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Abstract

The Next-to-Minimal Supersymmetric extension of the Standard Model (NMSSM) with a Higgs
boson of mass 125 GeV can be compatible with stop masses of order of the electroweak scale, thereby
reducing the degree of fine-tuning necessary to achieve electroweak symmetry breaking. Moreover,
in an attractive region of the NMSSM parameter space, corresponding to the “alignment limit” in
which one of the neutral Higgs fields lies approximately in the same direction in field space as the
doublet Higgs vacuum expectation value, the observed Higgs boson is predicted to have Standard-
Model-like properties. We derive analytical expressions for the alignment conditions and show that
they point toward a more natural region of parameter space for electroweak symmetry breaking,
while allowing for perturbativity of the theory up to the Planck scale. Moreover, the alignment
limit in the NMSSM leads to a well defined spectrum in the Higgs and Higgsino sectors, and yields
a rich and interesting Higgs boson phenomenology that can be tested at the LHC. We discuss the

most promising channels for discovery and present several benchmark points for further study.



I. INTRODUCTION

The recent discovery of a scalar resonance [I], 2], with properties similar to the Higgs
boson of the Standard Model (SM) motivates the study of models of electroweak symmetry
breaking which are weakly coupled at the weak scale. Low energy supersymmetric theories
with flavor independent mass parameters are particularly well motivated models of this class,
in which electroweak symmetry breaking is triggered by radiative corrections of the Higgs
mass parameters induced by supersymmetry breaking effects in the top-quark sector.

The Higgs sector of the Minimal Supersymmetric extension of the Standard Model
(MSSM) is a two-Higgs-doublet model (2HDM) in which the tree-level mass of the CP-
even Higgs boson associated with electroweak symmetry breaking is bounded from above
by the Z boson mass, myz. Consistency with the observed Higgs mass may be obtained by
means of large radiative corrections, which depend logarithmically on the scalar-top quark
(stop) masses, and on the stop mixing mass parameters in a quadratic and quartic fash-
ion [3]-[I0]. The large values of the stop mass parameters and mixings necessary to obtain
the proper Higgs mass also lead to large negative corrections to the Higgs mass parameter
that in general must be canceled by an appropriate choice of the supersymmetric Higgsino
mass parameter p in order to obtain the proper electroweak symmetry breaking scale. For
large stop masses, such a cancelation is unnatural in the absence of specific correlations
among the supersymmetry breaking parameters (whose origins are presently unknown).

The Next-to-Minimal Supersymmetric extension of the Standard Model (NMSSM) [11]
shares many properties with the MSSM, but the Higgs sector is extended by the addition of a
singlet superfield, leading to two additional neutral Higgs bosons. The tree-level Higgs mass
receives additional contributions proportional to the square of the superpotential coupling
A between the singlet and the doublet Higgs sectors and thus is no longer bounded from
above by mz. Such contributions become negligible for large values of tan 3, the ratio of
the two Higgs doublet vacuum expectation values (VEVs). Therefore, for sizable values of A
and values of tan 3 of order one, an observationally consistent Higgs mass may be obtained
without the need for large radiative corrections, enabling a more natural breaking of the
electroweak symmetry than in the MSSM.

The SM-like properties of the 125 GeV Higgs boson in both the MSSM and the NMSSM

may be ensured via the decoupling limit, where all the Higgs bosons (excluding the observed



Higgs boson with a mass of 125 GeV) are much heavier than the electroweak scale. However,
the decoupling limit is not the only way to achieve a SM-like Higgs boson, as observed in
Ref. [12] and rediscovered recently in Refs. [I3HI7]: a SM-like Higgs can be obtained by way
of the “alignment limit,” where one of the neutral Higgs mass eigenstates is approximately
aligned in field space with the Higgs doublet VEV. Subsequent studies have continued to
focus on the alignment limit in 2HDMs [I8],19]. In particular, approximate alignment may be
obtained in the MSSM for moderate to large values of tan § and for large values of the ratio
Ay /M2, where A, is the stop mixing mass parameter, p is the supersymmetric Higgsino
mass parameter, and M2 is the average of the two stop squared-masses [16]. Moreover,
there is an interesting complementarity between precision measurements of the SM-like
Higgs properties and direct searches for non-standard Higgs bosons in the MSSM [19].

In this work we extend the study of alignment without decoupling beyond the 2HDM to
the NMSSM where there is an additional singlet scalar as well as the two doublet scalars.
In fact, it will become clear that our analysis is quite general and can be applied even
beyond the NMSSM. We demonstrate that the alignment conditions in the NMSSM Higgs
sector are fulfilled in regions of parameters space consistent with a natural breaking of the
electroweak symmetry, where the stop mass parameters are of the order of the electroweak
scale. Moreover, under the assumption that all couplings remain perturbative up to the
Planck scale, we show that the requirements of natural electroweak symmetry breaking and
the alignment limit in the Higgs sector lead to well defined spectra for Higgs bosons and
Higgsinos that may be tested experimentally in the near future at the LHC.

There have been several recent works analyzing similar questions in the NMSSM after
the discovery of the Higgs boson (for example, see Refs. [20]-[34]). In particular, in Ref. [34]
a numerical scan over the NMSSM parameter space was employed to determine the regions
of the NMSSM parameter space that are consistent with present Higgs boson precision mea-
surements and searches for other Higgs boson states and supersymmetric particles. These
parameter regions include those that are consistent with the alignment conditions examined
in this paper. Consequently, the benchmark scenarios presented in Ref. [34] exhibit similar
features to the ones presented in Appendix [D] of this work. In contrast to previous studies,
in this paper we develop an analytic understanding of the alignment conditions that lead to
consistency with the observed Higgs physics, and we present a detailed phenomenological

study of the non-SM-like Higgs boson couplings to fermions and gauge bosons.



This paper is organized as follows. In section [[I, we analyze the alignment conditions in
extensions of the Higgs sector with two doublets and one singlet, and discuss the NMSSM
as a particular example. In section [[T} we examine the associated Higgs phenomenology.
In section [[V] we study the Higgs production and decay modes relevant for run 2 of the
LHC, and we present our conclusions in section [V] In Appendix A, details of the scalar
potential in the Higgs basis for the two doublets/one singlet model are given, along with the
corresponding expressions for the NMSSM Higgs sector. Explicit expressions for the rotation
matrix elements relating the Higgs basis and mass eigenbasis are provided in Appendix B.
In Appendix C, we exhibit the trilinear scalar self-couplings and the couplings of the neutral
scalars to the Z boson. Finally, in Appendix D we present several NMSSM benchmark

scenarios that illustrate features of the Higgs phenomenology considered in this paper.

II. NMSSM ALIGNMENT CONDITIONS
A. Generalities

The scalar sector of the NMSSM consists of two electroweak doublets and one electroweak
singlet. We first present some general considerations of the “alignment limit” in the Higgs
sector that can be applied broadly to any Higgs sector made up of two doublets and one
singlet. Similar to the case of the 2HDM, the discussion is most transparent when one
adopts the Higgs basis |35, B6], in which only the neutral component of one of the two
doublet scalars acquires a non-zero VEV.!

In the paradigm of spontaneous electroweak symmetry breaking, a tree-level scalar cou-
pling to massive electroweak gauge bosons is directly proportional to the strength of the
VEV residing in any scalar with non-trivial SU(2),xU(1)y quantum numbers. Thus, in the
Higgs basis, if the scalar doublet Higgs field with the nonzero VEV coincides with one of the
scalar mass eigenstates (the so-called alignment limit), then this state couples to W and Z

bosons with full SM strength and is the natural candidate to be the SM-like 125 GeV Higgs

! Here, we are implicitly assuming that no charge-breaking minima exist; that is, all charged scalar VEVs
are zero. As shown in Ref. [37], the condition for a local charge-conserving minimum in the NMSSM is
equivalent to the requirement that the physical charged Higgs bosons of the model have positive squared-

masses.



boson. Non-zero couplings of the other mass eigenstates to the massive gauge bosons arise
only away from the alignment limit.
In the Higgs basis, we define the hypercharge-one doublet fields H; and H, such that the
VEVs of the corresponding neutral components are given by
v
E )

where v ~ 246 GeV. The singlet scalar field .S also possesses a non-zero VEV,

(HY) = (HS) =0, (1)

(S) = vs. (2)

We shall make the simplifying assumption that the scalar potential preserves CP, which is
not spontaneously broken in the vacuum. Thus, the phases of the Higgs fields can be chosen

such that v is real. We then define the following neutral scalar fields,

H™M=+2Re H) — v, H¥M = \/2Re H), H=+vV2(ReS—v,), (3
ASM = /21Im HY, ANM = \oTm H),  AS=+2Im S, (4)

where AM is the Goldstone field that is absorbed by the Z and provides its longitudinal
degree of freedom. Under the assumption of CP conservation, the scalar fields F5M, HNSM
and H® mix to yield three neutral CP-even scalar mass eigenstates of the following real

symmetric squared-mass matrix,
Miy M3, Mig
2
M= | M3, M3, M35 | ()
Mis M3y Mi;
The exact alignment limit is realized when the following two conditions are satisfied

M =0, Mi=0. (6)

In this case, HM is a CP-even mass-eigenstate scalar with squared mass M3, and its
couplings to massive gauge bosons and fermions are precisely those of the SM Higgs boson.
In practice, we only need to require that the observed 125 GeV scalar (henceforth denoted
by h) is SM-like, which implies that the alignment limit is approximately realized. In this
case, Eq. @ is replaced by the following conditions:

Mi, < O(v?) M3, < O(?) (7)



which imply that
m; ~ M7}, = (125 GeV)?. (8)

Corrections to Eq. appear only at second order in the perturbative expansion and thus
are proportional to the squares of M2, or M3, respectively.

We shall denote the CP-even Higgs mass-eigenstate fields by h, H, and hg, where h is
identified with the observed SM-like Higgs boson, H is a dominantly doublet scalar field and
hs is a dominantly singlet scalar field.? The mass-eigenstate fields {h, H, hg} are related to
{HM HNSM 51 by a real orthogonal matrix R,

h HSM
H|[=R[HWM], (9)
hg HS
where3
1 0 0 C13 0 S13 C12 S12 0
/
R = R23R13R12 = 0 —C23 —So3 0 1 0 —S12 cio 0
0 —S93 Co3 —S13 0 C13 0 0 1
C13C12 C13512 513
= C23S12 + C12513523 —C12C23 + 12513523 —C13523 ) (1())
—C12C23813 + S12523 —C23512513 — C12523 C13C23

where ¢;; = cosf;; and s;; = sin6,;;. The mixing angles 6,; are defined modulo 7. It is
convenient to choose |6;;| < %7‘(‘, in which case ¢;; > 0. The mixing angles 0;; are determined

by the diagonalization equation,
R ME R = diag(mj, mi;, my,) - (11)

We can use Egs. and to obtain exact expressions for the mixing angles in terms of
m3? and the elements of M% as follows. Multiply Eq. on the left by R” and consider

2 The special case where the mass eigenstate is evenly split by the doublet and the singlet fields constitutes

a region of parameter space of measure zero and will be ignored in this work.
3 Rl is an improper rotation matrix, resulting in det’R = —1. The reason for this choice is addressed
below.



the first column of the resulting matrix equation. This yields three equations, which can be

rearranged into the following form,

IM%Z + ?JM%?) = mi - M% ) (12>
T Mg+ Mis = y(mi - Mgs) ; (13)
yM3y + Mi, = x(mi - /\/@2) ) (14)

where © = s15/c12 and y = s13/(c12¢13) and correspond to the ratios of the NSM and S
components to the SM component of h, respectively. Eliminating y from Egs. and
yields an expression for x. To obtain the corresponding expression for y, it is more

convenient to return to Egs. and and eliminate x. The resulting expressions are:

v = S12 M M3 — Mi, (/\/@3 - m,%) (15)
= 2 _ 2 2 _ 2\ _ Aq4
crz (M3, —mi) (M35 —mj) — M,

S13 _ MEMEy — Mis (M3, —mi) (16)
C12C13 (M%Q - mi) (M§3 - mi) — M 7

Y

which are equivalent to Eqs. and of Appendix . Inserting the above results for x
and y back into Eq. then yields a cubic polynomial equation for m?, which we recognize
as the characteristic equation obtained by solving the eigenvalue problem for M%. The
approximate alignment conditions given in Eq. imply that |s12] < 1 and |s13] < 1, in
which case one can approximate ms ~ M?%, in Egs. and to very good accuracy.
Likewise, repeating the above exercise for H, we can obtain the ratio of the S component

to the NSM component of H [cf. Eq. (B5)],
C13523 _ M%:’,(M% - m%{) - M%szs

ClaCos — S12813823 Mg + (M3 —m3)(m3; — M3,)

(17)

In the exact alignment limit where M3, = M3, = 0 (and hence s15 = s13 = 0), and when

M3, < m¥, Eq. reduces to

s M2
B B (18)
Co3  my — Msg

Our choice of det R = —1 in Eq. @ requires an explanation. In the limit where there is

no mixing of H° with the Higgs doublet fields H5™ and H™M we have s13 = sp3 = 0 (and



13 = ¢o3 = 1 by convention), which yields
h = CleSM + SlgHNSM , H = SlgHSM — 612HNSM . (19)

The transformation from { M HNSM) to {h, H} given in Eq. employs a 2 x 2 orthog-
onal matrix of determinant —1. Indeed, in the standard conventions of the 2HDM literature
(see Refs. [38] B9] for reviews), we identify c¢12 = sin(8 — «) and s12 = cos(8 — «).

We next turn to the Higgs couplings to vector bosons and fermions. The interaction
of a neutral Higgs field with a pair of massive gauge bosons VV = WHW ™~ or ZZ arises
from scalar field kinetic energy terms after replacing an ordinary derivative with a covariant
derivative when acting on the electroweak doublet scalars. After spontaneous symmetry

breaking, only the interaction term HSMV'V is generated.® Using Eq. @,
H™ = Ry 1h + Ry H + Rsihg, (20)

which then yields the following couplings normalized to the corresponding SM values,

grvv = Ru = cizciz, (21)
gavv = Ro1 = ca3512 + C12513523 , (22)
Jhgvv = Ra31 = —C12€23513 + 512523 - (23)

Note that in the limit where there is no mixing of H® with the Higgs doublet fields H5™ and
HNM e recover the standard 2HDM expressions gy = sin(—a) and ggyy = cos(f—a).
For the Higgs interactions with the fermions, we employ the so-called Type-II Higgs-

fermion Yukawa couplings [40] as mandated by the holomorphic superpotential [41], [42],5
— P = €5 [hbr HYQY, + hytrQy HI] + h.c., (24)

where @ = (u,d). The scalar doublet fields H,; and H, have hypercharges —1 and +1,
respectively, and define the SUSY basis. In the SUSY basis, the corresponding neutral

4 In the original 2HDM literature, the CP-even Higgs mixing angle was defined by a transformation that
rotated {HSM, HNSMY into {H,h}. With this ordering of the mass eigenstates, the determinant of the

corresponding transformation matrix is +1.
% In the Higgs basis there is no HNMVV and H*V'V interactions since (H9) = 0 and H? is an electroweak

singlet.
6 Here, we neglect the full generation structure of the Yukawa couplings and focus on the couplings of the

Higgs bosons to the third generation quarks.



VEVs are denoted by’
Va Uy

Eﬁv <H3> \/57

where v = |vg? + |vu|? = (246 GeV)?, is fixed by the relation my = Lgv. Without loss

(Hg)

(25)

of generality, the phases of the Higgs fields can be chosen such that both v, and vy are

non-negative. The ratio of the VEVs defines the parameter
tan 8 = Yu , (26)

where the angle § represents the orientation of the SUSY basis with respect to the Higgs
basis. To relate the doublet fields H; and H, to the hypercharge-one, doublet Higgs basis
fields H; and Hs defined above, we first define two hypercharge one, doublet scalar fields,
¢, and P, following the notation of [42],

) = e Hy' ®) = HI (27)
Then, the Higgs basis fields are defined by

H, — Hii_ — qu)d + Uuq)u H, — H;_ _Uu(I)d + Ud(I)u
1 — Hi) == v ) 2 — HS v .

(28)

In terms of the Higgs basis fields, the neutral CP-even Higgs interactions given in Eq.

can be rewritten as
L = “ut (HN + cot BHNN) + 20y (H™N — tan BHNN) +he., (29)
after identifying hy = v/2m, /v, and hy = v/2my/v4. Using Eq. @,
HYM — Roh 4+ RooH 4+ Raohg | (30)
along with Eq. , we can rewrite Eq. as

gyuk = %ZLtR{(RH —+ ng cot ﬁ)h + (RQl -+ RQQ cot ﬁ)H -+ (Rgl + Rgg cot B)hs}

my—
+ TbbLbR{(Rll — ng tan B)h + (Rgl — RQQ tan 5)]’] + (Rgl — Rgg tan B)hs} . (31)

7 Here, we deviate from the conventions of Ref. [IT], where all VEVs are defined without the v/2 factor. In
this latter convention (not used in this paper), v = 174 GeV.



In the limit where there is no mixing of H® with the Higgs doublet fields H5™M and HNSM,
we have Ri; = —Rae = sin(ff — a), Ria = Ra1 = cos(f — «), Ras = 1, and all other matrix
elements of R vanish. Inserting these values above yields the standard 2HDM Type-II
Yukawa couplings of the neutral CP-even Higgs bosons.

Current experimental data on measurements and searches in the WW and ZZ channels
already place strong constraints on the entries of the squared-mass matrix given in Eq. .
In addition, under the assumption of Type-II Yukawa couplings, the Higgs data in the
fermionic channels will also yield additional constraints.

It is convenient to rewrite the rotation matrix R [defined in Eq. (L0)] as

h h h SM

h Ksm KNsm  Rs H
_ H H H NSM

hs hs hs S

hs Kem Fnsm Ks H

Explicit expressions for the entries of the mixing matrix of Eq. are given in Appendix ,
following the procedure used to derive Egs. and .

On the one hand, the non-SM components of the 125 GeV Higgs will be constrained by
the LHC measurements of the properties of the 125 GeV Higgs boson. On the other hand, a
small, non-zero component in H%M of the non-SM-like Higgs bosons induces a small coupling
to W and Z bosons, which can be constrained by searches for exotic resonances in the WW
and ZZ channels. In the notation of Eq. , the couplings of the three CP-even Higgs
states ¢ = {h, H, hg} to the gauge bosons V'V [cf. Egs. (21)-(23))] and the up and down-type
fermions [cf. Eq. ], normalized to those of the SM Higgs boson are given by,

Jevv = 'ng ) (33)
Gt = /igM + mﬁSM cot 3, (34)
Govb = /ﬁng - /ﬁzf\}SM tan (3. (35)

These couplings may be used to obtain the production cross section, such as in the gluon
fusion channel, of these states, which is mostly governed by g4, as well as the branching
ratios, under the assumption that the decay into non-standard particles is suppressed. Al-
though a more detailed study of the Higgs phenomenology will be presented below, it is
useful to obtain first an understanding of the bounds on these components based on current

Higgs measurements as well as searches for exotic Higgs resonances.
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FIG. 1: In the left panel we show the constraints on the possible singlet and non-SM doublet
component of the 125 GeV state derived from precision measurements on its production cross
section and branching rations. In the right panel we show the constraints on the SM and non-SM
doublet component of a Higgs state coming from the searches for Higgs bosons decaying into W

pairs, away from the SM Higgs mass values.

In the left panel of Fig. [I| we show the constraints on rfq and k% for the 125 GeV Higgs
boson h, derived from the LHC Run 1 measurements on its production cross section and
branching ratios. Here we have assumed that the decay branching fractions into bottom
quarks and massive vector boson cannot deviate by more than 30% from their SM values.
In anticipation of our focus on the NMSSM, we concentrate on small values of tan 8. In the
right panel of Fig. , we consider the constraints on kv, and ﬁﬁéff for the non-SM-like
scalars from resonance searches in the WW and ZZ channels [43], assuming production
from gluon fusion processes.

First note that the singlet component of the observed 125 GeV scalar, which is only
constrained by its unitarity relationship with the SM and NSM components, is allowed to
be quite large. However, the NSM component is restricted to be small, except in the narrow
region of parameter space where the g,,; coupling is approximately equal in magnitude but
with opposite sign as the SM bottom Yukawa [44]. This can only occur far away from

alignment and we shall not explore this region.
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On the other hand, the search for exotic Higgs resonances puts strong constraints on the

H/h : : H/h
value of kgy; °. These constraints are satisfied when kg

is very small, so that the decay
into WW/ZZ is suppressed, or when the linear combination of mé{hﬁhs and mﬁé&s is such that
the coupling to top quarks in Eq. is small, resulting in a small production rate in the

gluon fusion channel.

B. The Z3 Invariant NMSSM

In this paper, we shall analyze the NMSSM under the assumption that there are no mass
parameters in the superpotential, which can be ensured by imposing a Z3 symmetry under
which all chiral superfields are transformed by a phase €2™/3. The superpotential then must
contain only cubic combinations of superfields. The coefficients of the possible cubic terms
include the usual matrix Yukawa couplings hg, h, and h., the coupling A of the singlet to

the doublet Higgs superfields, and the singlet Higgs superfield self-coupling parameter x,
W = ASH, - Hy + g§3 Y hoQ - Hy U+ haHy - Q DS + heHy - T ES, (36)

where we are following the notation for superfields given in Ref. [11]. In particular, we

employ the dot product notation for the singlet combination of two SU(2) doublets. For
example,

Al By = e, FlL AT = A — AORO. (37)

All Higgs mass parameters are associated with soft supersymmetry-breaking terms ap-

pearing in the scalar potential,

Viots = m3STS +m% HIH, +m% HIHy+ (MNSH, - Hy + 15A,S% + h.e.)
+mpQ'Q + mGUG Uf, + mpDF DS + MEL'L + m3, By B,

where the scalar component of the corresponding superfield is indicated by the same symbol
but without the hat. For completeness, we also include the soft supersymmetry-breaking
terms that are associated with the squark fields (where generation labels are suppressed).
The Higgs scalar potential receives contributions from (i) soft supersymmetry-breaking
terms in the scalar potential given in Eq. (38), (ii) from the supersymmetry-conserving

D-terms, which depend quadratically on the weak gauge couplings, and (iii) from the

12



supersymmetry-conserving F-terms associated with the scalar components of the derivatives
of the superpotential with respect to the Higgs, quark and lepton superfields. Explicitly, the

supersymmetry-conserving contributions to the Higgs scalar potential are given by

Vsusy = (97 + ¢'*)(HI Hy — H{Ha)* + 3¢°[HJHL® + (M|, - Hal”
+A2STS(HIH, + HIHy) + |k|*(STS)? + (k*AS*2H, - Hy+h.c.).  (39)

In the MSSM, the quartic terms of the Higgs scalar potential are proportional to gauge
couplings. As a result, the tree-level mass of the observed SM-like Higgs boson can be no
larger than my . To obtain the observed Higgs mass of 125 GeV, significant radiative loop
corrections (dominated by loops of top quarks and top squarks) must be present. A novel
feature of the NMSSM is the appearance of tree-level contributions to the Higgs doublet
quartic couplings that do not depend on the gauge couplings. The new quartic couplings
in Vsusy play a very important role in the Higgs phenomenology. Moreover, they provide
a new tree-level source for the mass of the SM-like Higgs boson such that the observed 125
GeV mass can be achieved without the need of large radiative corrections. The structure of
the scalar potential of the NMSSM allows for the alignment of one of the mass eigenstates of
the CP-even Higgs bosons with the Higgs basis field H; (which possesses the full Standard
Model VEV), while at the same time yielding a sizable tree-level contribution to the observed
Higgs mass naturally, without resorting to large radiative corrections.

To simplify the analysis, we henceforth assume that the Higgs scalar potential and vacuum

are CP-conserving. That is, given the Higgs potential,
V = Veusy + Van» (40)

where nglf% is the first line of Eq. |D we assume that all the parameters of V can be
chosen to be real. The CP conservation of the vacuum can be achieved by assuming that
the product Ak is real and positive, as shown in [37]. Minimizing the Higgs potential, the
neutral Higgs fields acquire VEVs denoted by Egs. and . The non-zero singlet VEV,

v, yields effective y and B parameters,
= v, B = A, + kv, (41)

Conditions for the minimization of the Higgs potential allows one to express the quadratic

mass parameters mg, my;, and m# in terms of the VEVs vy, vg, v, the A-parameters A,

13



and A,, and the dimensionless couplings that appear in the Higgs potential. Using Eq. ,

Uy
m%d:,uBU—d—u - 1)\2U2+ (g +g )(UZ_Ug)v (42)
Vg
miy, = pB-—= — i = 3N+ 30" + 9" (i — v3), (43)
mg = 1MBUj}gu + g ARUgUy — 5 AP (V] ) — KAgs — 26707 (44)

The Higgs mass spectrum can now be determined from Eq. by expanding the Higgs
fields about their VEVs. Eliminating the Higgs squared-mass parameters using Eqs. (42)—
(44)), we obtain squared-mass matrices for the CP-even and the CP-odd scalars, respectively.

To analyze the alignment conditions of the NMSSM Higgs sector, we compute the squared-
mass matrices of the CP-even and the CP-odd neutral Higgs bosons in the Higgs basis. It is
convenient to introduce the squared-mass parameter M3%, which corresponds to the squared-

mass of the CP-odd scalar in the MSSM,

B
ME=Lt— (45)
S8Cs
where sz = sin 8 = v, /v and ¢5 = cos 8 = vy/v. In the {HM HNM 5} basis defined in

Eq. , the tree-level CP-even symmetric squared-mass matrix is given by

11322
2)\1)

_ M2
MZCQﬁ —Mgs%cw V2 o (1 — 4—#2335 — %SQﬂ)

MG = M3 + M%sgﬁ ——)\v,ucgﬁ < 54 S95 + ) )

NV s25 (Mzsw ”) + 5 (Al + BE)
(46)

where we have introduced the squared-mass parameter,

My =my — 1%, (47)

and we have employed the shorthand notation, cys = cos25 and sgp = sin28. The matrix
elements below the diagonal have been omitted since their values are fixed by the symmetric
property of M%.

Including the leading one-loop stop contributions, the elements of the CP-even Higgs

14



squared-mass matrix M% involving the Higgs doublet components are ®

— 3v2stht M2 X2 X2
2 _ 722 142,,2 Bt 1 S t (1_ t 48
Min = Mzesp 20+ =5 (I e ) T 12112 (48)
— 3v2h? M?2 XY, XY,
2 2 2 2 t S 24 2¢"
— 3vs3hy M?2 XX, +Y,) XY,
2 _ M2 . Bt ] S t t ) t Lt 50
Miy = =525 { 298 = g |\ 2 ) T T o 12M% | [ (50)

where Mg is the geometric mean of the two stop mass-eigenstates, X; = A; — pcot f and
Y, = A, + ptan S.

In the CP-odd scalar sector, since we identify ASM as the massless neutral Goldstone
boson, the physical CP-odd Higgs bosons are identified by diagonalizing a 2 x 2 symmetric
matrix. In the {ANSM| A8} basis defined in Eq. (1)), the tree-level CP-odd symmetric squared-

mass matrix is given by

M3 3K
, Vi o (o)
Mp = ME 3 a2z awag | OV
I [ =205 — 2R IN202505 [ —2 s, +—K _ oA
Va2 PN 2 O\ 427 2N A

We denote the CP-odd Higgs mass-eigenstate fields by A and Ag, where A is the dominantly
doublet CP-odd scalar field and Ag is the dominantly singlet CP-odd scalar field.

For completeness, we record the mass of the charged Higgs boson,

mye = M3+ my, — 2N%0%, (52)

in terms of the squared-mass parameter M3 [cf. Eq. ]

Exact alignment can be achieved if the following two conditions are fulfilled:

1 3vsZhinX, X2
2 2 2 2.2 2 B t _
Miz = tan 3 [Miy = eagmiz = N0*sg] + 1672 M2 (1 a 6M§) =0, (53)
M282 KS
2 _ A28 28\ _
M, = V2 wp (1 “LE T m ) =0, (54)

after noting that Y; — X; = u/(sscg). In what follows, we will study under what conditions
alignment can occur in regions of parameter space where no large cancellation is necessary

to achieve the spontaneous breaking of electroweak symmetry.

8 For notational convenience, the subscript S will be dropped when referring to the individual elements of
the CP-even Higgs squared-mass matrix M25
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FIG. 2: Left panel : The blue shaded band displays the values of A as a function of tan 3, necessary
for alignment for my, = 125 +3 GeV. Also shown in the figure as a green band are values of A that
lead to a tree-level Higgs mass of 125 + 3 GeV. Right panel : Values of Mg necessary to obtain a
125 GeV mass for values of A fixed by the alignment condition and stop mizing parameter X; =0

and Xy = Mg. The dominant two-loop corrections are included.

Since |u|? is the diagonal Higgs squared-mass parameter at tree-level in the absence of
supersymmetry breaking, it is necessary to demand that |u| < Mg. Furthermore, the SM-
like Higgs mass in the limit of small mixing is approximately given by M3 [cf. Eq. ([{8)].
The one-loop radiative stop corrections to M2, exhibited in Eq. that are not absorbed
in the definition of M?%, are suppressed by u/Ms (in addition to the usual loop suppression
factor), as shown in Eq. , and thus can be neglected (assuming tan 5 is not too large)
in obtaining the condition of alignment. Hence, satisfying Eq. fixes A, denoted by A,
as a function of my, myz and tan 3,

2 2
2 _ My — MzCap

22
USﬂ

(A"™) (55)

The above condition may only be fulfilled in a very narrow band of values of A = 0.6 — 0.7

over the tan § range of interest. This is clearly shown in Fig. [2 where the blue band exhibits
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the values of A that lead to alignment as a function of tan 3. It is noteworthy that such
values of \ are compatible with the perturbative consistency of the theory up to the Planck
scale, and lead to large tree-level corrections to the Higgs mass for values of tan S of order
one. This is shown by the green band, which depicts the values of A necessary to obtain a
tree-level Higgs mass m;, = 125 =3 GeV as a function of tan .

The separation of the green and blue bands in Fig. [2 for a given value of tan g is an
indication of the required radiative corrections necessary to achieve a Higgs mass consistent

with observations. In particular, for a given Higgs mass, the value of the stop loop corrections

A necessary to lift M2, to m3, obtained from Egs. and , is given by
Ap = —cog (mj, —m7) . (56)

In the right panel of Fig. 2| we show the necessary values of Mg as a function of tan g to
obtain the required radiative corrections for m;, = 125 GeV, for two different values of the
stop mass mixing parameter, X; = 0 and X; = Mg. We see that for moderate values of X;
the values of Mg relevant for the radiative corrections to the Higgs mass parameter remain
below 1 TeV for values of tan 5 below about 3. In the following we shall concentrate on this
interesting region, which is complementary to the one preferred in the MSSM.

It should be noted that there are previous studies on the relation between fine-tunings
and a SM-like Higgs boson in the NMSSM [45], [46]. These works focus on the regime where
A is large and mj® = 125 GeV, i.e. the green band region in Fig. (a), and conclude that
a SM-like 125 GeV Higgs requires decoupling of supersymmetric particles, which in turn
leads to more fine-tuning in the Higgs mass. In contrast, in the present work we allow for
moderate contributions from the stop loops to raise the Higgs mass to keep A ~ 0.7, which
yields a SM-like Higgs boson via alignment without decoupling. The stop mass parameters
do not need to be large, as can be seen in Fig. (b), giving rise to natural electroweak
symmetry breaking.

The previous discussion assumed implicitly that the singlets are either decoupled or not
significantly mixed with the CP-even doublet scalars, which is why we only concentrated on
the behavior of the mass matrix element M3,. If we now consider the case of a light singlet
state, then the second condition of alignment, namely small mixing between the singlet and

the SM-like CP-even Higgs boson, requires M%; ~ 0, as indicated in Eq. . This yields
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FIG. 3: Left panel : Values of M4 leading to a cancellation of the mixing of the singlet with the
SM-like Higgs boson in the Higgs basis, shown in the |u|-tan 8 plane. The values of A\ were fized
so that the alignment condition among the doublet components is fulfilled. Values of kK = %)\ close
to the edge of the perturbativity consistency region were selected. Right Panel: Maximum values of

K consistent with perturbativity as a function of tan 8 for A = 0.65.

the following condition:
Misgﬁ KS23
=1. 57
4u? 2\ (57)

We shall take A ~ 0.65, as required by the alignment condition given in Eq. (55)), and

Kk < %)\, where the latter is a consequence of the perturbative consistency of the theory up
to the Planck scale, as shown in the right panel of Fig. Bl It follows that in order to satisfy
Eq. the mass parameter M4 must be approximately correlated with the parameter p,

My ~ M . (58)

523

In the parameter regime where 100 < |p| < 300 GeV (so that no tree-level fine tuning is
necessary to achieve electroweak symmetry breaking) and 1 < tan 8 < 3, we see that My is
somewhat larger than |u|. This is shown in the left panel of Fig. |3 in which the values of

M 4 leading to the cancellation of the mixing with the singlet CP-even Higgs state is shown
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in the |u|-tan 8 plane. Here, we have chosen a value of k ~ %)\, which as mentioned above is
about the maximal value of k that could be obtained for tan 8 2 2 if the theory is to remain
perturbative up to the Planck scale.

The condition M?; = 0 has implications for the value of M3,, which governs the mixing
between the singlet CP-even state and the non-standard CP-even component of the doublet
states. More precisely, if M2, vanishes, as implied by the condition of alignment given in
Eq. , then

M3, = —\/EAvu@—ﬁ : (59)

528

leading to a non-vanishing mixing effect between the light singlet and the heaviest CP-even
Higgs boson when tan 8 # 1. For the range of values of the parameters employed in Fig.
the ratio M3, /M3 < 1.

In practice, for A ~ 0.65, the inequality M2, < M3, holds unless the mass parameters
M, and p are tuned to obtain almost exact alignment. Hence, based on the discussion
above, we shall henceforth assume that the following hierarchy among the elements of the

CP-even Higgs squared-mass matrix is fulfilled close to the alignment limit,
M, < My, < Mo, MY, M3 < M, (60)

Given the above observations, it is not difficult to see that all mixing angles in the CP-
even Higgs mixing matrix are small. Therefore, the mass eigenstate h, whose predominant
component is H3M | is SM-like, whereas the predominant components of the other two eigen-

states H and hg are HNM and H®, respectively. In particular,
mizz = M%l ) mJZLI = M%Q ) mis = M£2’>3 ) (61)
and the hierarchy of masses
mi > ma, mis (62)

is fulfilled in the region of parameter space under consideration. Using Egs. — and
ignoring terms of order ¢, = M3,/ M3, and e = M3, M2,/ M3,, we derive the following

approximate relationship between the interaction and mass eigenstates,

h 1 _nn/ 77/ HSM
H|~=| 06 -1 -y HNSM | (63)
hS —77, - 1 HS



where the elements of the CP-even Higgs mixing matrix are expressed in terms of

M2
H 23
— =n= 64
Kg n m%{ ’ ( )
M?
h ! 13

—y =18 65
ks n m}%_Mgg ( )

and O(e) denotes a linear combination of terms of order €; and €,, respectively. In Eq. ,
we have kept all terms in the mixing matrix up to quadratic in the small quantities n and 7'.
Given the assumed hierarchy of Eq. (60), the O(e) terms are at best of the same order as
quantities that are cubic in 1 and 7’ and hence are truly negligible. This then tells us that
the following approximate relationship exists between the mixing angles defined in Eq. ,

S12 = —S513523, (66)

and the alignment limit in the hierarchy of Eq. is primarily governed by two small
mixing angles.
Eq. provides a useful guide for understanding the Higgs phenomenology in our nu-

merical study. In particular, there are correlations among the different matrix elements. For

example,
h
KE >~ — ke (67)
Knsm = ’fg"fé{ ) (68)
h
’fé{ ~ KNSM (69)

In light of Egs. and , it follows that [cf. Eqs. (64]) and ]:

R~ RIS~ 23_—;)”625325 : (70)
We have previously argued that values of A ~ 0.6—0.7 are preferred from both the perspective
of Higgs phenomenology as well as perturbative consistency of the NMSSM up to the Planck
scale. In addition we note that the range of u is rather restricted: |u| > 100 GeV, in order
to fulfill the LEP chargino bounds, however p cannot be too large in order to preserve a
natural explanation for electroweak symmetry breaking. Hence, we can see from Eq.

that if for example |p] <200 GeV, then

0.15 < |res] 0.3, (71)

20



which implies that all mixing angles are small if the conditions of alignment are imposed.
For the small values of x consistent with a perturbative extension of the theory up to the
Planck scale (see Fig. [3)), the above estimate continues to hold even after the x-induced

effects as well as the corrections associated with the hg mass are included.

C. Spectrum of the Higgs Sector Near the Alignment Limit

Close to the alignment limit, the mass parameter M, =~ 2|u|/s2s. Since || must be larger
than about 100 GeV in order to fulfill the current LEP constraints on the chargino masses,
it follows that for tan § > 2, the CP-odd Higgs mass must be larger than about 250 GeV.
We conclude that M3 > m2. In light off this observation, the spectrum of neutral Higgs

bosons near the alignment limit may be approximated by °

A SM-like CP-even Higgs boson state of mass m3 = (125 GeV)? ~ M?, < M3.

A heavy CP-even Higgs boson state H of mass mpy ~ Mj4.

A heavy CP-odd Higgs boson state A of mass ma >~ My4.

10

Light, mostly singlet-like CP-even and CP-odd Higgs boson states with masses

4 /\2 2M2
mi, ~ % <AH + IW) + 4535 — T0PRA(3 — 2835) 805 — 07K e

A 812 K AE
(72)
A, 3%k
mh, ~ 3k [%/\’02825 — i (T + ZME;LL)] . (73)

It is interesting to note that the singlet-like Higgs masses depend on the parameter A, which
is not restricted by the conditions of alignment. As such, these masses are not correlated
with the other Higgs boson masses. For positive values of p and k, larger values of A,

lead to an increase in mj_ and a decrease in m?% . Therefore, for fixed values of the other

9 Note that my4 is the mass of the mostly doublet CP-odd neutral Higgs boson, whereas M, is the mass
parameter defined in Eq. . In this paper we always employ a lower case m when referring to the
physical mass of a particle. In contrast, an upper case M refers to some quantity with mass dimensions

that is defined in terms of the fundamental model parameters.
10 Egs. and are obtained in an approximation that includes the first non-trivial corrections to

my. ~ M3z; and m%_ ~ (M?p)s3 due to the off-diagonal elements of the corresponding squared-mass

matrix.
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FIG. 4: Values of the singlet CP-even Higgs mass mypg fortan f = 2 (left panel) and tan 8 = 3 (right
panel) in the plane of ma vs. mag, imposing a SM-like Higgs boson with a mass of 125 GeV (with

A and p satisfying the alignment conditions and kK = %)\)

parameters, the value of A, is restricted by the requirement of non-negative m,zls

and m? .

In particular, due to the anti-correlation in the behavior of m%s and m? . with A, the

maximal possible value, (mj, )max, is achieved when m?% . = 0. Likewise, the maximal value,

(M4 )max, is achieved when mj_ = 0. Using Egs. and to eliminate A,, and making
use of Eq. in the alignment limit to eliminate 2,

3M3 S%B 222 (2
1— 2/l
In the parameter region of interest, x < %)\ and sy is near 1. Close to the alignment

2

2 o . OMVaSy
Mias T Mg = 1 — Lksos/A
2

limit (where A ~ 0.65), we have noted above that m% ~ M3 > 1X\%*v? in which case
(M}, Jmax S 5m% and (m? Jmax < m%. In the left and right panels of Fig. , we display the
contours of the singlet-like CP-even Higgs mass in the m4—my, plane for xk ~ %)\ﬂ“ and for
tan f = 2 and tan 8 = 3, respectively. Whereas m 4, may become of order m 4 for low values
of tan 8 (i.e. for syz ~ 1), the singlet CP-even Higgs mass remains below %m A over most of

the parameter space, in agreement with Eq. .
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III. NUMERICAL RESULTS OF MASSES AND MIXING ANGLES

In the previous section, we have performed an analytical study of the implications of
the alignment limit on the masses and mixing angles of the Higgs mass eigenstates. To
obtain a more accurate picture, we complement the above analysis with the results ob-
tained from a numerical study, including all relevant corrections to the CP-even and CP-odd
Higgs squared-mass matrix elements. In our numerical evaluation we have used the code
NMHDecay [47] and the code Higgsbounds [48] included in NMSSMTools [49]. We keep pa-
rameter points that are consistent with the present constraints coming from measurements

on properties of the 125 GeV Higgs boson h, as well as those coming from searches for the
¢

new Higgs bosons H and hg, which impose constraints on x; similar to those shown in
Fig.[I] We do not impose flavor constraints since they depend on the flavor structure of the
supersymmetry breaking parameters, which has only a very small impact on Higgs physics.
Moreover, in most of our analysis we have assumed the gaugino mass parameters to be large
by fixing the electroweak gaugino masses to 500 GeV and the gluino mass to 1.5 TeV. Since
the Higgsino mass parameter is small in our region of interest, the resulting dark matter
relic density due to the lightest supersymmetric particle (LSP) tends to be smaller than
the observed value, which implies that other particles outside of the NMSSM (e.g. axions)
must contribute significantly to the dark matter relic density. Alternatively, it is possible to
saturate the observed relic density with the LSP by lowering the value of the electroweak
gaugino masses chosen above. We have also fixed g > 0, but we have checked that the
generic behavior discussed in this work does not depend on the sign of y, as can be under-
stood analytically from the expressions given in Section [[Il The implications of lowering the
gaugino masses to obtain the proper relic density will be briefly discussed below.

In our numerical study, we have chosen A = 0.65. The stop spectrum has been determined
to reproduce the observed Higgs mass, assuming small stop mixing, and we have varied all
other relevant parameters allowed by the above constraints. As shown in Fig.[2] for tan 5 > 2
and common values of the left- and right-stop supersymmetry breaking parameters, the
assumption of small stop mixing leads to stops that are heavier than about 600 GeV and
essentially decouple from Higgs phenomenology. For tan ~ 2, larger values of the stop

mixing may lead to lighter stops, resulting in a variation of the Higgs production cross

section in the gluon fusion channel. We shall briefly comment on such possible effects below.
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FIG. 5: Values of the mass parameters My and p consistent with the current LHC constraints on
the SM-like Higgs properties, for values of k = k™, the maximal value of k leading to perturbative
consistency of the theory up to the Planck scale (left panel) and for k = %Hma". Solid lines represent
the alignment condition, Eq. , and the colors blue, red and yellow represent values of tan § = 2,

2.5 and 3, respectively.

As discussed in Section [[IB], a value of A ~ 0.65 leads to an approximate cancellation
of the mixing between the SM and non-SM doublet components for all moderate or small
values of tan § and allows a perturbative extension of the theory up to energy scales of order
the Planck scale. Moreover, close to the alignment limit, the SM-like Higgs mass receives
a significant tree-level contribution, which reduces the need for large radiative corrections
associated with heavy stops, as shown in Fig.[2] Due to the strong perturbativity constraints
shown in Fig. [2] we focus on the NMSSM parameter regime with tan 8 = 2, 2.5 and 3, which
we henceforth display in blue, red and yellow colors, respectively.

The allowed values of M4 and i are shown in Fig. |5 for the values of K = k™, the
maximal values consistent with the perturbative consistency of the theory up to the Planck
scale (left panel) and for values of kK = 7™ (right panel). The solid lines represent the
correlation between M, and p necessary to get alignment at tree-level [cf. Eq. ] The

dots represent the allowed values of these parameters as obtained from NMSSMTools. We
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FIG. 6: For the points allowed by LHC' constraints in the left panel we plot the correlation between
the non-SM doublet component of the 125 GeV Higgs state with the product of the non-SM doublet
component of the mainly singlet state and the singlet component of the 125 GeV Higgs state. In the
right panel we plot the correlation between the SM doublet component of the singlet state with the
singlet component of the 125 GeV Higgs state. Blue, red and yellow represent values of tan § = 2,

2.5 and 3, respectively.

find that the present constraints on the SM-like Higgs properties allow values of M4 and u
that deviate not more than 10% from the alignment condition specified in Eq. .

The correlations obtained in Eqs. f among the interaction eigenstate components,
H3M  gNSM and HS, of the mass-eigenstate neutral Higgs bosons are clearly displayed in
Figs. [6] []] and [§l The right panel of Fig. [f] displays the correlation between the singlet
component of h with the SM component of the mostly singlet state hg, whereas the left
panel exhibits the correlation between sl with sirlS,,. We see the correlation given in
Eq. is preserved over most of the parameter space, however there are small departures
from the correlations exhibited in Eqgs. @ and due to neglected terms that are higher
order in n and 7.

Similarly, the right panel of Fig. shows the correlation between #f and xig,;, with values
of 0.15 5 |k%| < 0.35, as anticipated in Eq. . In the left panel we show the values of /@’K}SSM

and /i{\LISSM, which are proportional to n and 7' respectively. Whereas /{’Slf/[ can become very
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FIG. 7: For the points allowed by LHC constraints,

we show the correlation between the non-SM

doublet component and the SM doublet component of the mainly singlet Higgs state. Blue, red and

yellow represent values of tan = 2, 2.5 and 3, respectively.
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FIG. 8: For the points allowed by LHC' constraints, in the left panel we plot the correlation between

the non-SM doublet component and the singlet component of the 125 GeV Higgs state. In the right

panel we plot the square of the couplings of the 125 GeV Higgs state, normalized to its SM value.

Blue, red and yellow represent values of tan =2, 2.5 and 3, respectively.
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small in the region of alignment, there is no strong correlation between these two singlet
components. There is only a weak correlation associated with the dependence of the singlet
production cross section on the doublet components, which leads to negative values of ﬁgf/[
being somewhat more restricted than positive ones for p > 0, as could be anticipated from
the behavior exhibited in Fig. [1}

Due to the specific values of k1%, under consideration, and the correlation between gy
and the product of mgmﬁng, a mild correlation appears between the non-SM components
of the SM-like Higgs, which is displayed in the left panel of Fig. [§l The largest singlet
components are associated with the smallest SM component and hence the smallest values
of the couplings to vector bosons. The bottom-quark coupling can be visibly suppressed in
this region, but the branching ratios and signal strengths remain in the allowed region due
to the suppression of the vector bosons coupling and a small enhancement of the up-quark
couplings, as follows from Egs. (33)—([35]). In contrast, as shown in the right panel of Fig. [8]
enhancements of the bottom couplings are more restricted due to a suppression of the h
branching ratios to photons and vector bosons and an additional suppression of the gluon

fusion production cross section associated with smaller top-quark couplings.

IV. HIGGS BOSON PRODUCTION AND DECAY

The study of the properties of the 125 GeV Higgs boson and their proximity to SM
expectations has been the subject of intensive theoretical and experimental analyses, and
will remain one of the most important research topics at the LHC. Close to the alignment
limit, and in the absence of beyond-the-SM light charged or colored particles, the properties
of one of the neutral scalars (identified with the observed Higgs boson of mass 125 GeV)
are nearly identical to those of the SM Higgs boson. However, as demonstrated in the right
panel of Fig. |8 the current Higgs data allow for variations, of up to about 30%, of the 125
GeV Higgs boson production and decay rates with respect to the SM predictions. Such
deviations can be understood as a function of the mixing of the observed SM-like Higgs
boson with additional non-SM-like Higgs scalars that could be searched for at the LHC.

In this section, we shall mainly concentrate on the non-SM-like Higgs boson production
and decay rates and their possible search channels at the LHC. It is noteworthy that, due

to the smallness of xf, the couplings of the heavy Higgs bosons to the up and down-quarks
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are close to the MSSM decoupling values. In particular, using Eq. , the ratio of their
couplings to the SM ones given by Egs. f are

gavv = O(e),
1
tan 3
grw =~ tan B+ O(e), (75)

Jatr >~ — + O(e),

where the terms of O(e) < 1 represent a linear combination of terms of order M3,/ M3,
and M3, M2,/ M3, [cf. the discussion below Eq. (62)].
Similarly, the CP-odd couplings are given approximately by their MSSM expressions,

1
Jan = ma
Gapy == tanf. (76)
Finally, the hg couplings are given by
Ghsvv = =1,
— gy
Ghstt = —T] tan 3’
Ghsbh = —1 +ntan . (77)

Considering the typical values of the mixing angles n and 7', we see that the production cross
section of hg via top-quark induced gluon fusion is generally at least an order of magnitude
lower than the one for a SM-Higgs boson of the same mass. Due to the smallness of the
bottom Yukawa couplings and the small values of tan 5 considered in this work, the decay
branching ratios are mainly determined by the hg mass and will be of order of the SM ones.
Therefore the present constraint on the signal strength of the production of hg decaying to
vector bosons, pyy < 0.1 discussed in Section is not expected to strongly constrain this
model.

In Section [[TC] we discussed the analytical constraints on the Higgs spectrum that play
a crucial role in the phenomenology of the non-SM-like Higgs bosons. In Fig. [4] we showed
contours of the singlet CP-even Higgs mass for different values of M4 >~ my ~ my and the
lightest CP-odd Higgs mass, which tends to be mostly singlet in this region of parameter
space. In Fig. [0 we exhibit the correlation between the mass ma ~ my of the heaviest

CP-odd/even Higgs bosons (which possess a significant doublet component) and the lighter
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FIG. 9: Correlation between my ~ ma and the lightest non-SM-like CP-even Higgs boson mass
(left panel) and anti-correlation between the masses of the lightest non-SM-like CP-even Higgs
boson and the lightest, mostly singlet CP-odd Higgs boson (right panel), for values of k = K™,

Blue, red and yellow represent values of tan = 2, 2.5 and 3, respectively.

mostly singlet CP-even Higgs boson mass (left panel), and the anti-correlation between the
mass of the lightest CP-odd Higgs boson (which possesses a significant singlet component)
and the mostly singlet like CP-even Higgs boson (right panel). These numerical result
verify the expectations based on the analytical analysis of Section [[TC] In particular, these

singlet-like Higgs boson masses are always smaller than m 4 and the relation
ma > 2 Mg (78)

is fulfilled. On the other hand, the anti-correlation between the CP-odd/even mainly singlet
Higgs boson masses implies that values of m4, < 150 GeV constrain my, to be larger than
about 120 GeV, while values of my, < 120 GeV imply ma, 2 150 GeV.

In general, large values of M4 >~ my ~ mpyg are allowed, as in the usual decoupling
regime, but in this work we are mostly interested in having a SM-like Higgs boson for values
of My < 500 GeV, where the non-SM-like Higgs bosons are not heavy. Given that we

~Y

are interested in values of tan§ ~ 2 and M, =~ |u|/sgcs, this leads also to low values of
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i, improving the naturalness of the theory. Considering the LEP lower bound on |u|, the
above relation also implies M4 2 250 GeV. Therefore, the decays

H—h hS, H — hghS and H — hh (79)

are always allowed. However, since the coupling gy, approaches zero in the alignment limit
[cf. Appendix , the first two decay rates are in general more significant than the decay
into pairs of SM-like Higgs bosons. Moreover, from Table [[T]] of Appendix [C], it follows that
when My =~ 2|p]/s9p and & is small,

Grnhs =~ V2 MOt 28 Grnghs = 4V2 nAp. (80)

Hence, for 0.15 £ n < 0.35, these couplings are of the same order as || for 2 < tan 3 < 3,
which implies that these decay channels may contribute significantly to the H decay width.
On the other hand, mixing between the doublet and singlet states in the CP-odd sector

is also dictated by n and hence non-vanishing. Therefore, the decay channels
H— AsZ and A— hsZ (81)

may become significant. In particular, for values of the heavy Higgs states below the tf
threshold, the decay branching ratio in these channels may become dominant at low values
of tan 3, for which the couplings to down-quark fermions and charged leptons are small, of
the order of the corresponding SM Yukawa couplings.

Figs. and |11 show the branching ratio for the decay of the heaviest CP-even Higgs
boson into lighter bosons. We observe that these branching ratios are appreciably large for
values of the heaviest Higgs boson masses smaller than 350 GeV, for which the decay into
top-quark pairs is forbidden, and remain significant for larger value of m 4, particularly for
the largest values of tan 8 considered. In particular, the decay of H into a pair of non-
identical lighter CP-even Higgs bosons is the most important one. In Figs. and (11| we
differentiate between the cases in which the lightest CP-even Higgs boson is identified with
the SM-like Higgs boson with mass 125 GeV, represented by snowflakes, from the case in
which the lightest CP-even Higgs boson is singlet-like (hence with mass below 125 GeV),
represented by crosses. We clearly see from Fig. [10[that the decay of H — hh is suppressed,
being at most of order of 10% as a result of the proximity to alignment.

Similarly, in Figs. [12] and [13] we exhibit the branching ratios of the decay of the heaviest
CP-odd Higgs boson into the lighter CP-odd and CP-even Higgs bosons, and the branching
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ratio of its decay into a CP-even Higgs boson and a Z boson. From Fig. [13| we can see that
the branching ratio into a Z and the SM-like Higgs boson h is always suppressed. However,
the decay of the heavy CP-odd scalar into a Z and hg is unsuppressed and hence may serve
as a good discovery channel. This possibility will be addressed later in this Section.

As a result of the approximate alignment condition, M4 ~ 2|u|/sss [cf. Eq. (58)], decays
of the heavy CP-even and CP-odd Higgs bosons into pairs of charginos and neutralinos
are kinematically allowed. In contrast to the case of the MSSM, where heavy gauginos
imply a suppression of the coupling of the Higgs bosons to Higgsino pairs, in the NMSSM
the coupling A\ induces a non-negligible coupling to charginos via the singlet component
of H. Moreover, the coupling A and the self-coupling parameter x induce new decays in the

neutralino sector due to the mixing of the singlinos and Higgsinos. Indeed, the singlino mass
mg ~ —— i (82)
is constrained to be below the Higgsino mass i due to the condition of perturbative consis-
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of tan B = 2, 2.5 and 3, respectively.
tency up to the Planck scale (see Fig. , implying that the decays

H A — xy5XOT (83)

(2

are likely to have sizable rates in the region of parameters under consideration.

Fig. illustrates that the heavy Higgs bosons H and A have sizable decay branching
ratios into charginos and neutralinos. These branching ratios become more prominent for
larger values of tan 8 and for masses below 350 GeV where the decays into top quarks are
suppressed.

For completeness, we present the branching ratio of the heaviest CP-even and CP-odd
Higgs bosons into top quarks in Fig. As expected, this branching ratio tends to be
significant for masses larger than 350 GeV and becomes particularly important at low values
of tan g, for which the couplings of the heaviest non-SM-like Higgs bosons to the top quark
are enhanced. In spite of being close to the alignment limit, this branching ratio is always
significantly lower than 1, due to the decays of the Higgs bosons to final states consisting of

the lighter Higgs bosons and chargino and/or neutralino pairs, as noted above.
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FIG. 14: Branching ratio of the decay of the heaviest CP-even (left panel) and CP-odd (right
panel) Higgs bosons into charginos and neutralinos. Blue, red and yellow represent values of

tan 8 = 2, 2.5 and 3, respectively.

Indeed, apart from the decays into top-quark pairs, whose observability demands a good
top reconstruction method and is quite challenging [50), 51], the heaviest Higgs bosons exhibit
prominent branching ratios into lighter Higgs bosons (as in the case of generic 2HDMs [52]).
Moreover, in light of the large gluon fusion A/H production cross sections, the heavy Higgs
decays into charginos and neutralinos are also relevant and yield production rates that are of
the same order of magnitude as the chargino/neutralino Drell-Yan production cross sections.
Unfortunately, the subsequent decays of the charginos into W/Z and missing energy renders
these search modes challenging.

In order to ascertain the constraints on the heavy non-SM-like Higgs bosons arising from
their decays into the lightest Higgs bosons, one must analyze the decay branching ratios
of hg and Ag. Since these particles are singlet-like, their couplings are controlled via the
mixing with the doublet states. As shown in Fig. [7] the CP-even singlet state has small
mixing with the SM-like Higgs boson, /ilslﬁ/[ = —1, which is small and can be no larger than
0.3. On the other hand, the mixing with the non-SM doublet component s, is small but

non-vanishing. Therefore, as shown in Fig.[16], the bottom quark decays are clearly dominant
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for masses below 130 GeV, while the WIWW and eventually ZZ decay branching ratios may
become dominant for masses above 130 GeV, depending on the proximity to alignment. For
mass values above about 150 GeV, decays into two CP-odd singlet-like Higgs bosons open up
for certain regions of parameter space.!’ The singlet-like CP-odd Higgs boson has dominant
decay into bottom quark pairs for masses up to about 200 GeV, whereas decays into Zhg
and into neutralinos may open up for slightly heavier masses.

Based on the study of the non-SM-like Higgs boson branching ratios presented above we
will now discuss the main search channels which may lead to discovery of the additional
scalar states at the LHC. In Fig. [L7| we present the 8 TeV production cross sections of the
heaviest CP-odd scalar A, decaying into a Z and a hg in the my — my, plane. The cross
sections presented in the left panel of Fig. [17] take into account the decay branching ratios

of Z — ¢ and hg — bb, since these final states provide excellent search modes at the LHC.

11 For sufficiently heavy hg and light neutralinos, the decays into neutralinos could also open, although such

a channel does not show up in the benchmarks to be discussed later.
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The CMS experiment has already performed searches for scalar resonances decaying into
a Z and lighter scalar resonance using 8 TeV data [53]. In the right panel of Fig. we
have used the CMS ROOT files'? to compare the limits extracted from these searches with
the predictions of the scenario considered here.

We observe that although this mode fails at present to probe a large fraction of the
NMSSM Higgs parameter space, the current limit is close to the expected cross section for
values of my, < 130 GeV. Hence, A — Zhg — (£0)(bb) provides a very promising channel for
non-SM-like Higgs boson searches in the next run of the LHC. It is also clear from Fig.
that for values of the hg mass above 130 GeV, where its decay branching ratio into bottom
quarks becomes small, the A — Zhg search channel becomes less efficient. However, in
this case the decay modes into weak gauge bosons may become relevant, and searches for

hs — WW® /ZZ® may provide an excellent complementary probe.

12 These have been obtained from https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig15001TWiki.
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FIG. 17: The production cross section times branching ratio (left), and the ratio of the observed
limit to the production cross section times branching ratio (right) of the decay of the heaviest CP-
odd Higgs boson into a Z and a CP-even Higgs boson as a function of the heaviest CP-odd and the
singlet like CP-even Higgs boson masses. The cross sections are computed for LHC processes with
Vs = 8 TeV, and the branching ratio includes the subsequent decay of the Z boson into di-leptons

and hg into a bottom quark pair.

As discussed in Section , searches for heavy scalar resonances decaying to WW®) have
been performed at the LHC and already constrain the signal strength in the channel gg —
hs — WW® to be less than 10% of the signal strength from a SM Higgs boson of the same
mass. Since the suppression of the decay branching ratio of hg into bottom quarks is in part
caused by the increase of the branching ratio into W pairs, it is interesting to investigate
the correlation between the search for heavy CP-odd Higgs bosons decaying into hgZ in
the (bb)(¢¢) channel and the search for the mainly singlet CP-even Higgs hg decaying into
WW® . To exhibit the complementarity between the two channels, we also show in Fig.
the ratios of the event rates for the heavy CP-odd scalar decaying to hgZ, with the same
colors used in the right panel of Fig. [I7 We observe that a large fraction of the parameter
space that is difficult to probe in the A — Zhg — (££)(bb) channel becomes viable in the
search for gg — hg — WW® . There is a small region where searches in both channels
become difficult. This is the region where hg has a small coupling to the top quark, thereby

suppressing its production cross section, or where the singlet CP-odd scalar mass my, is
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FIG. 18: The production cross section times branching ratio of the decay of the second heaviest

CP-even Higgs into pairs of W, showing the ratio of the observed limit for the heaviest CP-odd
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FIG. 19: Ratio of the observed limit to the production cross section times Branching ratio of the

decay of the heaviest CP-even Higgs boson into a Z and the lightest CP-odd Higgs bosons.
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small and the decay hs — AsAs may be allowed. In the latter case, we may use the decay
channel H — Z Ag instead.

In Fig. we display the ratio of the observed limit to the production cross section of
a heavy CP-even Higgs boson H decaying into H — ZAg, with Z — ¢¢ and Ag — bb.
Due to the somewhat smaller production of H as compared to A, there is no point in the
NMSSM Higgs parameter space that can be probed at the 8 TeV run of the LHC in this
channel. However, for low values of the Ag mass, the LHC will become increasingly sensitive
to searches in this channel. Moreover, in Fig. we observe the correlation between this
ratio and the same ratio for the A — Zhg — (¢£)(bb) channel. The left panel of this figure
shows that there is a complementarity in the LHC sensitivity in these two search channels.
The right panel shows that an increase of the sensitivity in these two channels by two orders
of magnitude would serve to test the full parameter space.

Finally, we consider the decays of the heavy CP-even Higgs bosons into two lighter CP-
even scalars, which as shown in Figs. [10] and [11] become prominent in a large region of
parameter space. Due to the large size of the branching ratio, it is instructive to focus

on the decays of the heavy Higgs bosons into hhg. This is shown in Figs. and
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FIG. 21:

Higgs boson into h and hg, with h decaying into bb and hg decaying into WW .

FIG. 22: Production cross section times Branching ratio of the decay of the heaviest CP-even Higgs
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boson into h and hg, with both h and hg decaying into bb.
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where we display the 8 TeV LHC cross section of these channels assuming that the SM-like
Higgs decays into a pair of bottom quarks and hg decays into WIWW®*) and bottom pairs,
respectively. We see that the cross sections are sizable, of orders of tens or hundreds of fb,
and there is a large complementarity between the bbWW'W and 4b search channels, associated
with the significant size of the corresponding hg decay branching ratios.

Most aspects of the NMSSM Higgs phenomenology outlined above can be illustrated by
choosing specific benchmarks points in the NMSSM Higgs parameter space. In Appendix [D]
we present three particular NMSSM benchmarks that illustrate the most important features

of the Higgs phenomenology considered in this Section.

V. CONCLUSIONS

In this paper, we have studied the conditions for the presence of a SM-like Higgs boson
in models containing two Higgs doublets and an additional complex singlet scalar. In this
so-called alignment limit, one of the neutral Higgs fields approximately points in the same
direction in field space as the doublet scalar vacuum expectation value. The main focus of
this work is the Zs invariant NMSSM, which provides a predictive framework in which the
interactions of scalars and fermions are well defined. Moreover, in this model the SM-like
Higgs mass receives additional tree-level contributions with respect to the MSSM and the
Higgsino mass parameter p arises from the vacuum expectation value of the singlet field.

The condition of alignment is naturally obtained for the same values of the singlet-doublet
coupling, A ~ 0.65, that leads to a relevant contribution to the SM-like Higgs mass at low
values of tan /3, while maintaining the perturbative consistency of the theory up to the
Planck scale. Consequently, the stops can be light, inducing only a moderate contribution
to the SM-like Higgs mass via radiative loop corrections.

Moreover, the condition of perturbative consistency of the theory up to the Planck scale
implies small values of the singlet self-coupling x. The mixing of the SM-like Higgs boson
with the singlet is reduced and alignment is obtained for values of the mass parameter M4
not far from 2|u|/ses. For these values of M4, k and pu, the constraints coming from current
Higgs boson measurements are satisfied, and the spectrum of the theory in the Higgs sector
may be obtained as a function of A,, which controls the masses of the CP-even and CP-odd

singlet components.
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We have shown that for values of M4 < 500 GeV, the entire Higgs and Higgsino
spectra is accessible at the LHC. Two of the most important probes of this scenario are
the searches for heavy scalar resonances, decaying into lighter scalar resonances and a
7, as well as the searches for resonances in the WW and ZZ channels. Moreover, the
search for scalar resonances decaying into two lighter scalars is also important (with the
exception of the decay into hh which tends to be suppressed). Thus it is very important
to expand these searches into final states in which at least one of the two light scalars has
a mass different from m;, = 125 GeV. We have presented detailed studies of the Higgs
phenomenology and considered three benchmarks that capture the dominant features

discussed. A comprehensive study of the discovery prospects of these benchmark points at

the upcoming LHC Run 2 will be treated in future work.
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Appendix A: The Higgs scalar potential in the Higgs basis

It is convenient to rewrite the NMSSM Higgs potential [cf. Egs. (38)—(40])] in terms of
the Higgs basis fields H; and H, [defined in Eq. ] and the singlet field 5,3
V =Y HH, +Y,H}Hy + [YsH{Hy + h.c.] + Y,S'S
+[CiH{H\S + CyHYHyS + C3HIHyS + CuHYH, S + C5(STS)S + CsS® + hec.]
+3Z1(H{H\)* + 3 Zo(HyHy)® + Zs(H{ Hy)(H} Hy) + Za(H{ Hy) (HYHy )
+ {%Zg,(mm)2 + [Zo(HIHy) + Z:(H{H,)| HIH, + h.e.} (A1)
+SYS[ZaH{H, + ZoHYHy + (ZgH{ Hy + h.c.) + ZyuS'S]
v {ZS5HIH152 V ZGHIHoS? + ZHI HyS? + ZHYHLS? + Zi9S1S S+ Z,108 + h.c.}.
Assuming a CP-invariant Higgs potential and vacuum, all scalar potential coefficients can

be taken real after an appropriate rephasing of H,. At the minimum of the Higgs potential,
(H%) = v/+/2 and (S) = v, (with all other vevs equal to zero), and

Yy = —120% = 2010, — (Zgy + 2Z4)07 (A2)

T2

}/3 = —%Z61)2 — (03 + C4>Us - (Zs3 + ZS7 + ZSS)UE ) (A?))
2
Yy = —%Olz— = 3(Cs + Co)vs — 5(Zs1 + 2Z5)0* = 27340 — 4(Zso + Zro)vs . (A4)

The charged Higgs mass is given by
miye = M3 — 5(Zy — Zs)v* (A5)

where the squared-mass parameter M3 is defined by:
M3 =Yoo+ 2(Zs+ Zy — Zs)v* + 2Cov, + (Zo + 22607 . (A6)
The CP-even squared-mass matrix is obtained from Eq. by eliminating Y;, Y3 and Y,
Zyv? Zgv* V20[C1 + (Zg + 2Z5)vs]

V2

2
+ 3(05 + 06)1}5 + 4(ZS4 + 2Z59 + 22310)1}?

M2 = M3 + Zsv? Cs + Cu+ 2(Zss + Zt + Zsg)vs » (AT)

v
2v,

where the omitted elements below the diagonal are fixed since M% is a symmetric matrix.

—C,

13 A linear term in S can always be omitted by a linear shift in the definition of S. We have also omitted a
possible term, Y5(S? + h.c.), in V, as it is absent from the Zz-invariant NMSSM Higgs potential.
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Likewise, we can compute the CP-odd squared-mass matrix,

[
MZX _ﬁ [03 - C’4 + 2(Zs7 - ZSS)U8:|
_6112 - (05 + 906)“5 — 2Z85U2 — 4(Z59 + 42510)1)3

s

where the omitted matrix element is fixed since M?% is a symmetric matrix. Comparing the

scalar potential ¥V with Eqs. 7, we obtain the coefficients of the quadratic terms,

Vi = i ch 4 mi (A9)
Yy = my;, s5 +mi, ch, (A10)
Y; = %(m%,u — m%{d)sgﬁ, (A11)
Y;; mS> (A12)
the coefficients of the cubic terms [after employing Eqs. ) and .

M2
Cl == —CQ == )\0585 (% — —0585) s (A13)

A

M2
03 = )\C% (% — 70585) s (A14>
MQ
Cy = —\s> <% — —Aegs ) : (A15)
4 s\ T P

Cs =0, (A16)
Cs = 5kA,, (A17)

and the coefficients of the quartic terms,

Zy =2y = =3[\ = 3(¢* + 9] 35 + 317, (A18)
Zy = —5[N = 5(8* + ¢')]s35 + (9> — ). (A19)
Zy=—3[N =3+ 9735 — 297+ N, (A20)
Zs=—3[N = 3"+ 9|35 (A21)
Zs = —Z7 = 5[\ = 5(¢* + ¢'*)] 525028 , (A22)
Zg =Zgo=MN, (A23)
Zop = K, (A24)
s = —Zsg —%fi)\sw, (A25)
Zg = KAsg, (A26)
Zg = —KACg, (A27)
L3 = Lsg = ZLs90=0. (A28)
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Note that whereas Y7, Y3 and Y, are determined from the Higgs potential minimum
conditions [Egs. (A2)—(A4)], Y in generic two-doublet/one-singlet models is a free parame-
ter. However, in the Zs-symmetric NMSSM Higgs sector, there is no bare H, - Hy term in
Eq. . Consequently, Y5 is no longer an independent parameter. Indeed, Eqgs. and

(A11) yield

2
Yo=Y+ -2y, (A29)
S28

Inserting the results of Eqs. (A2)) and (A3]) then yields

2¢cy
Y Zl?} —201’05 ( 51+2ZS5)U ——|:1Z6 (C3+C4)US+(Z53+ZS7+258)U§:| . (A30)
528

Inserting this result into Eq. (A6)) ,
2co
Mi:—% <Z1 Zg—Z4+Z5+ Z>U2+2|:02—01 Czﬁ(03+04):|
528 528

- |:Zsl - Zs2 + 2 (Zs5 - Zsﬁ + ELB(ZSZS + Zs? + ZsS)):| U? . (A31)
2

Using the results of this Appendix, one can check that Eq. (A31]) then reduces to the simple
expression given in Eq. .
All the results above correspond to tree-level results. Including the leading O(h}) loop

corrections, the Z; are modified as follows:

3vshht M X? X2
2 _ 2 1y2,2).2 1y2,2 Bt S o _ t
Z1w® = (my — 5 A" )y + 5A%0° + 52 |:1Il (mt ) + Ve (1 12M§)] : (A32)
31}2 Y2
2o = (my — DN+ N4 { < ) LY ( 12;\42)] . (A33)
5
3v?h} M?2 (X: +Y)?  X2Y?
2 1(,2 2\,2 | 2 2 2,2 4 S t t t 1y
Zavt =5(g" =g+ SZﬁ{mz R [n (ﬁ%) AMZ 12M§] }
(A34)
3v?h} M?2 (X +Y)?  X2YP2
2 132,24 s t t t 1y
Ziw' = (N = 300" + s34 {mz AV e {m (ﬁg) A2 12M§]}
(A35)
3v2h} M? XY, XY,
g = i o~ e 20 () L2 N gy
s
3v?s3h} M2\  X,(X:+Y) X}
2 _ 2 1y2,2 Bt S t\Ae ¢ t Xt
Zgv” = —s93 {(mz — 5ATV7)eop — 62 {ln (W) + oz 12M§] } , (A37)
3v?cih! M2\  Y(X:+Y) XY?
Bt S t A t t
Z77)2 = 325 {(mQZ — %)\21)2)025 —I— 167T2 [ln (m—%) —I— 2M§ — 12]\4t§:| } . (A38)
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Appendix B: Components of the Mass Eigenstates

We present here generic expressions for the components of the CP-even Higgs mass eigen-

states in terms of the mass eigenvalues and the elements of the CP-even Higgs squared-mass

matrix. The interaction eigenstates and the mass eigenstates are related by

h h h SM

h Ksm Fnsm Ks H
_ H H H NSM

H | = | rsu rnsm K8 H
hs hs hs S

hs Kem FNsm Fs H

For the Higgs mass eigenstate h,

Kksm _ M3y (miz — M3;) + M3 M3,

K Mg + (M, —mi)(mj — M33)
"‘fg o M2 (M2 2) M%QM%?)
“gM My + (M3, —mi)(mi — M3;)

For the Higgs mass eigenstate H,

K _ My (miy — M3,) + M M3,

FNSM My + (M3, —mE)(my — M3,)
kY _ MG (M, —my) — M oM

Fusm Mg+ (MR —mi)(my — M3,)

For the Higgs mass eigenstate hg,

Sy _ Mi(mi, — M3,) + M3, M3,
kS My + (M3, —mj ) (mj — M3,)

K}IG%M _ MG (M, — mis) - MMy
’flsls Mfl2 + (M3, — mis)(mis - Mi))

Appendix C: Analytic Expressions for the Higgs Couplings

1. Trilinear Higgs Couplings

(B1)

(B4)

(B5)

(B6)

(B7)

In Table [ we present the tree-level Higgs trilinear couplings in terms of Higgs-basis scalar

fields. The second column of Table[[]displays the corresponding coefficients derived from the

Higgs potential, Eq. (A1]), and the third column of Table [I|evaluates these coefficients in the
Zs-invariant NMSSM using the results of Eqs. (A13)—-(A28). The corresponding Feynman
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coefficient in V [Eq. (iAli)] Zz-invariant NMSSM
HSMESM M vz, o s0[20%835 + (9% + ¢'%) 3]
HSMHSMHNSM %UZ@ %U()\Q _ gQ _ 9/2)52/3025
HSM [NSM [rNSM s0(Zs + Zy + Z5) S22+ (2X2 — g% — ¢'?)(1 - 3s3,)]
HNSMHNSMHNSM %UZ7 _iU(AQ _ g2 _ 9/2)325025
SM grSM g8 [C1 + v5(Zo1 +2Z55)] / V2 % 11— 3828 (§ + %825>—
HSMNSM S [C3+ Cu+ 205(Zs3 + Zgr + Zes)| /V2 —*‘\‘jg“’ (; + %52@
FINSM fNSM 78 [02 + vs(Zs2 + QZSG)] /2 ’\7‘% 1 + %325 (§ + ]2\,47/22‘3%)'
HSMHgSHS %U(Zsl +2Z55) %v)\()\ — KS23)
HNSMESHS 30(Zs3 + Zor + Zss) —SuKkAcag
HSHSHS (Cs5 + C6 + 205(Zsa + 2Z59 + 2Z510)] /V2 35 (A +6%)
HSM ANSM gNSM $0(Zs + Zs — Z5) [V + (W = 5(? +9'?))c34]
HNSMANSMANSM %UZ7 _%UP@ _ %<92 4 912)}826626
HS ANSM ANSM [Co + vs(Zea + 2Z46)] / V2 2 [1 + $ 595 (§ + %szﬁﬂ
FTSM 4NSM 4S [04 — C3 — 2us(Zs7 — ng)} ’\—’; (gf; S28 — 3%)
HNSMANSMAS 0 0
HS ANSM #8 v(Zsg — Zs7) —KA\U
HSM AS A8 0(Zs1 — 2Z5) FVA(A + Ks23)
HNSMAS 48 $0(Zss — Zs1 — Zss) TvKACos
HSAS AS [C5 — 3Cs + 20s(Zss + 6Z10)] /V2 —k(Ag — 25 /V2
H™MHTH- vZs —3[N = 36" + 97835 + 3(6° — 9'?)
HNSME+H- vZ7 —5[A2 = 5(9% + ¢'?)] sapcap
HSHYH- V2[Cs +vs(Zs2 + 2Z6)] V2 A [1 + 5528 <§ + %szﬁﬂ

TABLE I: Tree-level trilinear scalar interactions.

rules are obtained by multiplication by a symmetry factor —in!, where n is the number of

identical bosons that are associated with the trilinear coupling. From Table |l| we see that the

coefficient of the Higgs trilinear couplings HNSM HSMSM and HS HSM HSM are proportional

to M3, and M3,, Eq. , respectively, and approach zero in the alignment limit.

We can also include the effects of the dominant contributions to the one-loop radiative
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2v x trilinear Higgs coupling of the Zs-invariant NMSSM

HSMHSMHSM m}Ql
HSM [SM prNSM 3551 (micB — m2Z62505 — l)\2v252,385)
HSM gNSM pNSM 38_2 {m%c% — m%(cgﬁ § ) A2p2 Sﬂ(cw + )-‘

HNSM ppNSM [rNSM 553 mhcﬁ + m202505(255 - cﬁ) )\20252555(205 %)

HSM ANSM yNSM 552 (mhcﬁ ch% )\2v20253>

HNSM ANSM gNSM 553 mic% + mQZCQBCﬁ(QsB - cﬁ) 1A%y 52555(2%’ - sﬁ)

H*H-HM 4m%[, + 2352 <mhcﬁ mzcw )\21) 32/3>

H+H— gNSM 25; {mhc,ﬁ + mZC2BCﬂ(25ﬂ — Cﬁ) )\ v 52585(265 — 85)]

TABLE II: Approzimate one-loop corrected trilinear scalar interactions.

corrections to the trilinear scalar interactions by employing the leading O(h{) corrections
given in Egs. —. These corrections modify the trilinear Higgs couplings shown in
Table [Tl The results presented in Table [[] have been obtained as follows. First, we work in
the approximation that m? ~ Z;v%. We then use Eq. to solve for In(M2/m?) in terms
of m?, m%, A, and X;. The resulting expression is then used in Eqs. (A33)-(A38) to eliminate
the logarithmic terms. Using the resulting expressions for the Z; to evaluate the trilinear
couplings in Table [ we obtain the results shown in Table [[I] after dropping the additional
corrections proportional to (X; — Y;)/Mg.'* Note in particular that mj, which appears in
the trilinear Higgs couplings shown in Table [[I] is the radiatively-corrected Higgs mass in
the NMSSM, which we set equal to 125 GeV. That is, the leading radiative corrections to

the Higgs trilinear couplings have been absorbed in the definition of my,.

2. Coupling of neutral Higgs bosons to neutral gauge bosons

In contrast to the coupling of a CP-even Higgs boson to pairs of gauge bosons, which
is present only for HSM the derivative couplings of pairs of neutral scalars to the neutral

gauge boson are governed by the gauge interactions of the non-SM Higgs doublet. That is,

JHNSM 4NSM ;7 = %i\/ g% + g% (p— p')“ (C1)

14 Although it is straightforward to keep track of the terms proportional to (X; — Y;)/Mg, in practice these

terms provide only a small correction to the results shown in Table E}
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HNSM ANSM

where p and p/ are the incoming momentum of and , respectively and

ignsm gnsum 4 is the corresponding Feynman rule for the HNSMANSM 7 vertex.

3. Couplings of the mass eigenstate Higgs fields

It is instructive to derive the expressions for the couplings among the different mass
eigenstate Higgs bosons in the exact alignment limit. In light of Eq. , we shall also
assume that the mixing between the doublet and singlet CP-even scalar fields are small. In
the notation introduced in Section , we take €, = e = 1’ = 0 (corresponding to the
exact alignment limit) and || < 1, in which case m? = Z;v? and Eq. reduces to

h 1 0 0 HM
H =0 -1 -9y HNSM | (C2)
hg 0 —n 1 HS

Similarly, we shall assume that the mixing between the doublet and singlet CP-odd scalar

fields are small. In this approximation,

A 1 ¢ ANSM
~ , (C3)
Ag —£ 1 AS
where |¢] < 1.'5 The interactions of the scalar mass-eigenstates are given in Table[[1I} where
terms quadratic (and higher order) in 7 and & have been neglected. The trilinear Higgs
interactions are expressed in terms of the coefficients, Cyj;, that appear in Table [, where
the subscripts ¢, 7, k label the Higgs basis scalar fields. In particular, C'gnsm gnsm»4s = 0 for
the scalar potential given in Eq. , and Cysmgsupgnsy = Cysvupgsmpgs = 0 in the exact
alignment limit. These relations have been implemented in obtaining Table [ITI]

The Higgs interactions with a single Z boson are expressed in terms of the HNSMANSM 7
interaction, denoted by G in Table[[TI} The corresponding Feynman rules, denoted by —igape
(where a, b and ¢ label the Higgs mass eigenstate fields), are obtained by multiplying the
entries of the second column of Table [[TI] by —i n!, where n is the number of identical boson

fields appearing in the interaction term.

15 In our numerical scans, we find that typical values of sin¢ lie in a range between about 0.1 and 0.3.
Thus, the results of Table [[T]| provide a useful first approximation to the effects of the mixing between the
doublet and singlet CP-odd scalar fields.
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vertex term in the interaction Lagrangian
hhh C vt rsvt s
hhH 0
hHH Cysvpgnsm gnsum 4 20C gsm gnsm s
HHH —Cgnsm gnsm gnsa — 3nCgNsm gNsm s
hhhg 0
hhsH —Cysmpgnsmpgs — NCrsvpgs gs + NCgsm gNsm gNsm
HHhg Cryxsmpgnsm pps — NC s gnsu sy + 20C s s s
hhshs Cusvpgsgs — 2nCrsmpnsm s
Hhghg —Cynsmpsys +2 1 Cynsmpnsmpgs — 10 Cys s s
hshshs Cyspgspgs + 3nCrynsmpgs s
hAA Cysm gnsm gnsm + 26C gsm gnsm 45
HAA —C'nsm gnsm ynsm — NC s gNSM gNsM
hgAA C's ansm gnsm — NC'gnsm gnsm gnsm + 26C s gNsM »4s
hAAg Crrsm gnsm g5 — EC s gnsm gnsm 4 ECrsM s 4s
HAAg —nClys ansm gs — ECNsM g5 45 + ECNsM gNsM yNsM
hsAAs Cs ansvgs + ECgs a5 43 — ECs ansm gnsy
hAsAs Crsmgs a5 — 26Cgsm gnsvgs
HAsAs —Cpnsmgs as — 1Cgs as a3
hsAsAs Crsasas — NCpnsmgs as — 269 57s ANsM a8
hHTH~ Cysvmpg+pg-
HHYH~™ —Cynsvipg+ - —1Cys g+ -
hsHTH~ Cysg+a- —nChnsmpg+ -
AhZ 0
AHZ G
AhgZ —nG
AghZ 0
AgHZ G
AghgZ 0

TABLE III: Interactions of the mass-eigenstate scalars in the alignment limit. The coefficients C

are given in TablelZ] and G is the ANSMHNSM 7 interaction coefficient.
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Appendix D: Benchmarks

In this section we present three benchmarks that illustrate the most important features of
the Higgs phenomenology considered in Section [[V] Except for the third generation squarks,
the gluinos, the sleptons and the squarks are all kept at the TeV scale and decouple from
the low energy phenomenology at the electroweak scale. The value of A\ = 0.65 is chosen
to obtain alignment and preserve the perturbativity up to the Planck scale. The relevant

parameters are given in Table

Benchmark la|Benchmark 1b|Benchmark 2|Benchmark 3

tan 3 2.1 2.1 2.5 2.5
M;(GeV) 122 200 135 -400
M5 (GeV) -500 600 —300 —800

A (GeV) —650 -750 —900 —1400
mg,(GeV) 700 700 700 800
muy,(GeV) 340 340 700 800
K 0.3 0.3 0.3 0.3
Ax(GeV) 210 210 350 350
Ak (GeV) —-90 -75 —270. -100
u(GeV) 122 120 174. 200.

TABLE IV: Parameters for the three different benchmarks.

The Higgs and stop spectra obtained by NMSSMTools using these input parameters are
displayed in Table [V] and the chargino and neutralino masses are given in Table VIl The
production cross sections for the neutral Higgs scalars at the LHC are presented in Table [VII]
while some relevant processes, including the Higgs decay branching ratios are summarized
in Table [VITI In what follows we will focus on the low-energy phenomenology and discuss

the salient features of each benchmark scenario.
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Benchmark la|Benchmark 1b|Benchmark 2|Benchmark 3
mp(GeV) 124.5 125.3 125.4 124.5
mps(GeV) 93.4 94.5 72.54 160.3
m(GeV) 301.0 293.0 470.37 513.1
mag(GeV) 175.4 167.7 280.16 208.4
ma(GeV) 295.3 286.4 466.26 507.6
my+(GeV) 280.6 272.0 456.5 500.0
mz, (GeV) 272.7 255.3 625.77 693.6
mz, (GeV) 722.3 726.7 826.26 966.6

TABLE V: Higgs and stop masses in the three benchmarks.

Benchmark la|Benchmark 1b|Benchmark 2|Benchmark 3
mx(l)(GeV) 77.0 7.7 106.6 170.7
mxg(GeV) 145.5 164.4 171.3 226.9
mxg(GeV) 164.0 169.2 200.1 255.1
mxg(GeV) 187.8 216.9 237.1 401.4
mxg(GeV) 519.5 619.5 327.4 812.4
mxli(GeV) 130.4 110.9 179.9 207.2
mxf(GeV) 519.5 619.4 327.3 812.4
TABLE VI: Electroweakino masses in the three benchmarks.
Benchmark la|Benchmark 1b|Benchmark 2|Benchmark 3
o(gg — h — bb)/osm 0.85 0.93 1.00 0.80
o(gg = h—=VV)/osm 1.28 1.16 1.01 1.12
o(gg = hs = VV)/osy | 1.1 x1073 8.1107% — 0.05
o(VV — hg — bb)/osn 0.054 0.036 6.2 104 0.8
o(gg — H)(pb) ( 8 TeV) 1.20 1.28 0.31 0.21
o(gg — H)(pb) (14 TeV) 3.83 4.14 1.28 0.89
o(gg — A)(pb) (8 TeV) 2.18 2.21 0.57 0.35
(g9 — A)(pb) (14 TeV) 7.10 7.11 2.28 1.48

TABLE VII: Relevant production cross sections for the three benchmarks.
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Benchmark la

Benchmark 1b

Benchmark 2

Benchmark 3

BR(b — s7v) x 10* 3.76 3.57 3.68 3.59
Qh? 0.119 0.013 0.128 0.011
osr(pb) x 10%° 2.41 1072 3.17 11.0 0.02
BR(hg — bb) 0.91 0.91 0.91 0.57
BR(hg — WtW™)| 7.5 x107° 8107 —— 0.23
BR(H — tf) - — 0.39 0.52
BR(H — hhg) 0.47 0.39 0.24 0.16
BR(H — x{x}) 0.33 0.31 0.26 0.20
BR(H — x{x7) 0.009 0.14 0.008 0.001
BR(A — tf) - — 0.53 0.59
BR(A — Zhgs) 0.36 0.21 0.16 0.14
BR(A4 — xx9) 0.51 0.47 0.31 0.18
BR(A — x7x7) 0.001 0.19 0.01 0.0005
BR(Ag — bb) 0.01 0.005 0.007 0.87
BR(As — x{x?) 0.99 0.99 0.96 =
BR(H™* — tb) 0.73 0.73 0.55 0.62
BR(Ht — Whyg) 0.15 0.15 0.18 0.15
BR(H™ — x7x) 0.10 0.11 0.24 0.18

TABLE VIII: Relevant processes in the three benchmarks.

Benchmark scenarios 1la and 1b

23

The first two Benchmarks, 1a and 1b have similar spectra but differ slightly in the degree
of alignment of the SM-like Higgs with the singlet state and the value of the electroweak
gaugino masses. Benchmark la has a dark matter relic density consistent with the observed
one and a spin independent direct detection scattering cross section significantly below the
current experimental bound, while Benchmark 1b has a heavier gaugino spectrum and a relic
density an order of magnitude below the observed one. In both of these benchmarks the

stop spectrum has been fixed to obtain the observed 125 GeV Higgs mass and the b — sv




rate, keeping the non-SM Higgs bosons light. In addition, Benchmark 1a and 1b have the
following properties:

Higgs Searches: The second lightest Higgs boson h behaves like the observed (SM-like)

Higgs boson with mass 125 GeV due to alignment at low tan $. The mostly doublet non-SM
Higgs boson masses m4 and mpy are around 300 GeV, and hence the neutral Higgs boson
decays into top quark pairs are forbidden, while the charged Higgs boson decays mostly into
top and bottom quarks, with BR(H* — tb) = 0.7. Both neutral Higgs bosons decay into
electroweakinos with combined branching ratios of about 40% or larger, whereas the charged
Higgs decay into electroweakinos is only at the 10% level. The other relevant decays of the
neutral CP-even Higgs boson are into hhg (40%) and hshg (10%).

The CP-odd scalar A has a sizable decay with a branching ratio of about 36% (20%)
into hgZ in scenario la (1b) and the charged Higgs decays into Whg with a 15% branching
ratio. The increase in the branching ratio of the decay of A — hgZ in scenario la compared
to 1b is due to the decrease of the decay into charginos. Such an increase makes the A
signatures compatible with an excess observed by CMS in the bb¢¢ channel [53] for masses of
the heavier and lighter Higgs states consistent with the one assumed in Benchmark 1a. On
the other hand, the decay of H and A into charginos in Benchmark 1b leads to a chargino
production cross section of the same order as the one coming from Drell Yan processes and
makes it possible to test this scenario in the search for charginos at the Run 2 of the LHC.

The mainly singlet CP-even Higgs boson hg decays dominantly into bottom quark pairs,
while the mainly singlet CP-odd Higgs bosons Ag decays overwhelmingly into a pair of the
lightest neutralinos. The small increase of the misalignment in Benchmark la compared to
1b implies a possible contribution to the LEP ete™ — Z* — Zhg cross section of the order
of 5.5%, consistent with a small excess observed at LEP in this channel for this range of
masses.

It therefore follows that the most promising discovery modes for these two benchmarks
at the LHC are in the topologies 2¢2b, 4b or 2b2W arising mainly from the gluon fusion
production of H and A with subsequent decays A — Zhg and H — hhg, respectively, as
discussed in section IV, as well as in the search for chargino pair production.

Stop searches: In both Benchmark 1la and 1b, the mass of one of the stops is approxi-
mately equal to the sum of the mass of the top and the lightest neutralino. This motivates

the search for stops at the LHC in this challenging region of parameters. The other stop,
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mainly ¢, is about 725 GeV in mass and can be searched for in decays into top or bottom
quarks and electroweakinos. The lightest sbottom is also about 700 GeV in mass, and can
be searched for in several channels at the LHC.

Electroweakino searches: The lightest neutralinos are singlino-Higgsino admixtures, with

an additional bino component in Benchmark la. Both the second and third lightest neu-
tralinos have a mass gap with respect to the lightest neutralino which is less than m , and
therefore will decay into Z*x!. The lightest chargino has a mass of about 110 GeV, and is
Higgsino-like. The small mass difference between the lightest chargino and neutralino makes

the leptons coming from the chargino decays soft and difficult to detect.
Benchmark scenario 2

Benchmark 2 is more traditional in the sense that the relic density is consistent with the
observed one. The spin independent direct detection cross section is below but close to the
LUX [54] experimental bound, and therefore can be soon tested by the next generation of
Xenon experiments. In addition, it has the following properties

Higgs searches: The second lightest Higgs boson h behaves like the observed (SM-like)

Higgs boson with mass 125 GeV due to alignment at low tan 5. The lightest, mostly singlet
CP-even Higgs boson hg is lighter than the Z boson and decays predominantly to bottom
quark pairs. The lightest CP-odd Higgs boson Ag has a mass of about 300 GeV and decays
predominantly into neutralinos, with a 4% branching ratio into Zhg. The non-SM doublet
Higgs boson masses my and my4 are about 470 GeV. Consequently, both neutral Higgs
bosons have relevant decays into top quark pairs. Given that the charged Higgs boson mass
is about 460 GeV, the b — s rate is consistent with observations without the need of a light
stop. The dominant decays for the heavy neutral CP-even Higgs boson H are: 40% into tt,
25% into hhg and about 30% into electroweakinos. Similarly, A decays 55% of the time into
tt, 16% into Zhg and about 30% into electroweakinos. The charged Higgs boson decays 55%
of the time into tb, 20% into Whg, and 25% into electroweakinos. Similar to Benchmarks
la and 1b, the most promising discovery modes for A and H in this benchmark scenario at
the LHC are via the topologies 202b, 4b or 202W. However the fact that they are heavier
and both have significant decays into top quark pairs makes detection more challenging.
Stop searches: Both stops are in the 625 — 825 GeV range and decay into many different

channels, including bottom—chargino and top—neutralino final states. Their masses can be
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raised somewhat by lowering the stop mixing, without spoiling the consistency with the
observed Higgs mass. The left-handed sbottom masses are of the same order.
Electroweakino searches: Many different electroweakinos are present in the mass range

of 100 — 350 GeV. The lightest neutralino mass is about 110 GeV. The second and third

lightest neutralinos, as well as the charginos, are about 180 GeV and hence can be looked
for in trilepton searches. Since the lightest electroweakinos are Higgsino and singlino like,
the cross sections are smaller than for winos [55, 56]. In particular, observe that x3 is in
the region marginally excluded by CMS for winos, but since it is mostly an admixture of
Higgsino and singlino, its production cross section is suppressed with respect to the wino
one. Hence there are good prospects to search for some of the electroweakinos efficiently at

Run 2 of the LHC.
Benchmark scenario 3

Benchmark 3 presents a scenario where hg — WW is a relevant search channel at the
LHC. The thermal relic density contribution is small, demanding the presence of non-thermal
production of the lightest neutralino. The spin independent cross section is an order of
magnitude smaller than the current LUX bound. In addition, this scenario has the following
properties:

Higgs searches: The lightest Higgs boson h is the observed (SM-like) Higgs boson with

mass 125 GeV, while the second lightest CP-even Higgs hg is mostly singlet and has a mass
close to the WW threshold, hence decays dominantly into W= pairs. The gluon fusion
production cross section of hg times its branching ratio into W* pairs is about 4% of the
SM cross section for a Higgs boson of the same mass. Hence hg can be efficiently searched
for at the current run of the LHC. The main difference between the Higgs phenomenology for
Benchmarks 2 and 3 is the exchange of roles between the two lightest mainly singlet Higgs
bosons, hg and Ag, since now Ag has a mass of about 130 GeV and decays predominantly
in bottom quark pairs. The heavy Higgs boson H decays prominently into top pairs (45%),
into two different lightest Higgs bosons, hhg (21%) and into electroweakinos (32%). The
CP-odd Higgs boson A has also prominent decays into top pairs (54%), into Z hg (15%)
and into electroweakinos (21%). Therefore, this benchmark may be tested efficiently at the
LHC in the topologies 202W, 2b2W or 4W through the gluon production of A and H and

their subsequent decays into Zhg and hhg, respectively.
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Stop Searches: The stop and sbottom spectra are similar to the ones in Benchmark 2.
Charginos and neutralinos are heavier, but the the third generation squarks may decay into
multiple channels and may be searched for efficiently at the Run 2 of LHC.

Electroweakino searches: The lightest electroweakinos are admixtures of singlinos and

Higgsinos, with mass gaps that are smaller than the weak gauge boson masses. Hence,

searches at the LHC are difficult and will demand high luminosity.
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