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Strange quark mass effect in B, — yy, y¢¢ decays
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In this paper we investigate the next-to-leading power contribution to the B, — yy and B, — y£# decays
from the strange quark mass effect with the dispersion approach which is QCD inspired and more
predictive. We present the analytic expression of the quark mass contribution in the B, — yy and B; — y£¢
decays, together with a new term that is missed in the previous study. We also evaluate the resolved photon
contribution from the A-type amplitude in B, — yZZ decay. The numerical results of the strange quark
mass contribution to the B, — yy decay is about 6% relative to the total branching ratio, while it is relatively
small in the B, — y£¢ decay due to the large resonance contribution.
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I. INTRODUCTION

The double radiative decay B, — yy and radiative leptonic
decay B, — y¢ are of great importance to the determination
of the parameters of the light cone distribution amplitudes
(LCDA) of B, meson, which is the fundamental nonpertur-
bative input in the study on the B, meson decays. They are
also sensitive to the new physics effect since they are induced
by the flavor-changing neutral-current processes [1,2], and
the latter also serves as an important background of the
leptonic decay B, — £¢~. Relatively little attention has
been paid to these modes due to their small branching ratios,
while the current machines with high luminosity such as
LHC and SuperKEKB have the capability to detect these
decays [3]. The experimental progresses on these decay
modes raise the necessity of more precisely theoretical
predictions, which have been improved in several aspects.

A comprehensive study on the B, — yy decays is
presented in [4], where both leading-power contributions
and power-suppressed contributions to the decay amplitude
have been analyzed in detail. The leading power amplitude
of B,, — yy can be factorized into the convolution of
the effective Wilson coefficients, the jet function and the
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leading-twist LCDA of B,; meson [5], where both the
effective Wilson coefficients and the jet function have been
provided up to two-loop order in QCD [6,7], and the next-
to-leading logarithm resummation has been performed
within the framework of soft-collinear effective theory
[8,9]. Various subleading power contributions have also
been investigated, including the power-suppressed local
contribution, the power suppressed nonlocal contribution
from the hard-collinear propagator, the power suppressed
term in the heavy quark expansion, the contribution from
high twist LCDAs of B meson, the strange quark mass
effects and resolved photon contribution. Some power-
suppressed contributions are proved to be factorizable, such
as the nonlocal contributions from the hard-collinear
propagator, from the heavy quark expansion, and from
the high twist LCDAs, while the factorization theorem
cannot be applied to the strange quark mass contribution
due to the emergence of endpoint singularity.

As endpoint singularity appears in the convolution
between the jet function and leading-twsit LCDA of B
meson in the contribution from the strange quark mass
term in B; — yy decay, it is a tough task to predict this
contribute with high credibility. A parametrization method
is employed in [4], which is model dependent with sizable
theoretical uncertainty. In this paper we will adopt an
alternative method with better predictive power, which is
called dispersion approach in the literature. This approach
has been widely used in the evaluation of the power
suppressed contribution in the exclusive processes such
as y'y —» w, B - yut et al. to estimate the contribution
from the resolved photon effect [10—15], and the results are
consistent with the prediction from employing the photon
LCDAs [16-22]. The basic idea of the dispersion method is
to take the photon momentum (from the QED vertex) off
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shell and replace the endpoint region of the convolution
between the jet function and the LCDA of B; meson with
hadronic representation of the correlation functions below
the effective continuum threshold, and take the g> = 0 limit
after the replacement. The power suppressed resolved
photon contribution to the helicity form factors of B, — yy
decay is obtained through the difference between the
hadronic representation with isolated vector meson state
and the endpoint region of the factorization formula of the
correlation function at leading power [4]. After including
the strange quark mass contribution to the correlation
function, we can reach the contribution from the resolved
photon and the strange quark mass, respectively.

The B, , — y£¢ decays in the kinematic region of large
photon energy was intensively analyzed with QCD factori-
zation techniques recently [23], which constructs a systematic
expansion in inverse powers of large photon energy
and heavy quark mass. The leading-power contribution has
been split into the A-type amplitude A A-type (Which accounts
for the finial-state photon emit from the constituents of B
meson) and the B-type amplitude .,ZlB_type (where the on shell
photon is emitted directly from the dipole operators). The
next-to-leading power (NLP) corrections to the amplitudes
due to local and nonlocal A-type and B-type operators in the
soft-collinear effective theory, as well as the local four-quark
contributions, are also considered. The numerical calculation
indicates that the NLP contribution can give rise to about
20%—30% correction to the branching ratios of the decay
channels [23]. Compared with the large resonant amplitude,
the strange quark mass effect can be safely neglected from the
B-type amplitude. Both the resolve photon contribution and
strange quark mass effect from the A-type amplitude have not
been investigated in the B, — y#7 decays, and we will fill this
gap with a similar method as that in the B, — yy decay.

This article is organized as follows: In the next section
we will review leading power and NLP contribution to
the B, — yy and B, — y/¢ decays. In Sec. III we will take
advantage of the dispersion approach to evaluate the NLP
contribution from the quark mass term in the B; — yy and
B, — y¢¢ decays. The numerical result is given in Sec. IV.
A summary is presented in the last section.

II. THE AMPLITUDES OF B, — yy
AND B, — y¢£Z DECAYS

In order to express the decay amplitudes of the B, — yy
and B, — y£¢ decays, we start with the effective weak
Hamiltonian where the unitarity of the CKM matrix has
been employed

4G 2
M= S V¥, [Z PP ()
2 p=u,. i=1

8 10
+Zci(V)Pi(V)+%ZC,-(I/)P,-(U)} +H.c. (1)
i=3 i=9

where the P<1p 2) are four-quark tree operators and the P5 ¢ are
four quark QCD-penguin operators. The specific form of
these operators and the corresponding Wilson coefficients
C; can be found in [4]. P; is the electromagnetic penguin
operator which leads to b — sy transition at leading order
in a;. Pg is the chromomagnetic penguin operator, and
Py 1 are semileptonic operators for b — g£¢ transitions.
These four effective operators are listed as

gemmb<y) - v
Py =- 1672 (SLGﬂ bR)F/wv
gsmh(y) = va a
8§ — — 1622 (sLG” r bR)G/,tw

Py = ~[57#P.b][¢y,7),
Pyg = =[5y"PLb][£y,757),
Py = (1 —}’5)/2’ (2)

where im,(v) is the b-quark mass in the MS scheme
and the convention of the covariant derivative are the same
with [4]. The amplitudes of B, — yy and B, — y£¢ decays
can be written by the matrix elements of the effective
Hamiltonian, i.e.,

A(Bs —> 77) = - 7(k7 6?)7(‘]’ €;)|Hcff‘és(k + Q)>7
A(Bs - 7”/&'/2) = —(r(k, 6*)f(pf)2(P2)|Heff|
x By(k+ ps + pz))- (3)

o~ o~

In the following, we quote the detailed expression of the
decay amplitudes of B, — yy and B, — y/¢ processes
which are obtained in [4,23] so that we can get the full
amplitude after obtaining the contribution from the
strange quark mass. For the B; — yy decays, the amplitude
including the power-suppressed contributions takes the
form,

A/ D G Qem *, *U . y
A(B, — yy) = —i— =" m3}, e} (p)es (q)(gm — iem) Ay

V2r

— (g + ieg) Ag), (4)

where €}* and €3 stand for the polarization vector of the
two outgoing photons. The shorthand notations gf;l, and elj
are defined as

=g - Myploy Moyl
w I 2 2
&L =1£ ot = e, n 0" (5)
w = 2 pvpt 41— — Cppprtty Uy

where the convention &y,3 = —1 has been adopted. The

light cone vectors n,,n_ have been introduced, which
satisfy n2 =0, n2 =0 and n, - n_ = 2. The amplitudes

094038-2



STRANGE QUARK MASS EFFECT IN B, — 7, y£Z...

PHYS. REV. D 106, 094038 (2022)

A, and Ay are classified according to the polarization of the final state photons. The manifest expressions of .4, and A

can be derived in the following

8
.leL — Z Vpr;‘,SZCi |:FS,pL)L
i=1

p=u.

8
-'_4R = z vpbv;gs ch |:F§};€)L
=1

p=u.c

p 4 Fl(‘/zL),fac.NLP i F(p),soft,NLP}’

i,L

P n FE’pR),fac,NLP + Fl(_’pR),soft,NLP}, ( 6)

where the three terms in the square bracket denote the leading power contribution, the factorizable NLP contribution and the
power suppressed soft contribution, respectively. The factorizable NLP contribution collects various subleading power

contributions, which is written as

m, NLP

=

=

8 ~
CiFgﬁ.tac.NLP _ % [Fga),WA + FE\p).WA:|'

s

From the above equation we can see that only the contribution
from weak annihilation mechanism, which is induced by the
four-quark operators can give rise to the amplitude with right-
handed polarized photon, since the other contributions
induced by electromagnetic penguin operator are left handed
in nature. All the amplitudes in (7) have been derived in [4]
|

Qem GF

V2r

A(B, — y£?) = ie

where V and A refer to the vector and axial-vector chirality
structure of the lepton currents, respectively. The helicity
amplitudes are given by

9
Ay = Z Vb Vps Z C,'F;(;),
p=u,c i=1

y » 10

AhA = Z VprpsCIOFE, )7h =L,R, (9)

p=u.c

where the helicity form factors F gf) contain both the leading
power contribution and NLP contributions with the s§
resonance, which can be expressed by

FY = FY o NP L 02, a2, 2%, (10)

where A = Agep/E, and the specific expression for these
form factors have been given in [23]. In this paper the
nonvanishing quark mass contributions are denoted by
04 pB) (9.10) . L

mi s g and F, 57 in order to distinguish the con-

tribution with the photon emission from P or Py 1, and the

A

8
C; FEQ),fac,NLP = e { Fl;f:iNLP + FNT F;{ZL,NLP I F¥{,NLP I F%NLP} 4 :;_B { fg/p).WA _ f(p).WA}’
=1

B

s

(7)

with great detail. For B, — yy decays, the nonvanishing
strange quark mass leads to the term F ;”’}“'NLP, which will be
specifically investigated in the next section.

For the B, — y/¢ decays, the decay amplitude can be
parametrized as

Ee;l(d) - i) (Apylity,v] + Apality,ysv)) = (g7 + ie!) (Agyliiy,v] + Agaliy,rsv])]. (8)

|
subscript 4 = L or R according to the helicity. In addition,
we use we F gﬁ)h and F 22}:,(1? to denote the contribution from
the resolved photon.

III. THE CONTRIBUTION FROM THE QUARK
MASS TERM WITH DISPERSION APPROACH

Before constructing the theoretical framework to evalu-
ate the contribution from the quark mass term, we show
explicitly the mass term in the hard-collinear quark
propagator (see Fig. 1) as

k_ l+ m
(k=1)> —m? +i0
_ S |
n kn_(k—1)4+i0 n kn_(k—1)+i0

mg A%)CD
. @ , 11
+n+kn_(k—l)+i0+ ( m; (1)

where / and k denote the momentum of the light strange
quark inside the B; meson and the momentum of the
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FIG. 1.
two gauge bosons are not presented.

photon from the QED vertex respectively, and we have
employed the on shell condition /> = m? in the above
equation. In the light cone coordinate system, a momentum
a* can be written as a= (n_-a/2,n,-a/2,a ). According
to our power counting rule, the soft momentum scales
as [ ~my(4,4,4), and collinear momentum scales as
k ~my (42, 1,2). As a result, the leading-power term which
is given in the first line of Eq. (11) scales as 1/(Am,;). We
assume the strange quark mass m, ~ Am,,, then the second
term in the second line of Eq. (11) is at subleading power,
similar to the first term which has been extensively studied
in [4]. A straightforward calculation of the second term at
tree level leads to the following expression

v(k)

The leading-order Feynman diagram of B, — yy and B, — y£¢ decay, where the other two diagrams due to the exchange of

T;TE{;I;ILP = =[iQm,(v)mfp mp | [gi_ﬂ - isé/}]
% / ® de, (12)
0 w

where the endpoint singularity appear, since the LCDA
¢5(w,u) does not vanish when @ — 0. In the following
we evaluate the mass term contribution to the B, — yy
and B, — y£¢ decays with the dispersion approach.

A. The contribution from the quark mass term
in B, — yy

We start from the correlation function

5 (k. q) = 21, (v) / d*xe™ (0| T{j5(x). [50™ q,Prb](0)}|B;(k + q))li2<o + [k <> q.v <> u]. (13)

where k is the momentum of the interpolation electromag-
netic current j5 = Q[5y*s]. It is regarded to be a hard-
collinear mode, i.e., |k*| ~m,A and k* < 0, so that the
correlation function can be calculated using a perturbation
approach. This correlation function is induced by the
electromagnetic penguin operator which gives rise to
the left-handed amplitude, therefore it takes the following
form

T8 = i(d! —ie")m,Qmp F.
F7 = Frip + Fi\p + FSTe. (14)
where the scalar correlation function can be expressed

as the factorization form after a calculation on the
partonic level

Frpp = i]l(mb’ﬂhvﬂ)ﬁz(mb’ﬂhvﬂ)[(_l(mbvﬂh)C(TITO)fBX
© ¢p(@) -
k 9 d 9 15
X | a)—n_k](n_ o, f)dw (15)

‘mpg ni k

mg n—Q) *© ¢E(w) do. (16)
0 @W—n_

F;n,f\ILP——<fB

The leading power factorization formula (15) has been
derived in [4]. The n_k in the denominator of formula (16)
regularize the endpoint singularity, at the cost of the
nonphysical off shellness of the photon. The on shell limit
is to be taken after removing the singularity, then the on shell
condition will be recovered and the correlation function turns
to the physical matrix element. FS%, denotes the power
suppressed terms other than the strange quark mass con-
tribution, and it reduces to FYSN" when the photon
momentum is taken to be on shell. The difference between
Foter, and FYSN s further suppressed by the small
parameter A compared with the resolved photon contribution
relative to the leading power contribution, and it will be
neglected. The correlation function will be also expressed in
terms of hadronic parameters after inserting the complete set
of hadronic states and isolate the ground state contribution.
The hadronic form factors relevant to the B — V transitions
induced by the tensor current are defined as
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(0g7,q|V (k. €)) = iay!’ fymye,(k),
(V(k.€)]G0,,q"blB,(k+ ) = 20\ T\ (6*)epoe™ ()R,
(V(k.€*)|gic,,rsq"bIB,(k + q)) = a\f T5(q)[(m} — m})e, (k) = (€7 q) 2k + q),]

2

* q

TP )=y k), | (17)
B 14

where the flavor factor ag,q ) comes from the quark structure of the vector mesons, and in this work a

The hadronic representation of the correlation functions then reads,

() — 1 will be employed.

had ( ./
suv . _ 5 Q,fymy [nik 2 2 L [e 14 (w>
" =i(d) - le’f)mmea{m {m—Ble(q )+ T2(q°) +;L\- dwlm . (18)
Accordingly, the scalar correlation function F; at the hadronic level is written by
= = = k 1 [e Phaa(@')
Foup + Py + Foter, = Ly (mekp oy p ] 4L / daf R0 19
7’LP + 7,NLP + 7.NLP m%/ _ k2 mBs l(q ) + Z(q ) + o o, @ (l)/ _ n_k _ lO ( )

Matching the two different representations of the correlation functions with the parton-hadron duality; namely, equalizing
the dispersion integral in the QCD expression and the hadronic expression of the correlation function above the threshold,
and performing the Borel transformation with respect to the variable n_k, we obtain the sum rules for the form factors relative
in QCD,

n.k n.k 1 Wy m2 —-n kw/ . o 3
mL&Tl(qz) +T1(q%) = fVJ’F” s A exp(VmT;> (Img, F7 1p + Imyy 7'y p + Iy F§p)do.— (20)

The procedure of evaluation of the above form factors is actually the B-meson light cone sum rules [24,25], which has
been used to calculate various heavy-to-light transition form factors [26-31]. With the specific expression of the term
%:Tl(qz) + T,(g?) in hand, we substitute Eq. (20) into Eq. (19), replace the continuum states contribution by the QCD

result above the threshold in (19), and take the limit n_k — 0, and the scalar correlation function F' - turns to the physical
amplitude F,

1 [eTIm,Fqpp 1 [ooIm, FI%T, 1 fo [n,k m? —n. ka' 1 y
F7:—A — A+ | —oxp| = | —— | Tm, Fyp

r ) r my nykawy

1 [osn k m} —n_ ko' -m 1 feoImy, Fip

L nyK VT Mim E o d _ — T do, 21
+”A e exp( 0 Koy My 7 NLp w+ﬂ/w,. o @ (21)

where the first line corresponds to the leading-power contribution and the factorizable NLP contribution F* §‘j§-NLP in [4], and the

second line is identical to resolved photon contribution. Consequently, we can organize the NLP quark mass corrections to the
form factors of B; — yy as the last line. Inserting the specific expression of the imaginary part of F ;’ff\mp, we arrive at the final
expression of the strange mass term with the dispersion approach as

_ 2 / —(
mymg (mg  [o my — nmpg @ ®
Flup = _%st _st/ exp ¢ BT $5()de + / de/ . (22)
, 0 mB‘_a)M o} w

mg. my,

where we used n, k = n_q = mg_and my = my, and the threshold parameter and Borel parameter

AL 2 A2
= o) g o) -

mg. n .k mg

Noted here, the well-known hierarchy structure of weak interaction also clearly emerges in quark mass corrections.
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B. The contribution of the quark mass term in B, — y¢¢

The subleading power contribution to the B, — y£# decays from the strange quark mass effect as well as the resolved
photon contribution is not considered in [23], we formally work out the factorization formula of quark mass contribution
first. Following [23], we divide the correlation functions relevant to this process into A-type and B-type, which take the
following form respectively

i = [ et OT{Q.[575)(x). arPub) O} E). i=9.10

21 _
=2 [ et T, 5] 0. [aio*a, bl 0)) B,)

T’7‘2=2qﬂ dxe(O[T{Q, [57"5](x). [gic*k P xb] (0)}|B,). (24)

After contraction of the strange quark field, it is straightforward to isolate the quark mass term and obtain the related
factorization formula directly

gvlgnyi(dj_ J_V) szmB mg / 473 d +(£/i+ ,w)QmeB myg 4’3

n k n+k
- 2imy, O, f 5. mBn Q. fp,mpn-q my 2mefB mp n.q my 3 ()
Tﬂzx,m\ - _ e/w b 17 d )
7A (¢) —id)")—~ 7 — (¢ +ie))—~ 74 k)o@ ®
. 2imy, O km
Tﬂgms — (dl eﬂl/) mb fB Z+ m (CU) (25)
q* 0o w— n+q

From the above equations, it is obvious that there is no endpoint singularity in the B-type contribution for the existence of
n. q in the denominator, and no endpoint singularity in the right-handed amplitudes since they are proportional to the first
inverse moment 1/4; . While for the other amplitudes, the endpoint singularity arises due to the endpoint behavior of the
LCDAs of the B-meson. Following the same procedure with B, — yy decay, we start from the correlation function in which
the momentum related to the electromagnetic current is taken to be off mass shell, then the endpoint singularity is
regularized. For the convolution with the integration variable below the threshold parameter, we express the correlation
functions with the help of hadronic form factors

v, vm Lo stVmeB\.
[Tl;ALP + TI;A S] <o, — A (di - le’i ) _2b 2 2 [n+kT1 (q2> + mBSTZ(qZ)]’
2 q- my—k
v, v,my 1 v . v f m Qs
755" + T550"] 2 (0 —iel) S [ kY () + mp A ()] (26)
%

In the above equation we do not include the other power suppressed contribution since they are irrelevant to the extraction of
the quark mass contribution and the resolve photon effect corresponding to the lead power amplitude. The B — V form
factors induced by the vector and axial vector current are defined by

2idy!’V(q?)

V(k.€*)|gGy,b|B(k = o€ kPG
(V(k.€*)|gr,b|B(k + q)) wiy oy S K
o _ 2mye* - q ., €-q
(V(k.€)[arrsblB(k + ) = = 4,0/ Ao(q?) + (mg +my) [ - 7%] aif'Ai(q)
* 2 2
€ q mp —my (9) 2
-7 |k — BTV Ay (). 27
p——— [( +4), 7 qﬂ}av 2(¢%) (27)

Similar to Eq. (20) the LCSR of the form factors V(g?) and A;(g?) can be obtained using the dispersion integral of the scalar
functions which are defined through the Lorentz decomposition of the correlation functions in Eq. (24) as follows:

T (k.q) = E, [g’i(F(L FR) ie" (FL +F§Q)} (28)

094038-6



STRANGE QUARK MASS EFFECT IN B, — 7, y£Z...

PHYS. REV. D 106, 094038 (2022)

Inserting the LCSR of the form factors V(q?), A;(q?),

-(q ) into the correlation function (24), we arrive at the final

expressions of the power-suppressed resolved photon contribution F’ goﬂ ; » the quark mass dependent amplitudes F m.L» and

the explicit expression reads

2 /
©.10) _ 95,5, / o (2E, (my=2E,0\ 17 )
FOIO _ 258 T8, rexp( =217 _ da,
soft,L iE, A m; exp > Ewa p ¢ (0)dw
_ 2
(7A) Zmb QSstme / 2E (/) 2E ' 1 NPy ,
F. = — < | —— do',
soft,L q2 4Ey A mé eXp °E o P ¢B (60) 0]
s s @y 2E ZE w
Fﬁ,?’Llo) = ¢ fB:szxm {/ do' —exP( > B / ¢B da) }
’ 8L, 0 m? ¢ 2E,wy
2y, Qs fp.my ms ( fo, 2E —2E,0
F EZ/}‘) =— —n;b 7Q‘ /5, 233 : / do' —2}/ exp / ¢B dw (29)
' q 8E; 0 ny, 2E oy

The other amplitudes are factorizable, and we present the
factorization formula as follows:

7B 2ﬁ'lb QSfB mg o ¢_( )
Fﬁn,L) === 32 dw,
q w—q-/mg
F(9,10) . Q,fp,mp m / ¢B
mR T 2
8E?2
P4 _ 2my, Qg fp,mp, (mBl\ —2E,)m /00 o} () i
mR = T3 2 @,
q 8E, 0 0}
FZ,fR =0, (30)

The helicity amplitudes corresponding to the resolved
photon contribution and the strange quark effects are then
given by

9
anc Fsoft h ™ CeffFio 1)h + CgffFiozt,h h=L,R,

i=

|
IV. NUMERICAL ANALYSIS

In this section we will evaluate the numerical results of
the quark mass contribution to the B, — yy and B, — y£¢
decays and the resolved photon contribution to B, — y£7¢
decay. We firstly discuss the nonperturbative hadronic
inputs entering the factorized expressions of the helicity
amplitudes. The leptonic decay constant of the B, meson is
taken from the average values of Lattice simulation [32].
The two-particle B; meson distribution amplitudes in
HQET serve as the fundamental ingredients in the factori-
zation formulas and the expression of the amplitudes from
the dispersion approach. Following [14] we will introduce
the general three-parameter ansatz for the leading-twist
LCDA ¢} (@. o)

b5 (@.p0) = / ® A5y wsdy () (5. o).

N (s, 1o) = 1 F1(o f; —sag), (32)

where J;(x) is the Bessel function, and |F(a,f;x) is a

eff (7B) eff (9) _
;”’C F’" =G (Fm n F ) HCF, ) h=L.R. hypergeometric function. It is useful to define the first
a inverse moment and the inverse-logarithmic moments of
(31) the leading-twist B,-meson LCDA
g 5

TABLE I. Input parameters in the numerical calculations.
Parameter Value Ref. Parameter Value Ref.
mg, 5.36688 GeV [38] mg 1.01946 GeV [38]
£8,In, <2141 230.3 MeV [39] i, (4.8 GeV) 4.101 GeV [38]
my(2 GeV) 92.9 £ 0.7 MeV [38] A, 0.40 £0.15 GeV [23]
agS) (my) 0.1188 £ 0.0017 [38] g, (1.527 £0.011) ps [38]
(65 (o). 85 (1) } {0.0+0.7,0.0 £ 6.0} [23] {M3, 55} {1.940.5,1.6 £0.1} GeV? [30]
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FIG. 2. The leading power and various NLP amplitudes in B, — yy decays as a function of Ag,. Except for the strange quark mass

contribution, the other amplitudes are from Ref. [4].

A5 (n) = Am dw‘f’g(;‘)””)

(33)

The shape parameter A and the associated inverse-

logarithmic moments &',

y, a, # with the following identities

are related to the parameters

85;'3(#0) =y(p-1)-yla-1) +ln<z: i)
2
5 (0) = 6 (o) + W@ 1) =y (g 1) + 7
(34)

so that the parameter a, 3, @, can be determined through
Ap, and &}
not been satisfactorily constrained albeit that distinct
techniques and strategies has been employed to inves-
tigate this parameter since it is defined by a nonlocal
operator [13,14,18,26,28,33-37]. Consequently, we will
vary the input value of g in the conservative interval
as presented in Table I. For the associated inverse-

logarithmic moments 81(3"), we adopt the same values

as [4]. The two-particle twist-3 LCDAs of B;-meson are
also of great importance in our calculation, we adopt the
following model

. However, even the inverse moment /18,. has

Y (0, o) = / ® dpf(p) (35)

B (0.0) = o) P (k) = )

< a0 +40r@) =2 [T dorlp)]
(36)
with
|7 dorto) =)o)
/oo dowf(w) =1,
0
&) 4 _
/) dwa’ f(w) = 51\,
o) = [ dows(o)
= R 2B 0n) + ). (37)

For the other parameters such as the running quark mass,
the threshold parameter, and the Borel mass, we also
follow the same choice as [4]. The specific vales are given
in Table I.

Inputting all the values of the parameters into the analytic
formulas, we can obtain the numerical results for various
decay amplitudes and the phenomenological observables.

TABLE II. CP-averaged branching ratio of By — yy decays
with uncertainty in unit of 1077,

Central Total Error
Contributions value error from g
Leading power(LP) 3.87 e e
LP + NLP 3.25 0 s
LP + NLP + quark mass 3.49 oA Ay
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— LP

—— LP + other, NLP

(0] R N N N N N 1
0.2 0.30 0.35 0.40 0.45 0.50 0.55
ABS [GGV]
FIG. 3. The branching ratio of B; — yy decays as a function of

Ap,: (1) With only the leading-power contribution; (2) With NLP
contributions except for the strange quark mass term; (3) The
complete contribution.

In what follows, we first present the numerical result of the
strange quark mass effect in the B, — yy decay. The Ap,
dependence of the real part of the left-handed polarized
amplitude from the leading-power contribution, the NLP
contribution without quark mass effect, and the full results

0.2
0.1 _k ‘/
— ¥ — i=9,m;,
[a\]
= 00p =T
EN
<R -0.1F —i=7B;m 1
< s
~ o2 — 7A, soft
— 9; soft
—03f ]
0 2 4 6 8
2
q
0.00
—_— — =97,
%
o 005l — i=7A,m,
2
S —— i=9, others
i< )
3 i=TA, other
&= o010 T, OLerS
-0.15 .
0 2 4 6 8
2
q

are shown in the left panel of Fig. 2. It can be seen that the
contribution from the quark mass is a few percent of the full
amplitude, which is almost independent of the parameter
Ag,. As aresult, it plays a more important rule in the NLP
contribution as Az becomes large. The right panel of Fig. 2
exhibits the amplitudes from various sources of NLP
contribution, and it is obvious that the cancellation between
them highlights the contribution from the quark mass term.

The branching ratio of B, — yy decay is given in
Table II, where the uncertainty is obtained by varying
separate input parameters within their ranges and adding
the different uncertainties of the form factors in quadrature.
The main uncertainty is obviously from the parameter 4 .
From the central value we can see that the quark mass
term can enhance the branching ratio by about 6%,
which deserves a reliable study if one intends to precisely
determine the parameters in the standard model. In Fig. 3
we plotted the Ap dependence of the branching ratio of
B, — yy decay, which can serve as a good method to
determine Az . However, the accuracy of the determination
of the parameter Az is limited by the large theoretical
uncertainty from other parameters. An optional method to
improve the accuracy is to perform a global fit together with
the other processes.

0.10 //
= 10
&~ o005} ki
z 3 .
-‘;E’: — =10, others
)
& ooof 1
-0.05 i L .
0 2 4 6 8
2
q
0.05 ///
=
=
= 0.00f+ E
23 — =10, m,
=
g — i=10, soft
-0.05} .
— =10, others
-0.10}
0 2 4 6 8
2
q

FIG. 4. The quark mass and soft contribution to the real parts of B, — yu™u~ decay amplitude /_\LV,LA [left] and ;\RV,RA [right] from

operator Pg 1 and P; as a function of ¢°.
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FIG. 5. The quark mass [violet, cyan] contribution to real parts of B, — yu*u~ decay amplitude A; , (left) and Az, (right) from
operator P; and Py as a function of ¢?. For comparison, the total results with ¢»(1020) resonance around ¢*> ~ 1 GeV [gray] are
also shown.
Py 0. It is clear that there exists cancellation between
100 e i=LP ] different operators, which reduces the total quark mass
_ term contribution. In the amplitude level, the ratio between
a0 — i=LP % (m, + soft), NLP . :
RSy s ! the quark mass term and the full amplitude is close to
o — i{=LP +all;NLP that of the B, — yy decays. We exhibit relative magnitude
? 10¢ 1 between the quark mass effect and the full amplitude in
9 5F Fig. 5 induced by P, 4 operators. In this figure, the total
— results with ¢(1020) resonance contribution around
Al g*> ~ 1 GeV [gray] are also shown. It is obvious that the
o5k mass term contribution in the By — yutpu~ decay is
' . : 5 s : . . S negligibly small except for an enhancement from operator
9 P, at very small g2, which can be seen from Fig. 4.
q The differential branching ratio of B, — yu™u~ decay

FIG. 6. The CP-averaged differential branching ratio d3/dq>
distributions for By — yutu~ decay with and without the mass
term and soft contribution.

The strange quark mass effect in the B, — yutu~ decay
is a bit more complicated since several operators can
contribute besides the electromagnetic penguin operator,
and the right-handed polarized amplitude can also receive
corrections from the strange quark mass effect. The size
of the quark mass term induced by the operators P74
are collected in Fig. 4 as a function of g*>. We can see
that almost all the effects of axial-vector currents or right-
helicity amplitudes come from semileptonic operators

TABLE III. Integrated branching ratios (in unit of 10™°) of
B, — yu"p~ decay with and without the quark mass and the soft-
photon effect.

Region of ¢? [4mj, 6.0] GeV? [4my, 8.64] GeV?

Without m and soft 1243555 12,7413
With m, and soft 122878 12.491413

with respect to g* is plotted in Fig. 6, where we have
included the on shell hadronic state contribution in order
to compare with the future data. The quark mass effect is
negligible at small ¢> region compared with the large
hadronic resonance contribution. The integrated branching
ratios are listed in Table III, where we have considered two
integration regions [4m2, 6.0] GeV? and [4m?, 8.64] GeV?
of invariant mass of the lepton pair. The uncertainty from
the strange quark mass term is also negligible compared
with the other error from [23]. The results in this table
indicate that the quark mass effect is less important in
B, — yuu~ decay than that in the B, — yy decay. This is
mainly due to the inclusion of the hadronic state contri-
bution at small ¢?, which significantly enhance the total
branching ratio.

V. SUMMARY

The power-suppressed contributions play an important
role in the radiative decays B, ; — yy and radiative leptonic
decays B, — y¢ Z. Some of them are factorizable and can
be investigated using a factorization approach; however, the
emergence of the endpoint singularity prevents us from
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applying the factorization methods to many other contri-
butions. Therefore, one must find some special techniques
to deal with the nonfactorizable contributions. The con-
tribution from the quark mass term in the B, — yy as well
as B, — y£¢ decays suffers from the endpoint singularities.
In the previous study it was parametrized in a model
dependent way. In order to reduce the model dependence
and improve the theoretical precision, we revisit this NLP
contribution with a QCD-inspired approach; namely, the
dispersion approach. In this approach, we introduce the
B, — V form factors instead of the arbitrary momentum
cutoff to deal with the endpoint singularity; therefore, the
prediction power is highly improved. Taking advantage of
the dispersion approach, the analytic expression of the
quark mass contribution and the resolved photon contri-
bution in the B, — yy and B, — y/# decays an be obtained
simultaneously.

The numerical results of the NLP contribution to the
B, —» yy and B, — y/¢ decays from the strange quark
mass effect have also been presented. In the B, — yy decay,
the strange quark mass term can give rise to about 6%
contribution relative to the total amplitude, which makes

sense if this process is employed to determine the param-
eters in the standard model. The strange quark mass
contribution to the B, — yZ# decays is relatively small,
due to the cancellation between the contributions from
different operators and the enhancement of large hadronic
resonance contribution. The uncertainty of the input
parameters is sizable, which renders us from a more
accurate prediction so far. However, it is promising to
achieve more precise predictions with our improved theo-
retical method once future experiments can precisely
constrain the hadronic parameters.
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