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We investigate two-loop gluino corrections to the effective Lagrangian for b — s + y(g) in the
minimal supersymmetric extension of the standard model (MSSM) at large tanf, including the
contributions in which quark flavor change is mediated by charginos. Using the translation invariance
of loop momenta and the Ward-Takahashi identities that are required by the SU(3). X U(1),,, gauge
invariance, we simplify our expressions to concise forms. As an example, we discuss two-loop gluino
corrections to the CP asymmetry of inclusive B — X,y decay in CP violating MSSM.

DOI: 10.1103/PhysRevD.70.096012

L. INTRODUCTION

The measurements of the branching ratios at CLEO,
ALEPH, and BELLE [1] give the combined result

BR(B— X,y) = (3.11 £0.42 = 0.21) X 1074, (1)

which agrees with the next-to-leading order (NLO) stan-
dard model (SM) prediction [2]

BR(B— X,y) = (3.29 + 0.33) X 1074, 2)

Good agreement between the experiment and the theo-
retical prediction of the SM implies that the new physics
scale should lie well above the electroweak (EW) scale.
The systematic analysis of new physics corrections to
B — X,y up to two-loop order can help us understand
where the new physics scale sets in, and the distribution of
new physical particle masses around this scale. In prin-
ciple, the two-loop corrections can be large when some
additional parameters are involved at this perturbation
order beside the parameters appearing in one-loop results.
In other words, including the two-loop contributions one
can obtain a more exact constraint on the new physics
parameter space from the present experimental results.
Beside the Cabibbo-Kobayashi-Maskawa (CKM)
mechanism, the soft breaking terms provide a new source
of CP and flavor violation in the minimal supersymmet-
ric standard model (MSSM). Those CP violating phases
can affect the important observables in the mixing of
Higgs bosons [3], the lepton and neutron’s electric dipole
moments (EDMs) [4,5], lepton polarization asymmetries
in the semileptonic decays [6], the production of P-wave
charmonium and bottomonium [7], and CP violation in
rare B decays and in B°B° mixing [8]. At present, the
strictest constraints on those CP violation phases origi-
nate from the lepton and neutron’s EDMs. Nevertheless, if
we invoke a cancellation mechanism among different
supersymmetric contributions [4], or choose the fermions
of the first generation heavy enough [5], the loop inducing
lepton and neutron’s EDMs bound the argument of the w
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parameter to be =< 7/(5tanf), leaving no constraints on
the other explicitly CP violating phases.

The supersymmetry models at large tan$ are implied
by grand unified theories, where the unification of up- and
down-type quark Yukawa couplings is made [9]. From the
technical viewpoint, the dominant contributions to the
relevant effective Lagrangian are the terms proportional
to (tanB)" (n = 1,2,...) in a large tanB scenario. This
will simplify our two-loop analysis drastically since we
just keep those terms enhanced by tang.

Assuming no additional sources of flavor violation
other than the CKM matrix elements, the authors of
[10] present an exact analysis of two-loop gluino correc-
tions to the rare decay b — s + y(g) in which quark
flavor change is mediated by the charged Higgs in CP
conserving MSSM at large tan . They also compare their
exact result with that originating from the heavy mass
expansion (HME) approximation [11]. Although the
HME result approximates the exact two-loop analysis
adequately when the supersymmetry energy scale is
high enough, their analysis implies that the difference
between the HME approximation and exact calculation is
obvious in some parameter space of the MSSM. However,
they do not consider the case in which quark flavor change
is mediated by the charginos (the super partners of the
charged Higgs and W bosons). In fact, we cannot provide
any strong reason to ignore the contribution from the
diagrams in which quark flavor change is induced by
the charginos, even within large tanf scenarios. In this
work, we present a complete analysis on the two-loop
gluino corrections to the rare transitions b — s + y(g) by
including the contributions of those diagrams where
quark flavor change is mediated by charginos in the
framework of CP violating MSSM at large tang.
Furthermore, we also simplify our expressions to concise
forms through loop momentum invariance and the Ward-
Takahashi identities (WTIs) that are required by the
SU@3). X U(1),,, gauge invariance.

The paper is organized as follows. In Sec. II, we give
all the diagrams needed to evaluate the O(«, tanB) con-
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tributions to the Wilson coefficients C; and Cg entering
the branching ratio BR(B — X,v). The corresponding
Wilson coefficients at the matching EW scale ugw are
also presented there. We apply the effective Lagrangian to
the rare decay B — X,y in Sec. III. By the numerical
method, we show the two-loop corrections on the CP
asymmetry for the process. Our conclusion is given in
Sec. IV, and some long formulas are collected in the
Appendices.

IL. THE WILSON COEFFICIENTS FROM THE
TWO-LOOP DIAGRAMS

In this section, we derive the relevant Wilson coeffi-
cients for the partonic decay b — sv including two-loop
gluino corrections. In a conventional form, the effective
Hamilton is written as

H 4—GFV*V ic( )O (3)
f — ts Vb i)Y,
‘ V2 &

where V is the CKM matrix. The definitions of the

magnetic and chromomagnetic dipole operators are
0,=—— S 0" bRF .,

7 (477)2 my(uw)s ot by uy @

— gS H a v a
O = M_T)zmh(M)SLT ot"brGY,,,

dD% dDQz 91uq91v 910920 R Suv

@2m)P 2m)P D,

qul qu2 91u91v91p910> D1u91v91p920 N T,ul/po-
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where F,,, and G{,, are the field strengths of the photon
and gluon, respectively, and 7% (a = 1, ..., 8) are SU(3),.
generators. In addition, e and g, represent the EW and
strong couplings, respectively. The other operators O,
(i=1,...,6) are defined in [12].

In the framework of CP violating MSSM, the
one-loop analysis on the CP asymmetry of inclusive
B — X,y decay has been presented elsewhere [9]. The
two-loop gluino diagrams, contributing at O(«,tang)
to the Wilson coefficients of the magnetic and chromo-
magnetic dipole operators, are obtained from the self-
energy diagrams Fig. 1(a) and 1(b) by attaching a
photon or gluon in all possible ways. The calculation of
the Wilson coefficients for the operators in Eq. (4) at two-
loop order is more challenging than that at
one-loop order. Before we give those Wilson coefficient
expressions explicitly, we state first the concrete steps
required to obtain the coefficients from those two-loop
diagrams.

(1) After writing the amplitudes of those two-loop
triangle diagrams, we expand them in powers of external
momenta to the second order.

(i1)) The even rank tensors in loop momenta can be
replaced as follows:

dDCh dDQz Q%’Ch “q2

Q2m)P (2m)P D,
d?q, d°q, 91p91v920920

2m)?P (2m)P D,

“

D QmP 2m)P D,
d?q, d°q; 4%, 41(q1 - q2)
DD +2) )] @mP 2m)P D, ’
d’q, dq, 1
Q2mP 2mP D,
D(q, " 92)* — 4343 g1 92)* — 4343 )
DD — 1)(D +2) #*° D(D—1) Swbeo)

where D is the time-space dimension, T, = £.18p0 + 8up8vo + 8uopws and Dy = [(q; — q1)* — m3)(g7 — m2) X
(g3 — m2). The odd rank tensors in loop momenta can be dropped since the integrations are symmetric under the
transformation ¢;, — —g;,. Here, we only retain the simplest two-loop propagator composition 1/, which corre-
sponds to the two-loop vacuum diagram (Fig. 2). Any complicated composition of two-loop propagators can be
expressed as the linear combination of the simplest one 1/7D), by use of the obvious decomposition formula
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FIG. 1.

The self-energy diagrams which lead to the magnetic and chromomagnetic operators in the MSSM, the corresponding

triangle diagrams are obtained by attaching a photon or gluon in all possible ways.
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q1. m,

q2, M,

FIG. 2. The two-loop vacuum diagram with momenta and
masses as in Eq. (5).

1 o 11
(Q* = m3)(Q* —mp) —mi—m%(Qz—mi Qz—m2>’
(6)

with Q = ¢4, g5, or ¢, — q;. As an example, we apply
|
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FIG. 3. A triangle diagram in which the external photon is
attached to squark §;.

the above steps to the triangle diagram in which an
external photon is attached to the internal squark §; line
(Fig. 3). After expanding the corresponding amplitude
in powers of external momenta to the second order, we
have

, 4 e . m » V2my sy A,
A%, (p, k) = —zgedgz—zv,sv,b<—” tanﬁ)(zaz,i(z;),-,z[|mm,e (2, + 7‘(2914}
d’q, d°q, 1 L4240 Cptk) | 2q50p
QmP 2m)P Dy(qt — m?) q1 — m3 g5 — my.
X {(Z;r)jj%dz(th —2p— k)0 — mtlmzle"%(Z;)j,z(qu —2p— k)., (7

where p, k represent the incoming momenta of the exter-
nal quark b and photon, respectively, Dy = [(g, —
q1)* — m? 1(q7 — Ims|*) (g7 — m3)(q5 — m})(g5 — m3,.)
GLj=1, 2) and e; = —1/3. Z;(g=ud,..., t) are the
mixing matrices of scalar quarks, and A, are the corre-
sponding  trilinear  soft  breaking  parameters.
Furthermore, 65, denote the CP phases of the SU(3),
gaugino mass and of the u parameter, respectively. Since
the quark mass m, from the bottom quark Yukawa cou-
pling is same order as the external momenta p, k in
magnitude, we just expand the propagators in powers of
external momenta to the first order. In the soft breaking
potential, the CP phase 65 is contained in the gluino mass
terms

Im3le®s > AGAE + Imzle™ D A6A%, (8)
a a

where A% (a = 1,...,8) denote the gluino fields in two-

component Majorana spinors. With the redefinition of

gluino fields

AL — AGe /200 qen Qg0 (9)

I
the mass terms are transformed into

Imsl> g g (10)
a
with the four-component Majorana spinors
Aa
e =(72) (in
A

Correspondingly, the CP phase 65 is transferred from the
mass terms to the quark-squark-gluino vertex which is
given by [13]

— L0 = \/EgsTg/gZ[_6_(i/2)03(zq)2,iﬁaw—§a51iﬁ
q

+e0(Z), g% 018,41+ He  (12)
Here, o, B8 = 1,2, 3 are quark and squark color indices,
and w+ = 11275. This is the reason why there is a |m;|
rather than m; in the gluino propagator. Using Egs. (5)
and (6), the amplitude of Fig. 3 is finally formulated as
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&3

. 4 V2 s, A
A0 K) = i eagd S Vi anB)(Zs >2,<z*>,2[|u|m (29 + TR (Z) |
w W W
d”q, d°q, 1 4 qiq; - 4
(ZDa| 35 B+ 0 = 41 02 + K0, +
2m)P 2m)P Dylq? - mg.){ 7D gt —m? b g - m
D(q: - 42)* — 4193 (4, q)z—qq :
8 ( lD(l; o TR D(ZD = ﬁw*ﬂ = mlmsle®(Z]) ;2
X[iL(ZpﬂLk)w +4Mpw -Q2p+k,o :”» (13)
+ + + 1
D Q% ms, D q2 [_]4r a K’
|
In a similar way, we can obtain the other triangle dia-  tegration such as
gram amplitudes.
(ii1) Using loop momentum translation invariance, we 4P 4P
formulate the sum of those amplitudes in gauge invariant 0 9> 41" P>~ 41) = 0. (14)

D D
form explicitly, then extract the corresponding Wilson (2m)® (2m) Dy

coefficients which are expressed by the two-loop vacuum

integrals [14]. In fact, there are many identities among  Under the loop momentum translation ¢, — ¢, — a,
those two-loop integrations. In order to obtain those  where a is same order as the external momentum p in
necessary identities which are used to simplify the sum  magnitude, we expand the integration in powers of the

of those triangle amplitudes, we start from the zero in- momenta p, a to the second order
|

d?q, d°q, q, - p . (d%q d°q, q,-p 2qy — q)) - a 2q2 4 )
QmP 2mP D, A1(d> = 4) = QmP 2mP D, {1 + @2 — a1 —m2 + o a}{ﬁl(% d1) — dd}

d’q, dq, 1 2
@mP 2m)P D, (g2 — 611)2 - m(z)

X[(D(Cll 612)2_‘]1Q2+ - 24iq: - Q2>(p,a)_(Q1 “qa)* — ‘1142(]% }

%%M+

D(D - 1) D D(D
L2 D(qi " ¢2)* — 4195 4iaqy - @ (- a)— (g1 -q2) qlqz )
q% —m DD - 1) D D(D
=0. (15)
The above identical equation implies
dq, d°q, 1 1 D(q1 - 42 — 4145 | 41 — 24191 @27,
@2mP 2mP Dy (g2 — 1)* = m§ D(D —1) D
1 D(a: - a2 — a2 da. -
1 [ (91" )" — 4195 919 qz” —0, (16)
q2 - My D(D - 1) D
d’q, d°q, B 2 (q1- 92) — 4195 2 (91" 92)* — 4145 Ty p—_—
@mP 2mP Do l(gy — q1)* —mg DD = 1) g5 —my DD —1) D

Similarly, we can get the following identities from the invariance of Eq. (14) under the loop momentum translation
g1 — 41 — 4,4 — g — al

d”q, le]2L_2+Dq gy — ) + 2 ‘]%‘11'(‘12_611)4_
QmP 2m)P D, p N 2 ! q; — m3 D
2 [Dlg ) — 4195 qiqi - 927] _
R— =0, (17)
q5 — Mg DD —1) D
d”q, d"q, RS (g —q) 2 (¢ - 92)* — 419> =0
2m)P 2m)P D, D A—-mi DD-1) '
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Using the concrete expressions of two-loop vacuum in-
tegrals in Ref. [14], we can also verify those equations in
Egs. (16) and (17) directly after some tedious calcula-
tions. Replacing the numerator of Eq. (14) with other odd
rank tensors in loop momenta, the more additional iden-
tities among two-loop integrations are gotten. In general,
those identities are linearly dependent. After some
simplification, we obtain those linearly independent

equations in Appendix A. Certainly, those linearly inde-
|

Crulpy) = ST\/E(‘“TP%(% tanﬁ)(zf)z,i(zg)nz[|M|mz€ia”(zf)z,j +

d*q, d'qy 1
Qm)* 2m)* Dy
\/_

CS,H(ILLW) -

d* q1 d* q>
Qm)* 2m)* D

where a;, = g2 /4, and the expressions of the form factors N E(gl

V2 (4 (@, anB)(Z,),( 2 12[|M|m (2,

PHYSICAL REVIEW D 70 096012

pendent equations can also be derived from the two-loop
integrations in which numerators are even rank tensors of
loop momenta. However, the process to derive the linearly
independent equations with the numerators in even
powers of loop momenta is more complicated than that
with the numerators in odd powers of loop momenta.
After the above procedure, we finally obtain the rele-
vant coefficients from the charged Higgs contribution up

to O(a, tanfB)

\/E w WAS
I (2,

B |0 N, = bl (22N |

(18)
2 A
Y2y =

{( BN mlmglewz*)ﬂﬂvy(z)}

5 can be found in Appendix B. Note, Ref. [10] has also

obtained the Wilson coefficients from the same diagrams. We formulate our expressions in the more concise forms using
the identities from Appendix A. For the chargino contribution that is ignored by Ref. [10], we can similarly have

C7)Xk (Mw) =

X{m,ka(Z;)z,j(ZQz,kNy + 2mym(Z)y (Z- )1 N

+ iy Il (2, (20 N

8\/—

CS,)(k(lu’w) 477)’;(61 tanﬁ)(z )21(ZT)1 Z(ZT)] I(Z-r )k2

x {m,m“<z;>2,j(z+>2,kw§f(l>

8\3/5 eq(4m)(a, tanB)(Z5)5,(Z1);0(Z1);1(Z1 )i

d'q) d'qy 1
Qm* 2m)* D

Ve~ Vamylmle® (Z) (Z )1 N -

19
dq, d*qy 1 (19)

Qm)* Qu)* D

+ «/imwmt(zf)z,j(z—)lvkwif@)

— V2my Imsle’®(Z7), (Z- N +m,Zka|m3|ef"3(Z;)l,j(Z+)z,kNikt(4)},

with D, =[(g: ~ a1)* = m2)q} = Ims?)(q} — m2) X
(g3 — m-)(q2 - ka) Z_,Z, are the left- and rlght—
handed rthlng matrices of charginos, and the form fac-
tors N)tg (i =1,2,3,4) are collected in Appendix B.
After we 31mp11fy the sum of the §b7y(g) triangle diagram
amplitudes using the identities in Appendix A, we find
that the effective 5by(g) vertices should also include the
two-point operator

1

O = mp

mb(u)sL(IE)sz, (20

beside the magnetic (chromomagnetic) dipole operators
O, (Og). Here, the covariant derivative acting on the
quark fields is

D,=d, —iee,A, —igG,, 21
with Gn = G,”LT“. Certainly, the Wilson coefficient of
this operator does not give any contribution to the rare
process b — sy after we evolve the corresponding coef-
ficients from the matching EW scale to the hadronic scale.
Nevertheless, when we extract the Wilson coefficients of
0O, (Oy), it makes sense to keep this operator for the
following reason. Beside the effective vertex with two

quarks

1
O ~ mepzw+, (22)

the operator O can also induce the effective vertices
with two quarks and one photon or gluon

096012-5
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(Ose (4 )2 eedmb(zp,u + ]éyM)w+)
(23)

@se (4 )2 gsT mb(ZPM + ]57’#)w+
in the momentum space. Here, p, k are the incoming
momenta of the external quark b and gauge boson (y or
g) respectlvely For the effective 5b7y(g) vertices
ALY (p, k), the corresponding WTIs required by the
SU(3) X U(1),,, gauge invariance are written as

ieeg[S(p + k) — 2(p)] = ik - AY(p, k),

(24)
ig, T[2(p + k) — Z(p)] = ik - A*(p, k),

where i2(p) represents the sum of amplitudes for the self-
energy diagrams (Fig. 1). Expanding the self-energy am-
plitudes in powers of external momentum to the third
order, we have

i%(p) = Bymy, p?, (25)

(4 (w2

where the function B, only depends on the heavy free-
doms which are integrated out. In the effective theory,
there are two deductions from the WTTIs:

(1) the effective 5by(g) vertices can be formulated as

lAZ‘(p’ k) (4 )2 eedmb{B (2p,u, + KY,,,)
+ iBZ[%’ ’y,u,]}w-%—’ (26)
lA;g-L(p’ k) = WgsTamb{Bi;(zp,u + ]é'y,u,)

+ B[k vt

after we expand A%(g)(p, k) in powers of external mo-
menta to the second order, where B’§ are the functions
of heavy freedoms only;

(ii) additionally, By = B] = B{.The above deductions
can be taken as the criterion to test our calculations. In
Eq. (26), the functions B}'* are proportional to the Wilson
coefficients of the magnetic and chromomagnetic dipole
operators, respectively.

As an application, we will investigate the CP asym-
metry of the rare decay B — X,y within the framework
of MSSM.

IIL. DIRECT CP VIOLATION IN B — Xy
In the SM, the CP asymmetry of the B — X,y process

Acp(B— Xyy) = 27

is calculated to be rather small: Acp ~0.5% [15]. For

PHYSICAL REVIEW D 70 096012

experimental data, the recent measurement [16] of the
CP asymmetry implies the 95% range of

—0.30 = Acp(B— X,y) = 0.14. (28)

In other words, studies of the direct CP asymmetry in
B — X,y may uncover new sources of the CP violation
which lie outside the SM. Up to the NLO, the complete
theoretical prediction has been presented in Ref. [17]. In
order to eliminate the strong dependence on the b-quark
mass, the branching ratios is usually normalized by the
decay rate of the B meson semileptonic decay:

I'(B—X;y) _ 6a
I'(B— X.ev) 7f(z)

V:js th

2
C »
V., 7(Mb)

(29)

where f(z) = 1 — 8z + 823 — z* — 12z% Inz is the phase-
space factor with z = (m./m,,)?, and a = €?/(4) is the
EW fine-structure constant. The CP asymmetry in the
rare decay B — X,y is correspondingly formulated as
[15]

()
Acr(B=X,y) =1 €ty C )]
= STmICy(115) )] = g(im
;s ub
x| (143 )czwb)qmb)}}, (30)
with  g(z)=(+Inz+1n’z—72/3) + (In’z — 72 /3)z +

(28/9 —4/31nz)z> + O(z3). The Cy(u}) is the Wilson co-
efficient of the operator O, = §,v,9.4,v"b, (g = ¢, u)
at the hadronic scale. From now on we shall assume the
value BR(B — X_.eP) = 10.5% for the semileptonic
branching ratio, a,(m,) = 0.118, a(m,) = 1/127. For
the standard particle masses, we take m, = 174, m;, =
42, m,, = 80.42, m, =91.19 GeV, and z =m./m, =
0.29. In the CKM matrix, we apply the Wolfenstein
parametrization and set A =0.85,A=0.22,p =
0.22, n = 0.35 [18]. Without loss of generality, we always
assume the supersymmetric parameters u = A,e 7/2 =
100, mye™™/* =300, Aje /2 = m,, =200 GeV, m, =
my, =5 TeV here. In order to suppress the one-loop
EDMs, we choose the u parameter CP phase 6, = 0.
As for the CP phase which is contained in the SU(2)
gaugino mass parameter m,, it is set as
0, = arg(m,) = w/4.

Taking tanp = 30, [m,| = 300 GeV, m,, = 500 GeV,
we plot the CP asymmetry and branching ratio of the
inclusive B — X7y decay versus the charged Higgs mass
in Fig. 4. Considering the experimental constraint on the

096012-6
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FIG. 4. The CP asymmetry and branching ratio of the in-
clusive B — X,y decay versus the charged Higgs mass my-+.
Dashed line: theoretical prediction at the one-loop order; solid
line: theoretical prediction at the two-loop order, when tanf3 =
30, |my| = 300 GeV, m,, = 500 GeV, the other parameters are
taken as in the text. The gray band is the experimental allowed
region for the branching ratio BR(B — X,v) at 1o deviation.

branching ratio BR(B — X,vy) at 1o tolerance, the CP
asymmetry including the two-loop corrections can be
larger than 3%, and the one-loop result is smaller than
1% with our chosen parameters. The choice of parameter
space of Fig. 5 is identical with that of Fig. 4 except for
tanB = 60. After including the two-loop corrections, we
find that the CP asymmetry can reach 5% with an in-
creasing of the charged Higgs mass when tanB8 = 60,
while at the same time keeping the branching ratio
BR(B — X,v) within the 1o deviation experimental
bound. Since the two-loop correction is proportional to
tanB, we can understand why the differences between the
one- and two-loop predictions of Fig. 5 (tanB = 60) are
larger than that of Fig. 4 (tan8 = 30). From the numeri-
cal analysis, we find that the two-loop corrections to the
Wilson coefficients are still rather smaller than the one-
loop results at tan3 = 30, while the two-loop corrections
are comparable with the one-loop results at tan8 = 60.
Since the bottom quark Yukawa coupling approximates
to 1 at tanf8 = 60, it should be argued whether or not we
can safely apply the perturbative expansion to give the

PHYSICAL REVIEW D 70 096012

a4
2
x 2
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=
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FIG. 5. The CP asymmetry and branching ratio of the in-
clusive B — X,y decay versus the charged Higgs mass my-+.
Dashed line: theoretical prediction at the one-loop order; solid
line: theoretical prediction at the two-loop order, when tan8 =
60, |my| = 300 GeV, m,, = 500 GeV, the other parameters are
taken as in the text. The gray band is the experimental allowed
region for the branching ratio BR(B — X,7y) at 1o deviation.

theoretical predictions of physics observables for such
high tang.

Now, let us study the variance of two-loop results with
the soft SU(2) gaugino mass parameter |m,|. Taking
tanB = 30, m,;, = 200 GeV, my+~ = 600 GeV, we plot
the theoretical predictions for the CP asymmetry and
branching ratio of the inclusive B — X,y decay versus
the parameter |m,| in Fig. 6 at one- and two-loop order,
respectively. If the theoretical prediction for the branch-
ing ratio satisfies with the experimental bound at 1o
deviation

248 X 107* = BR(B — X,y) = 3.74 X 1074,

the CP asymmetry including the two-loop corrections is
about ~1.5%. The choice of the parameter space in Fig. 7
is identical with that of Fig. 6 except for tanf = 60.
In this scenario, the two-loop prediction on the asymme-
try is about ~4%. Note that the dependence of the two-
loop corrections on the parameter |m,| is milder than
that on the charged Higgs mass mpy+. This fact can be
understood as follows: the amplitudes of the correspond-
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'
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FIG. 6. The CP asymmetry and branching ratio of the in-
clusive B — X,y decay versus the parameter |m,|. Dashed line:
theoretical prediction at the one-loop order; solid line: theo-
retical prediction at the two-loop order, when tanf =
30, my+ = 600 GeV, m,, = 200 GeV, the other parameters
are taken as in the text. The gray band is the experimental
allowed region for the branching ratio BR(B — X,y) at lo
deviation.

ing triangle diagrams depend on the charged Higgs mass
in the form 1/(Q* — miﬁ) (Q denotes loop momenta
g1, g2, O g, — q,), and depend on the parameter |m,|
through the chargino propagator (@ — m,)/(Q* — m3)
(m, denotes the chargino mass) before the loop momen-
tum integration.

In our analysis, we do not compare the exact two-loop
analysis with the HME result since the discussion has
already been presented in Ref. [10].

IV. CONCLUSIONS

In this work, we present the complete two-loop gluino
corrections to inclusive B — X,y decay in explicit CP
violating MSSM within large tan8 scenarios. Beside the
diagrams where quark flavor change is mediated by the
charged Higgs, we also include those diagrams in which
quark flavor change is mediated by the charginos. Using
loop momentum translation invariance, we formulate our

PHYSICAL REVIEW D 70 096012

T T T

A, (B — X_y) x 100
(o] -
T
|

|
N
L
/
/
|

= 1
=1 o =
T 3x10*| ]
S F
Q S~
2.5x10 %[ Teall ]
2x10 * [ . 1 L
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; GeV
771H‘( )

FIG. 7. The CP asymmetry and branching ratio of the in-
clusive B — X,y decay versus the parameter |m,|. Dashed line:
theoretical prediction at the one-loop order; solid line: theo-
retical prediction at the two-loop order, when tanf =
60, my+ = 600 GeV, m,;, = 200 GeV, the other parameters
are taken as in the text. The gray band is the experimental
allowed region for the branching ratio BR(B— X,y) at lo
deviation.

expressions fulfilling the SU(3). X U(1),,, WTIs. From
the numerical analysis, we show that the two-loop cor-
rections to the branching ratio are comparable with the
one-loop predictions at large tanS. Correspondingly, the
CP asymmetry can also reach about 5%, which is much
larger than that predicted by the SM.
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APPENDIX A: IDENTITIES AMONG THE TWO-
LOOP SCALAR INTEGRALS

Here, we report the identities that are used in the
process of obtaining Eqgs. (18) and (19). They can be
derived from the loop momentum translation invariance
of the amplitudes. They are
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dPq, dPq, L{Q%QI (22— q) | gia -qz} —0

@mP QmP Dy (g — q1)* —m§ ¢35 — ml

[ d’q, d°q, L{ 2 (91° 9 — 49155 |, a1 Qz} —0
QmP 2mP Dy l(g2 — q1)* —mg DD —1) D '
dq1 ¢ | [_aqi-(-a), 2 (-9l da)_,
2m)P 2m)P D, D ¢Z—mi DD-1) v
d’q, d’q, L{ 1 [D(ql )’ — 41 qlql } I Dlai o)~ a4 _
2mP 2m)P Dy (g2 — q1)* — m§ D(D - 1) mg ppb-1) | 7
d’q, d’q; L{_qugq 2 (@a—q) 2 aigd | _,
@mP @mP Dol "' D(ga—aq)*—mj Dg3—mi]
dq, d°q, 1{_2+D 2+612612'(Q2_CI1)+ e -0
@2mP 2mP D, 2 7 (g q)?—md qi— m]
d’q, d’q, 1 gyt 0 @@-a)’, 2 6 @6 Daa)-dal)
QmP 2m)P D, bz (g2 — q1)*> — m} D g3 — m2, D D(D —-1) ’
0 2
d’q, dPq, 1 1 D+1 -1 g3q
(277)}) (277)% 50{( S - [q 0 (@ = q) ——5—aBq (@~ a)] — —5— qz 1 — } =
dq, d°q, L{% @ (@p—q) 2 1} _
Q2m)P 2m)P D, D(Qz“ll)z_m% qu—m
/dD% d’q; 1 (2 (@2—q1) 42 297 (g2—q1) (612 ql=
QmP Qm)P Dy|D (¢ — q\)* —mi D q3 —mg
d’qy d%qy 1 (¢ (@2—q) 2 (g1 9) —4ia3) _
QmP 2m)P D, D q% — m? DD —-1)
d’q dqy 1 [q2-(92—q) 2 (419~ qi43] _
QmP 2m)P D, D ¢-m: DD-1) |
/chh d’q, 1 —2+Dq - 2 qiq i 2 Dl 9) — 414 _
emP emP Dyl D ' T gG-mi D @B-m D(D )
d’q) d’q, 1 [ 2+D 2 Dlg 4l -qia} qzq _
@m)P 2mP Do{ p NPT a =M DD -1 q% } -
d”q, dDQzL_ZJFquJF qi‘ +q1ql'qz -
Q@mP 2m)P D, 2 g -mk g -mi]
g, g, 1 —2+Dq2+q Qe B |,
@2mP 2mP D, 2 41 - mﬁ Q% - mg, '
d’q, d°q, 1 (92— 904 |, 4 (q - 9%
](ZW)ID (277_)2D @ { q> (‘12 ql) + q22_ m21 2 + 2 q 2 21 21 = O)
1 a 2T My
d®q, d°q, 1 (2 4 L2 aw oo
@mP 2mP Dy |D qi —m; D g3 —mg ’
d?q, dPq, 1 (2 q1°q» 2 93
Bl el +o2 2 _ql=9
@ @m)P Dy|D gt —m; D g ’

(AD)

with Dy = [(q, — q1)* — m31(q7 — m2)(¢5 — m2), and D is the time-space dimension. In addition the two-loop vacuum
integral
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dP dP 1
s (A2)
Qm)P 2m)P D,
has been discussed in Ref. [14].
APPENDIX B: FORM FACTORS IN THE TWO-LOOP WILSON COEFFICIENTS
N = aiq1 9 1 Mg @) — @i a4 99 919 41 92
HO (g —m2)? 3(gt—mi) g3 —mb) (@ —mi P g —ml o g3 —mi
: 2 1 1 2
N — q1 _ q1° 9> B q; n + + }
HQ) (g1 —mi)? (g1 —mi)g3—mi) (g3—mi)* qt—mi qf—mi. q3—m}
NE = 61%41 " 4> _1 4(q1 - g2)* — ‘I%CI% _ 4 '11261% +£ q1 " 92 _igfh 42 — 961%
HO = (gl —m2)? 3@ —m) g3 —my) (@ —ml)? 8qi—mi 16 q3—m]
3 8q; - l]2+3fI%_ 9
16 q2 — mH+ 16’
NE = — q7 _ q1° 92 B 93 n 1 4 1 B 1 9 1
HQ) (gi —mi)? (g1 —mi)g5—my.) (g3—my.)? qi—mi q3—my. q3—mi 8qi—Imsl*
N 61%611 (g2 — q1) . 1361%611 ‘g — 4qy - q2)* + CI%Q% + g1 (g2 — Q1)CI% _q1 (92— q1) . 261% —q1 92
N0 (g —mi)P 3 (g7 — m3) (g5 — m3,) (g3 — my,)? a5 —m; g3 — my,
_ CI1 q2
42 ;g,
414, - 14 ) — C 043 : :
Ny, = 92 1 2\q; "9 ‘11‘12 + 91" 9292 491492 491 612’
MO (@ -m)? 3 -m) - m) (G -mi) g —ml - mi
N 9% (92— ) | 13q1 9245 ~ 4(q1 O+ ARG - a)dd @ (—q) 4
WO (g -m? 3 (g - md)gE - md) (g5 = m3,)*? gi —mi g3 —my,
25— q1 92 )
2 2 4
@
N qi 93 _ q1° 92 I 2 B 2
@ (g - mP (@B -m) (G-m) B —md) @ -md G-m (g —q) —m
AE _qiqi (@ —q) _13q191 42— Hq1 -9’ + 4ia5 a1 (@2~ a3 1741 (92— q1)
WO (@ -m? 3 (g~ mE)a - md) (g3 —m3,)?* 8 qi—mf
_17q:1-¢q ‘I%+9CI%_26]2'(Q2_6]1)
16 q% — mik 16 ¢35 — mtg]
N 919192 1 4g1° )’ - qlqz L9 @d 17 g 38qigpt 3612 18,9, =993
o —m2)2 3 ) _ _ 2 8 2—m? 16 _ 16 2 _ .2
d@ (gt = mi)? 3(gf —m)gz —my) (g3 —my,) qi — m, a3 — my 45 — my
9
tg
e 0 (@ —a)  13¢0a@ —Ha @) i | a2 (- a)s 9 (62— a)
X (3) _ 232 3 2 2 2 _ 2 2 2 \2 2 _ 2
C (g1 — m3) (g1 — m3)(g5 — my, (g3 — my, qi — mg,
_}_112511 9 — 1343 +i7‘1% —8q1 92 94> (g2 — q1) 1
8 ¢ — mi,k 16 g3 - m% 8 q7 — Imsl? 8’
2 2
q1 q1 " 492 q; 1 1 9 1
NS\ = - + + + =
@ (@ -m? (G -m B -mE) (B-m) f-mk o G-mi 8¢ — |my]
1 1
8(q2 — q1)* —mi’
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