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In the next-to-minimal supersymmetric model (NMSSM) a light CP-odd Higgs boson is so far allowed
by current experiments, which, together with a large tan, may greatly enhance the rare dileptonic decays
B — X, £7¢~ and B, — €" € 7y. We examine these decays paying special attention to the new operator
allowed by the light CP-odd Higgs boson. We find that in the parameter space allowed by current
experiments like CERN LEP II and b — sy, the branching ratios of these rare decays can be greatly
enhanced, and thus the existing experimental data on B — X, u* ™ can further stringently constrain the
parameter space (especially the region with a superlight CP-odd Higgs boson and large tang). In the
surviving parameter space we give the predictions for other dileptonic decay branching ratios and also
show the results for the forward-backward asymmetry.
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L. INTRODUCTION

Recently some nonminimal supersymmetric models
such as the next-to-minimal supersymmetric model
(NMSSM) have attracted much attention [1] since these
models can solve the w problem and alleviate the little
hierarchy. In the NMSSM, for example, the w term in the
superpotential is forbidden by imposing a discrete Z;
symmetry, and instead it is generated through the coupling
between the two Higgs doublets and a newly introduced
gauge singlet scalar which develops a vacuum expectation
value of the order of the supersymmetry-breaking scale. In
this way, the u parameter at the weak scale can be naturally
explained. The NMSSM can ameliorate the little hierarchy
by either tuning the parameters to enhance the theoretical
upper bound for the mass of the lightest CP-even Higgs
boson or relaxing the CERN LEP II bound of 114 GeV
through allowing for a light CP-odd Higgs boson (A;) with
mass below 2m,, [2].

It is interesting to note that in the NMSSM the lightness
of such a CP-odd Higgs boson can be naturally predicted
in the enlarged parameter space, and is also allowed by the
LEP II data [1]. This light Higgs boson cannot only alle-
viate the little hierarchy, but also can help to explain the
observed anomaly in the decay X — pu™ u™ [3]. On the
other hand, if a Higgs boson is indeed so light, its effects in
some low-energy processes may be sizable and thus are
necessary to check [4,5]. For a superlight A, the decay b —
Ays is open, and an analysis has been performed in [4]
(note that as analyzed in [4], a small CP-odd Higgs mass is
only protected from renormalization group equation ef-
fects in the limit of large tan3). In this work we consider
the full possible mass range of A;(heavy, intermediately
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heavy, and light) and check the NMSSM effects in the rare
B meson dileptonic decays B — X, {*¢{~ and B, —
€€y [6].

These rare dileptonic decays are induced by the flavor-
changing neutral-current b — s transition and are of spe-
cial interest due to their relative cleanness and high sensi-
tivity to new physics. In the standard model (SM) such
flavor-changing neutral-current processes are suppressed
and have very small branching ratios [7] but can be greatly
enhanced in some new physics models [8—13]. Since ex-
perimental data on B— X,u" u~ is available and the
future LHCb or super B factory will further scrutinize B
meson decays, these dileptonic decays serve as a good
probe of new physics.

In supersymmetric models these dileptonic decays can
be drastically enhanced by large tan since both the b — s
transition loops (such as the charged Higgsino loops) and
the Higgs couplings in the Higgs-propagated diagrams are
proportional to tan3. It has been shown (see, e.g., [12]) that
in the minimal supersymmetric model (MSSM) great en-
hancements are possible for these decays. In the context of
NMSSM, in addition to the tanB enhancement, the pres-
ence of a light CP-odd Higgs boson could further enhance
these dileptonic decays. Thus, the parameter space, espe-
cially the region with a superlight CP-odd Higgs boson and
a very large tang, is constrained by the existing data on
B— X,utu~. In our analysis we will examine the
NMSSM effects in these dileptonic decays by scanning
over the parameter space allowed by the LEP II experi-
ments and the data on b — sy. We will show the 20
constraints from B — X,u" u~ on the parameter space
and then give the predictions for other dileptonic decay
branching ratios and forward-backward asymmetry.

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.77.095012

Z. HENG et al.

A key point in our calculations is the presence of a new
operator due to the light CP-odd Higgs boson. In contrast
to the MSSM, where all Higgs bosons and sparticles are so
heavy that they can be integrated out at the weak scale, the
light CP-odd Higgs boson A; in the NMSSM cannot be
integrated out at the weak scale, and thus a new operator
0, describing the interaction A;b5 must be treated
carefully.

This work is organized as follows. In Sec. II a brief
description of the NMSSM is presented. In Sec. III we
calculate the Wilson coefficients paying special attention
to the new operator @O4. In Sec. IV we evaluate the
NMSSM effects on the dileptonic decay branching ratios
and the forward-backward (FB) asymmetry, and present
some numerical results. The conclusion is given in Sec. V,
and analytical expressions from our calculations are pre-
sented in the Appendix.

II. A BRIEF DESCRIPTION OF NMSSM

In the NMSSM a singlet Higgs superfield S is intro-
duced. A discrete Z; symmetry is imposed, and thus only
the cubic and trilinear terms are allowed in the superpo-
tential. The Higgs terms in the superpotential are then
given by

ASH,-H, + gs* (1)
Note that there is no explicit p term, and an effective w

parameter is generated when the scalar component (S) of S
develops a vacuum expectation value s/ V2:

A
fhetr = A(S) = 3—5 )

The corresponding soft supersymmetry-breaking terms are
given by

A
A\ASH, - Hy + = . 3)

The scalar Higgs potential is then given by

Ve =|AH, - Hy + S + [ASP(HG? + 1HP), )

5 G?
Vo = SRl = 1, 1) + (R = P
&)

Vsoft = m?ledlz + m%lHulz + Wl%lsl2

+ <A,\/\SHM CH, + gAKS3 + Hc) (6)

where G? = g7 + g5 with g, and g, being the coupling
constants of Uy(1) and SU; (2), respectively.
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The scalar fields are expanded as follows:

H, = (\/%(Ud + (fid + iQDd))’

d
H+
Hu=( :

1

V2
(N

The mass eigenstates can be obtained by unitary rotations

H, ba A ®a
H2 = UH d)u ’ A2 = UA Pu |»
H, o Gy 3 (8)
)=o)
=y )
(H i H;
where H,,3 and A, are, respectively, the CP-even and
CP-odd neutral Higgs bosons, G° and G* are Goldstone
bosons, and H™ is the charged Higgs boson. It is clear that
the charged Higgs sector is the same as in the MSSM,
while the neutral Higgs sector contains one more CP-even

and one more CP-odd Higgs boson. U4 and U are given
by

Co,Sp Cy,Cp o,
UA = _S(;ASIB _SHACB C(;A ,
v )
@(Ceﬂ —158,8y,) Co, —Sy,
vt = ﬁ(sa,, +25,Cy,) Sy, Co, |

=1 _—v_
tang  stanf o

1

where Cy = cosX and Sy = sinX (X = 64, 0). The mix-
ing angles are given by [14]

T v 1
6, =7+ 5+ 0(—)
A7 2 stanfB (tanzﬁ)

2)%vus (10)
tan(ng) = m
with v = 246 GeV and
2A), ¥ 2
5, = M (11)
\/ZAA + ks

The Lagrangian of the Higgs couplings to quarks for a
large tanf is given by

L, 3= —iw(E 5_A1,tan/3A2)&ySd, (12)
R

! 2mW

‘£A,-ﬁu =

.gm, 1 (5_1;

- Ay, A, uysu, 13
l2mW tanB \s tan3 : Q)Mysu (13)
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((Ca — g 6+59)H1, (Sg + §8+C9)H2, tanﬁH3)EZd,(14)

H
CyH,, SyH,, — t—3)uu (15)

anf3

Here one can see that the coupling of the neutral CP-odd Higgs A; with up-type quarks is suppressed by a large tan$ and

thus can be neglected in the large tanf limit.

Since one more Higgs superfield § is introduced in the NMSSM, we have a new neutral Higgsino 5. So the neutralino
sector is composed of Uy(1) gaugino A', SU, (2) gaugino A%, and the Higgsinos 4, , ¢ , and . The corresponding mass

terms are given by

1

1 . 1 1
£mg = ZEU(gzl\z - gl/\l)(COSBlﬂ}_Id - smBlﬁ,z_Iu) - EMQ/\Z/\z - —Ml/\l)\l - \/E)\Siﬂll_ldlﬂ%_lu

1
— \/—iv/\(cosﬁlp%,“ Us + Sin,Blﬂ}q,,‘ﬂs) +

1
= - §(¢0)TYXOI//O + H.C.,

where
@O = (=X, =i gl o2 ). (A7)

The neutralinos are obtained by the unitary rotation 9 =
(Zn)ijx), where Zy diagonalizes the mass matrix Y.

Similar to the charged Higgs sector, the chargino sector
of the NMSSM is the same as in the MSSM with w
replaced by w.i. The chargino masses are obtained by
the diagonalization of the mass matrix with two unitary
matrices Z_ and Z:

_ T _M2 \/Emw Sinﬁ

III. CALCULATIONS OF WILSON COEFFICIENTS

In our calculations we consider the flavor mixing be-
tween b and §, which make contributions to the dileptonic
B meson decays through gluino or neutralino loops.
Following the analysis in [15], we assume the flavors are
diagonal at tree level and the mixings are induced at loop
level. Such mixings can be parameterized by a small mix-
ing parameter €; which is dependent on some soft-
breaking mass parameters [15]. In our numerical calcula-
tions we input €; = 0.1 for illustration. We perform the
calculations in the Feynman gauge, and thus the Goldstone
bosons will be involved in the loop diagrams.

Since in the NMSSM the lighter mass eigenstate, the
CP-odd neutral Higgs boson Ay, can be rather light, with a
mass ranging from 100 MeV to the weak scale [1,2] (using
the package NMHDECAY [16], we checked that such a light
CP-odd Higgs boson A; is indeed allowed by the LEP II
data), in our calculations we pay special attention to this
wide mass range of A; and discriminate three cases.
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(i) Case A: Heavy A;.

For a heavy A;, around weak scale, we integrate it
out together with the other heavy particles (Higgs
bosons, top quark, W= and Z bosons, sparticles) at
weak scale to obtain the Wilson coefficients. The
effective Hamiltonian describing b — sl [~ transi-
tion reads

H o= =5, 3 w0,
eff \/E th Vts P i r i r

2
+3 Co ) Qulu) | (19)
i=1

where ©; and Q; are operators listed in [8,12], and
C; and Cy, are, respectively, their Wilson coeffi-
cients, and w, is the renormalization scale. Note
that the most general Hamiltonian in low-energy
supersymmetry also contains the operators O} and
Q! which, respectively, are the flipped chirality
partners of O; and 9 ;. However, they give negligible
contributions and thus are not considered in the final
discussion of physical quantities [17].

In this case, there are no new operators, and we only
need to calculate the NMSSM contributions to these
coefficients C; and Cy, at the scale of my,. For the
processes in our analysis, only C;9 0 and Cy , are
relevant. The NMSSM contributions to C7 g | are the
same as in the MSSM, which are computed in [18].
For Cp, , the NMSSM contributions are different
from the MSSM contributions [12] and thus need
to be calculated here. The Feynman diagrams we
need to calculate are shown in Fig. 1, where the
loops, respectively, involve the charged Higgs bo-
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FIG. 1.

sons, charginos, gluinos, and neutralinos. From the
calculations of these diagrams we obtain the Wilson
coefficients at my, scale, which are presented in the
Appendix.

For the calculation of the dileptonic B meson decays
we need to know the Wilson coefficients at the m,,
scale, which can be obtained from the running of the
coefficients at the my, scale down to the m, scale.
Such a running is governed by the anomalous di-
mension which can be found in [12].

(i) Case B: A; with an intermediate mass m;, <K

my, << nmyy.

At the myy scale we retain A; as an active field, and
thus we have a new operator O4. After integrating
out all heavy particles at the my, scale we obtain the
Wilson coefficients including C4 for @,. Then we
work out the anomalous dimensions and run the
Wilson coefficients from the my, scale to the my,
scale. At the m,, scale we integrate out A;, which
makes an additional contribution to Cgp (my,).
Finally, we run all the Wilson coefficients from
the m,, scale to the m;, scale.

The new operator O, at the my, scale takes the form

i 52 mymy5EbYA,. (20)

O, =
A 167
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The Feynman diagrams which give the dominant contributions to C,,: (a—c) charged Higgs loops, (d-g) chargino loops, (h-
k) gluino and neutralino loops.

From the calculations of the corresponding dia-
grams in Fig. 1 we obtain the Wilson coefficient
C4(my). Tt is composed of the charged Higgs loop
contribution, the chargino loop contribution, the
neutralino loop contribution, and the gluino loop
contribution, whose analytic expressions are given
in the Appendix.

For the running of the Wilson coefficients including
C, from the my scale to the my, scale we work out
the anomalous dimensions by calculating one-loop
diagrams with operator insertions. We find that all
the Wilson coefficients in Eq. (19) run in the same
way as in the MSSM [12], while the new coefficient
C, is not changed, i.e., C4(my,) = Cy(my).

When integrating out A; at the m,  scale we find it
gives a contribution AC, (m,) to the operator @,

o_v mym;

ACQz(mA,) = _TEmTCA(mAI)- (21)
A

Finally, for the running of the Wilson coefficients
from the m,, scale to the m; scale the anomalous
dimensions are the same as in the MSSM [12].

(iii) Case C: Superlight A; with mass m,, < m,,.

In this case we retain A as an active field in the
entire analysis. At the my, scale we integrate out all
heavy particles and obtain the Wilson coefficients
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including C,. Then we run the coefficients down to
the my, scale. At the m,, scale the effects of O4 are
represented by a change in Cyp,

o_ v mym,
ACy,(my) = — —
QZ( b) 2 s p2 - m%l + imAIFAl

Cy (mb),
(22)

where p is the momentum transfer and I'y, is the
total width of A;. Since A; can be on shell in this
case, the effects of A; can be sizable even if without
tan enhancement.

Note that the chargino loop contributions to C, were also
calculated in [4] where the corresponding diagrams in-
duced by the A;-squark-squark vertex are neglected since
the author considered the large tan3 limit. In our numerical
calculations we used the full results by keeping all terms,
and thus we also included the diagrams induced by the A -
squark-squark coupling although they contain no leading
tanB terms. Except for the case of a large tanf, such
diagrams induced by the A;-squark-squark coupling
should be included since the A;-squark-squark coupling
can arise from the F term of the superpotential and should
not be suppressed by the singleness of A;. We checked that
in the large tanB limit we can reproduce the analytical
result given in [4] for the chargino loop contributions.

IV. DILEPTONIC B MESON DECAYS IN NMSSM

With the effective Hamiltonian and the running of the
Wilson coefficients presented in the preceding section we
calculate the inclusive decays B — X, €€~ and their FB
asymmetry, as well as the exclusive decays B, — €€~ .
The formulas in terms of the Wilson coefficients can be
found in [8,12].

Note that our supersymmetric contributions to the
Wilson coefficients are given at one-loop level (next-to-
leading order), while the SM contributions are known at
two-loop level (next-to-next-to-leading order) [7]. In our
numerical calculations we consider the one-loop results for
the NMSSM, while for the SM we also include the two-
loop results.

For the inclusive decays B — X, £*¢~ we exclude the
resonances J/W and W' contributions by using the same
cuts as in the experiments [19], i.e., the invariant dilepton
mass in the ranges

(2my, 2.75 GeV) @ (3.3 GeV, 3.39 GeV)
® (3.84 GeV, my), (23)

so that our results can be compared with the experimental
measurements.

For exclusive decays B, — £* €~y we follow [10,12]
and consider the photon in B; — €€~y as a hard photon
by imposing a cut on the photon energy E,,, which means
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that the radiated photon can be detected in the experiments.
This cut requires E,, = dmy /2 with § = 0.02. [Note that
for a soft photon both processes B, — €* ¢~y and B, —
€€~ must be considered together and in this case the
infrared singular terms in B, — €*{~ 7y are to be canceled
by the O(a,,,) virtual corrections in B, — €€~ [10].]

In our numerical calculations we perform a scan over the
NMSSM parameter space

2 = tanB = 30, —500 GeV = . = 500 GeV,
—l=x=1, —1=k=1,
—50 GeV = A, =50 GeV, (24
—10 GeV = A, =10 GeV

with fixed parameters for the sfermion and gaugino sector
[500 GeV for all sfermions and the gluino, and 200 GeV
and 100 GeV for SU(2) and U(1) gaugino masses M, and
M, respectively]. In our scan we consider the following
constraints:

(1) The LEP II constraints by using the package
NMHDECAY [16].

(2) The constraints from B — X,y which stringently
constrain the effective coefficient CS*. For the ex-
perimental result we use the world average value
[20]

Br (B - XsY)lexp
= (3.55 £ 0.24729 + 0.03) X 107%. (25)

(3) The constraints from B, — " u~, which constrain
the Wilson coefficient C4 of the light pseudoscalar
operator [4,12]. The experimental result is given by
[21]

Br(B, — pu* ") < 15X 1077(90% C.L.). (26)

Among the relevant dileptonic decays experiment data is
only available for Br(B — X,u" ™), which is given by
(21]

Br(B— X,ut ™) = (43 *1.2) X 107°. 27)

In displaying our numerical results we will show this
bound and use it to constrain the parameter space. For
other dileptonic decay branching ratios, with no experi-
ment data available, we will compare the NMSSM predic-
tions with the SM values given by

Br(B— X,7t77) = 4.43 X 1078, (28)
Br(B, —» yutpu~) = 1.33 X 1078, (29)
Br(B, — yr*r) = 1.35 X 10°%. (30)

Note that the SM prediction for Br(B — X7 77) was also
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given in [22]. But our result is different from that of [22]
because it is very sensitive to the cuts around the reso-
nances J/¢ and ¢'. While our cuts are chosen as in
Eq. (23), we cannot find the corresponding cuts used in
[22]. We can easily reproduce the result in [22] by varying
the cuts.

In Fig. 2 we show the scatter plots of the branching ratio
for B— X,u* u~ versus tanB. Here we present the results
for the three cases: a superlight A;(m,, <5 GeV), an
intermediately heavy A;(5 GeV < m,, <40 GeV), and a
heavy A, at myy scale. In order to see how stringent the b —

PHYSICAL REVIEW D 77, 095012 (2008)

sy constraints are, we display the scatter plots with and
without the b — s7 constraints. From this figure we make
the following observations: (1) The branching ratio can be
greatly enhanced by large tan3. (2) b — sy constraints are
quite stringent and can exclude a large part of the parame-
ter space, typically with large tanfB. (3) In the parameter
space allowed by b — sy the decay B — X, utu~ can
still be greatly enhanced, especially in the case of a super-
light A;. The 20 experimental bound on B — X, u™ u™
can further exclude a large part of the parameter space.
Almost no points with tan8 > 15 in the parameter space

]
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N d L. x L 3
= < e '
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FIG. 2 (color online).  Scatter plots for the branching ratio of B — X,u* u~ versus tang: the left panel is for a superlight A,(m 4, <
5 GeV), the middle panel is for an intermediately heavy A;(5 GeV < my,, <40 GeV), and the right panel is for a heavy A; at my,
scale. The dark (red) points are allowed by b — sv, while the light (sky-blue) points are excluded by b — sv.

o
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FIG. 3 (color online).
while the light (sky-blue) points are excluded by B, — utu~.
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Same as Fig. 2, but with the B, — u*u~ constraints. The dark (red) points are allowed by B, — utu~,
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FIG. 4 (color online). Same as Fig. 2, but for B— X, 7*7~, B, — yu"u~,and B, — y7* 7. The dark (red) points are allowed
by B — X,u™ u~, while the light (sky-blue) points are excluded by B — X, utu™.
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FIG. 5 (color online). The forward-backward asymmetry of
B— X,utpu~ versus s = p*/mJ (p* is the invariant mass
of u™ and u7).

survive all the constraints. From the left panel of Fig. 2 we
see that some part of the parameter space with a superlight
A, is still allowed by b — sy and B— X, u ™t ™.

Let us take a look at the constraints from the process
B, — p* u”, whose branching ratio is given by [23]

Tg, ][ SB, ]2
1.49 psL245 MeV

2 mpg. 3
[5.37 GeV]

x [C2 + (CQ + 2ﬂcw)2].
0, 2 mg.

(3D

Br(B,— u*tu~)=12X 1077[

Vis
0.04

>< |

We see that the contributions are from Cyo and Cy, ,. While
the contribution from Cj, is suppressed by the factor
m, /mp , the contributions from Cyp,, can be enhanced
by large tang (Cy R contain terms which are proportional
to tan®B, as shown in the Appendix). This feature can be
seen in Fig. 3 in which we set aside the b — s+ constraints
and illustrated the B, — w™ u~ constraints. We see that,
similar to the b — s7 constraints, the B, — u* u~ con-
straints are stringent for a large tan 3. If we impose the b —
sy constraints which exclude a very large tan, then the
further constraints from B, — u* ™~ are stringent only for
the parameter space with a very light A,.

The results for other dileptonic decay branching ratios,
for which no experiment data are available, are presented
in Fig. 4. To see how stringent the constraints from B —
X, u~ are we display the scatter plots with and without
such constraints (all the points satisfy b — sy and B, —
utpo).

From Fig. 4 we see that under the constraint from B —
Xt u™, the branching ratio of B — X,7"7~ does not
deviate significantly from the SM value. The reason is that
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these two decays are highly correlated except for the con-
tributions of Cp , and C, which are dependent on the

lepton mass. If the contributions of Cp , and C4 are

dominant, then Br(B — X 77 77) should not be severely
constrained by B — X,u"u~. As discussed below
Eq. (31), the contributions of Cy , and C, are important
only for very large tan$3 which is not allowed by b — s7y.
As a result, the contributions of Cy , and C, are not
dominant, and thus B — X,77 7~ is highly correlated to
B— X,uu.

Note that for B — X717~ it may be rather challenging
to disentangle the NMSSM effects from the SM value in
future experiments. One reason is that, as discussed above,
the NMSSM effects are no longer so sizable under the
constraint of B — X, u* u~. The other reason is that the
SM prediction has its own uncertainty. If we consider the
uncertainty of the input SM parameters, we can obtain the
uncertainty (about 20% as found in [22]) of the SM pre-
diction. But in Fig. 4 we did not show such an uncertainty
of the SM value because for all the results, both NMSSM
and SM, we used a same set of the SM parameters without
allowing them to vary in the uncertainty range. Since the
SM parameters are involved in both the NMSSM and SM
values, all the results are subject to some uncertainty if we
consider the uncertainty of the SM parameters. Of course,
such uncertainties will deteriorate the observability of the
NMSSM effects.

Finally, in Fig. 5 we show the results for the forward-
backward asymmetry in B — X,u*u~ under the con-
straints from B — X, utu™.

V. SUMMARY

In the framework of the NMSSM we examined the rare
dileptonic decays B — X, £*€~ and B, — €€~y paying
particular attention to the light CP-odd Higgs boson. We
found that in the parameter space allowed by current ex-
periments, such as LEP Il and b — sy, the branching ratios
of these rare decays can be greatly enhanced, and thus the
experimental data on B — X,u" u~ further stringently
constrain the parameter space, especially with a superlight
CP-odd Higgs boson and large tanfB. In the surviving
parameter space we gave the NMSSM predictions for other
unmeasured dileptonic decays which may hopefully be
measured at the future LHCb or super B factory.
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B MESON DILEPTONIC DECAYS IN THE NEXT-TO- ...
APPENDIX: WILSON COEFFICIENTS

The Wilson coefficients C7, Cg, and C,q in the NMSSM
are the same as in the MSSM [18]. Here we present the new
coefficients C,, Cp,, and Cyp,, whose predictions in the
NMSSM are different from the MSSM. We checked that
we can analytically reproduce the MSSM results
[12,13,18]. [However, the NMSSM results cannot explic-
itly reduce to the MSSM results by simply dropping out the
singlet S (say setting A = k = () because the u term is
generated by S

Although in our numerical calculations we used the
complete results by keeping all terms, here, for simplicity,
we only present the terms which can be enhanced by large
tanB. At the my, scale each Wilson coefficient is composed
of the charged Higgs loop contribution from Fig. 1(a)-1(c),
the chargino loop contribution from Fig. 1(d)-1(g), and the
neutralino and gluino loop contribution from Fig. 1(h)-1
(k).

For the charged Higgs contributions:
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2

+ m
Cg] - 4b ta 2:8[ 5 UHUHF1(XH%XW:)
iy

mgm;,

+ 55— Fi (= xw) | (A2)
My My, .

ch =4m 2,8[( ik U4, U4 +5a2U;‘1)
An

m2

2

A
X Fy(xp=y Xw,) + PR Fi(xpe, xtW)] (A3)
m mH

Note that although the H*W™*A, vertex has 1/ tanf sup-
pression by the singleness of A;, the H*G™A, vertex
which comes from the soft term A;ASHLH? does not
have such 1/tanB suppression. Thus the contribution to
C, from the loop involving H* and G* with H*G*A,

cl™ = — A tanBF, (X, Xw,), (A1)  coupling (in the Feynman gauge) is proportional to tan/3.
82mwy For the chargino contributions:
|
Cx =i i g 05 5, xR Py ) — TRy B ) = Ry, Fa )| ST
A Tt N i1, ], U g Xoew I lﬂx C KT e XCxe 112X 36 XS ¢
)~(1 9 H U(I;’lm)(g
C ta ' Gk ,l—’5~5-P X7 oc
0 4 B,kzljlz.'l ( J ){ WCOSﬁ ikOlj l( t[,,)(]?)
2\/_ al mf 2\/_UHT‘”k X/
51k|:Qa1,F2(x; BRIy 70 T —=0apF1(x;_ 5e, XXCXC)] ~—5ljF1(xf[,lfk,l’x)”(ffk,l)
X/ Tg—1
m2
+ H 5 [22 Z“F4(x, ]XC x C C X5y C) X’ Zzl le F3(x, IXC x C C x~~c):|} (AS)
)(g X]
J
302 \/—U U4 m,c
e mpm al
cf = ——tan? Flk,l{—’ﬁﬁPx
0, 4m124a B[’kZ:] jJZ: ( J ) mWCOSB ik®1j ( i ])()
A Taik
2\/_2—U21 . X \/_U T mm c
_ 2 6[1{[ Ralsz('xl IXC X C) + XIC Ralel(xi,-,,)'(,C XX Xf)il mwmtgkﬂ J 61/F1(-xt, -1’ x/\-"ffk—l)
2
nmy -
+ m . 5 |:Z2JZ”F4(xt IXC xXcXC xVX ) - le ZZI ZU F3(xt 1)(C xXcXc xVXc)]} (A6)

Xj Xj

Note that here Cy , contain terms which can be enhanced by tan® B (the overall factor tan? 8 multiplied by 1/ cos gives

tan’ 3 in large tan,B limit).
For neutralino contributions:
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0 i tanS % 1/2
Ci =~ Vo V" cos HWN {Z3k T5Th (R Thx ol (%, 30 Xgo0) — lek Falxg, g0 Xg00)]

e 6_cotB v
+ TR0 KOs, X, )RG5, 0 %p0p, )+ w5 *xlﬁil“z(l Jo k)P (x5, 1;(o)} (AT)

—10p ¢

S S 6 \/-Z—U U nm.o
<0 1 mym, n N
CX = — " tan2B Nl{— lk/rz(l ], k )P (xb )
o K., K7, 4mj; coso,, i,yzzlj,kz:.-l mZ1 j m, g
ZUH]Z]SVI(* ” 2 il* " m)(o n '1* —
_ agizl:QéjkT’ T4 Fz(xb ey xXO)??) + Qtlfjk<m)(: T2TH + p b i B3Til )Fl(xb o xX“)?‘;)iI
J

m.o 1 .
X aik! .. aik! 3. i* /
+ouH N ( L TeT, G, j, k) + T 23 i) ng)Fl(xl;H ST

12
mb,\,/,l \/-2—

2 m o
+ [( al Is(i, k)Z(LH3)"’ Zi’"Zi}‘ 213\,/ - 150, &, j))F3(xl5,~71)”(?’ xf(ﬂf(‘}’ xim)”(?)

iz "
— (To(i, k)Z(LI+3)mZ1Lm*Z?\}€Z]3\{ '@, j, k))F4(xb A0 KRR xim)??)]}’ (A8)

Siwla(i, j, K')P 1(96;;,.7];((;)

<0 1 mym S > 6 \/—UalU
R O T e LD YWD {—
wKis 4my cos6, Ayt
+2Uglz;,k"[
82

n 11 ,\/ *
Réjlelel Fz(xb ~0 )C () 0) + R§]k< Xk TlDQTg + @TngDl )Fl(xb ~0 .X ())]
J J

m / m124 m/"q . I+3)m* * 535" . .
+ 20— ST R)F (35, ) - 2:[(m Tl WA 2z B =Tk J))
by, Xp Xk

X F(x; A Xy

2 XO P X ) (FG(l, k)Z(L{+3)mZ£m*Z?VkZ?VJ — F7(i, j, k))F4(xb~i71/??’ X3 0 xlm)( )]} (A9)

For gluino contributions:

g i 8g3 j1* v o0 2p 1
i = VoV Tg% tan BT, [5ij;—tanﬁxg2 1(xb 1g) +T Jl(x~b L Xwi, 1) /2 Fl(xb By Xab, ‘)] (A10)
5 1 mym; 16g%m; vt ut UH 74
g _ by 3 g 2 371" 1 5 114 3 3
CQI - biKz 4 3 2 t B Zl Tl T |: m, ‘ 5 Pl(xb )+ ab F( b lbjfl’xgbj—l)]’ (All)
s ij o
: 1 mym, 16g5m; 3. TUAUA UA T
§ _— _ bt 37g 2 i3l alZal o al’3 5
Cp, = KK 4 3gin tan Bijz=1 T3TY) [m,, 8;iP1(x5_ ¢ )+7m5 Fi(x5,_ 5, » gbjfl)]. (A12)
3 o
In the above expressions the constants and functions are defined by
1 = e . .
N = 3 ¥ sind,, — Z/ cosb,, N = —Zz/sind, + Zy cosd,, (A13)
— _ 82 (17A AuFl) A F1172j A 70l
Ry = — 22 (UAZ27ZY + U, 2V 7% — Z_uA, 74 7%, (Al4)
alj ﬁ( 1 2 \/E 3
82 (it 721715 4 gt 71720 — Ay 772 (A15)

Qalj = ﬁ \/E
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" /1% 1 . . .
RLY = —RE' = — E{—Uj;zl:co i (ZHNY + ZYINY) + 202 23 + zfvfzka)]
+ Ugl[—gz (ZENT + ZYNY) = 202 23 + z4f25k)]} 2kUS(ZIZE+ 2723, (A16)
cosé,,
Ol = Qi = _{U“Z[cosg; (ZYNY + ZIND) + 2NZIZ3 + z3’25k)]
Ugg[co‘g; » 1+ ZYNY) + N2NZYZH + z‘}vf'zka)]} 2kUR(ZIZk + 2073, (A17)
— i2 k2" 1 725"
r (l J,k l) (Tl T 5i15k1)2+ ZJ A — \/__(UdU + SUal) _AU
\/_ n, T13Tk2 221*22/ (A]S) A (A27)
2my sinf A, = ﬁ(vdU + sUM) + A U,
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My 37" il k2
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2
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