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Implications of b— sy decay measurements on the Higgs sector of tHe;-NFC model
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Using the data from CLEO Collaboration on the inclusb/esy decay, we obtain the allowed regions of
tanB of the S;-NFC model. In contrast with the conventional NFC models,Batan exist in two separate
regions where one region is determined by the contribution from the top quarks{tadB<5.75) and the
other one by the charm quark (X80 *<tan8<2.06x 10" 2). Our results indicate that ti&-NFC model is
consistent with the current experimental d4®0556-282(198)06019-§

PACS numbsgps): 12.60.Fr, 13.15tg, 14.80.Bn

[. INTRODUCTION =0. However, for both models, E@1.1) is realized by re-
stricting it to having a zero mass matrix. Thus it is of great
In the standard model of electroweak interactions, sponinterest to explore the possibility of realizing the NFC con-
taneous symmetry breaking of a gauge group is achievedition in models with bottM, andM, being nonvanishing.
through the Higgs mechanism with an @VJHiggs doublet Recently, Cheng and ShE3] have suggested a third type of
to give masses to the gauge bosons and the fermions. B&V0-Higgs-doublet model that is designated as “model I1I.”
cause of the lack of experimental inputs from the Higgs secBecause of the fact that both Higgs doublets couple to all
tor, the symmetry-breaking mechanism may also be provideBerm'O”Sv it is not naturgl flavor conserving at the tree level.
by more than one Higgs doublet. However, it is well known HOWeVer, one can obtain a NFC model by imposingSgn
that the extra Higgs doublet always leads to flavor-changingyMMelry among the fermion generations and it is named the
neutral-current(FCNC) processes at the tree level if both SstIFC rr}‘no%el h\[/|4_61 d(lz/lne interesting feature of th%E
Higgs doublets couple to the same type of quarks. To resolv 101)eislslja?;ntgte d t)art]h Zs a&emne??ze{ﬂoogig;e?h?; neve.
this difficulty, Glashow and Weinberd] suggested two ap- .e of ?\IFC model a?/so %du)(l:es a rr¥6re com Iiéate Yukawa
proaches to ensure the vanishing of FCNC at the tree Ieve}yp P

. ; nteraction among the Higgs doublets and fermions. As a
The simplest approach demands that only one Higgs doubletg 1t “one expects that the phenomenological consequences

@, interact with fermions and that the extra Higgs doubletmight be different from conventional NFC models. This

@, decouple from the fermionic sector. We will follow the \york is aimed at exploring the theoretical consequences of
convention to name this approach model I. In the seconghe S,-NFC models.

approach, named model Il, both Higgs doublets interact with |y the standard model, FCNC transitions occur in loop
fermions. However®, is restricted to interact solely to up- corrections through exchange of tWé boson[7]. However,
type quarks whereas, only interacts with down-type with an extra Higgs doublet, there exists a charged Higgs
quarks. For years these have been the only two knowboson which can also contribute to the FCNC transitions at
natural-flavor-conservinNFC) models which are called the the loop level[8—14]. The recently observed exclusii
“conventional” NFC models hereafter. In order to address—K* y decay[15] and inclusiveb— sy decay[16] provide
the problem of the NFC model, Branet al. [2] have pro- important tests of the standard model and its extensions. In
vided a necessary and sufficient condition of NFC models irthis work, we discuss the implications bf—sy decay on
terms of a commutation relation of the quark mass matriceshe constraint of th&;-NFC model. By using the CLEO data
For example, for the up-quark sector, the condition is state§16] we have obtained the allowed region of faor differ-
as ent charged-Higgs-boson masses, whergdtanthe vacuum
expectation valugVEV) ratio of the neutral Higgs fields.
M.M;—M,M[=0, (1.1  Furthermore, our results indicate that, in contrast to models |
and Il, there exists a narrow region of parameter space where
whereM; andM, are the up-quark mass matrices obtainedthe charm quark contributions can become dominant in the
from the interactions o, and®,, respectively, and1 is ~ Ss"NFC model. _ _
the transpose d¥l; . A similar relation also holds true for the 1 1iS paper is organized as follows. TBg¢-NFC model is

down quark withM, denoting the down-quark mass matrices Priefly reviewed in Sec. Il. A general discussion of the
defined in a similar fashion. branching ratio of thdo— sy decay is presented in Sec. lll.

In model I, sinceM, is always vanishing, the above con- Predictions of the parameter space of three NFC models are
dition is satisfied automatically. For model II, the NFC con-9iven in Sec. IV, and the phenomenological consequences
dition is satisfied due to the fact that eithir,=0 or M, are discussed. Comparisons among the three models are also

discussed.

L - . Il. S3-NFC MODEL
*Present address: Division of Exhibit, National Museum of Natu-

ral Science, Taichung, Taiwan 400, Republic of China. Email ad- It is known that the fermion generations are similar except
dress: lingp@nmnsl.nmns.edu.tw for their masses. Owing to this similarity, &y symmetry
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among generations has been imposed on the standard model g _ d §

by many author§17—23. In their works, the fermion gen- L= NAY H*UViul (tanBM; —cotBM ) y -
erations are assumed to be indistinguishable before sponta- w

neous symmetry breakingSSB since the fermions are +(—tanBMY; + cotMY,) v, 1D +H.c., (3.2

massless and thus @y symmetry among the generations
exists naturally. When SSB happens, the fermions obtain

_ d d i .
their masses through the nonvanishing vacuum expectatio\p{here y==(1*¥5)/2, andM, andM, are thediagonal

value of the Higgs doublet and hence t8g symmetry is IZedmass matrices aj-type (q=u,d) quarks corresponding

also broken spontaneously. Unfortunately, this idea does ndp q)_l and @, respegnvely. The_ conver;nonal NFC models
work well in the S; model with one Higgs doublet since it '€ |nc(!udedljzas special cases wittf, = Mg, =0 for model |
implies that two of the fermion masses are degenerate. How2"d Myz=Mgq, =0 for model 1I. However, in general, all
ever, in Refs[3-6], it is shown that with two Higgs doublets Mass matrices of th&;-NFC model are nonvanishing as
and theS; symmetry among fermion generations, the abovediscussed in the last section. The effective Lagrangian for

fermion mass degeneracy can be removed. b— sy decay contains contributions from one-loop diagrams
The Yukawa interactions of the quark fields in the weakWith exchanging thaV boson and the charged Higgs boson
eigenstate can be written as [8—-13,24—-3% The W-boson contribution was obtained by
Inami and Lim[7]. The charged-Higgs-boson contribution

Ly=Q[(g:P1+gpP,)Dp+ Qﬁ(h1<~1>1+ hzéz)Uéﬁ H.c. depends on the particular coupling of the extra Higgs doublet

(2.1) with fermions, and we will parametrize the Higgs-boson con-
' tributions as follows:

where®,=ir,®; and r, is the Pauli matrix. The factorg; ,

92, hy, andh; are 3x3 Yukawa coupling matrices and the )

primed fieldsQ,, D, andU, denote quarks in weak eigen- Lum—— 29 sy VASTid o meH(Y:
states. If one assumes that the theorg4snvariant, then the . 32772M\2,\, wVistsid, oH (Y1) 7+
Yukawa coupling matrices are restricted to the followin
form. PN J +(q"d— >y (K, 7. +K_y_)GIblA,, (3.2
a b b whereA , is the photon field and the facto®& K, , andK _
MBSl b a b are given in Appendix A. In Eq.3.2) we have neglected the
u=(Py)hy= ' term proportional tang. Herey;=(m;/my)?, andi=u,c,t
b b a denote the up-type quarks. The remaining form fagtéy;)
can be written as
0 -c c
Muz=<‘§2>h2: c 0 -—cf. (2.2
y
—¢ ¢ 0 H(yi):(y__S>A(yi)H1(yi)+B(yi)Hl(yi)+C(Yi)H2(Yi)-
I
It is interesting to note that these matrices automatically sat- 33

isfy the NFC condition(1.1) for arbitrary complex numbers

a, b, andc. Therefore, at the tree level, there are no FCNC

transitions. The matrices given in E(.2) also apply for The factorsH,,, A(y;), B(y;), andC(y;) are given in Ap-
d-type quarks. For more detailed discussions on this pointpendix B. Even though we have writtek(y;), B(y;), and

the readers are referred to REB]. Furthermore, it can be C(y;) as generation-dependent quantities, however, it can be
shown that both mass matrices can be diagonalized simultseen from Appendix B tha&(y;) are generation independent

neously: in all models. Furthermore, in models | and I, bdslty;)
and C(y,;) are generation independent aBdy;) have the
MI=mI, +M4, same form tahg. It is noted thatH, , are model indepen-
dent and always positive for arbitrary Higgs-boson mass.
—diaga—b—3c, a—b+3c, a+2b). This fact has important consequences for the determination

(2.3 of tanB. However, the factora\(y;), B(y;), andC(y;) are
model dependent.

Hence all mass eigenvalues are nondegenerate @. The In the literaturg 8—13], only the top quark contribution is

diagonalized mass matrices of the down-type quarks can alge@nsidered and\(y;) have been neglected since it is multi-

be obtained by the same procedure. plied by a small factor ifis/m,)2. Because of the fact that
A(y;)=cof 8 in model I, it can be dominant wheg is

small.
By adding thewW-boson contribution and using the small-
The charged-Higgs-boson interaction is given in a generagxternal-fermion-mass approximation, the decay widtlp of
form as —svy decay without QCD corrections can be obtained:

IIl. MODEL-INDEPENDENT CALCULATION
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aG2Zmp 2\3
S

[(b—sy)= T&#( 1- m |ZVipVE[Fo(x) +H(y;)][?
aG,zzmg

=584 |VenVed 2

X |[=Fa(x) =H(y) +H(ye) + Fa(Xc)]
Vubvﬁs 2
+ VCszS[_FZ(Xt)_H(yt)+H(yu)+F2(Xu)] )

(3.9
where F,(x;) is the W form factor given in Ref[7]. The

second line in Eq(3.4) is obtained by making use of the
unitarity condition of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix and the small ratis?/m? in the brackets has

been neglected. Numerically, foM\,=80 GeV, m;
=174 GeV,m.=1.5 GeV, andm,=5 MeV [36], the W
form factors are determined:,(x,)=0.391, F,(x.)=3.51
X104, and F,(x,)=2.28<10°. Hence F,(x,) and

PHYSICAL REVIEW D 58 075009

Following the approach of Refs[11,27,31,39% the
branching ratidB(b— sy) is computed by making use of the

branching ratio of the semileptonic dechy-cev. In this
way one may reduce the uncertainties inherited from the ex-
perimental values of the CKM matrix elements and the factor
m;, [36]. Thus,

I'(b—s _
(—7_)‘9°D5(b_>cev),

B(b—sy)=
(b= Y) F(b—>CEV)QCD

(3.6

where for semileptonic deca&(b—me?) we use the aver-
aged experimental value 0.1036].

The one-loop QCD corrections tb—cev have been
evaluated in the literatures7],

— FMo o, 2as(my)
F(b*CEV)QCD:WPWbJ 1I=——f|

(3.7

where the phase-space facipiis 0.447 and the QCD cor-
rection factorf is 2.41. We have calculatet to two loops

F,(x;) can be neglected. Because of the smallness of thg obtainag(m,)=0.22[36], such that the QCD scalegcp

ratio of the CKM matrix elementfV,,V}/V¢,Vad ~0.022,
we can simply neglect the last term of E§.4) and obtain

2.5
aGFmb * |2 2
T(b—5y)= g VeoVEd*Fa(x) + Hly) —H(yo) >

(3.9

In conventional NFC models, the top quark contribution to
this process always dominates over the first two generations.
However, this is not always the case in tBgmodel, and so

we shall keep the charm contributidh(y.,).

as(My)
ag(u)

Cou)=

where

16/23 8 . 223 93
} (07(Mw)—§C8(MW)[1—( as(1) ) T—'—_jl_

can be determined to fit the measuremen&gfM ;) at LEP,
which corresponds toAgcp=150 MeV and m,=4.5
GeV. The leading-order QCD correction for-svy is given
in Refs. [37-4(Q for u<My, and the decay widtH (b
—SY)qcp is then obtained:

_ abemy * |2 2
F(b"s'}’)QCD_—S’ZﬂA [VepVad?ICo(w)]?, (3.8

with

(3.9

51

as(ﬂ) 19/2
as(My) as(Mw)) W’

1 S S
Co(Myy) = — §| Fa(x) + &A(yoHl(ytHB(yt>Hl<yt>+c<yt>H2<yt>—{V—ch)Hl(yc)+B(yc>Hl<yc>+C<yc>Hz(yc>}’,

1
Ce(Mw)=—5

—[fA(yaM (Yo + B(yoM '<yc)+C<yC>N'<yc>H.

Ye

2(3M'(xt)+ SEAYIM (40 + BIYIM' (¥ + CYON'(Yo)

(3.10

The coefficientA(y;), B(y;), C(y;), M’, andN’ are given in Appendix B.
Substituting Eqs(3.7) and (3.8) into Eq. (3.6), we have the QCD-corrected branching raBitb—svy) as

a Vv V* 2
B(b—sy)=0.648< — %
TP V|

|C7(mb)|2{1_

2ag(mp)
3T

-1
f} =0.00362C,(my)|2. (3.11
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FIG. 1. The branching ratios
B(b—sy) predicted in model |
with  my=100, 250, 500, and
1000 GeV are plotted. The hori-
zontal long-dashed lines corre-
spond to the experimental upper
and lower bounds 0B(b— ) expt
=2.32£0.67<10* The hori-
zontal short-dashed line shows the
prediction of the standard model.
The prediction oB(b—sy) with
my=1 TeV is indicated by the
dotted curve.

0.0006 |

(Ls<qyg

0.0004

0.0002 |

Logtan 8

IV. DISCUSSIONS AND CONCLUSIONS main conclusion on the range of tgn this is due to the

In this article the prediction of the branching ragb same effects as higher orde_r QCD corrections which will be
—sy) is calculated in aiB;-NFC model. The predictions of discussed later. The branching rati8gh—sy) for various
the conventional NFC models are also calculated for comi@n andm, in these NFC models are plotted in Figs. 1-3,
parison_ The parameter space of It-hand my can be con- respectively. In each ﬁgure, two horizontal |Ong‘dashed lines
strained by using the experimental branching rai¢b ~ Which indicate the upper and lower bounds of the experimen-
—5s7). In 1993, the hadronic branching rati(B— K* y) tal B(b—sy) are plotted. The allowed parameter domain of
was first reported in Ref.15] and the inclusive quark level tang andmy is constrained by these lines. For comparison
branching ratioB(b—svy) was deduced from that by using the standard model prediction is also presented in our graphs.
the ratioR=B(B— K* y)/B(b— sy) which is model depen- The prediction of model | is plotted in Fig. 1 as a function
dent. However, a direct measurement of the exclusiveoftang for differentmy . It is noted that each curve crosses
branching ratio B(b—sy)=2.32-0.57+0.35x10 * has the experimentally allowed region twice. In model I, it can
been made recently16,36], in which the model-dependent be shown that the contributions from the first two genera-
error is contained in the second error which is at most 15%tions are negligible. Even though(y;), B(y;), and C(y;)
However, this model-dependent error does not change ourtave the same absolute value, namely? Rutsee Appendix

100.250.500 1000

0.0015
0.00125
FIG. 2. The branching ratios
B(b—sy) predicted in model Il
o 0.001F with my=100, 250, 500, and
T 1000 GeV are plotted. The hori-
& 0.00075 } zontal long- and short-dashed
3 lines are the same as in Fig. 1. The
0.0005 | prediction of B(b—sy) with my
=1 TeV is also indicated by the
dotted curve.
0.00025 |
0

Logytan
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0.0006 | : : FIG. 3. The branching ratios
55 : ' B(b—sy) predicted in the
! ] H S;-NFC model with my=100,
2 ' ! 250, 500, and 1000 GeV are plot-

0.0004 | : ‘l h ted. The horizontal long- and

: i ‘::: = SM short-dashed lines are the same as
—_ e | -+ in Fig. 1. The prediction oB(b
\ I,’ ! —sy) with my=1 TeV is also
0.0002 _:'_ ] -+ indicated by the dotted curve.
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B), the contributions t&C;(u) from terms containingA\(y;) terms are always ignored and the predicted curve is flat at
and A(y,) are suppressed by the small mass ratigém?  small tang (see Fig. 1 in Refi27] and Fig. 1 in Ref[28] for
and m2/m?, respectively. Moreover, even the contribution examples

from the term ofA(y,) is enhanced by a factor @h2/m?; The prediction of theéS;-NFC model is shown in Fig. 3.
the up-quark contribution is still negligible due to the small- We find that, for large ta, the results are very similar to
ness ofH; y,). Thus, the form ofC; andCg can be sim- that of model I. In fact, if the charm contribution and

plified. For example, one has A(y;)-dependent terms are neglected, then the prediction of

the S; model is identical to that of model | and so is the
constraint on tag. When the charm quark contributions are
also included, it is interesting to note that the curves cross
4.2 the experimentally allowed region d(b—svy) again at
small tanB, which is absent in conventional NFC models. In
Since H,(y,), Ho(y,), and F5(x,) are always positive for this case, the charm quark contribution dominates over that
anym,, a cancellation mechanism can occur. BgtM,,),  Of the top quark. This phenomenon is due to the’ Gode-
the same cancellation also occurs. This cancellation forcegendence oB(y.) which is enhanced at sma#i, while the
the curves to bend down through the allowed region andther factors are small compared to%8t If one applies the
hence the constraint on tghis obtained. If one takes the same bounds om,, as done for model I, then the allowed
experimental lower bound of the charged Higgs bosop, region of tarnB contains two separated intervals where 0.42

=60 GeV [36], into account, then a lower bound t&n <tanpB<5.75 for the top-quark-dominant contribution and
=0.42 is obtained. There are general reasons to believe tha{5x 10" *<tang<2.06x10 2> for the charm-quark-
my is less than or on the order of 1 TeV. In this work, we dominant contribution.
simply takemy<1 TeV as an upper bound fon, which In the above discussion, we keep only the one-loop QCD
implies tan3<5.75. effects. There remains a question on how higher order QCD

In Fig. 2, we show the results of model Il with the effects contribute to the determination of {gnRecently re-
A(y;)-dependent term included. In contrast to modé\(ly;) sults on two-loop QCD corrections has been obtaiddd. It
equals catg instead of tahB. FurthermoreB(y;)=tarf 8 is shown that the two-loop correction may give a 10—-20%
and C(y;)=1. Hence the dominant contribution is from reduction to the one-loop results. Based on their results we
A(y;) in contrast to the result of model I. As discussed ear-have estimated the corrections on fanlt turns out that the
lier, H;(y;) andF,(x;) are positive for anyn,,, andA(y,), range of tarB is quite stable against the higher order QCD
B(y;), andC(y,) are also positive; thus the top quark con- corrections. This is due to the fact that the boundaries of
tribution is positive definite. Furthermore, the charm quarktang are determined at the intersection points between the
contributes negligibly in model Il. As a result, the charged-horizontal lineqthe experimental bounds &{(b—sy)] and
Higgs-boson contribution to this process always enhancethe theoretical curves. It is clear from the figures that the
the branching ratio. In addition, th&(y,)-dependent term theoretical curves rise sharply at the intersection points and
and its corresponding expression @g(M,) push the as a result the boundaries of t@rdo not depend sensitively
branching ratio upward at small t@h In the literature, such on the higher order QCD corrections.

1
C/(My)=— E{FZ(X'{) +tarf BH(yy) —Ha(y) 1}
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CHILONG LIN, CHIA-CHU CHEN, AND CHIEN-ER LEE PHYSICAL REVIEW D58 075009

There remains the uncertainty of quark masses related to 1 1-u
our results. There are mainly two mass-dependent parts con- J’ :j duf dv(1-u—v)v/D’,
tained in Eq.(3.5), which are the phase-space factoand 0 0 (A5)
Fo(x;) +H(yy) —H(y.). The phase-space factpris a func-
tion of m./my, and has usually taken the value 0.447 for D=(1-u—v)(yi—1-vyp—uys) +1-uvs,
m./my,=1/3 withm.=1.5 GeV andn,=4.5 GeV. The er- (AB)
rors from quark masses can makes high as 0.694 with a
maximum m,=4.5 GeV and minimumm.=1.1 GeV, D'=(1-u—v)(1l-y;—vyp—uys)+y,—uvs,
which will reduce the predicted branching ratio. However, in (A7)

this limit only the prediction of model Il will be affected =~ o
since the predicted region of model Il can barely overlapVith S=a°/my antzjyi=mi/mH. )

with the experimentally allowed region for heavy Higgs- Since (,/my)® and (ms/my)“ are very small, the fac-
boson mass*1 TeV). On the other hand, a minimup  torsD andD’ can be simplified as

=0.333 (my=4.1 GeV andm.=1.6 GeV) will give a _ ,

larger branching ratio in all three models. As a result, it only D=1-(1-u-v)(1-y), D _yi+(1_u_v)(1_{'i6\)8-)
narrows the allowed region of tghin models | and Il and
does not change the conclusion of this work. The other quark
mass dependence is contained-is(x;), H(y;), andH(y,;)

of Eq. (3.5). The first factorF,(x;) =0.391 is insensitive to The factors in Eq(3.3) are defined asd,(y;)=M(y;)
the masses and it is dominant in the range *@tang +Q;M’(y;) andH.(y;))=N(y;)+Q;N’(y;) with
=<10. The mass-dependedty;) andH(y;) dominate only

2

the rising parts of the curves. Hence, the errors of quark y , 6y°lny
masses do not change the flat part of the curves so that our M(y):12(1——3/)3 1-5y—2y°— 1=y | (B1)
conclusion remains intact and is insensitive to the errors of
guark masses. y

In conclusion, we studied the branching ratiolsf sy N(y)
decay in all three NFC models. In model I, a constraint on
the VEV ratio is obtained as 0.42anB=<5.75. In model I,
one obtains an enhanced branching ratio, which is above the
experimental bound. In th&; model, we find that the charm
quark contribution is not negligible and the allowed region of
tanB contains two intervals where 0.42ang8< 5.745 for the _y
top-quark-dominant contribution and X80 “<tanpg 1(v) = _ 2 ]
<2.06x 102 for the charm-quark-dominant contribution. It N') 2(1-y)° [3=dy+y"+2iny] (B4
is interesting to note that one of the intervals is the same as
obtained in model | whereas the charm-quark-dominant re- The model-dependent factogy;), B(yi), andC(y;) are
gion does not occur in the other models. Hence we expediVen in a general form as follows:
that in theS;-NFC model, due to this second possibility of
tang, charm-quark-dominant contributions to other rare pro-A(y;) =
cesses can also arise and further investigations along this
direction are in progress.

APPENDIX B

=2(1—_y)3[1—y2+2ylny], (B2)

(tanBmg; — cotBm,) (tan By, — cotAMyy),
(B5)

MpMg

1
APPENDIX A B(y)= m—iz(tanﬁmu— cotBmiy)?, (B6)

The form factors in Eq(3.2) are given in a general form:

Clyi)= -(tanBm;, — cotfm;,) (tan Smp; —cotfmy;).
K . = (tan8my; — cotSmp,) (tanSmg, — cotfmsy), MM, &)
The resulting expression for models | and Il and the
K_ = (tanBm;;—cotgm,)?, (A2)  model are the following.
(1) Model I:
G=J+Q,J, (A3)

A(y)=tarf 3, B(y,)=tarfg, C(y;)=—tar?g.
whereQ=3e is the charge of the quarks in the loop with (2) Model I
A(yj)=cof B, B(y)=tarf B, C(y)=1.

1 1-u
J= Jo duJ0 dv(u—v)v/D, (A4) (3) S, model

075009-6



IMPLICATIONS OF b—sy DECAY MEASUREMENTS ON ...

PHYSICAL REVIEW D 58 075009

1
Aly) =5 (tarf —1), B(y)=tarf B, Cly)=—tarf s,

1 1
Alyc) = E(tar? B—1), B(yo)= Z(tanﬁ—cotﬁ)z,

1
Clyo)=— 5 (tarf f-1).
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