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Technicolor corrections onBg 4— ¥y decays in QCD factorization
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Within the framework of the top-color-assisted technical®C2) model, we calculate the new physics
contributions to the branching ratié¥Bg 4— yy) andCP violating asymmetries:p(Bg g— y7) in the QCD
factorization based on the heavy-quark limig> A ocp. Using the considered parameter space, we find that
(a) for both Bq— yy and B4— yy decays, the new physics contribution can provide a factor of two to six
enhancement to their branching rati@is), for the B;— y+y decay, its direcCP violation is very small in both
the SM and TC2 model, an@) the CP violating asymmetry -(By4— y7) is around the ten percent level in
both the SM and TC2 model, but the sign@P asymmetry in the TC2 model is different from that in the SM.
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I. INTRODUCTION On the experimental side, only upper limits (90% C.L.)
on the branching ratios @ 4— y7y are currently available
As is well known, the rare radiative decaysB®fmesons

induced by the quark decdy—qy (q=d,s) are very sensi- B(Bs—yy)<1.48<10°* [18], (€)
tive to the flavor structure of the standard mo@&\l) and to e
new physics beyond the SM. Both inclusive and exclusive B(Bg—vyy)<1.7x10"° [19], (4)

processes, such as the decdys:Xgy, Xsyy and Bggqg ) o
— vy, have been studied in great defdi-11]. which are roughly two orders above the SM predictions

The inclusive decap— Xy is measured experimentally [1,6,8,9. These radiative decays are indeed very interesting
with increasing accuracjl2]. The world average as given becausda) these decays have a very clean signal where two

by the 2002 Particle Data GropDG2002 [13] is monochromatic energetic photons are produced precisely
back-to-back in the rest frame of B mesdh) these exclu-
B(B—Xgy)=(3.3+0.40 X 10" 4, (1) sive decays also allow us to study @& violating effects as

the two photon system can be irCd-even orC P-odd state;
which is quite consistent with the next-to-leading orderc) sinceB,— yy depends on the same set of Wilson coeffi-
(NLO) standard model predictioi#] cients asB— Xgy, its sensitivity to new physics beyond the
TH_ 4 SM complements the corresponding sensitivityBir> Xgy;
B(B—Xsy)"=(3.29£0.34 X107 2) and(d) the smallness of the branching ratios can be compen-
Obviously, there is only small room left for new physics sated by the_very high statistics expecteo_l at the curBent
effects in flavor-changing neutral current processes based dactory experiments and future hadron colliders. ,
the b— s transition. In other words, the excellent agreement !N this paper, we present our calculation of branching ra-
between SM theory and experimental data results in a stron%OS andCP-violating asymmetries for rare exclusive decays
constraint on many new physics models beyond the SM. Bsa— v in the framework of the top-color-assisted techni-
Within the SM, the electroweak contributions to  color (TC2) model[20] by employing the QCD factorization
—.syy andB— yy decays have been calculated some timg?@sed on the heavy-quark lintit,> A qcp [8,9]. _
ago [1]; the leading-order QCD corrections and the long- _Th|s paper is organized as fqllt_)ws: In Sec. Il, we give a
distance contributions were evaluated recently by severd]'i€f review about the SM predictions for the branching ra-
groups[6,14]. The new physics corrections were also con-i0S andCP asymmetries 0B 4— yy decays. In Sec. I,

sidered, for example, in the two-Higgs doublet mdds, 16 we present the basic ingredients of the TC2 model, and
and the supersymmetric moddl7]. evaluate the new penguin diagrams. After studying the con-

straint on the TC2 model by considering the dataB@f
—Eg mixing andB— Xy decay, we find the Wilson coeffi-
*Present address: Ottawa-Carleton Institute for Physics, DepartientsC,; andCg with the inclusion of the new physi¢dP)
ment of Physics, Carleton University, Ottawa, Canada. contribution. In Sec. IV, we show the numerical results of
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branching ratios andCP-violating asymmetries forBg 4

— vy decays. The discussions and conclusions are included

in the final section.

IIl. Bgg—yy DECAYS IN THE SM

PHYSICAL REVIEW D 67, 094021 (2003

In this section, based on currently available studies, we

present the formulas for exclusive decByy— yy in the
framework of the SM.

A. Effective Hamiltonian for inclusive b—syy decay

We know that the quark level procesdes:sy,syy and
the exclusive decayB; 4— yy have a close relation. Up to
the order I3, the effective Hamiltonian for the decay
— sy is identical to the one foB— X,y transition[1,7]

1
2
My

Heti(b—sy)=Hes(b—syy)+O )

Qs=(Sabg)v-n > (aﬁqa)V+Au (12
g=u,d,s,c,b

Q== S,0*" (MpR+mL)b, F,, (13)

= I o (R ML) T b, G, (14

Qg= 472 S (MR+MgL)Tobs G,o (14

wherea and g8 are color indiceseg=1, . . . ,8labelsSU(3).

generatorse and g, refer to the electromagnetic and strong
coupling constants, andl,R=(1% vys)/2, while F,, and
wa denote the photonic and gluonic field strength tensors,
respectively. InQ g, the terms proportional tong are usu-
ally neglected because of the strong suppressiifmﬁ. The
effective Hamiltonian forb—dyy is obtained from Egs.
(6)—(14) by the replacemerg—d.

The Wilson coefficient<,;(u) in Eq. (6) are known cur-

This can be understood by either applying the equation oféntly at next-to-leading ordeiNLO) [2,3]. Within the SM

motion [21] or by applying an extension of Low’s low en-
ergy theoreni22].

Up to corrections of order 2, the effective Hamil-
tonian forb—syy is just the one fob—sy and takes the
form

% E NG
2 p=u,c P

2

Hetr= [01(M)Qg+ Co(n)Q5

(6)

.....

where ng)=v;svpb is the Cabibbo-Kobayashi-Maskawa
(CKM) factor. And the current-current, QCD penguin, elec-

tromagnetic and chromomagnetic dipole operators are given

by*

Q= (gozpﬁ)V—A(Eﬁba)V—A , (7)

Q5=(sp)v-a(Pb)v_4. 8)

Qaz(gb)va _ ;SC ) (EQ)va, 9)

Qu=(Sabglv-n _ 2 (Qpda)v-n, (10

Qs=(sbly-a > (AQvsn, (11)
g=u,d,s,c,b

For the numbering of operatof@! ,, we use the convention of
Buraset al.[3] throughout this paper.

and at scalen,y, the Wilson coefficient€,;(m,) at the lead-
ing order(LO) approximation have been given for example
in [3],

Ci(mw)=0 (i=1,3,4,56, (15)
. — T+ 5x2+8x3 2xt2—3xf"I - an
m = - 10Q| X¢ |,
[ 2M1-x)°  a(1—x)t ON
Calitne) — 2% — 5x¢+x3 x| ol -
m = - 10 X y
s 8(1-x)°  a(1—xg* %

herex,=m2/mj,.

By using QCD renormalization group equatidi®, it is
straightforward to run Wilson coefficients;(m,) from the
scaleu=O(my,) down to the lower scalg.=O(m). The
leading order results for the Wilson coefficiel@g n) with
pu~m, are of the form3]

w

8
Ci(w)=2, K"

(j=1,... (19

6,

8
Cr(n)= "2y (my) + §( 78— 91923 Co(myy)

8
+ Zl hi 7%, (20)
8 R
Ce( )= n*2Cg(my) + 21 h 7%, (21)

where = ag(my)/as(n), and the magic numbers arg]
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TABLE I. Values of the input parameters used in the numerical calculations. All masses are in units of

GeV.
A A Ry Ge Aem ag(Mz)
0.847 0.2205 0.380.08 1.166& 1075 GeV 2 1/137.036 0.118
My m, mgole m(p:)ole de mBs
80.42 175 4.8 0.15 1.4-0.12 5.279 5.369
fg, fg, Ap =g, ALY 7(Ba) 7(Bs)
0.20+0.03 0.23:0.03 0.35:0.15 0.225 1.542 ps 1.461 ps
a;=(14/23,16/23,6/23; 12/23,0.4086; 0.4230;-0.8994,0.1458 (22
h;=(2.2996;-1.0880;-3/7,— 1/14,—0.6494- 0.0380;- 0.0185;- 0.0057, (23
E= (0.8623,0,0,0,0.9135,0.0873; 0.0571,0.0208 (24
0 0 172 -1/2 0 0 0 0
0 0 1/2 1/2 0 0 0 0
0 0 —1/24 1/6 0.0510 —-0.1403 —0.0113 0.0054
ki=| 0 0 —1/14 —-1/6 0.0984 0.1214 0.0156 0.002¢ - (25
0 O 0 0 —0.0397 0.0117 —0.0025 0.0304
0 0 0 0 0.0335 0.0239 —0.0462 —-0.0112

The numerical results of the LO Wilson coefficients (1PI) diagrams, relying on a phenomenological model. One
Ci(un) obtained by using the input parameters as given ircan work, for example, in the weak binding approximation
Table | are listed in Table Il fou=my/2,m, and 2m,, re-  and assume that both theand the lightq quarks are at rest
spectively. in the B meson[23]. From the heavy quark effective theory
(HQET), for instance, one can also assume that the velocity
of theb quark coincides with the velocity of tH&; meson up
_ o to a residual momentum ofocp. Both pictures are com-

Based on the effective Hamiltonian for the quark levelpatible up to corrections of ordeNGcp/mp) [23]. One typi-
processb—s(d)yy, one can write down the amplitude for cal numerical result obtained by employing this approach is
B¢ ¢— vy and calculate the branching ratios afé violat-
ing asymmetries once a method is derived for computing the B(Bs— yy)~(2—8)x 10"’ (26)
hadronic matrix elements. There exist so far two major ap-
proaches for the theoretical treatments of exclusive decagfter inclusion of LO QCD correction3]. There are also

B. B ¢— vy decays in the SM

B— yy. many works concerning the estimation of the long distance
The first approach was proposed ten years ago and hantributions toB— yy decay[14].
been employed by many authdrs6]. Under this approach, In the first approach, one has to employ hadronic models

one simply evaluates the hadronic element of the amplitudeto describe thd, (q=s,d) meson bound state dynamics. It
for one-particle reduciblélPR and one-particle irreducible is thus impossible for one to separate clearly the short- and

TABLE Il. The LO Wilson coefficientsC;(«) in the SM obtained by using the central values of input
parameters as listed in Table I.

M Cy C, Cs C, Cs Ce C; Csg
my/2 —0.3500 1.1630 0.0164 -0.0351 0.0096 —0.0467 —0.3545 —0.1649
my —0.2454 1.1057 0.0109 -—0.0254 0.0073 —0.0309 —0.3141 —0.1490
2my —0.1654 1.0664 0.0070 —0.0175 0.0052 —0.0200 —0.2801 —0.1353
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Q7
h —r—PNNANT

The matrix elements of the operatdps in Eq. (6) can be
written as

1
<7(El)7(52)|Qi|B>:fo0 d¢ T (&) ¢’B(§)61M€2w
(29

3/ d ——— AN
(a)

b > AT b where thee; are the polarization 4-vectors of the photons,

dp=dyp, is the leading twist light-cone distribution ampli-

tude of theB meson, and /”(£) is the hard-scattering kernel

describing the hard-spectator contribution.

By explicit calculations as were done in R¢8], the
guantitiesA.. in Eq. (28)are of the form

Y b

5/ d————@ Ay
(b) Q

FIG. 1. The leading power 1PR diagraf@ and subleading
power 1PR diagranfb) of the magnetic penguin operatQ, and
the subleading power 1PI diagrafm) of the four-quark operators
Q; . The diagrams with interchanged photons are not shown.

s/d

A, =NDAY +NDAS (30)

A =2DAY DA (32)
long-distance dynamics and to make distinctions between the
model-dependent and model-independent features. with
The second approach was proposed recently by Bosch and
Buchalla[8,9]. They analyzed th&g 4— yy decays in QCD
factorization approach based on the heavy quark limjt
> Aqcp- Under this approach, one can systematically sepa-
rate perturbatively calculable hard scattering kernels from Mg
the nonperturbativ8-meson wave function. Power counting AP =— C7)\—
in Agcp/mM, allows one to identify leading and subleading B

AL

mg 1 1
_C7)\_B+(C5+3Ce){§g(1)—§}. (32

2
~ 5(Co+3C1)g(zp) ~(C5~Cs)

contributions toB— yvy. In this paper, we will employ the
Bosch and Buchall@BB) approach to calculate the techni-
color corrections tds q— yy decays.

From Refs.[8,9], one knows thata) only one 1PR dia-
gram[Fig. 1(a)] contributes at leading powetb) the most
important subleading contributions induced by the IFR.
1(b)] and 1PI diagramfFig. 1(c)] can also be calculated; and
(c) the directCP violation of B4— yy can reach the 10%
level.

The amplitude for th®— vy decay has the general struc-
ture[8]

AB— y(ky,€1) y(ky,€2))

Gr @em

T2 37

1 -
fos (vY|ALFLF* —IA_F, F#0).
@7)

HereF#” andF#*=g*"\F, /2 are the photon field strength
tensor and its dual witle®'%*= — 1. The branching ratio of
Bq— yy decay withg=s,d is then given by

2

Gim$ B
(AP +]AL9),

BBe—y7)=Te, —o
(28)

where Gg is the Fermi constanty,,, is the fine structure
constant,rBq is the lifetime ofBy; meson, andan andeq

are the mass and decay constant of Epemeson, respec-

tively. The values of all input parameters are listed in Table I.

X

5 2
29(z:) + 59(1) |~ (C4=Co)| 50(20)

7 20 16
wherez,=mj/m for p=u,c, and
(2) 2+4z| Li 2
7)=— 7| Liy| ———
g \1—1-4z+ie
+ Li 2 (34
I —_—
2\ 1+ 1-4z+ie

and Li(x) is the dilogarithm function. It is easy to see that
AL =A%, butA" #A° . The functiong(z) has an imaginary
part for 0<z<1/4, while g(0)=—-2 and g(1)=2(=?
-9)/9.

The first term ofAf is the leading power contribution
from the 1PR diagraniFig. 1(a)] of the penguin operator
Q-, the remaining terms o&”. represent the subleading con-
tributions from the 1PR diagraffrig. 1(b)] with the operator
Q- where the second photon is emitted from thguark line,
and from the 1PI diagrarffig. 1(c)] induced by insertion of
four-quark operator®); . From the formulas as given in Eq.
(28) and Eqs(30)—(33), we find the numerical results of the
branching ratios in SM

B(Bs—yy)=[1.2 54 ANg) 10X Ap) = 0.3 Afg)

+0.02Ay)]X 1076, (35)

094021-4



TECHNICOLOR CORRECTIONS OMNB y— yy DECAYS . .. PHYSICAL REVIEW D 67, 094021 (2003

B(By—yy)=[3.2 54 ANg) T0&Am) T §S -~ °F ]
, i ]
X (Afg ) §HAY)]X10°¢, (36) ° o} w=mo/2 A
< Mo e -]
— [W Tt PR
where the central values of branching ratios are obtained by & R e ,/
. . . ) -5t - 1
using the central values of input parameters as given in Table £ '\ -7 //
I, and the errors correspond fto\g=+0.15 GeV,m,/2< u | VN EEMe e
<2m,, Afg =Afg==0.03 GeV, respectively. For the G-t VST L7 ]
CKM angle v, we consider the range of=(60+20)° ac- 8 SN ,’, ]
cording to the global fit resu[tL3]. Obviously, the dominant -15¢ AN e K=2mp 1
errors are induced by the uncertainty of hadronic parameter i e ]
Ag, the renormalization scaje and decay constari . The ol v
error induced byAy is about 30% forBy decay, but very 0 30 &0 so 120 150 180
small forBg decay. The errors due to the uncertainty of other 4

input parameters are indeed very small and can be neglected.

Now we consider theCP violating asymmetries 0Bsq ¢ angle y and energy scalg in the SM. The dotted, short-
— vy decays. Following the definitions of R¢B], the sub-  yashed and solid curves show the SM predictionssferm,/2,m,
scripts+ onA.. for B— yvy decay denote th€ P properties  and 2m,, respectively.

of the corresponding two-photon final states, wiAile refer

FIG. 2. TheCP violating asymmetry of B4— yvy) decay vs the

to the CP conjugated amplitudes for the decBy- yy (de- A. TC2 model
cayingb antiquark. Then the deviation of the ratios Apart from some differences in group structure and/or
S particle contents, all TC2 mod€]20,26 have the following
« _|A:| —|AL] 37 common featuresfa) strong top-color interactions, broken
cP— A2+ |K+|2 near 1 TeV, induce a large top condensate and all but a few

GeV of the top quark mass, but contribute little to elec-
from zero is a measure of dire@P violation. SinceA?  troweak symmetry breakingb) technicolof{27] interactions
=K’i , rép is always zero. Forgp of By— yy decay, how- are responsible for electroweak symmetry breaking, and ex-
ever, it can be rather large. By using the central values o?ended technicolor(ETC) [28] interactions generate the

input parameters as given in Table | and assumirgs0°, masses of all quarks and Ieptons except that of the top
we find quarks; (c) there exist top pionsr™ and 7° with a decay
constant o~ (40—50) GeV. In this paper we will chose the
rep(Bs— vy)=[0.39" 32 A ) 01 ANg) T2 A y) 1%, well-motivated and most frequently studied TC2 model pro-

(38)  Pposed by Hill[20] to calculate the contributions to the rare
exclusiveB decays from the relatively light charged pseudo-
rep(Ba—yy)=[—10.254Au) 133 ANg) 151 (A ) ]%. scalars. It is straightforward to extend the studies in this pa-
(39  per to other TC2 models.
In the TC2 model[20], after integrating out the heavy
coloron andz’, the effective four-fermion interactions have
the form[29]

It is easy to see that the dire€tP violating asymmetry
for Bs— yy decay is small;~ 1%, and cannot be detected by
experiments. FoBy— yy decay. however, it€ P violation
can be rather large, arourell0% for y~60°. But the much 2k~ — k= —
smaller branching ratio is a great challenge for the current £ ;;=—1 | x+ 7) ¢LthR¢L+(K— 2—7) lp,_bRbR(p,_],
and future experiments.

In Fig. 2, we show the CKM angley— and (40
u-dependence of -p(Byq— y7y). The dotted, short-dashed
and solid curves show the SM predictionsr@fy(By— y7) Wherexz(g§/47r)cotzt9 and Kl—(gll47r)cotzt9’ andMy is
for u=my/2,m, and 2m,, respectively. TheCP violating  the mass of coloroW® andZ’. The effective interactions of
asymmetry even can reach17% for CKM angley~50°,  Eq.(40) can be written in terms of two auxiliary scalar dou-
the value preferred by the global f24] and by the analysis blets¢, and¢,. Their couplings to quarks are given [30]
based on the measurements of branching ratioB-efK =
decayq25]. The value ofr cp(Bq— y7y) here is the same as
that given in Ref[8] for u=m,, but opposite with what was
given in Ref.[8] for u=my/2 and 2n,, respectively.

Let=N 1t b1trt Noth dobg, (41)

where 3=4m(k+2x,/27) and\3=4m(k— k,/27). At en-
ll. Bsp—yy DECAYS IN TC2 MODEL e_rgies beIo_w th_e t(_)p-color scaIA~_1 TeV the auxiliary
' fields acquire kinetic terms, becoming physical degrees of

In this section, we calculate the loop correctionsBlgy;  freedom. The properly renormalizeff and ¢, doublets take
—vyvy decays in TC2 model. the form

094021-5
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1 _ H+ , oo . , PR S .
Fo+ —=(h+i7°) \ ’ \
gi=| % 2 v P=| 1 (Fo+iR0) | b, u’:c’t . i’d —— S:’d
- — i
pl \/5 Do g‘q Ds E
(42
97 9,7
where7™ and 7° are the top pions*° andA° are theb Py
pions, h; is the top Higgs boson, anBy~50 GeV is the l' \\
top-pion decay constant. b s, d b L \sd
From Eq.(41), the couplings of top pions tbandb quark
can be written a§20]
g9, 79 Y
mik ._“"0 A ~ 4+ . m;_ ~ 4+
F_Q ittr +itgh 7™ +i FtLbRW +H.c.|, (43 FIG. 3. The typical photon- and gluon-penguin diagrams With
t

and charged-PGB exchangéshort-dashed lingsin the SM and
TC2 models which contribute t8— X4y decays. The internal

wherem{ = (1—e)m; andm} ~1 GeV denote the masses of quarks are the upper typec andt quarks.

top and bottom quarks generated by top-color interactions.
For the mass of top pions, the current & lower mass
bound from the Tevatron data m;=150 GeV[26], while AME‘q 7 m; 2
the theoretical expectation is;~(150—300 GeV) [20]. Mg 12 F2m2 5quBqFBq’ (47
For the mass ob pions, the current theoretical estimation is I QHe
Mo~ Mo~ (100-350) GeV anany= m%o+ 2m? [30]. For
the technipionsr; and w3 , the theoretical estimations are WhereMg_is the mass 0B, meson,Fg is the B;-meson
m, =50 GeV andm, ~200 GeV [31,32. The effective decay constamBBq is the renormalization group invariant

Yukawa couplings of ordinary technipions; and w3 to  parameter, and,,~|DP9DRY. For the By meson, using
fermion pairs, as well as the gauge couplings of unit-chargethe experimental measurement @&Mg_ =(3.22+0.05)

scalars to gauge bosong,Z® and gluon are basically %1010 MeV [13] and setting Fo=45 GeV, /BBdFBd

modell-independent, can bﬁ folund i?l Reﬁ&l;}S:ﬂ. | =200 MeV, one has the bound,;=<0.82x10 " for mgo
At low energy, potentially large flavor-changing neutral [ .
currents(FCNQ) arise when the quark fields are rotated fromSe00 GeV. This is an important and strong bound on the

their weak eigenbasis to their mass eigenbasis, realized lrp}/;?\(/j;duogerg'?Aggsehear?ee_?;%gr']sg‘:’zgglt%ted '259[]) i (tjk?ii
the matricedJ|_ y for the up-type quarks, and Iy,  for the y q D R

down-type quarks. When we make the replacements, for e)pound is violated by abou_t 2 orders of mggnltude. By taking
Into account above experimental constraint, we naturally set

| i e . .
ample, that D=0 for i#j. Under this assumption, only the
b, —DPd, +DPSs +DPPb, , (44)  charged technipions; ,75 and the charged top pions™
contribute to the decays studied here through penguin dia-
br— D&%dg+ D&sg+ Dby, (45  grams.

the FCNC interactions will be induced. In TC2 model, the

corresponding flavor changing effective Yukawa couplings B. Constraint on TC2 model from B— Xy decay

are The constraint on bot®, andDg from the experimental
data of B— Xgy decay is much weaker than that from the
* —e ..
m—t[i?r+(DbSt_s DM, ) B — B mixings [29]. On the other hand, one can draw
Fo LOROL L PREL strong constraint on the mass of top-piory from the well

5 _ measured B— X,y decay by settingDP%=V,4/2, DPS
+iH " (DRt sp+ DRt dr) +H.Cl.  (40)  —v, /2, Fo=45 GeV ande=0.05+0.03.
o ) ) In this subsection, we first calculate the new physics con-
For the mixing matrices in the TC2 model, authors usu-ipytions to the Wilson coefficient€(my,) and Cg(my).
ally use the “square-root ansatz”: to take the square root ofanq then we draw the constraint on the mass by com-

the standard model CKM matridcw=U'D\) @s anin-  paring the theoretical prediction df(B—X.y) with the
dication of the size of realistic mixings. It should be denotedmeasured value as given in Ed).

that the square root ansatz must be modified because of the The new photonic- and gluonic-penguin diagrams can be

strong constraint from the data BP—P_O mixing [30,34,33.  obtained from the corresponding penguin diagrams in the
In the TC2 model, the neutral scaldfd andA°® can induce SM by replacing the internalv* lines with the unit-charged

a contribution to theBg—B_g (q=d,s) mass difference scalar ¢r; ,mg and ) lines, as shown in Fig. 3. For de-
29,30 tails of the analytical calculations, one can see R&8).

094021-6
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TABLE Ill. Values of the input parameters of TC2 model. All
masses are in units of GeV.

m F

1

200+100

m.. m;. . FQ €

406G+ 100

206-30 120 45 0.050.03

By evaluating the new-penguin andyluon-penguin dia-

grams induced by the exchanges of three kinds of charged

pseudoscalars®,7; ,73 ), we find that

Cs(my) %= ;H(yt)'}' S
8V2GeFj 6V2GEF,
X[H(m)+8H(&)], (48)

1
TC2_ -

CS(mW) 8\/§GFF2Q K(yt)+ 6\/§GFFW

X[K(7)+8K(&)+9L(&)], (49

where ye=m:/((1=em)?, g=m? /(em)®,  &=m7
(emy)?, while the functionsH(x), K(x) andL(x) are

2253+ 25x2 . 3x— 8x2+4x3

H(x)= 361—x)° 6(1—x)" log[x], (50)
K 5—19%+20x> x2—2x3 (x] 5
X)= — log[ x],
( 1201-x)2 2(1—x)* 9
4—5x—5x% x—2x?
L(x)= log[ x]. (52

12(1—x)3 * 2(1—x)*

It is easy to show that the charged top-piari strongly
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FIG. 4. The branching ratio8(B— Xvy) in the SM and TC2
models as a function ofm;.. The band between two horizontal
dashed linegsolid lineg shows the SM predictiofworld average
of experimental measurementss listed in Eqs(1), (2). The short-
dash, solid and dot-dash curves show the TC2 model predictions of
the branching ratios fop=my/2m, and 2n,, respectively.

Using the NLO formulas as presented in Ref] for the
B— X4y decay, we find the numerical results for the branch-
ing ratiosBB(B— Xsy) in both the SM and the TC2 model, as
illustrated in Fig. 4, where we use the central values of input
parameters as given in Table | and Table Ill. The three curves
correspond tqu=my/2 (short-dashed curyeu=m;, (solid
curveand u=2m, (dot-dashed curye respectively. The
band between two horizontal dotted-lines shows the SM pre-
diction B(B—Xsy)=(3.29+0.34)x10 * [4], while the
band between two horizontal solid lines shows the data, 2.5
X 10" 4<B(B—Xsy)<4.1x10 * at the 2 level [13].

From Fig. 4 and considering the errors induced by varying
Mg, M and e in the ranges as shown in Table llI, the

K
constraint on the mass of charged top pion is

m==200+30 GeV, (55)

dominate the new physics contributions to the Wilson coef-

ficients C;(my,) and Cg(my,), while the technipions play a

minor rule only, less than 5% of the total NP correction. We

therefore fix the masses of; andmg in the range oim,,
=200+100 GeV and mﬁ8=400i 100 GeV, as listed in

Table IlI. At the leading order, the charged-scalars do not

contribute to the remaining Wilson coefficier®@s — Qg.

which is a rather strong constraint om. .

IV. NUMERICAL RESULTS IN TC2 MODEL

In this section, we present the numerical results for the
branching ratios andCP violating asymmetries ofBg4

When the new physics contributions are taken into ac— y+y decays in the TC2 model.

count, the Wilson coefficient€,(my,) and Cg(my,) can be
defined as the following:

C(my) T°'=C7(my) M+ C(my) T, (53

Cg(my) T°'= Cg(my) SM+ Cg(my) "2, (54)

whereC3Y have been given in Eq$17),(18). Explicit cal-

culations show that the Wilson coefficien® $? have the

opposite sign with their SM counterparts, and therefore they  5(B_— yy)=[2.8" %9 ANg) " 24 A ) 28 Aty )

will interfere destructively. The QCD running &% from
the energy scale, to u~m, is the same as the case of SM.

A. Branching ratios B(Bg q— %) in TC2 model

Based on the analysis in previous sections, it is straight-
forward to present the numerical results. Our choice of input
parameters are summarized in Table | and Table IIl. Using
the input parameters as given in Table | and Table Ill and
assumingy=(60=20)°, we find the numerical results of the
branching ratios

+1.2
J-08

X (Am;)]%x 1078, (56)
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FIG. 5. Plots of branching ratio§(Bs— yy) (8 and B(Bq FIG. 6. Plots of branching ratio$(Bs— yy) (a) and B(Bg

—y) (b) vs m;, setting\g=0.35 and CKM angley=60°. The =~ —¥7) (b) vs \g, settingm;=200 GeV and CKM angley=60°.
lower three lines in each diagram show the SM predictionsyfor The dotted and short-dashed curves show the SM predictions for
—my/2 (dotted ling, u=my (solid line) and = 2m, (short-dashed #=My/2 and u=m, respectively. The dot-dashed and solid
line). Upper three curves correspond to the theoretical prediction§urves show the TC2 model predictions for=m,/2 andu=my,

of TC2 model. respectively.

=~ _ +17.0 +3.9 +2.7 +3.3 The dot-dashed and solid curves show the TC2 model pre-

B(Bg—yy)=[8.2233(ANg) “35(Au) "5 Afg ) "33 dictions for u=m,/2 and u=m,, respectively. The decay

X (Amz)]X 1078, (57) branching ratios decrease quickly, &g getting large for
both SM and TC2 model.

In order to reduce the errors of theoretical predictions

uced by the uncertainties of input parameters, we define

the ratioR(By— yy) with g=d,s as follows:

where the major errors correspond to the uncertainties %d
ANg==*0.15 GeVm,/2< pu<2m,, Aquz +0.03 GeV and
Am; =30 GeV, respectively.

Figures %a) and b) show the charged top-pion mass and Tco
wn-dependence of the decay ratgd, 4— y7y), respectively. R(By— )= B(Bq—vv)

In these figures, the lower three lines show the SM predic- q B(By— yy)SM
tions for u=m,/2 (dotted ling, w=m, (solid line) and

=2m, (short-dashed line Other three curves correspond to |, . . .

the tr?eoretical predictions of TC2 model. The newlophysichS"f."‘:‘l t"he rc]:entral values of input parameters, one finds nu-
enhancement on the branching ratios and their scale anlgenca y that

mass dependence can be seen easily from the figure.

From the numerical results as given in E(6),(57), it is R(Bs— yy)=2.34£0.10ANg) 12 Ap) Toed Am;),
easy to see that the largest error of the theoretical prediction (59)
comes from our ignorance of hadronic parametgr We
show such\g dependence of branching ratios in Fig. 6 ex- - = + +2.10 +1.0 ~
plicitly. The %Iottepd and short-dashed cgurves in Fig.96 show R(By—7)=2.56+0.00A08) - 13d A ) o7 AM),
the SM predictions foru=mg/2 and u=m,, respectively. (60)

(58)
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FIG. 8. TheCP violating asymmetry of B4— yvy) decay in the

ZI(I;T?h TtT]e rattljot(t)fdbran(;:i:rl]ng ratlﬁ(stdeyy% n ttr;]e TCtZ fSM and TC2 model. The lowefupped dotted, short-dashed and
model. The three dotled and three Solid curves show the rallos 10l, iy cyrves show the SNITC2) predictions foru=mg/2,m, and
Bs—yy and By— yy decays, respectively. Irib), we setm;

=170 GeV. 2m,, respectively.

- TC2 _ +1.7, +2.8
where the errors correspond thag==*0.15 GeV, m,/2 rep(Bg—vy) ““=[+6.5134(Aun) "5(ANg)

< pu<2m, andAm; =30 GeV, respectively. The dependence +1.AAM;) Z5HAy)]1Xx 1072,
on input parameter§g, mg, Ge and a., cancelled in the '
ratio R, (62

In Figs. 7a) and 1b), we show theu, m;. and\ g depen-
dence of the ratidR explicitly. It is easy to see from Fig(d)  where the major errors are induced by the uncertainties of the
that the strong\g dependence of the individual branching corresponding input parametets\g= *0.15 GeV, m,/2
ratios is now greatly reduced in the raf® but the strongu su<2m,, Am;=30 GeV andA y=*+20°, respectively.
dependence still remains large. Obviously, the new physics For theBs— yy decay, its direcCP violation is still very
enhancements to both branching ratios can be as large asmall after inclusion of new physics corrections. For Bye
factor of two to six within the reasonable parameter space.— yy decay, however, it€ P violating asymmetry is around
7% in TC2 model and depends on the hadronic parameter
) o ) \g. the scalex, the CKM angley and the massn;., as
B. Direct CP violation of B 4— vy in TC2 model illustrated by Figs. 8 and 9.
Now we calculate the new physics correction on G In Fig. 8 we draw the plots of th€ P violating asymme-
violating asymmetries oBg 4— yy decays. By using the in- try rcp(By— yy) versus the parametegs, Ag and y. The
put parameters as given in Tables | and Ill, we find the nulower and upper three curves in Fig. 8 show the theoretical

merical results as follows: predictions of the SM and TC2 model, respectively. In Fig.
B - 0.10 8(b), y=60° is assumed. It is easy to see from Fig. 8 that the
rep(Bs—yy) =“=[—0.25 g Ap) =0.10ANg) pattern of theC P violating asymmetry in TC2 model is very

different from that in the SM. The sign o x(Bq— y7y) in
TC2 model is opposite to that in the SM, while its size does
(61 not change a lot. Such difference can be detected when the

+0.04Am;) 004 Ay)]x10 2,
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FIG. 9. TheCP violating asymmetry of B4— yvy) decay vs
massm;. and energy scalg. in TC2 model. The dotted, short-

dashed and solid curves show the TC2 predictions for
=my/2,m, and 2m,, respectively.
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150

statistics of the current and futui experiments becomes
large enough.

V. DISCUSSIONS AND SUMMARY

PHYSICAL REVIEW D 67, 094021 (2003

lower energy scalg.=0(my) by using the QCD renormal-
ization equations. From the data Bﬂ-§2 mixing, we find
the strong constraint on the “square-root ansatz.” We also
extract the strong constraint on the mass by comparing
the theoretical predictions for the branching rat®{B
—Xsy) at the NLO level with the experimental measure-
ments.

In Sec. IV, we present the numerical results §(Bg 4
—yy) andrcp(Bg g— y7) after the inclusion of new phys-
ics contributions in the TC2 model.

(1) For bothBs— yy andBy— vy decays, the new phys-
ics contribution can provide a factor of two to six enhance-
ment to their branching ratios. The;, u and Ag depen-
dences are also shown in Fig. 5. With an optimistic choice of
the input parameters, the branching rai6B;— yy) and
B(By—7yy) in the TC2 model can reach 10 and 10’
respectively, only one order away from the experimental
limit as given in Eqs(3), (4). With more integrated luminos-
ity accumulated by BaBar and Belle Collaborations, the up-
per bound or3(By— y+y) will be further improved, and may
reach the interesting region of TC2 prediction.

(2) For theBs— yy decay, its direcCP violation is very
small in both the SM and TC2 model.

(3) For the B4— yy decay, however, itsCP violating

In this paper, we calculate the new physics contributiong®Symmetry is around ten percent level in both the SM and
to the branching ratios an@ P-violating asymmetries of 1¢2 model. But the pattern dEP violating asymmetry in
double radiative decayBs 4— y in the TC2 model by em- TC2 model is very different from that in the SM, as illus-

ploying the QCD factorization approach.

trated in Fig. 8.

In Sec. II, based on currently available studies, we present AS discussed in Ref37], the high luminosity option Su-

the effective Hamiltonian for the inclusivB— Xgy and b

perBaBar suggests a total integrated luminosity of 10%ab

—.syy decays. For the evaluation of hadronic matrix ele-FOr the branching ratio as given in EG7), the number of
ments for the exclusivB 4— yy decays, we use Bosch and observedB,— yy events is then expected to be in the range

Buchalla approach to separate and calculate the leading a¥

50— 150 in the TC2 model, and therefore measurable in

subleading power contributions to the exclusive decays unthe future.
der study from 1PR and 1Pl Feynman diagrams. We repro-

duce the SM predictions for the branching ratiBéBs 4
—yy) and directCP asymmetries ;p as given in Ref[8].
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