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Can contributions to Bi— 1717y from the magnetic-penguin operator
with real photons in the standard model be neglected?
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Abstract: Using the Bs meson wave function extracted from non-leptonic Bs decays, we reevaluate the rare decays

Bs—171" v, (I=e,p) in the Standard Model, including two kinds of contributions from the magnetic-penguin operator
with virtual and real photons. We find that contributions to the exclusive decays from the magnetic-penguin operator

b — sy with real photons, which were regarded as negligible in the previous literature, are large and the branching

ratios Bs—1t17y are enhanced by a factor of almost 2. With the predicted branching ratios of the order of 1078, it

is expected that these radiative dileptonic decays will be detected in LHC-b and B factories in the near future.
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1 Introduction

The standard model (SM) of electroweak interactions
has been remarkably successful in describing physics be-
low the Fermi scale and is in good agreement with most
of the experimental data. Thanks to the efforts of the
B factories and the LHC, the exploration of quark-flavor
mixing is now entering an interesting new era. Mea-
surements of rare B mesons decays, such as B — X,vy,
B—-XJIfI"(I=e,u) and By — utp~, B, — 117y, are
likely to provide sensitive tests of the SM. These decays,
induced by flavor changing neutral currents that occur
in the SM only at loop level, play an important role in
testing higher order effects of the SM and in searching
for the physics beyond the SM [1, 2]. Nevertheless, these
processes are also important in determining the param-
eters of the SM and some hadronic parameters in QCD;
such as, the CKM matrix elements, the meson decay
constant fg,, and providing information on heavy meson
wave functions [3].

The rare radiative inclusive B decays B — X,y and
B — XJt17(1 = e,u), as well as the exclusive decay
B, — utu~, have been studied extensively at the lead-
ing logarithm order [4] and higher orders in the SM [5]
and various new physics models such as Supersymmetric
Models [6], Two-Higgs-Doublet Models [7] and Techni-
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color Models [8]. Indeed, B — X,y is very sensitive to
the Wilson coefficient of the magnetic-penguin opera-
tor O, and B — X 171~ depends on the Wilson coeffi-
cient of the quark-lepton operators Oy and O;, while
measurement of By — put ™ exerts stringent constraints
on the Wilson coefficient of O,y and scalar operators in
some new physics models. The first evidence of the de-
cay B, — utp~ was confirmed at the end of 2012 by
LHCb and the result is in good agreement with the Stan-
dard Model prediction [9]. Considering that there is non-
helicity suppression in Bq— u™u~y and that a branching
ratio as large as that of By— pu™u™ is expected, the mea-
surement for Bi—ptpu~y can, therefore, be expected as
one of the next physics goals at LHCb.

In previous work, predictions for the exclusive decays
B, — 1717y have been carried out using the light cone sum
rule [1, 2], the simple constituent quark model [10], and
the B meson distribution amplitude extracted from non-
leptonic B decays [11]. Long distance QCD effects de-
scribing the neutral vector-meson resonances ¢ and the
J/¥ family have received special attention in Refs. [12—
14]. At parton level, B, — 1717y decays have been
thought to be obtained from the decay b—slT17y, and
further, from b — sl™1~ directly. To achieve this, it is
necessary to attach a real photon to any charged internal
and external line in the Feynman diagrams of b—sl*1~,
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with two assumptions: i) contributions from the attach-
ment of the photon to any charged internal propagator
are regarded as strongly suppressed by a factor m? /m%,
and thus can be safely neglected [1, 2, 10, 11]; and, ii)
contributions from the attachment of the real photon
with a magnetic-penguin vertex to any charged external
lines are always neglected [1, 2] or stated to be negligibly
small [11].

We would like to point out that the conclusion of the
first statement is correct, but the explanation is not as
described [15]. Tt is easily understood that: 1) contribu-
tions from such diagrams with a WTW~yy vertex then
one photon into a lepton pair are not suppressed, and
2) one of two internal quarks in the effective vertex is
off-shell when applying an effective vertex of b—sy to
describe b—syy. Such off-shell effects are also not sup-
pressed. We have proven that two such non-suppressed
effects cancel each other exactly [15]. Therefore, we
can use the effective operators for on-shell quarks to
safely calculate the total short distance contributions of
B,— 1717y in the SM.

The second statement seems to be questionable, if the
pole of the propagator of the charged line to which the
photon is attached may enhance the decay rate greatly,
this means that some diagrams cannot be neglected in
the calculation. Since the weak radiative B-meson de-
cay is well known to be a sensitive probe of new physics,
it is essential to calculate the Standard Model value of
its branching ratio as precisely as possible. Although
the second contribution has been calculated in Ref. [12],
it has mainly concentrated on the long distance effects
from the meson resonances, whereas the short distance
contribution was incompletely analyzed. Note that only
the short-distance contribution can be reliably predicted
and is more important than the long-distance contribu-
tion from the resonances because the long-distance effect
is actually excluded by setting cuts in the experiments,
as is done by Belle in their measurement of the branching
ratio B—X.171~ .

In this paper, we will concentrate on the short dis-
tance contribution to By — 1717y and check whether
the contribution from the magnetic-penguin operator
with real photon to By — 1717 is negligible or not, and
give some remarks, including a comparison with other
works. This paper is organized as follows. In Section
2, we present a detailed calculation of the exclusive de-
cays B;—17177y, including the full contribution from the
magnetic-penguin operator with a real photon. Section 3
contains the numerical results and a comparison with
previous works. The conclusions are given in Section 4.

2 The calculation

In order to simplify the decay amplitude for By—

1717y, we have to utilize the B, meson wave function,
which is not known from first principals. So far, only the
model dependent B, meson wave function is available.
Fortunately, B, decays [16] have placed strict constraints
on the wave function. In this work we use the B, me-
son wave function extracted from non-leptonic B decays
(17, 18]:

oy, =TTV (i), 1)
where the distribution amplitude ¢p (z) can be ex-
pressed [19] as:

2 2
o @) =N a?(1-0esp (<) (2
2wy,

with x being the momentum fraction possessed by the s
quark in the By meson, and wy,_, being a parameter de-
termined by experimental data on B, hadronic decays in
the pQCD approach. The normalization constant Ng,
can be determined by comparing

1
(0|57 ysb|B.) = iNCJ dagp, (z)Tr [WYSW}
0 V6
4N, 1
= ——=ipp (z)dx
\/6 pBSJ'Od)Bb( )
with
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where N.=3 is the color number of the quarks and fg,
is the B, meson decay constant. Thus we have

e
| on.(@)aa= 522 (@

Let us start with the quark level processes b—sl™1™,
which are subject to the QCD corrected effective weak
Hamiltonian, obtained by integrating out heavy parti-
cles; that is, top quark, Higgs, and W*, Z bosons:

Heg (b—slt17)

emG 208
= _Oé F‘/tb‘/t*{ |:_772mb Ei()"'quPRb
q

+CM sy Pub

Z_YHZ—FOM)(E'YHPLZ)) Z_YpYSZ}; (5)

where P, g=(1FYVs)/2, ¢* is the dilepton invariant mass
squared. The QCD corrected Wilson coefficients CgfT,
Cs™ and C4 at p=m,, scale can be found in Ref. [20].
If an additional photon line is attached to any of the
charged lines in the diagrams contributing to the Hamil-
tonian above, we will have the radiative leptonic decays
b—slT17y. Therefore, there are two kinds of diagrams:
a photon connecting to the internal propagators, and a
photon connecting to the external line. As addressed in
the introduction, the contribution from the first kind of
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Fig. 1. Feynman diagrams for Bq—1"1"y (q=d,s)
in the SM. The black dot in (a), (¢) and (e), (f)
stands for the magnetic-penguin operator O7 with
virtual and real photons, respectively, and the
black dot in (b), (d), (g) and (f) denotes oper-
ators Og and Oqo.

diagram can be safely neglected. We will, therefore, only
consider the second category of diagrams, which are dis-
played in Fig. 1.

At first, we recalculate the diagrams (a)—(d) in Fig. 1
with a photon emitted from the external quark lines b or
s, using the B, meson wave function extracted from non-
leptonic B, decays. Note that these diagrams have al-
ready been studied in previous literature and are consid-
ered as giving the dominant contribution to B, —1717y.
At the parton level, the amplitudes for the transition
b—sl*tl™y can be calculated directly from the Hamilto-
nian of b—sl*1™ in (5). For example, the contribution
from the magnetic-penguin operator with a virtual pho-

ton, as shown in Fig. 1 (a), reads:

(0% GF my
k . em f
Aguar = _leed—‘/tb‘/t:?cg

V2o

« (5 {Qm%ﬂyw&] b) [vad]. (6)

where py, ., k denotes the momentum of quarks and pho-
ton, respectively; ¢* is the vector polarization of photon;
and, eq=—1/3 is electric charge number of the external
quarks. In deriving the above equation, we have used
the motion equation for quarks and ¢*ly,l=0.

Using the B, meson wave function in (1) and (6), we
write the amplitude of Bi—1*t17y at the meson level as:

1 J'1 . (2)
pe.k)y 2
X [kuge*—elk-q—i€uape™ kq"] [Iy*1], (7)

mym
A, = “2AG—22C5"
q

where x, y=1—x are the momentum fractions shared by
s, b quarks in the B,. By doing a similar calculation for
diagrams (b)-(d), and taking G=a2/2GyV;, V.5 /V/3, the
decay amplitude is then obtained as:

. 1 . o By
Avtbrerd = —1G@{ [Clleam,,pBSg Bl
+Cop} (g5 k,—kyep)] v
+CIO I:C+i€aﬁpupgseﬂ*ku
+C—pEs(eﬁku—kus’;)JTv“vsl}. 8)

The form factors in Eq. (8) are found to be:

MpEMB,
a_c4qﬂ2b&qﬂ,

q2
Gy = G0 2=y, (9)
where

1
Co=| (323 ) on.(olar (10)

o\T Y
The expression in (8) is comparable with the amplitude
obtained in Ref. [11], except for the coefficient Cy, which
is very important for the numerical results. Additionally,
Ref. [11] has no factor 1/(pg, k).

Now we will focus attention on calculating the contri-
butions from diagrams (e) and (f) in Fig. 1, which have
been neglected in other works. In these two diagrams,
the photon of the magnetic-penguin operator is real, thus
its contribution to By—1717y is different from that of the
magnetic-penguin operator with a virtual photon in di-
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agrams (a) and (c¢). We get the amplitude:

Lz,

mpm
Apyy = 42(;0;“%% 7

X [kuq-s*—e;k-q—iewaﬂa*”kaqﬁ] [l_y”l} , (11)
with coefficients C',. obtained by the substitution:

C, =C,(r—T=x—2—1¢ y—y=y—2—1ie)

! 1 1
= NBSJ dx ( —+ N )
0 r—z—ie l1—x—z2—ie

2 2 mE,
xx?(1—x)’exp [— SN ], (12)
2wi

2
where z=

. and the first and second term in (11)
B,

denote the contributions from diagrams (e) and (f), re-
spectively. Note that the contribution from diagram (a)
is much larger than (c) since mp, > wp, (see next sec-
tion), which is very easily understood in the simple con-
stituent quark model [10]; that is, ¢g_ () =8(x—m./msz,).
However, the contributions from diagrams (e) and (f) are
comparable. Furthermore, the pole in C', corresponds to
the pole of the quark propagator when it is connected by
the off-shell photon propagator. Thus, the C'; term may
enhance the decay rate of B, — 1717y and its analytic
expression reads

_ e
T, = 2N miz?(1—2)%exp {_ B, 22}

2
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2 2 B, 2
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1 4
ez 1-=—z ] "
x x
1\’ m% 1
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><< w) eXp{ 2w%sw2] (12

For the contributions from Fig. 1(g) and (h), where
the photon is attached to the external lepton lines, con-
sider the fact that: (i) being a pseudoscalar meson, the
B, meson can only decay through axial currents, so the

magnetic penguin operator O; ’s contribution vanishes;
(ii) the contribution from operators Oy, Oy has the he-
licity suppression factor m;/mg,. So, for light lepton
(electrons and muons), we can safely neglect their con-
tribution.

The total matrix element for the decay B, —1T17y is
obtained as a sum of the amplitudes A, p4.+q and A, ;.
After summing over the spins of leptons and polariza-
tions of the photon, and then performing phase space
integration over one of the two Dalitz variables, we get
the differential decay width versus the photon energy F,,

dIr  o*Gy
dE, 727t

|thVt: |2(mBs _2EY)EY

< [[CLP+H G+ CR (ICs PHC- )] (14)

The coefficients C; (i =1,2) can be obtained from the
transformation:

2. DB E e (15)

61201 2
q PBy 4

3 Results and discussions

The decay branching ratios can be easily obtained
by integrating over the photon energy. In our numerical
calculations, we use the following parameters [21]:

1 5
Oécm:m, GF:1166X1070 GeVﬁz, mb:42 GeV,

|Vin|=0.999, |Vi |=0.04, |V;4|=0.0084
mp,=b5.37 GeV, wg,=0.5,
f8.=0.24 GeV, 15, =1.47x10""%s.
mpgo =5.28 GeV, wp, =04,
f8,=0.19 GeV, 75, =1.53x10""s.

The ratios of B, — 1717y with and without the contri-
bution from the magnetic-penguin operator with a real
photon are shown in Table 1, together with results of
Bas— "1™y from this work and other models for com-
parison. The errors shown in Table 1 come from the
heavy meson wave function, obtained by varying the pa-
rameter wg, =0.440.1, and wg, =0.5£0.1 [11]. Note that,
the predicted branching ratios include errors from many
parameters, such as the meson decay constant, meson
and quark masses etc.

Table 1. Comparison of branching ratios with other model calculations.
b » ) 9 our results quark model light cone
ranching ratios (x1077%) G Fig. 1(e), (1) including Fig. 1(e), (f) Ref. [11] Ref. [10] Ref. [1]
Bs—1tly 5161242 10.27541 1.90 6.20 2.35
B -1ty 0.21%5: 4% 0.401528 0.08 0.82 0.15

*Our expression for the amplitude of diagrams (a) and (b) is different from that in Ref. [11]
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Table 2.
To(q?)q" (g5 kv —kuey)] at ¢*=0.

The form factor values for the matrix elemental (y(k,e)|Q|Bs(q+k)) = e/ms.[T1(q?)icapuq®e k" +

form factor values

operator Q

excluding Fig. 1(e), (f)

including Fig. 1(e), (f)

Q=5y.(1—y5)b T1(0)=0.077

T»(0)=0.060

T1(0)=0.077 T»(0)=0.060

Q=50uvg" (1+v5)b/ms,

Ty (0)=T2(0)=0.077

Ty (0)=T2(0)=0.173

Also note that, in order to compare our result with
previous works, we set a cut off for the photon (for in-
stance, EY; =50 MeV in Ref. [12]), which cannot be
measured by experiments, and we then redid the calcu-
lation. We find that the branching ratio is not sensitive
to the cut off.

A couple of remarks follow on the B, rare exclusive
radiative decays:

1) As pointed out in Ref. [3, 11], the branching ratios
are proportional to the square of the heavy meson wave
function, so the radiative leptonic decays are very sen-
sitive probes for extracting the heavy meson wave func-
tions.

2) The contribution to the exclusive decay from the
magnetic-penguin operator with real photons is large,
and the branching ratio of B;— 17177y is enhanced by a
factor of almost 2 compared with when the only contri-
bution is from the magnetic-penguin operator with vir-
tual photons. This increases the expected branching ra-
tio to nearly up to 1078, implying that the search for
B,—1%17y can be achieved in near future.

3) Due to the large contributions from the magnetic-
penguin operator with real photons, the form factors for
the matrix elements (y|sy*(14y5)b|B,) and (y|30,, (1+
v5)q”b|B,) as a function of dilepton mass squared ¢
are not as simple as 1/(¢>—¢?2)?, where ¢2 is constant
[22]. The B,—y transition form factors predicted in this
work also have some differences from those in Ref. [12—-
14]. For instance, Ref. [13] predicted that the form fac-
tors Frv(¢?,0), Fra(¢?,0) induced by tensor and pseu-
dotensor currents with emission of the virtual photon,
as shown in diagrams (a) and (c) of Fig. 1, are only
equal at maximum photon energy, whereas the corre-
sponding formulae in this work have the same expression

me. Cv x1/(¢*—¢2) in Eq. (8). Note that with the

as
pe. 'k /6
inclusion of the contribution of more diagrams, the form

factor for operator O; from mg, C, /v/6ps_-k changes to
mg,C 4 /V6ps,k, so that the form factors are larger than
previous works. A comparison of the form factor values
at ¢?=0 is displayed in Table 2. Further, since the val-
ues of C¢™ and C2® have opposite signs, including the
contributions from new diagrams enhances the branch-
ing ratio of B, — 1T17y. More research on B, — 1717y
may give some hints on these form factors.

At this stage, we think that it is necessary to present
a few more comments about the calculation given in

Ref. [12]. In order to estimate the contribution from
emission of the real photon from the magnetic-penguin
operator, the authors of Ref. [12] calculated the form
factors Fra tv(0,¢%) by including the short distance con-
tribution in the limit ¢ —0 and additional long distance
contributions from the resonances of vector mesons, such
as p°, w for By decay and ¢ for B, decay. Obvi-
ously, this means that the short-distance contributions
were not appropriately taken into account. Moreover, if
Fra tv(0,¢*)=Fra vv(0,0) stands for the short distance
contribution, it seems to be double counting since in this
case the photons that are emitted from the magnetic-
penguin vertex and those that are emitted directly from
the quark lines are not distinguishable. We also note
that the contributions from weak-annihilation diagrams
due to the four-quark operators should be taken into ac-
count. The authors of Ref. [12] considered such contri-
butions by taking into account u and ¢ quarks in the loop
from the axial anomaly, which is also in the long-distance
calculation. They concluded that the anomalous contri-
bution is suppressed because of the power of the heavy
quark mass compared to other contributions. We be-
lieve that only considering the anomalous contribution
from the weak annihilation is not sufficient. A detailed
evaluation of the short-distance contributions from the
weak-annihilation diagrams will appear in our following
work.

4 Conclusion

Using the B, meson wave function extracted from
non-leptonic B, decays, we evaluated the rare decays
B, — yIT1™ in the SM, including two kinds of contri-
butions from the magnetic-penguin operator with vir-
tual and real photons. In contrast to previous works, we
found that the contribution to the decays from magnetic-
penguin operators with real photons is large, leading to
the branching ratios B;—1717y being enhanced by a fac-
tor of almost 2. In the current early phase of the LHC
era, the exclusive modes with muons in the final states
are among the most promising decays for measuring this.
Although there are some theoretical challenges in the cal-
culation of the hadronic form factors and non-factorable
corrections, with the predicted branching ratios of the or-
der of 1078, and B,—u*u~ already measured by LHCb
[9], Bi—1"17y can be expected as the next goal. As one
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of the main backgrounds in measuring B, — u™u=, pre-
dicting the value of Bi— uT =y as precisely as possible
is also important. So far, the LHCb collaboration have
only adopted the theoretical result in Ref. [12] to es-
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