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ABSTRACT: We prove that the present experimental constraints are already enough to rule
out the possibility of the ~ 125 GeV Higgs found at LHC being the second lightest Higgs in
a general MSSM context, even with explicit CP violation in the Higgs potential. Contrary
to previous studies, we are able to eliminate this possibility analytically, using simple
expressions for a relatively small number of observables. We show that the present LHC
constraints on the diphoton signal strength, 77 production through Higgs and BR(B —
Xs7) are enough to preclude the possibility of Hs being the observed Higgs with mp ~
125 GeV within an MSSM context, without leaving room for finely tuned cancellations.
As a by-product, we also comment on the difficulties of an MSSM interpretation of the
excess in the v production cross section recently found at CMS that could correspond to
a second Higgs resonance at my ~ 136 GeV.
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1 Introduction

In July 2012, both ATLAS and CMS, the two LHC general purpose experiments, announced
the discovery of a bosonic resonance with a mass ~ 125 GeV that could be interpreted as the
expected Higgs boson in the Standard Model (SM) [1, 2]. The observed production cross
section and decay channels seem to be consistent, within errors, with a Higgs boson in the
SM framework. However, at present, although CMS results are just below SM expectations,
ATLAS shows a slight excess in the most sensitive channels that, if confirmed with more

precise measurements, could be a sign of new physics beyond the single SM Higgs.



Besides, despite the extraordinary success of the SM in explaining all the experimental
results obtained so far, both in the high energy as well as in the low energy region, there
is a general belief that the SM is not the ultimate theory, but only a low energy limit of
a more fundamental one. This underling, more fundamental theory is expected to contain
new particles and interactions opening new processes not possible in the SM but, above all,
it is envisaged to go one step further in the long way to reach a theory which incorporates
gravity to our quantum field description of Nature. In such an endeavor, symmetries, who
have historically played an important role in our understanding of the laws of Nature, are
expected to be a major player. This is one of the reasons why Supersymmetry (SUSY),
the only possible extension of symmetry beyond internal Lie symmetries and the Poincare
group [3, 4], is arguably the most popular extension of the SM. SUSY is a symmetry
between fermions and bosons, and, in its minimal version, the Minimal Supersymmetric
Standard Model (MSSM), assigns a supersymmetric partner to each SM particle [5-14].
These particles must have a mass close to the electroweak scale, if SUSY is to solve the
hierarchy problem of the SM. Moreover, the MSSM requires a second Higgs doublet in
addition to the single doublet present in the SM and, therefore, Higgs phenomenology in
the MSSM is much richer than the SM, with three neutral-Higgs states and a charged Higgs
in the spectrum [15].

At tree level, the scalar potential of the MSSM is CP-conserving, and therefore mass
eigenstates are also CP eigenstates. We have two neutral scalar bosons, h and H, and
a neutral pseudoscalar, A. However, the MSSM contains several CP violating phases
beyond the single SM phase in the CKM matrix!, e.g. M;,i = 1,2,3, A;, i are complex
parameters, and then CP violation necessarily leaks into the Higgs sector at one-loop level
[16-19]. As a result, loop effects involving the complex parameters in the Lagrangian
violate the tree-level CP-invariance of the MSSM Higgs potential modifying the tree-level
masses, couplings, production rates and decay widths of Higgs bosons [18, 20-24]. In
particular, the clear distinction between the two CP-even and the one CP-odd neutral boson
is lost and the physical Higgs eigenstates become admixtures of CP-even and odd states.
Therefore, significant deviations from the naive CP conserving scenario can be obtained in
the regime where Mp+ is low and Im (uA;) is significant. Yet, the size of SUSY phases
is strongly constrained by searches of electric dipole moments (EDM) of the electron and
neutron. The phase of y is bounded to be miserably small, < 1072, by the upper limits on
EDMs if sfermion masses are below several TeV. Bounds on the phases of A, 4., although
somewhat weaker, are also strong, < 107!, under the same conditions. However, the phases
of third generation trilinear couplings A; > can still be sizeable? for soft masses O(1 TeV)
and, due to the large Yukawa couplings, these are precisely the couplings that influence
the scalar potential more strongly [28]. In this work, we will take only third-generation
trilinear couplings A, » as complex to generate the scalar-pseudoscalar mixing in the Higgs

potential.

Tt is well-known that a single CKM phase is not enough to explain the observed matter-antimatter
asymmetry of the universe. Additional phases (and therefore new physics) are required for that.

2These phases enter EDMs of the electron and proton at two loops through Barr-Zee diagrams[25, 26].
However, these contributions are suppressed for heavy squarks[27].



Among all the possibilities opened up by this scenario, one particularly interesting
is the case where the scalar observed at LHC is not the lightest but the second lightest
one, having the lightest escaped detection at LEP /Tevatron/LHC due to its pseudoscalar
or down-type content. As a result of the mixing, the couplings Hy — WW, Hy — ZZ and
H —tt all get reduced simultaneously evading the current bounds. This idea of course is not
new. Many studies have been carried out within this model [29-36]. There are two public
codes, CPsuperH [37, 38], specifically developed to analyze the Higgs phenomenology in the
MSSM with explicit CP violation, and FeynHiggs [39, 40], that also calculates the spectrum
and decay widths of the Higgses in the Complex MSSM. By using them, different regions
of the parameters space have been explored through giant scans following the results of the
colliders.

In this work, we will explore a different path. We will study this scenario, not by scan-
ning its parameters space but rather by choosing a pair of key experimental signatures from
both, high and low energy experiments, and analyzing (analytically or semi-analytically)
whether their results can be simultaneously satisfied. This way we gain understanding on
the physics of the model we are discussing and at the same time avoid the possibility of
missing a fine-tuned region in the parameter space (even tiny to the point of being micro-
scopic) where an unexpected cancellation or a lucky combination might occur. After all,
whatever physics hides so effectively behind the SM will turn out to be just one point in our
studies of the parameter space. In this sense it is clear that every region, independently
of its size, has the same probability of being the right one and should be given enough
attention.

Moreover, our analysis is performed in terms of the SUSY parameters at the elec-
troweak scale, such that it encloses all possible MSSM setups (including explicit CP vio-
lation), as the CMSSM, NUHM, pMSSM or even a completely generic MSSM([31, 41-46].
In fact, only a handful of MSSM parameters affect the Higgs sector and low-energy exper-
iments that we study. As we will see, in the Higgs sector, we fix mpy, < mpg, >~ 125 GeV <
mp, ~ mp+ S 200-220 GeV and use the experimental results to look for acceptable, 3 x 3,
Higgs mixing matrices as a function of tan 5. Supersymmetric parameters affecting the
Higgs sector, and also the indirect processes B — X,y and By — ptpu~, are basically third
generation masses and couplings, and gaugino masses. In our analysis, these parameters
take general values consistent with the experimental constraints on direct and indirect
searches.

This paper is organized as follows. We begin by summarizing the experimental situa-
tion in Section 2. In Section 3 we describe the basic ingredients of the model and analyze
the direct and indirect signatures we will choose for our study. The parameter space is
surveyed in Section 4 and results and conclusions are contained in Section 5.

2 Current experimental status.

2.1 Higgs signal at the LHC.

Both ATLAS and CMS experiments have recently updated the analysis of the Higgs-like
signal using the full pp collision data sample. The ATLAS analysis [47] uses integrated



luminosities of 4.8 fb~! at /s =7 TeV plus 20.7 fb~! at /s =8 TeV, for the most sensitive
channels, H — vy, H — ZZ* — 4l and H — WW* — lvlv, plus 4.7 fb~! at /s =7 TeV
and 13 fb=! at /s =8 TeV for the H — 77 and H — bb. Similarly CMS study [48] uses
5.1 fb~t at /s =7 TeV and 19.8 fb~! at \/s =8 TeV in all these channels.

The main channels contributing to the observed signal are the decays into photons and
two Z-bosons. On the other hand, the most relevant channel constraining the presence of
additional Higgs-bosons is the decay into two 7 leptons. ATLAS and CMS agree on the
mass of the observed state which is my, = 124.3 + 0.6(stat)+0.4(sist) GeV for ATLAS and
my, = 125.7 £ 0.3(stat) £ 0.3(sist) GeV for CMS.

However, there are some differences on the signal strength in the different channels as
measured by the two experiments. The signal strength px, for a Higgs decaying to X is
defined as,

o(pp — H) x BR(H — X)
Hx =

_ , 2.1
(o0 — H)sy X BR(H = X)sar 21)

such that u = 0 corresponds to the background-only hypothesis and p = 1 corresponds to
a SM Higgs signal. The combined signal strength in the last results presented by ATLAS
is pATEAS = 1.3 4+ 0.2 [49], while the signal strength measured by CMS is slightly below
the SM expectations p“™S = 0.80 & 0.14 [48].

For the diphoton channel, the measured signal strength in both experiments are

M%TLAS =1.6+0.3 and M%\/IS = 0.78J_r8:§§. This signal is consistent with the SM, although
ATLAS points to a slight excess over the SM expectations. In any case, both results agree
on the fact that the diphoton signal must be of the order of the SM prediction. This fact
is very important in the context of multi-Higgs models, as the MSSM, where the Higgs
couplings to down quark and charged leptons are enhanced by additional tan § factors,
which tend to decrease the H — ~~ branching ratio and therefore the signal strength. In
this regard, here we will adopt a conservative approach and impose the weighted average

of ATLAS and CMS results at 20,
0.75 < ¢ < 1.55. (2.2)

Similarly, the signal strength in the H — ZZ* channel are, ,u%?:AS = 1.5 £ 04 and

pSMS = 0.92 4+ 0.28 and we will also use as a constraint,

0.78 < pzys < 1.58. (2.3)

The main constraint on the presence of additional heavy Higgs states comes from the
H/A — 77 searches at ATLAS and CMS experiments. In this case, both experiments have
searched for the SM Higgs boson decaying into a pair of 7-leptons and this provides a limit
on o(pp — H) x BR(H — 77) that can be applied to the extra Higgs states. ATLAS has
analyzed the collected data samples of 4.6 fb~lat \/s =7 TeV and 13.0fblat /s =8 TeV
[50] while CMS used 4.9fb~tat /s =7 TeV and 19.4fb~lat /s =8 TeV for Higgs masses
up to 150 GeV [51]. These constraints on the 77-cross section normalized to the SM cross
section as a function of the Higgs mass are shown in Figure 1. In this case, CMS sets the
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Figure 1: Higgs searches in the H — 77 channel for 100 GeV < mpy < 150 GeV at CMS
(a) and ATLAS (b).

strongest bound for my below 150 GeV. For my = 110 GeV we obtain a bound at 95%
CL of prr = 0 (H — 77) Josy < 1.8, and this limit remains nearly constant, . < 2.0,
up to my = 140 GeV. For a neutral Higgs of mass my = 150 GeV we would have a bound
of prr < 2.3. In our scenario, this limit would apply to H; with a mass below 125 GeV
and to Hy with mpy, ~ 125 GeV. In the case of H3, this bound applies for masses below
150 GeV.

For heavier H3 masses, there exist a previous analysis at LHC searching MSSM Higgs
bosons with masses up to 500 GeV. In Figure 2, we present the analysis made in ATLAS
with 4.9fb~! at \/s =7 TeV [52]. In this case, the bound is presented as an upper limit on
the 77, or up production cross section. As a reference, the SM cross section for a Higgs
mass of 150 GeV is o(pp — H)sm x BR(H — X)sm ~ 0.25 pb and therefore, comparing
with Figure 1, we can expect this bound to improve nearly an order of magnitude in an
updated analysis with the new data [53]. Nevertheless, the production cross-section of
T-pairs through a heavy Higgs is enhanced by powers of tan 8 and therefore the present
limits on 04 x BR(¢ — 77) are already very important in the medium-large tan 5 region.

Finally, we include the bounds on charged Higgs produced in t — H b with subsequent
decay H™ — 7v [54, 55]. These analysis set upper bounds on B(t — H™b) in the range 2-3
% for charged Higgs bosons with masses between 80 and 160 GeV, under the assumption
that B(H™ — 77v,) = 1, which is a very good assumption unless decay channels to the
lighter Higgses and W-bosons are kinematically opened.

2.2 MSSM searches at LHC.

Simultaneously to the Higgs searches described above, LHC has been looking for signatures
on new physics beyond the SM. A large effort has been devoted to search for Supersymmet-
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Figure 2: Upper limit on the 77 production cross section through heavy Higgs states from
ATLAS with 4.8 fb™! at /5 =7 TeV .

ric extensions of the SM. These studies, focused in searches of jets or leptons plus missing
energy (possible evidence of the LSP), agree, so far, with the Standard Model expectations
in all the explored region, and are used to set bounds on the mass of the supersymmetric
particles.

The most stringent constraints from LHC experiments are set on gluinos and first gen-
eration squarks produced through strong interactions in pp collisions. Searches of gluinos
at CMS[56-59] and ATLAS [60, 61] with ~ 20 fb~! at 8 TeV have driven, roughly, to the
exclusion of gluino masses up to 1.3 TeV for (neutralino) LSP masses below 500 GeV. The
limits on first generation squarks directly produced are m; 2 740 GeV for squarks decaying
q — qx) with myo =0 GeV[62]3.

The most important players in Higgs physics, because of their large Yukawa couplings,
are third generation squarks. In this case mass bounds, from direct stop production, are
somewhat weaker but still stop masses are required to be above ~ 650 GeV for m,o <
200 GeV [63-66] with the exception of small regions of nearly degenerate stop-neutralino.
Limits on sbottom mass from direct production are also similar and sbottom masses up to
620 GeV are excluded at 95% C.L. for m,o0 < 150 GeV, with the exception of my, —myo <
70 GeV [59, 62, 65].

Finally, ATLAS and CMS have presented the limits on chargino masses from direct
EW production [67, 68]. In both analysis, these limits depend strongly on the slepton
masses and the branching ratios of chargino and second neutralino that are supposed to
be degenerate. When the decays to charged sleptons are dominant, chargino masses are
excluded up to ~ 600 GeV for large mass differences with x°. Even in the case when the

3Limits on masses could be softer if these squarks are nearly degenerate with the LSP, but this does not
affect our analysis below



slepton channels are closed, decays to weak bosons plus lightest neutralino can exclude?
chargino masses up to ~ 350 GeV for m 0 < 120 GeV.

Therefore, as we have seen, limits on SUSY particles from LHC experiments are already
very strong with the exceptions of sparticle masses rather degenerate with the lightest
supersymmetric particle.

2.3 Indirect bounds

Indirect probes of new physics in low energy experiments still play a very relevant role in
the search for extensions of the SM [70-72]. Even in the absence of new flavour structures
beyond the SM Yukawa couplings, in a Minimal Flavour Violation scheme, decays like
BY — utpu~ and, specially, B — X7 play a very important role, as we will see below, and
put significant constraints for the whole tan S range.

The present experimental bounds on the decay BY — u*u~ are obtained from LHCb
measurements with 1.1 fb=! of proton-proton collisions at /s = 8 TeV and 1.0 fb~! at
\/s =T TeV. The observed value for the branching ratio at LHCb [73, 74] is,

BR (BY — ptu) = (29715) x 1079, (2.4)

and at CMS [75],

BR (BY = ptp”) = (3.055§) x 107, (2.5)
The limits on the decay B — Xy come from the BaBar and Belle B-factories and CLEO
[76-81]. The current world average for £, > 1.6 GeV given by HFAG [82, 83] is,

BR (B — Xs7) = (343 +0.21 £ 0.07) x 107*. (2.6)

We will see that this result provides a very important constraint on the charged Higgs mass
in the low tan 8 region where other supersymmetric contributions are small.

3 Theoretical model

As explained in the introduction, we intend to investigate whether the observed Higgs
particle of my ~ 125 GeV could correspond to the second Higgs in a general MSSM
scenario, while the lightest Higgs managed to evade the LEP searches [29-36]. The scenario
we consider here is a generic MSSM defined at the electroweak scale. This means we do not
impose the usual mass relations obtained through RGE from a high scale, that we obtain,
for instance in the Constrained MSSM (CMSSM), but keep all MSSM parameters as free
and independent at Myy. Furthermore, we are mainly interested in the Higgs sector of the
model, which we analyze assuming generic Higgs masses and mixings in the presence of
CP violation in the squark sector.

4As pointed out in Ref. [69], these bounds with the slepton channel closed are only valid in a simplified
model that assumes BR(x3 — Zx})=1. This bound is strongly relaxed once the decay x5 — hxJ is included.
However, in our paper, this limit is only taken into account as a reference value for chargino masses and
has no effect in our analysis of the feasibility of this scenario.



3.1 CP-violating MSSM Higgs sector

As it is well-known, the Higgs sector of the MSSM consists of a type Il two-Higgs doublet
model. In the MSSM, the scalar potential conserves CP at tree-level [15]. Nevertheless, in
the presence of complex phases in the Lagrangian, CP violation enters the Higgs potential
at the one-loop level, resulting in the mixing between the CP-even and CP-odd Higgses.
Then, after electroweak symmetry breaking, we have three physical neutral scalar bosons,
admixtures of the scalar and pseudoscalar Higgs bosons, plus a charged Higgs boson [16-19].

The Higgs fields in the electroweak vacuum, with vevs viand vy and tan = vy /vy,

1 : "
_ V3 (Ul + le + Zal) . _ i€ ¢2
. ( 2 b1 e 75 (2 + d2 +iaz) ) (3.1)

and, as mentioned above, the presence of CP-violating phases in the Lagrangian introduces

are

off-diagonal mixing terms in the neutral Higgs mass matrix. In the weak basis, (¢1, ¢2,a),
with ¢1 9 CP-even, scalar, and a = a1 sin 8 + ag cos B the CP-odd, pseudoscalar state, we
write the neutral Higgs mass matrix as [18, 20, 22, 84],

M2 M2

2 S SP

Mi = <M2 M2 ) ’ (3:2)
PS P

where the scalar-pseudoscalar mixings are non-vanishing in the presence of phases, M g p, M2 g X
Im [uAt7bei§}. Then, this 3 x 3 neutral Higgs mass matrix is diagonalized by

U- Mz -U' = Diag (m%l,m%b,mf%) . (3.3)

The Higgs sector of the MSSM is defined at the electroweak scale at tree-level by only two
parameters that, in the limit of CP-conservation, are taken as (mi7 tan 3). In the complex
MSSM, the pseudoscalar Higgs is not a mass eigenstate and its role as a parameter defining
the Higgs sector is played by the charged Higgs mass m%i. At higher orders, the different
MSSM particles enter in the Higgs masses and mixings, although the main contributions
are due to the top-stop and bottom—sbottom sectors. It is well-known that the one-loop
corrections to Mg can increase the lightest Higgs mass from < My to ~ 130 GeV [85-87],
hence being < My, with the leading part of order [88, 89],

Il M2 X2 X2
2m2v? sin” 3 my Mg gy 12M&;; 6y

with Mgsygsy the geometric mean of the two stop masses and X; = A; — p cot .
Regarding the charged Higgs mass, we can relate it to the pseudoscalar mass M3 in
the neutral Higgs mass matrix [18],

1 :
M%. = M3+ 5)\41)2 —Re ()\56225) v?, (3.5)

with Ay 5 the two-loop corrected parameters of the Higgs potential [18, 90]. At tree level



M = ¢2/2, such that A\v?/2 = M3, and A5 =0. In any case, it looks reasonable to
expected \; < 1. This implies that the squared charged Higgs mass can never be heavier
that the largest neutral Higgs eigenvalue by a difference much larger than M%, which is
equivalent to say that loop corrections are of the same order as ~ §M g

Similarly, we can expect the mass of the second neutral Higgs, which in our scenario is
mpy, ~ 125 GeV, only to differ from the heavier eigenvalue by terms of order v2. This can
be seen from the trace of the neutral Higgs masses in the basis of CP eigenstates, where
we would have, without loop corrections, Tr (MIQJ) = QMI% + M% As we have seen, loop
corrections to the diagonal elements can be expected to be of the order of the corrections
to the lightest Higgs mass which are also O(M%). To obtain a light second Higgs we
need, either low Mp or a large scalar-pseudoscalar mixing. The different contributions to
scalar-pseudoscalar mixing, M g p, are of order [18],

4 2
my || Al . [ A |1l
M§P:0< t sin gop X |6, ,
3212 V2 M2 gy M2 gy tan BM2;, gy

2

, (3.6)

which again are of the same order as §M2 ~ O(M32) for sin pcp ~ O(1). Therefore, taking
also into account that in the decoupling limit, and in the absence of scalar-pseudoscalar
mixing, My ~ Mp, we must require M3 not to be much larger than M%. Taking M3 <
3M3Z, the invariance of the trace tells us that m% + m¥, +m¥, = 2Mp + M3 + O(M3)
in such a way that with 90 GeV < mpy, < mpy, ~ 125 GeV, we get an upper limit® for
mi, < 2Mp + 2M3 — (qu2 —i—m%{l) < (200 GeV)2. We must emphasize that in this
work we do not consider the possibility of mpy, < 90 GeV which would be possible in
the presence of large CP-violating phases that could reduce the mass of the lightest Higgs
through rather precise cancellations [91, 92]. Although this scenario could survive LEP
limits around an “open hole” with mp, ~ 45 GeV and tan 8 ~ 8 [93], it would never be
able to reproduce the observed signal in Hy — 7, as the opening of the decay channel
Hy — H1Hy would render B(Hy — v7y) much smaller than the SM one (see the discussion
related to the Hy — bb channel below).

In the following analysis of the direct and indirect constraints on the Higgs sector,
we try to be completely general in the framework of a Complex MSSM defined at the
electroweak scale. To attain this objective, and taking into account that the presence
of CP violation and large radiative corrections strongly modifies the neutral Higgs mass
matrix if we are outside the decoupling regime, we consider general neutral Higgs mixings
and masses. In fact, in this work, we analyze the situation in which the second lightest
neutral boson corresponds to the scalar resonance measured at LHC with a mass of 125
GeV. As we have seen, to achieve this, we need a relatively light charged Higgs (with
approximately Mp+ < 220 GeV), and a similar mass for the heaviest neutral Higgs. The
lightest neutral Higgs boson will have a mass varying in the range of 90 and 125 GeV. After
fixing the Higgs masses in these ranges, we will consider generic mixing matrices & and

5 Allowing the heaviest neutral Higgs to be 200 GeV with a second-heaviest Higgs of 125 GeV is a very
conservative assumption. However, it looks very difficult to have such a heavy Higgs in any realistic MSSM
construction.
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Table 1: Tree level Higgs—fermion couplings.

look for mixings consistent with the present experimental results.

This analysis deals with the decays of the neutral Higgs bosons. Thus we need the
Higgs couplings to the SM vector boson, fermions, scalars and gauginos. The conventions
used in the following are described in Appendix A. The couplings to the vector bosons are

[37] Y

Lu,v =9 Mw (W:—W_M +

— 7, 7" H,. .
2cos2 Oy M >;QH“VV “ (37)

with gg, vy = cos BU1 + sin S U,s.
The Lagrangian showing the fermion—-Higgs couplings is

Litag == ; % > Haf (95, +ighas) £ (3.8)
a

where the tree-level values of (g(SO)7 gg)) are given in Table 1. Still, in the case of third
generation fermions, these couplings receive very important threshold corrections due to
gluino and chargino loops enhanced by tan 3 factors in the case of the down-type fermions
[94-102]. The complete corrected couplings for third generation fermions, (gf;, g]];), can
be found in Ref. [37, 92]. In our analysis, it is sufficient to consider the correction to the

bottom couplings,

1 U, K U, Kq (tan? B + 1)

d al d a2 d

—R +R +Im | —m~ a
95, e<1+mdtanﬁ> cos f3 e<1+mdtanﬁ> cos 3 < 1+ kqtan 3 Uas

(3.9)

d tan 8 — kg ) ( Kqtan 8 ) Un ( Kd ) Uyo

— _Re( MPTRd g0 1

IPa Re(l—kﬁdtanﬁ Uay +Im 1+ kgtan B/ cosf m 14+ Kkgtan 5/ cos 3

(3.10)
where kg = (Ahgq/hq)/(1 4 6hg/hg) and the corrected Yukawa couplings are,
2 1

h, — V2mg (3.11)

~wcos B 14 8hg/hg + Ahg/hgtan 3’

,10,
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5hd/hd = - 3 mZAd I(md am?b’ |m§|2) 167 2| |2 ( ?Ll?m'{%27 |lu’|2)
2a * * * *
Ahg/hg = 37:mgu I(mfl1 m \mg\ )+ ’161;‘214““ I(m%l,m%Q,]uP), (3.12)

and the loop function I(a, b, c) is given by,

ablog(a/b) + bclog(b/c) + aclog(c/a) .

I(a,b,c) = 3.13
(a’7 7c) (a—b)(b—c)(a—c) ( )
The Higgs-sfermion couplings are,
Liagp =02 957 (Huf*F) (3.14)
f
af f f
di = (0V), U RERL,, (3.15)

with 3,y = L, R, R/, the sfermion mixing matrices and the couplings I'*// given Ref. [37].
Other Higgs couplings that are needed to analyze the neutral Higgs decays are the couplings
to charginos and charged Higgs, complete expressions can be found in Ref. [37] (taking into
account their different convention on the Higgs mixing matrix, & = O7).

After defining all these couplings, we show in the following the expressions for H — v~
and H — gg, that together with H — bb,77 and H — WW?*, ZZ* are the main Higgs
decay channels for mpy = 125 GeV, and the Higgs production mechanisms at LHC.

3.2 Higgs decays.

3.2.1 Higgs decay into two photons.

The decay H, — 77 occurs only at the one-loop level and therefore we must include every
contribution generated by sparticles in addition to the SM ones in our calculation. Taking
into account the presence of CP violation, the Higgs decay has contributions of both the
scalar and pseudoscalar components. Then its width becomes,

I (H, MS’YM >+ |PY (Mp,))? 1
(Ha = 77) = gy 1S3 (M) + P (M, )] (3.16)

where the scalar part is S) (Mp,) and the pseudoscalar P) (Mp,) and they are [37],

2
_ s v .
Sg (MHG) =2 Z N¢ J’Y QfgngaffmfF Taf ZNC J! Qngafjf? Sz Fy (Tafj)

f b7t7X1 7X2 J
,U2
=9, vvFL (Taw) — GH,H-H* WFO (Tatr) (3.17)
H,
Y — Y P
Pa (MHa) =2 Z NC'J Qfgngaffm Ff (Taf) (318)
f= b7t7X1 7X2 Y
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With 7,5 = M7 /(4m?) and the loop functions being;:

FJ*?(T):T_l M+ (1-7"Yf(n)]; FJF(T):T_lf(T);
Fo(ry=71t[-1+771f(1)]; Fi(r)y=2+3r1+3r 1 (2771 f(7);
(3.19)
. arcsin? (/7) T<1
1 d
fr) = —5/ ?x In[l — 47z (1 —2)] = (3.20)
0 2
1 VTHVT-1
i (=) -l Tzl
And we included the QCD corrections [103, 104],
ag [ M? ag ( M?
JI=1; J;:1—7< H) Jl=1+ ( H) (3.21)
T ™
3.2.2 Higgs decay into two gluons.
Similarly, the decay width for H, — gg is given by:
M, o 2 2
Pioosg0 = g3y | KhISIP + K4IPSP) (3.22)

where K 19{7 4 1s again the QCD correction enhancement factor while S and PJ are the
scalar and pseudoscalar form factors, respectively. K, , is [103, 104],

as(M% ) (95 7 as(Mp) (97 7
K9 1 371{@(___NF> K9 —1 7HG<———NF) 3.23
o + - 1 6 s A + . 4 6 ) ( )

being N the number of quark flavours that remains lighter than the Higgs boson in
consideration. On the other hand, the expressions that define SJ and P¢ are:

2

v v
Sy = Z gfggff_F}S(Taf) - Z g%fFFO(Tafi) (3.24)
=b,t mg F b by B 0 my
f=b, fi=b1,b2,t1,t2 fi
v
Py =" 95055 ——Ff (7as) (3.25)
f=bit my

3.3 Higgs production.

The Higgs production processes are basically the same as in the SM [15, 105], although
the couplings in these processes change to the MSSM couplings. The two main production
processes are gluon fusion and, specially for large tan 3, the bb fusion. Other production
mechanisms, like vector boson fusion will always be sub-dominant and we do not consider
them here.

At parton level, the leading order cross section for the production of Higgs particles
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through the gluon fusion process is given by [15, 106-108]:

M2 7_(_2 M2
LO _ ALO H, _ LO H,
Ugg—>Ha —O'gg_>Ha5<1— § ) = 8MHQFHG_>QQ(5<1—T (326)
2 2 / Q~U2 2
o _ o (Q) Mp, 993,V s 1 957
0'99_>Ha 235671' ’U2 Z TfFf (Taf) + Z ~ ~Z o 77’L2~ FO (Taf)
f=t.b fi=b1,ba,t1,t2 !
gfgfzav PP a2 (Q) MIQJa S92 1+ | P92
f;be v (Taf) = o56r o 1S917 + P77 |,

with § the partonic center of mass energy squared. The hadronic cross section from gluon
fusion processes can be obtained in the narrow-width approximation as,

LO _ ALO dL7%
g — H =0 TH, .
(pp a) g9—Hg ' Ha dTHa

(3.27)
The gluon luminosity d£%%,/dr at the factorization scale M, with 7, = MIQJG /s, is given
by,

sy Ydx
Tt — [ gla M) glr/w,002). (3.25)

In the numerical analysis below, we use the MSTW2008 [109] parton distribution functions.

The bb — H, production process can also play an important role for the high and
intermediate tan  region, roughly for tan > 7 [110-116]. The leading order partonic
cross section is directly related to the fermionic decay width,

472 r o ngg
9Mp, M= 6 4ME,

ik

~ 2 2 b 2

Obb—sH, = By (/Bb + ‘gp} ) (3.29)
Again the proton-proton cross section is obtained in the narrow-width approximation in
terms of the bb luminosity. Notice that associated Higgs production with heavy quarks
99/9q — bb + H, is equivalent to the bb — H, inclusive process if we do not require to
observe the final state b-jets and one considers the b-quark as a massless parton in a five
active flavour scheme [15, 89, 110]. In this way, large logarithms log(s/m7) are resummed
to all orders. As before, we are using the MSTW2008 five flavour parton distribution
functions. Regarding the QCD corrections to this process, for our purposes it is enough
to take into account the QCD enhancing factor K({ used in the decay H, — bb, with the
bottom mass evaluated at mp,, and to use the threshold-corrected bottom couplings in
Egs. (3.9,3.10).

9

472 7 g*m? my(ma, )\
~QCD  _ r. . _Tg be< b Ha) <2
Tob—Ha ~ g My, He=% = 6402, 0 \ g (my) Bo \ By

g ‘g§‘2> (3.30)

The total hadronic cross section can be obtained at NLO using the so-called K-factors
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[104, 108, 117, 118] to correct the LO gluon fusion, and it is given by,

R dL¥y | oo ALY,
O-(pp_>H) K Ugg—)HaTHa d OvbsH, THa ;__ dTHa

(3.31)

where the K-factor parametrizes the ratio of the higher order cross section to the leading
order one. It is important to include this term as it is known that the next to leading order
QCD effects, which affect both quark and squark contributions similarly [118, 119], are
very large and cannot be neglected. Such effects are essentially independent of the Higgs
mass but exhibit a tan 5 dependence. In the low tan 5 region, K can be approximated by
2 while for large tan /3 its value gets closer to unity [116]. In our study we have taken K
to be constant for fixed tan  in the considered range of Higgs masses.

3.4 Indirect constraints

As explained in the introduction, indirect searches of new physics in low-energy precision
experiments play a very important role in Higgs boson searches. The main players in this
game are b — sy and By — ptpu.

3.4.1 b — sy decay.

Following references [120-123], the branching ratio of the decay given in terms of the Wilson
coefficients can be written as:

BR(B — X,7) ~ [a + ary 6C2 + ass 0C2 + Re [az 6C7] + Re[as 0Cs] + Re [ars 507565]]
(3.32)
where a ~ 3.0 x 107*, a7y ~ 4.7 x 1074, agg ~ 0.8 x 107%, a7 ~ (=7.2+0.67) x 1074,
ag ~ (=2.2 —0.67) x 107 and arg ~ (2.5 —0.97) x 10~* and the main contributions to
the Wilson coefficients, beyond the W—boson contribution, are chargino and charged-Higgs
contributions, 6C7 g = C%{; + C%‘;.
Chargino contributions are given by,

3)
where 245 = m2 /m? and the functions F: — 19 @) =R D) ()= |RE,

o = i/} and the functions Frs(z.1.2) = £3 (2)~[RL,| £(3 (v f (2)
and Grs(w,y) = R RiLfY (7) — Ry R35F1Y (y) with f13 (@),

Ua2Var My Ua2Vaz T
cosﬂ Z { \/—mxi F18 (xCIfci’xtlxai’xmxa) T 2m + sin6g78 fixd Thoxd )
3.3
3)
7,8

3)  5-Tzx x (3z — 2) ' (3) _ 4z x
) = e T o2 ™ WS T T ey

Inz; (3.34)

Now, using the expansion in Appendix B, we can see that the dominants terms in tan 8
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are:

+
X"~ N2, #Matan
C778 M,

2

Wm —m m2 m
- - -t -
X3 X3 X1 Xg
(3) (3) <3>( <3>( )
X~ — T~ _ T~ _ — X~
PR NP 1] G ol Gt B A G b G
Wm 7m in in mQ:t in
1 2% X3 X7 X3

and in the limit my, ~ My < mg, ~ u, we have,

e - L %( 9 (g0 ) = 19 (5,12)) (3.36)

- e G (1 (neg) 1 (o)

Then, the charged-Higgs contribution, including the would-be Goldstone-boson corrections
to the W-boson contribution [123], is given by,

e L A2 + (Aha/ha (1+ tan B) — 5ha/ha (1 = cot B)) f13(x1)
T8 7 3tan? I3 78\t 1+ 5hd/hd + Ahd/hd tan 3
(3.37)
with y; = m%/MIQ{i, Ty = m%/MI%V and
(1), _ a(Tba=82) | w2@3a-2), A1), _ T(2+ 5z —1?) 322
[ @) = Ty Ty S @) = e T e o
(2) _ 2(B-5e) 4 3(e-2) @, T(3—2x) x .
77 (z) = 1217 T s’ In x; 7 (z) = 117 - 2@ 1) Inz; (3.38)

3.4.2 B, — p u" decay.

The branching ratio associated to this decay can be adequately approximated by the fol-
lowing expression [102]:

_ _ Fp 2 (| Vi| 2 2 - 2

BR(B +) = 2.32.10"6 B < s > ( ) 0.04(cy — ¢
(Bs = up”) 1ops \230Mev ) \0.04 [esl” + [ep +0.04(ca = )]
(3.39)

where the dimensionless Wilson coefficients are given by ¢s = mp.cs, ép = mp,cp and
the coefficients c4 and ¢4 can be neglected in comparison with c¢g and cp since they are
related with contributions from box diagrams and Z%-penguin diagrams. In our analysis,
we use the approximate expressions for ¢g and cp in Ref. [102]:

o~ mumf 1672 tan?’ﬂ €y ’UH’Q n ‘U21’2 n ‘U31‘2
P aMy (14 0ha/ha + Ahg/hgtan §) (1 4 € tan 3) | mF;, miy, miy,
(3.40)
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p m,m; 1672 tan 3 ey U132 i |Uas|? n |Us3|?
~ AMywy (14 0hg/hg+ Ahg/hgtan ) (1 + € tan 3) m%ﬁ m%b qus
(3.41)
with
200,
€ = 3—7: pwrmg 1 (m?zl,mi,mg) ey = _16% Afp* I (mtgl,mi, ]MP) .(3.42)

And, given that in Eq. (3.39) we are including only the tan S-enhanced Higgs contributions,
in the following, we use the experimental result as a 3o upper limit on this contribution.

4 Model analysis.

In the previous section we have defined the MSSM model we are going to analyze and
presented the different production mechanisms and the main decay channels for neutral
Higgses at LHC. In this section we study, in this general MSSM scenario with the possible
presence of CP violating phases, whether it is still possible to interpret the Higgs resonance
observed at LHC with a mass of ~ 125 GeV as the second Higgs having a lighter Higgs
below this mass and a third neutral Higgs with a mass mpy, < 200 GeV. As we will see in
the following, the present experimental results that we use to this end are the measurement
of pp — Hy — vv, pp — H, — 77 at LHC and the indirect constraints on charged Higgs
from BR(b — sv). We divide our analysis in two tan 3 regions: low tan/ defined as
tan § < 8 and medium-large tan 3, for tan 5 = 8.

4.1 Medium—large tan S regimen.

Now, we take tan 8 = 8, which implies that sinf ~ 1 and cos 3 ~ (1/tan ) < 1. We
analyze the different processes in this regime of medium-large tan 5. First, we analyze the
model predictions for the process pp — Hs — 7y that is requested to satisfy the new
experimental constraints with a signal strength 0.75 < MI,;,EIC < 1.55. Then, we analyze the
constraints from pp — H, — 77 and see whether the two results can be compatible in the
regime of medium-large tan 8 for mpg, = 125 GeV.

4.1.1 Two photon cross section.

The two photon cross section through a Higgs boson can be divided, in the narrow-width
approximation, in two parts: Higgs production cross section and Higgs decay to the two
photon final state, 0., = o(pp — Ha) x BR(H2 — vy) = o(pp = H2) x I'(Hy = v7v) /T,
Thus we have to analyze these three elements, i.e. o(pp — Hz), I'(Ho — ~7y) and T'g,.

In first place, we are going to analyze the decay width of the Higgs boson into two
photons in our MSSM model. As a reference value, we can compare our prediction with
the Standard Model value,

2 8
S = ngS (THp) + gFf (i) — F1 (trw) ~ (—0.025 +70.034) + 1.8 — 8.3 ~ —6.54; (4.1)
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In the MSSM, this decay width is given by the Eq. (3.16) and it has both a scalar and a
pseudoscalar part, receiving each one contributions from different virtual particles:

Yo — QY Y Y Y Y Y Y Y .

SHg - SHg,b T SHg,t T SHg,W T SHg,IB . SHg,E T SHS,% T SHS,)Z ™ SHg,Hi’ (4.2)
Y pY 2 Y .

PHS = PHSJ? +PHg,t + PHSJZ’ (43)

Once we fix the mass of the Higgs particle, My, ~ 125 GeV, the contributions from
W-bosons and SM fermions are completely fixed, at least at tree level, with the only
exception of the Higgs mixings, that we take as free, and tan /. In the case of third
generation fermions, as we have already seen, it is very important to take into account
the non-holomorphic threshold corrections from gluino and chargino loops to the Higgs—
fermionic couplings, (g}q ,gf ) and therefore we introduce an additional dependence on

sfermion masses. Nevertheless these contributions remain very simple,

Stow = ~gmww i (raw) = — (Uai cos 8 + Upy sin ) Fy (raw) = —8.3 <U22 + tZng) :
(4.4)

where we have used that Fy (o) = Fi (0.61) ~ 8.
The top and bottom quark contributions enter both in the scalar and pseudoscalar
pieces, which are both similar. The scalar contribution, from Eq. (3.18) and taking into
account again the tan [ regime in consideration, is given by the following approximate

expression:
1 Uz + UQQHd} kg (tan? B + 1) s
ST ~ — |2 | Re{—=—1¢ I —_ 7 I
HY b+t — 3 < ¢ { 1+ kgtan S an § +Im 1+ kgtan 8 Uz b (720)
+ 8Uo9 FtS (Tgt)} ; (4.5)

where kp is a parameter associated to the finite loop-induced threshold corrections that
modify the couplings of the neutral Higgses to the scalar and pseudoscalar fermion bilinears,
as defined in Egs. (3.9,3.10). These parameters are always much lower than 1, whereas for
my = 173,1 GeV (pole mass) and m, = 4.33 GeV (mass at my scale) the loop functions
are just about Fbs ~ —0.04 +i0.05 and F; ~ 0.7. In this way, Eq. (4.5) can be finally
approximated by:

. tan 3 kqtan? 3
~ 1. —0.02 .034 _ I - .
81/{224-( 0.025 +1¢0.03 ) [Re{l—i-lﬁdtanﬂ}um—i_ m{l—l—ndtanﬁ Uss
(4:6)

The first contribution beyond the Standard Model that we are going to consider is the

Y
SHS,bth

charged Higgs boson. As we can see from Eq. (3.18), it only takes part in the scalar part
of the decay width. Its contribution is given by:

2
v
SIv{g,Hi = ~9HYH* 2m%{i Fo (tom+) (4.7)
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where the self-coupling to the second neutral Higgs can be approximated as follows for
medium-large tan 3, keeping only the leading terms in cos 3:

9uom+ ~ (2A1cos B — Agcos B — 2cos BRe{As} + Re {Ag}) Uay (4.8)
+ (A3 +cos BRe{ ¢} —2cos BRe{A7}) Uz + (2cos SIm { A5} — Im { A }) Uas;

The loop function, Fy(7) is quite stable for small 7, for 150 GeV < mpy+ < 200 GeV,
0.17 ~ (125/300)? < mop= < 0.097 ~ (125/400)%, we have Fy (mo5+) =~ 0.34 and then,
taking,

201 — A —2Re{AX
Sho.se S 045[( ! ianﬁ e 5}+Re{)\6})u21
Re {)\6} —2Re {)\7} 2Im {)\5}
+ <)\3 + tanﬂ ) Z/{Q2 + (W —Im {)\6}) UQ3:| (49)

Now, we take into account that the Higgs potential couplings A; = A; (9,8, Msyusy, At, 11),
can be safely considered A\; < 1. Numerically, we find a maximum A\*** ~ 0.25 for some
of them and taking only the couplings not suppressed by tan 3 factors, we have A3 ~
—0.074 at tree-level with the value at one-loop typically smaller due to the opposite sign
of the fermionic corrections and A\g ~ —0.14 ™. Thus, we can expect the charged Higgs
contribution to be always negligible when compared to the above SM contributions, even
for my+ ~ 150 GeV, and can not modify substantially the diphoton amplitude.

The squarks involved in the two photon decay width are the ones with large Yukawa
couplings, that is, the sbottom and the stop. The scalar contribution of these squarks is
given in Eq. (3.18) and writing explicitly their couplings to the Higgs, it can be expressed

as follows:
Shos =" 2. gHm,Z2 o( h) = - 6;? (fabb) Usa RERY, Fy (735,) (4:10)
i=1,2 1=1,2 b;
2 2 B
Hyi = 22_;2 §9rmi g (m2r,) - 32% (Fe), U RERE, Fo (7,) - (4.11)

In the sbottom contribution, we make the expansion described in Appendix B, taking into
account that the off-diagonal terms in its mass matrix are much smaller than the diagonal

ones. This approximation leads us to the expression:

mi |Re{A 2 Im {AF
Sh s = 0-12tan” B Re{Aju} ;s by, Eethyy + H;{ ey (4.12)
HY.b m2 m2 m# tan (8
b1 bo bo bo
2
Ax 2 Im { A}
~ 1.2x107° tan2ﬁ 300 GeV Re{ 2bM}UQ - MQ Uoo H?;{ 'U}UQ;;
my, 5 mg mg tan

where we have used that Fj (7'251,) ~ (.34 for both right and left-handed sbottoms. As-
suming that Ay/my, , pu/mg, =~ O(1), it is clear that the sbottom contribution can be safely
neglected, as even for tan 5 ~ 50 would be two orders of magnitude below the top-quark
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contribution. Incidentally, the stau contribution can be obtained with the replacement
b <> 7, and we can also expect it to be negligible for stau masses above 100 GeV, except
for the very large tan 3 region®.

On the other hand, we have the top squark case where there are large off-diagonal
terms in the mass matrix which can not be neglected in comparison with the diagonal
ones, specially if we intend to analyze small stop masses. This does not allow us to use

the Appendix B approximation in such a straightforward way. Nevertheless, we can still

expand the chargino mass-matrix, keeping the stop mixing matrices, R, and we can write
Eq. (4.11) as
my m; 2 2 m?
Y~ 1
Sphg = 045 [mg (IRul* + [Raal) + ey (IRasl” + [Ror*) | thes + 0.45 ( m?)

A*
[—Re { 'lm; 11R21 } Uz + Tm { TZ 1R21} Uz + Re { mT 11 R21 } UQQ]
mg mg 2

(4.13)

where we take that Fj (7-251) ~ F, (7-252) ~ (.34. Regarding the stop mass, the limit
provided by ATLAS and CMS sets m; > 650 GeV for the general case where the lightest
neutralino mass is mgo < 250 GeV [63-66]. Therefore if we typically consider upper values
for Ay, up < 3m 35 ™ 3000 GeV for m s < 1000 GeV (higher values may have naturalness and
charge and color breaking problems) the size of the coefficients associated to the equation

2

above will be mt 2 /m? %/mtg1 < 0.1, Atmt/mtgl, pme/m; < 1.2 and taking into account

t )
that Rj;Ro1 < 3, Rij)* <1and (1 - mtgl/mt%) < 1 we obtain

SV < 0. 26[ —Uo1 + 1.7U59 +u23] , (4.14)

and therefore typically an order of magnitude smaller than the top quark and the W-boson
contribution and without tan S enhancement. Nevertheless, we keep this stop contribution
to take into account the possibility of a light stop, m; < 650 GeV with a small mass
difference to the LSP.

Finally, the chargino contribution is given by:

* * * * v
Ho =29 Re{ GURGS + Vi z‘ngQ} m—iF}q (T2%:) (4.15)
1=1,2 Xi
with Gg)l == (u21 - ’LSiIl,B Z/{Qg) s GZ)Q == (u22 - Z'COS['} UQ3) .

Using again the expansion of chargino mass matrices, Appendix B, we have the expression:

Y M2
S HO 3+ = ~ 2.8 |cos ,3—”21 + —UQQ (4.16)
M2

In a recent analysis on this issue [124], enhancements of the diphoton decay width of order 40% could
be obtained for tan 8 > 60 and ms ~ 95 GeV.
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~Y 31 ~ S ~Y
; S sinf ~ 1, Fy (TH2X§E) ~
qu (THQXiC) ~ (.7, and neglected (qu (THQXiC) — qu (TH2X§C))/(mi{E — miic) If we take
M3, /M3 < 0.05 for m,x < 350 GeV from LHC limits [67, 68], we have,

where we have supposed that myx My € m

M2
szrgvxi <0.15 [ Uy + M—; uml (4.17)

and again we see we can safely neglect the chargino contribution compared to the W-boson,
top and bottom contributions.

Therefore, in summary, we can safely neglect the charged Higgs, chargino and sbottom
contributions to the 2-photon decay width and we can approximate the scalar amplitude

by,

8.3 tan 3
ST, ~ - —
Hy U ( tan 3 1+ kg tan ,8}

m2 .
—0.45 ( B _ 1) Re{iﬂmtR;Rﬂ }) +
mt~1 mi~2

mg A* R* R 2 R 2 2 R 2
Uz (—6.5+0.45 ( ';2 —1) RG{M}%—O.% (mt ‘ 211’ +mt | 222‘ )) n

mfl mEQ mgl mEQ

. Kd tan? I5] ,umtR’{lel
U —0.025 0.034) I _— 0.451 —_— . 4.18
53 (( +i ) m{1+mdtan5}+ m{ i (4.18)

(—0.025 + i 0.034) Re{

Thus, it looks very difficult to obtain a scalar amplitude to two photons significantly
larger than the SM value taking into account that the stop contribution can be, at most,
order one. The same discussion applies to the pseudoscalar amplitude that receives only
fermionic contributions, only top and bottom are relevant and thus is much smaller than
the scalar contribution above. The possibility of large SUSY contributions, as advocated
in Refs. [124-126] seems closed, at least in the MSSM with mp, ~ 125 GeV. In particular,
large stau contributions would require tan 5 > 50 that we show below to be incompatible
with the bounds from Hy, H3 — 77.

Next, we analyze the Higgs production cross section, presented at section 3.3. At the
partonic level, this cross section receives contributions from gluon fusion and bb-fusion.

The bb—fusion is tree-level at the partonic level and proportional to the bottom Yukawa
coupling. Considering only the main threshold corrections to the bottom couplings, we
have,

2.9 2
. T g mj tan~< (8 9 9
- ~ — U U
TbbsHy = g 1L, ((1+mdtan5)2 (! o1|° + |Uas| ))

tan? 3

~6.8x107° —
(14 kqtan B)

(yugl\Q 4 yugg\Z) . (4.19)

This dimensionless partonic cross section must be multiplied by the bb luminosity in the
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proton, T dﬁbi’/dT, for 7 = mj;, /s. Taking mpy, = 125 GeV and for /s = 8 TeV, we
have 7 dL" /dr ~ 2300 pb from the MSTW2008 parton distributions at LO. Thus, the bb
contribution to the pp cross section:

tan? j3

— Hy)pp ~ 0.16 ————
a(pp 2)bb 5 g tan )

<|7/f21|2 + |U23|2) pb. (4.20)
On the other hand, gluon fusion cross section is a loop process,

2 2
5LO _ g (MH2) mH2
99— Hz 256w 2

(15817 + I1PEI°] = 4 x 107 [|S§] + [| g ] (4.21)

where the scalar coupling, S5, gets contributions from both quarks and squarks, while the
pseudoscalar one, P3, receives contributions only from quarks. With regard to the squark
contributions, they can be easily obtained from Egs. (4.12,4.13), taking into account that,
for JJZ =1, S;B =3/2 S;j; and Sg,g =3/8 S;,g. Therefore, it is easy to see that analogously
to the photonic amplitudes, we can safely neglect the sbottom and stop contributions to
gluon fusion production. Thus, the scalar and pseudoscalar contributions to gluon fusion

production can be approximated by,

‘ tan 3 Kq tan® 3
9 L. —0.04 4 0. e Im § ———— ;
SQ,b—l—t 0.7Use + (—0.04 + 3 0.05) [Re{l—i—,«;dtanﬂ}um—i_ m{l—i—lidtanﬂ Uss | ;
(4.22)
. Kqtan 3 kg tan® 3
Py~ (—0.04 ) Im{——"— I
bt = (—0.04 +i0.05) lm{1+ndtanﬁ}u22+ m{1+/@dtanﬁ Uz
, tan 3 1
—0.04 +10.05) R - ; 4.23
+ T ) e{l—l—mdtanﬁ} tanﬁ] ta) (4.23)

The gluon fusion contribution to the pp cross section is obtained by multiplying the
gluon luminosity, 7, dL9%,/drm, ~ 3 x 10° pb and the K-factor, which we take K ~ 2.2,
corresponding to low tan 5. Then, with k4 real for simplicity, the gluon fusion contribution
to pp cross section would be,

1.5tan g3
0.1tan? 0.1tan? 27
it U + it 7+ 5 | Uss| Db
(1 + kg tan f) (14 kqtanp) (1 + kg tan f) tan? g3

This equation with the approximate values of S3, Py is compared with the full result in
Figure 3. We can see that this approximate expression reproduces satisfactorily the gluon
fusion contribution to Hy production in the whole explored region. From this equation,
we see that the gluon fusion production is dominated by the top quark contribution if
Usz1,Us2 = O(1) up to tan 8 2 10. Moreover, the SM contribution corresponds simply
to take Kk = 0, tan 8 = 1, U1 = Uss = 1 and Usg = 0 and therefore, we see the gluon
fusion cross section will be typically smaller than the SM cross section for medium-low
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Figure 3: Comparison of the the approximation to o(pp — H3)4g in Eq. (4.24) with the
full result as a function of tan g .

tan 5. Also, comparing Eqgs. (4.20) and (4.24), we see that gluon fusion still dominates
over bb—fusion except for large tan 3 or small Uss.

Finally, we have to check the total width, I'g,. The main decay channels for mp, ~ 125
GeV, are Hy — bE, Hy — WW* and Hy — 77 (Hs — gg can of the same order as
H, — 77 in some cases, but, being comparatively small with respect to bb and WW,
it is not necessary to consider it in the following discussion). The decay width is usually
dominated by the bb-channel which can be enhanced by tan /3 factors with respect to the SM
width (as the 77 channel). The main contribution to the decay width to bb is captured by
the tree-level Higgs-bottom couplings, in the limit k4 — 0 (although threshold corrections
are important and always taken into account in our numerical analysis),

2
g mpmg,

Ty, ~ S DMz
2= 3om M2,

2

ltanQ I3 (’UQ1‘2 + V/{23’2) (3m§ + qu_) + (UQQ + tz{—fllﬁ) m%{QIPS] ,

(4.25)
where Ipg ~ 6.7 x 10~* represents the phase space integral in the Hy — WW* decay width
as can be found in Ref. [37] for my ~ 125 GeV. This must be compared with the SM decay
width, which would correspond to the usual MSSM decoupling limit if we replace Hy <+ Ho
s tan B — 1, Usi,Uzs — 1 and Usz = 0. This implies that for sizable Usy,Usz > tan™! 3,
the total width will be much larger than the SM width. Then, taking into account that we
have shown that I'p, 1y >~ Ff%w we have that, for Uss < 1, the diphoton branching ratio
will be smaller than the SM one. The only way to keep a large branching ratio is to take
Us1,Usz < tan~! 3, when the total width is reduced keeping I'#1,—~~ similar to the SM. On
the other hand, we have seen that the Hy production cross section is typically smaller than
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the SM unless we have Usy ~ 1 and Hs is produced through the gluon-fusion process, or
tan 8 > 20 with sizeable Us1,Usz and the production is dominated by bb fusion. Even for
this last case, bb fusion, the tan 5 enhancement of the production cross section is exactly
compensated by the suppression on the Hy — v~ branching ratio. For gluon fusion, there
is no tan 8 enhancement and thus in both cases the yy-production cross section is smaller
than the SM one. Therefore, we arrive to the conclusion that the only way to increase the
~vvy-production cross section to reproduce the LHC results in our scenario is to decrease
the total width by suppressing the b-quark and the 7-lepton decay widths. This
implies having a second Higgs, Ha, predominantly H?, so that we decrease the couplings
associated to these fermions and consequently increase the two photons branching ratio.
This condition means, in terms of the mixing matrix elements:

1
Usg ~ 1, Uy =~ Usz < —— K U 4.26
22 , U2 23 < tan 3 < U2 ( )

4.1.2 Tau-tau cross section.

The above analysis has led us to the conclusion that, to reproduce the ~yv-production
cross section, we need the second lightest Higgs to be almost purely up type. As a conse-
quence, Hs nearly decouples from tau fermions and then it is unavoidable that the other
neutral Higgses inherit large down-type components, increasing thus their decays into two
7-fermions. Once more, to compute the 77-production cross section through a Higgs, we
must compute o(pp — H;), I'(H; — vy) and I'p;,.

The decay width H; — 77 is given by the following equation:

2
g7-mHu,Br
Liymrr = T2 (821950 + l9Fal?) - (4.27)

where 7; = m2 /m%{Z and 8, = /1 —471;. The values of the 7 scalar and pseudoscalar
couplings are given by:

tan 3 € tan 3 '
1+ ertan 3 i 1+e tan 2

tan 8 — e,

——U; 4.2
1+67tanﬁu3 (4.28)

P ~Y
9ri =

S ~Y
9ri =

In this case e, ~ ¢%/167% (uM;/mZ)) ~ 2 x 1072, and we are taking it real. Then, we have
er =~ €,/20 being only a sub-leading correction in this case which can be safely neglected.
Therefore we get, for i = 1,3,

2 2 2
. ma [ gmr 2 12 2\l L gmamy o
Fm’T - <2MW) [tan B <|uzl| + |ul3| ):| — 327TM5V tan” 3, (4'29)

where we used that Usy ~ 1 and Uqs,Uzs <K 1.
Now we need the production cross section for H; and Hs. We can use Egs. (4.20) and
(4.24) with the replacement Us; — U;j. Then, using Ui |* + [Uss|*> ~ 1 and Usp ~ 1/ tan 3,
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Figure 4: Comparison of the the approximation to o(pp — H; — 77) in Eq. (4.35) with
the full result as a function of tan S5 .

we have,
2 2 1.5tanﬁ
0.1 tan? 0.1 tan? 27.5
_Odtan?S e + L 275 e,
(1 + kgtan ) (1+kgtanB)  (1+kgtanp)®  tan’f
| _0.1tan®p L 134 27.5UY  2UE — 1.5U;
" | (1 + kgtan B)? tan? 3 1+ kgtan g ’
(pp — Hi)y ~ 0.16 tan® § (1t + [ths?) pb =~ 0.16 tan® § b. (4.31)

Therefore, we see that for tan 5 2 5 in our scenario, always with U2 < 1/ tan 3, the bottom
contribution to gluon fusion is larger than the top contribution and only slightly smaller
than the bb—fusion. Then we approximate the total production cross section for H 1,3

H, dﬁbb/dTHi 1011 TH, df,%go/dTHi
2300 pb 3 x 106 pb

tan? g3 b
(1 + Kqtan 3)? po-
(4.32)

o(pp — H;) ~ lO.lG (

The last ingredient we need is the total width of the H;, we can still consider that the
dominant contributions will come from bb, 77 and WW* for Higgs masses below 160 GeV.
For masses above 160 GeV, the width is usually dominated by real W-production and ZZ
or ZZ*. Therefore, below 160 GeV, the total width can be directly read from Eq. (4.25)
replacing Ho — H; and the mixing o, — U;,. For Higgs masses above 160 GeV, always
below 200 GeV in our scenario, the total width will be larger than Eq. (4.25) and thus
taking only bb, 77 and WW* we obtain a lower limit to I';. In the case of H; and Hjz, we
have Ui < 1 and [Us1|* + [Uss|*> ~ 1. Then the total width is,

2 2
g My 3mj 2 2
I, > t 4.33

ZN327TM5V <1+l-€dtanﬁ+m7> an” f, (4.33)
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And thus, the branching ratio is,

m2 (1 + kg tan 3)?

BR(H; —» 7m7) < 4.34
(H: )N3mg—|—m§(1—|—/{dtanﬁ)2 (4.34)
So, for the 77-production cross section of H; and Hs we have,
, tan? 2(1 tan )
a(pp XN 1) S an_f 3 mz (1 + iq tan §) 3 (4.35)
(1+ Kgtan B)° 3m? +m2 (1 + kg tan j3)
T, ALY /dry, T, ALY /drh,
016 | ——— 011 | ——————— b
[ ( 2300 pb ) 3 % 105 pb P

tan? . dLY dry, ALY, ) dr,

~ a1 /8 5 5 0.16 TH; L / TH; +0.11 TH; LO/ TH; pb
8.4 + 2Kq tan B + k7 tan® 2300 pb 3 x 106 pb

which should be compared with the SM cross section o(pp — H — 77) ~ 1.4 pb for
myp ~ 110 GeV. The comparison of this approximate expression with the full result is
shown in Figure 4. In fact, this approximate expression works very well for mpg, = 110 GeV
and is slightly larger than the exact result for mp, = 155 GeV. This is due to the fact that
we did not include the H; — WW* channel in Eq. (4.35) and this channel is important
for Hs, which means that the approximate branching ratio is larger than one in the full
expression. Nevertheless, we can safely use this expression to understand the qualitative
behaviour in this process.

Next, we combine the bounds on the two photon production cross section and the 77
production cross section in our model with medium-large tan 5. In Figure 5 we present
the 77 production cross sections at LHC for mp, ~ 110 GeV and mpy, ~ 160 GeV with
(squares in blue) or without (circles in red) fulfilling the requirement 0.75 < ,u{jf/{c < 1.55.
The green line is the CMS limit on the 77 production cross section for Higgs masses below
150 GeV and the green points are the points where, in addition, the 77 cross-section limit
on the observed Higgs, Hs in our scenario, at a mass mpy, ~ 125 GeV is also fulfilled. Even
though we fixed mp, = 110 GeV in this plot, we have checked that the situation does not
change at all for mpy, = 100 GeV or mp, = 120 GeV. Notice that, the present constraints
on heavy Higgses for o(pp — H3 — 77) for masses 150 GeV < mp, < 200 GeV can only
eliminate the region of tan 5 2 25, but we expect the future analysis of the stored data to
reduce this parameter space significantly [53].

Hence, we see that there are no points consistent with the LHC constraints on o(pp —
Hy — 77) for tan 8 > 7.8 and 100 GeV < mp, < 125 GeV and, as we will see in the next
section, all the surviving points are inconsistent with BR(B — X,7).

4.2 Low tanf regime.

As we have just seen, LHC constraints on o(pp — H; — 77) rule out the possibility of
mp, ~ 125 GeV for tan § > 7.8, still, the situation for tan 8 < 8 is very different. For
low tan 3, it is much easier to satisfy the constraint from the yy-signal strength at LHC,
frry 2 0.5.
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Figure 5: 77 production cross-section at mpg, = 110 GeV as a function of tan 8, with the
CMS limit on 77 production in green.
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Analogously to the discussion in the case of medium-large tan 5, we can see that the
SM

y7-decay width for low tan 8 remains of the same order as the SM one, I'p,—yy = I'p70 .
The production cross section is typically of the order of the SM one, as the bb-fusion process
and the b-quark contribution to gluon fusion, being proportional to tan 3, are now smaller
and the top contribution is very close to the SM for Uss ~ O(1). In fact, the total decay
width is still larger than the SM value if Us; 21 are sizeable, as the bb and 77 widths are
enhanced by tan? 3. So, the same requirements on Higgs mixings, Eq. (4.26), hold true
now, although are less suppressed correspondingly to the smaller tan § values. On the
other hand, the 77 production cross section through the three neutral Higgses remains an
important constraint, but it is much easier to satisfy for low tan 5 values, as we can see in
Fig. 5.

However, in our scenario, we have a rather light charged Higgs, mpy+ < 220 GeV, and
the main constraint for tan < 8 now comes from the BR(B — Xv).

4.2.1 Constraints from BR(B — X,7)

The decay B — Xy7v is an important constraint on the presence of light charged Higgs
particles as we have in our scenario. However, although the charged Higgs interferes al-
ways constructively with the SM W-boson contribution to the Wilson coefficients, in the
MSSM this contribution can be compensated by an opposite sign contribution from the
stop-chargino loop if Re (pA;) is negative. The charged Higgs contribution is given by
Eq. (3.37). The size of C * can be approximated by the dominant contribution, given by
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2 (m2jm2.),

[ 1+5hd/hd+Ahd/hdtan,B’ '

and for my+ € [150,200] GeV we get f7(2)(yt) € [-0.22,—0.18]. Incidentally, we see that
this charged Higgs contribution decreases with tan 5, and thus it is more difficult to satisfy
the constraints at low tan 8 unless this contribution is compensated by a different sign
contribution. Then for the stop-chargino contribution, using Eq. (3.37),

+ M2 M2 3
CX, ~ =W = tanp () (g
7,8 M22 0 (f (

- g %ﬁ (178 (wns) = 75 (2asz)) (437

Taking now f7(3) (x ~ 1) ~ 0.44, and therefore, with the limits on stop and chargino masses,
my, > 650 GeV and m,+ > 350 GeV, we estimate C%‘i ~ 0.02 My/p tan f < C%i. Thus it
looks very difficult to compensate the charged Higgs contribution for low tan 8 and this is
confirmed in the numerical analysis. In Figure 6, we present the obtained BR(B — Xy7v),

10°BR.s,

5.5
5.0 |
45 '

40|

35

1 e e

S T S R

Figure 6: Branching ratio of the B — X v decay as a function of tan 5. Blue squares fulfil

the ,uI;,Iy{C and op,-r/ogm constraints, as explained in the text. Green and yellow regions

are the one and two-o experimentally allowed regions.

the blue squares fulfil the requirements of, 0.75 < ,u%{c < 1.55, opyrr/osm < 1.8 and
oiyrr/osm < 1.8 while the red dots violate some of these requirements. The experimentally

allowed region at the one-o and two-o level is shown in green and yellow respectively
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7. In passing, please note that the reduction of the BR with tan 8 is mainly due to the
reduction of the charged Higgs contribution, as shown in Eq. (4.36), and not to the negative
interference with the chargino diagram.

Therefore, the only remaining option is to have a light stop with a small mass difference
with respect to the lightest neutralino that has escaped detection so far at LHC. To explore
numerically this possibility, we select the lightest stop mass to be Mo <mz <mg+ myo.
The result is shown in Fig. 7, where we plot again BR(B — Xv) as a function of tan f.

Now, we can see that the range of BR(B — X,7v) for a given tan 8 has decreased, as

Figure 7: Branching ratio of the B — Xy decay as a function of tan 3, for m; < 650
and Mo <mg <my+ myo. The color coding is the same as in Fig. 6

expected, due to a possible destructive interference of the stop-chargino diagram. Never-
theless, we can see that there are no points allowed by collider constraints that reach the
two-o allowed region®.

As a by-product, we can already see from here that it will be very difficult, if not
completely impossible, to accommodate two sizeable Higgs-like peaks in the ~v production
cross section, as recently announced by the CMS collaboration [127], within an MSSM
context. The CMS analysis of an integrated luminosity of 5.1 (19.6) fb=! at a center of
mass energy of 7 (8) TeV reveals a clear excess near my = 136.5 GeV, aside from the
125-126 GeV Higgs boson that has already been discovered, with a local significance for

"Even allowing a three-o range, we find no allowed points when mg, > 650 GeV and m, + > 350 GeV

81f we allowed points within a three-o region, BR(B — Xsv) < 4.1 % 1074, several points would still
survive. However, for all the three-o allowed points we have very large om,-- and even these points will be
forbidden when ATLAS analysis on heavy MSSM Higgses is updated [52, 53].
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this extra peak of 2.73 ¢ combining the data from Higgs coming from vector-boson fusion
and vector-boson associated production (each of which shows the excess individually).

As we have shown in this work, the 125 GeV Higgs found at the LHC ought to be the
lightest, therefore this new resonance, despite its light mass, is bounded to be the second
lightest Higgs, meaning that the third neutral Higgs (and its charged sibling) are to be
found nearby. This can be easily seen following our line of reasoning in section 3, where we
obtain mp, < 180 GeV and mpy+ < 200 GeV. However, to reproduce the observed signal
strength in H; — vy of the ~ 126 GeV peak for medium-large tan 8, we must force all
the pseudoscalar and down-type content out of the lightest state. In this case, we have
Us =~ 1 and Uy1,U13 < 1, so that the the two heavier Higgses will necessarily couple,
with tan S-enhancement, to down-type fermions and the branching ratio of these Higgses
to vy will be brutally inhibited. At the same time, the H; — 77 channel, for i = 2,3 is
o« (U3 +U3) =~ (1 —U%) =~ UL ~ 1. Meaning that any MSSM setting would predict a
H; — 77 at a level that is already excluded [50-52].

The only possible escape to this situation would be to stay in the (very) low tan 3 re-
gion, but then, given the low mass of the charged Higgs, the constraints from BR(B — X,7)
eliminate completely this possibility. Therefore, we can not see any way to accommodate
two Higgs peaks in the vy spectrum with a signal strength of the order of the SM model
one. Nevertheless this possibility will be fully explored in a subsequent paper [128].

5 Conclusions.

In this work we have investigated the possibility of the Higgs found at LHC with a mass
my ~ 125 GeV not being the lightest but the second lightest Higgs in an MSSM context,
having the actual lightest Higgs escaped detection due to its pseudoscalar and/or down-
type content. In this scheme, such a content suppresses simultaneously its couplings to
gauge bosons and up-type quarks and paves the way to evade LEP constraints.

Although similar studies, with previous LHC constraints, are already present in the lit-
erature, most of these studies proceed through giant scans of the model’s parameter space
and the later analysis of the scanning results. Our approach in this work has been differ-
ent, and we have chosen to study analytically, with simple expressions under reasonable
approximations, three or four key phenomenological signatures, including the two photon
signal strength and the 77 production cross sections at LHC and the indirect constraints
on BR(B — Xgv). To the best of our knowledge, this is the first study carried out in this
way in an MSSM context using the LHC data. Our approach has the advantage that can
rule out the model altogether without risking having missed a region where unexpected
cancellations or combinations can take place.

This analysis is accomplished in a completely generic MSSM, in terms of SUSY pa-
rameters at the electroweak scale, such that it encloses all possible MSSM setups. To be as
general as possible, we have allowed for the presence of CP violating phases in the Higgs
potential such that the three neutral-Higgs eigenstates become admixtures with no definite
CP—parity. Our study starts with the vy signal observed at LHC at my ~ 125 GeV. The
experimental results show a signal slightly larger or of the order of the SM expectations,
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and this is a strong constraint on models with extended Higgs sectors. We have shown than
in the MSSM with mp, ~ 125 GeV the width I'(Hy — v7) cannot be substantially modi-
fied from its SM value. On the other hand, the total width of Hs tends to be significantly
larger if the down-type or pseudoscalar components of Hs are sizeable. Simply requiring
that BR(Hs — ~y) or, more exactly, o(pp — Hs) x BR(Hz — 77) is not much smaller
than the SM severely restricts the possible mixings in the Higgs sector and determines the
bottom and 7 decay rates of the three Higgses.

Next, we have analyzed the 77 production cross sections for the three Higgs eigenstates,
splitting the parameter space in two regions of large and small tan 8, being the dividing line
tan § ~ 8. We have shown that, for large tan 3, present constraints on o(pp — Hy — 77)
forbid all points in the model parameter space irrespective of the supersymmetric mass
spectrum.

On the other hand, in the low tan £ region, the presence of a relatively light charged
Higgs, mpy+ < 220 GeV, provides a large charged-Higgs contribution to BR(B — X,7)
which can not be compensated by an opposite sign chargino contribution, precisely due to
the smallness of tan 8 and this eliminates completely the possibility of the observed Higgs
at My ~ 125 GeV, being the next-to-lightest Higgs in an MSSM context.

In summary, we have shown that a carefully chosen combination of three or four
experimental signatures can be enough to entirely rule out a model without resorting to
gigantic scans while simultaneously provides a much better understanding on the physics
of the model studied. The power of this technique should not be underestimated specially
when studying models with large parameter spaces where monster scans can be quite time
consuming and not precisely enlightening. Special interest raises the case in which the
Higgs found at the LHC is the lightest where this type of combined analysis can close
significant regions of the parameters space [128].

In this respect, the straightforward application of this kind of study to the recently
published CMS data with a second Higgs-like resonance at ~ 136 GeV, aside from the
125-126 GeV Higgs, shows it is not possible to accommodate both resonances in the -~
spectrum with a signal strength of the order of the SM model one.
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A MSSM Conventions

We follow the MSSM conventions in the classical review of Haber and Kane [14], see also
[129]. In this section we review the mass matrices entering in our analysis,
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Charginos:

In our convention the chargino mass matrix is,

(A1)

M - M2 \/ﬁMwsinB
“~ \V2My cos 8 7

and can be diagonalized by two unitary matrices so that U* MoV T = Diag. {mxf’ mxi}
with mx < Mmoo The mass eigenstates, Xl-i, are related to the electroweak eigenstates,
1 2
ot
Xi » by
Xi = Viixi x; =UiX; - (A.2)

Sfermions:

The squark mass matrix is given by,

; M%a + m2 + cos (28) MZ (R? — Qg sin® fyy) hivg (AZ - ,uTq) /2
M =
hqug (Aq — 1*Ty) /V2 MJ%B + m§ + cos (28) Mz Qg sin” Oy
(A.3)
With Rl = —Rb = %, Q4 the quark charge, T;, = tanf = g—’; = Tt_1 and h, the

Yukawa coupling corresponding to the quark. This matrix is diagonalized RqMéRg =

Diag. {mgl, m%}

Similarly, the stau mass matrix,

) M%S +m2 + cos (28) M2 (sin2 Ow — %) hivy (A% — ptan B) /v/2
M =
hyvy (A — p*tan B) /v/2 M%S +m2 + cos (28) M% sin® Oy
(A.4)

B Expansion of Hermitian matrices

Following Refs. [130, 131], we have that given a n x n hermitian matrix A = A + Al with
A® = Diag(a?,...,a®) and A'completely off diagonal that is diagonalized by U - A - UT =

cey gy

Diag(ay, ..., ay), we have a first order in A':

0y _ £(q?
Ui, f () Unj ~ 83 f (a])) + A}jw
? J

(B.1)

We use this formula to expand the chargino Wilson coefficients, C7g, with respect to the
chargino mass matrix elements. In this case we have to be careful because the chargino
mass matrix is not hermitian. However due to the necessary chirality flip in the chargino
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line C7 g is a function of odd powers of M, + [132], and then

ZUJQVIm +A( o Z Ujrm +V1U12A(m +)Ulk (B.2)
j=1 J 7,k =1

where we introduced ), U;,U}j, = d;;. Then, we obtain,

Ua2 Va1 My
oxXtla) _ Z - F <$~~i Tp o4, L7 (B.3)
7,8 7,8 v VixE o Yoy .
COS ~ a a a
ﬁ S V2mg
2wy Frs (gt Tasg Tt
V2 cos B X721 m2,
X2
2 2 ) .
+ (M), (ML) m s Frs (Tt g ng) i (Saxp Tt Tt
xJ)11 XMy ) o
m2 . m? . (m%i - m%i)
X1 X2 X2 X1
xE (b) aQVant
X, = (x £, X7 ) B4
7.8 COSB Z 2m.. ismﬁ fixa Thxe (B4)
my (M,) g78( Lo Thxg mfﬁ(f)
2 cos (Bsin 3 x/22 m?

X2

+ (My)gy (MM i O (753 75 Pt ) = igm( Tt Vit Vit
T g 2 02 < 2 2 ) ’
mMeoeMog (Mox — My

X1 X X X1

and using again the same approximation we can expand the stop mixings in the F7g and

g7 8, we obtain:

3 3
Frg ( g Tt 5255) = f7(,8) (%ﬁ) - f7(,8) (9551;5;) ; (B.5)
A (w52 ) = 19 (w5,2)
g78< TixE TigxE ) = (Mf)21 mgl —mth ) (B.6)
So, putting all together, we have:
(3) B (.
@, My | TT8 (va15) — 178 (v52) (B.7)
"8 V2cos 8 X721 m?{i
2
3 3 3 3
(M) (MXMx)21 f7(,8) (55(1)#) - f7(,8) (xflycf) B f7(8 (xqggt) - f7(,8) (5'35155)
m%i — m%i m%i ,’,),1/2~i ’
1 X2 X1 X3
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(3) (3)
o0 T (g, Mt (18 (253) = 18 (7ia5z) (B.8)
78 2 cos B sin 8 X722 m% - mtg m2, ’
1 2 X5
3) (3) (3) (3)
. My (MML) (1 (750) = A1 (w72  frs (wr) — A2 (2asz)
2 _ 2 2 2
My M "
(Mf)m ]
2 7 |
Mh T
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