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In this paper, we consider a solution to explain the three discrepancies with the standard model (SM)
predictions in flavor observables, i.e., anomalies in B— K*u"y~ and Ry =B(B— Kutu~)/B(B—Kete™)
at the LHCb and an excess in h — uz at the CMS in the context of R-parity violating (RPV)
supersymmetry. We demonstrate that these anomalies can be explained within a unified framework:
the minimal supersymmetry model (MSSM) extended with 5 + 5 vectorlike (VL) particles. The new
trilinear RPV couplings involving VL particles in our model can solve the b — s anomalies, and the mixing

between the SM-like Higgs boson and the VL sneutrino can yield the extra h — pz decay mode.
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I. INTRODUCTION

The LHC has established the discovery of the long
expected Higgs particle. So far, this boson behaves very
SM-like, i.e., its dominated production and decay rates are
close to the SM ones. Precision measurements of its
properties would open a new window into new physics
(NP) beyond the SM. Indeed, CMS recently did observe [1]
a slight excess of events with a significance of 2.4¢ in the
lepton-flavor violating (LFV) channel 4 — uz, which trans-
lates into a branching ratio of B(h — uz) = (0.847937)% if
interpreted as a signal. Since this lepton flavor violating
process is absent in the SM, various approaches have been
considered to make up the Aru coupling, (For examples, see
Ref. [2-16]), and many of them are in the framework of
some types of two Higgs doublet models.

In a complementary direction, rare decays mediated
by the flavor-changing neutral currents are powerful
indirect probes into NP beyond the SM. Since 2013,
the LHCD collaboration has reported some anomalies in
b — s transitions, including discrepancies with the SM
predictions in the angular observable P; in B — K*pu"u~
[17] and some branching ratios [18,19]. Furthermore, an
interesting hint for the lepton universality violation is
observed [20] in the theoretically rather clean ratio Ry =
B(B — Ku*u~)/B(B — Kete™) = 0.745100% + 0.036,
which departs from the SM prediction R¥M = 1.0003 +
0.0001 by 2.60 [21].

It is interesting that the b — s anomalies can be
explained simultaneously in a model independent approach
by rather large NP contributions to the Wilson coefficients
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(mainly to Cg) [22-31]. This has attracted considerable
attention from theorists and many efforts have been made to
account for them simultaneously in one specific NP model,
see for example Refs. [27,32-40]. However, only several
models are able to address the flavor anomalies observed
both at the LHCb and the CMS within a unified framework
[41-43], and all of them utilize a Z’' vector boson.

Supersymmetry is a well-motivated extension of the SM.
However, the R-parity conserving MSSM fails to explain
these anomalies simultaneously in the scenario without
sources of flavor violation beyond the CKM matrix [44].
Even in its more general scenario that contains flavor-
changing trilinear couplings, NP effects are rather difficult
to give modest contributions [30]. If R-parity is violated,
the R-parity odd renormalizable Yukawa interactions of
quarks and leptons with scalar superpartners would give
additional sources of flavor violation. Unfortunately, the
RPV interactions in the MSSM only contribute to the
operator Oy and O, [45].

Introducing extra generations is one of the simplest ways
to extend the SM (For a review, see [46]. For examples, see
[47-55]). Compared with the extra chiral generations, the
VL extensions are still viable as long as the particular
vectorlike mass terms are heavy enough to escape from
various experimental bounds. Supersymmetric VL exten-
sions have also long been discussed [56—70]. In order not
to disturb the unification of the gauge coupling constants,
which is one of the achievements of the supersymmetry
[71-74], complete multiplets of the representations of the
grand unification theory (GUT) SU(5) group are added.
Therefore, models containing copies of 5+ 5, 10+ 10
chiral superfields have been discussed in the literature.
However, R-parity conserving 5+ 5 extensions of the
MSSM also fails to explain the flavor anomalies. First,
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although the extra squarks do yield box diagrams similar to
those in Refs. [23,30], these contributions are suppressed
due to more cross mass terms being inserted. Second, all
the charged leptons can only couple with the H ;, leaving us
no room for a misalignment between the charged leptons’
mass matrix and their Yukawa-coupling matrix unless there
are large mixings between p, 7 and the vectorlike leptons,
which will disturb the universality of the ZII vertices
severely. In this paper, we consider an RPV supersym-
metric model extended with one copy of the 5 + 5 vector-
like particles, and utilize it to explain all the flavor
anomalies described above within a unified framework.
A complete SU(5) GUT model is out of our scope and left
to future investigation.

The paper is organized as follows. In Sec. II we give a
brief introduction to our RPV extension of the MSSM with
5+ 5 vectorlike particles. In Sec. III we solve the b — s
anomalies utilizing the RPV operators involving vectorlike
particles, and then we derive the LFV decay of the SM-like
Higgs boson from our model in Sec. I'V. Finally, Sec. V
concludes the paper.

II. THE MODEL

In this paper, we consider the MSSM extended with
5 + 5 vectorlike particles, that is to say, only L, L, D, D are
introduced beyond the MSSM, where L, L denote the
leptonic SU(2); doublets assigned with the hypercharge
—1 and 1, respectively and D, D represent the SU(2),
singlet down-type quarks assigned with the hypercharge %
and —%, respectively. Weuse L;, E;, Q;, U;, D;, H,, H; to
denote the MSSM superfields, which are left-handed
leptons, right-handed charged leptons, left-handed quarks,
right-handed up-type quarks, right-handed down-type
quarks, and the two Higgs doublet respectively, with the
generation index i running from 1 to 3.

In the absence of the R-parity, gauge invariance in
principle allows for baryon-number and lepton-number
violating superpotential couplings. We assume that the
baryon-number conserves in our model and consider only
the lepton-number violating superpotential couplings
involving the vectorlike particles. The pure RPV MSSM-
terms are highly constrained by various experimental
bounds (See [45] for a review), therefore we ignore them.

The superpotential for the 5 + 5 extension part reads

Ws,5 =myLL + mpDD — ylLH E;
~ YIQHD + WY, M)
with
WRPY = y8PQ.L,D + yh QLD + yPP Q:.LD
+ i UiED + v PLiLE + ey, LL;
+eH L+ e H,L, )
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where m;, mp are the vectorlike masses for the vectorlike
leptons and the down-type quarks. y! and y¢ lead to the
mixings between the SM sectors and the vectorlike sectors.
yl-QjD, v, y9P, yi” are the corresponding coupling con-
stants for the trilinear R-parity violating terms. ¢; and €;
yield the mixing between vectorlike leptons and the
MSSM-Higgs sectors.

The corresponding supersymmetry breaking soft terms
are

LoD =mL' L= m2L'L—mD'D - m
+ [-AY!LH E; — Ay?QH ,D
+A2P ()’,QjDQiI:j D+y?PQ,L D)+ AUPyEP &,Eﬁ
+ ALLEYLLEL T E By ey LL; + Bre H, L

4 BrepHyL +m2, HiL + m2, HiL +Hc]  (3)

For later convenience, we write down the MSSM super-
potential

Wussm = Wissm
= uH,H,+y50:H,U; — y$0:H,D;
- ygjLinE‘, (4)

and the corresponding soft terms

Lt D —mS 01 0; —mPUIU; — m?DID; — miPLIL;
—mPE[E; = my |H,[* —miy |H,?
+ (A0, U; = AGO:H,D; = A LiH,E;
~ BuH{H, + He). ®)

At the end of this section, we comment on the lepton-
number violating interactions due to RPV, which are tightly
constrained by the experimental bounds, e.g., the neutrino-
less double beta decay or the neutrino masses. The RPV
induced neutrinoless double beta decay usually requires
v4q(Q;L;D) and ue*q (Q;L,D; or U,E,D) vertices,
or large mixture between neutrinos and neutrilinos (For a
review, see [45]. For examples, see [75,76]). The neutrino
masses can be induced from the vacuum expectation value
of the sneutrinos at tree-level or might come from the
quark/squark loops induced by the Q,L;D( vertices.
However, in the following text we will see that we only
need the UsE;,D, L,LE; and L;LE, vertices. All the
other trilinear RPV coupling constants can always be set
small enough in order to avoid the unwanted vertices
mentioned before. We can also adjust the parameter in
order to forbid the mixture between MSSM (s)leptons and
the VL or Higgs sectors, thus vacuum expectation values of
the MSSM sneutrinos can be avoided.
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III. EXPLAINING THE b — s ANOMALIES

The effective Hamiltonian for b — s transitions can be
written as

4G[: 62
He >D———V V CiOi CIO/ H.C.,
fir N AT Z( + Ci0;) +
(6)
where V;; denotes the CKM matrix elements and C,m are

the Wilson coefficients of the effective operators o).

1

According to the global fits [30], we consider new physics
effects in the following set of operators,

04 = (57,PLb)(ay*u).
04y = (57,PLDb) (" v’ ). (7)
which is one of the best fit scenarios with

—1.6(-1.4) < ReCi™" <
—0.4(-0.2) < ReC'y" <

(—0.6) — 0.3,
(0.5)0.8, (8)

at (1o) 20 level. Besides, the rest of operators involving
muons, electrons and taus are perfectly compatible with the
SM expectations in the fitting.

In the R-parity conserving MSSM, the only way to
break the e —p universality is through box diagrams
involving light smuons while selections are decoupled.
In such case, non-negligible contributions to Cj and CY
can only come from the boxes induced by the flavor
violation in the squark soft masses. In Ref. [23], rather
modest contributions to Cy and Cj, of 20.5 is obtained
with an extremely light spectrum which is strongly
disfavored by the direct searches. Here we make a more
conservative estimation of the contributions according
to the bounds from LHC. Assuming maximal mixing of
the left-handed bottom and strange squarks, the wino
boxes contributions (dominate over those from bino and
mixed wino-bino boxes) read [23]

1 5 m? m? m>
ViV = 1o o)1 (e k) 0)
s 53,192 mg b m% mg

with the loop function b‘”‘ given in Appendix A. For
m; = my, = 130 GeV, md =800 GeV and &5 = -04,
we obtain contributions C§°* = —C8%* = —0.2. Obviously,
these box contributions are insufficient to account for
the anomalies.

In the R-parity violating supersymmetry models, there
are extra tree-level sources of flavor violation from the
trilinear R-parity violating terms. Unfortunately, such
trilinear terms involving pure MSSM superfields can
never yield the effective operators Og;, which only
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involve the left-handed down-type quarks since the
charged-leptons always couple to the right-handed
down-type quarks in Q;L;D; vertices. In our model
extended with one copy of the 54 5 vectorlike super-
fields, this problem can be solved with the trilinear
couplings U;E jD, i.e., left-handed down-type quarks in
the SM couple to charged leptons by their mixing with
the vectorlike quarks.

Integrating out the squarks, we obtain the following
effective Hamiltonian for » — suu transitions

3 UDx
e Vi
Hesr O =V iV, ZM(SPRﬂ)(ﬂPLb) +H.c.
k=1 R
Y vie
==VosV ZT(MPL )y, Pru) + Hee,

URk

(10)

where my, is the mass of the kth right-handed up-type
squark, Vp,, Vp, denote elements of the extended CKM
matrix in our model and the Fierz transformation is applied
in the second line. Notice that

d
v COoS
VDS z_u7
mp
d
yivcos
Vpp & ——=—O (11)
mp

where v = /02 + v = 174 GeV is the electroweak vac-
uum expectation value, while the tanf = Z—d is the ratio

of the vacuum expectation values of the HY and HY.
Immediately, the Wilson coefficients in term of the
R-parity operators read

4 VLRPV _ ~u VLRPV
Cy =C

_ \/_” VDbVDs ZyllchD*ykZ (12)
GpVyVise? mg2 .

The magnitude of V™™V and %)™V is related
with the mixing parameters Vp, and Vp,, which are
mainly constrained by the unitarity of the extended
CKM matrix, i.e.,

|Vus|2 + |Vcs|2 + |Vts|2 + |VDS|2 - 1’
Vo> + Ve + V> + [V |* = 1. (13)

According to the data from the PDG [77],

IViusl? + [V |2 + [V, 2 = 1.025 +0.032,
Va2 + [V 2+ [V |? = 1.042 £0.065.  (14)
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The data together with the error bar we adopt come from
the direct measurements of the meson behaviors without
any fittings using the 3 x 3 unitary properties. In the RPV
cases the trillinear vertices together with the sparticle
propagators might fake the W-boson induced effects and
then disturb the semileptonic decay of the mesons, thus the
values of the measured CKM matrix elements are deviated.
However, just like what has been mentioned in Sec. II,
all the unwanted terms (mainly QL;D-like terms) can be
turned down in order to avoid these problems. Therefore,
in this paper, we ignore these effects. Note the error bar
in the second line of (14) is mainly controlled by the
uncertainty in |V,,|. Hence, we obtain upper bounds on
the mixing parameters, |Vp,| < 0.084 and |Vp,| < 0.15.
Assuming m; ; > m; and plugging in Gp=1.1663787 x
10°GeV~2, a,(m;) = 1/133, |V,| = 0.0404 and |V, | =
1.021, the contributions (12) become

UD 2V V*
Clgl.,VLRPV _ C/fE)VLRPV — |y32 | DbV Ds (18 Tev)2‘ (15)
l’)’l;}ze

Here we give a benchmark point that solves the anomalies.
Take m; =900GeV, yU2 =0.4, V p, =0.1 and V= —0.05,
then Ciy VMY = VMY = 0.3, Note that in this case,
given the condition [y ;| < 1 that the perturbative theory is

available, from (11) we can see that the mass term mp is
constrained as

¥4 5lvcos

|VDs| (16)

|mD| S

Assuming tan = 2 results in |mp| < 800 GeV, which is
compatible with the experimental data (See [77-79]).

Combining these with the MSSM box contributions
Ch* = —Ch%* ~ 0.2, we finally get the total contribu-
tions of new physics C)¥ =-0.5 and C)f =-0.1,
which is compatible with the global fitting results (8)
at 20 level.

The B, meson mixing and the rare muonic decays of
the neutral B mesons provide important constraints on
NP scenarios, and the effective Hamiltonian (6) for the
b — s transitions is relevant for these processes. As for
the B; meson mixing, since there is no tree-level
contribution in our model, and we expect the one-loop
box diagrams to be highly suppressed by the heavy
squark mass (~800 GeV) and the small mixings
between the VL quarks D, D and the SM ones, so
we neglect this constraint and only consider the latter
one. The amplitude for the B, — u*pu~ decay is domi-
nated by the axial vector operator O, while the vector
contribution from 0’; vanishes, and thus the branch ratio
in our model can be well approximated by
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2
B(B; = ptu )sm

(17)

with the SM prediction B(B;—putu )gu=(3.65+
0.23)x107 [80]. Recently this rare decay has been
observed from the combined analysis of CMS and
LHCb data [81] with a branch ratio of B(B, — utu™) =
(2.8700) x 10, which translates into [37] —0.25 <
NP/ ctSM < 0.03 (at the 1o level). For the benchmark
point given above, we have C/p" /C*™M =0.025 and
hence compatible with experimental measurement at
lo level.

. SM NP
Cio +Ch

B(Bs - /‘+/"_) = ‘ CSM
10

IV. EXPLAINING THE HIGGS DECAY h — uz

The effective operators describing the & — pz decays
are given by

L> _y;nﬂLTRh - ym%LﬂRh +Hc, (18)

yielding the branching ratio

my

B(h — pr) = (el + [yaul®) (19)

SHFSM

where ['gy; = 4.1 MeV is the decay width for a 125 GeV
Higgs in the SM [82]. Correspondingly, the expected
values of the effective couplings to explain the experimen-
tal results are

A/ 1Vuel? + [yeu|* = 0.0026 =+ 0.0006. (20)

In the MSSM, the Yukawa coupling matrix of the
charged lepton to the SM-like Higgs is always propor-
tional to their mass matrix and thus there is no hur
vertices after rotating the charged lepton sectors into
their mass eigenstates. It is interesting that sneutrinos
share the same quantum numbers with the neutral Higgs
fields, so they can mix with the Higgs boson and then
produce lepton flavor violating Higgs couplings in the
RPV supersymmetric models. As mentioned above, the
mixings between the MSSM sneutrinos and the Higgs
boson usually result in too heavy SM-like neutrinos
(See [45,83] for discussions), we have ignored the
relevant R-parity violating terms at the begin of our
model building. Then the “Higgs” superpotential rel-
evant to the electroweak symmetry breaking in our
model is

WHiggs Z,uHqu+le_,L+€LHML+€szI:, (21)

which yields the following Higgs potential for the
neutral scalar fields HY, H), L° and i’
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Ve (HY. H).L°. L)
L (g - L+ 7P
+leg Hy—my L] + |e HY + my L + wHS + e L)
+[uH e L +my |HP +mi [Hy? +m} L]
+m? 2L + (BuHOHY + By e, HOL® + m2, HY L
+m2, H*L + He). (22)

After the electroweak spontaneously symmetry breaking,
all these scalar fields might acqulre vevs. Note that the

mixing between the H? and L’ might bother the
properties of the SM-like Higgs boson severely, we

decouple r’ by assuming the soft mass m > mH , for

simplicity. In addition, we could always redeflne the H,
and L field by a rotation so that v, = <Z,> = 0. Taking
|
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account of these, the minimization conditions are

given by
M2 2’leff vd( 7}521) B B/'”ju
H, = vy ,
M2 — _2ﬂeffvu(vﬁ _ ng) — Buvy
H, = ” ,
MdL = _BLeL ﬂ (23)
vd
where v, = (HY), v, = <H2> and we have used a set of

shorthand notations for convenience: M?% = |u|* +

2 2 2 22 2 M2 2 2 2
my, +ep. My, = |ul* +my, + €7, M~_mL+mZ+€L,

9i+9
epmy +M€L and left = 18 2

The tree-level Higgs mass-squared matrix can be calcu-
lated from the potential (22) and read in the basis

ﬁRe(Hg, HY, L°) after substituting conditions (23)

2 2
My, =my —

4sin?pv*Aes — Bucotf - —4sin fcos fv* e + Bu Be;
M iﬁggHL = | —4sinfBcos pv’ls + Bu  4cos’fv’ Ay — Butan B —B,e; tan , (24)
Bje; —Bje; tan 8 M3 +20%(cos’f — sin’f) Aess
|
with v? = 2 + 03 = (174 GeV)? and tanf = Z—: The and By = ¢, =170 GeV yield Vvt =0.0049 while

SM-like Higgs is one of the mass eigenstates diagonalizing
the above matrix and can be parametrized as

h == Vuhg + thg + V[ZO, (25)
where (h{,19,1°) =J5Re(HY,HY,LY) and [V, 2 + |V, +
|Vi|* = 1. The effective couplings y,. and y,, are thereby

— VlyLLE7 — V[yLLE- (26)

In order to get the mixing coefficient V;,, we need to
diagonalize the squared mass matrix (24). Note that
the mixings between the Higgs and sneutrino are controlled
by Bye;, we can make a perturbative diagonalizing
with respect to (Bpepsecfs)/ M% <1 (see detail in
Appendix B). At the lowest order, we obtain

2B €] Aerr? Sin Bsin 43

Vlowest _ '
, M2 (Bu + (sin 64 — sin 2) dege )

(27)

For a moderate (B¢, secff)/ Mlz:, we must include higher
order contributions or diagonalize (24) numerically.
Here a sample point is given to explain the decay
h — ut: tanf=2, M; =400GeV, Bu=-(3x10>GeV)?

= 0.0057 in numerical calculatlons Correspondingly,

Eq (20) holds if only /(y2FE)? + (y54E)? = 0.46.
According to the work of Ref. [84], the effective
couplings (20) for a very SM-like Higgs are compatible
with other relevant favor constraints, e.g., from 7 — uy or
(9—2),. Among these constraints, the most stringent
bound arises from 7 — uy and translates into

\/1Vuel? + [yeu|* < 0.016 at 90% C.L. for a sufficient

SM-like Higgs. Other contributions from the other

scalar particles should also be calculated. Assuming
yLLE — yLLE — (), then the only alternative way for I° to
close the zu transition moment loop is through the mass
vertex with hY. The formula for these contributions to
the Wilson-coefficients Cp p are similar to those in
Ref. [84,85]. Although the coupling constants are of the

order y5IE, yL., which is much larger than the y,., Yo» Yo

the masses of the scalars mio jo are usually larger than the
0.

SM-like Higgs mass. The contributions are further sup-

pressed by the cross mass term between ° and hY. As a
result, they are usually of a similar order of magnitude as
those contributed from the SM-like Higgs particle loops. In
addition, the loops involving the CP-odd Higgs particles
can be neglected in the decoupling limit. Since the
condition (20) is an order of magnitude smaller than the
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bound from 7 — uy, our model can easily escape from this
constraint. We can also adjust the signs and values of y;4£
or y5£E in order to cancel out the remaining C g if one is
still worried about the possible too large 7 — uy branch-

ing ratio.

V. SUMMARY AND CONCLUSIONS

In this paper, we have presented an R-parity violating
supersymmetric model extended with 5+ 35 vectorlike
particles that successfully addresses the flavor anomalies
recently observed at the LHC within a unified framework.
On the one hand, the combination of UE jD-type and
Q;H, D-type RPV operators yields a NP contribution

Cly VIR — VIRV hich s able to explain the anoma-
lies in the b — s transition together with the MSSM box
contributions. On the other hand, the SM-like Higgs
obtains the LFV decay h — ur via the mixing with the
sneutrino 7°. Both this mixing and the ]0/” vertices (given
by the L;LE; operators) arise naturally due to the RPV
in our model. All these explanations are compatible with
various experimental measurements, especially the recent
results of the B, — u*pu~ decay. In our scenario, the mass
of the VL down-type quark is of order TeV scale
(mp < 800 GeV in our benchmark point), which can be
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APPENDIX A: BOX CONTRIBUTION

Here we copy the loop function f5°* entering the wino
boxes contributions from the Appendix of Ref. [23] and
correct a typo in it

box(x y) _ 12()( - 2y + xy) _ 12x2 logx
S T (=) -1 =) (1-xP(x—y)

12y(2x —y — y?) log y xy—1
5 i
(x=y)*(1-y)

(A1)

APPENDIX B: THE PERTURBATIVE
DIAGONALIZING OF THE SQUARED
MASS MATRIX (24)

In order to treat perturbatively with as fewer and smaller
nondiagonal elements as possible, we first rotate the mass
matrix (24) into the Goldstone basis by

discovered or excluded by the future run of the LHC. sinf —cosfi 0
V=/|cosp sing 0], (B1)
ACKNOWLEDGMENTS 0 0 |
We would like to thank Wolfgang Altmannshofer and
David Straub for helpful correspondence. W. C. H. thanks  then M3 = VTMIZ-Iiggs-&- ;V reads
|
4% ) ogrcos?2 20% g Sin 48 0
M% = | 20 A sindf —cscfsec f(Bu — 1.50% A sin 28 + 0.50% gy 8in 6/3) —B,e; secf (B2)
0 —B; e, secf (M3 + v* gy 05 2P3)

Note that the element M? ,, gives the same upper bound on the tree-level mass of the SM-like Higgs boson as in MSSM, so
large loop contributions from the top squark or even an extension with one singlet field [86,87] is required to yield a
125 GeV Higgs mass. These contributions mainly modify the M §’” and thus have negligible effects on V;, which is mostly
determined by the lower right submatrix of (B2). Here we focus on favor anomalies, we leave this Higgs mass issue aside.

In the case of (B ¢, secf3)/ M% < 1, we can diagonalize the above matrix in terms of the perturbative method and obtain
at the lowest order

Vlowest —1=-2 jveff v? Sin22,B CcoS 2ﬂ 2
o By + (sin 6 — sin 2f)degr 0
ylowest _ leffvz sin Zﬂ sin 4ﬂ
" Bu+ (sin 6 — sin 28) e
Vllowest _ ZBLeL/lefo2 sin ffsin4f (B3)

N M3 (Bu + (sin 6f — sin 2/3)Aegsv*)
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