@ character of noncommutative geometry. From EgS.

which of course is self-consistent for all gauge groups an@"d (6) we can derive the action for the noncommutative
representations. version of the standard modéNCSM). We present its con-

itent as the list of Feynman rules in Appendix A.

A central feature of computations in the SM is the pres-
ence of divergences and the need to absorb them into coun-
Jerterms. The NCSM is similar in this respect, yet it is nec-
essary to renormalize carefully: if one simply uses
dimensional regularization and sums virtual energies to in-

Whatever the physics at the Planck scale is like, we exfmi,ty’ bizar(e_ infrared singularities_ appear in the theory
pect there to be some residual effect at low energies beyo \thch are difficult to handl¢13]. To illustrate, consider the
that of classical gravity. If we parametrize this effect as in oop integral
Eqg. (1), then low energy physics will receive corrections in Kk, p?
powers of the small paramet& Several papers have ad- f ddk ’” ®)
dressed how these corrections may modify observations at an (k>—m?)?
acceleratof26], precision tests of QED in hydrogd27],
and various dipole momeni&8]; in general, ifA<1 TeV,  which is finite for|6-p|#0 but is logarithmically divergent
there will be some observable effects in these systems at thie || =0. Explicitly, we Wick-rotate Eq(8), introduce the
next generation of colliders. This paper aims to investigateSchwinger parametef&9], integrate over momenta, and ob-
the CP violating potential of noncommutative geometry in tain
low energy phenomenology.

Note the extra term in the field strength which is absent in
ordinary QED; this nonlinearity gives NCQED a non-

Abelian-like structure. There will be, for example, 3- and

point photon self-couplings at tree levskee Appendix A

A noncommutative modification of the standard mode
(SM) is possible as a working field theory, at least up to
O( ). Replacing the ordinary product with theproduct in
the Lagrangian, the appropriate Feynman rules for thi
noncommutative SMNCSM) follow straightforwardly and
are reproduced in Appendix A.

f ds g—dlze—(lm)(ap)zs*l—mzs_ 9)
II. COMPUTING IN THE NONCOMMUTATIVE

STANDARD MODEL (NCSM) If we take|6|=0 now, dimensional regularization gives the

The method of computing noncommutative field theoryusuall'[ 1—d/2] which we would absorb into a counterterm
amplitudes is effected by replacing the ordinary functionof the theory. However for small finite values (- p| we
product with thex product in the Lagrangian. The theory is get an approximation of the integred) in four dimensions:
otherwise identical to the commuting ofiee. the Feynman
path integral formulation provides the usual setting for doing

eik”owp"
4 ~ 2 2 2 2
quantum field theoryQFT)]: for example a Yukawa theory f d k(kz_m2)2~ln(m |6-p|*)(1+m?[6-pl|?).

with a scalarg, Dirac fermionys, has the action (10)
4 R There is a In(@)) divergence agé|—0 which is expected
S_f dX O+ (9h)"+ N gpxihx ). ®) since in this limit the theory tends to the commutative one

and reproduces thE[ 1—d/2] divergence mentioned above.
This is formally correct, however the theory in this limit is
We thank B. Zumino for useful discussion on this point. awkward to work with since some contributions will diverge
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as|6|—0 and must produce final results such as scatteringion: the parametef itself is theC P violating object, which
amplitudes which are finite. For the computational purposess apparent from the NCQED actio(6) considering the
of this paper, in which e.gn?|6|<1, it is more convenient transformation ofA, andd, underC andP and assuming
to regularize with a Pauli-Vilars regulator with madsThen ~ CPT invariance[31]. Physically speaking, an area 6X )

Eq. (9) becomes represents a “black box” in which some or all spacetime
coordinates become ambiguous, which in turn leads to an
—di2—[M ™2+ (14)(0- )2 S~ 1-m2S ambiguity between particle and antiparticle. More detailed
dsS S 9% . (11 P . .
work reveals tha® is in fact proportional to the size of an

. o . effective  particle dipole moment [32]. Therefore
Taking the limit|9|—0 now gives noncommutative geometry can actuadiyplainthe origin of
kg, ,p" CP violation. At the field theory level, it is the momentum-
J d% e " ~In dependent phase factor appearing in the noncommutative
(k?—m?)? theory which givesCP violation. For example, the NCSM
W-quark-quarkSU(2) vertex in the flavor basis is

2
m
W“T12|9'|0|2

+m?|6-p|2In

m?2
2l n.nl2 in-6-p’ ’
M2+m 10+l ) Lwgq=u(p) y*(1—ys)e'P “Pd(p W, (13

(12) Once we perform rotations on the quark fields to diagonalize

the Yukawa interactions, i.esjy, —Uu, andd, —Vd,_, the
Note that in the limif 6] —0 the second term vanishes while ahove becomes

the first term reproduces the ordinafgommutative loop .
intggral diverggnpe. We subtract this into a counterterm, Lyygq=U(p) y*(1—ys)e'P P u'v d(p"HW,. (19
while the remaining piece gives a small correction to the _ ) )
commutative theory of O(xIn(x)) where x=|m 6-p|?. Even if UTV is purely real, there will be some nonzero
Renormalizing in this manner guarantees sensible results. phasese‘p'g'p' in the Lagrangian whose magnitudes increase
as the momentum flow in the process increases. Of course,
IIl. CP VIOLATION IN THE NCSM the above phase factor has no effect at the tree lsuithbly

o redefining all the fieldsbut will affect results at 1-loop and
In the SM, there are only two sources@P violation: the  peyond.

irremovable phases in the CKM matrix and B&F term in Experimentally, the signal for noncommutative geometry
the strong interaction Lagrangidtie coefficien®® hastobe here is a momentum-dependent Cabibbo-Kobayashi-
minuscule to avoid contradicting experimgB0]). Maskawa(CKM) matrix (NCCKM) which we define as fol-
In the NCSM, there is an additional source®@P viola-  lows:
1—N2/24iXyq A +iNXys AN3(p—in)+iAN3pXyp
V(p,p')= —A—i\Xcq 1—N2/24iX¢s ANZ+iIANXgp (15)
AN3(1—p—in)+iAN3pXy —ANZ—ANZiX;q 140Xy

where Xap=Ppa*6,,P," for quarksa,b. This matrix is an  yajye of 3(V,,) at the energy scafep~m,. We can get
approximation of thei ?:af:t NC_SM n t,he perturbf_;\tn_/e limit another constraint oA (V,,) through aB°—BP oscillation
where we exparfde’ “P'~1+ip-6-p'. In the limit &  experiment, but we must take into consideration that this is a
—0, thex,y, all go to zero and/ becomes the CKM matri¥ ~ measurement at the energy scalem, . In the former pro-

in the Wolfenstein parametrizatidB3] in terms of the small  cess we would findfor 7=0) (Vi) ~O(m?| 6]) whereas
numberk~0.22. Note thaV/ is not guaranteed to be unitary, in the latter it would beD(m;m,|6]), so these phases differ
since, in contrast to the SM CKM matri¥, is not a collec- by a factor ofm,/my~30. Therefore we expect the phenom-
tion of derived constants: a given matrix element will attainenology ofV to be rather different from that of the SM. In

different values depending on the process it is describing. Agqdition toCP violation from the weak interactiofin V),
an example, suppose we measure a non-zguolarization
asymmetry int—br*v [34]; this puts a constraint on the
3Actua||y, there is a lot of uncertainty in this measurement, includ-
ing the values of the MNS matrij35], so measuring the phase in
2We thank D. A. Demir for help in clarifying the notation. practice is not straightforward.
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FIG. 2. The box graph fok°-K° mixing in the standard model g1
with exchange of virtual;v bosons and up-type quarks from th¢
generations. 0.01 0.02 0.03 0.04 0.05 0.06

there will also beCP violation from the strong and electro-
magnetic interactiongsince there are phases entering any FiG. 3. Variation ofe with é&=my,/A. Here =0 so all CP
vertex with thregor more fields (see Appendix Al. We now  violation is from noncommutative geometry.
turn to the phenomenological implications of these.
which is proportional to the velocity of the kaon in the lab
A. CP violating observables frame:(p- 6-p’)~|6| By mz . Therefore it is important that
the By of the beam not be so small as to wash out the signal.
Recent determinations ef use a reasonabj@y [37], so we
The CP violating observable of choice in th€°-meson  do not concern ourselves further with this caveat. Experi-
system isex which is directly proportional to the imaginary ments at are*e™ collider (e.g.[38,39) where the center of
part J(M,,) of the box graphsee Fig. 2 mass is stationary in the lab frame should, however, see no
3(Myy) signal for e, since(Bv)=0. As we mentioned in the Intro-
€= 12 (16) duction, the data may be sensitive to the time of day. If there
Am is a component of along the axis of the Earth, then given
The mass splittingsm between the long- and short-livéd e”QUQh statistics there should be a f‘day-night effect” &ur
eigenstates idm~3.5x 10~ 5 GeV [36]. We can rewrite which, as far as we know, no expenm_ent has looked for.
In the casep=0 (so the phase fronv is due entirely to

1. €x

G2my2f > Brmi noncommutative geometry), we obtain
3(Myp) = ———"—5—3(loop) (17)
4 . %GFZmWZfKZBKmK L
in terms of the decay constantg ,Bx , and the loop factor. « 127r2Am Mw
In the SM, the loop factor is
My
I(loop) =TI\ (Mg) + N F (M) + NN F (Mg, my)) =A (19)

(18
i - -5 2 -
where\ ;=V4V5s andf(x) is a loop function'see Appendix Using Gp=1.166<10 " GeV'®, my=80.4 GeV, fy
4 : =0.16 GeV,m¢=0.498 GeV,Bx=0.70=0.2, p=0.3+0.2,
B). In the SM, both charm and top quarks contribute roughly nd the latest measurement f~ (2.280+-0.013)x 10"
equally to the imaginary part of the loop, and the measure 36], this implies¢~(4-+2)x 10" 2 (see Fig. 3 in this sce-

value forex puts a constraint on the parameters; of the . . : !
CKM matrix. However, in the NCSM we must replace the nario spacetime becomes effectively noncommutative at en-
' —ergies above=2 TeV.

entire loop since the momentum-dependent phase¥ in
change how the loop integral behaves. Note the charm quark 2. €'le
will dominate the imaginary part of the graph because the o i

hase of the roducﬁT{fV )2 is a factor ofA® suppressed Direct CP violation is measurable in the neutral kaon
P i P s td/. PP system as a difference between the rates at wich decay
relative to the phase oM;,V.q)® [see Eq(15)]. We record  jnto | =0,2 states of pions:
the evaluation of the loop integral in Appendix B.

Ifthe kaons used in the measurement emerge from a beam . (2[TIK (0| T|Ks)—=(2[T[Kg)(O| T[K )
with an average velocitg=v/c in the lab frame, we must €= 5 . (20
average over the motion of the internal constituents of the \/§<O|T|Ks>

kaon, since the entire noncommutative effect is proportion . : - o

to p- 6-p’, wherep,p’ are the momenta of the constituentséjrhen the ratio of direct to indirec@ P violation is

We assume that these momenta have random orientation in ,

the rest frame of the kaon, subject po-p’ =(m,0,0,0). € _ i (2 TIK) — (2| T|Ks) ) (21)
The average over these internal momenta produces a result e 2\ (0]TIKL) (O|T|Kg)

116007-4



CP VIOLATION FROM NONCOMMUTATIVE GEOMETRY PHYSICAL REVIEW D 64 116007

The theoretical computation of this ratio is a challenge in theOf course experiments do not measure the precise value of a

SM not only because the perturbative description of theyiven V;; but rather some combination of them integrated
strong interaction is not reliable at low energies but alsogyer internal momenta. If we again consider the scenario
because it i_s proportional toa difference b_etween two nearlyyhere »=0 then the imaginary parts of these quantities in-
equal contributions, enhancing the theoretical ef40]. The  crease roughly proportionally to the momenta involved and
most naive way to estimate’/e employs the so-called e expect the first bracketed term in Eg6) to dominate
vacuum-saturation-approximatigSA) which is based on since the size of the momenta involvedB@°—§° mixing
the factorization of four-quark operators into products of cur- 0 T d

exceeds that oB” decay orK”—K" mixing, i.e. mym;6

rents and the use of the vacuum as an intermediate ($taite > .
more details sef41]). The estimate is >mg 0, mym, 6. We therefore set the second and third brack-

ets to unity, obtaining

l—ith
1+iXp

my

~——¢2 (27)

My

e—lm(o 8+0.5x10 3 I (22
€ T 1074 sin2B~7J

where in the SM\, represents th€ P violating phases from

the CKM matrix, \;=A2\%5~1.3x 10" 4. The experiments : : . K .
b A NCSM predicts sin 2~0 which is not excluded by experi-
measuree’/=(1.92+0.46)x10 = which does not closely ment. The motion of the quarks inside tBaneson moreover

g?etcrgégil\s/?rg ?:?rl;?ar’c:)ofélt;ivﬁﬂstsr:gl?n?agﬁfer;(\),{r;(]%abopama"y washes out the signé&ee+p[eviou§ discgssion for
oo e A kaong as the asymmetry of the™e™ collider gives the
In the NCSM it is no less difficult to compute'/e; in o =o i
particular, the extra phases from noncommutative geometrfpd —Ba~ center-of-mass only a modest boos{y~0.6 in
will become involved in the complicated nonperturbative he lab frame. We conclude that this model predicts that cur-

quark-gluon dynamics. The best estimate we can make hef€Nt B-physics experiments should see a value of gin2

If we use the measurement ef to fix é&~10 2, then the

is (see Appendix € which is consistent with zero.
The other twoCP violating observables commonly de-
m m fined in B physics arex and y:
B(At)~2—K§2In(—W). (23 Py ’
My Emy " "
a—ar% bVed y= ar% VCdVCb) (28
For £~0.04, we get roughly the same VSA value as in the = - ’ = N
¢ g gny VuaVib VuaVib

SM.

where V% V.4 can be extracted frorB,°— B4 mixing and

o _ VudVip, VigVep from neutral and chargel decays such as
The only CP violating observation from th8-systemto  go_, —— 2ndB*— 7 K. for example. In the SMa+ 3

; 0
d:lzte,dfthe. asymmetry in the_de(;]ayspl\r/lod?ctsBSf—»tjlszs f+ y= q-r_because the CKM matri¥ is unitary. The NCSM
[42-49, is a measurement in the of-a combination o matrix V is not unitary(see Sec. I, so we expeciv+ 8

CKM elements called sin —
2 + y# m as these “angles” are defindtbhy V replacingV in

3. sin 2B and the unitarity triangle

ViVl VEV o[ VEVes Eqg. (28) abovd. For »=0 the parameters,,y in the
sin2B8=7J| — " " " (249 NCSM assume the following form:
thvtd Vcsvcb Vcdvcs
[ My
where the first bracketed factor is froBf— B mixing, the a~tan * m—fz)
second from the observed decay asymmetry, and the third W
from K°— KO mixing. In the Wolfenstein parametrization, me+m
B~tam 1| ——— 2 (29)
. 27(1-p) Mw
Sin 2,8* = o 3 (25)
n +(1_P) _1 My 2
y=m—tan | —§&°|.
My

which, for (p, 7)=~(0.2,0.3), corresponding to a point in the

center of the allowed region of the— » plane[46] implies . .
sin 28~0.7. The most recent experimental world average forIn Fig. 4 we plot the sumv+ B+ y. The angles essentially

this quantity is~0.49+ 0.23[47] add up tor in the same range &f which is required by the
In the NCSM the c_orr.espond.ing quantity is E84) with €« constraint. If all the matrix elements &f could be mea-

. sured at the same energy then the unitarity triangle would
each matrix elemerwij replaced byv; extracted from the close exactly. The small deviation from exact closure is
relevant process:

O((my/my) €2) and represents the fact that the angles as

x 1Tvxys 1[ox v defined in Egs(26) and (28) are a combination of ampli-
. thth Vcsvcb Vchcs . L 0 50
SiN2B—=3| — == |l== ||l == (26)  tudes measured at different energigssm; (for B4"—By
VioVial[ VesVeb [ VedVes mixing) and u~m, (for B decays.
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o+HB+y-—n which gives an apparently strong upper bouée:10 3. Al-
though the phenomenologically interesting valueg dfom

the K-sector is well above this bound, we cannot exclude the
0.001 possibility that the actuakdmis much smaller than the
above naive estimate, a situation which can arise in super-

0.0012

0-0008 symmetric model$51,52.
0.0006
0.0004 IV. CONSTRAINTS FROM g—2 OF THE MUON
0.0002 Since noncommutative effects are proportional to momen-
tum, we might expect an even stronger constraint by consid-
0.0z Y 0.06 0.08 o1 & ering the muonedm in an experiment using relativistic

muons, however the experimental bound here is weaker:
FIG. 4. Plot of the difference+ 8+ y— 7 in the NCSM illus- d;f«< 1.05X 10 Becm [53].

trating that the unitarity triangle does not close exactly. The recent measurement of the anomalous magnetic mo-

o ment of the muor(54], a,, although not aCP violating
4. Electric dipole moments observable, does however provide an interesting constraint

Nonzero values of the electric dipole mometasins) of ~ On the NCSM. Experiments dedicatedap have undergone
the elementary fermions necessarily viol&itand hencep  continual refinementfor history and experimental details,
(assuming theC PT theoren. This follows from the obser- S€€[53,55,58) to the point wherea,, is now very precisely
vation that a dipole momeri is a directional quantity, so known:
for an elementary particle it must transform like the sﬁ)jn
the only available directional quantum number. The interac-
tion with an external electric fiel& is J- E which is there-
fore CP odd. The presence of aumfor a particley implies

an interaction with the electromagnetic field strengttt' in
the Lagrangian of the form

a; P'=1165920214)x 10" ™. (31

The experimental technique employs muons trapped in a
storage ring. A uniform magnetic field is applied perpen-
dicular to the orbit of the muons; hence the muon spin will
precess. The signal is a discrepancy between the observed
precession and cyclotron frequencies.

Oedn= _(i/g)ZYSUWl/,FMv_ Precession of the muon spin is determined indirectly from

the decawﬂeje v, . Electrons emerge from the decay ver-

In the SM this operator is absent at tree level and even at oq?x with a char_acteristic_ angular distribution which in the SM

loop due to a cancellation of the CKM phases. For the elec- as the following form in the rest frame of the muon:

tron, moreover, theedn{d,) vanishes at two loops and the

three-loop prediction is minuscule, of order P8 cm [48]. dP(y,¢)=n(y)[1+A(y)cog ¢)]dydcod ¢)] (32

For the neutroredn(d,), gluon interactions can give rise to

a two-loop contribution which i€(10 %%ecm. Upper lim-  where¢ is the angle between the momentum of the electron

its from experiments existd,<4.3x10 ?’ecm [49], d, and the spin of the muory,=2p./m, measures the fraction

<6.3x10 2%ecm [50]. of the maximum available energy which the electron carries,
Since the SM predictions ofdns are almost zero, we andn(y),A(y) are particular functions which peak at1.

might expect that new sources OP violating physics from The detectorgpositioned along the perimeter of the ring

noncommutative geometry would be observable. The nonaccept the passage of only the highest energy electrons in

commutative geometry provides in addition a simple expla-order to maximize the angular asymmetry in E3p). In this

nation for this type ofCP violation: the directional sense of way, the electron count rate is modulated at the frequency

D derives from the different amounts of noncommutivity in &.€8/(27ma). . _ o
different directiondi.e. Dixeijkejk) and the size of thedm Although a, does receive a sizable coqtr|byt|on from
classically proportional to the spatial extent of a charge disohcommutative geometry, it is@nstantcontribution[ 28],
tribution, is likewise in noncommutative geometry propor- -€: the Interaction with the external magnetic field=
tional to| 6], the inherent “uncertainty” of space. The effects ~Bifje’" is independent of the muon spin, and therefore
of noncommutative geometry will be proportional to the the expenment described above is not sensmve to this per-
typical momentum involved, which for an electredmob-  turbation ofa,,. The effect of noncommutative geometry on
servation is~keV. A detailed analysis of the size of tedm  this measurement does however enter in the manner in which
appears 28], but a simple estimate of the expected dipolethe muon spin is me_asured in its de_cay. Sp_eC|f|caIIy, the elec-
moment is tron decay distribution(32) has a slightly different angular
dependence due to the departure of the NCSM from the stan-
dard V-A theory of the weak interactiorisee Fig. 5. The
(30) electron distributiord P’ in the NCSM differs from the SM
(we reserve the details for a future publicafion

d.~e|pf|=10" 20( %) &ecm
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low energies of a noncommutative geometry which sets in at
some high scale\. Remarkably, forA in the TeV range,
noncommutative contributions t6P violating observables
such asex and e’/ e are competitive with the SM contribu-
tions, whereas sin2<0. If A~2 TeV, the predictions of
these observables from noncommutative geometry is consis-
tent with data. Moreover the recent Zs6deviation between
the SM prediction of §—2) of the muon and data is ex-
@ ®) plained in the noncommutative scenario for this same value
of A. These perturbative results in terms of the small param-
FIG. 5. Contributions to muon decdg) SM tree level andb)  eteré=m,,/A are encouraging, but more work is needed in
NCSM graph which upsets the electron’s angular distribution.  the treatment of the full, nonperturbative theory. Nonethe-
less, noncommutativity of the space-time coordinates offers a
dP'(y,¢)~n(Y)[1+A(y)(5e'§M)+f(y)(ﬁe' 9.§M)(§e.§e) more physical interpretation & P violation which, if cor-
rect, suggests interesting physics at TeV energies.

+ .- ]dydQ
—n(1)[1+A(1)cog ¢)+f(1) ACKNOWLEDGMENTS
Xsin(2¢)| 6]+ - - - 1dydQ (33 We thank Bruno Zumino and Sheikh-Jabbari for much
useful discussion. This work was supported by the Director,
where Office of Science, Office of Basic Energy Services, of the
U.S. Department of Energy under Contract DE-ACO03-

fW] e pu 76SF0098.
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. . APPENDIX A: FEYNMAN RULES IN THE NCSM

The effect of noncommutative geometry is greater than one
would naively expect as, for reasons of efficiency, the muons Figure 6 displays the Feynman rules for fermions, gauge
are stored at highly relativistic energigs,~3 GeV. Hence particles, and ghosts.
the ratio |f(1)/A(1)|~10 %¢. However, the frequency is
measured over many cycles and a more conservative esti-
mate of the effective size of the noncommutative term is
closer to (107 to 10 8)&. The angular distribution is there- The loop function in Eq(18) is given by
fore not a pure cogf) and we expect the measurement of the

APPENDIX B: KAON SYSTEM

precession frequency to differ from the SM prediction at the 11X %% 3x2In(x)
level of 1 part in 18. f(x)= R
Currently, the discrepancy between the measured value of (1-x) 4 4 2(1-x)
a, and the SM prediction is
2
aP'-asM=43(16)x 10 10 (34) 3 In(y)( 1-2y+ yz)
f(x,y)=

+
which imposes the constraigt<5x 10 2. This bound ac- 4(1-x)(1-y) (y=x)(1—y)2

commodates the values gfinferred fromCP violating ob-

servables in Sec. Il A. We expect the valueéofietermined In(x)| 1—2x+ X_Z
from ag—2 experiment to be smaller than that froniKaor 4
B-physics experiment since the circulation of the muons at + (X—y)(1—x)2 . (B1)

their cyclotron frequency introduces an additional averaging

of the components of. For a storage ring located at an Earth
latitude of s degrees, there will be a sifi( suppression fac-
tor.

Numerically,

f((my/my)?)~2.5

V. CONCLUSIONS

f((mg/my)?)~2x10 4 B2
The standard modéBEM) is a highly successful effective ((me/my)") (B2)

theory for energies below the weak scald 00 GeV, but it ) ) .

must eventually give way to a description of nature that in- f((me/my)*, (my/my))~2x10"".

cludes gravity. Noncommutative geometry is one candidate

for such a description, exhibiting some features of gravityln the noncommutative case with=0, the imaginary part

such as nonlocality and space-time uncertainty. of the loop integral for the box graph with a virtual quark
In this paper we have considered the potential effects dbecomes
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un,a “_’b
_ P igm) g/ g/
pm¥%ic
. — p —_—
q— =8 uv b P e s g
ANNANNNAN - _
W V. g+ie
r r
PR A ~id \ \\
pi+ie c ¢
ig T v exp@2p-0-9) & P*(f.5.c050-0-7) + d . Sin(p-9-7))
v,b
v,b ’
q/
1 / u,a \P
<—p ;
Ry @ ANANANANNANS -
s
r\ ’/ P,C
P>C G,d

~8(fapo€OS(-0-1) + d gy, Sin(e-6-r))
&, P18, -9+, (q-P))

"%[(cos(p-e-s - 407 )L 4 + sin(p-0s — 41-6-r)1|4,,c,,)T”Vp':s
+(cos(p-9-r —a-0s )L, . + sin(p-or— 11-9~S)1l4,m,)Twpc

+(cos(p-e-s +2:0r )L, .. + sin(p-es + q-9~r)M‘bd)T“pvcf]

FIG. 6. Feynman rules for fermior(solid lineg, gauge particleswavy lineg, and ghostgdotted line$. Notation: p,q,r,s momenta,
u,v,p,0 Lorentz indicesa,b,c,d gauge indicesT} . gauge generatofqy,. structure constants f@U(N): [T, Tp] = fapcT S, dapc Structure

constants for SU(N): {T.,Tp}=dapel “+(1/N) Sap,

d0,0j = O, anddoqovoz 1, fO,a,b: 0

f d*k u(py) ¥u(1=y5)(p1—K+mg) v,(1— y5)d(p;—k)

XU(P2) ¥, (1= vs) (K= pa+my) y,(1—ys5)d(K—p2)
x (quV;S)Z
(P2 K)2=m)((py—k)2—m3)(k?—m)?

(B3)

which in the high loop momentum limitk&p,,p») is ap-
proximately

k?m2 2mé
q 2 q
k2= 0 K| py- 6

ix%f d*k
My (k2= m3)?(k?—m§)?

(B4)

where we have introduced the cutdff~ A explicitly since
we do not know the theory at higher energigaking this

Labcdzdabedcde+ dadedcbe_ fabefcde_ fadefcbev
+ fapeede™ Fadedbeer @NAT ,,,6=0,.9p0F 9409:p— 209,09, FOr QED or weak vertices, index 0 corresponds to a phadg;= 4,

M abchdabefcde_ dadefcbe
ij s

limit to infinity does not change the answer appreciabie
imaginary part of the integrdB4) for g=c is approximately

N omyg (297, 1348 208°

m, 148 4+82

J(NCIoop)fvm2 18m,| 2
W
(BS)

whereé~my,/A. For small values o<1, this is approxi-
mately

A2 my
J(NC loop~ — —
my, M

& (B6)

which is the simplified form we use in E¢L9).
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APPENDIX C: €'/€ sin(|ogm|)
m

Pi~|m¢oq|[Ci(|6gA|)—Ci(|egm|)]+
Direct CP violation in the SM implies that two or more 1~ ImeoallCid6aA]) (Jeam)]

diagrams contribute to the kaon decay with disparate weak .

: sin(| 6gA|)
and strong phases. In noncommutative geometry, the vertex _ A (C2)
phases mimic a weak phasee. we use the NCCKM ma- A
trix). To give an estimate for the effects of
noncommutative geometry oae’'/e, we consider a typical
electroweak penguin loop integral. In the limit of high loop

where we takeM ~A. We use the cosine integral function
which for small values of its argument is

momentum, the penguin is characterized by the dimension- NIV
less numbeP, Ci(x)=~const+In(x)— Z+ v +ee (C3
- J‘M d*k imgsin(g- 6-k) (c1  Taking the average mass~my for simplicity, we obtain in
m (2m)* K5 the limit of small = om3,
wherem s the mass of the heaviest particle in the loop gnd Mg, [ My
is the typical momentum of the processm; in a hadron lezm_wf 'n(ﬁ) (C4
machine. Switching to Euclidean space and performing the
integral, as quoted in Eq(23).
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