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1 Introduction

The last two years have been remarkably exciting for both experimentalists and theorists
working in high energy physics due to the discovery of the Higgs particle [1, 2]. However,
a Higgs mass of 126 GeV poses intriguing questions, for theorists, about the naturalness
of minimal supersymmetric models [3-5]. Due to the fact that, at tree level, the mass of
the Higgs is bounded by the Z boson mass, a large contribution to mj; must come from
radiative corrections, which are dominated by the stop fields. Thus, it would require to
have very heavy stop masses in order to generate such mass value. However, large stop
masses make the soft parameter —m%{u large as well, which is straining the electroweak

symmetry breaking condition
2 2 2
my & =2 (myy, +p°),

implying a large amount of fine tuning to achieve the proper cancellation between —m%[u
and p2.! This is known in the literature as the “little hierarchy problem”.

There have been several approaches to raising the mass of the Higgs in the literature.
In one strategy, keeping SUSY minimal, the use of large trilinear A—terms has been stud-
ied as a way to avoid the requirement of very heavy stops. This is, however, somewhat
difficult to achieve in the standard gauge mediation of supersymmetry breaking scenario
(GMSB) [6-9], and would require very high messenger masses or a modification of the
mediation mechanism. For instance, GMSB has been modified in models where mixing

!To gain insight on the measurement of fine tuning, see [35-38] and references in [4].



between the low energy degrees of freedom and the messenger fields is proposed proposed
as a way to generate non-zero A—terms at the messenger scale [10-19].2

In a different approach, extensions of the minimal supersymmetric standard model
(MSSM) have been introduced in order to alleviate the little hierarchy problem. A clear
example of such attempts is the next-to-MSSM (NMSSM, see [21] for a review). Another
proposal that falls in this category is the addition of a set of vector-like fields that couple
to the Higgs multiplets. This raises the mass of the Higgs without requiring very heavy
superpartners [22-31]. This type of extensions of the low energy matter content provides
a spectrum with low masses that can be tested in the near future at the LHC.

In this work, we explore a model that combines these two approaches. Minimal GMSB
is modified to include Yukawa couplings between the MSSM and the messenger sector
and, at the same time, there are additional vector-like fields at the TeV scale. A similar
approach was used several decades ago by Dine and Fischler [32] to generate electroweak
symmetry breaking; however in their approach, the vector matter was much heavier. In
our case, we provide a microscopic completion for a type of models presented in [24] in
the context of gauge mediated supersymmetry breaking, with the additional feature of
having large A—terms in the effective low energy Lagrangian, which leads to a Higgs mass
consistent with the observed values at the LHC. We explore the parameter space and find
a set of regions that yield a 126 GeV Higgs mass with stop masses under 2 TeV. We argue
that the fine tune problem is substantially improved in this kind of scenario, compared to
minimal GMSB, as there is no need for large stop masses and m%{u gets a smaller radiative
contribution from stops and vector-like sfermions.

This article is structured as follows: in section 2, we introduce the model with the new
fields. We also present the soft terms calculated at the messenger scale. In section 3 we
show the correction the the Higgs mass due to the new fields and the results obtained in
the numerical analysis. We close with some conclusions and we include two appendices
with the RGEs of the model and the complete expressions for the soft masses.

2 The model

In this paper, we introduce a set of new vector-like chiral superfields that are charged under
the Standard Model (SM) gauge symmetry group. This is motivated by the work presented
in [32]. There, new superheavy superfields were added in order to achieve the breaking
of the gauge symmetry SU(2) x U(1) by generating negative values of m%lu in the Higgs
potential. In the present case, we consider similar new superfields with vector-like masses
somewhere between 500 GeV and 1.4 TeV. The addition of these new superfields is expected
to lift the mass of the Higgs through radiative corrections in such a way that very large
stop masses are unnecessary. Furthermore, as done in [32], we allow the MSSM fields and
the new vector-like matter to interact directly with the messenger sector through Yukawa
couplings. This mixing with the messengers will generate large trilinear terms (A—terms)
that contribute to the Higgs mass enhancement.

’In [20], the Higgs mass is raised by modifying the gauge symmetry at the messenger scale.



The new vector-like superfields can be arranged in complete representations of SU(5).
Here, we choose to use a pair of 10 dimensional representations 10 + 10,

10 = (I)(372)1/6+‘ll(37 1),2/3+X(1,1)1 (21)
10 = 9(3,2) 16+ ¥(3,1)a3 + x(1,1) 1.

On the other hand, we use a pair of 5 + 5 SU(5) representations in the messenger sector,
5=A(3,1)_13+ B(1,2)1)2. (2.2)

These messengers couple to the spurion X, which generates the messenger mass and breaks
SUSY through its expectation value, (X) = M + 62F, in the superpotential

Wx = X(A4AA + \pBB). (2.3)

We consider a superpotential that connects three sectors: the MSSM,? the new vector-
like superfields, and the messengers fields.

W = Wnmssm + Mlo((I)é + YU + XX) + MVYH,® — hoWU H,® (2.4)
+A1,8YB® + A\ gUB® + k1 sQUB + k9, pQDB + ky yUDA
+A30PAB + A\ o PAB + A\ WAy + A\gUAY + Wx,

where the SU(3)¢ and SU(2), indices have been contracted in the usual way, i.e. o =
60‘5@“0‘6&, with a, 3 = 1,2 and a = 1, 2, 3. The negative sign in front of ho is not necessary;
however, it facilitates our analysis in analogy to ¥, in the MSSM. We assign R—parity
Pr = +1 to the new vector-like fields to prevent the low energy vector-like fields from
mixing with the MSSM quarks or leptons in the superpotential. It is worth mentioning
that, in this work, we are allowing all the couplings in equation (2.4) to be non-zero; this
is different from previous works, where only one non-zero coupling was consider at a time.

2.1 Effective mass terms

Supersymmetry is broken due to the non-zero F-term (Fx) = F. This generates soft

mases for the MSSM fields as well as for the new vector-like fields. Besides the soft masses

generated through the usual gauge mediation mechanism (GMSB), there is an additional

contribution to the masses of the sfermions due to the Yukawa couplings to the messenger

fields. The calculation of these soft masses follow the same methodology presented in [17].
This modified gauge mediation mechanism results in the soft Lagrangian

— Loty = —LMSSM soft + mé@ﬁ + m%|5|2 + m?I,|\IJ|2 + m%|@|2 + m?~6|x|2 + m%|y|2

+ (be ®® + by ¥V + a1 VO H, — agWPH,y + h.c.), (2.5)

3In this work we use the approximation in which only the third generation of the MSSM is included,
and the only relevant mixing with the messengers occurs for the third generation and the new vector-
like fields. This can be justified by using a flavor U(1) symmetry as used in [14]. Also, [10] describes
a construction where the relevant messenger-matter couplings are those involving the third family as the
result of integrating out an extra dimension.



where a; = h;A;, for i = 1, 2, t, b, 7. These soft parameters are calculated at the mes-
senger scale, M, and evolved down to the electroweak scale through the running of the
renormalization group. For simplicity, we write here just the leading contributions to the
soft masses of the vector-like field ® coming from the gauge and Yukawa interactions with
the messengers. In appendix A, we present a general formula to compute these soft terms.
Also, for simplicity, we make Ay = Ag = 1.

1 (F\*[4 3 3., 6/1 1
2 _ 2 2 2 2
m&),gauge T 872 <M> |:3a3 + Za2 + ng) ’ g <9 + 4> 041:| ) (26)
2
M2 = () 6N g + A2 Ay + 3N (2 5 + h2) + 6AL (2.7)
@, Yuk ~ 95674 \ M 3,0 3,03,x 1,B\"1,B 1 1,B .

47
+6k1,B Yt h1 A1, + (4/\%,@ - Qh%))\%,\p - §a1(13)\%73 - 56)\’23,@)

327
—6maz(A] g+ 8N g) — Tag(xi B+ 8)\39)} .

At the messenger scale, the A—terms are non-zero due to the Yukawa couplings to the
messengers. For instance, A takes the value

Ay = - 161#2 (Jf;) (3\2 5+ A2,). (2.8)
This implies that, at low energies, there is a significant mixing between the scalar super-
partners.

After calculating the soft masses and A—terms, we run down the renormalization
group from the messenger scale to the low energies where electroweak symmetry breaking
is computed and the Higgs mass is obtained, as shown in the next section. The RGEs
corresponding to this model are presented in the appendix B.

In the effective theory, we have a set of electrically neutral fermionic fields that couple
to the neutral components of the Higgs multiplets and with mass matrix

(2.9)

mp =

9 (M}'M}'T Mg h1H3>

. with M =
MITM;> WA ME <h2H3 Mo

On the other hand, the mass matrix for the electrically neutral scalars coupled to the

neutral Higgs bosons is given by

m?b + Ao 0 b3 aivy, — hipvg
0 mZ 4+ Ay alvg — hopv b
2 2 T 2 u N
_ , 2.10
ms =Mt ba asvg — hop* vy m% +Ag 0 ( )
a1y — hop*vg by 0 m—?p + A\Tf

where Ay = (T39% — Yy9'?) (03 — v2).

u
In the stop sector, the scalar masses are given by

<2m$ + m% + m% + AgL + AfR + \/4m%XtQ + (m% + m% + AgL - AfR)2) , (2.11)

N | —



where X; = A; — pcotf and m%, and m% are the ) and w soft masses, which at the
messenger scale are given by

1 /4 3 1
"o = [&r <3“3 Tt 606@ (2.12)
T o56n1 (6%’“’“73&3 + 7 (963 p — 265 1) + 45 (6K p — 283 /)
8 3 13 F\?
+61€%,B(/€%,B + ﬂ%}U + SAf’B) - 4%/{%73 <3a3 + 02 + 6()a1>>] <M> ’
1 /4 4 1
m?; = |:87T2 <30£§ + 1504%) + m <12:‘€£1173 + 3H§,U =+ 4/{%73/{%’[] (213)

+657 pAT p + 12yha k1, BAB + 1207k g + Ui (KT g + K3 )

91 89 F\?
+47miB <160a1 4+ 90as + 300zl) + 47m%U <4a1 + 60al>>] (M) .

while the trilinear parameter is given by

1 F 9 9
At = —W <M) (3’%1,B + 3/{27[}). (214)

It is noteworthy the fact that the effect of having large values for |A;| on equation (2.11)
2
Q
and m%, that implies that we can benefit from having relatively large A-terms as long as

is an increment in the splitting of the stop masses. However A; contributes directly to m

they are not much larger than the squark soft masses. A numerical depiction of |A;| can
be seen in figure 3 in the next section.

3 The lightest CP-even Higgs mass
At tree level, the scalar potential for the Higgs fields is the same as in the MSSM [39-41]:

Ve = (miy, + p?) [Hyl* + (mdy, + u®) |Hgl? (3.1)

— b, (HYHY + h.c.) + é (g% +9%) (1H? — |HY?)?.
In the mass spectrum, we find a charged pair of Higgs fields H*, a CP-odd neutral scalar
AY and two CP-even neutral scalars A’ and HY. As it is well known, at tree level, the
mass of the lightest neutral Higgs is bounded from above by the mass of the Z boson, i.e.
my, < myzcos2B. In the so-called “decoupling limit”, m4 > myz, my, saturates this bound.
This is the limit that we use in this work.

In the MSSM scenario, at one-loop level, the top and stop fields contribute to the mass
of the lightest Higgs. The effective potential due to these fields is

2 2
mz 3 my. 3
i i
mi <L0g 0 2) — mf@. (Log Q’; — 2)] . (3.2)

1—loop 3
Voo™ = g 2.1
i=1,2




The one-loop corrected mass of the lightest CP-even Higgs is, then, given by [44]

3g% m? M2 X X2
2 t t t
i oot S s (U5) + 56 (1 7 ) ] 09

with Mg =, /m; my,. The two-loop correction to this expression is [43]

392771,4 392m2
2 t t
6mh,2—loop =

—-32 3.4
64rimi, \ 2mi, 77043) (34)

2X?2 X2 M?2 M
<[ () #1os (5 ) o (5
M? 12032 m? m?

For the numerical calculations in the following section, we will use both 1-loop and 2 -loop

contributions to the Higgs mass, m%MSSM = m%l_loop + mig_loop.

Attaining a Higgs mass my =~ 126 GeV is somewhat challenging for minimal GMSB
unless the top squarks have masses larger than 5 TeV, which, as already stated, generates
some conflict with the naturalness of the MSSM. Additionally, in GMSB, the A—terms
are zero at the messenger scale, although they are non-zero at the electroweak scale due
to the running of their RGEs. However, in most minimal GMSB models, X;/Mg is still
smaller than 1, which does not favor the enhancement of the Higgs mass coming from stop
mixing; instead, the radiative corrections to mj, are dominated by the logarithmic term in
equation (3.3) [33, 34]. There are some scenarios in GMSB where stops lighter than 5 TeV
and X;/Mg > 1 are possible, by having heavy gauginos or a very large messenger scale [33].

When we introduce the new vector-like fields, there is a similar effective one-loop

2 2
mg. 3 mg 3
me, <Log 02 2) —mj, (Log 02 2)] , (3.5)

where i runs over (®, ¥, ®, ¥) and m%i, m%z are the eigenvalues of the mass matrices (2.9),

potential from the vector-like fields,

1—loop __
Vir 3271'2 Z Tr

(2.10) respectively. The correction to the Higgs mass is given by [24]

.2 2 2 2 2
o |sin"B (0 1 0 cos“f [ O 1 0 0 1loop
Imy, = {2 <6v2 o Do + 5 ﬁvd o2 B0y + sing cosﬁ o 0a Vi,
3 W 2 Mg' vector + MlO
— h} L : .
I g 1sin® 3 [ og < > (3.6)

ﬁ 4(3M§, vector T 2‘]\4120) - ‘le2 - 8M§, vectorM120 - 10M§, vector
12 (Mg',vector + ‘1\4’120)2 ’

where Mg, vector = 1/MgNty, and X1 = Ay — pcotf.
The correction to the Higgs mass is, then, given by

Amy, = \/WL}QL7 MssSM T 6m% — My, MSSM- (3.7)



Parameter Range
Asusy = F/M | [10%, 105 GeV
M [107, 10'3] GeV
Mg [300, 1400] GeV
Tan [10, 50]
hi (he < hy) (0.5, 1.2]
Xy Kj [0.05, 0.3]

Table 1. Input parameters and their ranges used in the numerical calculations. The values for
hy and hsy are given at the electroweak scale, whereas the values for \; and k; are given at the
messenger scale.

3.1 Parameter scan

In order to analyze the implications of this correction to the Higgs mass, we numerically
scan the parameter space over the ranges shown in table 1. We use these input parameters
to compute the soft terms at the messenger scale and, then, we use the one-loop RG
equations to extract the value of the different masses and couplings at the electroweak
scale. For each set of input parameters we calculate the Higgs mass with and without the
extra vector-like fields.

In our parameter scan, we vary h; and hg such that the model is perturbative below
the unification scale.* hy does not play an important role in raising my,, hence we assume
ho < hi. The best results for Am,, are obtained for hy =~ 1.0.

For simplicity, we have set the mass of the vector-like fermions to be the same at
the GUT scale. At the electroweak scale, this fermions have vector-like masses between
700 GeV and 2TeV. Figure 1 shows the values of my vs Mg when the vector-like fields
are included. It is important to note that my = 126 GeV is easily achieved in this model
even for stop masses under 1TeV. In the analyzed parameter space, the correction to
the Higgs mass, given in equation (3.7), can be as small as 1 GeV and and as large as
35 GeV. However, when we just look at the region where the corrected mass of the Higgs is
125.9 £+ 2.0 GeV (the blue dots in figure 1), we find that Am;, takes values between 1 GeV
and 10 GeV. This enhancement is more notable for vector-like masses around 1 TeV.

As for the SUSY scale Agysy that corresponds to my, ~ 126 GeV and m;, < 2TeV, we
obtained values as low as 3 x 10* GeV and as high as 6 x 10° GeV with messengers masses
between 107 and 10'® GeV. Notice that this implies a lower scaler for Agygy than in the
GMSB scenario, where min[Asysy] ~ 5 x 10° GeV [34]. A comparison of these scales is
depicted in figure 2.

Now, we take a look at the values of the A—terms when we include the vector-like
fields. Figure 3 shows the values for A; for different values of Mg. It can be seen that,
indeed, it is possible to obtain trilinear terms such that |A;/Mg| > 1, unlike the MSSM case
with minimal GMSB. Thus, this feature of the model aides the addition of the vector-like
fields in the lifting of the Higgs mass. It is worth quantifying the effect of the messenger-

4In this work, the unification scale is defined as the energy scale where g1 and go meet.
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Figure 1. my values for different Mg. The blue dots denote the area around 126 GeV. Notice
that, even for stops lighter than 4 TeV, the addition of the new fields can lift the mass of the Higgs
well above the values achieved in the minimal GMSB scenario.
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Figure 2. Regions of the Myess vs Asusy plane that are consistent with my ~ 126 GeV.

matter mixing to the values of A; compared to the mGMSB scenario. Defining A =
At — At nomixing at the low scale, we find that

0A 0A

0A
~ 0.25, —
M~1010 GeV Ay

oz ~0.18. (3.8
M~109 GeV Ay

M~101 GeV

To gain further insight about how having larger A terms helps in raising my, we
compare, in figure 4, the regions in the vector-like fermion mass My vs Mg plane that
are compatible with a Higgs mass of 126 +2 GeV for two cases: our model with messenger
mixing (green area) and a model without mixing (yellow area, see [29]). This is shown for
hi = 1, tanB = 20, M = 10'°GeV and 1.6 > |A;/Mg| > 1.4 . It can be noticed that,
even if the yellow region shows that a realistic mass for the Higgs can be obtained with
low masses for the vector-like fermions and the gaugino, the addition of the couplings to
the messengers improves the possibilities.

Considering the fact that the Higgs mass is easily lifted in this type of models and
the mass of the stops is not required to be larger than 2 TeV, one could think naively that
such a proposal is more “natural” than the MSSM with mGMSB. However, as pointed out



5000

4000

3000

1A (GeV)

2000

10000 , o's0d

1000 1500 2000 2500 3000 3500 4000
Mg (GeV)

Figure 3. Plot of |A;| vs Mg. The blue dots correspond to the cases where m; =~ 126 GeV. The
red line depicts |A;| = Mg.
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Figure 4. Mass of the vector-like fermions vs gaugino mass for models with (green) and without
(yellow) messenger mixing. The gray shaded areas correspond to the estimated exclusions by lower
bounds on gluino and vector-like fermion masses (see next section).

in [24], the new vector-like fields will contribute to the soft term —m%{u, in the same way
than stops, through the radiative term

3h2 M

AmZ ~N —— In——
H S, vector 5
“ 472 MS, vector

(3.9)

where Mg vector = /mamy. This, apparently, would make the little hierarchy problem
even worse. However, the effect of this term, and the stop contribution, in making —m%u
large is smaller in this case (where the stops and the vector sfermions have masses just

above 1 TeV) compared to the case where 5 TeV stops are required. Concretely,

(m%-]u )This model

~ 0.1. 3.10
(m% )amsB (3.10)

Thus, this effect together with the correction to the Higgs mass lead us to argue that there
is some alleviation of the fine tuning problem existing in the MSSM with mGMSB. In fact,
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Figure 5. Example of a low energy spectrum for M = 9 x 103 GeV, A = 1.4 x 10° GeV and
tan 5 = 15.6.

if we consider the measure [35]

O LogM?%

A=M
“r H 0 Loga?

] , (3.11)

where a; € (h's, N's, Myg, M, Asysy), this model produces values for A between 300 and
500 for the range of parameters studied in this section and corresponding to the green
region in figure 2. This turns out to be an order of magnitude smaller than the values
of A corresponding to mGMSB in the blue region of the same figure. It is interesting to
remark that for one of the least tuned points in the parameter space, which is depicted
in figure 5, the contribution to the Higgs mass enhancement due to the presence of the
vector-like fields is dominant respect to the fact of having a large A; term.

3.2 Some phenomenology comments

For a more general discussion about the LHC signatures of this type of models with extra
vector-like matter, we refer the reader to [29]. For the sake of clarity, we present a sample
spectrum in figure 5, where the new charged quarks (combinations of the ® and ¥ fermions)
are denoted as ¢; and their spartners are ¢; ; with j = 1,2. Likewise, the charged vectorlike
lepton is denoted as [ and its spartners [;.

In our model, the lightest neutralino has a mass M, 2 140 GeV and m 2 600 GeV, in
which case the limits set by the LHC searches using simplified models and CMSSM /mSUGRA
are applicable to our analysis [48, 50]. This implies a lower bound on the gluino mass around
1.3 TeV (see figure 4) and 500 GeV for the stau mass.’

Since the MSSM matter does not mix, at tree level, with the vector-like fermions, the
lightest of these, g1 (a combination of ® and ¥ fermions), is long-lived. For my, ~ 1.3 TeV,
its lifetime is 109s > 7 > 10° s. There exist cosmological bounds on this type of relics,
coming from photodissociation of light elements [45]. After computing the number density

5The discovery possibilities come mainly from the processes pp — §§, §Q7 C’f'él_ Some of the gluinos
decay to jets and charginos and, then, the wino-charginos decay through the channels C1y — 71 v — 7 Ny v.

~10 -



of these colored particles [46, 47], we find that ng, /s ~ 10718, where s is the entropy density
and ng, is the relic number density. This is consistent with the cosmological constraints.

On the collider side, searches for a charged massive stable particle have been done at
the LHC at collision energies of /s = 7 and 8 TeV [49, 50|, where these particles can be
identified by their anomalous energy loss or a long time-of-flight to the outer detectors.
The limit obtained in [29] for the mass of this fermion is m,, 2 950 GeV, which constraints
the bottom part of figure 4, but still leaves a large region in the parameter space where
the vector-like fermion mass is above 1 TeV.

Finally, for Agugy ~ 10° GeV, cosmological gravitino constraints set some bounds on
the mass of the messengers and the reheating temperature after inflation. In order to avoid
overclosure of the universe by the thermal relic abundance of the gravitino, the reheat
temperature should be lower than 10* GeV. The next constraint comes from big bang
nucleosynthesis (BBN), which sets a bound on the gravitino mass such that the NLSP
decays to a photon and a gravitino before tppy =~ 0.1s (see [51] and references therein).
This implies my/, < 1MeV, which translates into M < 2 x 10! GeV.

4 Conclusions

We have presented a model that yields a Higgs mass around 126 GeV with stop masses
under 2 TeV. In order to do so, we have synthesized two approaches used in the literature
to tackle the little hierarchy problem. First, we have added a new set of fields to the
effective theory. These fields possess vector-like masses around 1TeV and contribute to
raise the mass of the Higgs field through radiative corrections. On the other hand, we have
included in the superpotential several marginal terms that couple the low energy degrees
of freedom to the messenger sector. This provides a mechanism to enhance the trilinear A
terms in the soft Lagrangian. This effect complements the enhancement of the Higgs mass
by increasing the one-loop corrections through the stop (and vector-like scalar) mixing.
This way, we obtained a wider region in the parameter space for which the measured mass
of the Higgs can be achieved, while keeping the sfermions with relatively small masses. In
addition, the soft term m%lu is smaller for this type of models. These facts allow us to
argue that the fine tuning problem in the MSSM is improved by this construction.

So far, no signature of new vector matter or SUSY has been observed at the LHC.
However, since this sort of models contains stops and vector-like sfermions with masses just
above the TeV scale, it presents a spectrum that can be searched for in the near future.
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A Soft terms

We calculate the soft masses at the messenger scale based on [17], using the superpo-
tential (2.4). In such work, the formulas for the soft parameters are derived from wave
function renormalization taking into account the discontinuity of the wave functions at the
messenger threshold.

In addition to the soft mass contribution from the standard gauge mediation

F\?[/as\2 a2 3 a2

2 3 . 2 . 1 2

= (—)C’ <7)c —<—)Y- , Al

e (M) [ w) GO ) RO+55) Y (A1)
there is a two-loop contribution due to the Yukawa couplings between the messenger sector
and the effective theory.

1 F ? 1 m * * * — *
Mg, yuk = 956m <> [d]kdé (AN Aait) Nitm A1) T = NairAain) " ANitm A

M 2
L i * * ij yaij *
AN SO ) — I CEIEA (i) (A2)

where dfk is a multiplicity factor, C% = C% + Ci + CJ sums the quadratic Casimirs of
the fields, and the sum over c¢ includes only the MSSM matter. There is also a subleading

one-loop contribution

"o~ 1= (375 AN ) (A3
On the other hand, the A-terms are given by
1 FyN
~ - ) * .. ), .
Ad)a 327_(_2 <M> da A( ar) )\‘u]) (A 4)

B Renormalization group equations

% = 1(%9?, b= (33/b+3,3+1,-3+3), t=log (Gg\/) : (B.1)
167r2% =y <6yt2 + oy 4303 — ?93 — 3¢5 — 129?) , (B.2)
167r2% =y <th +6y7 +y2 + 3h3 — ?93 — 395 — 129?) ;

1677 dCZT =y, <3y§ + 4y + 3h3 — 3¢5 — gﬁ) ’
167r2ald—ht1 =Ny (3y§ + hi-— ?g% — 395 — E’ﬁ) ;
167r2% = hy <3y§ +yr s — %693 — 3¢5 — Eﬁ) :
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2 dat

1672 2L
61 7

16 13
= (18% + 4 + 901 — g5 — 393 — 159%) (B.3)

X X 26
+ 2apyrye + 2a2hiys + ue (169§M3 + 695 M> + 1591M1>

, day 16 7
1672 = (yf + 18y7 + 2 + 9h3 — 3932, — 393 — 159?)

* * " 4
+ 2a¢y, Yt + 207y, Y- + +2a1hiyy + Yp (1693M3 + 6g2M2 + 15glM1>

d 9
16#% =a, (3y§ + 12y + 3h3 — 3¢5 — 59f>
. . ) 18
+ 6abyby7' + 6a2h2y7_ + Y- 692M2 + gglMl )
day 16 13
W%:“@%W@3%32w@

26
+ 2ash5hy + 2a1y; by + hy (16g§M3 + 6g§M2 + 1591M1>

das 16 13
167> 2 = ay (3y§ +y7 + 1803 — g3 — 395 159%)

6
+ 2a1h1he 4 2apy; ho + 2a-yrho + ho (16g3M3 + 6g2M2 + 1591M1)

X (t) = 2|yef* (miy, +m +m3) + 2|ar|” (B.4)
Xp(t) = 2 o[ (m3y, +m2 +m2) +2 ag)
X7 (t) = 2|y, [* (my, + m% +m2) + 2]a,|
X1(t) = 2||? (m, + m} +m3) +2]a1 |
X2(t)52|h2| (de—l—m +m? )+2|a|
S(t)Em%[u—de+mQ+m~+m~—mi—2m%
+m(2i) m +m +m772m +2m +mf~<fm§
2dm2~2 32
167T W = Xt +Xb §g3M3 692M2 — BglMl + S (B5)
dm? 32 32 4
16m2—2% = 2X, — g2 M2 — =g’ M? — =S
dt BT 15 1% T g
2
m>= 32 2
16m2 —2 = 92X, GBME— —PME+ =
6 7 b— 3 3 591 1+55
dm? 6 3
dm?2 24
16m°—¢€ =2X, — —gi M} + -
o7 dt T 591 1 +5S

,dmyy

3
2012
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dm? 32
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