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Now that one has been found, the search for signs of more scalars is a primary task of current and
future experiments. In the motivated hypothesis that the extra Higgs bosons of the next-to-minimal
supersymmetric Standard Model are the lightest new particles around, we outline a possible overall
strategy to search for signs of the CP-even states. This work complements Barbieri et al. [Phys. Rev. D 87,

115018 (2013)].
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L. INTRODUCTION

The discovery of the/a Higgs boson, hjyc, with a
mass of about 126 GeV and Standard-Model-like prop-
erties [1-5] raises a clear question: is it the coronation
of the Standard Model (SM) or a first step into yet
largely unexplored territory? The answer to this
question—whose relation with the absence so far
of any signal of new physics does not need to be
illustrated—is in some sense paradoxical. While the
newly found resonance completes the SM spectrum,
thus representing a major milestone in the entire history
of particle physics, there are still good reasons to think
that its discovery may not be the end of the story. The
many well-known problems that the finding of the
resonance—viewed as the Higgs boson of the SM—
leaves unresolved are one type of these reasons. Quite
independently and in fact on more general grounds, now
that a scalar particle has been found one may wonder if
and why it should be alone and not part of an extended
Higgs system. Since we know of no strong argument in
favor of a single scalar particle, it is justified to think
that the search for signs of extra scalars is a primary
task of current and future experiments.

A motivated example of an extended Higgs system
is the next-to-minimal supersymmetric Standard Model
(NMSSM), which adds to a usual Higgs doublet one
further doublet and one complex singlet under the
SU(2) X U(1) gauge group—all parts of corresponding
chiral supermultiplets—so as to allow a supersymmetric
gauge-invariant Yukawa-like coupling ASH, H, [6] (see
Ref. [7] for a review and references). In spite of the
presence of (broken) supersymmetry, the Higgs sector
of the NMSSM is not free from the problem common to
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the introduction of a scalar sector in any gauge theory:
the significant number of free parameters that describe
their masses and interactions, of which the Yukawa
couplings in the SM are a prototype example. In turn
this explains the difficulty of finding a simple enough
description of the related phenomenology, as well as the
extended literature on the subject.! The purpose of this
work is to outline a possible overall strategy to search
for signs of the CP-even extra states of the NMSSM
Higgs sector. This paper must be viewed as a comple-
ment of Ref. [25], to which we add i) the consideration
of the case in which one state exists below Ay yc, i) the
expected sensitivity on the overall parameter space of
the measurements of the signal strengths of hjyc at
LHC14 with their projected errors, and iii) the consid-
eration of the impact of the electroweak precision tests
(EWPT) on the different situations. To keep things
comprehensive we will have to make some simplifying
assumptions, which we shall be careful to specify when-
ever needed.

II. REFERENCE EQUATIONS

For the ease of the reader we summarize in this section
the definitions and the reference equations that we shall use
to describe the relation between the physical observables
and the parameters of a generic NMSSM.

Assuming a negligibly small CP violation in the Higgs
sector, the original scalar fields H = (HY, HY, S)" are
related to the three CP-even physical mass eigenstates
j—[ph = (h3, hy, hy)" by

H = RPRPREPH , = RH (2.1)
where R;/ is the rotation matrix in the ij sector by the

angle 8 = «, y, 0. We shall denote the resonance found
at LHC by h;.

'For a partial list of recent references, see Refs. [8-24].
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In full generality the mixing angles 6 = o — 8 + /2,
¥, o can be expressed in terms of the masses m, 5, 5, and
my-, the charged Higgs boson mass, as [25]*

,  detM? + mj, (mj, — trM?)
2= 2.2)
(mhl - mhz)(mhl mhz)
L, mp —mj detM? + mj, (m%l —ter)

) 2_ 2 2
my, mhgdetM mj, mj,

and M? = RB,W/2M2R’BW ), in Eq. (24). In Eq. (2.5)
mi = mz — m%v + A2, (2.6)
where v =~ 174 GeV, and
= A,z/s%g 2.7)

is the well-known effect of the top-stop loop corrections
to the quartic coupling of H,. We neglect the analogous
correction to Eq. (2.6), which lowers my= by less than
3 GeV for stop masses below 1 TeV. More importantly we
have also not included in Eq. (2.5) the one-loop corrections
to the 12 and 11 entries, respectively proportional to the
first and second power of (1A,)/(m?), to which we shall
return.

We shall in particular be interested in two limiting cases:

(i) H decoupled: my, > m;, ; and o, 6 =a — B+

/2 —0,

(i1) Singlet decoupled: mj,, > my, ;, and o, y — 0.
However, we use Egs. (2.2), (2.3), and (2.4) to control the
size of the deviations from the limiting cases when the

|

) A2 (A ? — m%)séﬁ
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S25=[28,CpS (mh —mh )(2M3,
—mh (cZ +52s2))+2M12(mh (c2—s3s2)

mh 2 —mh (s + 52

+m%lz(s,,—s%,cz) mh y)][(mhz—m,%zs%,—m% 02 2

+ (m,zl2 - m%})zcﬁ,s‘} + 2(mh2 - m,213)

X (m%l3 + mﬁzszy - m,zh (1+s2)c2s2]71, (2.4)
where sy = sin 6, ¢y, = cos 6, M? is the 2 X 2 submatrix in
the 12 sector of the full 3 X 3 squared-mass matrix M? of
the neutral CP-even scalars in the HH basis,

(2.5)

uv2A2 —m3 — m%)cﬁsﬂ
micé + m%s% + &2 '

heavier mass is lowered. In the two respective cases the
reference equations are the following:
(i) H decoupled:

my mp, =

All the equations in this section are valid in a generic
NMSSM. Specific versions of it may limit the range of
the physical parameters m, , ., my=, and «, 7y, o, but it
cannot affect any of these equations.

*Notice that Eq. (2.4) is completely equivalent to the expres-
sion for sin 2« in Eq. (2.10) of Ref. [25].

2
ms, —m
a My h
5y =5 — > (2.8)
mj, — mj,
where
my, = mycig + Avrs3g + AR (2.9)
(i1) Singlet decoupled:
A 2202 — md — mAI,,,h1 2.10
20 = 52 , .
“ Bmfxlmh1 + mZ + 82 —2m fl]
mp = milmhl +my + 87 — mj, (2.11)
where
— m%l(m%ll —m% — 62 — m%é,zc%
R— . (2.12)
Myp — My,

[

III. SINGLET DECOUPLED

From Egs. (2.10), (2.12), and (2.6), since my, is known,
my,, my+ and the angle & are functions of (tan g, A, A,).
From our point of view the main motivation for consider-
ing the NMSSM is in the possibility to account for the
mass of A yc with not too big values of the stop masses.
For this reason we take A, =75 GeV, which can be
obtained, e.g., for an average stop mass of about
700 GeV. In turn—as will be seen momentarily—the
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FIG. 1 (color online).
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Singlet decoupled. Isolines of A (solid) and my= (dashed). Left: hyzc > hz. Right: A gc < hs. The orange

(medium gray) region is excluded at 95% C.L. by the experimental data for the signal strengths of &; = hjyc. The blue (light gray)

region is unphysical.

consistency of Egs. (2.10), (2.11), and (2.12) requires not
too small values of the coupling A. In fact, it turns out that
for any value of A, =< 85 GeV, the dependence on A, itself
can be neglected, so that m,, o My=, and § are determined
by tan 8 and A only. For the same reason it is legitimate to
neglect the one-loop corrections to the 11 and 12 entries of
the mass matrix, Eq. (2.5), as long as (uA,)/(m?) < 1,
which is again motivated by naturalness.

From all this we can represent in Fig. 1 the allowed
regions in the plane (tan 3, m,,) and the isolines of A and
mpy= for both hy < hypyc(<hs(=S)) and for hpye <
h3(<h;(= S)), which were already considered in
Ref. [25]. At the same time the knowledge of & at every
point of the same (tan 3, m,,) plane fixes the couplings of
h; and hpyc, which allows one to draw the currently
excluded regions from the measurements of the signal
strengths of /i yc. We do not include any supersymmetric
loop effects other than the ones that give rise to Eq. (2.5).
As in Ref. [25], to make the fit of all the data collected so
far from ATLAS, CMS, and Tevatron, we adapt the code
provided by the authors of Ref. [26]. Negative searches at
LHC of h; — 77 may also exclude a further portion of the
parameter space for i3 > hy . Note that, as anticipated, in
every case A is bound to be above about 0.6. To go to lower
values of A would require considering A, = 85 GeV, i.e.,
heavier stop. On the other hand, in this singlet-decoupled
case lowering A and raising A, makes the NMSSM close to
the minimal supersymmetric Standard Model (MSSM), to
which we shall return.

When drawing the currently excluded regions in Fig. 1,
we are not considering the possible decays of /; yc and/or of
hs into invisible particles—such as dark matter—or into
any undetected final state because of background, like,
e.g., a pair of light pseudoscalars. The existence of such

decays, however, would not alter in any significant way the
excluded regions from the measurements of the signal
strengths of A ¢, which would all be modified by a com-
mon factor (1 + I'},,/T;) " '. This is because the inclusion
in the fit of the LHC data of an invisible branching ratio of
hinc, BR;,,, leaves essentially unchanged the allowed
range for § at different tan B3 values, provided BR;,, =< 0.2.
The significant constraint set on Fig. 1 by the current
measurements of the signal strengths of A - suggests that
an improvement of such measurements, as foreseen in the
coming stage of LHC, could lead to an effective exploration
of most of the relevant parameter space. To quantify this we
have considered the impact on the fit of the measurements of
the signal strengths of hjyc with the projected errors at
LHC14 with 300 fb~! by ATLAS [27] and CMS [28],
shown in Table I. The result is shown in Fig. 2, again for
both /13 < Ay pe(<h, (= S)) and for hy e < h3(<h,(= S)),
assuming SM central values for the signal strengths.
Needless to say, the direct search of the extra CP-even
states will be essential either in the presence of possible
indirect evidence from the signal strengths or to fully cover
the parameter space for i3 > hyyc. To this end, under the

TABLE I. Projected uncertainties of the measurements of the
signal strengths of h;yc, normalized to the SM, at the 14 TeV
LHC with 300 fb~.

ATLAS CMS
h—yy 0.16 0.15
h—ZZ 0.15 0.11
h— WW 0.30 0.14
Vh— Vbb - 0.17
h— 71 0.24 0.11
h— pu 0.52 -

055011-3



BARBIERI et al.

120}

100}
80}

60

my, (GeV)

40} i

20; .

tan 8

FIG. 2 (color online).

PHYSICAL REVIEW D 88, 055011 (2013)

0P 06" " 077108 09 111112 14T L6 ]

[ 1.8]

450f §

400 :_“ -400- _

S 350f §

L + J
<) i

< [79--300 ]
g 300f

250 .

[~ = 2200 ]

200j \/ §

150EN . . .
2 4 6 8 10
tan 8
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FIG. 3 (color online). H decoupled. Isolines of s%,. A =0.1 and vg = v. Left: A, =75 GeV. Right: A, = 85 GeV. The orange
(medium gray) and blue (light gray) regions are as in Fig. 1. The red (darker gray) region is excluded by LEP direct searches for

hy, — bb.

stated assumptions, all production cross sections and
branching ratios for the /5 state are determined at every
point of the (tan 8, my,) plane.

IV. H DECOUPLED

As we are going to see, the situation changes significantly
when considering the H-decoupled case where the singlet S
mixes with the doublet with SM couplings. By comparing
Eq. (2.8) with Eq. (2.10), we note first that in this case there
is only a single relation between the mixing angle vy and
the mass of the extra CP-even state m,,, involving tan 3, A,
and A,. Since the case of hpyc < h,(<h;(= H)) has been

extensively discussed in Ref. [25], here we concentrate on
the case of i, < hyc(<h;(= H)) and we consider both the
low- and the large- A case.

The low-A case (A = 0.1) is shown in Fig. 3 for two
values of A, together with the isolines of s2. Due to the
singlet nature of § it is straightforward to see that the
couplings of 7y = hyyc and h, to fermions or to vector-
boson pairs, VV = WW, ZZ, normalized to the same
couplings of the SM Higgs boson, are given by

hiff _ 8myvv _

— hoff _ 8mvv _
SM SM v
8nfr  8nvv

SM SM
8nfr  Swvv

—sy. (41
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FIG. 4 (color online). H decoupled. Isolines of sgy. A, =75 GeV and vg = v. Left: A = 0.8. Right: A = 1.4. The orange (medium
gray) and blue (light gray) regions are as in Fig. 1. The red (darker gray) region is excluded by LEP direct searches for h, — bb.

120}
100}
80

60}

my,(GeV)

40}

20}

tan 8

FIG. 5 (color online).

120}

100}

my,(GeV)

40}

20f

tan 8

H decoupled. Isolines of g;3/g;3|sm. Left: A = 0.1, A, = 85 GeV and vy = v. Right: A = 0.8, A, = 75 GeV

and vg = v. The orange (medium gray) and blue (light gray) regions are as in Fig. 1. The red (darker gray) region is excluded by LEP

direct searches for h, — bb.

As a consequence for my, >my /2 none of the
branching ratios of h; = hyyc and h, get modified
with respect to the ones of the SM Higgs boson with
the corresponding mass, whereas their production cross
sections are reduced by a common factor c%, or s%,,
respectively, for h; = hyyc and h,. The current fit
of the signal strengths measured at LHC constrain
s?y<0.22 at 95% C.L., which explains the lighter
excluded regions in Fig. 3. The red regions are due to
the negative searches of h, — bb at LEP [29]. As in the
previous case we do not include any invisible decay

mode except for hpyc — h,h, when kinematically
allowed.> Here an invisible branching ratio of hyyc,
BR;,,, would strengthen the bound on the mixing angle
to s% < (0.22 — 0.78BRyy,)-

*To include hyyc — hyh, we rely on the triple Higgs cou-
plings as computed by retaining only the A% contributions. This
is a defendable approximation for A close to unity, where
hipc — hyhy is important. In the low-A case the A? approxima-
tion can only be taken as indicative, but there hyc — hyh, is
less important.
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Fully mixed situation. Isolines of the signal strength of h, — vy normalized to the SM. We take m;,, =

500 GeV, s2 = 0.001, and v, = v. Left: A = 0.1, A, = 85 GeV. Right: A = 0.8, A, = 75 GeV. The orange (medium gray) and_blue
(light gray) regions are as in Fig. 1. The red (darker gray) and dark red regions are excluded by LEP direct searches for &, — bb and

h, — hadrons, respectively.

For A close to unity we take as in the singlet-decoupled
case A, =75 GeV, but any choice lower than this would
not change the conclusions. The currently allowed region is
shown in Fig. 4 for two values of A. Note that, for large A, no
solution is possible at low enough tan 3, since, before mixing,
m3, in Eq. (2.9) has to be below the mass squared of /iy yc.

How will it be possible to explore the regions of parame-
ter space currently still allowed in this &, < A ge(<hs(=
H)) case in view of the reduced couplings of the lighter
state? Unlike in the singlet-decoupled case, the improve-
ment in the measurements of the signal strengths of A yc is
not going to play a major role. Based on the projected
sensitivity of Table I, the bound on the mixing angle will
be reduced to s% < 0.15at95% C.L. A significant deviation
from the case of the SM can occur in the cubic Ajpyc
coupling, gn3» as shown in Fig. 5. The LHC14 in the high-

luminosity regime is expected to get enough sensitivity to
be able to see such deviations [27,30,31]. At that point, on
the other hand, the searches for directly produced s-partners
should have already given some clear indications of the
relevance of the entire picture.

For completeness we recall from Ref. [25] that the pa-
rameter space in the case iy < hy(<hs(= H)) is still
largely unexplored at A = 0.7-1. Most promising in this
case are the direct searches of s, with gluon-fusion produc-
tion cross sections at LHC14 in the picobarn range and a
large branching ratio—when allowed by phase space—into
a pair of hy yc’s. Furthermore, here as well large deviations
from the SM value can occur in the cubic /; ¢ coupling.

V. FULLY MIXED CASE AND THE yy SIGNAL

The phenomenological exploration of the situation
considered in the previous section could be significantly

influenced if the third state, i.e., the doublet H, were not
fully decoupled. As an example we still consider the case
of a state h, lighter than /iy yc, lowering m;,, to 500 GeV, to
see if it could have an enhanced signal strength into yvy.
Using Egs. (2.2), (2.3), and (2.4), for fixed values of o, A,
and A,, the two remaining angles « (or 6 = a — B+ 7/2)
and y are determined at any point of the (tan 3, m,,)
plane and so are all the branching ratios of h, and of
hyyc. More precisely 8 is fixed up to the sign of s,c,s,
[see the first line of Eq. (2.4)], which is the only physical
sign that enters the observables we are considering.

The corresponding situation is represented in Fig. 6, for
two choices of A and A, (the choice A = 0.1 was recently
discussed in Ref. [22]). The sign of s,,c,s, has been taken
negative in order to suppress BR(h, — bb). This con-
strains s2. to be very small in order to leave a region still
not excluded by the signal strengths of A gy, with & small
and negative. To get a signal strength for 4, — vy close to
the SM one for the corresponding mass is possible for a
small enough value of s%y, while the dependence on m;,, is
weak for values of my,, greater than 500 GeV. Note that
the suppression of the coupling of 4, to b quarks makes it
necessary to consider the negative LEP searches for
h, — hadrons [32], which have been performed down to
my,, = 60 GeV.

Looking at the similar problem when 2, > h; yc, we find
it harder to get a signal strength close to the SM one,
although this might be possible for a rather special choice
of the parameters.4 Our purpose here is more to show that
in the fully mixed situation the role of the measured signal

*An increasing significance of the excess found by CMS [33]

at 136 GeV would motivate such a special choice.
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region is excluded by LEP direct searches for h; — bb. Right: hjyc < hs; the red (darker gray) region is excluded by CMS direct
searches for A, H — 777~ [35]. The orange (medium gray) and blue (light gray) regions are as in Fig. 1.

strengths of hyyc—either current or foreseen—plays a
crucial role.

VI. ELECTROWEAK PRECISION TESTS

One may ask if the EWPT set some further constraint on
the parameter space explored so far. We have directly
checked that this is not the case in any of the different
situations illustrated in the various figures. The reason is
different in the singlet-decoupled and in the H-decoupled
cases.

In the H-decoupled case the reduced couplings of A ¢
to the weak bosons lead to well-known asymptotic formu-
las for the corrections to the S and T parameters [34],

2

AS =+ 2 Jog 1
48ms2 "7 08 mi
LHC (6 1)
) 3 i ‘
AT = — az 53 log zhz ,
167rcy, my,
LHC

which are valid when m;, is sufficiently heavier than
hifc- The correlation of s2 with my,, given in Eq. (2.8)
leads therefore to a rapld decouphng of these effects.
The one-loop effect on § and 7" also becomes vanish-
ingly small as m,, and hyyc get close to each other,
since in the degenerate limit any mixing can be rede-
fined away and only the standard doublet contributes as
in the SM.

In the singlet-decoupled case the mixing between the
two doublets can in principle lead to more important
effects, which are however limited by the constraint on
the mixing angle « or the closeness to zero of § = a —
B + /2 already demanded by the measurements of the

signal strengths of Ay gc.” Since in the 6 = 0 limit every
extra effect on § and T vanishes, this explains why the
EWPT do not impose further constraints on the parameter
space that we have considered.

VII. THE MSSM FOR COMPARISON

As recalled in Sec. III, it is interesting to consider the
MSSM, i.e., the A = 0 limit of the NMSSM in the singlet-
decoupled case, using the same language as much as
possible. The analogue of Fig. 1 is shown in Fig. 7. From
the point of view of the parameter space the main differ-
ence is that instead of A we use A, as an effective parame-
ter. As expected, both the left and right panels of Fig. 7
make clear that a large value of A, is needed to make the
MSSM consistent with a 125 GeV Higgs boson.

At the same time, and even more than in the NMSSM
case, the projection of the measurements of the signal
strengths of &y e is expected to scrutinize most of the
parameter space. We have checked that this is indeed the
case with the indirect sensitivity to m;,, in the right panel of
Fig. 7, which will be excluded up to about 1 TeV, as well as
with the closure of the white region on the left side of the
same figure. Notice that a similar exclusion will also hold
for the CP-odd and charged Higgs bosons, whose masses
are fixed in terms of that of /5. A warning should be kept
in mind, however, relevant to the case h; < A yc: the

>Notice that in the fully mixed situation there may be relevant
regions of the parameter space still allowed by the fit with a
largish &6 (see, e.g., Fig. 1 of Ref. [25]). This could further
constrain the small allowed regions, but the precise contributions
to the EWPT depend on the value of the masses of the CP-odd
scalars, which in the generic NMSSM are controlled by further
parameters.
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one-loop corrections to the mass matrix controlled by
(nA,)/{m?) modify the left side of Fig. 7 for (uA,)/{m?)=
1, changing in particular the currently and projected
allowed regions.

VIII. SUMMARY AND CONCLUSIONS

Given the current experimental information, the Higgs
sector of the NMSSM appears to allow a minimally
fine-tuned description of electroweak symmetry breaking,
at least in the context of supersymmetric extensions of
the SM. Motivated by this fact and complementing
Ref. [25], we have outlined a possible overall strategy to
search for signs of the CP-even states by suggesting a
relatively simple analytic description of four different
situations:

(1) Singlet decoupled, i3 < hipe < hy(= S);

(ii) Singlet decoupled, Ay e < hy < hy(= S);

(iii) H decoupled, h, < hyyc < hy(= H);

(iv) H decoupled, hyyc < h, < h3(= H).

To make this possible at all we have made some simplify-
ing assumptions on the parameter space, which are moti-
vated by naturalness requirements and have been in any
case specified whenever needed. In our view the advan-
tages of having an overall coherent analytic picture justify
the introduction of these assumptions.

Not surprisingly, a clear difference emerges between the
singlet-decoupled and the H-decoupled cases: the influence
on the signal strengths of /1 yc of the mixing with a doublet or
with a singlet makes the relative effects visible at different
levels. A quantitative estimate of the sensitivity of the fore-
seen measurements at LHC14 with 300 fb~! makes it likely
that the singlet-decoupled case will be thoroughly explored,
while the singlet-mixing effects could remain hidden.
We also found that, in the MSSM with (uA,)/(m?) < 1,
the absence of deviations in the Ay g signal strengths would

PHYSICAL REVIEW D 88, 055011 (2013)

push the mass of the other Higgs bosons up to a TeV.
Needless to say, in any case the direct searches will be
essential with a variety of possibilities discussed in the
literature. As an example we have underlined the significance
of hy — hypchpye in the by e < hy < hy(= H) case. It is
also interesting that, in the H-decoupled case, large devia-
tions from the SM value are possible in the triple Higgs
coupling gzLHC, contrary to the S-decoupled and MSSM

cases. More in general it is useful to observe that the frame-
work outlined in this work makes it possible to describe the
impact of the various direct searches in a systematic way,
together with the indirect ones in the /; yc couplings. Finally,
in the case of a positive signal, direct or indirect, it may be
important to try to interpret it in a fully mixed scheme,
involving all three CP-even states. To this end the analytic
relations of the mixing angles to the physical masses given in
Egs. (2.2), (2.3), and (2.4) offer a useful tool, as illustrated in
the examples of a y7y signal in Fig. 6.

It will be interesting to follow the progression of the
searches of the Higgs system of the NMSSM, directly or
indirectly through the more precise measurements of the
properties of the state already found at the LHC.
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