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Abstract

Using the most general, model independent form of the effective Hamiltonian rare decays B — £T£7y (£ = p, t) are
studied. The sensitivity of the photon energy distribution and branching ratio to the new Wilson coefficients is investigated.
© 2001 Elsevier Science B.V. Open access under CC BY license.

PACS: 12.60.-1; 13.20.-v; 13.20.He

1. Introduction

Started to work, the two B-factories open an excited new era in studying B meson decays [1,2]. The main
research program of these factories is studying CP violation in B meson system and investigating their decays.
From theoretical point of view, interest to the rare decays can be attributed to the fact that they occur at loop
level in the Standard Model (SM) and they are very sensitive to the flavor structure of the SM as well as to the
new physics beyond the SM. From experimental point of view studying radiative B meson decays can provide
us essential information on the parameters of the SM, such as the elements of the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix, the leptonic decay constants etc., which are yet poorly known.

It is well known that the flavor-changing neutral current process By — £1£~ has helicity suppression. These
decays are proportional to the lepton mass and because of this reason the decay width of these processes are
too small to be measured for the light lepton modes. It should be noted that in the SM the branching ratio of the
BBs—ete ,uTu)~42x 107 and 1.8 x 1072, respectively. Although t channel is free of this suppression,
its experimental detection is quite hard due to the low efficiency. It has been observed that the radiative leptonic
BT — £tvy (£ =e, 1) decays have larger branching ratio compared to that of the purely leptonic models [3-9].
It was shown in [10,11] that similar situation takes place for the radiative decays By(g) — £7¢~y. In these decays
the contribution of the diagram when photon is radiated from an intermediate charged line, can be neglected, since
it is strongly suppressed by a factor m% / m%v Moreover, the internal Bremsstrahlung (IB) part when photon is
emitted from external charged leptons is proportional to lepton mass, which follows from helicity arguments, gives
small contribution. For this reason in B — £7£~y decay the main contribution should come from the diagrams,
when photon is emitted from the initial quarks, i.e., structure-dependent part (SD), since they are free of the helicity
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suppression. Therefore, the decay rate of the By(g) — £T£~y (£ = e, 1) might have an enhancement in comparison
to the pure leptonic models of By(g) — £7£~ decay if the SD contributions to the decays are dominant and hence
B, — £7 £~y decay might be sensitive to the new physics effects beyond SM. New physics effects in rare B,
decays can appear in two different ways; either through new contributions to the Wilson coefficients existing in the
SM or through the new operators in the effective Hamiltonian which are absent in the SM. The goal of this work is
combining both these approaches to study the sensitivity of of the physically measurable quantities, like branching
ratio, photon energy distribution, to the new physics effects.

The work is organized as follows. In Section 2, we derive the general expression for the photon energy
distribution using the most general form of four-Fermi interaction. In Section 3 we investigate the sensitivity of
photon energy distribution and branching ratio to the new Wilson coefficients.

2. Matrix element for the B; — Y0~y decay

In this section we calculate the photon energy distribution and branching ratio for the B, — £t¢~y decay
using the most general model independent form of the effective Hamiltonian. The matrix element for the process
B — £T£~y can be obtained from that of the purely leptonic B — £1T£~ decay. The effective b — g£1¢~
transition can be written in terms of twelve model independent four-Fermi interactions can be written in the
following form [12]:

M=% vove | csrgion, T Loyt Gio L Rbiy" 1’1 Lyt
off = tgVip | CSLGOw 5 Lbty" £+ Cprgiou, 7 RbEY"E+Crrqryubrtry” ey

V2T
+ CPRALYubLLRY " LR + CRLGRYuDRELY*LL + CRRGRYubRERY " LR
+ CLRLRGLORELER + CRLLRGRPLELER + CLRRLGLORLREL + CRLRLGRDLERLL

+ Crgoubla* L +iCr Ee“”“ﬁéawaaagﬁ}, (1)
where the chiral projection operators L and R in (1) are defined as
1-— 1
L=-"0 Rr=-15
2 2

and Cy are the coefficients of the four-Fermi interactions. It can easily be seen from Eq. (1) that several of all
Wilson coefficients do already exist in the SM. The coefficients Cs; and Cppr correspond to —2msC9,ff and
—2my C?ff in the SM, respectively. The next four terms in this expression are the vector interactions. The interaction
terms containing C}° and C'% exist in the SM in the form CSE — Cy9 and C§T + Cyo, respectively. Therefore,
C}f’i and Ci";i describe the contributions coming from the SM and the new physics, whose explicit are

C}%:CSH_CIO“‘CLLa CE?;{:CSH+C10+CLR_

The terms with coefficients CLrrr, CrLLR, CLrrEL and Crr gL describe the scalar type interactions. The last two
terms in Eq. (1) with the coefficients Cr and Cr g describe the tensor type interactions.

Having presented the general form of the effective Hamiltonian the next problem is calculation of the matrix
element of the B; — £+¢~y decay. This matrix element can be written as the sum of the structure-dependent and
internal Bremsstrahlung parts

M = Msgp + M. )

It follows from Eq. (1) that, in order to calculate the matrix element Mgp for the structure-dependent part, the
following matrix elements are needed

(vIsyu(1F y5)b|B), (v|sopuvb|B), (vIs(1 F y5)b| B). 3)
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The first two of the matrix elements in Eq. (3) are defined as [4,10]

(r ()1ayu(LF y9)b|B(pp)) = — |eusios™ gk g (¢?) i (kq) - " )k] £ (a”) |. @)
B

(v ()14 B(p3)) = —reuia [Ge™ K + He™q + N(&"q)g™], 5)
B
respectively, where 8:2 and k, are the four vector polarization and four momentum of the photon, respectively, g is
the momentum transfer and pp is the momentum of the B meson. The matrix element (y (k)|so.,y5b|B(pg)) can
be obtained from Eq. (5) using the identity
. op

Uu‘u = _Efﬂ‘umﬂa V5.
The matrix elements (y (k)|s(1 F y5)b|B(pg)) and {y |sio,,q"b| B) can be calculated by contracting both sides of
the Egs. (4) and (5) with gy, respectively. We get then

(y(k)|s(1 F y5)b|B(pp)) =0, (6)
(v [5i0u0q"bIB) = — i€unapg" e kP G. )
mB

Using Eqs. (5) and (7) the matrix element (y|5io,,g" (1 + y5)b|B) can be written in terms of form factors that are
calculated in framework of the QCD sum rules [10] as follows

(V15i0ug” (1 + y5)bl B) = 7 | euapo s"a"k 1(a%) + i [£1ah) — ("0 )ku] (0 | ®)
B

It should be noted that these form factors were calculated in framework of the light-front model in [13]. So, using
Egs. (5), (7) and (8) we can easily express G, H and N in terms of the form factors g; and fi. The matrix element
which describes the structure-dependent part can be obtained from Eqs. (4)—(8)

aGp e
Msp=—V;V} —
427 ! tquB

x {2 (= ys)E[Ar€ape™ kP +i Az (e (ka) — ("k,)]
+ 2" (1 + y5)E[ Bieuape™ g°kP +iBy (£}, (kq) — (e*q)k,)]
+ ieuuaﬁEU“”E[Gs*“kﬂ + He*gP + N(s*q)q“kﬁ]
+ ifcrw(i[Gl (1KY — ¥ k) + Hy (£"4q" — £ g) + Ny (£*9) (g™ k" — q”k“’)]}, ©)
where
_ i tot _ i _ tot
A= p (Csr +Csr)g1 + (CYL + Cre)g, Ay = 7 (Cer — Csp) fi+ (CPL — CrL) £
1 1
By = q—z(CBR + Cs1)g1 + (Ck + Crr)E: By = ?(CBR — Csp) fi+ (CP%% — Crr) f5

1
G=4Crgi, N:—4C1fq—2(f1+81), H = N(qk),

1
G1=-8CrEggi, Ny :SCTEF(fl +g1), Hy = Ni(gk). (10)
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For the inner Bremsstrahlung part we get

Mm_"“}""vfbvf;efsi{ﬁ(f”‘* ”B¢*)y5£+mé[¢*”5 st +2m£(1+1)¢*]5}_

427 2mk  2prk 2pk 2pak 2pik  2pak
(11)
In obtaining this expression we have used
(O|Syuysb|B) =—ifppay, (0150w (1 + y5)b|B) =0,
and conservation of the vector current. The functions F and F; are defined as follows
2
tot tot v
F =2my(CP g — CYL + Cre — CrR) + m—b(CLRLR — CRLLR — CLRRL + CRLRL),
m
P = m—b(CLRLR — CRLLR + CLRRL — CRLRL). (12)

The double differential decay width of the B — £7 £~y process in the rest frame of the B meson is found to be

dr 1 2

= M7, 13
dE, dE; 256:r3m3| (13)

where E,, and E; are the photon and one of the final lepton energy, respectively. The boundaries of £, and E; are
determined from the following inequalities

2 2

my —4m mp—E E mp—E E

0<E, <8 £ Y Yy By ——Y 4+ Xy, 14
< Ly x sz 2 B X L1 X B ) ( )
where

4m?
V= 1——;,

q

is the lepton velocity.

The | Mgp|? term is infrared free; interference term has an integrable infrared singularity and only | Mg |2 term
has infrared singularity due to the emission of soft photon. In the soft photon limit the B, — £7£~y decay cannot
be distinguished from the pure leptonic B, — £7£~ decay. For this reason, in order to obtain a finite result the
B — £1£"y and the pure leptonic B, — £1£~ decay with radiative corrections must be considered together. It
was shown explicitly in the second reference of [10] that when both processes are considered together, all infrared
singularities coming from the real photon emission and the virtual photon corrections are indeed canceled and the
final result is finite. In the present work our point of view is slightly different from the standard description, namely,
we consider the B, — £7£7y decay as a different process but not as the O(«) correction to the B — £7£~ decay.
In other words, we consider the photon in the B, — £T€~y decay as a hard photon. For this reason, in order to
obtain the decay width of the B; — £T£~ 4 (hard photon) we must impose a cut on the photon energy, which will
correspond to the experimental cut imposed on the minimum energy for detectable photon. We require the photon
energy to be larger than 25 MeV, ie., Ey = dmp/2,8 2 0.010.
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After integrating over lepton energy, we get the following expression for the photon energy distribution

dar 2

dx

aGF

427

Vo vt a
th Vg Wzm.&
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P o+ Re(Gag)a]
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- %m%[ZRe(GN*) NP = 0] - 4r - x)

- %’"%[ZRC(GINT) +m3 NP1 —x)](1+ 87 — x)

_ %m%(mnz 1A+ BiP 4+ | BalP) (1 —r —x) — g(lGlz . |G1|2)%

1
+2m; Im([A2 + Bo1[6Hf (1 — x) +2G}x — myNix(1 _x)])x]

+4fp [zv [Re(FG*) a i =i Re(FH*) +m% Re(FN*) +myRe([A2 + Bz]Ff‘)}x(l —x)
tln 1 fz [m"f Re([A2 + B2)Fy)x(x —4r) + 2Re(FH*)[1 — x + 2r(x — 2)]

— 4rxRe(FG¥) +m% Re(FN*)x(x — 1) —mgRe([A; + Bl]F*)xz]]

_ 2
+|F1|2(2(1—4r)—wﬂ)]}), (15)

where x = 2E,, /mp is the dimensionless photon energy, r = m%/mZB.

It follows from Eq. (15) that in order to calculate the decay width explicit forms of the form factors g, f, g1
and f; are needed. These form factors are calculated in framework of light-cone QCD sum rules in [4] and [10],
and their g% dependences, to a very good accuracy, can be represented in the following dipole forms,

1 GeV 0.8 GeV
e e
3.74 GeV2 0.68 GeV?
gl(qz):(l_qz)g’ fl(qz)_(l_qz)z’ (16)
40.5 30

which we will use in the numerical analysis.
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3. Numerical analysis and discussion

In this section we will present our numerical analysis. Numerical results are presented only for the By — £7 £~y
decay. It is clear that in the SU(3) limit the difference between the decay rates is attributed to the CKM matrix
elements only, i.e.,

F(By—ey) >
By — £+e—y) 207

Vf b V;;
Vib Vz%;

The values of the main input parameters which have been used in the present work are: mp = 4.8 GeV, m, =
1.35GeV,m,; = 1.78 GeV, |V}, V5| = 0.045, a1=137,Gp=1.17x 1073 GeV 2. For the Wilson coefficients
C%ff(mb) and Cio(mp) we have used the results given in [12,13]. In the leading logarithmic approximation,
at the scale O(u = mp) they are given as C%ff(mb) = —0.315, Cio(mp) = 4.6242. Although individual Wilson
coefficients at y ~ my level are all real, the effective Wilson coefficient Cgff(mb) has a finite phase. The analytic
expression of Cgeff(mb) for the b — s transition, in next-to-leading order approximation is given as

CS™ (mp, §) = Co(mp) +0.124w(E) + g (e, §)(3C1 + C2 +3C3 + Ca + 3Cs + Co)

1 . . | . 2
- Eg(mq, $(C3+3Cy) — Eg(mb, §)(4C3+4C4 +3Cs+ Cg) + 5(3C3 + C4+3Cs5+ Cs)
(17)

where my =mg/mp, § = g%/ m% and the values of the individual Wilson coefficients are listed in Table 1. In
Eq. (17) w(5) describes one gluon corrections to the matrix element of the operator Qg and the function g (g, §)
stands for the one loop corrections to the four quark operators 01 -Og with mass m,, at the dilepton invariant mass s
[14,15]:

n" oA 8. . 8 4 2
g(mg.§)=——Intmg + — + —y; — =2+ y)/I1 — ¥l

9 27 9 9

[@(1 )(1 Ityl-y )+@( 1)2 arct ! ] (18)

X -yl In ——=—in yg — 1)2arctan ——— |,
1- /11—y, v —1
where y, = 4#‘1(21 /§ and §' = g2/ m%. It is well known that the Wilson coefficient Cgff receives also long distance
contributions, which have their origin in the real cc intermediate states, i.e., J/¥, ¥/, ... (see [16]). In this work

we restrict ourselves only to short contributions. Furthermore we assume that all new Wilson coefficients are real
and varied in the region —4 < Cy < +4.

In Fig. 1 we present the dependence of the integrated branching ratio of the B — 171~y decay on the new
Wilson coefficients for the cut § = 0.01 imposed on the photon energy, without long distance effects. It clearly
follows from this figure that as the new Wilson coefficients Cr, Crr, Crr, Crrrr and Cgy gy increase from —4
to +4 branching ratio decreases. However, this behavior is reversed for the coefficients Cyp, Cgrr, Crrrr and
CRrLLR,1.e., when these coefficients increase from —4 to +4 branching ratio also increases accordingly. Exception
to these cases takes place for the coefficient C7r . In the region —4 < Crg < 0 branching ratio decreases and in
the region 0 < Crg < +4 it tends to increase.

Table 1
The numerical values of the Wilson coefficients at & ~ mp scale within the SM

fof) C, Cs Cs Cs Ce cst Co s

—0.248 1.107 0.011 —0.026 0.007 —0.031 —0.315 4.344 —4.6242
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Fig. 1. The dependence of the integrated branching ratio of the By — t7 7~y decay on the new Wilson coefficients for the cut § = 0.01
imposed on the photon energy, only for short distance effects.
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108 ——(B, —»+ 77177)
dx
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Fig. 2. The dependence of the differential branching ratio for the B; — T+ 1~y decay on the dimensionless variable x = 2Ey /mp at different
values of tensor interaction with coefficient Cr, without the long distance effects.

For the choice of the photon energy cut § = 0.02 all the previous arguments remain valid with only a slight
decrease in the value of the branching ratio.

From all present figures we observe that when all Wilson coefficients lie in the range —4 < Cx < —2, the
branching ratio is more sensitive to the existence of tensor Cr, scalar CLrrr, Crrrr and vector Crp type
interactions. On the other side, when Wilson coefficients lie in the region +2 < Cx < +4 the branching ratio
is more sensitive to the scalar type interaction with coefficients Crggr and Crrrr.

Photon energy distribution can also give useful information about new physics effects. For this purpose, in Fig. 2
we present the dependence of the differential branching ratio for the B — tTt~y decay on the dimensionless
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Fig. 3. The same as in Fig. 1, but for the By — ™~y decay.

variable x = 2E,, /m p at different values of tensor interaction with coefficient Cy. We observe from this figure that
when Cr < 0 then the related tensor interaction gives constructive contribution to the SM result, and when Cr > 0
the contribution is destructive. In other words measurement of the differential branching ratio can give essential
information about the sign of new Wilson coefficients.

Performing measurement at different photon energies can give information not only about magnitude but also
about the sign of the new Wilson coefficient interaction.

Note that the results presented in this work can easily be applied to the B, — ut ™y decay. For example, the
branching ratio for the By — uT "y decay at § = 0.01, without the long distance effects at Crg = Cr = 14 is
larger about 5 times, compared to that of the SM prediction of the branching ratio for the By — pu* 1t~y decay.
Additionally, the dependence of the branching ratio on the new Wilson coefficients is symmetric with respect to
the zero point (see Fig. 3). It should be stressed that by studying the Dalitz distribution dI"/d E\, d E1 at different
fixed values of the final lepton (or photon) energies we can get useful information not only about the magnitude of
the new Wilson coefficients but also about their sign.

In conclusion, using a general, model independent effective Hamiltonian, the By — 278~y decay is studied. It
has been shown that the branching ratio and photon energy distribution are very sensitive to the existence of new
physics beyond SM. We conclude that the radiative B; — £7£~y decay can be measured IB the B factories as
well as LHC-B experiments, in which 2 2 x 10'! B, mesons are expected to be produced per year.
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