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CP violation and Al =1/2 enhancement inK decays
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We studyCP-conserving andC P-violating K°— 7r7r and K°— 7rry decays, using the same techniques
which explain theAl =1/2 enhancement of the former to also expl@re violation of the latter transitions. If
CP violation is driven by theNWy vertex, we show that direc@ P violation in K, — 77y is scaled to the
s—dy E1 quark transition and the latter suppressedy the GIM mechanisn{compatible with recent
experiments In the same spirit, the dominaat = 1/2 enhancement & P-conserving kaon weak decays can
be scaled to as—d quark transition which ignhancedy the GIM mechanism.

PACS numbss): 11.30.Er, 12.15.Hh, 13.20.Eb

[. INTRODUCTION quark transition cannot be transformed away, while in Ap-
pendix B we provide further details supporting thé=1/2
It is an observed fadtl] that the weak decays of neutral rule via tadpole dominance fat°® decays.
kaons have two striking featuredl =1/2 enhancement and
also CP violation. Within the past few years, experiments  Il. CP VIOLATION DATA AND PHENOMENOLOGY
[1-3] have begun to suggest thditect CP violation (CPV)
in K°— 7r7r and also inrK®— 7rary decays may bénsignifi-
cantly) small. In that case CPV may still occur in kaon first
order weak(FOW) transitions, and then extended without
further CPV via second order wedBOW) K°-K° mixing. M(K =" 7)

The most recent Particle Data Gro(pDG) compilation
[1] of CP violation experiments now finds th€’— 7 am-
plitude ratios

Since in fact FOW neutral kaon decays are observed to be |7+ —|= M(Keomtm) =(2.269+0.023 10" ?,
Al=1/2 enhanced whether or nGtP is conserved, it may S
be possible to construct a theory enhancing FOW @)
CP-conservingAl =1/2 Kg— 7w and y decays while M (K| — 7%70)
suppressing FOWK, — 77 and wary CPV transitions, yet |7700|:‘m =(2.259+0.023 X103,

S

allowing SOW K°%-K° mixing to proceed in a normal
CP-conserving manner. In this paper we develop such a . ' . 0 o
(hadronig program, but always expressed in a quark modef"llong W'tho phgose anglgédefmed relatlvg tOK.SN.K K
chiral framework. andK, ~K"+K" states in theCP-conserving limi}

We begin in Sec. Il by reviewing recent experimental o o _ o o
CPV findi?lgs and then cguching thgm in the Ignguage of $r-=44.3208°,  $p=433"+13". )
unitarity and also chiral Lagrangians. Next in Sec. Il we
discuss aCP-conserving quark modelbased on ars—d
transition) which not only recovers the observed kaon
Al=1/2 FOW amplitudes due to Glashow-Iliopoulos-Maiani 17+ _|=|m0d =|&|~2.26x 103 @)
(GIM) enhancementbut also explains SOWK-K® mixing
and correctly predicts th& -Kg mass differenceAm;s.  then suggests that a possible direct CPV paramsetenust
This includes an analysis linking the FOW decay rate ofpe extremely small, if not zerf2]. This is also compatible
Ks to the SOWAm, g via unitarity with Amy s linked to the  with the most recent measurementseéfe reported in[1].

Since 7, _ and g in (1) are very close in magnitude, the
reasonable consequence

square of the quark—d weak transition. Semileptonic weak CPV has also been detected as
Then in Sec. IV we return t€ P violation (CPV) for the

neutral kaon system. The same quark model of Sec. lll but T(KY =7 17 0)—T (K= ¥ 17 v)

now coupled to a nonstandard CPV vert@Wy in turn is o= 0 e 0 g

shown to give an unobservably smsid+y direct CPV am- PRz )+ K= w)

plitude due to GIMsuppressioras one expects from the CPV =(3.27+0.12x 10 3. (4)

smallK, — 7y decay of Sec. Il. Finally in Sec. V we sug-

gest how such a quark picture can generate a CKM matrigince thisé in (4) is related to the CPV parameteiin (3) as
which roughly builds in the observed CPV phase parametes~2 Re: or [4]

6~0.0033 via a photon in a loop coupled to the CPV

WWy vertex. In Appendix A we summarize why tise-d Res=(1.635-0.060 X 10 3=|s|cosp,
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assuming the magnitude| from (3) along withe’ =0 leads
to the above phase angieas being

¢=arccofRes/|e|]=43.7°. (5)

Then becaus@ in (5) is compatible withg, _, ¢q In (2),

one can characterize this CPV phageby 6=2|g|cosp in

(4) above. We shall return to this CPV phasén Sec. V.
However, the most recent CPV data concefns— wary
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FIG. 1. Single quark lins—d transition.

IB E1 amplitude giving(11) and a possible direct emission
(DE) E1 amplitude[only recently measurel8] to be small
in (6)]. In fact Ref.[8] modeled little, if any, directCP

decay. Since the dominant CPV amplitude presumably is dugjolation in K, — 7+ =~ y decay beyondIB) K°-K° mixing.

to KO-K° mixing, Ramberget al. [3] measured its effect via
the inner bremsstrahlurigl amplitude, looking for any sig-
nificant deviation from(1) or (3) as a signal of direct emis-
sion CP violation. Their resul{3],

B M(KL—>7T+7T_’)/,E1)‘_
|77+*‘)/|_ M(KS—>7T+777’)/,E1)‘_

(2.15+0.26) X 1073,
(6)

indicates that direcE P violation (beyondK°-K® mixing) is
indeed small, bounded by

le’, _,|/le<0.3

at the 90% confidence level.

Unitarity has been usd®] to link the FOW decay rate of
Ks to the SOWK | -Kg mass differenceAm, 5. The latter
measured valugl]

Am_s/m¢=(0.705+0.003 X 10" 14, (7)

and ignoring CPV then suggests keeping only the over-

whelmingly dominantrr intermediate states in the satura-
tion of unitarity:

®)

2Am s~T's or ¢=arctanAm, g/T' s~45°,

as expected. But for the exact measured
7s=(0.8926+0.0012)x 10" sec, Eq.(8) gives a more ac-
curate(CPV) phase angle determined by unitarityhile ig-
noring anye’):

p~arctanAm, srs=43.7°, 9)
which is in very good agreement wit) and(5).

The calculation of the inner bremsstrahlutig) CPV am-
plitude was given long agfg,7] in the context of an effec-
tive weak Lagrangian characterizif@P violation:

Zw~Tr(\;D,MD#MT), (10)
where M=exp(¢,va/f,), f,~93 MeV, D ,M=9,M
+ieA,[Q,M], and Q is quark charge matrix diag
(2/3,—1/3,—1/3). Normalizing the overall amplitude to
M(Ks— 7" 7~)=M and using10), the IBE1 squared am-

plitude integrating over phase space for photon energies 28fandard SK)xU(1) theory,

MeV leads to the CPV branching ratjé,8],

F|B(KL—>7T+7T_')/)/FKL:1.4X 10_5, (11)
very near the observed ratio (1:50.16)x 10 5.

Using (10) and (11) as a starting point and employing a
fourth-order derivative chiral Lagrangidmsimilar to (10)],
Ref.[8] estimated theC P-violating interference between the

lifetime

Ill. QUARK MODEL GIM ENHANCEMENT
AND THE Al =1/2 RULE

The above signals of CPV are always seen in neutral kaon
weak decays. However, the latter kaon decays also obey an-
other unique characteristicAt=1/2 enhancement with
7 decay rated” | _ /T'op~2. To show that nature always
generates thid\l =1/2 enhancement regardless of 1G&
properties of the neutral kaon, we form the PDG branching
ratios in Ref.[1] for CP-conserving andCP-violating
K°— 27 decays, respectively:
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This dual Al =1/2 enhancement if12) can be generated
from a largeA| = 1/2 tadpole transitiog0|H}"|K®), making
both the CP-conserving (O|H:V|Ks) and CP-violating
(O|HEY|K ) Al=1/2 tadpoles also enhanced.

This being said, we now review a quark model version of
(CP-conserving Al = 1/2 enhancement fd¢°— 27 decays.
First recall the GIM quark chiral weak current in (bow
energy SU(4) symmetry schemf9] with v, =y, (1~ ys):
jh=cy(uyd+cy,s)+si(uyss—cyhd). (13
Using (13), the manifestAl =1/2 weak self-energ¥. .4 de-
picted in Fig. 1 is[10,11] (scaled to a charmed quark mass
m.~1.6 GeV)

S oq=bdp(1-ys)s,
—b=(Ggs,¢; /872\2)(M2—m2)~5.6x10°8. (14)

Note that the usual log-divergent self-energy is cancelled by
the GIM mechanism, signaled by the—m? factor in (14).
In effect this GIM factorm?—m? enhances theXl =1/2)
scale ofb and generates the observAd=1/2 rule. Since
many physicists believe that such an off-diagonal self-energy
as(14) can be transformed away, we give explicit details of
why this is not the case in Appendix A. In the context of the
Weinberd12] has shown that
“truly weak” (tadpole graphs ofO(am;/Mg,) [such as the
s—d tadpole in(14)] cannotbe rotated away.

While (14) was computed in 't Hooft—Feynman gauge
[13], corrections to(14) are very smallO([ ms—my]%/M3)
in other covariant gaugd44]. But given(14) and the asso-
ciated weak current of Fig. 2, its divergence coupled with
current algebra and working on the kaon-mass shell then
gives[14]
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FIG. 2. First-order weak° to vacuum quark axial current.

1
q”MM=—§(O|HW|K°>~i\/§bemﬁ (15

(recalling that the strong axial current matrix element is

(0]AS~|K®% =i2f¢q,,). Here the strong interaction kaon
decay constant,~113 MeV is weighted by the—d weak
scaleb from (14) in the weak axial current if15). The
implied weak tadpole scale if15) is then

[(O|Hy|K%)|~2y2|bfcm2|~4.4x107° Ge\?, (16)

from which Fig. 3 forf_~93 MeV predicts theKg— 7
amplitude ag[11,15 (we review the link between th&°
tadpole anK s— 77 decays in Appendix B

m

M

2
ﬁ|<0Hw|K°>|(l——§

|M(Ks—>ﬂﬂ)|=?§7

~2|b|(f /f2)(mg—m?2)

~34x10°8 GeV. (17
The latter is of coursal =1/2 enhanced, and is in fact near
the observedKs— 7o amplitude[1] 37X 108 GeV. This
Al'=1/2 tadpole transition0|H,,|K® in (16), giving the
CP-conserving amplitudd17) as depicted in Fig. 3, also
generates & P-violating amplitude. Both are compatible
with the observed branching ratios E@$2).
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FIG. 3. K°— 27 weak tadpole diagram.

kaon theorem of current algebfal, 16,

4N, =if (KO H{?|KO) ~i2b2f  mZ , (22)
or cancelling out the strong interaction scéjein (22),
A =(K|H@|K%~2b2m . (23)
Finally equating(21) and(23) one is led tq/16]
Am_g/mg=~2b?~0.63x 10 14, (29

which again recovers the quark model unitarity relatib8)
and is also compatible with the measureth, 5 in (7).

The fact that the GIM enhancedll =1/2 scale ofb in
(14) empirically matches the first order wedkOW) K.
amplitude in(17), the unitarity-determined -Kg mass dif-
ferenceAm, g in (19), and the(SOW) quantum mechanical-
diagonalizedAm, ¢ in (24) lends strong support for the GIM
quark model S#) picture. In the next section we show that
the GIM mechanism also helps to resolve our central
concern—that ofC P violation.

IV. CP VIOLATION AND THE WWy VERTEX

In order to extend this quark mod€lP-conserving pic-
ture of Sec. Ill toCP violation (CPV), we consider anon-

Apart from this FOW agreement, one can also check thestandard CPV WWy vertex:

(CP-conserving unitarity relation(8), becoming(assuming
the dominance of the two pion intermediate statetien
employing Eq.(17) for g=~0.416ny andfy/f ~1.22:

3q
2AmL3~FS=16ﬂ_—m2—|M(Ksﬂqmr)|2~4b2m,<. (18)
K

For |b|~5.6x 10" 8 from (14), Eq. (18) predictsAm, g to be

Am, g/me~2b?~0.63x 10" 14, (19

reasonably near the observed valuddn

Alternatively one can examine SOWP-K° mixing in the
CP-conserving limit. For¢p=45°, the K°-K® mass matrix
becomes, fon = (K| H{Z)|K),

2 2

mKO )\ ms O
Nomg o mE ] (20
which is diagonalized via
in2¢= 2\ A =1 21
Sin2¢ = m?>—m2 Am.gmg 21

In the spirit of the FOW currenM , in Fig. 2, the SOW
currentN,, of Fig. 4 has the divergence found from the soft

<’y#(q)Wﬁ|Wa>: ie)\wsaﬁp,a'qa" (25)

In the standard minimally coupledCP-conserving SU(2)

X U(1) theory, \,, in (25 would vanish. But in Ref[17],
Marciano and Queijeiro employed the CPV couplit&p)
together with the 1986 bound on the CPV neutron electric
dipole momen{EDM) |d,|<6x 10 2° e cm. The latter sets

a scale of the proposexd, CPV strength in(25). They ap-
plied the (nonstandard U gaugega,a—ka,ka/M\zN to two

W boson propagators coupled to a photon a&B) to com-
pute CPVd—dy and u—u+y constituent-quark radiative
transitions. Then using the usual quark wave functions for a
ddu neutron, they concluded that the CPV neutron EDM has
the form[17]

d,[= 5eGemyhy,
" oa2m? T
2 2 2 2
My 4 InASIMy,
= — — ——+—_

FIG. 4. Second-order weak® to vacuum quark axial current.



2424 S. R. CHOUDHURY AND M. D. SCADRON 53

Next Ref.[17] assumed a very high ultraviol&V) cut-
off A2>M\2N, in which case (26) would suggest
[Ny <1073, so that the CPV vertef5) would play a mini-
mal role in the observed CPV neutrdl decays. More re-
cently, however, other physicists(concerned with
CP-conserving andC P-violating weak transitiorjshave ar-
gued [18,19 for a much lower weak cutoffA. From a using the recent observatiofl] that the top quark mass is
(strong interactiondynamical mass perspective, the vectornear m,~170-200 GeV. Thus from the estimatéx7) or
mesonp mass of 770 MeV can be taken as an UV cutoff (28) we might expect an UV weak cutoff scale much less
mass in aqq quark model framework. For weak interactions than 1dM,,, but more likeA?/M3,~1-15. Indeed in Ref.

¥
WL w-

s u,c d

FIG. 5. CP-violating s—dvy graph.

this might correspond to an UV weak cutoff [22], precision electroweak tests are shown to be best satis-
) fied if INnA~InMy, . In fact if we assumé\?/M3,~5 midway
A_2~1_ 27) between(27) and(28), the factorX in (26) becomes 0.02. In
My this case(26) and the measured lower bound on the CPV

neutron edmstill allows \,, to be near unity

Given that\,~ 1 in the nonstandard/Wy coupling(25),
we now study thes—d+y CPV transition depicted in Fig. 5.
Again using the nonstandatd gauge as in Refl17], the

Alternatively using the Veltman formulg0] to eliminate
quadratically divergent S@)xU(1) (tadpole graphs, the
(Higgs boson masm,=A) UV cutoff becomes

A2 s—dvy,(q) amplitude magnitude of Fig. 5 isettingq=0
— - =4(m2IM3) — (2+M2/M3Z)~15, (28)  once thes,g4,,9” factor in theWWy coupling(25) is taken
M into account

|M |: en. s qo_f dkk g\%lslclyar(k—[b)[ 1 B 1 2(1_ )(g B ka/ka)(g
“ we aBuoc (2,”_)4 8(k2_M\2N)2 (k_ p)2_m3 (k_ p)Z_m‘Z: VB Vs a'a M\ZN B'B
K gk €Ay, Grs;C;5(mé—m?)|
BB wFP1v1 Cc u
- - q—p,d)(1—7s). 29

As in theCP-conserving case of the—d transition in(14),  Although the numerical coincidence between the observed
this CPVs—dy amplitude has been rendered finite via the|e|~2.26x 10 2 in (3) anda/ was noted long ag4,17,
GIM mechanism. However, if29) M# is GIM suppressed we suggest from30) that Fig. 6 generated via the CPV
because hZ—m2)M,2~10"%, whereas in(14) the factor ~ vertex WWy in (25) with \,~1 coupled with the GIM
bdp(1— ys)s is GIM enhancedn this “truly weak” tadpole ~ Mechanisnjienhanced irf14) but suppressed if29)] may be
of orderG:m? (also sed19]). the origin of CPV inK®— 27 decays. In(30) the Al=1/2
Assuming then that the CP¥—dy amplitude (29) is enhance_men.t factqr df divides out in the. construction of
scaled to a “large’\,, value~ 1, this amplitude is still GIM  the CP-violating ratio|e| and all that remains is the photon
suppressednd could not lead to measurable effects. SpecifiSelf-energy factor ot/ .
cally this “very small” s—dy CPV amplitude(29) generates
an unobservable direct emissibE)K’— 7 7~y E1 tran- V. EXTENSION TO CKM MIXING
sition which is CPV forK_ decay. In fact this is the conclu-
sion of measurements in RéB] resulting in Eq.(6) based
on the interference betwednegligible CPV DE and non-
zero IBE1 transitions.
Although theWWy vertex(25) does not lead to measur-
able direct emission CPV effecteven if \,, is as large as
unity) in the neutron edm ir{26) or based on thes—dvy

Here we attempt qualitatively to construct in the quark
model the flavor-mixing CKM matrix, but first focus on the
SU(4) Cabibbo sector. In Sec. lll we used the @UGIM [9]
weak current(13) expressed in the “mass basi$4] with
empirical Cabibbo angl®,~13° [1,25]. Alternatively one
could employ a weak quark current which is diagonal with

CPV ftransition in(29), we suggest that thisVWy vertex EiSPSCtStOC t)he gauge basis” weak &) flavor fields
(25) with \,,~1 could still generate the observed CPV inthe* °' °'70"~%"

Al=1/2 enhance®— 27 amplitude via the CPV radia- J\,'LVZJo?’,L,,doJF 507;30. (3D
tively dresseds—d transition depicted in Fig. 6. Here the

“dot” again refers to thew-mediatedu andc GIM loops of

Fig. 1, and this radiative correction would then generate the
amplitude ratio roughly of ord€gr23] —‘LS 3 g + —5-':\15—3 3 g
M(KL—WT’JT)‘ balm . L . .
~ =al m~2.32<10 3. (30 FIG. 6. CP-violating s—d transitions via photon self-energy.

lel= M(Ks—mm)| b
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Here the reference “diagonal in the gauge basis” refers to a . mg— my|*?
charge-changing left-handed current which decouples the Sin2¢ey~| | ~0.35 0r ¢, ~10°,  (37)

H H C u
generationsug,dy and cg,89. The off-diagonalQ=—1/3
(weak flavoy quark mass matrix is then diagonalized in the ] .
quark mass basis according to for constituent quark mass differenceg—my~170 MeV

andm;—m,~ 1400 MeV.
My, Agq mgy O In this SU4) picture, the Cabibbo anglé, characterizes

(32) the misalignmenibf the weak quark currerjfl’j expressed in
terms of the mass bas(3) versus the sam;ég being(gen-
eration diagonal in the gauge basi81). Reexpressing the

Such a quark flavor realignment is characterized by the mixlatter back in terms of mass eigenstates,

ing angle ¢y defined through

Neg Mg, —1 0 mg

d= dOCOquSd— sosin¢>sd ) J\,ILV: (J COSpcy+ c Sin¢su) Vb(d COSpsyt S Sin¢sd)
T = Lo ai
tan2¢sq=2Nsq/ (Mg, — Mg ), comparing thisj}; with (13) and using trigonometric identi-

_ ties, one deduces that the Cabibbo angle satisfies
in a manner similar to the SOW mixing &° andK? in (20).
2 2 N\-1_q
Just as X(mKL mKS) lin (21? because th&, ahd Oe= thog— ey (39)
Ks states have nearby masgeven in theCP-conserving

. . _ _1: .
I|m|t),.we argue by analogy that)‘gd(mso . mdo) . Lin This fundamental relation has long been appreciated by
(33) sincesy andd, are presumably both light chiral quarks Fritzsch[27], but we suggest that the minus sign(B8) is

with nearby masses in this latter gauge basis. In that casgnat is significant. Substituting the estimat@) and (37)

(33) requires|26] into this difference relation(38) one obtains the Cabibbo
tan2peg=1 OF dyy= /8. (34  angle “mismatch
Also theQ=% c—u quark sector can be diagonalized in 0c~22.5°-10°=12.5°, (39

a manner similar t¢32) and(33):

m, A m 0 in qualitative agreement with the empirical Cabibbo angle.
o Teu u If the ¢ quark were chirally light likeu, d, s or if all four
New Mg, —1 0 m|- (39 quarks were heavy liké andt quarks, then the Cabibbo

angle defined by38) would vanish. In fact the latter is what
. happens for the Kobayashi-Maskaw&M) mixing angles

U= UpCOShey— CoSiNey, [26] 6, and 65 in the six-quark rather than the above four-
o quark picture. In effect, it is théheavy c quark which con-
C=UoSiNdey+ CoCOShey, 38 {rols the size of the large Cabibbo angle(89), in much the
same manner that this same quark drives the GIM-
enhancedAl=3% K,, amplitude in (14)—(17). However,

Now, however, although the quark is also a light chiral there is no CPV in the S4) picture.

tan2¢.,= Zxcu/(mco— muo).

quark (as ared ands), thec quark isnot a chiral quark but As is well known[1], the six-quark CKM picture also
is much heavier withm;>m,. Thus tan2b.,<1 and the requires the CPV phase anglé in (4) to enter the
estimate in Ref[26] suggests Cabibbo-KM (CKM) 3 3 mixing matrix[28]
Vud Vus Vub C1 —$:C3 —$1S3
v=| Veda Ves Ven | | S1C2 C1CoCs— S,55€'"  €1CoS3+S,Cq€'” ’ (40)
Via Vis Vi S1S;  C15pC31CpS3€'°  C1SpS3—CpCa€’’
c, —$ 0
V| St G 0 , (41)

0 0 —(1+id)
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w- w- w- has so far only been detected in kaon weak décays
In Sec. Il we reviewedC P-violation data, where recent
g }ﬁ\w- Wj’zﬁi experiments suggest that ti@P violation is characterized
+ " by |g]~2.26x10"3 (and ¢'~0) and is realized only by
(@) ! b (E) ! ® © ! KO-K® mixing with ¢~43.7° for Kg ~(1+¢&)K°
F(1-¢)K°. Then the CPV phase i=2|¢|cosp~0.0033
FIG. 7. CKM b to t graphs(a) lowest order andb) one-loop  in agreement with datd1]. In Sec. Ill we surveyed
order violatingCP. Al =1/2-enhancedCP-conserving K, decays from the
viewpoint of first-order-weak transitions and from the non-
in the limit of a real SW4) Cabibbo submatrix with linear unitarity link to theK, -Kg mass differenceAm,g.
6,=— 6c and 6,,65—0. Then the complex CPV phase ap- Then we diagonalized the second-order-weak kaon mass ma-
pears only inVy, (as originally suggested in Ref28]). trix to eliminate \ =(K°|H®|K°) and again recovered the
To proceed with CPV, we convert the GIM-suppressedempirical Am, 5. TheseC P-conserving graphs are all GIM
s—dy graph of Fig. 5[driven by the CPV nonstandard epnhanced aSg(m2—m?).
WWy vertex of (25)] to theb— W™t CKM mixing graphs Then in Sec. IV we returned t&P violation via quark
for Vy, in Fig. 7[the latter two d_iagrams again driven by the loops coupled to a nonstandawiWy vertex. We showed
CPV nonstandardVWy vertex in (25)]. Just at the lowest nat such aC P-violating quark-mediated loop graph for an
order b—t current in Fig. Ta) gives V{)=—1 from s _.dy transiton is instead GIM suppressed as
—0wiey,(1-ys), the first order correction of Fig(@) gen- G (m2-m?2)/M2,, yet the CPV parametd| is roughly
erates the Feynman amplitude \i5) in the nonstandard alw, as anticipated.
U gauge: Finally in Sec. V we again used the nonstand#v/dVy
KaKB CPV vertex to construct one-loop order corrections to CKM
g*h— — ep SR matrix elements. These loop graphs Yby; are controlled by
My 7 the very heavy top quark mass né¢ad] 200 GeV. Not sur-
prisingly, with a photon in the loop we find the CPV phase
}[%(1— vs) (k—my) y, 1. 6~ alw. In the Appendixes we review arguments for why
thes—d Al=1/2 truly weak tadpole cannot be transformed
(42) ~away as a_lrea_dy anticipated by Weinbgtg). o
With hindsight, we have assumed th&P violation
We have neglected Fig(l3) because it is suppressed relative (CPV) may be seen only ig and thate'=0. Such was the
to the larger propagatdrmass in Fig. 7). Using the Dirac  original suggestion of Wolfenstein’s superweak sch¢ag.
identity WMy“yW“zGi Y. Ys together withe,=(2/3)e, More recent alternative treatments &f =1/2 enhancement
the sum ofvgg): —1 and V%) from (42) generated/y, in  and CPV fork® decays fold in strong interaction QCD ef-
(40) as fects in the weak Hamiltonian or account for QCD “pen-
guin” diagrams[31]. Early estimates ofAl =1/2 penguin
—th~1+i)\w(a/w)ln(1+A2/mt2). (43 effects, however, were more than an order of magnitude shy
of data[32]. Moreover, very recent improved treatme[28]
In (43) we have neglected thé/ propagator mass occurring of QCD penguin contributions go beyond the leading log
in (42) relative to the larget quark mass. Taking the UV approximation and find that at the cutoff scale=m, the
cutoff in (43) as in Sec. IVA?/m{~3 together with\,,~1  K3_ penguin amplitude vanishesin the high-voltage
and comparing with the CKM matrix if41), one obtains a schemg and is less than 20% of the measured amplitude

, d%k
gW(Ie)\W) j (277)4

% [ €iCy
(k2= M3 k?(k?—m?)

rough estimate of the CPV phase when u~1 GeV. Furthermore, Ref$33] conclude that the
improved treatment of QCD penguin diagrams likewise leads
6~(In4) @/ w~0.003. (44 10 a cPV parameter rati@’'/e which is also very small.

Consequently, QCD effects do not significantly alter the re-
sults found in Secs. 1I-V of this paper concernifag=1/2
0(gf\nhancement an@P violation for K® weak decays.

This qualitative CPV predictior{44) is not too distant
from the measured phas#~0.0033. Of course one could
also consider other CKM representations such as that
Wolfenstein[29], whereV,, is taken as unity and the CPV
phase appears elsewhere. ACKNOWLEDGMENTS
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W-mediated loop diagram. While the latt€P-conserving
loop _ amplltudes are GIM enhanced, the former APPENDIX A
CP-violating loop amplitudes are GIM suppressed. Such a
GIM enhancement-suppression pattern may explain both the Here we spell out the reasons why tlse-d quark
A1=1/2 rule forK® decays and als€P violation (which ~ Al=1/2 transition of Fig. 1 and Eq(14) or the hadron

VI. SUMMARY
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. 2 PC
SOU tan2¢= oo (A2)

ms— md,

1
1Ko
1

so it is clear that the effect af 4 [i.e., in (14)] cannotbe
FIG. 8. Al=% K° to vacuums-d quark loop tadpole. completely eradicated.

Al'=1/2 tadpole transitionO|H,|K® of Fig. 3 and Egs.
(15—(17) cannot be transformed away. The original (taldi-

pole) theorem of Feinberg, Kabir, and Weinbe@] refers Here we summarize two methods by which partially con-
to (on-shel) lepton weak decays. There it is suggestadd  served axial vector currentCAC) can be used to relate the

reemphasized in Ref35]) that such a nullfermion) theo- KO tadpole to theK®— 77 amplitudes. Then we discuss

rem does not apply to fermiorar off their mass shellsThe  A1=1/2 single quark line transitions.

latter is the case for the weak tadpole in Fig. 3 depicted in

APPENDIX B

s—d quark language in Fig. 8 for @ightly bound Nambu- 1. Strong interaction PCAC
GoldstoneK %-sd weak tadpole at zero invariant momentum
transfer[35]. The KO tadpole graph of Fig. 3 generates the amplitude
Then there is the null theorem of Coleman and Glashownhagnitude
[36], which rotates ads term into the(semistrony mass (O] H,,|KO)|
matrix. Such ads term is not the form of the neededps |(rar|H,|KO)|= _mZWTMKORf)(owmv (B1)
K

self-energy in Eq(14) and so the null theorem of R€i36]

doesnot apply to thes—d transition in Sec. Ill. . . : . . :
oesnotapply fo thes— sttlo Sec where the strong interaction amplitudié in (B1) is a Wein-

Some physicists have suggested thatdipe self-energy b :
. . T erg type [40] of PCAC low-ener amplitude
in (14) can be Fourier-transformed to a kinetic energy term(t_gmz)%?cz ([in 2het channe). The |atte?77¥777277777 repsult i
in an off-diagonal semistrong Lagrangian and thus rediago* /i M )

nalized away. However, the structuredips in (14) derives  SXtended KK — mr Scftte””d“] as ('F—rrg)f,)/ 212, but
from the one-loop-order off-diagonal semistrong Lagrangiar?oW With t0=(pK—O) =mc on the decayin™ mass shell.
term. In fact the standard $2)x U(1) theory of Weinberg 1hen theK”— 77 amplitude magnitude iB1) becomes the
and Salam[37] generates tadpole terms Gi(e) and of anticipated result
O(ami/M§) [12]. While Weinberg shows that th@(a) (0 Hy K9]
tadpoles are “purely electromagnetic” and can indeed be re- |(mrar|Hy|KO)| = +
moved, he also stresses that tadpole<O¢t:mz/M3) are 2%
“truly weak” and cannotbe transformed awal12]. Need-
less to say, theX.y s—d tadpole in (14) is of order
GFm§=O(am§/M5v); it is then one of Weinberg's “truly
weak” tadpoles whiclcannotbe so removed. 2. Weak interaction PCAC via weak chirality

Lastly, in hadron language thveak kaon null tadpole Instead we derive the crucial PCAC-tadpole relatiBa)
theorems[38] claiming (0|H,,|K®)=0(mj) are generated in a totally different way by also starting from a Weinberg-
by reducing in the heaviest kaon particleKn-27 decays type [40] of strong interaction low-energy momentum
(as well as the light pions However, this vacuund) is of ~ (PCAQ expansion, but now combined with the standard
all-orders strongplus first order weak[12]. On the other Weak chiral current algebrfQ+Qs,H,]=0 whenH,, is
hand, the old-fashioned perturbation thecd@FPT) ap- driven by V—A currents. More specifically, allowing the
proach used throughout this paper always keeps the decayitf¢gak spurion to carry off no four-momentum, one can ex-
kaonon mass shellso that our OFPT vacuui®) is clearly ~ Press the weak— 7' 77! transition through second order in
to all orders strong only [16]. So in our case mMomentum a$40,14
(0|H,|K%=0(mg), which circumvents the null theorems P O A, 2 2 2
of Refs.[38] and (0|H,,|K® cannot be so removegsup- (' m!|Hu[K) = Alpic+aipi +a;py). (B3)
pressed

While our OFPT quark mass matri can be rediagonal-

(1-m2/mg), (B2

which is the first line of Eq(17) in the text.

Keeping theK® meson always on mass shpf=m2 while

: conserving four-momentumpy = p; + p; , the Cabibbo-Gell-
ized to the formi39) Mann theorem[42] requiring theK,, amplitudes(B3) to
mg 35¢ my O vanish in the S(B) limit when m2—m?2, in turn forces
A=|spc o |=B=| o ml. (A1)  @=—1/2in (B3) for K°—27° decay. Also taking oner’
ds s s four-momentum soft, EqB3) becomes

defining B as in the all-orders-strong plus first-order-weak
quark basis, the effect of the off-diagonal self-energy
3.£¢=bdps is not completely abolished ifB. In fact 22§
reentersB via the transformation angleé convertingA—B However, PCAC applied to the left-hand-sidés) of the
in analogy with the(quantum-mechanicgalconstruction of latter equation combined with weak chirality
Am g in (21) or ¢gqin (33): [Qs.H,1=—[Q,H,] requires

1 1
(WOWO|HW|KO>—>A( mz— Emﬁ) = EAmﬁ.
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(70O H, |[KO) — (—i/f ) {(7O[QE,H,1IKO) (16) but still recover the second line d@i7) by invoking
. instead the soft pion theorem applied to the weak axial vec-
= (i/12f ,){7mO|H | KO°). tor current

Comparing the latter two equations uniquely determines the
constant A= (i/f ,mz)(7°|H,/K®, so that the on-shell
K°—27° amplitude in(B3) is

a*M , ~if (7O HuKO),

equate it tog“M , ~i \/fbemﬁ, and finally us€B4) above.

(07O Hy | KO = (i/f ,)(mO|H,|[KO)(1—mZ/m2). (B4) Thus we take(B2) and (B5) or Eq. (17) as model-
independent results.

Finally, one can simply reduce in the® on the rhs

K°— 7% weak transition again using PCAC and weak chiral-

ity 3. Single quark line scaleb
' As the final step in understanding tkd =1/2 rule for
(7O Hy|K®—(—i/f,)(0[[QE,H,]IKO K°— 27 decays, we review thal=1/2s—d single quark
. 0 line (SQL) weak transition scalb obtained in Eq(14). Al-
= (i72f )(0[Hu[K®), though there is still some controversy concerning rotating
away this effect forKgW decays(hopefully resolved in Ap-
pendix A), there can be little or no other quark mechanism
0 0 0 (0|H,,|K®) _— for three specificAS=1 baryon transitionsE~—3 "y,
(mom’|Hy K )=— 5z (l-mi/mg). (BS 0~ ="#% and the p-wave B—B’'m combination
T B(E§)+\/§B(Ag). All of these three baryon transitions
Although slightly more tedious to derive, E¢B5) indeed have empirical SQL scales averaging[45]
matches the desired relatigB2). g
An even more complicated rapidly varying pole approach bayg=—(5.5£0.7) X107, (B6)
[11,43 without directly employing PCAC also recovers
(B5). Moreover, Ref[44] demonstrates that the chiral La- which is extremely close to the SQi-—d scale(14) com-
grangian of Cronin in Ref{7] once again leads tB4) or  puted as an off-diagonaW-mediated quark self-energy
(B5). Alternatively one can bypass th& tadpole in(15) and  b~—5.6x10"&.

so that(B4) becomes
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