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PHENOMENQLOGY OF CP VIOLATION VI'ON THE
KOBAYASHI-MASKAWA MODKL

Ling~Lie Chau Wang
Brookhaven National Laboratory, Upton, Mew York 11973

X. YNTRODUCTION

In this talk I shall discuss the status of the determination of
the quark mixing matrix in the Kobayashi-Maskawal model and its
phenomenological implications. I am very happy to give the talk
here, since physicists at CESR are making important contributions
in this area. Much of the talk? is reviewing current work on '
the subject. Some new results of mine on the CP violation effects in
exclusive and inclusive decays of bottom, charm and strange particles
are alsc given. '

IX. THE MIXING MATRIX

In the X-M model, assuming the existence of the yet to be dis-
covered top quark t, there are three doublets, (u,d')z, {c,s');, and
(t,b");, where (d',s',b’) = (d,s,b)V. 'V is a 3 x 3 unitary matrix
vt v=1. 1In generz) for n doublets, the number of physically sig-
nificant parameters in V is equal to the number of paramesters for an
n X n unitery matrix minus the relative phasass of the doublets, i.e.,
n? - (2n - 1). 2n orthogonal matrix can be characterized by
Yn(n - 1) ancles, thus the rest of the parameters [n? - (2n ~ 1)] -
4ni{n — 1) = 4{n - 1) (n - 2) has to be characterized by phases. For
n = 2, V can be characterized by an angle €, and no phase. For n=3,
V is characterized by three angles and one phasa

Tha V patrix is paramstrizes by Kobayashi and Maskawal as

c -5 ¢ -s ¢

vud vcd vtd 1 12 1 2
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It 'is this corplexity in V that provides the CP violation. Thus,
the salient featvrs of the K-M mod2l is that the C2 violation effect
is tied with the nonvanishing of some of the matrix elements in the
thiré row or third column, which maans that the b and the t flavored
particles rust have pure hadronic decays. Moda2ls with CP viclation
coming fron the Higgs couplings, by having more Higgs doublets than
the standard su(2)y; x U(l) model, have nc such correlation. Actually
in many of these models, the b-flavored particles have only semi-
leptonic decays though this is not imposed on by any first prin-
ciples.3

Since the model is designed to provide CP violation, some of
the parameters must be ‘determined from the CP violation of the K,
Kg system which, so far, is still the only experimentally estab- .




lished system having CP violation. The four parameters of the V
matrix have been so far determined from four sets of experimental
informations. The 0¥ + 0% nuclear B decay rates comparing to that
of u decay (assuming no effects from the mixing of the leptons) de-
" termines [Vudl, and the hyperon semileptonic decays determines .
|vu . The results of Shrock and Wang's anslysis® in '78 are lv d]=
9737 £ .0025, |vyg| = .219 * .003, and |vyql? + |vys|2 = .996
+ .004. The important point of the result is that the central value
of Ivudlz + IVUSI2 is less than one, indicating that the old Cabibbo -
theory was not exactly true and there is “leakage” from the first
two doublets. It allows the third doublet to decay, i.e., the b can
decay into u.

The constraint th: other two paramsters Vesr Veq we use the two
sets of experimental informations, i.e., the K, Ky mass difference
and the CP violation parameter ]cf. To remind you5 about the pa-
rameter €, consider the mass matrix of lK°> and |K°> states:

’/bl - ir /2 M - 4ir /2
s 11 11 12 12
M= (2.2)

M - il /2 M -ir /2

21 21 - 22 22

where Mji+., rij are transition matrix elements from virtual and phys-
ical interm=diate states respectively and can bz complex numbers.
CPT imp}ies v = Hy, rll = r22' Hermiticity Hi'.= H-i*, rij_= i,
and C? invariance Mj: = Mg, r.. = T:;. Thus CP invariance with CPT
and hermiticity implies that all Hi47 ;i are real. Therxefore,
imaginary parts Mj; and TI'j; gives CP vioiation. After diagonalizing
the mass matrix M, one obtains the eigenstates |§ >= (1 + e)lK°>
.= (1 - €)|K®>, and lKL> = (1 +e)|K® + (1 - €)K%, where

e=s0f -2rtys o -20%,, (2.3)
12 2 12 12 2 )2

whare the suparscripts I, and R stand for imaginary and real parts
The parameter & can be measured by measuring

respectively.
et -
o, = <ww IHw[KL>/<w ™ lelxs> =g+e',
ané (2.4)
00 = <;;0ﬁ0IHWIKL>/<7.'_1:—IleKS> =g .- 28",
i - + 7
where £' = v2 etl82 = 8 T/Z)Im(ﬁz/ﬂo)

The 62 and 60 are respactively the I = 2, I = 0 phase shifts of

the % scattering amplitudes. The real part of the off diagonal
matrix elemant 1is ﬁelated to the eigenvalues M_, M, Ts, PL of the
mass matrix M by My, = k(M - M), TR, = %(rg - Tp), where Mg, Tg,
My, Tp, are the mass and width of X_,K; respectively. The strategy
here is to take Tj2 = % 7.4 x 107157 GeV and T}, = 0 from experiient
and calculate Mja, M}z from Fig. (2.1), which involves the mixing

matrix.
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Fig. (2.1). The box graph for.calculating
the X0 - K% transition matrix
The lmaglnary part Ml « $,S,53 6 is dlrectly from the complexity

in the v3] s. Comparing the calculated ulz, M%z with experimental
numbers MR = - % x 3.52 x 10715 and

le] = ]nlzl/ .12)2 + (!sr =2 x 10-3 ,

we thus obtained V, g and V4. There is one warning in calculating
My5: after abstracting all the known weak interaction information
from Fig. (2.1), one still needs to estimate a strong interaction
matrix element_/ﬂ? i°|[§1u(l Ys yallsy¥(1 - v )d]|h°> Here

the uncertainty can be as big as a faﬂtor of two from two different
methods of calculations.’’® Another uncertainty is that we cannot
fix the quadrants in which the angles 8_, 8_ and § of Eg. (2.1) fall
in; only ¢ = sign (tanez-tane ~cosd) matterS. The results are rather
insensitive to the t quark mass. As an example we give one of the
centrald values of the V matrix determined in Ref. 8.

a c t
.97 -, 22 -.046 a
v=] .22 .85 - .66 x 1073 .48 + 3.2 x 10731 s(2.5)

.068 —-.48 + 2.1 x 10733 —-.88 - 1.0 x 1073i b

It is interesting te observe that the magnitude of the matrix
elemcnt is the largest on the diagonal and decreases as the element
moves away from the diagonal, i.e., there are flavor mixings but
they like to keep the original identity. 1In physical terms, quarks
decay in a cascade fashion. The b particles will prominently decay
into charm particles, then charm to strange. This is now supported
by experiment from CEsR. 10 The t particles will decay mainly into b
particles.
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Though the central value of the V matrix, Eq. (2.1), has not been
challenged by various considerations,® it is important to have in-
dependent determinations of V.., V¢q in a more model--independent? way
similar to the determination of V,4, Vg, which had been emphasized
in Ref. (2). Recently an attempt has been made in this direction by
S. Pakvasa, S. F, Tuan and J. J. Sakuraill., First, from the opposite-
sign dilepton production due to the charm production in neutrino
scattering, i.e. v+d =+ c+yuy =+ ety~X, they found ,192 < IVcdl < .34;
second, from D -+ KeV, they calculated |Vcs| = .66 * .333 third, from
the life time of B determined here from CESR they obtained chb > .01
and fourth, they used the preliminary result from CESR |Vp,/Vcy| >.36.
From these results they obtained some solutions of Sp, S4, Sg, which are
quite consistent with those from Ref. 8. It is interesting to note that
so far we still have not been able to determine separately S»p, 53, Ss
except that we know 625355 n 10~% and S9 ¥ .5. We do not yet know
whether the smallness of $;54S5 is from the smallness of S3 or Sg. If
the smallness is from that of S;, for example we can choose S; ~ .3,

Sg v 1, S3 ~ .005, it will have important implications on the CP
violation in the B decay, which I shall elaborate in section IV. Here I
must emphasize that the results of Ref. (11) are still very crude and
model dependent. Continuous effort in this direction ought to be made,
especially by the experimenters. I shall list a few such possibilities:

_ (1) obtain V.  from D + LugXx (with K}, and Vgq from D + £9;%
(w1Ehout K). It is_desirable to study decay rates in ete™ » $(3770)
2> DD with one D or D explicitly selected from its exclusive decays.

(2) From the results of Ref. (12) I'(D’ =+ 5 #0)/T(p* » ¥K0x™)
= Wlvearv g2, vhich, in addition, has the nice feature that both
final states 7Y, Ko%+ are exotic, thus free from possible compli-
cations of final state interactions.

) (3) Cormparing the decays b -» cwﬂ;cg and.b cwf; - ought to
give information about V__. Bvy .

It is interesting to note that if Vv \ #£ - VesVeqdr i.e., if the

strar.geness neutral current is not cancelled in the first two doub-
lets then the t quark that so far eludes observation is needed. 1If
lvcslz + Ivcd[z < 1, the b flavored particle must decay into charm.

IIT. CP VIOLATION FROM THE COMPLEXITY
IN THE MASS MATRIX

As we have elaborated in the last section, the complexity in
the mixing matrix gives rise to the CP violation effect in the k©
systen. The parameter €y spacifies the deviation of Kg, K;, from CP
eigenstates. It is Nature's magic that K has a mass so near the 3n
threskold so that Ky (mainly goes to 2w) and Xp (mainly goes to 3m)
can have such largs time diffgrences in life. Such wonder probably
will not heppen again in p?, B syster again. It probably will be
hard to measure €, €p using the same m2thod as for €x. As pointed
out a few years ajo inRefs. {13) and (14), the transition of D¢ % pO
(or B 2 BU) can give rise to the asymmetry 6 of same sign double-
lepton final state in e*e- =+ DPB%x%(or -+ BOEOX?) - ftutx——, g-g-x++



is § = (N, ~ __)/(N+a-+n__) = 4Reg, where ¢ is the CP violation
parameter for oY, or B system. It was estimated!® to be small,

(8 ~1073) for the K-M model, but bigger {5 ~ 10~2) for the HiggscCp
violation. Thus a large double charge asymmetry in e*e~ experiment
can rule out the K-M model. However, such a double lepton charge
asymmetry has sever contamination form the chain semileptonic decays
of quarks.

IV. CP VIOLATION IN PARTIAL DECAY RATES

Besides contributing CP violation effects in the mass matrix,
the complexity in the mixing matrix can also rise CP violation in the
decay amplitudes. There have been many earlier studiesl3,16,17,18
on the subject from various points of view. For convenience of dis-
cussion, I shall first use the quark-diagram scheme of Ref. (19) to
give an overall view and also some new results. I shall comment on
the known results where they fit.

The decays of a heavy-quark meson (the bottom, the charm, and
the strange) can be described by six independent amplitudes, a, b,
¢, 8, e, £, as shown in Fig. (4.1).

.
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Fig. (4.1)

For a given final state of particles, we need orly to add the ap~
propriate ¢z lines (the hairpin quark lines) to each diagram and then
project out the given final particles. In Ref. (19) the amplitudes
of charm mesons DO, D+ rt decaying into two pseudo scalar mesons



are given. These diagrams are meant to include all strong interac-
tion effects (the gluon lines), which are, in general, not yet cal-
culable. Thus we do not know the magnitude of each diagram. How-
ever, we can classify experimental results using the diagrams.
Eventually, we can obtain the sizes and phases of these diagrams
from decay rates and CP violation effects, which we shall elaborate.

It was discussed quite some tire ago by the authors of Refs.
(13) and (14) that, though CPT predicts equal total decay rate for
particle and anti-particle, the partial decay rates of particle and
anti-particle into CP conjugated final particles can be different
if CP is not invariant. The quark-diagram scheme provides an easy
way to sort out the decay channels where particle and anti-particle
decay rates can be different.

a) CP violation in Charm decay.

In the following we list all the semi-mixing-angle-suppresssd
decays of o?, p*, Ft into two pseudo mesons, taking from Ref. (19)}:

A® > KK = v v (a+e e+ 2§) -V Vet 20, (4.1a)
(4] -k -
A{D" » w7 ) = usvcs(e + 25) Vudvcd‘a +cte +26), (4.1b)
AY + kKIKO) = v v~V v )(2e + 4f),
0 0,0y - L 5 -l - @ -
Aa(D? » 4040y = o [vusvcs(e + 24 + Vudvcd(b c e 25)],-(4.1c)
0 0,0, - 1 2,_1 1
A(DY » nn") = e [vusvcs(3 c 3 b+ r §)
e 1 1
“Vueag b rgetEet O, (4.18)
1
am? » #0n0%) = 3 [V Vo l-b + @& + vV v .(c-eal, (4.1e)
and
Aot - RN =V v @+e) -V v (d+e), (4.2a)
5t > w0ty = Ly 4.2b
a - n0n") r Va cs(a + b)), | ( )
A+ 0ty = 7;_— V Voo (- 26+ 200 =V v (e +b + 2d + 2e),
{4.2¢c)
and
aEt > k) = us Vegld + @) =V v (a+ e). (4.3a)
+ + 0, _ __ -
a(Fr + k1w’ = - (v, Vo (d + e) +V Voald e)], (4.3p)
At > k000 = - [V, Ves (22 + 2b +d +e) + VyaVea(l - e)], (4.3c)

/2



For.B%, D, F~ decays, we replace Vij in Egs. (4.1), (4.2) and (4.3)
by V{;. That the amplitudes &, b, ¢, d, ¢, § do not c@ange.zn par-
ticle and anti-particle decays is a consequence of CP invariance 1n
strong interactions. I have not listed the mixing-angle nonsup-
pressed and doubly suppressed channels since they have the same
decay probability for particle and anti-particles, see Ref. 19.

Typically, the decay amplitudes for particle, anti-particle
are of the following form, e.g.,

+ =g+

A(D -+ kK% 1=V, Vo B+ ViaVeq Por (4.4a)

R(p » k0K )= va vx A+ VR VI, R, {4.4b)
where Al'= a+e By, =d+e. For different decays, A,, A, repre-
sents the corresponding combination of amplitudes q, b, e, d, ¢ as
given in Egs. (4.1), (4.2) and (4.3). That the partial decay rates
of particle and anti-particle can be different in the K~M model is
‘due to the complexity in vij' o L i

har |

- T _ Ia]2 - |3]2
0 a2+ 512
4Im(v V_ V¥ V) Im(A)A%)
[a]2 + |&|2

_ 4525356 €162¢3 Im{A 23)

A, = ,where T = |a|2, T = |A|2,

o1}

{4.5)

t}a)2 + |E]%)s72

We divide the demoniator by sl2 because both IA]2 and ‘ilz have
a factor of s.2, A now is again proportional to S9S3Ss- The sam2
combination contributes to the CP violation parameter e in K; decay.
In addition to mixing angles and phases, A depends crucially on the
phases and magnitude of A and A. A is zero if A and A have the same
pPhase. Unfortunately we do not have reliable ways to calculate A
and A. Therefore, it is extremely difficult to give an accurate
prediction of A. The present scheme provides the information about
vhat are the possible channels where particle-anti-particle decay
rates can be different.

Using Fig. (4.1), we can work out decay amplitudes for higher
multiplicty final states and for semi-inclusive decays. Here we
list the channels for which particle and anti-particle can have
different decay rates:

+ 20t o % 7 [
D~ + KK, nYr~, KK X(s = 0 states), n’s X(s = 0 states),

+ - -
K'X(s = ¥ states), K'X(s = ¥ states), n%X(s = 0 states), etc.
(4.6a)



+ + + + }
Fi > Roﬂi, K’ﬁo, Kk n%, k% %(s = 0 states), X m0x(s = 0 states),

+ + '
xino(s = 0 states),r X(s = * 1 state), K X(s = 0 states), etc.
) {4.6b)

and their inclusive states.

'

0 - - .
D } - K K+, ﬂ+ﬂ P noﬂo, nn?, w070, #0p0
po
D

(4.6c)

Here s denotes strangeness. The inclusive state X for decays of
particle and anti-particle are CP conjugated. It is interesting
to note from Egq. (4.2b), the m1x1ng-anqle-sem1quppressed decay
Dt -+ %1% has same decay rate, so do D , B0 - KOkO.

Here we see a rich variety of channels where one can search for
CP violation effects. Needless to say high experimental sensitivity,
in the range of €, is needed in such searches.

b} CP violation in B decays.

The B -, BO~ . BO- ; ; inal states:
The Bbu' Bbd' Bbs + ordinary (no charm) particle final states:

We first list the decay amplitudes of the B;E, Bga, ng to two
ordinary pseudo meson (no charm particle in the final states).

A(B - “x0y = 1 .

A(B - + 7 w0) - [vubvud(a +b+e+d + VVes e]' (4.7a).
0_ + -y '

A(Bbd +>qoT ) ub d(a +e+e+4§)+vV bv @ + 5)’ (4.7b)
0_ o "y = .

A(Bbs > 7 K) vubvud a + vcbv d (4.7¢c)

We see that the interference can only ccme from the loop diagrams
2 and 5, the so called "Penguin" diagrams. The partial decay rates
can be different for particle and anti-particle for the following
channels:

Bbﬁ 3 T
»> o750, *x0(s =0) , . (4.8a)

+ - + - -
sam, nw X0(s=0), "X (s =0), X (s = 0), (4.8b)

0_
B 2 F g ey T4 - R
> T K, nKX'(s=0), KX (s=0), X (s =1+1) . (4.80)



The difference of partial decay rate in the CP conjugated decays
are of the form

* &
4Im(vubvudvcbvcd

al? + |a]2
|

) Im(AlA;)

=3t =t

.
r +
(s a2 /01al2 + [RI2) (520572,

- 2(52/sa)sﬁc1c2c3 N
whex»:e':[IA|2+|1'§|2](sl)“z(53)"2=[clml'2+::21[c1c2+(52/53)c3e:L 1a,12

- . *
2cic,)le e, + (s,/5,) cye ] Re(a 7). (4.9)

The important thing here is that A now is proportionsl to a factor
of (52/53)5 different from that in charm decays, S,S35, which is
constraint to be small &~ 107" by the obsexrved CP violation in Ky,
decay. From the angle analysis of Ref. (8), we can, in principle,
‘make s3 very small and s, close tounity. For example, we can choose
s = .3, s, = 1 and s3 = 0.005, whilé still being consistent with
all existing data, including the recent results of CESR.10 There-
fore, if the phases of A, Az,aie favorable, A can be large. We see
that the study of CP violation in B decays will provide crucial in-
formation about the angles, phases, and strength of the amplitudes.
Earlier analysis of Bander, Silverman and Sonil® estimated dif-
ferent partial decay rates for B and B from a time-like single gluon
emission diagram.

. 0_ 0. 3 i .
The Bbu' Bbd’ Bbs + double charm particle final states:.

. R . - +
The mixing matrix and amplitude dependences of Bb- -+ pip’,
B - » DD, B g FTD™ are listed as follows: u

bd b
- oy o
A(Bbu - pfp) vcbvcd(a + b+ ) + Vubvud(d +e), (4.10a)
0_ -
A(By3 > D D) =V vV (a+b+e)+vV,V. e, (4.108)

-+ -

¢ - =
A(Bbg >F D) = VpVeald + b+e) +v e. {4.10¢c)

ubvud
Again w2 see that there can be particle-antiparticle partial
decay rate differences in

B, - + o .
f“.} > op*, D%%s = 0y, D'x(c = ¥ 1), (4.11a)
BEu )
o_
Bbd + - + =0 + - -.F -
g8 (> DD, 5D x(s =0), DX (c=- 1, Dx(c =F 1),4.110)
bd
Bg" + +
: T 3 + 3 - T+ -
. OS} +F D, FDX0(s=0), Fa(c=%1),D'x(s=%1, c = +1).
Bos (4.11c)



The partial decay rate is given by the same formula as in Eq. (4.9).
Bernabeu and Jgrlskogls discussed this situation. But only partial rate
difference of B>~ - DUD* is predicted since the diagram € was ignored.
The dominant decay channels of Bpn, Bpg, Bz arc final states
with ¢ = 1. They, in this model, will in general have the same decay
rates between particle and anti-particles, except the case considered
in Ref. (17) where the final states can come from both D° and p?
state of the same B decay. The interference between p? apa DO pro-
vide CP violation effects. They considered the difference of the

two decays

p~" PpK X-—a—K K X

() s s
\ —
o S ’ . (4.12a)
B-—»D k X :j;K k x
\o x x* . ’ (4.12b)

The rate difference ajain is of similar form to that of Eq. (4.9).

¢) CP violation in the strange particle decay

Besides the CP violation effects in the K_ and X; decays, we
can also ask about partial rate differences: It is well known that
k% -+ 7%1% must have the same decay rates from CPT. Our quark diagram
scheme checks with that. We list the decay amplitudes of K into two
mesons.

+ + : '
At > ote) = —;— v, V@t b, (4.13a)
2
0 ooy - ' 7
AR » w5 )=V svud(a +c+ e+ 24) + vcsvcd(e + 2‘,),‘ (4.13b)
0 4 0.0y _ '
A(RY > w0Td) = bV Y, (b+ec+e) +_vcsvcd e. {4.13c)

For K decays, same equations apply except ij replaced by v* . Here
we see that the rate of K? - 7*n~(r?) can be different from

K0 » ﬂ+ﬂ-(ﬁ0) and X* » n¥ris can differ in decay rates. Note that
the differences here like in the B - ordinary particle case, coma
from the interference of ths Penguin diagrams. The decay rate dif-
ference is again of the fourm of Eg. (4.5). They are always propor-
ticnal to s,s.s., therefore of the same order of value as e, de-
pending on the phase and magnitude of A,, A,.

Based on the same quark dlagran argument, it is easy to see
that A(R) = 7 p(n P ) H() - pT (pn ), p1H(pT™) can have different
particle-anti-particle decay rates. The magnitudes of the differ-
ences are again proportional to s,sgs;.

We see that the K-M model in ouvr quark diagram formulation
gives a systematic way of study the CP violation in partial decay

rates. It is of interest to 8o experiments to check these partial

decay rates systematically.



V. THE NEUTRON ELECTRIC-DIPOLE MOMENT
There are three form factors for the neutron, <nlJ e'm'(O)]n>
~ JUpYIF; (@2)vy - Fala®lopyyy * F,(a?)iyg0,,a2lu(p), where F (0) =0
the charge form factor, FZ(O) = p, the magnetic moment and F3(0)
= d_ the electric dipole moment. Again the complexity in Vi4 ¢an
give d, of the neutron via the diagrams of Fig. (5a) with a photon
attached in all possible ways. It was first estimated by Ellis,

.'(-:/1];\’\;,
-
S A
Fig. (5a) " Fig. (5b) )

D%agrams_considered for the neutron electro-dipole moment, where
q_l/3, q3/3 are the quarks of charge of -1/3 and 2/3 respectively.

Gaillarxd, Nanopoulos20 in '76, dn ~ 10730 em.  Then Shabalin?! showed
tpat actually the sum of graphs in Fig. (5a) gives 4, = 0. Calcu-
lations have also been done including strong interations?? and
interquark exchange forces?3 Fig. (5b). The results are quite model
dependent but they all give very small dp in contrast to the result
from Higgs CP violation, which is very close to the experimentalZ“
limit d; < 1.6 x 1072% cm.

VI. CONCLUDING REMARKS

To end the lecture, I would put these challenges to the
experimentalists:

-

(1) "Direct® measurements of V.g, v$d= Inclusive and semni-
leptonic decays of charm and B decays, (D" ~+ n+w°)/r(n+ KO0nty.

(2) To narrow down alternatives to the K-M model it is crucial
to know the B decay properties: Does B decay only semileptonically?
which decay of B is favored b » ¢ + s or b » u? For these CESR
already have an answer, yes and b * ¢ * s respectively. Is there
b-changing neutral current, b - q £i, B > 22? Soms limits are al-

ready given by the CESR Experiment.10
Nt -y

(3) CP properties of the charm and the B sysiem: e, NF iR
differences of various partial decay rates of CP related channels.

(4) Better neutron electric dipole moment measurements.

The real challenge that confronts us is the "family” problem.
How many generations of quarks are there? How dces the mixing
come about? What is the origin of CP violation? It is likely that
the current distinction between ths K-M origin and complex-Higgs
origin may turn out to be a superfluous one.
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