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Time-reversal violation in B decay in the standard model
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We estimate the size of time-reversal violationdmlecay due to the Kobayashi-Maskawa phésend the
fterm L,. We find that the contribution of to theD andR correlations is not likely to be larger than of the
order of 10 19a|(|s,5354/107%) and 10 14 a|(]s,855;/10 %), respectively, wherg¢a|=1 for neutron and
19Ne decay. For the contribution df, to D andR we conclude that it is not likely to be larger than of the order
of 10" *a|(|6|/3x 10719 Q/(m,—m,) and 10 *4a|(|6|/3x 10719, respectively(the present experimental
limits on s,s35; and § are|s,s;s5/ < 10" % and| 9] <3x 1019, whereQ is the energy release in the decay. For
both § and £, the D and R coefficients are dominated by long-distance contributions. The small values of
D andR in the standard model compared to the best experimental limilt-odd correlationg102 for D in
19Ne decay give potentially a wide window in whicfT-violating interactions beyond the standard model can
be searched for. However, the range in this window that one will be able to exploit depends on the level at
which the contributions of the final-state interactions can be kept under cdr86856-282(97)03513-3

PACS numbeps): 11.30.Er, 12.15.Ji, 23.40s, 24.80+y

I. INTRODUCTION amplitudes. A problem i8 decay, which is not present for
d,, is associated with the final-state interactions.
CP violation has been observed so far only in the neutralT-violating interactions are searched fordecay through
kaon system. The origin of this effect is still unknown. The their contributions toT-odd correlations. Such correlations
most economical explanation is that it is due to thecan receive contributions not only frofitviolating interac-
Kobayashi-Maskawa phas¥{ 1] in the standard modésM)  tions, but also from thd -invariant interactions among the
[2]. Alternatively, it may be a manifestation of a particles produced in the decay. This is a contribution of the
CP-violating interaction in an extension of the SM. The order of 10°° to theD correlation in neutron decdgee Sec.
most suitable observables to probe for new types ofl), and generally a larger one elsewhe@-violating ef-
CP-violating interactions are those for which the contribu- f€cts are free of such contributions, but their studgidecay

tion from & is suppressed. One such observalaiesuming wom_JId require comparisons of correlauons in neutron and
antineutron decayor in nucleus and antinucleus degay

that CPT invariance holds, as is the case in gauge the))riesThus the range in the window between the present experi
s the electric dipole moment of the neutray]. A nonzero mental limit and the SM contribution that one will be able to

d fjue s appears only in secpnd order in the We"?‘k. Inter'exploit to search foiC P-violating interactions beyond the
action, and gnly i thg ;trong mtergc'uon al§o pamqpatess'v' [7] depends not only on how much it will be possible to
The _g;eoret;gal prediction for this Contrlbutlon iely improve the sensitivities of the experiments, but also on the
=10""-10"*"e cm [3], to be compared with the present |gg| 4t which it will be still possible to separate the contri-
experimental limif (dy) exp <10~ *° € cm[4]. Thus, one has  pytions from the final-state interactions.
a window of about six orders of magnitude in which | the next section we estimate the contributionsed the
CP-violating interactions other than those in the weak inter-T.odd D andR correlations. In Sec. 1l we do the same for
action can be further searched for. Among the possibilities ig,. In Sec. IV we summarize our conclusions.
the 6 term L, in the QCD Lagrangiafp5], which is the sec-
ond source oCP violation in the SM. Thed term gives rise
to ad,, and the best constraint fof follows from the Il. KOBAYASHI-MASKAWA CP VIOLATION

resent experimental limit od,, .
P In this pgper we investigat?a the size of time-reversal vio- " the SM the matrix element describing the decay
lation (T) in B decay in the SM. As is the case with, n—pe” veis given in fII‘SF order in the weak interaction and
T-violating effects in8 decay (and in other semileptonic N€glecting isospin-breaking effects f§]
processesdue tod vanish in first order in the weak interac-
tion [6]. The strength of the &induced T-violating o iq
n—pe” v, interaction is expected to be, therefore, many or- (+)— _ _ o Ay 9M
derspof meagnitude below tﬁe best present experimenta)I/Iimit M 8mj; Vuatleni(d ys)uvup<gvy " 2my 7
(=10"3Gg) on such interactions. This is so also for the
contributions fromZ,, which gives rise tal' violation in 8 —gay ys—
decay through the interference of tli&-6 and the weak 2my

9

75q)\) ’ (1)
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where V4 is the ud element of the Kobayashi-Maskawa
(KM) matrix, my=3(m, +mp) a,= (pp Pn)p» Gv=1, ga
=1.26,gy=23.7, andgp=4mzg/m3=228[9]. The ampli-
tude (1) is CP invariant (the superscript ortM 4 indicates
CP=+1). CP-violating contributions tm—pe~ v, due to

the KM phased appear first in second order in the weak
interaction, through diagrams involving the flavor-

nonconserving nonleptonic weak interaction. Since in such n A ZO
diagrams the leptonic current remains intact, the most gen- ’ P
eral form of theCP-violating n—pe™ v, amplitude is
(a)
_ 9 @ 9w’
-)_ — _ - N )\p
Mﬁ 8_m\2l_vvudue')’}\(l ’y5)u,,Up vt — 2my dp
(SZ) (2)
IS AN _ (2N
+2qu Oa" Y Y5~ 2m ysq*
igt®
197
" omy ot 75%) Up, i)
where the constantg{®) (k=V,...,T) are pure imaginary. n o

We shall neglect always thHeP-invariant components of the

second-order weak contributions, since these are tiny relative

to the contributions from\/lg) . (b)
Experimental information orT violation in 8 decay is

available on the coefficient® and R of the correlations _ _ o o

(J)-PeX P, I1JEE, and ¢-(J)X Pe/JE, (¢ is the electron FIG. 1. Hadronic tree diagrams contributing to fheviolating

spin, J is the nuclear spin respectively. We shall writ® n—pe v, amplitude in thg Kobaygshl-Mgskawa model. The circle

—D,+D;,R=R+R;, where D,,R, represent the represents the nonleptonic weak interaction.

T-violating contributions, andD;,R; are the T-invariant

) . ) . . 2
contributions due to the final-state interactions. Theoef- Me 9(5)

ficient is sensitive td/,A interactions, and th& coefficient Ri=-a 2my m 2gy’ ®
to scalar- andnonderivative tensor-type interactions.

In M§7) [Eq. (2)] tensor-type couplings are absent, andWhere the constara is given by
th | f lar-t lit t

e ony source of scalar-type amplitudes is t#@ term, I\ gugaMeMgr
which can be written in the form a=406;y > > 5. (6)

J+1) gyIMe|“+galMer|
M d=Csle(1— ys)u,Upun, (3)  In Egs.(4) and(5) Mg andM gy are the Fermi and Gamow-

Teller nuclear matrix elementd,andJ’ are the angular mo-
with Ce= (g(z)me/ZmN)(gzvud/8m\2N). Thus all the contribu- Menta of the parent and the daughter nucleus. e and

tions from scalar-type couplings are proportionatrig. We n decaya=—1.03 andl%=0.87, respectively. The best limit

shall neglect theg(z) term (which is equivalent to a on Dt/a+comes fr?g" Ne_ degay. The experimental value

pseudoscalar-type amplitudesince it is suppressed for non- D=(0.1+0.6)x10"" [12] implies

relativistic nucleons. The contributions @’ andg(?’ to the ID,/a|<1.1x10°% (90% C.L). @)

D coefficient are suppressed by the factdpg2my=7

X 10‘4Q/(mn—mp) and E.—E,)/2my=5x10"°, respec- The contributionD; of the electromagnetic final-state inter-

tively, whereQ is the energy release in the deddy]. In-  actions has been estimated for this case to b&

spection shows that these form factors do not contribute to< 10 *p,./(pe) max [13]. The present experimental result for

the R coefficient. Thusg(z) and g(z) need to be considered D in n decay isD=(—0.5+1.4)x 10 3 [14]. D¢ for n de-

only when larger contributions tb, are absent. cay is smaller than that fol°Ne decay by an order of mag-
T-violating effects inn—pe~ v, arise from the interfer- nitude[13]. New experiments to search frviolation in n

ence of the amplitude§l) and (2). Neglecting inD, the  decay[15] and 1%Ne decay[16] are under way, aiming at

contributions from the{? andg!{? terms,D, andR, due to  improving the limit(7) by about an order of magnitude.

the amplitude(2) are given by[11] The best limit on InCs from B decay is 101Gg [17)],
deduced from the experimental value of @&ven observable.
g? g A considerably more strir_1gent limit£10"*Gg) on ImCg
D,=aIm= (L_ L) (4 follows from the experimental bound on the- and
Ov  0a T-violating tensor electron-nucleon interactifis].
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FIG. 2. One-loop hadronic diagrams contributing to the
T-violating n—pe v, amplitude in the Kobayashi-Maskawa

. . > X FIG. 3. The lowest-order short-distance contributions to the
model. The circle represents the nonleptonic weak interaction.

T-violating n—pe v, amplitude in the Kobayashi-Maskawa

model.
From the diagrams contributing to the amplitu@ we
shall consider the diagrams with the lightest single-baryon iqB
and the lightest spin-zero and spin-one single-meson inter- _ 9T oM ysa, |, (9
mediate statesFig. 1), the one-loop hadronic diagrams in Mmg+m, P

Fig. 2, and the short-distance contributions shown in Fig. 3.

It is reasonable to expect that the largest contributions tavhich describes th&8—pe~ v, vertex.

D, and R, will be among the contributions from these dia- We shall estimate first the contributions of tg€ and
grams. g8 terms in Eq.(9). These induce a{? and ag® term in

the matrix element2), given by
1. Contributions of single-hadron intermediate states

We shall consider first diagrafa) in Fig. 1. The lightest 2 Vs ia(Bi) B .
contributing baryon intermediate states are theand 3°. <'=(9Ne= Vg Mg—m, g (B=AX%k=V.A).
The source ofCP violation is theCP-violating component (10
(H®)) of the AS=1 nonleptonic weak HamiltoniaH. For
the P-conserving componert(”) of H(™) the A and3°  The corresponding coefficiem, [Eq. (4)] is given by
contributions have the distinguishing feature that they are

enhanced by a denominator containing the(3reaking V1] ay”’ al’
mass difference[see Egs.(10) and (27) below]. The DBaa+s==y 5 | —m 2T moomm. 25

. . (,) (,) . . ud A n 20 n
P-violating partH® "’ of H'™’ need not be considered, since (1)

the contributions oH ™) are suppressed relative to the con-

tributions of H{") by the factor (ng—m,)/(mg+m,) (B wherea has been defined in E¢), and

=A,29%, which eliminates the above-mentioned enhance-

ment. Also, the form factors in the matrix elements of the A, =(gl/gy)— (gA/ga)=— \2/3D/(F+D)=—0.52,

octet part ofH) (which dominatesbetween the states of (12)
the baryon octet vanish in the limit of $8) symmetry[19].
The n—B matrix element ofH! ) is described by the As=(g3/gy) — (gx/ga)=—V2D/(F +D)=—0.90.
amplitudeal; ), defined by[20] (13)
(B|[H)|ny=a§ Jugu, (B=A,39). (8 InEgs.(12 and(13) we used forgl andg; (k=V,A) the
, _ valuesgv V2, gh=(1/V6)(3F+D), g5=—(1n2), and
To evaluate the diagram we need yet the matrix element —(1V2)(F-D), which follow from SU3) symmetry

, andF:—O.460,D=—0.800[21].

9 — — Since CP violation requires the participation of quarks
MB=—>V 1- Byt N . quires e particip quark
A 8my, ustlen (1= 75)Ustlp)| Gy ms+m, © % heavier than the quark, the main contribution to the ampli-
B B tudesaf;) comes from the penguin diagrami22,23. An
9s B _ A estimate ofal) can be made using the effectiveS=1
9" —0aY Vs vsd LR
mg+m, mg+m, nonleptonic Hamiltoniaf22—24
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. 6 Now we observe that asug 5), is not enhanced, the matrix
H= s VﬁqusZ ¢ Ok, (14)  elementywg 4 and|(wgs),| should be of comparable size.
2v2 k=1 Since one has alsdm cy|=|Im c;| [see Eqs(17)—(19)], we

i (5)y |~ ~ i -
where theO,’s are local operators of dimension six, and thec_)bt"""ﬂ(falEg )il (|_‘)"B'1 Im ?}|) |‘/2f77(AB)E’thIm ¢ This es
timate yields|(a}, ’)|, |(ay ));|=4%x10"° Im 7MeV.

c,’'s are the Wilson coefficients. The operator basis we em-* i
ploy is the one introduced in Ref22]. In the matrix ele- All the matrix elements needed f@; have been calcu-

lated in the MIT bag mode[25], obtaining w, ;=(—4.9
X107 8)V2f ., (wps5),=(6.5%X10 8)V2f,, ws,=(1N2)
¥(11.9<10°%)v2f and @s 5)=(1V2)(—3.0

X 10" 8)v2f ., wheref (=131 MeV) is the pion-decay con-
stant. Using these matrix elements and the Wilson coeffi-
cients in Egqs(17)—(19), we find from Eq.(15) for the non-
factorization part af;)), of ag_) (B=A,X°) [31]

ments(B|H{’|n) it is sufficient to keep the contributions
from O,, Os, and Og: the matrix elementgB|O,|n) (i
=2,3,4) vanish in models where the baryons are compose
of three quarkg22,25 and, therefore, they are expected to
be small. For the matrix element @y we shall use the
relation (B|Og|n)=— 3(B|Os|n) [25], which holds in the
same models. It follows that the amplituda$’ are given

by (ay)),=—1.8x10" % Im 7 MeV, (21

ag):wgl Im C1+w55|m Cé. (15)
’ ’ (al),=1.7x10% Im 7 MeV. (22)
In Eq. (15) ci=c5— 3¢q, andwg y is defined by
The valueg21) and(22) are not far from the values obtained
above from the estimate using the experimergalave
> : (160 hyperon-decay amplitudes.
From Egs.(13)—(15), (21), and(22) we obtain O;/a),
—6x10 Im 7, (D,/a)s=7%x10"11m 7, so that

_ Ge .
quB,kun:< B E Vﬁqusl(Ok)'*' n

where ©,), is the parity-conserving part of the operator —
Ok. —10-10
For the Wilson coefficients we shall use the values ob- (Di/a)p+x=10"71m . (23
tained in a recent calculation in R¢26]. For A gcp= A% With the upper limit[26]

=0.3 GeV (where MS denotes the modified minimal sub-

traction scheme and w(the renormalization scale1l GeV, [Im 7|=<10"3 (24)

they are[27]
deduced from the experimental value of(Im 7 is in the

Im ¢;=0.090 Im~, (17)  range 3x10 “*<Im =102 if & accounts fore), Eq. (23)
yields

Im c5=—0.102 Im7, (18
|(Di/a) 4 s|=10712 (25)

Im cg=—0.044 Im7, (19
The theoretical uncertainties in the resy5) come

where mainly from the theoretical uncertainties in the amplitudes

al ). The mismatch between the scaje< 1 GeV) at which
Im 7= —1Im(V{Vis/VigVus) = (C2/C1C3) 283555553555 the Wilson coefficients are given and the scélle2—0.4

(200 GeV) at which the matrix elements of the operators were
T . evaluated is not expected to be a serious problem for the
_InEq. (15 the Os contribution is expected to dominate, i 44inary parts of the Wilson coefficients, since these do not
since while both Ine, and Imcg are of the order oty, the  jenend strongly o (they originate predominantly from the
vacugm saturation part ¢B|Os|n) is enhanced by the fac- region in momentum space between andm,). The theo-
tor mZ/(my+mg)(ms—mg) [28]. It turns out, however, that yetical uncertainties in the matrix elements of the operators
this enhancement is not effective in thg coefficient: in-  are difficult to assess. These are likely to be large enough to
spection shows that the sum of the two terms in the squarg|iow values for which the cancellation betweeR, (a) ,
brackets in Eq(11) vanishes for the vacuum saturation parts gng (D,/a)s in Eq. (11) is weaker, or absent. The size of
of (A|(Os)+|n) and (2°|(Os).[n) [29]. D, is, therefore, (p,/a),,s may be, therefore, comparable to the size of
determined by(B|(O4)|n) (B=A,X° and the remaining (p,/a), or (D,/a)s. Consequently, a safer conclusion for

(nonfactorizatioh part(B|(Os) . |n), of (B|(Os) +|n). (D,/a) ,+s than Eq.(25) is the limit
An order of magnitude estimate oa§’), [=a§’ with
wg 5 replaced by @gs),] can be obtained from the experi- |(D{/a)y,s|=10712 (26)

mental valuesAg),p: Of the corresponding-wave hyperon-

decay amplitudes\s . This is derived as follows. The single- The contributions td, from gy, and g%, which induce a
baryon matrix elementag of H,, are related tAg by the  g{?) andg{® term in the matrix element2), are negligible
soft-pion relationag= —iv2f7Ag. Assuming that the con- relative to the contributiori23) [32].

tribution of O, to the C P-invariant matrix eIememf;) is of The constanth can be ignored, since they give rise to a
the order of @5") exot [30], the matrix elemenig ; is of the  g{?) term. The constantg? induce a contribution t@¥”,
order ofvV2fm(Ag)expt (SiNce Rec; is of the order of unity. given by



84
()
Vys iag 5 Mo+ M,

@)pss= 2 oo g :
S A+ Vg Mg—m, 25 mg+m,

B=A,30

(27)

Forg [which is induced in Eq(9) by SU(3) breakind a bag
model estimate givegs=0.3g5 [9]. With these values, and
taking for a§’) and a{”) the vacuum saturation values
(@) e=-7%x10"%ImrMeV, (al’),=6X10"°%Im r
MeV (see Ref.[31]), we obtain §),=3x10"°Im 7,
(9¥)s=—10"° Im 7. The correspondin@, coefficient is

(Ri/a)y+s=—3%X10 BIm 7, (29
3

so that

|(Re/a)+s|=3Xx107 18, (29

Diagram(b) in Fig. 1 with theK™ intermediate state is a
further source of a scalar type—pe v, amplitude. Ne-
glecting the parity-conserving part ¢f(™) (since it gives
rise to a pseudoscalar-typgs-decay coupling the
CP-violating n—pe~ v, interaction from thek ~ diagram is
of the form(3) with

. Vus (-) mee 92
Cs=(Cyo)k=i V—udAK— e 8_m\2/_vvud , (30

wheref,=1.23 _ is theK™ -decay constant, and the ampli-
tude Al is defined by

(K=p|H [y =uniAl u,. (31)
We shall estimate\f{) using vacuum saturation. In this ap-

proximation only the operator®g; and Og contribute. We
find

. 32
uqusg f

femz2
e (Im cs+ 1 Im cg),
S

Smy+
(32

G

(=) _ F

A==
V2

wherefs=fg(0) is defined by
(plud|n)=f5(g*)upuy. (33
Using the values of Ing; and Imcg given in Egs.(18) and

(19), fs=0.6[33], andmg=175 MeV, m,=5.1 MeV [34],
we obtain

A )=5x10"%Im 7, (34)
and from Eqs(30), (5), and(24)
|(R/a)k|=2x10"1. (35
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to g{? and g?). In Eq. (36) fx« is the K*-W coupling
constant. Usingfy+=f,=5.5, and assuming that, and
h, are of the same order of magnitudeAég) [Eq. (34)], we
obtain|g{?)|, |g{)|~3x107°|Im 1| and, therefore, possibly

(Di/a)gx=2%X10"%Im 7. (37
A scalar coupling with
Vv v2
P=i = hg— 38
gS Vud S fK* ( )

is induced by the form factohg at the g*/2my term in
(pK*[HO)|n). Forhs=A{") one would have

(Ry/a)s=—4X10"2Im 7. (39

We note that in the vacuum saturation approximation
vanishes, sincépK*|H()|n) is proportional to{p[uy, (1
—vs)d|n). A scalar-typen—pe~ v, amplitude is not in-
duced in this approximation either, since ip|uy,(1
— ys)d|n) the induced scalar form factor is absent.

2. One-loop hadronic diagrams

From this class of diagrams the ones with the lightest
hadrons are the diagrams containing #er-N loop (see
Fig. 2). Inspection of theG-parity behavior of the effective
weak currents shows that these diagrams, and also similar
loop diagrams involving other intermediate states, can give a
CP-violating contribution only to the form factorg{®) and
g) in Eq. (2). The contributions t@{?) (which come from
H)) and g2 (which are generated bii{ ")) are, respec-
tively, of the order of {Vys/Vyg)(gnn/72)A7), and
(iVus/Vug) (@n/ 73BT, where Al and B{™) (j
=K=* K% K% are the parity-violating and the parity-
conservingn—NK amplitudes.

Using the vacuum saturation value of théi) amplitude
[Eq. (34)] to represent the size of the parity-violating
n— NK amplitudes, we find thdD,/a in neutron decay is of
the order of 10°-10 4 which is negligible relative to the
contribution of diagrama) in Fig. 1. It is interesting to note
that in the chiral SI@) limit D, receives contributions only
from the diagrams in Fig. 2, and from analogous diagrams
where the nucleon in the loop is replaced by its strange
SU(3) partners. The reason is that these are the only dia-
grams containing terms proportional to the logarithm of the
mass of the pseudoscalar me$88].

The parity-conservingn— pK™ amplitude B(Ki) in the
vacuum saturation approximation and at lgivis given by

(_)= 2mNgA(q2) m121'
K= (my+mg)(m7—g?)fs

(=)
Al (40)

The lightest vector meson that can contribute is theyneref is defined in Eq(33), and where we used the par-

K* 7 (892) [see diagrantb) in Fig. 2]. The form factorshy
andh, at they, and they, ys terms in the(pK* [H(")|n)
matrix element give a contribution

\Y,
frn

. S P
i V_ud hj (J—V,A) (36)

tial conservation of axial-vector curre(PCAC) prediction

for the nucleon matrix element of the divergence of the
axial-vector currentp|d*A,|n). For qzsz,, which corre-
sponds to the typical momenta in the loop, the matrix ele-
ment({p|d*A,|n) is not known. If we assume that the form

of this matrix element at lovg? is a reasonable approxima-
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tion for all g*> [36], we obtain B( ~3A( ) for q°= p,
implying that the upper limit on th|s contr|but|on ta[/a is
of the order of 104 The amplltudeﬁ( o andBY; <o vanish
in the chiral limit[37], but atg? mp could be comparable to N
B(K_*) . n n p

3. Short-distance contributions (@)

We have to consider the transitiah-ue v, in second
order in the weak interaction. To haveCP-violating con-
tribution three of the foulV vertices must lie on the quark e
line. Note that on the quark line one can organize only a w
self-energy insertion. A propeW vertex is precluded by l
charge conservation. A self-energy insertion alone reduces %
“on the mass shell”(in the short-distance contributions we n P
consider the quarks as free ohés an uninteresting mass-
and wave-function renormalization. To circumvent this a ©
gluon propagator has to be included, and it must be attached
in such a way that the diagram would become an irreducible F|G, 4. Hadronic tree diagrams contributing to fReviolating
one. The resulting diagrams are shown in Fig. 3. n—pe v, amplitude induced by thé term. The cross represents
Inspection of diagramga)—(d) in Fig. 3 shows that as ,.
long as we neglect the- andd-quark masses the effective
quark vertex has & —A structure, just as the first-order
W-quark vertex. ACP-violating phase becomes, therefore,

|(R/a)sd=10"17, (42)

part of an unobservable overall phase.

An effective right-handed \(+A) current with a
CP-violating phase is generated by diagrafa and (c)
only, and is proportional to the produat,my. Chirality-

changing terms in the effective current are generated by ath,(my—

four diagrams, and are linear in a light-quark mass.

Form,>my, aV+ A interaction may also be induced. But
even if this interaction would turn out to be stronger than the
interaction(41) by an order of magnitudenhat is conceiv-
able, since it would be proportional t@,my rather than to
m,) ], its contribution toD,/a would still be only of
the order of 10 and, therefore, negligible relative to the

Thus all short-distance contributions are strongly sup-contribution of diagramia) in Fig. 1.

pressed, being proportional toymy or m, 4 times momen-

tum transfer. Moreover, these two-loop diagrams are sup- M.

pressed further by geometrical factors.

CP VIOLATION FROM THE 6 TERM

The above general arguments can be confirmed by ex- The second source d@ P violation in the SM is thed

plicit calculation in the(purely theoreticallimit when all the
quarks are light compared to thd. In this approximation
only diagrams(b) and (d) with the well-known penguin
block survive. The corresponding effectie@P-odd quark-
lepton B-decay interaction is given by

HY= ‘fen(l ¥5) veUy,(1— ¥s)d

2
GF a m
. 2 S A 2 1t
X4 =1 — C5C3575,53S5s —= M nc —
‘/223123554773(1‘3{ mg

] . (41

2 2 2 2

N2 0 g2 T4 o g gy e
+In® —=—-IN“"—=+2In-—=In—
c b c s

The interaction(41) can be written in the form of an ef-

term[5]
g2
L= 0 a2 &Py (43)

in the QCD Lagrangian. The best limit on the parameter
comes from the electric dipole moment of the neutron. The
experimental limit ord,, [4] and the calculation ad,, in Ref.
[38] yield

|o|=3x10 1 (44

The most generalCP-violating n—pe v, amplitude
M) due toL, is of the form(2), where we shall denote
now the form factors by (k=V,...,T). In the limit of iso-
spin invariance the only form factors that can be induced by
L, for the Ude and theumysd current are the second-

fective scalar-pseudoscalar interaction, where the scalar-typdass form factor$39] g4 andgg, respectively. The reason
and the pseudoscalar-type components are proportional e thatL, conservess, but notP. In the following we shall
me(myg—m,) and mg(my+m,), respectively. Fom,>m,,  neglect the contributions frorg,‘\’,, and gg, since these are
the scalar-pseudoscalar interaction is not expected to be siguppressed not only by isospin-breaking factors, but also ki-
nificantly different from Eq.(41), except for some suppres- nematically.

sion due to the heavigrquark mass. Thus we expdtaking To estimate the size of the coefficiems andR; we shall
as=0.4, and assuming that the factor with the logarithms isconsider the hadronic diagrams involving the lightest single-
of the order of 100, as it is in Eq41)] the short-distance baryon, spin-zero meson, and spin-one meson intermediate
contribution toR; to be stategFig. 4), and the one-loop hadronic diagrams in Fig. 5.
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where we have uset,=5.1 MeV, my=9.3 MeV (34). The
value (50) corresponds to the valug, \y= 10, used in Ref.
[40] for the strong »'NN coupling constant(the value
quoted in Ref[41]). An analysis in Ref[42] indicates that
g, nn May not be this large. Using EE50) the limit (44)

implies
- - > |By|<2x1078 MeV. (51)
n n P
For theD, coefficient in neutron decay we obtdisee Eq.
(4) and Ref.[10]]
(a)

(Dt/a)n: Zmn

B
gv 0a 2mp ga mn+mp.
(52)

In other B8 decays the second term in the square bracket in
Eq. (52 is of the order of gy /ga) [|Ql/(m,+m,)], where

Q is the energy release in the decay. The dominant contri-
bution in Eq.(52) is the weak magnetism term. The limit
(44) implies

|(D/a),|=2x10 % (53

The R; coefficient is relatively large, due to the large
(b) value ofgp. We obtain

B
FIG. 5. One-loop hadronic diagrams contributing to the (Ri/a)py=—5——7""7—, (54)
T-violating n— pe~ v, amplitude induced by thé term. The cross
representsC,. There are two additional diagrams involving the gnd thus
same patrticles, which can be obtained from diagréanand(b) by
exchanging the strong and tlfg vertices. [(Ri/a),|<=7x10" 13 (55)

The lightest single-baryon intermediate state that can con- The pion intermediate state in diagrdo) of Fig. 4 gen-
tribute is the nucleon. The corresponding diagrdfasand  erates a scalar-typg P-violating n— pe~ v, amplitude with
(b) in Fig. 4] involve then— pW™ vertex and the amplitude

B fi ) 2myf
¢, defined by gl=iAl) mr\é , (56)
(N(p")[L4|N(p))=Boun(p") ysun(p)- (45) "
0 0 ) _ whereA") is defined by
For gy, ga. 97, andgg we obtain
5 o (pm|Lolny=iA' Tupuy,. (57)
0_: 0 n p
=1 — , 46 ) ) _ )
N 2m, gA( mp ) (46) Using the estimaté\()=v2(0.027)9 [38] we obtain
_ By m,—m |(R/a),|<2x10 4 (58)
e gv( — p>, (47)
" P The lightest contributing vector meson is the [see dia-
B gram(c) in Fig. 4]. Since for thep only U‘y’ud is involved
gﬁzi Wﬁ au (48 in the diagram, we havgv g,\,I gS 0. ForgT we obtain
n
f=h v2 (59
B 9r=Nt
9d=i " gp. (49 f
n
wherehy is defined by
The amplitudeB, has been estimated in R¢#0] assum-
ing »' dominance for the nucleon matrix element £f. ihg ()
This yielded (pp” | LIy =up 5~ cr “y50,Un€y” . (60)
B,~200 MM _ 209 Mev 50 'nEq.(60) €{) is the polarization vector of the. If hy and

ut My A7) are of comparable size, we would have
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1 my,—m, V2 |hy - mediate states, and possibly from the diagram with the
|(D/a),|= 3 ome T q, ~8x10 6 (6)  K*~ intermediate state. FOR) ; the dominant contribution
N Te Ga is most likely from the diagrams involving thi& —=—N
With isospin breaking included the matrix element loop.
(pp~|Lyln) contains also ay,ys term. This may give a The 6 term gives rise tdl violation in 8 decay through
contribution toD, which is comparable to the contribution in the interference of the amplitude of ord8g ¢ with the first-
Eq. (61). order weak amplitude. Sincé, can induce first-class form
factors in the effectivem— pW™ vertex only through isospin
1. One-loop hadronic diagrams breaking, the contributionsD(), and R;), of £, to the
From such diagrams the dominant contribution is ex-T'Odd D andR cqrrelation; are suppressed eithgr Kinemati-
pected to come from theN intermediate statésee the dia- cally, or by |sosp|n-brea_k|ng factorsr both). We find that
grams in Fig. 5. (Dy)y ii?f Ry areirllot likely to be larger than oflghe order
As the neutron electric dipole momefr@s], g{” induced of 10 (| 6]/3x 109 al|Ql/(m,—mp) and 10°%(4|/3
by the wN intermediate state can be calculated rigorousl in>< 10 ")|al, respectively(the present experimental upper
y 9 Y Mimit on 6] is 3% 1019, whereQ is the energy release in the

g]nedﬁgg‘sfj‘:)ri?lws—)yr%r::rgtlrt)./ Uvsénggpa?nresult for, in Ref. [38] decay. The largest contribution to boly and R, comes
' from the single-nucleon intermediate state. Berthe domi-
ASlg o m nant part is the one given rise by the weak magnetism form
$:# In _N, (62) factor, and forR, the part generated by the induced pseudo-
T2 m; scalar form factor. The contribution from the single-nucleon
) . ] intermediate state involves the amplituBg, which deter-
where A. 7 has been defined in Eq57), and g-nn mines the nucleon matrix element6f. The value oB, we
(=13.5) is the strongrNN coupling constant. Equatid62)  ysed may involve large uncertainties, partly from the uncer-
and the limit(44) imply tainty in the value of the strongy’NN coupling constant
1 my—m, |g$| i g, NN, and possibly_also from other sources. gg¥yn we
|(Dt/a)7rN|2 - =l <6%10 15. (63) used the Valug,]rNN— 10. |f |g77’NN| <.3, Dt WOUld be dO.ml-
2 My+my ga nated by the one-loop diagram with theN intermediate
state. The largest contribution t&) , would still be the one
from the single-nucleon intermediate state.
Our results forB decay can also be used for an evaluation
of the contributions ofé and £, to T-odd observables in
IV. CONCLUSIONS muon capturd43]. A difference with respect t@ decay is

In this paper we investigated the size Biviolation in 3 that the strength of th& -violating effective scalar- and

decay due to the Kobayashi-Maskawa phasand the pseudoscalar-type interactions is proportionafrtp, rather
term £,. thanm,. There is a similar enhancement for the contribu-

The Kobayashi-Maskawa phase gives rise to dions of theT-violating weak magnetism and pseudotensor

T-violating B-decay amplitude only in second order in the COUPliNgs.
weak interaction. We find that the contributiond,fs and

(Ry) s of §to theD andR correlation are not likely to be

larger than of the order of 1I6%Im 710 %)|a] and

10 ¥(Im 7/10"%)|a|, respectively, where the constanhas We would like to thank Albert R. Young for his stimulat-
been defined in Eq6) (|a|=1 for neutron and®Ne decay.  ing interest in the subject of this paper. The work of P.H. was
The parameter Imr (=s,S3S;) is in the range X104  supported by the United States Department of Energy. |.B.K.
=<Im 7=10 2 if §accounts fore. The largest contribution to acknowledges support by the Russian Foundation for Basic
D, comes from the diagrams involving theand3° inter-  Research through Grant No. 95-02-04436-a.

There is no contribution t&;, since only the vector current
is involved in thewr— 7 matrix element.

ACKNOWLEDGMENTS

[1] M. Kobayashi and T. Maskawa, Prog. Theor. P48, 652 et al, ibid. 234, 191(1990. We follow the treatment of these
(1973. results in 1. B. Khriplovich and S. K. Lamoreau&P-Violation

[2] The electroweak component of the standard model will be un-  Without Strangenes$Springer-Verlag, Berlin, in press
derstood here to be the minimal version of the SY(2) [5] A. A. Belavin, A. M. Polyakov, A. S. Schwartz, and Yu. S.
X U(1) gauge theory, containing three families of leptons and Tyupkin, Phys. Lett59B, 85 (1979; V. N. Gribov (unpub-

quarks, one Higgs doublet, and only left-handed neutrinos. lished; G. 't Hooft, Phys. Rev. Lett37, 8 (1976; R. Jackiw
[3] I. B. Khriplovich and A. R. Zhitnitsky, Phys. Letl09B, 490 and C. Rebbi,bid. 37, 172 (1979; C. G. Callan, Jr., R. F.

(1982. An estimate given in M. B. Gavela, A. Le Yaouanc, L. Dashen, and D. J. Gross, Phys. Lé3B, 334 (1976.

Oliver, O. Pae, J.-C. Raynal, and T. N. Phaihid. 109B, 215 [6] M. Kobayashi and T. Maskawd]. The reason for the absence

(1982, is an order of magnitude larger. of CP violation is that as a consequence of the A structure

[4] I. S. Altarevet al, Phys. Lett. B276, 242(1992; K. F. Smith of the weak currents & P-violating phase associated with a



88

P. HERCZEG AND I.

B. KHRIPLOVICH 56

term in the semileptonic Hamiltonian describing a particular[20] Our phase conventions are such that @¥-violating ampli-

quark transition must be an overall phase, which has no ob-
servable consequences in first order in the weak interaction.

[7] In some extensions of the standard model whexgolation in
B decay appears already at the tree lefglla andR;/a [see

Egs.(4) and(5) in the texi can be as large as or close to the

present limits orD/a andR/a. See P. Herczeg, Phys. Rev. D
28, 200 (1983; in Progress in Nuclear Physicsdited by

W-Y. Pauchy Hwang, S-C. Lee, C-E. Lee, and D. J. Ernst

(North-Holland, New York, 1991 p. 171; inPrecision Tests
of the Standard Electroweak Modgedited by P. Langacker,

Advanced Series on Directions in High Energy Physics Vol.

14 (World Scientific, Singapore, 1995p. 786. TheD coeffi-

cient in supersymmetric models has been considered in E.

Christova and M. Fabbrichesi, Phys. Lett.3R85 113(1993.

[8] Our metric andy matrices are the same as in J. D. Bjorken and

S. D. Drell, Relativistic Quantum MechaniddMcGraw-Hill,
New York, 1963.

[9] For a review see J. F. Donoghue, E. Golowich, and B. Hol-

stein, Phys. Repl31, 319(1986.
[10] G. A. Lobov, Yad. Fiz.2, 716 (1965 [Sov. J. Nucl. Phys2,
512 (1966)].

[11] J. D. Jackson, S. B. Treiman, and H. W. Wyld, Jr., Phys. Rev.

106, 517 (1957).

[12] A. L. Hallin, F. P. Calaprice, D. W. MacArthur, L. E. Piilonen,
M. B. Schneider, and D. F. Schreiber, Phys. Rev. |521.337
(1984.

[13] C. G. Callan, Jr. and S. B. Treiman, Phys. R&62 1494
(1967. L. B. Okun’ and I. B. Khriplovich, Yad. Fiz6, 1265
(1967 [Sov. J. Nucl. Phys5, 919(1968]; J. C. Brodine, Phys.
Rev. D1, 100(1970; B. R. Holstein, Phys. Rev. @8, 342
(1983.

[14] Particle Data Group, R. M. Barnett al, Phys. Rev. Db4, 1
(1996.

[15] For a review see E. WassermanDark Matter in Cosmology,
Clocks, and Tests of Fundamental Lawsoceedings of the
XXX Rencontre de Moriond, edited by B. Guiderdoni, G.
Greene, E. Hinds, and J. “frd@hanh Va (Editions Frontieres,
Gif-sur-Yvette, 1995 p. 613.

[16] For a review see A. R. Youngt al,, in Dark Matter in Cos-
mology, Clocks, and Tests of Fundamental L4&§], p. 539.

[17] E. G. Adelberger, Phys. Rev. Le#t0, 2856(1993. The result
of a search for theR correlation in ®Ne decay[M. B.
Schneider, F. P. Calaprice, A. L. Hallin, D. W. MacArthur, and
D. F. Schreiberjbid. 51, 1239(1983] yields a weaker limit.
The contribution of the final-state interactions Roin °Ne
decay is~10 2 [P. Vogel and B. Werner, Nucl. Phy8404,
345 (1983; B. Holstein, Phys. Rev. @8, 342(1983].

[18] I. B. Khriplovich, Nucl. Phys B352 385(199]). The present
bound on the coupling consta6Y; of the P- and T-violating

tensor electron-nucleon interaction used to derive this limit is

|Cq]<1.3% 108 [J. P. Jacobs, W. M. Klipstein, S. K. Lamor-
eaux, B. R. Heckel, and E. N. Fortson, Phys. Re\62A3521
(1995].

tudesa$; ) are real. Note also thal£ [Eq. (9)] is CP invari-

ant.

[21] M. Roos, Phys. Lett. B46, 179(1990.

[22] A. I. Vainshtein, V. I. Zakharov, and M. A. Shifman, Pis’'ma
Zh. Eksp. Teor. Fiz22, 123(1975 [JETP Lett22, 55(1975];

Zh. Eksp. Teor. Fiz72, 1275(1977 [Sov. Phys. JETRS5, 670
(1977]; M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov,
Nucl. Phys.B120, 316 (1977).

[23] F. J. Gilman and M. B. Wise, Phys. Le&3B, 83 (1979; B.
Guberina and R. D. Peccei, Nucl. Phyl63 289 (1980.

[24] For a review and further references see G. Buchalla, A. J.

Buras, and M. Lautenbacher, Rev. Mod. Ph¥8 1125

(1996.

[25] J. F. Donoghue, E. Golowich, W. A. Ponce, and B. R. Hol-
stein, Phys. Rev. 21, 186(1980.

[26] A. J. Buras, M. Jamin, and M. E. Lautenbacher, Nucl. Phys.
B408 209(1993.

[27] We used the leading-order results given in Appendix B, Table

| of Ref. [26]. The values given in Eqs17)—(19) are for

AR=0.3GeV, p=1GeV, and m=130GeV. For A{}

=0.2 the Wilson coefficients$; ) andD, /ap are smaller by a

little. As noted in Ref[26], the dependence of the imaginary

parts of the Wilson coefficients on the value of the top quark
mass is very weak.

[28] The enhancement of the vacuum saturation part ofxheon-
tribution to B—B’# (and to nonleptonic kaon decaywas
pointed out in Ref[22]. The vacuum saturation contribution to
(B’|(Os) 4 |B) is proportional ta{0]dd+ss|0)(B’|ds|B) and,
therefore, contains the same enhancement f4@sl In the
vacuum saturation approximatigi’|O;|B) vanishes.

[29] This can be shown by using in the fact¢B|ds|n) in the
vacuum saturation part gB|(Os) . |n) the divergence equa-
tion d,dy,s=i(my—mg)ds. One obtains then(B|ds|n)
=[(mg—m,)/(mg—mg)]fSu,ug, wherefy is the vector form
factor in (B|dy,s|n). Assuming SW3) symmetry for
(B|dy,s|n) (as we did foxp[u,s|B) and(p[uy, yss|B)) the
stated result follows.

[30] This assumption is consistent with the existing calculations.
See Vainshteiret al. [22], and J. F. Donoghuet al.[25].

[31] For comparison, the vacuum saturation part
ag\—) is (af\i))vs:(wA,S)vslm Cg:g‘amivjdvus[ffr/(mu
+mg) J[(My—m,)/(Ms—mg) ] Im cg=[(5X10~")v2f .]im cg,
where  cli=cs+ 15Cs; similarly, @) =[(—4
X 10 ")W2f,]imck; note that Imci=Imc.. We usedm;
=175 MeV, m,=5.1 MeV, andmy=9.3 MeV (see Ref[34]
below).

[32] Using g%=0.3g5 [9], the SU3) symmetric values ofif; , and
the vacuum saturation values ag_) (see Ref[31]), one ob-
tainsD,/a=2x10"1¥Im randD,/a=6x 10" Im 7 for the
contributions ofgf, andg?, respectively.

[33] S. L. Adleret al, Phys. Rev. D11, 3309(1975.

[34] H. Leutwyler, Phys. Lett. B378 313(1996.

of

[19] This feature is analogous to the result of B. W. Lee and A. R.[35] This is analogous to the behavior of the neutron electric dipole

Swift, Phys. Rev.136 B228 (1964, which states that the
B— B’ matrix elementgwhereB, B’ are states of the baryon
octe) of a P-violating, C P-invariant Hamiltonian which trans-

moment in them_—0 limit. See R. J. Crewther, P. Di Vec-
chia, G. Veneziano, and E. Witten, Phys. Le88B, 123
(1978; 91B, 487E) (1980.

forms as the 6th component of an octet vanish in the limit of[36] That this might be so was conjectured in C. H. Llewellyn

SU(3) symmetry. Note that the octet partidf ) transforms as
A,? .

Smith, Phys. Rep., Phys. Le8C, 261(1972. See also S. L.
Adler, Phys. Rev. D12, 3501(1975.



56 TIME-REVERSAL VIOLATION IN 8 DECAY IN THE.. .. 89
[37]1V. M. Khatsymovsky, |. B. Khriplovich, and A. S. [41] M. M. Nagelset al, Nucl. Phys.B147, 189 (1979.
Yelkhovsky, Ann. Phys(N.Y.) 186, 1 (1988; J. F. Donoghue, [42] W. Grein and P. Kroll, Nucl. PhysA338, 332(1980.
B. R. Holstein, and M. J. Musolf, Phys. Lett. B96 196 [43] No experiments have been carried out so far to searc for

(1987). violation in muon capture. For a review of aspects of this field
[38] R. J. Crewtheet al.[35]. see, e.g., J. Deutsch, The Future of Muon Physicedited by
[39] “First-class” and “second-class” currents of a given parity K. Jungmann, V. W. Hughes, and G. zu Putl{&pringer-

have oppositeG parities. See S. Weinberg, Phys. R&l.2, Verlag, Berlin, 1992, p. 143. A study ofT violation in muon

1375(1958. capture in extensions of the standard model is in preparation

[40] P. Cea and G. Nardulli, Phys. Left44B, 115 (1984. by N. C. Mukhopadhyay and P. Herczeg.



