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Analysis of the Higgs potentials for two doublets and a singlet
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We consider the most general C P-conserving renormalizable effective scalar potential involving two doublets
plus one singlet Higgs and satisfying the electroweak gauge symmetry. After deriving the electroweak symmetry
breaking conditions, we focus on special cases, characterized by specific symmetry properties and/or relations to
supersymmetry-inspired extensions of the Standard Model [e.g., nearly minimal supersymmetric StandardModel
(nMSSM), next-to-minimal supersymmetric Standard Model (NMSSM), U(1)’ extended minimal supersym-
metric Standard Model (UMSSM)]. We then investigate the question of the reconstruction of the potential
parameters from the Higgs masses and mixing angles and show that in some specific cases, such as the one of an
underlying NMSSM, an accuracy at the order of leading logarithms is achievable with minimal effort. We finally
study a few phenomenological consequences for this latter model. More specifically, we consider how our
parameter reconstruction modifies the outcome of two publicly available codes: MICROMEGAS and NMSSMTOOLS.
We observed noteworthy effects in regions of parameter space where Higgs-to-Higgs decays are relevant,

impacting the collider searches for light Higgs states and the prediction of the dark matter relic density.
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I. INTRODUCTION

The origin of electroweak symmetry breaking (EWSB)
stands as one of the critical questions in high-energy physics,
and a central goal of the Large Hadron Collider (LHC) is to
reveal its nature. The recent discovery of a new massive
boson around 125 GeV [1], reported by both the ATLAS
and CMS Collaborations [2] and supported by the broad
excess seen at TeVatron [3], represents a first step toward
the identification of the Higgs boson and the measurement of
the underlying Higgs potential, a task that only the next
generation of colliders is likely to complete. Although essen-
tially compatible with the Higgs boson of the Standard Model
(SM), this new state may already be hinting toward some new
physics, in that the peaks of the diphoton and ZZ — 4/
decays differ from what one would expect in the SM. The
stronger signal in the H — vy channel, in particular, seems
of importance because this loop-induced process is particu-
larly sensitive to physics beyond the SM. One should also
consider the nonobservation of events at CMS—although
supported by very few statistics—in the H — 77 channel.
Testing the SM nature of this would-be Higgs state and
inspecting possible deviations in its coupling to SM particles
will represent a major undertaking of modern particle physics
and a probable probe into the mechanism of EWSB.

The “Higgs mechanism’[4], involving scalar elemen-
tary fields, is the most efficient way to generate masses for
the fermions and gauge bosons. Its implementation within
the SM is the minimal one: only one scalar field, trans-
forming as a doublet under SU(2);, is introduced to break
the electroweak (EW) symmetry through its vacuum ex-
pectation value (VEV). Nevertheless, the Higgs sector is
still essentially undetermined and there is no reason to stick
to minimality if some benefits should emerge from a more
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elaborate scalar sector. For instance, introducing a second
Higgs doublet allows for an implementation of CP viola-
tion through this sector [5]: CP violation appears in this
context because some of the parameters in the potential of
the two Higgs doublet model (2HDM) can be chosen
complex (nonreal). Yet the requirements relative to neutral
flavor conservation constrain this possibility significantly.
Large flavor-changing couplings of neutral Higgs bosons
can be avoided in the so-called “2HDM of type II,” where
the Higgs doublets H, and H,, of opposite hypercharges
Y = =1, enter separately, and respectively, up- and down-
type Yukawa terms (at tree level). Another (more exotic)
possibility consists of requiring the alignment of the
Yukawa coupling matrices in flavor space (see Ref. [6]).
Although such 2HDMs may hold as autonomous exten-
sions of the SM, they can also be embedded within more
elaborate models: left-right gauge models and their grand
unification theory (GUT) ramifications—Pati-Salam,
S0O(10), etc.—offer a first framework for this operation,
in which the question of CP violation was originally
central [7]. From another angle, the well-documented
“Hierarchy Problem” [8] underlines the theoretical diffi-
culties for understanding the stability of a Higgs mass at
the electroweak scale, with respect to new physics at very
high energies (GUT, Planck scales). Regarding the SM as
the low-energy effective theory of some more fundamental
model, the quadratic sensitivity of scalar squared masses to
new-physics masses would lead to a technically unnatural
fine-tuning of the Higgs-mass parameter in the more fun-
damental theory with the radiative corrections resulting
from the integrated-out new-physics states. .. unless new
physics appears sufficiently close to the electroweak scale,
typically at the TeV scale. Among the proposed solutions,
supersymmetry (SUSY) allows us to stabilize a scalar Higgs
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mass at the electroweak scale, due to the renormalization
properties of supersymmetric theories. However, SUSY being
obviously not realized in low-energy particle physics, viable
SUSY-inspired models need to include SUSY-breaking ef-
fects, which are parametrized within the Lagrangian through
the so-called “soft terms,” generate e.g., mass terms for all
non-SM particles and trigger the Higgs mechanism. This ad
hoc setup could yet remain an acceptable solution to the
hierarchy problem only if the supersymmetry-breaking scale
is near the electroweak scale. Other attractive properties of
SUSY-inspired models lie in the possibility of one-step uni-
fication, due to the more-convergent running of SM-gauge
couplings in the presence of the enlarged SUSY field content
[9] or in the dark matter (DM) sector, the lightest supersym-
metric particle being a stable (or long-lived) and viable
candidate in the presence of (approximate) R-parity [10].
Holomorphicity of the superpotential (cancellation of
gauge anomalies) dictates the requirement for at least two
SU(2); Higgs doublets in a SUSY-inspired model, interven-
ing in a type Il 2HDM fashion, so that both up-type and down-
type masses are generated. The simplest implementation of a
SUSY-inspired SM, known as the minimal supersymmetric
Standard Model (MSSM) [11] confines to this minimal
2HDM requirement. There, the quartic Higgs couplings are
determined by the EW gauge couplings, which results in tight
constraints on the tree-level mass of the lightest Higgs boson:
the latter is indeed bounded from above by the Z°-boson mass
M. Radiative corrections improve this feature and can
arrange for fairly heavy Higgs masses, provided the SUSY-
scale is large enough; see for example [12]. Yet this last
necessity tends to conflict with the naturalness-dictated
=1 TeV SUSY-breaking scale. Accommodating for a Higgs
state at 125 GeV in the MSSM thus severely constrains the
parameter space of this model [13]. Another criticism to this
minimal setup, the so-called *“ w-problem” [14], points out the
necessity of tuning a supersymmetric mass term, the conven-
tionally baptized p parameter, at the electroweak/TeV scale in
order to ensure EWSB: being of supersymmetric origins, this
parameter is in principle unrelated to the SUS Y-breaking scale
and would thus coincide with it out of sheer coincidence.
The introduction of an additional gauge-singlet super-
field S addresses both shortcomings of the MSSM. The u
term can indeed be generated effectively through a ASH,, -
H,; term when the singlet takes a VEV s: w4 = As [15].
Concerning the lightest Higgs mass, the presence of a new
superfield coupling to the Higgs doublets induces additional
contributions to the Higgs mass matrix, so that the MSSM
limit can be exceeded, already at tree level [16,17]. Itis also
worth mentioning that the lightest CP-even Higgs state in
this context might well be dominantly of a singlet nature,
hence, the singlet decoupling from SM fermions and gauge
bosons, essentially invisible at colliders: the SM-like Higgs
state would then be the second lightest, and a small mixing
effect with the singlet would thus shift its mass toward
slightly higher values. In short, radiative corrections are
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no longer the only mechanism able to generate a SM-like
Higgs state heavier than M in such a singlet extension.
The simplest version of such a model with singlet-enlarged
superfield content is known as the next-to-minimal super-
symmetric Standard Model (NMSSM) [18,19]. It relies on a
Z5 discrete symmetry in order to forbid all dimensional
parameters (including w) in the superpotential, so that the
soft terms provide the only relevant scale in the scalar poten-
tial, triggering the EWSB. Several other SUSY models engag-
ing a singlet in addition to the two Higgs doublets are to be
found in the literature, including the nearly minimal super-
symmetric Standard Model [nearly minimal supersymmetric
standard model (nMSSM), sometimes MNSSM] [20,21],
U(1) extended MSSMs, with their simplest version known
as the UMSSM [22], models based on the Eq exceptional
group [23], SUSY/compositeness hybrids such as “fat Higgs
models” [24] and models using the Seiberg duality [25], etc.
In the present paper, we aim at studying the effective Higgs
potential involving 2 doublet +1 singlet Higgs fields. The
relations between physical input, represented by the mass
matrices and mixing angles, and the parameters of the poten-
tial, as well as the trilinear Higgs couplings, shall be at the
center of this discussion, in view of a possible reconstruction
of the potential from such input at and beyond leading order
(LO). Similar analyses for the 1-doublet setup [26] or the
2-doublet setup, for instance in Ref. [27], with the MSSM as a
background model, have already been proposed in the litera-
ture. Given that the singlet extensions of the MSSM offer a
natural origin to our 2-doublet + 1-singlet setup, we shall
refer and return explicitly to such models in the course of our
discussion: specific attention will be dedicated in particular to
the n/NMSSM or the UMSSM. Most of our discussion
should, however, be generalizable to other models resulting
in a 2-doublet + 1-singlet Higgs potential,' as long as match-
ing conditions and/or symmetry properties are satisfied. The
first part of the present paper shall be dedicated to the
presentation of the general framework, including notations,
the discussion of residual symmetries and the pattern of
EWSB leading to the Higgs spectrum. In the second part,
we shall focus on the question of the reconstruction of the
potential from a measurement of the Higgs masses and
mixing angles; beyond the general case where a large number
of undetermined parameters remain, the possibility of a
reconstruction in constrained models will be discussed at
leading order. The analysis of the large logarithms appearing
in the Coleman-Weinberg [29,30] approach shall convince
us, in particular, that a full reconstruction at the order of
leading logarithms should be achievable in the Z;-symmetric
case, represented by an underlying NMSSM. Concentrating

'We have already referred to left-right models and their GUT
extensions as an alternative approach to the 2HDM framework.
Note that the addition of a SM-gauge singlet is essentially an
undemanding requirement and may be arranged within such
models as well. An interpretation of DM in such a context has
actually been proposed in Ref. [28] (and references therein).

115024-2



ANALYSIS OF THE HIGGS POTENTIALS FOR TWO ...

on the NMSSM in the last part, we shall analyze the phe-
nomenological consequences for this model, both in terms of
constraints from Higgs-to-Higgs decays and computation of
the dark matter relic density. The decay h? — yy [31] will
also be revisited, although little impact is expected there.
This phenomenological analysis will rely on the numerical
output of several public codes, including NMSSMTOOLS_3.2.0
[32,33], MICROMEGAS_2.4.1 [34,35] and a version of SLOOPS
[36,37] adapted to the NMSSM [38].

II. TWO HIGGS DOUBLET PLUS ONE
SINGLET POTENTIAL

A. General parametrization

New physics effects are most conveniently encoded in

terms of effective Lagrangians. Under the guidelines of
|
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Lorentz and gauge invariance, as well as possible additional
symmetries, one can write a list of all the operators, classified
according to their mass dimension. For the two SU(2); dou-
blets and the singlet, we shall use the following notations (with
vy, v, and s representing the VEVs of these fields):

(vd + (hG + iaf})/ﬁ)
Hd: ,
H,

H+
H, ! :
(Uu + (hf) + iaﬁ)/ﬁ)
S =5+ (h + ia%)/V2.

2.1

The most general Higgs potential involving these fields and
compatible with the electroweak gauge symmetry then reads
as follows when one restricts to renormalizable terms:

A

A
Vi =m} |H,* +m} |H)* — (m},H, - Hy +He) + ?1|Hd|4 + 72|Hu|4 + A51H 1P H

A
SN P [, )P+ el P+ AP, - Hy + e

2 A 2 ~2
+ m2ISI? + K2|S|* + [ATS + %52 +‘%S3 +%S|S|2 + %54 + %SzlSlz + H.C.]

+[ASH, -Hy + A, S*H, - Hy + A\y|SI*H, - Hy + \¥S?H, - H, + A¥S?H,, - H, + H.c.]

+ ASISIP1H, 1> + ALISIPIH 1> + [(A,eS + A4S H, > + (AyeS + A$S?)|H,|> + Hoe.]

The first two lines comprise the usual 2HDM potential, the
third line, the pure-singlet terms and the latter two, the
singlet-doublet mixing terms. m3; , m3; , Ay, Ay, A3, A4, M3,
k%, A% and A% are 10 real parameters, while m?,, As, Ag, A7,
)‘T’ M~§’ AS’ AS’ Ké’ k%, Aud’ Aud’ /\M’ /\g’ /\[}’/I’ Au.w Ads’ )‘?’
and A% are, in principle, 19 complex parameters. One
parameter (e.g., Ar) is superfluous and may be absorbed

in a translation of the singlet; three others (m2, m%, and

m%{d) can be traded for the field vacuum expectation values
through the minimization conditions. From now on, we
will consider, for simplicity, that all the parameters are
real, hence barring the possibility of CP violation. (We
will, however, continue to refer to the 19 potentially non-
real parameters as ‘‘complex” parameters.)

B. Symmetry classification

By imposing additional symmetries, the form of the
potential in Eq. (2.2) can be further constrained at the
classical level and the remaining parameters® A will be
called “classical” parameters. At the quantum level,
all the eliminated terms )t?m may reappear, in principle, if
the symmetry is broken, either directly by the quantum
fluctuations or spontaneously when the fields acquire
VEVs. In the later case, symmetry violation is a relic from

2We shall use the notation A; in order to concisely refer to any
parameter entering Eq. (2.2).

2.2)

|
higher-dimensional operators at the nonsymmetric vacuum,
due to the truncation of the potential to dimension = 4 terms.
To be definite, if at high energy, beyond a certain scale A, the
symmetry holds, the potential 'V is then well approximated
by its classical form (the symmetry-violating effects being
negligible) and the A$' at the scale A may be chosen as
boundary conditions for the general parameters of Eq. (2.2),

A8 = A(A);

such that V = V(AY(A)). At scales u << A, however,
symmetry-violating effects are no longer negligible so that
nontrivial values of A9™ are generated by the renormalization
group equations.
We shall now enumerate the following possible symme-
tries one can impose on the potential of Eq. (2.2):
(i) Discrete Z, symmetries are characterized by the trans-
formations ® > ¢+ d, where & = S, H,, H, and
Qs 1, u, are the charges under the discrete symmetry
group. They allow for significant selectivity among the
complex terms of the general potential, while avoiding
the problem of an axion (unless the potential they induce
is also accidentally U(1) invariant). Spontaneous break-
down of these symmetries (through Higgs VEVs), how-
ever, generically leads to cosmological difficulties, in
the form of a domain-wall problem [39], which should
then be addressed separately.
(1) The complex doublet terms are controlled

by Qu, + Qu,: Qu, + Ou, = 0[n] causes no

A =0 2.3)
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constraint; for even n, Qy + Qy, = g[n] The tree-level conditions resulting from the
allows only for A5. Other choices forbid all the NMSSM read
corresponding terms.
(2) Complex mixing terms are governed by both g +3g”? g —3g"”
Oy, + Oy, and Qg. Only in the case {Qy + A= 4 =Ay A= 4
Qpu, = 0[n], Q5 = O[n]} are they all allowed by g2
the Z,, symmetry. Otherwise, the relative choice Ay=A%— 5 Ap= A=A
of Q5 and Qy + Qy, constrains them, with AWMk Ao kA (2.5)
the specific values Qg = *(Qy + Oy )nl, P s K
205 = *(Qpy, + Qp,)n] and up to the exclu- Au=My; K=K
sion of all these terms.

(3) The complex singlet terms are governed by Oy, Our notations for the SUSY parameters follow those
ranging from conservation of all (Q¢ = 0[n]) to of Ref. [18], except for the electroweak gauge cou-
exclusion of all, with the special cases 2Qg = plings which we denote as g’ and g for, respectively,
0[n], 305 = 0[n] and 405 = O[n]. the hypercharge U(1)y and the SU(2), symmetry.

(i) Continuous global symmetries are essentially global
phase transformations ® > ¢'%**®, that is U(1)
Peccei-Quinn (P.Q.) symmetries [40]. Such symme-
tries are spontaneously broken by the VEVs of the
Higgs fields so that they produce massless axions.

A typical example for such a discrete symmetry and
deserving particular attention is that of the Z5 sym-
metry with charges Qg u, = 1. This corresponds
to the case of an underlying NMSSM. Invariance

2 .
under ® — €5 ® reduces the potential to the form, They are also chiral in nature, so that anomalies will
s ) ) 5 oA A A . be generated at the quantum level (unless the field
VL =my, |H,|*+ mH,,|Hd| + 7|Hd| + 7|Hu| content is enlarged so as to cancel them). Such

symmetries are thus likely to stand only as approxi-

mate limiting cases.

(1) {Qu, + Ou, = 0, Q5 = 0} is automatically sat-
isfied; this is the hypercharge.

+ A§|S|2|Hd|2+[AudSHu ‘H, 2) {QH“ +0u,=0,05 # 0} preserves the dou-

blet potential while constraining drastically the

singlet couplings,

+ A3|Hu|2|Hd|2 + A4|Hu 'Hd|2 +m§|S|2

A
+ K2|S]4 + [?353 + H.c.] + A4]S |12 H,, |2

+ AMS2H, - H,+H.c.] (2.4)
|

i A A
bo = my |H,* + mj, |H,* — (m},H, - H; + Hec.) + ?llHd|4 - 72|H”|4

A
+ N3|HPIHG? + AflH, - Hyl? + [75(1‘1” “Hg)? + (NlH? + M|Hy)H, - Hy + H-C']
+ mi[S|> + k2S|* + ALISIP|H, |2 + ALISIPIH 412 + (AyISIPH, - Hy + H.c.). (2.6)

(3) {Qn, + Qu, # 0, Qg = 0} constrains severely the doublet sector, as well as the mixing terms, while leaving the
pure-singlet potential untouched,

; A A
Vg = miy |HP + miy \H P+ SN + 2 H N+ DIH PP + AlH, - HP

2 A A 2 ~2
+ mIS12 + 2SI + I:ATS +Hsg g s+ slsl + Ks gt 4 %SZISIZ + H.C.]

2 4
+ ABISPIH, P + ASISIPH > + [ApS?|H, 1 + X682 Hyl* + H.e.]
+[A,S|H,|? + Ay S|H,? + Hel .7)

@ {Qn, + Ou, # 0,05 = —(Qp, + Qp,)} is the “usual” Peccei-Quinn symmetry (e.g., Ref. [41]) and, without
loss of generality, one may choose (Qy, = 1 = Qy,, Og = —2). It induces a potential of the same form as that
of the Z; symmetry [Eq. (2.4)], with the further requirement that Ag and A} vanish,

) A
Vig = miy, [P+ mijy |H + 2 H | + 72|HM|4 + MIHPIHG? + AH, - Hyl> + m3S)?

+ 1 2IS1* + ALISIPIH, > + AGISIPIHy|? + [A0SH, - Hy + Hee.] (2.8)
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(5) {Qu, + Ou, #0,05=Qp, + Op,} is equivalent
to the preceding case with the replacement
S8 =5

(6) {On, + Qu, # 0,05 =3(Qp, + Qu,)} is a
variant, concerning the singlet-doublet mixing
sector. This is again a subcase of the Z; poten-
tial [Eq. (2.4)], with vanishing Ag and A,,;; in a
coarse understanding of the term, this may be
considered as the “R-symmetric”’ potential,

VS

Ay
PO m%;“|Hu|2 + m%-lledP + 7|Hd|4

A
+ ngul“ + A3l H, P H |

+ MlH, - Hyl? + m3|SI1? + k28]
+ ALISIPIH, 2 + AISIPIH 2

+ [A¥S*2H, - H; + H.c.]. (2.9

Note that if one is interested in a SUSY-inspired
model, this PQ’ symmetry would a priori forbid
the ASH,, - H,; term, resulting in vanishing tree-
level conditions for most of the parameters of
Eq. (2.9); it is therefore best understood as an R
symmetry at the SUSY level.

(7) {Qu, + Qu, #0,05=—%(Qp, + Op,)} is equi-
valent to the preceding choice, with the replace-
ment S — § = §*.

(8) {Qu, + Qu, # 0,05 # ={0,3, 1{Qp, + Op,)}
forblds all the complex terms, hence leading to
another, more constrained subcase of the Z;
potential,

- Ay
Vig =my |H,* +my |H* + 7|Hd|4

A
+ SH, I+ Al H PP
+ )l4|Hu . Hd|2 + m§|S|2 + K2|S|4
+ ABISPIH,? + AZISPIH . (2.10)

In the following, we shall focus only on V3 po and
Vs PO’ which both can be viewed as subcases of VS

(iii) U(1) gauge symmetries can be regarded as the
gauged version of the P.Q. symmetries, with the
important consequence that the P.Q. axion is now
unphysical. They emerge naturally from U(1)’
SUSY models, containing SM singlets charged under
the additional U(1)" gauge symmetry and breaking it
spontaneously while acquiring VEVs. The simplest
version of such models, with only one singlet, is called
UMSSM [22] and leads back to the Z;-invan'ant
Higgs potential, but with vanishing Ag and AY, i.e.,
Vivssy = Vs po: see Eq. (2.8). The further tree-
level conditions are shifted from Eq. (2.5) according
to (with Qg y 7, as the Higgs charges under the U(1)’
symmetry and g, as the coupling constant)

PHYSICAL REVIEW D 86, 115024 (2012)

L &7

A= App + QHM,

Az — A3+ gz/QH,,QHd;
d d 22 .
)‘7’ - AIM’ + gZ/QHu,ll,

@.11)

g/
2 ZQS

Note that the SM fermion sector is also charged under
the U(1)’ gauge group, so as to ensure invariance of the
usual Yukawa terms. To avoid a chiral anomaly of the
U(1)' symmetry, an exotic fermion sector will also be
necessary.

One may also write tree-level conditions of a different
form, not protected by any symmetry. This is the case, for
instance, in the nMSSM, where a Z% or a Z8 symmetry [21]
isimposed at the level of the superpotential, so as to forbid all
renormalizable pure singlet terms, then broken explicitly by
gravity effects in order to arrange for an effective tadpole
term (so as to break the resulting P.Q. symmetry), broken also
explicitly by the soft terms. The tree-level potential then
differs from the Z; case (2.4) by the following requirements:

Aé” =k=Ag=0; Ar, m%z # 0. (2.12)
We hence define

§ =m} |H,* +m} |H,\> — (m},H, - Hy + Hc.)

A A
+ 7‘ |H,* + flﬂul‘* + A31H, 1P H

+ MIH, - Hyl? + m3|S1? + [A7S + Hee]
+ ABISIPIH, 1> + AGISIP | H )

+ [AudSHM . Hd + HC] (213)

While the absence of a residual symmetry at low energy is a
deliberate feature of the nMSSM (in order to circumvent both
axion and domain-wall problems), the resulting lack of pro-
tection of the tree-level couplings at low energy will lead to
sizeable consequences for the parameter reconstruction at the
loop level, as we will see later.

C. Mass matrices

Spontaneous symmetry breaking is achieved when the
scalar fields develop a VEV,

<Hu>=<f>, <Hd>=(l(’)”’), (=5 (214)

Imposing the minimization conditions associated with
the most general potential in Eq. (2.2), one may trade
the parameters mjy; , my; , m3 for the VEVs v,, v, s.

Introducing the wusual definitions v = ‘/vﬁ + v =
174 GeV, tanB = v, /v,, we can write these relations as’

3We use the shorthand notations c 8= cosp,
spp = sin2B, tg = tan, etc.

sg = sinf3,
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my = [Aug + Aua + WY+ X+ Nyp)slstg — 244 + (XS + 24%)s]s — AjvPeh — (A3 + Ay + As)v?sh,
+ ()\6v2s% —m})tg + 305,54
my =[Awa + A + QY + XY+ Ny)slsig! — [24,, + (A% + 24%)s]s — 02y — (A3 + Ay + As)vPcs
+ ()\7vzc% - m%z)t[;l + 3v25556

~ ~ 'UZS ~
m3 = [Aug + Ayg + 204 + X2+ A,p)s] zsm —[As + Ag + 262 + K3 + &2)s]s
- - 2 A
— [(Ays + 2X55)53 + (Ags + 2)&,&)@]% ~ ApvPsy — Afvich = L — ik (2.15)

The quadratic terms in H, , provide us with the charged Higgs mass matrix,

. - 1 PL
‘M%Ii = [(Aud + Aud + (A']f"/[ + Ag + AM)S)S - (E (A4 + )15)525 - A(,S% - A7C%)U2 - m%z:”: "; p } (216)
B

Its diagonalization expectedly delivers (massless) charged Goldstone bosons G* = cosH — sinBH,; and the physical
charged Higgs H* = cospBH, + sinBH; with mass,

2 ~ - 1
m%_lz = S—[(Aud + Aud + (/\IA;[ + )\][‘)4 + )lM)S)S - (5 ()\4 + AS)SQﬁ - )\65%3 - A7C%)U2 - m%z] (217)
2B

We turn to the CP-odd squared mass matrix, written in the basis (a9, a9, a?),

My =[Aug + Ay + Y + A+ 1)9)s + (Agsp + Arch — Assrp)v” — milig
M%ZZ = [(Aud + Aud + ()l];)/[ + X?;l + AM)S)S + ()t6s213 + )\76%3 - )l552ﬁ)v2 - m%z]tgl

: i
N - A
My = s + Aug + 404+ 151728 — 345+ 55+ @i+ &s s

-[A,, + 4X§$S)s,28 + (A, + 4)~\dps)c%]%2 —2ui - %
M3y =[Au + Aug + (A + XY + Ay)s]s + (X653 + Aych = Assyp)v® — mby
M3y =[Aug = Aug — 200 = A)slusg
Mz = [Aua = Aua = 200 = AF)s]vcg. (2.18)

The neutral Goldstone boson G° = Cos,Bag — sinBaY can be isolated through the rotation with angle 8, and we are left
with the 2 X 2 matrix M2, in the basis (a), a3), with a, = cosBaj + sinBal,

2 ~ -
M%/“ = E[(Aud + At ()‘y + )‘11‘34 + Ay)s)s — ()lsszﬁ - )\65%3 - )\7C%;)U2 - m%z]

UZSZB
N

M2, =[Ayg + Aug + 4AY + X)s] 3

A
B [3As + 75 + (45 + kg)s]s
- B V2 A
[y + 485155 + (A + AR9IG1 " = 203 =2
My = [Aug = Ay = 200 = A)s]v. 2.19)

M3, is diagonalized in the subblock of the physical states (af), a$) by the orthogonal matrix P’ to give the two physical
CP-odd squared mass mio, mio, such that
1 2

diag(m?,, m2,) = P' M3, P'~". (2.20)
1 2

Finally, the CP-even squared mass matrix, in the basis (h9, 19, h%), reads
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Mi = [(A + Aug + MY+ XY + Ayp)s)s + ()\6523
My, =
M533 [Au + Aud] 23 + [Ag + Ag +2(2k% + K

My = —[Aw + Ay + ()U,‘f + A+ Np)sls + (A3 + Ay + As)sag
~[Ayg + Aug + 200 + XY+ Ay)sTusg + 2[Ay, + (A4 + 248)sTveg
—[Ayg + Aug + 2008 + A+ Ny)sTveg + 2[A, + (A + 248)s]vsg,

MSIS =
2
My =

which is diagonalized by a 3 X 3 orthogonal matrix S,
resulting in three CP-even squared masses m?> 2

h()s tha mh()a
such that

dlag(mho, > hO) = SMiS L. (2.22)
We are thus finally left with seven physical Higgs particles
once the three Goldstone bosons G°, G=, giving mass to
the W* and Z° bosons, have been discarded. In the par-
ticular case of the U(1)’ gauge symmetry, however, the P.Q.
axion (associated to the vanishing eigenvalue of M%,) is
also unphysical (giving mass to the Z’'-boson gauge field of
the U(1)' symmetry [22]), so that we are left with only one

CP-odd physical mass.

III. RECONSTRUCTION OF THE
EFFECTIVE PARAMETERS

A. Masses and mixing angles as physical input

From an experimental point of view, the A; parameters
are not directly accessible: they will enter as combinations
within the expressions for the Higgs masses and self-
couplings. The latter can hopefully be accessed through
the experimental measurement of physical quantities.
Inverting the system, we can therefore trade some A;
parameters for such physical input. In the simplest case,
one would directly use the Higgs masses and their mixing
angles, assuming these can be measured (e.g., from fermion/
gauge couplings), as the new, physical input. For the
2-doublet + 1-singlet system, such quantities provide us with
12 conditions (input measurements) on the A;’s: the masses of
the two CP-odd bosons, three CP-even and one (complex)
charged Higgs; the mixing angles from the CP-even (3),
CP-odd (1) and the Goldstone (1: ) sectors; finally, the

electroweak VEV, v =

Should those 12 relations prove insufficient to determine
all the A;’s (as is obviously the case for the most general
potential), one would have to resort to Higgs self-couplings
(or input from another sector) in order to fully determine the
parameters. Accessing such self-couplings would require that
double or triple Higgs productions are kinematically open.
This task would most comprehensibly be done at future linear
colliders. In the meanwhile, the measurements of masses and
mixing angles still allow for a partial inversion.

v2 + v} (from My, for example).
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- 3/\7C2B)U2 - m%z]tﬁ + 2/\1U2C23
(A + Ay + ()\M + XY+ Ay)s)s + (Mg — 3Agsp)v? — miy)]ig! + 20,075

v oA
(Auss%g + Adsc%')_ -
s 2.21)

- 3()16s2B + )\7C%)]U2 + mi,

+ R3)s]s —

[

We will assume in the following that all the Higgs
masses have been measured. Note that this hypothesis is
somewhat optimistic since singlet-like fields do not couple
directly to SM fermions and gauge bosons and, hence, are
essentially elusive: only when there is substantial mixing
with the doublet states can we expect to access them
without having to rely on multi-Higgs couplings. As for
the mixing angles, assuming all the Higgs states have been
observed in SM decay channels, one can derive them from
the couplings to fermions (note that leptonic decay chan-
nels are likely to give cleaner information) and gauge
bosons. For a type Il model, we have (taken from Ref. [18])

Y Y
Wity = — =58, Wby by = %S,
i‘L'R \/5 2 iYLYR 5 1
_ Y, .Y
hT 7h = \/_zsil adt ty = _l\/_%cﬁpﬁ

Y,
adb by = i—LsgP)

NGl

0 c — 7
a;T TR =1

H+bLt%:YtCB H_tLb%: _Ybs,B
HiVTLTfe = _YTS,B’ (31)
where
="y, =y = 3.2)
USB UC.B ‘UCB

and (we mention here only the one Higgs to two gauge
couplings; note that, albeit more difficult to measure, two
Higgs to one gauge as well as quartic couplings shall play a
very important role for testing the model),

/2+ 2
gTU(C‘BS[] + sﬁSiZ)

2 3.3)
U(C,BSI'I + SBSi2)'

h?ZMZ,, = 8uv

hWiw, = g’”j_i
Combining Higgs couplings to the vector bosons with
those to up/down fermions, one can access e.g., S;;/Sp.
Moreover, one may be tempted to use Higgs decays into
two photons to extract information about the mixing
angles: even admitting that such processes are dominated
by quark loops, the corresponding relation of branching
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ratios to mixing angles is already nontrivial and would
require an involved extraction procedure for exploitation.

Unitarity relations could also prove useful. For example, a
“missing” matrix element S;; could be reconstructed from

3 3
D SuSy=28,=> SuSy ij=123. (3.4)
k=0 k=0

A possible (naive) strategy to reconstruct the mixing
angles would be the following: having measured the
charged Higgs decay into third generation quarks, one
could then deduce ¢4, since the ratio m,;,/v is fixed by
SM measurements. Then the (doublet) elements S;;, S,
P!, could be obtained unambiguously from the decays of
neutral Higgs states into fermions and gauge bosons. The
unitarity relations would finally provide the magnitude of

the S;; and P!, (singlet) elements. |

v2

_3A5S + (Aud + 4)\];;45‘)

where Ap>%, A2, A, Ag™?, Ag%13% are given by
r

AR = (A, —2ALs)v

v2

2

Ap= (A +4AYs)

2s

SZ,B _
2s

] [(Aug + AMs)s — m%z]tﬁ + 2/\1v2C%3 = mZ?S?I - )1}9

Ags + 4K25% + Ay Losyp — A1 =

|~ (A + 20 s)veg + 2A4svsg
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Note finally that while a full experimental determination
of the Higgs mass matrices may seem overly optimistic in
the short run, there exists a practical case where we have
access to such data: it is that of the output of spectrum
generators (e.g., the publicly available NMSSMTOOLS, [32]).
We will resort to that practical application in the last part of
the present paper.

B. Partial reconstruction in the general case

Considering the general potential of Eq. (2.2) and discard-
ing any assumption as to an underlying model, a complete
reconstruction of the 29 parameters (28 of which are relevant)
cannot succeed with only the 12 mass/mixing conditions,
which calls for the measurement of Higgs self-couplings.
Yet, information from Egs. (2.17), (2.20), and (2.22) can
already be implemented in a partial reconstruction,

([(Aug + AMs)s — m%z]é = miopﬁ + AL
(s = 2050 = PPl + A7

— 2 pR2 2
TT B ma?PiZ + /\P

2 A —
E[(A“d + A s)s — Fvis — m%z] =m2. + A

H*

, (3.5)

(A, + AMs)s — m%Q]tgl + 2)\2v2szﬁ = mfl?S%z — A2

2.2 _ )3
mh?Si3 A

_(Aud + Ays)s + ()\3 + )l4)'U2S2B + m%z = mi?S“Siz - A;Z
_(Aud + 2)\%5‘)1}5"3 + 2/\dPSUCB = miOS“SB - A;.’a

— 2 _ 23
= m SQSB /\S

ho
i

Ap= _é[z(gud + (Al Ap)s)s = (Ass25 = Agsy — Arcp)v?]

2 4 [AT @i+ Rs)s]s LAy +4T85)5% + (Agy +485) 312 + 2402

/\i = _é[(/{ud + (/{9)4 + /\M)S)S - (%ASSZ,B - /\@S‘% — /\7CZB)U2]
I =[A+ A+ Ay)s)s + ()L6s%g - 3/\7c25)v2]t[;
A5 =[(Au+ A+ Ay)s)s + (A7¢5 —3Ae5p)v7 15!

(3.6)

A=A, Yy Ags +2(k3 + R%)s* — (Auss +Adsc%)%2
AE=—(Aq+ (AF + Xy)s)s + [Ass25 — 3(Ags% + Agch) v?
AP = —[A4+2(AY + Ay)slvs g +2(24%s + Ay)veg

AP = —[A,q + 200 + Ay)slve +2Q2A5s + Ay, )usg
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Our (arbitrary) choice in ordering the parameters within
Egs. (3.5) and (3.6) was guided by the terms that are
relevant at leading order in the n/NMSSM and the
UMSSM potentials. Beyond mj; , m3, , mg, which are
common to the three models, those are given by

NMSSM: A1_4, )l?)’d, /\][‘r/[; KZ: Aud> AS
nMSSM: A]_4, m%z, Al}l)‘d; )\T’ Aud
UMSSM: Aj_y, A4%, K2 A,y

These parameters were collected on the left-hand side of
Eq. (3.5), while the remaining ones enter the right-hand
side through Eq. (3.6).

Note that the relations of Eq. (3.5) hold at any order
(since Eq. (2.2) is the most general renormalizable poten-
tial satisfying the gauge symmetry). A practical use of
Eq. (3.5) would lie in a model-independent analysis of a
2-doublet +1 singlet potential (in order to discriminate
among models, constrain them through precision tests).
Then the 12 mass conditions can be used to simplify 12
(arbitrarily chosen) parameters, hence leaving the remaining
couplings as the relevant degrees of freedom intervening in/to
be determined from the Higgs self-couplings. Not much
predictivity should be expected, however, in this general case.

C. Reconstruction at the classical level
in the constrained models

We focus here on the specific cases inspired by the
SUSY models: V3, VfJQ, ViQ, and Vi. Note that

such potentials are considered at the classical order: quantum
effects and explicit/spontaneous breaking of the symmetries
in principle destabilize those potentials to generate the most
general one. At this leading order, however, the Egs. (3.6)
vanish, leaving Egs. (3.5) in a very simple form. Note addi-
tionally the further requirements for each potential:

Viimh =M =0
ViiAg=k>=A;=0
VipiAs = Ay =m} =27 =0

’V;Q/: AS = Aud = m%z/\T - O
We end up with 11 classical parameters and 11 con-
ditions* for both the potentials V;Q and Vf,Q,. In these

cases, all the parameters in the Higgs potential can thus be
reconstructed (at leading order) from Higgs masses and
mixings: this procedure is explicitly carried out in
Appendix A, Egs. (AS) and (A6).

In the case of V%z, the 13 classical parameters cannot be
fully determined from the twelve conditions. The remain-
ing degree of freedom is conveniently chosen as the singlet

“The explicit presence of a P.Q. axion, identified as a‘l’, leads to
one trivial condition in the CP-odd sector.
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VEV s; the reconstruction is also given in Appendix A,
Egs. (A1) and (A2). Several tracks can be followed in order
to determine this remaining degree of freedom. The first
one, sticking to the Higgs potential, would consist in rely-
ing on trilinear couplings, such as WYH*H™~ or hja}al,
where the neutral Higgs fields would be largely singlet in
nature: kinematical limits and the elusive nature of singlets
would tend to disfavor this strategy. Another possibility
would be to input information from some other sector (if
any): measurement of the Higgsino masses in the NMSSM
could provide the missing information. Finally, a more
predictive option would be to enforce some additional
requirement, such as relations among the tree-level cou-

plings: the tree-level relations of the NMSSM, % =1or
Kz(a/\’;ﬂrb/\f,) - P

—ri—=% = 1 (where a, b are real numbers), for instance,
(A2 (a+b)
or a measure of the P.Q. symmetry breaking, such as

(a+b)AM s
PV }(’% ~ 4, may be used as guidelines.

Finally for V%, we have 12 parameters and 12 condi-
tions. Yet a full inversion is not possible either, because
CP-even and CP-odd singlet masses are explicitly degen-
erate in this potential, leaving a bound system. The remain-
ing degree of freedom is again chosen as the singlet VEV s
in Appendix A, Eq. (A7), but could be replaced by e.g., Ar,
as a measure of the violation of Z3, for example.

So far, we have considered only the Higgs potentials
separately. Moving explicitly to the underlying SUSY
models, however, the A;’s are further constrained by the
tree-level relations resulting from their supersymmetric
origins: we count seven parameters in the nMSSM Higgs
sector (A, m?,, m%, m%,d, m%, A, A,), seven in the
NMSSM as well (m%,u, m%,d, m3, A, Ay, k, A,) and six in
the UMSSM (m%,u, m%,d, m%, A, A, g; note that we regard
the Higgs charges under U(1)’ as fixed). Those parameters
are then overconstrained by Eq. (3.5) and one should thus
consider the remaining conditions as a measurement of the
deviation from tree-level conditions due to higher orders
(we remind here that the tree-level relations induced by the
model of origin among the parameters of the potential are
likely to be spoiled by quantum corrections). Depending on
the information at our disposal in the remaining spectrum
(e.g., SUSY masses), such conditions may be used to
estimate the missing parameters (e.g., sfermion masses or
trilinear soft couplings) or regarded as precision tests of the
model. Note that if the SUSY spectrum is sufficiently
documented as well, this measurement of the Higgs pa-
rameters at leading order would allow for a (perturbative)
computation of all the A;’s within the specific models at
higher orders.

D. Reconstruction at the loop level:
NMSSM vs nMSSM

Now we want to apply this formalism to higher-order
effects. The purpose is simple: it has been shown that, in
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the MSSM, the bulk of the corrections in Higgs-to-Higgs
couplings could be absorbed in writing such couplings
in terms of the corrected masses (see for example
Refs. [42,43] and the third reference in Ref. [44]); could
a similar recipe apply to the 2-doublet +1 singlet setup? A
first strategy is the one presented at the end of the previous
subsection. In a definite model, the Higgs spectrum may
allow for a determination of the Higgs parameters at lead-
ing order; then, provided sufficient information from the
other sectors stands at our disposal, reconstructing all the
A;’s at higher order is simply a matter of perturbative
calculations. Yet, this approach relies on a heavy machi-
nery and on input which is external to the Higgs sector. We
would like to consider cases where input from the Higgs
sector only (or almost only) would already improve on the
simple tree-level expression for the Higgs self-couplings.
In principle, whatever the potential looked like at the
classical level, quantum corrections will generate contri-
butions to all the parameters in the general potential—
Eq. (2.2)—(unless a symmetry protects certain parameters,
but we have seen that such symmetries are spontaneously
broken by the Higgs VEVs anyway). Therefore, while the
partial inversion of the general case [Eqgs. (3.5) and (3.6)] is
J

{mz = ul+ 6ul+ 6+ (A+ 8A+ SANH)Y + (A + A+ SAH)? = m2,. + 0(8, )

PHYSICAL REVIEW D 86, 115024 (2012)

still possible, little predictivity or practical use is to be
expected from such relations, because the number of
undetermined parameters is high. To extract meaningful
information, beyond the leading order, from the Higgs
spectrum, one would need the corrected potential to retain
a sufficiently simple form beyond the classical order.

To be more specific, we consider a tree-level potential of
the form (H representing any of the Higgs fields, u?, a
bilinear, A, a trilinear, and A;, a quartic coupling),

Viee = W>H*> + AH? + A\H*. (3.7)

We now include the radiative corrections, which shift the
potential as

Ve = (u? + Su2)H?* + (A + SA)H? + (A + SA)H?
+ 8a*H? + SAH? + 6AH?, (3.8)

where 2, 5A and 8 represent corrections to parameters
existing at tree level, while 642, 8A and 8 denote new
couplings that were forbidden by symmetries at tree level
and emerge only at the radiative level. Neglecting numeri-
cal coefficients, the corrected Higgs mass m? and the tri-
linear self-coupling g will read (schematically)

(3.9)

g=A+S8A+ A+ A+ A+ SAH) = gyee + 0(8,5)

(with the short-hand notation 6/ for loop-induced cor-
rections to parameters present/absent at tree level.) We now
assume that we have access to the mass m2, either from
experimental data or from a spectrum generator. Using g ,c.
in the computation of physical quantities (branching ratios,

cross sections) will result in an error of order 0(%). If we

use the expression for the corrected mass to inverse (par-
tially) the relation between mass and tree-level parameters,
we obtain 8 = §,, + O(5), where §,, symbolizes the
result of the inversion procedure. The trilinear couplings
then provide g,,» = g + O(§), resulting in an error of @(f)
at the level of cross sections/branching ratios. Claiming
that the inversion procedure carries any improvement with
respect to a simple tree-level evaluation holds at the sole
condition that radiative corrections J to tree-level parame-
ters are more important, in magnitude, than the contribu-
tions & to other operators. Otherwise, even if we identify
the parameters subject to large contributions, it is unlikely
that the mass matrices would suffice in determining both
these parameters and those intervening at tree level, unless
we input some additional tree-level relations, as in the case
of the matching conditions in Egs. (2.5), (2.11), and (2.12).

This discussion shows that, to extract some benefits—
beyond the leading order—from the conditions relating
masses to effective parameters, we need to identify which
terms are potentially subject to large radiative corrections.

A simple criterion can be invoked at the one-loop level: it is
that of the leading logarithms. To identify those, we simply
resort to the Coleman-Weinberg [29] one-loop effective
potential and analyze the outcome for the special case of
the SUS Y-inspired models under scrutiny. This method has
long been employed for the computation of corrections to
the Higgs masses, both in the MSSM [44] and in the
NMSSM [18,32] (and references therein). In this approach,
the effective corrections to the scalar potential at a scale A
are determined by the field-dependent, tree-level mass
matrices Mé(S, H; H,, ...) of the various fields ® enter-
ing the spectrum, according to (in the DR-scheme, but note
that we shall be interested in the logarithms only)

_ ! i [ (M) _ 3
)= a2 Comi{(78) - 3]

(3.10)

AVA(S, Hy H,y, ..

Here Cg, which counts the degrees of freedom, takes the
values 1 for real scalar fields, 2 for complex ones, —2 for
Majorana fermions, —4 for Dirac fermions and 3 for real
gauge fields. Note that we are interested in the Higgs
potential solely, so that we will retain dependence on
S, Hy, H, only, within M%I,. Moreover, we consider no
EW-violating effects so that we will not expand the
doublet fields H;, H, around their VEVs (except within
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logarithms). Additionally, the SU(2); symmetry can then
be invoked to retain only the neutral Higgs fields S, H), HY
(the dependence on the charged Higgs fields can then be
restored afterwards in virtue of SU(2); : only the A3 and A4
parameters cannot be disentangled in this fashion, but both
parameters being present at tree level in the models we
consider, this will be of little consequence for our analy-
sis). We then determine the contributions to the parameters
of Eq. (2.2) by letting the singlet take its VEV, S = s + §,
then truncating Eq. (3.10) to renormalizable terms, finally
projecting on the couplings of Eq. (2.2).

The results of our analysis of the large logarithms, in the
cases of the NMSSM and nMSSM, are provided in
Appendix C. The situation of the NMSSM is quite simple:
leading logarithms favor Z;-conserving terms. We can thus
claim, for this model, that the inversion procedure for the
Z5-conserving potential, presented in the previous subsec-
tion and Egs. (Al) and (A2), improves on the tree-level
implementation of the couplings and actually includes
leading logarithms automatically. Note that, as defined in
Egs. (Al) and (A2), the effective Z3-conserving parame-
ters are directly determined in terms of physical quantities,
meaning that they do not depend on the renormalization
scale A: they are simply the parameters of the effective
Zs-conserving potential associated with the physical
Higgs spectrum. What we checked explicitly in the
Coleman-Weinberg approach (which depends on the
renormalization scale A) is that this constrained form of
an effective potential was legitimate at least up to leading
logarithms. Beyond, the effect of the Z;-violating terms
(due to the truncation of the potential to operators of
mass dimension = 4) cannot be neglected. In the case of
the nMSSM, however, potentially large logarithms affect
nonclassical terms. In fact, all the sectors contribute to the
Z5-conserving parameters (including those vanishing at
tree level in this model). Additionally, logarithms originat-
ing from the nMSSM Higgs sector (the only sector which is
sensitive to the breakdown of Z; at tree level) also affect
Z5-violating terms. Inclusion of the leading higher-order
effects from the inversion procedure of subsection IIIC,
Eq. (A7), thus seems dubious in this case. It seems natural
to ascribe this difference of behavior, between nMSSM
and NMSSM, to the protection of the parameters by the
Z5-symmetry, which albeit spontaneously broken by the
singlet VEV, continues to favor Z;-conserving terms
within the NMSSM. We should thus expect a similar
property, whatever the Zs-symmetric model is (SUSY or
not), and, beyond the Z;-symmetry, in any model retaining
a symmetry (or approximate symmetry) at low energy, e.g.,
PQ or PQ'.

IV. PHENOMENOLOGICAL CONSEQUENCES
FOR THE NMSSM

We now explain how, with the formalism derived above,
we can improve the computation of some observables in

PHYSICAL REVIEW D 86, 115024 (2012)

the NMSSM. As we have already highlighted, there is one
practical case where the Higgs spectrum is fully available:
it is that of the spectrum generators. The Higgs masses are
often, in such a case, corrected, while couplings are typi-
cally taken at tree level. In the case of the NMSSM, we have
shown that leading quantum corrections could be absorbed
within the tree-level parameters of the Higgs potential. This
allows us, at a very cheap cost, to improve the accuracy of
the Higgs self-couplings by reexpressing them in terms
of the Higgs masses and mixing angles provided by
the spectrum generator. We refer to Appendix B for the
explicit expressions of the couplings in terms of the effec-
tive parameters. We implement this recipe both within
NMSSMTOOLS_3.2.0 [32,33] and within SLOOPS [36,37] and
investigate phenomenological consequences.

A. Impact on Higgs constraints
within NMSSMTOOLS_3.2.0

NMSSMTOOLS_3.2.0 includes several phenomenological
constraints on the NMSSM parameter space, originating
e.g., from LEP [45], TeVatron [46], B- and Y-physics [47]
as well as early (now outdated but in the process of getting
updated) LHC data [48]. The Higgs sector evidently plays
a central part in the interplay of these experimental limits,
and we would like to investigate whether our analysis
could have meaningful consequences at this level.

The basic routine MHIGGS.F of the NMSSMTOOLS
package computes the corrections to the Higgs mass
matrices, incorporating typically leading logarithmic ef-
fects (although leading two-loop contributions from the
fermion sector are also implemented) at a scale determined
by the stops and sbottoms, then rescaling the fields at
the EW scale, finally adding pole corrections (this whole
procedure is more precisely described in Appendix C.3 of
Ref. [18]). In this subsection, we shall be relying on this
routine for the calculation of the Higgs masses and mixing
angles from the NMSSM parameter input. Note, however,
that NMSSMTOOLS offers a second possibility, which con-
sists of the evaluation of the Higgs masses according to
Ref. [49], including the full one-loop corrections as well
as the two-loop O(a,a; + aya;) (with a,), = Y?, /4m)
effects in the effective potential approach. This option
will be used in the next subsections. Whatever the source
of the masses and mixing matrices, however, we will treat
the latter as input for the physical Higgs matrices, allowing
us to compute the A;’s.

The  Higgs  couplings implemented  within
NMSSMTOOLS_3.2.0 are actually not purely tree-level cou-
plings; potentially large radiative corrections from the
quarks of the third generation are included as well as
explained in the last paragraph of Appendix A.2 of
Ref. [18]. One can check that these corrections arise
from (s)fermion contributions to A;, (as one can recover,
considering our results for the Coleman-Weinberg anal-
ysis in Appendix C); such effects are thus in principle
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automatically incorporated within our procedure (given
that the corresponding contributions to the Higgs mass
are also implemented within NMSSMTOOLS). The choice
of the singlet VEV s deserves an additional comment, since
it cannot be extracted from the masses. After comparing
with a few variants leading to minor deviations (a few
percent) at the numerical level, we settled for the simple
definition s = pe/A, With pes and A the parameters
inputed in NMSSMTOOLS. Note that this choice is coherent
with the recurrent use of s/ A as the singlet VEV within
the routines of NMSSMTOOLS.

To perform the comparison, we simply implement our
corrected A;’s [see Egs. (A1) and (A2)] and the ensuing
triple Higgs couplings [Eqs. (B7)—(B9)] within the routine
DECAYF of NMSSMTOOLS, computing the Higgs decays.
A flag enables us to choose between the original setup of
NMSSMTOOLS and our modified version, which we denote
in the following as NMSSMTOOLS*.

Admittedly, the modification is essentially a fringe ef-
fect, and one needs to go to a region of the parameter space
where the Higgs self-couplings intervene very finely to
discover substantial deviation between the two approaches.
We thus consider a specific region in the NMSSM parame-
ter space, characterized by a light CP-even Higgs with
mass typically under 100 GeV, sizeable singlet-doublet
mixing $%; ~0-100% and a light CP-odd Higgs with
mass <10.5 GeV, allowing for 4 — 2a{ decays. Such a
scenario is possible e.g., in an approximate Peccei-Quinn
limit § < 1, with the following parameters (NMSSMTOOLS
input: refer to Refs. [32,33]; we use the index ‘“‘sferm”
to denote any of the sfermions): tan8 =5, A = 0.5, k =
005, 6M1 = 3M2 = M3 = 1.2 TeV = Mgferm = _Asferm’
Uerr € [100; 900] GeV, |A,] <30 GeV and M, €
[0;4] TeV. Incidentally for those points, the doublet-like
state 1% (i =1 or 2, depending on the specific point)
reaches a mass of ~125 GeV in the limit of singlet-doublet
decoupling Sl% ~ 0. Note, however, that we did not spe-
cifically attempt to preserve this feature of a Higgs state at

09
0.8 -

0.7

P T T S S E S S S RS

1
2 4 6 8 10
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125 GeV (so that for significant mixing, we may have
typically m?, ~ 90 GeV while m?, ~ 150 GeV): we sim-
1 2

ply mean to show that our procedure is liable to affect the
output of NMSSMTOOLS. Note finally that, for simplicity, we
discard constraints from (g — 2),,, which may be taken care
of separately by tuning the slepton sector. All other collider
constraints—from LEP, B — /Y -physics, TeVatron or early
LHC data—within NMSSMTOOLS_3.2.0 are kept.

We first specialize to the case . = 300 GeV:
the lightest CP-even Higgs is then dominantly singlet
(83, ~70-100%). We display our results for this scenario
in Fig. 1. The black dots represent points on which we scanned
(with no collider constraints applied; note that their distribu-
tion is an artifact of the scan and should not be paid particular
attention), and the white dots represent the output of
NMSSMTOOLS with the original Higgs couplings. Our results
(NMSSMTOOLS*), with corrected Higgs couplings, are depicted
by the light gray dots. Since we scan over two variables, the

output is two-dimensional in the (ma[]), S$2,) plane. In the plane

(mh(l>, $1,), the constraint my < 10.5 GeV <« 0 reduces

the apparent dimensionality to one. To investigate the whole
(m 70> $1,)-plane, one may additionally scan on the parameter

Meie» Which we show on Fig. 2. There, however, the plot on the
left-hand side corresponds to the case of purely tree-level
couplings (for the white dots), which we obtained by removing
the fermion corrections from the original couplings imple-
mented in NMSSMTOOLS. The obvious conclusion is that,
although partially compatible, the white and light gray dots
do not exactly coincide, so that the details of the constraints are
affected by our procedure. Note that both points admitted by
NMSSMTOOLS while excluded by NMSSMTOOLS* and points
admitted by NMSSMTOOLS* while excluded by NMSSMTOOLS
are to be found.

We insist, however, on the fact that such displacement
effects in the acceptable points of the parameter space are
noticeable only because we considered a region where
phenomenological constraints on the Higgs spectrum and

Sip?
1.0F
09

08

0.7

S S S S SR

20 40 60 80

» mpy (GeV)

FIG. 1 (color online). Constraints in the planes defined by (ma(]), §%,) (left-hand side) and (m o $2,) (right-hand side) for poq =
300 GeV. Black dots correspond to the points on which we perform the scan (without collider constraints); yellow (white) dots are allowed
by NMSSMTOOLS_3.2.0 while red (light gray) dots signal points allowed with self-Higgs couplings defined as in our procedure NMSSMTOOLS*.
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-y (GeV)
20 40 60 80 100 120

FIG. 2 (color online). Constraints in the plane defined by (mh?, 5%3) for per € [100;900] GeV. On the left-hand side, the scan with
the white dots uses tree-level Higgs couplings, while the corresponding one on the right-end side is obtained with the couplings
implemented in NMSSMTOOLS, adding fermion corrections. The color code is otherwise similar to that of the previous figure.

decays are particularly severe, due to the presence of very
light Higgs states that need to be sufficiently “invisible”
to escape experimental limits. A slight perturbation of
the A;’s is then liable to result in insufficient A? — 2a%
(invisible) branching ratio, excessive decays into e.g., SM
fermions and/or excessive a(l)—signals in B-physics; in such
cases, an increased “invisibility” of the light Higgs states,
that is increased singlet components, is required. If, on the
contrary, the perturbation of the A;’s stabilizes the invisi-
bility of the light Higgs states, additional parameter space
becomes available. Given the sensitivity of such regions to
perturbations and the complex interplay of constraints at
stake there, it is very difficult to predict to what extent the
allowed parameter space would be shifted. In any case, a
detailed new analysis on the NMSSM parameter space is
beyond the scope of this work. Our procedure simply ensures
the consistency of the calculation at leading-log order, the
couplings being adequately related to the spectrum.

B. Implementation in SLOOPS

In SLOOPS, the complete spectrum and set of vertices are
generated at tree level from the NMSSM—SUSY and
soft—parameters through the LANHEP package [50].
There, g, g', v,, v, are determined by the physical input
Mz, My, v and tanS. Then the radiative part of the Higgs
potential needs to be implemented: the tree-level Higgs
parameters A?, given in Eq. (2.5), are thus shifted as A; =
AV 4+ AA;, AA; defining the radiative corrections to the
parameters A; of Eq. (2.4). Yet, the corrected Higgs masses
are not computed within SLOOPS, but imported from
NMSSMTOOLS through the SLHA interface. Applying the
inversion procedure [Eqs. (Al) and (A2)], we obtain the
Zs-invariant A A;’s from the inputed masses, diagonalizing
angles and tree level AY’s. From now on we will call this
procedure the ‘‘effective physical potential approach”
(PhA). The complete set of Feynman rules is then derived
automatically in the FORMCALC [51] conventions, the latter
performing the calculation of the decay width.

A powerful feature of SLOOPS is the ability to check
gauge invariance of results through a generalized nonlinear
gauge fixing, which was adapted to the NMSSM [38].
The gauge-fixing Lagrangian can be written in a general
form

I R AT e
S T T

where the nonlinear functions of the fields F' are given by
F* = (d, —ieaA, — igcwBZ,)WH*

.1

+ lfwg(v + SIHI + 52H2 + 53H3
+ i(RG° + p A, + p,A,))G™
FZ=0,70 + .fzzi(u + & H, + &H, + &H;)GO
Cw

FA =9,A", 4.2)

The parameters @, 3, ..., & are generalized gauge-fixing
parameters. We also set £, 7w = 1 to keep a simple form
for the gauge boson propagators.

The ghost Lagrangian L, is established by requiring
that the full effective Lagrangian is invariant under
BRST transformations. This implies that the full quantum
Lagrangian, with L the classical Lagrangian,

LQ = £C + 'EGF + 'EGh’ (43)

be such that 5BRS .EQ = (0 and hence 6BRS 'EGF =
—08grs Lgn [52]. The BRST transformation for the gauge
fields can be found for example in Ref. [52]. The NMSSM
specific transformations for the scalar fields can be found
in Ref. [38]. For the decay h? — 7y, not all the parameters
are relevant, only @ and §.

C. The decay H — yy

The diphoton decay is an interesting process to inves-
tigate due to the relevance of this channel in the recent
discovery at LHC and because the gauge invariance is fully
at play there. Indeed, in the SM, the W-boson loop,
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together with the top-quark one (the latter being of course
gauge invariant, as the remaining contributions), dominate
the decay. The calculation of the diphoton rate in the non-
linear gauge was originally performed in Ref. [53] in order
to simplify the calculation of the Higgs decay into two
photons in the SM. In short details, with the specific choice
@ = —1, the W=G*y coupling vanishes and the gauge-
boson loop calculation is made easier. In our calculation we
will refrain from adopting this choice in order to preserve the
ability of checking the cancellation of the unphysical gauge-
dependent part in the gauge loops. We will discuss this effect
only at one-loop order, meaning that we consider only the LO
decay width; this will be sufficient for our purposes since we
do not aim at a more precise evaluation. Nevertheless, it is
worth reminding that the full two-loop EW + QCD correc-
tions for the SM-like Higgs decay into yy are known and
under 2% [54] below the W W~ threshold. The full two-
loop SUSY corrections are as yet unknown; furthermore, our
procedure would not be suited for such a calculation as the
renormalization of the tree-level Higgs potential would be
mandatory whereas our renormalization is effective and
explicitly breaks SUSY. We only aim at showing how one
may consistently use the radiatively corrected Higgs masses
for an improved LO calculation of this decay.

Once we trade the ““A;”” parameters for the masses, using
Egs. (Al) and (A2), we can reexpress the Higgs self-
couplings, obtained from the restricted Zs-invariant
potential, in terms of them. From now on we will call
“A representation” of the trilinear Higgs couplings their
expression in terms of the A;’s. Moreover, when the A;’s are
explicitly replaced by Higgs masses, VEVs and mixing
angles, we will speak of ‘“‘mass representation.” As far as
the diphoton signal is concerned, the relevant couplings are
those connecting the CP-even Higgs with the charged ones
but also with the charged Goldstones. In the mass repre-
sentation they are given by5

N cos/3? S )

sinf3 2

1 5 sinf3?
goptg- = —=1M Sii
¢ v/2 1 i\ cospB
+ 2m?,. (cosBS;; + sinBS;) —

3sin28
S S; 4 v
o 2P/-2( il + i2 ~_Z5. )}
Mayti cosB  sinB 3s °

1 <
8WG G- = v—\/z{mi?(cosBS,»l + sinBS;,) + 2M3%,6,},

(4.4)

where mio, z
1
mixing elements S;;, P; ; form the matrices diagonalizing

the effective mass matrices Eqgs. (2.20) and (2.22). Note

mip and my,. are the physical masses and the

SFor the sake of clarity we reproduce the expression of the
charged Higgs coupling. It can also be found in Appendix B,
together with its general expression in the A representation.

2 / /
2ma?lePj2Si3
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also that in the nonlinear gauge the HG*G~ couplings
depend explicitly on the gauge through the parameters 5.
These parameters also appear within the ghost sector in the
couplings hY¢* c™, where ¢*, ¢ are the charged ghost fields.
The nonlinear gauge parameter & also appears in the course
of the calculation. It originates from couplings with physical
fields like W*W*y, W=W*yy and unphysical ones
G*W*y, ¢=c*y, ¢=c*yy (see for example Ref. [52]).
The latter quartic coupling emerges from the nonlinear gauge
condition only. All these couplings arise purely from the ghost
and Goldstone part of the gauge sector and are not modified
by the effective potential of the Higgs sector.

For the numerical evaluation, as explained before, we
obtain the Higgs masses and the mixing elements from
NMSSMTOOLS and the values are fed into SLOOPS through
the SLHA interface. Here we use the second possibility
offered by NMSSMTOOLS to compute the Higgs masses
following Ref. [49]. There pole-mass corrections can be
taken into account or not. In both cases the mixing matrices
are computed in the effective potential approximation
(i.e., at p> = 0, where p is the external momentum enter-
ing the Higgs self-energies).

As an illustration of the gauge invariance of the parameter
reconstruction [Egs. (Al) and (A2)], we considered two
benchmark points from Ref. [55], named NMP2 and
NMPS5 after the conventions in Ref. [55]. Their respective
Higgs sector parameters are recalled in Table I, together
with the soft SUSY-breaking masses of the stop sector M 0

M;, and of the gluino sector M3. All remaining soft masses
and trilinear parameters that are not given in Table I are set
at 1 TeV. The resulting Higgs spectrum is summarized in
Table II and computed within NMSSMTOOLS according to the
procedure [49] with and without the pole-mass corrections.

In addition to the masses given in the SLHA output, we
also need the mixing elements §;; and Pﬁj to obtain the
couplings entering the diphoton decay width. In the effec-
tive potential approach (EPA) used in Ref. [49], they are
obtained by diagonalizing the radiatively corrected Higgs
mass matrices in the DR scheme anew. However, the
definition of the diagonalizing matrices is ambiguous since
the self energies entering the radiatively corrected mass

TABLE I. Benchmark points taken from Ref. [55] for the
diphoton decay width.

Parameter NMP2 NMP5
tanB 2 3

A 0.6 0.66

K 0.18 0.12

Meir [GeV] 200 200

A, [GeV] 405 650

A, [GeV] —10 —10

MQ?‘ [GeV] 700 600

M;, [GeV] 700 600

M; [GeV] 600 600
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TABLE II. Higgs spectrum of the benchmark points consid-
ered. For the NMP2 point the lightest CP-even Higgs is SM-like
and for NMPS5 it is the second-tolightest one.

NMP2 NMP5
Mass [GeV] No pole Pole No pole Pole
Mo 129.4 126.5 96.1 95.6
My 133.1 1324 128.9 126.5
My 470.8 464.5 659.9 655.8
Mg 116.4 115.7 93.9 93.2
My 468.7 462.8 660.1 656.5
myzx 454.4 454.5 644.8 644.9

matrices depend on the external momentum. In Ref. [49] the
rotation matrices are defined as those that diagonalize the
mass matrices at p> = 0. Then, whether pole-mass correc-
tions are taken into account or not leads to the same diag-
onalization matrices S and P’. This can be seen formally as
a missing higher-order correction, but, in this fashion, the
physical Higgs mass matrix would not correspond to the DR
one in the EPA. This inconvenience is circumvented in the
physical effective approach (PhA) as we force the radia-
tively corrected mass matrices to be the physical ones by
imposing Egs. (A1) and (A2).

To reproduce the EPA method using pole masses within
SLOOPS, we take the DR masses for the reconstruction of
the potential of Eq. (2.4) but the pole masses for the
kinematics of the process. Therefore the Higgs mass
appearing in the coupling of Eq. (4.4) is the DR mass,
which differs from the energy at which the decay is eval-
uated. This mismatch in the EPA with pole masses will lead
to a violation of gauge invariance within our generalized
nonlinear gauge, as we will show numerically. On the other
hand, in the PhA, we reconstruct the potential of Eq. (2.4)
(and consequently the Higgs mass matrices as well) directly
from the pole masses, which are also still used in the
kinematics. This procedure will guarantee that gauge

PHYSICAL REVIEW D 86, 115024 (2012)

invariance is maintained because Egs. (A1) and (A2) are
fulfilled. At the numerical level we will vary the parameters
@, &, within SLOOPS to exemplify the gauge invariance of
the calculation in the PhA method. The results are presented
in Table III. They were cross-checked with the standard
NMSSMTOOLS version and with NMSSMTOOLS*. The corre-
sponding output of NMSSMTOOLS, whether in the standard or
modified version, does not check internally any consistency
requirement, such as gauge-invariance, and simply uses an
analytic, precomputed expression for the effective h0yy
couplings. The excellent agreement among the results of
NMSSMTOOLS and the computation of SLOOPS for vanishing
nonlinear gauge parameters (i.e., in a linear gauge) is there-
fore a welcomed feature. The sources for possible discrep-
ancies between SLOOPS and NMSSMTOOLS lie in the treatment
of the sfermion sector: in SLOOPS it is treated purely at tree
level, whereas NMSSMTOOLS includes several corrections to
the spectrum and couplings [33]. For the two benchmark
points investigated this difference is almost invisible because
the sfermion sector is essentially decoupled.

These illustrative examples show however evidently that
the EPA calculation is not gauge invariant. The origin of
this breakdown can be traced back to the observation that
Egs. (Al) and (A2) are not satisfied. In more restricted
gauges the gauge dependence would be seen at higher
orders only. As stated above, setting & = —1 removes
the G*W*y coupling and varying & 1.2 then gives gauge-
invariant results in both procedures; they differ only by a
finite and gauge-independent piece. This is due to the fact
that the & 1,2 gauge-dependent parts only appear propor-
tionally to M2,/ v+/2. On the contrary, in the general case,
&-dependent parts are proportional to the Higgs mass My,

originating from the kinematics (i.e., the center of mass
energy +/s), and the g 05+ - coupling, see Eq. (4.4). Recall

that in the EPA the mass appearing in the coupling g,05+g-
is not equal to the pole mass, which is used for the on-shell

TABLE III.  Gauge invariance test for the computation of I'(h{ , — y7) (in GeV) in the EPA
and PhA procedures. Only the PhA approach passes the gauge invariance test within SLOOPS.
There is no such test available with NMSSMTOOLS, whether or not it is the modified version.

NMP2

T'(n — yy)
SLOOPS (EPA)
SLOOPS (PhA)
NMSSMTOOLS_3.2.0

a = 51 =0
1.138108952362.1073
1.125710969262.107>

a==6 =10
4.490893854783.1073
1.125710969261.10~5
1.12699441.10°3

NMSSMTOOLS* 1.12737737.1073

NMP5
L(h) — yy) a=26,=0 a=25,=10
sLoops (EPA) 1.053756232511.1073 3.628709516521.1073
SLOOPS(PhA) 1.044860481657.1073 1.044860481613.1073
NMSSMTOOLS_3.2.0 1.04342526.107
NMSSMTOOLS* 1.04361857.1073
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decay. The gauge-dependence of the EPA is precisely
caused by this mismatch between the ‘kinematical”
mass and the mass appearing in the coupling of Eq. (4.4)
if pole-mass corrections are applied. In the opposite case,
that of the PhA, the kinematical mass and the one appear-
ing in the coupling are the same and the gauge- dependent
part « & vanishes. We can render the EPA approach gauge
invariant if no pole-mass corrections are applied (this
would then be a “PhA with DR masses”). However, in
this last case, some precision is lost since looking back to
Table II, there is a 2-3 GeV mass difference between pole
and running masses. Within our reconstruction, the charged
Higgs contribution is modified through the g1om+ g~ Cou-

pling: we do not expect significant modifications with
respect to previous calculations, in the MSSM limit of the
NMSSM, since it is known that the charged Higgs contri-
bution to the diphoton decay width in the MSSM remains
small (see for example Ref. [12]). In the NMSSM with large
A (a form of the so-called “A-SUSY”’ models [16], which
typically leads to a Landau pole below the GUT scale) and a
relatively light charged Higgs mass, one could modify
significantly SH0H H > without requiring large doublet-
singlet mixing. This was explicitly shown in Ref. [56].
Note, however, that a serious issue would arise with the
gauge-dependent calculation of hY — yy if one would
choose to use it in order to derive some fundamental
parameters at the Lagrangian level, which should prefera-
bly be determined from gauge-independent observables.
As a final remark concerning this section, beyond
maintaining gauge invariance, the PhA is clearly advanta-
geous as it enables us to use the pole masses easily in
the calculation of the decay width, in a consistent way,
without resorting to the technical task of computing the
“pole-corrected” mixing elements S;;, P; i+

D. Comparison with MICROMEGAS

A comparable approach, based on an effective potential
approach, had been carried out in MICROMEGAS [34,35], a
code computing the DM relic density Q)(h2 in (e.g.,)
the NMSSM. Since light Higgs states can be present,
annihilation channels into 2949, K%a%, a%a! can contribute
significantly to () Xhz and such channels are affected by
radiative corrections in the Higgs sector. The effective
scalar potential was implemented in this code as (see
Ref. [35], where a slightly different version was proposed),

Viwa = MUH, N+ M H > + A H, 2 |H,?
M 2 /\15‘4 2
+A4 |Hu.Hd| +7[(Hu'Hd) +HC]
+ AISPIH, P + A3ISIPIH
A5 @ 4 AS o
+ 75 (H,-Hy) + ApS* + He +?|S| .

4.5)
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This potential is to be understood as a radiative potential,
which means that all the parameters are loop induced. To
make a connection with our conventions we have

AA] = /\g/[, A)\z = )\ZIVI,
A/\3 = /\4/1, AA4 = AM, (46)
AN = A, A =15,  ARZ= A

where the A A; are the loop-induced part of the A; parameters
appearing in Eq. (2.4) when we splitthemas A; = A? + AA;.
The remaining parameters A%, A%’ and A$ have no equivalent
in our restricted potential of Eq. (2.4) but correspond, in our
conventions for the general potential [Eq. (2.2)], to
M=), A=k}/4 A =12 4.7)
Conversely, our parameters A, ;, Ag and AY receive no
correction in the MICROMEGAS approach, which, obviously,
does not rely on the Z; symmetry. As a consequence, while
an inversion procedure is also possible with the potential of
Eq. (4.5), the radiative corrections to the masses will be
distributed in a different way among the A;’s, leading to
differences at the level of the Higgs self-couplings.

We remind here that if one aims at improving on the
tree-level couplings, as is obviously the purpose of a
radiative potential, i.e., of Eq. (4.5), it becomes crucial to
identify the A;’s that are subject to large quantum correc-
tions: that was our discussion in Sec. III C. An arbitrary
truncation of the potential, albeit allowing for an inversion
in terms of the Higgs masses provided it is sufficiently
simple, is not a receivable option because the accuracy
contained within the couplings brings no improvement
with respect to the tree-level evaluation. Our study of the
large logarithms within the Coleman-Weinberg approach
tends to convince us that our choice of a Zs-invariant
potential should be preferred, while the choice in
Eq. (4.5) seems arbitrary. Possible reasons for this choice
within MICROMEGAS could lie on the facts that the loop
corrections to As are sizeable in the MSSM, and one could
have expected the same behavior in the NMSSM, while the

parameters Ay and A3 (or rather K5 and AM in our con-

ventions) appear in the trilinear couplings £)h9h] and

h)a%a) with a factor s (questionably an enhancement
factor in the MSSM limit): see Eqgs. (B5) and (B6).
However, other parameters in the general potential of
Eq. (2.2) share this latter property and are still arbitrarily
absent. We will see in a numerical example that ensuing
deviations between our implementation and that in
MICROMEGAS could be significant.

We considered a point in the NMSSM parameter space
where the DM relic density () Xhz is in the correct experi-
mental range (at the 20 level: 0.1 = Q)(h2 = 0.124 [57)),
when computed with MICROMEGAS_2.4.1 and the Higgs
radiative potential of Eq. (4.5). This specific point passes
warnings from NMSSMTOOLS_3.2.0 as well, and features a
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SM-like CP-even Higgs mass around 125 GeV. The
NMSSMTOOLS input for this point is given in Table IV.
The main channel contributing to Q, A% is ¥} ¥} — ala}
(at 72%) and the rest of the contributions involve fermions
in the final state, dominated by the bb final state. The
process Y0¥ — a%! is dominated by the s-channel ex-
change of the SM-like Higgs h) close to its mass shell, as
can be seen on Table V, where the Higgs spectrum, the

lightest neutralino mass m P and the resulting relic density

are provided.

The decay modes h‘z’ — 2aj are kinematically open.
Let us compare these decay w1dths within the three codes:
SLOOPS, with our effective implementation [Eq. (A1) and
(A2)], MICROMEGAS using the radiative potential in
Eq. (4.5) and NMSSMTOOLS_3.2.0, where only the leading
logarithms in top/bottom corrections are taken into
account. The output of NMSSMTOOLS* is also considered.
The results are displayed in Table VI. We observe signifi-
cant discrepancies between SLOOPS/NMSSMTOOLS*_3.2.0
(which are in remarkable agreement), on one side,
MICROMEGAS_2.4.1/NMSSMTOOLS_3.2.0 (which also show
some disagreement between them), on the other. Our cal-
culation for the main channel 49 — 24 [that we denote
henceforth as I'S(h) — afa?)] is about a factor 1.2 larger
than the MICROMEGAS result (labeled as TM(h) — a%a?)].

Giving the modified prediction of () Xhz W1th1n our
procedure is beyond the scope of this work, but we can
nevertheless make a rough estimation of this quantity. As
the process )} — a%a! is dominated by the h) reso-
nance, and only the h9a%a} coupling is modified, we can
reasonably approximate,

0

T5(h) — ala?)
FM(h0 — a%a%)

P = ab)
M(Xle —da ao)

~ 1.2 (4.8)

Denoting o as the contribution of the rest of the processes
to the cross sections involved in Q}/h?, the relic density
computed within MICROMEGAS, we can write the sum of all
contributions o (¥ £ — X) as, X standing for any rele-

vant final state,

TABLE IV. SUSY point for the comparison between
MICROMEGAS, SLOOPS and NMSSMTOOLS. M; and M are com-
mon sleptons and squarks soft masses.

Parameter Value Parameter Value
M, [GeV] 84.49 tg 2

M, [GeV] 359 A 0.63
M; [GeV] 1200 K 0.05
Ay [GeV] —1500 A, [GeV] 694
M; [GeV] 200 A, [GeV] 0

M; [GeV] 600 Meir [GeV] 300
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TABLE V. Resulting spectrum and () Xhz from the data point
presented in Table IV.

Spectrum
Mo [GeV] 63.2
m,? [GeV] 1109
myp [GeV] 126.4
My [GeV] 727.8
mgo [GeV] 59.7
my <21 [GeV] 732.4
my= [GeV] 721.7
Relic density
Q Xhz 0.103
M (050 — X) = M99 — X)
Tiot\ X1 X1 g X1X]
= M(XIX a)+ oM. (49

The MICROMEGAS calculation gives M — a%a%)/
o (%) — X) = 72%, as we already mentioned, and
the ratio of relic densities in both approaches is approxi-
mately determined by QYh?/Q5h* = o3, /o, where

Qf(hz 1s the relic abundance in our calculation and

g = (A — ald)) + o, (4.10)

oS = oM, si .
Moreover, we have 8 = o, since the remaining relevant

contributions are annlhllations into light fermions and
hence unaffected by corrections in the Higgs sector. Thus
we obtain the following estimate:

Q3 h? = 0.090. 4.11)

A reduction of the relic density with respect to the
MICROMEGAS calculation was to be anticipated since in
our computation the annihilation into light pseudoscalars
is enhanced, thus depleting the abundance of relic neutra-
linos more efficiently. In turn, and contrarily to the predic-
tion of MICROMEGAS, this point would actually lie outside
the cosmologically interesting region if one relies on our
estimate. Of course the derived value of () Xhz also depends

crucially on the precision of the evaluation of m i (and m 5(?)

since the annihilation §9%? — % occurs at the h9 reso-

nance. These considerations are of particular significance
when one considers that the PLANCK satellite [58] should
improve the experimental determination of cosmological
parameters [59] soon. For a discussion concerning the

TABLE VI. Comparison of the decay widths hg3 — Za?.

Decay [GeV] L(h) — a%a® r'(h) — afa?

SLOOPS 3.5661072 1.90010~*
MICROMEGAS_2.4.1 2.9601072 4665107
NMSSMTOOLS_3.2.0 2.7301072 1.233107*
NMSSMTOOLS*_3.2.0 3.5661072 1.90010~*
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accuracies required from colliders to match the precision of
the relic density measurement, see for example Ref. [60].

V. CONCLUSIONS

This study of the Higgs potential with two Higgs dou-
blets and one gauge singlet has put forward several points
of interest that we would like to summarize briefly here.

The most general effective renormalizable Lagrangian
of the 2-doublet +1-singlet setup contains 28 (plus one
superfluous) parameters, far beyond the 11 parameters of
the 2HDM, even after complex phases have been dis-
carded. Therefore, if future experimental measurements
should point toward such a rich Higgs sector, a full recon-
struction of its potential through experimental data in the
Higgs sector could succeed only after an exhaustive mea-
surement of the Higgs self-couplings, beyond that of the
masses and mixing angles: if the purpose for such a recon-
struction is sound from the point of view of model identi-
fication and precision tests, it is also probably condemned
to a very long delay, as far as the experimental phase is
concerned. This situation is eventually that of most models,
albeit constrained, once considered at the radiative level, for
symmetries are spontaneously broken by the Higgs VEVs,
and loop corrections end up contributing to all possible
terms in the potential. We emphasize, however, that a
precise determination, in a general parametrical form, of
the potential at future (linear) colliders, shall help discrimi-
nate among such models and constrain their parameters: in
turn, the predictions of specific models for the parameters of
the Higgs potential should be known at the radiative level so
as to allow for comparison/precision tests.

Requirements for additional symmetries, beyond the
EW-invariance, or matching conditions originating from
more elaborate models, may constrain the effective poten-
tial at the classical order. Provided its form is simple
enough, an identification at leading order of the parameters
of the underlying model is achievable from the Higgs
spectrum solely. Then, assuming the remaining sectors of
the model are sufficiently documented as well, a full
determination of the effective potential within the more
fundamental model is essentially a matter of perturbative
calculation. We lent particular attention to the Z3-invariant
and PQ-conserving potentials, which could both be
embedded within a SUSY extension of the SM, the
NMSSM or the UMSSM, respectively; the PQ’-conserving
potential (R-symmetric limit of the NMSSM); or the po-
tential driven by an underlying nMSSM. A reconstruction
of the classical parameters was explicitly carried out, at
leading order, for those models.

Further achievements seemed within reach in models
ensuring a residual symmetry at the EW scale. Our test
model here was the NMSSM, and the study of the large
logarithms within the Coleman-Weinberg approach con-
firmed that the leading logarithmic effects would not spoil
the Z; symmetry, extending the validity of our parameter
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reconstruction in terms of the Higgs spectrum to this order.
By contrast, in the nMSSM, where no residual symmetry is
present at low energy, logarithms do not observe the clas-
sical form, spoiling a reconstruction beyond LO.

We finally considered a few phenomenological conse-
quences of this parameter reconstruction at the leading
logarithmic order in the NMSSM. We based our discus-
sion on the Higgs spectrum computed in the public code
NMSSMTOOLS and implemented the reconstruction both
within NMSSMTOOLS, directly, and within SLOOPS. The
latter allowed us to visit the diphoton decay of the SM-
like CP-even scalar again and clarified the conditions for
a gauge-independent implementation. Comparison with
the previous implementation of an effective Higgs poten-
tial within MICROMEGAS was also carried out: different
choices in the radiative potential result in different Higgs-
to-Higgs couplings at the order of leading logarithms, as
the radiative effects encoded within the masses are dis-
tributed differently among the parameters of Eq. (2.2);
while the form in Eq. (4.5) is seemingly arbitrary, our
choice [Eq. (2.4)] is justified by the analysis of the
logarithms appearing in the Coleman-Weinberg approach
and should thence prove a priori more reliable. As far as
the phenomenology of the NMSSM is concerned, we
found fine effects in collider constraints or the calculation
of the DM relic density, appearing essentially for points
of the parameter space which rely heavily on Higgs-to-
Higgs couplings, such as those entering the processes
R — ala) or Vi) — ala?, mediated by a CP-even
Higgs in the s channel.

Finally, let us mention that although the state discovered
at LHC is in a favorable mass range for singlet extensions
of the MSSM, a long stage of experimental measurements
and identifications of additional Higgs states lies ahead of
us, should the 2-doublet + 1-singlet setup be realized at all
in nature.
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APPENDIX A: PARAMETER RECONSTRUCTION
FOR SIMPLE CLASSICAL POTENTIALS

We provide here the results of the inversion procedure
described in Sec. III C for a few classical potentials. Note
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that, fqr cpmpleteness, one should alsg replace the parame- (4 —1 [ Gin2 2 P2+ L2 plp
ters within Eq. (2.15) to fully determine the potential. ud = 3 R R T
Z;-invariant potential V5 : -
i ing i i AY = LS8 y,2 p— Ly plop
The quartic doublet couplings are entirely determined by P 35| 25 Ma0til it
the Higgs mass matrices: _ L
— 1| vsin®2B 2 p2 _ 2 pr2 _vsin2B 2 pl pl
- -mf s As = 35| g mpPii —moPp 2s maQPilPiZ]
— 1| M2 prRe, 2 - ! ' !
A 202 0052,3 ma‘.’Piltan 18] 1 ) T ) w o op ulsin ZB
S, w2 K= g | S+ 3m Pl T my P ]
0 i
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) 207 | sin’B tan* 8 (A1) A% — m 293 Lo sinZB P/2 1 P P
_ 2m2, S48 P 2sv sinB 3stanB s il a?
— 1 2 N 2 pi2
/\3 27 2WlHi + sin2B mg‘_’Pil] mhosusﬂ
| i /\d tanf | sin28 2 P/2 Lm P/ P
2 P 2svco%ﬁ 3s s il
L _2[m0P,1_m ]
(A2)

One degree of freedom remains, which can be chosen

conveniently as the singlet VEV s. One then obtains for

the remaining parameters,

In replacement of s, one may use any combination of these

latter equations to define a new parameter. For instance,

AM(a + b)

€ = ———
@O axh + baAg

©2m2, P PRl —

v sin2,8m20Pﬁ[1

— 28(u b)(ﬁ + btan,B)]

tan B

) (A3)

S12 )

hoSl%(a smﬁ cosf3

€(q,p) coincides with /A in the NMSSM at tree level and may be regarded as a measurement of the breakdown of the

Peccei-Quinn symmetry. Alternatively,

u

2v sin2,8m20P(2[1 — (1 4+ pyytan®B]

_ P
Pud=—d_1‘:’S: (A4)
AP P; P/Q[l (1 + pud)tanzﬁ] - 3mh0Sl3[C0§B - (1 + pud)tanzﬁ qlnﬁ]
Puq Vanishes at tree level in the NMSSM and may represent another possibility.
Peccei-Quinn-invariant potential Vf,Q:
The system is fully determined by the following mass matrices:
e -mZOSZ1
— 1|
/\l—m Cmﬁ—mPtan,BjI
mhosa m 0P£21
A= i — 2
2 202 | sin?B tan? 8 ]
- 2m2 81 Sin
1 2 — 2 pR
A3 = 57| 2my- +W magpzl]
[m P21 —m +]
J m ()P21P22 (AS)
Aua = ﬁ
s=1% s1n2,8 P
2 _ (P/PL) m2. P2
1 = R (i S5 — mey P
m2 SSi
1 Py 2 pl pi
AP = 2B P_zl: B T magP21P22
d 1P mh"s'lsﬂ 2 pl pl
p— 22
L /\P T 2v%cos? B P_’ZI[ smﬁ + ma‘Z’P21P22]
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PO’
The system is fully determined by the mass matrices:
( -m?,S2
— 2 p, 2
A =50 o8 magPZItan ,B]
i "”20512 miop i
= _1_ i — 2
Ay 202 | sin?B tan? 38
L [h,2 2SSz 2 pn
= 1_ i /.
A3 57 2my. + ST magPZI]
Ay = [m 0P21 —m +]
2 P/7
() 22
Yo (A6)
20%sin2 83
§s=—v s1n2,8P
2055 2
4v%sin?28 P,
| p! 2 / / m St2S13
U — —22 —
/\P 4v2smzﬁ p/zl I:ma(z)P21P22 cosﬁ ]
m?, 818
d__ 1 Pul op pro W
AP = wreorp 7 | MaP2 P2 — g

nMSSM-inspired potential V'3

Although only 12 parameters are to be determined within the potential, application of the constraints of
Eq. (2.5) leave one degree of freedom, due to the degenerescence of the CP-even and CP-odd singlet in this model,

2 @2
MiSi3
1

|

= miQPg. We again choose s to be this degree of freedom. The remaining parameters read

-m?,S2
— 1 k! 2 pRi,o2
A= 207 cojsz,B Pjjtan ,8]
_ 2 pn
N L m'OS7 ma?Pil
2 202 | sin?gB tanz,B
- 2m 0Si1Si2
= _1 — ;2 pr2
A3 =3, 2mi. + Sn2B ma‘i)Pil]
— 1 2 pr2 _ .2
4= rlmePii — my.]
Ar =¥ sin2Bm, P} Ply = sm2,P3 (A7)
1
2 — .2 pl pl s _ 2 SmZB
mp, =m (_,P“Piz— m 0P
m 0P1’1P’
Aud - )
u 1 mioSiZSB m 0P11P,2
Ap = 2us |~ sin8 tan,B
miosnsn
d — _1 i 2 pl pl
Ap = ml: cosf + ma‘i’PiIPiZ tanﬂ]

APPENDIX B: TRILINEAR HIGGS-TO-HIGGS COUPLINGS

In this Appendix we give the physical trilinear Higgs-to-Higgs couplings hYH*H

~, hlafay and h)ROR] in the A

representation obtained from the general potential Eq. (2.2) and in the mass representation from the restricted Z5 potential

Eq. (24) only (as in the general potential the results are cumbersome). In the following, the matrix P;;

is defined

as the 3 X 3 diagonalization matrix which rotates the gauge eigenstates (ag, a, a%) directly to the physical basis

(%, a3, G°) such that,
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a; Piysg Pycg Pnl[a) Py Pip Py ay
ay | =| Pysg Pycg Py || ad | =] Pa Pn Py al (BD)
G Cp —sg 0 a$ Py Py Py \al

with P’ defined from Eq. (2.20). To cast the couplings in a more compact form, we also define the following mixing
elements combinations,

(HA ?jbkL = Sza[ijPkc + chPkb] (BZ)
(HS);IkaC - S S]bSkc + SiqucSkb + SithuSkc + SithcSka + SichaSkb + SichbSka' (BS)

1. Trilinear couplings in the A representation
CP-even Higgs to charged Higgses h) H* H™~ coupling

/\] USBSZBS“ n )‘QUCBSZ,BSQ

P ]_()l4+)‘5)v525
h;H"H \/z \/E i2 \/5
Asvcg

AUs
- NG [S2/3Szl (1 =3cy5)Sp] + 7\/§B[(1+3025)511 SZBS12]+\/—[Aud+Aud+4(/\M+/\M+)‘M)S)]Sz3

+\/§)\3U[C%Si1 +558 [s5Si +cpSin]

+V2[(Ags + (MG +248)5)5% + (A, + (A +248)5)c3]S55. (B4)

CP-even Higgs to two CP-odd Higgs hl ; j

Aveg L1, Avsg 222 4 (A3 + A)v 1,22 21,1 Ausg L1,1
gh?a?ag = \/E (HA)[] k + \/“ i),k T[CB(HA)U k +s B(HA)I,]}C - \/5 (HA)iv‘]‘"k
_ Agucg (IA)222 — v(Ascp — ’\6SB)( 22 v(Assg — Agcp) (I1A)2 L1

\/5 i,j.k \/5 i,k \/5 i,j.k

Ag —2AY
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i,k \/E
2AM s Ay + 2008 + 1))
) ud P 2,1,3 ud P M
(T} — Tm%‘k * N
Ags + 248 300 3Ag— Ag — 302k — 3&3)s 133
e (4322 — 2 (A,
\/z i,j,k \/z i,j,k 3\/§ i,j,k
_ \/E(AM _ XM),U[S (HA)3,],3 +e (HA)3,2,3] n /\dPS (HA)3 Lty ApS Aps (HA)s,z,z
P P B ij,k B i,jk \/5 i,j,k \/5 ij.k
(HA)I 3,3 i [(/{g’ - )\M)C'B - ZX%Sﬂ]‘U

ij.k \/5

(I

—2AMg
A\1,2,3 P
(I )”k +f

213
(I4)7%
Auq +2AYs 312 Aw — 20

+7P( A)lj‘k \/5

14)> 12
7 (1)
(HA)% 1,1 + Aus + 2/{?"9

i,jk

V2

Triple CP-even Higgs coupling hih}h}

(HA)l%jf. (B5)

AIUCﬁ
8nonn) = 2
/\61)

N

(IT5)-H 4 /\ZUSB(HS)zzz (A3 + Agv

i,j,k \/_ i,j,k T

A
[ep(I19)222 + 35,(119):22] — Jg’[ sS4 3¢, (I +
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32

+

(T15)>33. (B6)

i,j,k
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2. Trilinear couplings in the mass representation for the Z;-conserving potential

To obtain the mass representation we trade the Z5-conserving A;’s of the couplings in the A representation (see previous
subsection) against the masses, mixing angles and VEVs [Egs. (A1) and (A2)] and set the remaining ones to zero.

CP-even Higgs to charged Higgses hWWHH™ coupling

1 2 2
{ 2 (Smﬂ s, + 8P g ,2) + 2m?,. (cosBS;, + sinBS;y)

8hOHYH~ :m Mo\ oo sB sinf3
3sin23 @ /\cosB  sinB 3 s .

CP-even Higgs 1o two CP-odd Higgs hjaa)

S2 (II4)L22 (m4)>L]

L1 222 333 ., J,

{ i (HA),Jk + St (HA),Jk +— S5 (HA)i,’j,}c +511512[ vs” + vc” ]
B B

i,j.k

A 31,1 A 1,3,3 AN3,2,2 AN2,3,3
( ) P i (H )i,j,k) n 512((1_[ )i,j,k + (H )i‘j’k):l

+ 83 511(
veg s Usg s

1,2,2 1,1,1 2,1,1 — 2,22
[(HA e — (I +(HA ik —tﬂl(HA ik

i,j,k i,j.k
2ucy 2usg

4 v
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ij.k ij.k i,jk
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233 41333
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233 41333 5
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Triple CP-even Higgs coupling h{h}h}
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(IS5 (115433 (II5)>22 (I15)%337  SA(I15)33]
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APPENDIX C: COLEMAN-WEINBERG
ANALYSIS OF THE HIGGS POTENTIAL
IN THE NMSSM AND THE nMSSM

The two models under consideration essentially differ, at
tree level, by their Higgs sectors. Additionally, one should
require the limit k> — 0 in the nMSSM neutralino sector,
with respect to that of the NMSSM.

SM fermion contributions:

In the base of Dirac fermions (u, d, v,, e), the squared
mass matrix of SM fermions in terms of neutral Higgs
fields reads (we omit color and generation indices)

Y2|HO? 0 0 0
0 YZ|HO2 0 0
HO ) = avnd Cl1
Mj(H, ) = 0 0 0 0 D
0 0 0 Y2|HY?

leading to the potential
1 41014 Y%lH?P 3
16772ZYf|Hf| [m( A2 )7]
Yivs
~ 4] 1704
=~ 2ZYlHlln(Az)Jr :

(C2)
|

8V (H), HY, S) =~

3
6472
CER

4

8V (H), HY, S) =

3
= 2562

providing us with the couplings

Sfermion contributions:

{g;(IHBI2 + |H2|2)2[1 ( g (Hp? + |H0|2)) §]

PHYSICAL REVIEW D 86, 115024 (2012)

where we have kept only the leading, SU(2),-invariant,
logarithmic terms. We deduce the following corresponding
contributions to the Higgs potential:

m2
M=-L 3 v} ln<A—£>
=de

! (C3)
mZ
=~ 3rin(s)

SM gauge boson contributions:

In the base of real vector fields (y°, W!, W2, Z0), the
squared mass matrix of SM gauge bosons in terms of
neutral Higgs fields reads

0O 0 0 0
1{0 g 0 0
ME(H] ) = 5 0 0 & (IHJ1> + HYPP),
0 0 0 g*+g”

(C4)

leading to the potential (note that in the SU(2), -conserving
limit, these fields are massless)

2A? 2

(15 + g oS ST S IH2I2>) _ g]}
[2g ln(Af)+ (¢? +g'2)21n(AA4 )](|H°|2+ HOP)? . (C5)

r/\? 1287T_|:2g41n< )—i—(g +g’2)2ln( )]

1 A§ = 128” [2g41n< )—i—(g +g’2)21n< )] . (C6)
| A§ A7 = e [2g4 ln( ) + (g2 + ¢ 1n(%)]

The sfermion squared mass matrix, in the base (F,, ") for a flavor f, is given by

Fr
MA(S, H), HY) =

0% __ 0
Yi(AfHY — ASHY)

»12 /_2,21f
m2 + 1Y HOP + X2 (O — |HOP)

Y(AHY — AS"HY)

(C7)

nyf
ml o+ |V HOP + S (HOP

2 |HOJ?)

Defining 7y = (Nzﬁ)n + (-7\4125)22 and R% = [(3\4125)” (3\42 ) + 4|j\/12 1,» we obtain the eigenvalues m%: =
V= ‘/R%] and the Higgs potential
: 1 T% — R% T; + R
SVAL(HY, HY, S) = —— { T2 + R2 [1 (u) - 3] + 2T Rz1 (u)} C8
et (Hiw Hip ) 128772;(" RRlwrye FORENT TR, (€8)
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One derives the following couplings:

2 1 ~ ~ _ 22 f _2 21f /2
(mg“)F:@Z{Sf”YJZ‘[ﬂZ—Fﬂ1€+A§B€,R]+g yL4 8 3ﬂp yRﬂF}
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- 1 ) -
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p_ | VRV, (" $* VL2 15\ (",
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2yt f 27f 2Yayi f 21f
242 b 8 (yLJr}/R)—Zg 13 P (v2a2_8 (yL_yR)_zg 13 2F ja
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RO RED

S S T P VS TR T WA |
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ff f S 4 LR
RAN _no27f g” f % g? f Y _no2 f .
el ¢ e,

4
(o o)

2
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(A3 + A)F =

g? f 9 2If A2 5
e (o E UL YR 20 K
2
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(o YYD e T) g, [V 26 Y
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| g2 (Y, + V) —2¢°I,
F _ 2 2 L R 3

2V,
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)ch - (Y;A; -

— YN 9,21
]'éR) 2g I3A 2F>DFLR]

2y Y =202, eyl —yYr 2If
+ 5qu2Af/\s[g (Y. yR) 85er  — (YZ/\ZsQ WL }é’*) 3 AmdF, )D{R]}
(A%)F = e zfzd: YINBL, (A = e 22Y2A23{R, (C9)
where we have used the notations
P 2 sz P 2 "F 2F 2 2
AL = ’"ﬁ[ln( A2 ) B 1]’ Ar = mﬁk[ln< A2 ) B 1]’ AL g = My, M,
N 1 —>m2 m2
Bl = 1AL - Az £ ()
2 m2 —m C10
cr .= ! ]n(mﬁL) LR 1 ( :
LR ™ 2 _ 72 2 2
mp o~ mp o \mp m
2 2 2 2
" 1 ms mz my m
F o — LY __ 2 L N -
D= = () —2) (G )]
Chargino contributions:
The chargino squared mass matrix, in a base of Dirac (winos, Higgsinos), is given by
2 21 0|2 0% 0
M2 (S, HO, HO) — M; + g*|H)l g(MyH," + ASH)) ' 1)
X ¢(MLHO + AS*HY)  A2S|2 + g2|HYJ?

Defining 7,- = (Mii)“ + (.’Mf(i)zz and R% = [(‘,Mii)“
m(zxi): =T, = 1/Rf(i] and the Higgs potential

1 2 2 T — R
_ = {(Txt + R)(1)|:1n<T

One can derive the following couplings:

VX (HY, HY, S) =

(.7\’12 )22]2+4|_’MZ+|12, we obtain the eigenvalues

T:+R, -+
) 3] + 2TX1 . R)(: ln(u)}
T)(i _RXt

(C12)

S]]
S]]

’ ; 3 2 2.2
= < M, M3 M3 22\ 8
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— M2 ASs 6[111( ) 7] _ )‘sss}
A2
217 233 2 5
= _ g MyA’s M35 M3
(m%z)’( = — 8772(M% — )LQSZ)% {M4|:ln<A2 2) 3] + 3M2)\2 zl:ln(A2 2) +
2343
- g A%s M 3
(A(u,d)s)X = 4772(M§ — /\2s2)3 {2M‘2‘|:ln<A2—22> _E] + 4M%A2 2 _ /\4s4}
207 232 2 s
i W — §MyAs M3 M3
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( ud) 8772(M% — /\252)3 n A2 n A

/\2 2 /\2 2
Famaesn(22) 3] e () -2])
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g4

MZ M2 2 )12 2 2 )\2 2
ey E(33) - () -3 -t n(5r) - 5] - e ()}
4 2 2
= 8 442 .2 M) 1] 44[ (M> 1:| 66}
+ X = — _ | =
(A3 + A4) S7208 = 27 {M — 2M3A%s [111(/\2 5) =5 |~ 2M3Ats %) + 5 [ - A%

o7 =gt e (i) 2] e (i) + 2]

(AX =

2)3 5
(/\M)X = SWZ(M% — /\2S2)3 {ZMAZ‘[]H(W — E + 4M%A2 2 _ /\454
2)3 )
x 8 AN sM, { (M ) }
PYAY GR—— 2M2/\2 S i
i) 16m2(M2 — AZ52) n
2)3 5
+ 8 A° SM2 M2 3
T =16 (M3 — A2s2)3{2M§|:1n(/\2s2 =5 | TAMEASS = A%

232 2 2 242
LD = =g = s o8 n(33) — 1] e n(53) + 20(55) 1]

+3M3AYs 4[ln<)i 2) 1] 6[1n()i 2) |

243 M MZ
(XE )X g A sM> {2M§[1n<—2 ) —é] + 4M3A%s? — A4s4} (C13)

16772(M% — A%s2)3 As2) 2
LA - M - M
(Ap)¥ ZF; (m_zg))( - - (Mé)x P o2
. 3% 2 M2\ 3 Y . 24
e
AP =4 k) T i V) T S et ) 62

Neutralino contributions:
The (Hermitian) neutralino squared mass matrix is determined by its entries in the base of Weyl spinors

(—ib°, —ZW3, 1, hY, 1Y),
2 2
(M2)11 (5. HY, HY) = M7 + - (HOP + HP)  (M2)n(S, H, HY) = M3 + S (HOP + |HGP)

I 2+ 2
(M2) oS, HY HY) = =S (HOP + 1HYP)  (M2)(S, HY, HY) = A2(1SP + [HGP) + E=E |

(M2,)44(S, HO, HY) = X(SP + |HIP) + S8 (M2)(s, HO HO) = ()@ £ ng)HOHO*
0/44 w ttq) — u T d X° 34\, Loy T uttd

(J\/lio)ss(S, HY, HY) = 42|SI? + A2(IHY? + |HYI?) (3\410)35(5, HY, HY) = A’S*H) — 2AkSHY (C14)
!/
(D) HY, HY) = NS HG = 20SHS (M3,)12(8, H, HY) = S, HY + ASHY)
!
M2,) (S, HO, HO) = — 5 (M, HY + ASH® M2,),5(S, HO, HY) = — 5= (M HY + ASHY
(M30)1a( 2 ﬁ( 1Hy ) (M)l ) \/E( 2 2
(M35, Hi, H)) = 5 (MyH] + ASH))

One can expand its eigenvalues in terms of doublet fields,
m3(S, HY, HY) = m;*(S) + m?V(S, HY, HY) + m;> (S, HY, HY) + O(H",)°)
{mf“)(s, HY, HO) = mX"($)|HO2 + m? M ($)|HO? + (m> "D (S)HOHY + H.c.) c15)
m? (S, HY, HY) = m{ PO (IHGI + mf > (S)HY + m? 2D ($)| HYPIHI? +

The associated potential is then given by:
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1 2(S, H%, HY 3
5\/3’;‘0 (HO HO, §) = — 9.2 Zm;‘(s, HY, H2)[1n<m’(”d) - f]
1

A? 2

gy X (" ) 3] 2 syis, () 1]

A2
200)
NS
n <2m?(0)(S)m?(2)(s, HO, Hg)l:ln<m’ (S)

e ) - 1] + m? (s, H, HO) 1n(m?(0)(5) )) + OHS d)}.

AZ

(C16)
o(S, H? , = 0) is already diagonal with the eigenstates {M3, |E)}, {M3, |Eo)}, {A%ISI% |E3), |E4)} and {4K%[SI%, |Es)}
({|E;)} stands for the canonical base of C), from which one obtains easily the following pure-singlet parameters

(A = S (A% + 8kct)s?
(m%)XO - W (A* + 8k*)s?
(w3 = = g (A + 8«*)
s2(Ag)X = (A% + 8k?)

) (C17)
sk = — 16772 {A4|: (";ﬁz) + %:I + 8K4[1n(4’[f§2> + %:”»

(K%)XU = 481772 (A* + 8k%)
L(,}%)X" = — #()\4 + 8«%)
The O(H?) masses also come without much effort
”
2V = — £ U [M2(IHO + |HOP) + 2AM, Re(SHOHY)]
2
8
my) = — 2 IMA(HO? + |HOP) + 2AM, Re(SHOH) Im3 " + m3"
M3 — A%|S|
g

2
= S [WISP(HSR + |HY2) + 2AM, Re(SHOH)] + ——S5—— [X2ISPP(IHOP + |HO)?
)\2|S|2—M]2[ | |(| ul | dl) 1 e( d)] /\2|S|2_M%[ | |(| ul | dl)

2A%
+ 2AM, Re(SHIHY)] + m[ N2ISI2(1HO? + |HO?) — 4xA Re(S2HOHY)]
— 4k
08X 2|SI2(IHY)? + |HY) — kA Re(S2HOHY C18
ms —m[K (1Hy al?) — kARe( W3] (C18)
from which we can derive the following couplings (we focus on the logarithmic terms)
” 2 2.2
2 W= 8 {M4M4—3M2/\22+6)\441(%>—/\443M2+/\221(As)}
(mHM) 16772(M% — A252)3 1M 1A™S s*]1n A2 s*[3M] 5°]In
g2 47 1 g4 2322 4.4 M3 4.4 2 2.2 A2s?
- 162002 — 127)° {MZ[M2 = 3M5)\%s* + 6M%s ]IH(F) — A*s*[3M5 + A%s ]ln( )}
g2M3N3 s M2 g?M3A3s3 M2
2 \x° 2 2.2 2.2 2
()Y = 877-2(M2 e M+ 30% ]m(Az 2) " (M2 Sl + 30%s ]1“()@ 2)
(A )XU /2M4)l4 3 n (M%) 2M4/\43 n (M%)
(u.d)s 42 (M2 — 2527 \N2s2)  amr(ME — 2252 \A%s?
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o g AM, M% A2s2
AN = 1672 (M — X257 {M?[M% —52%5%] ln( A2) A2S2[2M7 + 3M2 A5 — A%s] ln( 12 )}
2 2 2.2
g M M A”s
1672012 _2A2 23 {Mg[Mg — 5A%7] 1n(A—§) — A252[2M5 + 3M3A%s% — A4St 1n< 12 )}
5 /2M3)L3 2 M2 2M3)l3 2 M2
0 _ 5
(Au)* = = 162 (M2 — X252)3 (M} + 3% 2]ln()\2 2) 162 (M2 — X52)3 [M3 +3A%57] 1“( 2s2)
P\ — _ g7 47 1 g2 2.2 _%_22 4 _ 2422 4.4 A2s?
() 6200 = 27 M{IME + X5*]in( 5 ) = A2[4MT = 3MA%S + A%s*]In( =5
T T — A%s
2)2 M2 A2s2
BT 152 25 {Mg[Mg + A%s7] 1n(A—§) — A%s[4M3 — 3M3A%s? + Ats] 1n<—A§ )}
T 7 S
)t2 4 /\2 2 . 4K2S2
TS = AZ){A 1“( A2 ) ~ 1ok ln( A2 )}
(A ) g’zM‘l‘/\“s2 <M2 ) gzM‘z‘)ﬁ‘s2 i (M% )
= - - n
4 1677'2(M2 — A2s%)3 A2s2 16772(M§ — A%2)3 A2s2
(AP )X /2M3A5 3 . (M% ) N gzMg)lss3 | (M% )
n n
M 167r2(M2 — A%s?)3 A2s2 16772(M§ — A%s?)3 A2s2
kA3 A2s2 4252
T I = AZ){)‘ZIH( )~ e
()l )X /2M5)t3 <M2 ) g2M§A3S (MZ )
M 8772(M2 _ /\2 2)3 /\2 2 8772(M% _ )\25‘2)3 /\2 2
) /2M5)l3 M2 ZMS)\S M
(A = 2072 223 ( 2 2) 2g 22 s2 3 ( 222) (C19)
T - T — A2
167> (M7 — A*s*) A 167 (M5 — A*s?) A

The limit k> — O for the nMSSM is straightforward.

Charged-Higgs contributions—NMSSM:

In the base (H,,, H, ), the Hermitian squared mass matrix of charged-Higgs bosons in terms of neutral Higgs fields reads
(we use the general notation of a Z5-conserving potential; those parameters should be replaced, in practice, by their tree-
level value; we also define Ay, replacing A% which coincide at tree-level; same thing for A, replacing A ,):

(M +)ll(S Hod) = M]ZEW + (Aud + )lMs)

ﬁ + AH? + ASIHGP + Ap(ISI1P — 5%)
(M7 )n(S, HY ) = Mgy + (A + AMs)s tanB + A |HO? + A1HO? + Ap(IS12 — 52) (C20)
(M) ia(S, Hy ) = AuaS + A S™ — Ay (HYHY)".

We have introduced M3y, to replace constant terms generated by the electroweak VEV and regularizing the (otherwise-

vanishing) Goldstone mass (which does not correspond to a Goldstone boson since SU(2); is conserved in our approach).

In practice, this MZy, should be chosen as M3, typically, since it replaces the longitudinal component of W bosons.
Now defining T = TrM? . (S, H) ) and R* = T? — 4detM3,. (S, H) ;), we obtain the two eigenvalues m;, /1S, HY ) =

3 L[T—/+R], as well as the potentlal
! {(T2 + R2)|:1n(T2 _ Rz) - 3] + 2T - Rln(T - R)} (C21)
2872 4A* T - R}
Then we focus on the following logarithms (the notation (-) means that Higgs fields are replaced by their VEVs):
2_p2 2(Am +AMs)s m2my,
ln<T4Age ) = ln[ <MI%ZW S )] T 1“( A > o

T+R 2(Auq+ MY s)s e _ m, e
1n< ) 1n[1 + W] + 1n<m—é +

8V (HY, HY, S) =

(C22)
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Expanding their coefficients, we obtain the leading charged-Higgs contributions to the Higgs-potential parameters. Note

that the coefficients multiplying ln( ) are in general very complicated. Here, for simplicity, we give only the leading term
in sin28 — 0 (tan — 00),

ApAM s3sin2 8 m2
A =~ 5A,4+ 12A45)1 (—h>
( T) 32 Z(Aud"f‘AM )( ud PS) n m%{
+ 1 2(A,q + AMs) . m2
(m3 )1 = o {[ "y BP (A scos?B + Asssin?B) + (A + A3)(Mzy, — )t'Psz)]ln< ’;\4”)
N 2035(A,q + AMs) 1n<m—%>}
sin23 m%,
o1 M2t AYs) mmy
(m? )H 22 {[ Y (A_ssin? B + Azscos?B) + (A + A3)(MZy, — A«,,sZ)]ln< X >
N 2A5(A,q + AMs) ln<m%>}
sin23 m%,
N 1 s(A,; + AMy) m2m? 20p5(Auy + AMs)  Im2
DH =~ A2+2A'(M2 — Aps? P )]1<h H>— o E 1<—h>}
() 3272{[ ud T AP\ WEW T ApS sin23 N\ A sin23 "\mz,

. L o2y 2 2 . My, 2 2
HE A42APs sin ,ﬁ A, +3/\’)§’s)ln<m—é’> P~ — 3)\,; Aps smMB
167°(A,.q + A¥s) ms; 167 (A,q + AYs)
AA mam? m2 AgApssin2 B m2
AT =22 “d{1< ’ H>—1 <—h>} A" = —=47F Ay + 6AY 1<—h>
( ud) 32 P n A4 n m%{ ( ud) 32772(Aud+/\M )( ud PS) n m%.]
A AM s sin2 A3 AM ssin2 2
Ap ssinzf AP ssin2fp (3Aud+4)t’},”s)ln<m_§l>
3277 (Aud + A ) 32 (Aud + )\ ) mH

. 3AMA m2m? m?2 9ApAM ssin2 B m?2
A ==L “d{1< b H>—1<—h>} At P Aug + 324 1<—h>
(4s) 272 [\ A2 N2 (4s) 16772(Aud+)tM )( ud ps)in m?,
22

H
{(A2 +A2)In <mA

mH> +(A2— /\?)m(—f“}}
My

2 2

o o) o)

2
(mi) (24,4 +3AMs) ln<%>
H

(A =

2
(3Ayq + 4AY5) 1n<m—§> (Ag)H" =
My

(A)H =

327

H® o 2 m, 2 m,% H* )‘421 . 2 ne . M %l
()13 + /\4) 32 {(2/\ )l'; + )14) ln< A4 > - )\4 ln<m—%1>} ()\5) = 32772 Sln2ﬁ (Aé) = 3277_ Sln2ﬁ ln<m—%1>
. MA .1 m2m? m>
(A)H 324 sm2,81n< H>(A”)H e { (A + /\3)ln< I >+ Ap(A — A3)ln<m§>}
1 2.2 2
O = a0+ 20" 1 a0 = 2y P2
my
I A A¥sin28 m? - A AM sin2 8 m2
X" = — S0P 34,4+ AY 1<—h> A = — 7P 3A,4+ AY 1<—h>
A S & Al A F AP s ) = e Al P + Ar ) InCs
P H 4 H
+ AgApsin2 B m2 . AAY mam3 m2
H* ~ _ 47tp + 3\ T MH* o, 471P RWHN [
(Au) T2 (A, Ally) PAua + 3N s)ln<m’;‘,> AP =3 {ln< AP > ln<mz>}

O— A sin2 3 m + 1 mim? m2
NPVH ~ — 47p Ay 1 < h> 2 H* { )\M2 + )l2 In < H> — M2 < h>}

3272 (Ayg + A¥s) 2

. AMA, A, sin2 m2 . AM A, sin2B m?2
H > TR ud In{— RO = — L 5E 44,4+ 3AY 1<—h> C23
(1) 872 (A + Als) n<m},> (%5) 872 (A, + AlTy) (Hua T 34F8)In{ €2

Charged-Higgs contributions—nMSSM:
The charged-Higgs boson squared mass matrix now reads
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(M3 )11(S, Hyyg) = My + (Aygs = mi)tan™' B+ AJHG? + A3|Hgl? + Ap(ISI” = s2)
(M2 )08, HS ) = My + (Augs — miy) tanB + AHSP? + A [HOI? + Ap(ISI? — s7)
(M7=)0a(S, Hy ) = AuaS — miy = Ag(HRHg)".

Applying the same recipe as in the previous paragraph, we obtain the following corrections:

+ Aygm? m2m? m2
= Ao iy
327 A4 m

* 1 2(A 48 — m%z) . mim%_]
T e {[ Sin23 (Acos?B + A3sin? B) + (A + A3)(MEy, — )\'Psz)]ln< \ >
L 2As(Augs — my) 1n<m_§ >}
sin2 8 mi

1 2(A,q8 — m3,) . m2m
= {[ :in2,8 122 (Asin? B + A3c082B) + (A + A3)(M%,, — )\'Psz)]ln< Z4H>

+ 2A.(Au.ds - m%2) 11’1<m—%>}
sin23 m?,

.1
2)H* A2 -|—2/\~(M2 — dps? +
() 32772{[ ud T EAP\MEw T ApS sin23 A sin2B3

N a2 2,2 2 A2 29 2
()1 = — 4y, {ln<mhmH>_ln<%>} (uH* = 2aMipsin®2f3 ln<m—§>

1672 5 6472 (A,gs — m3,)  \m%

+ MA m2m?2 m2 LA A s 51[12’8 2
i = Ahf H>_1<_h>} = A
(Aua) 3272 MN\TA% n m7; (Aua) 3277'2(Auds ) n ",

3272 (Aygs — mky) —%1 32772(Auds —m?,)

(A" = — 3)\'PA3ds2sin32,82 | <m_ﬁ> (A" = — 3ApA,qm3, sin2 B ln<m—ﬁ>

647 (A ys — m3,) m?, 327HAygs —m3,)  \m%4 /[

> 2{(Az 2)In < 142>+(/\§ - A?)ln(Z—é»
~ 321772 {(,\2 +A2)In < 142> + (A2 — A%)ln(Z—é»

] P _a
(/\3 + /\4)H ~ 32772 {(ZA. /\3 + /\42‘_)1 < A > - )l% ln<m—12q>} (/\S)H =~ 32772 51n2,82

/\4 /\ . m%l
o sin2 3 1n<m—2>

H

(A" =

(A"

+ )\ /\ . mz +
(Ae)" :3;732 sin23 1n<m—2h> (A =

H

(AL)H* = 321 2{/\p(/\ + A3)ln<mj\m2 > + Ap(As — Aa)ln(ﬂ”ﬁ’ >}

H

(A" 321772{ »(A + A3)ln< jxmz > + Ap(A; — )\)1H<m2>}

H
(A = A) A Apssin®23 m(m_%, > Gy = A= AWAdpssin’2p <m_§ >
647 (Aqs — m3,) m?, B 647(Auqs — m3,) m?,
AgApsin2 B
3272 (Aygs — m3,)

(g =

(/\M)Hi =-

(2Auds - m%z) ln<m—2

5 327 (A, s — m%z)
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3 2.2 2
(ALY = Ay ApsA,ysin”23 ln<mh> (K2)H* = o {A-Ig 1n<mhmH> ApuqSin2p 1n<—2>}
My

647 (Aqs — m3,) 2 3272 A4 A,gs — my

. A3 Apssin®2 2 . ApA2 sin*2 2
(Ké)H— ~ — ud/tpSSM B ln<ﬂ> (f(é)H’ ~ PAuaSI B (3A,45 — m%2)1n<%>. (C25)

647 (Aygs —m3,)?  \m¥ 327 (Aygs — m3,)? 2

Neutral Higgs contributions—NMSSM:
The 6 X 6 symmetric squared mass matrix is given by its entries, in the base (h%, 19, 1Y, a9, a9, a),

s
(Mo = My, + (Ayg + AY's) anp

(M20)2, = MEy + (A + A¥s)stanB + Ap(ISI? — s2) + A 2IHYI* + Re(HP)) + (A3 + A)|HY|?

(M2,)12 = —A,qRe(S) — AY Re(S?) + 2(A; + Ay) Re(HY) Re(HY)

(M20)33 = (Ag + 4k25)s + 2Ag(Re(S) — s) + 262(2|SI? + Re(S?) — 35%) + Ap(IHOI? + |HO?) — 2AY Re(H)HY)
(M2)13 = —A,qRe(H]) — 2AY Re(S*HY) + 243 Re(S) Re(HY)

(M2,)23 = —A,qRe(H)) — 2AY Re(S*HY) + 243 Re(S) Re(HY)

+ Ap(IS12 = 5%) + A (2IHY? + Re(H)) + (A3 + A)|HIJ?

N
(Mio)as = My, + (Ag + /\%)ti + Ap(IS1? = s%) + A QIHJI? — Re(H(?)) + (A3 + Ay HYI?

anf
(M%{o)ss = MLy + (A + A¥s)stanB + Ap(IS1? — %) + A (2IHS> — Re(HP)) + (A3 + A)|HY?

(M20)ss = A Re(S) + AY Re(S?) + 2(A; + Ay) Im(HY) Im(HY)

(M2,)66 = —3Ags — 2A5(Re(S) — 5) + 26> (2IS|* — Re(S?) — 52) + Ap(|HO? + [HSI?) + 2AY Re(H)HY)
(M2)a6 = AygRe(HY) — 20} Re(S*HY) + 25 Im(S) Im(HY)

(M70)s6 = Aug Re(H}) — 223 Re(S*HY) + 24, Im(S) Im(HY) (M?20)14 = AIm(H}?

(M20)15 = AugIm(S) — AY Im(S?) + 2(A3 + A4) Re(H)) Im(HY)

(M2)16 = Aua Im(HY) + 22) Im(SHY') + 225 Im(S) Re(HY)

(M20)2s = A Im(S) — A¥ Im(S?) + 2(A; + A) Im(H) Re(H))  (M2,)r5 = AIm(HP)

(M20)26 = Ayuq Im(HY) + 2AY Im(SHY*) + 21, Im(S) Re(HY)

(M2)34 = Auq Im(HS) + 224 Im(S*HY) + 24 Re(S) Im(HY)

(M?0)35 = Ayg Im(HY) + 223 Im(S*HY) + 245 Re(S) Im(HY)

(M20)36 = —2A5Im(S) + 2k Im(S?) — 2AY Im(Hy HY). (C26)
One can expand its eigenvalues in terms of doublet fields,

m2(S, HY, H)) = m}°/(S) + m?V(S, HY, HY) + m?® (S, HY, H)) + O((H? ))"). (C27)

u

The associated potential is then given by

2 0 0
AHO 770 10 oy — L . o 10 m,.(S,HM,Hd))_§]
SV (HY, HY, S) . 2,- m?(S, HY, Hd)[ln<—A2 5

& 22{ () (" 2(0)(5)) S|+ 2O smi s, Hg)[ln<m?jzl(s))— 1]

2(0) 2(0)
+ <2m?(°)(s)m?<2>(s, HY, Hg)[ln(m" Az(S )) - 1] + m? (s, HY, HY) 1n(m" AZ(S))) + O(H} d)}

(C28)

The large logarithms are then those terms multiplying ln( ) ~ In(* (s)) + - - -. Thus, our primary task is diagonal-
izing M2 70 perturbatively with respect to the doublet ﬁelds
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We first consider Mio (S, Hg, 4 = 0) in order to obtain m?(o)(S). We denote as |E;) = (6;;);=,¢ the elements of the
canonical base of R®. The subspaces Vec{|E, ), |E,), |E4), |Es)} and Vec{| E3), | Eq)} obviously decouple in M2, (S, H) ,=0).
In the doublet sector, one notices that the eigenstate equation (-’M%{o (S, HY ;= 0) — m»)Y,_1245%|E;) = 0is equivalent to
(M?* — m¥)(zy, 20)T = 0, where z; = x; + 1x3,2, = X, — x4 and M? is the 2 X 2 (complex) Hermitian matrix determined

by the following entries:
s

j(/l%l = M%W + (Aud + /‘gs)@ + /‘P(|S|2 - S2)
ME, = M2, + (A + AMs)stanB + Ap(|S]? — 52) (C29)
M}, = —A,,8* — A\MS2,

One recognizes j\/lfq1 (S, Hg, + = 0) up to the sign of the off-diagonal terms. M? s diagonalized by the eigenstates,

(A + AMs)s (A, + AMs)s\2 , 1/2
2 — A2 u P : 2 2y ud P * M2 _ M2 2
Mo 0 = Mpw + T + Ap(IS]F — s%)—/+ [(W> + (A gS* + AFS?H> — (Ag + A s)%s )]
m2, — jvl%l — M3 ;
(z)p = Hi > — = Xp; (22)p = — 2 — = —)p
\/(quo - Mi))? + M2 \/(m?{o - Mi))? + M
e mk, — M2,
(z)po = = 212 == = yp; (z)po = H(: . - = xp. (C30)
\/(mf,o - M) + M3, \/(mzo — Mip)? + M,
The following relations will prove useful later:
2 (Ayg + AMs)s AgS* + AMS?
ol =1 xp =l = R (C31)

B tan2 3 mio(s) - méo (S) ’ mio(s) - m?,o(s) .

Z1 = ((z1)y0, (22)p0)T and Z, = ((z1) o, (22)p0)T are eigenvectors of M? in the complex sense. In the real sense, 1Z; and
1Z, form two other linearly independent (and degenerate to Z;, Z,) eigenstates. We thus obtain the following doublet
eigenstates of M>,(S, H) ; = 0):

) { |h) = xplE1) — Re(yp)|Es) — Im(yp)|Ey)

mio,
" 1) = ~Im(yp)|Ey) + xp|Es) + Re(yp)|Es)
(C32)
o [1HY = ReGo)ED + xplE) + Im(yp)IE3)
UL IHY) = —Im(p)IE)) + Re(yp)|Es) — xplEy)
For the remaining singlet states, M2 ,(S, H) , = 0) is diagonalized by
. |h$) = xs|E3) — yslE
My = (—As + 2625)s + 43S = $)+ /= 2[1AgS + k25212]2; g> s1E = slEe)
s lag) = ys|E3) + xg|Eg) )
= M?_IO(S, 0)66 - mig ] v = M%IO (S, 0)36
S = 5 s = .
J(Méo(& 0)66 - mi(z)z + |M?_10(S’ 0)36'2 J(M?‘I“(S’ 0)66 - ng)z + |.7Vl§_1(,(s, 0)36|2
It is convenient to introduce the notation zg = xg + 1y and note the following relations:
AgS + k28572
lzs? =1 =41 (C34)

2 — 2 (Q)
mhg (S) mag (S)
At this stage, one can already determine the pure-singlet parameters of the potential. Similarly to the charged case
[Eq. (C21)], one can formulate the first term in Eq. (C28) in terms of T, = %(mil" +m3,), Rp = %(mzo —my), Ts =

mio + m?

0 and Rg = mio - mio. Moreover, the contributions from the doublet are trivially identical to those in the
S N s N

2
charged case and here, as well, we give only the leading term in sin28 — 0 for the coefficient multiplying 1n<Z—Zh>. The
H

logarithmically enhanced parameters are then
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2

m%) Ags(Ag + 2K%s) ln<mhg>
m?,

12872

N

Ap A s3sin28
() = o - (Z eV )(SAud + 12A45)In (

mi;
$(Aug + AY s))]ln<m%m%{>

1
2\H° o, 2 .
As,+2 +
) 32 2{[ ud A ( EW /\Ps SiHZB A4
2
C 2Xp5(Ay + AYs) Mt o
P s1ndZ,8 1< >+ [A2 — 2ASK2s—4K4s2]1n< 5\4 S>
"2

_ 3A3 + 10A%K2s + 2A3k*s? — 60A2Kk0s® — 20AgkPs* + 81051 ln< h‘;)}
8(Ag + K2s)? mio

)\M)\, 2 o} 2 2
AP Aps”sin2/3 (2Aud+3)\1},4s)ln<m—é’>
m

2)H° ~—
1672(A,q + AMs) 5
2
3As A% +2A3K%s — 6A%K>s* — 32A5k3s% — 16K* s n <mhg>
(Ag + K2s)? m2,
N

2561
o 3AMA [, Jmimd, m; 3k2Ag [, ™0™
(57 =2 >—ln<m—%1>}+ o ()

| A AL+ 19433 + 304345 — 12045557 — 8085t <mhf!>}
16 K2s(Ag + K%s)3 2

9ApAM ssin2 B m2
Ag)H" =~ A, +3\M 1<—h>
( S) 16 Z(Aud+/\M )( ud PS) n m%{

17A3K%s + 42A%2k*s? — 8A KOs — 16k3s* ln<mhg>
2

Ok2Ag Al +
102472 K2s(Ag + Kk%s)? m?,
N
g AT LA\ DS Mo Mgy
ol ) Y
(<) 32 2{(/\ Ap) < A* > Ap”In m, 641 S A*
I AS+ 14A3R%s + 324357 + 25643k — 640A5K%s* = 256%5° <mig>}
- n
64 452(Ag + K%s)3 mio
N
() AMAp A,gsin2p <m2> K*'Ag SA% +22A3K%s + 144A2k*s? — 352Ak0s% — 128k3s* n <mig>
k) =~ — —r
S 87 (A + AMs) \m%/ 204872 2(A + Kk%s)? m?,
N
0 )LM)L sinZ,B m2
~2\H P AP M h
~— A4, + 3AY ) In{ 2L
(%) 87 (A, + /\%’s)( ud rs) n<m%,>
2
K*Ag A%+ 2A§K2S —36A%k*s? — 344A k03 — 64 k85 1 My C35
K*s?(Ag + K%s)3 N2,/ (€39
ag

51277
The next step consists in considering O(H?) corrections to the neutral eigenvalues. Note that, for the eigenvalue mz(o)(S)
of M%Io (S, Hg, 4 = 0), with Tr; the trace on the corresponding eigenspace,
M2(1)P ‘.7\42(1)
3,22 0y] — 202) 4 HO
Tr,[m;® (S, HY, H)] = Tr; {m Z 2(0)(5) 2(0)(5)}, (C36)
m;

stands for the matrices with terms of O(H"?) in M? 70- and P; corresponds to the projector on the eigenspace

where M, 2.2
9 Defining 5 = 1; —1 for D = H°; h° and € = 1; 1 for § = h%; af and using the relations (C31)

of the elgenvalue m* y
and (C34), we obtain the following matrix elements:

115024-33



G. CHALONS AND F. DOMINGO PHYSICAL REVIEW D 86, 115024 (2012)

Trp(DIM2P|D) = (D) + ———(Ds) (D) = [2A + A5 + AJ(HOP + |HP)

My — Mo
2(A,q + AMs)s ;
(Dy) = tdan—ZBP[Z/\' — A3 = AJ(HRP? = [HGPP) — 4(A5 + Ay)[A4Re(SHYHY) + ApRe(S™HyH)]
€
<S|M2(Z)|S> =(Ss) + ﬁ<SA> (Ss) = Ap(|HDI* + [HI?)
h0 a®

N

(Sg) = —8AY[AsRe(SHOHY) + k?Re(S*?HIHY)]
€
<S|M§,‘3>PDJ\4§;&)|S>E<1;1>+m72< B (L= 1) —(~1;-1)

2 2 2
0o — m 0 0 — My, Ny, — My
H ho hs ag s dg

H° ho h
1
(I;1)y = —{Ag o T AAY2S12 + 2221SI1PHIHOI? + [HO?) — 245[A, Re(SHIHY) + 2AMRe(S*2HIHY)]
(= 151) = 2A[A2,|S[* + 2AM2|S|* + 3AM A, Re(S)](|1HOI? + |HIJ?).
(A + A s)s
tan23
+ AYRe(S?HIH)] — 8AM A, [ AY]SI?Re(SHIHY) + A, 4Re(S*?HOHY)]
(1;—1) = [8AY A, ,(As|SI* + k?Re(S%)) + 423 (AgRe(S?) + 2SI HDI? + [HYI?)
— 8Ap[(KPA g + 2AM AQISIPRe(SHOHY) + (AgA g + 2AY k?|SI*)Re(S*?HIHY)]
(=15 =1) = 8Ap[A 4 (KPA g + 3AMAQIS|* + 2AM212[S|0 + (AgA2, + 3AM A, 42| S|?
8(A,y + A¥s)s
tan23
— A3 (AsRe(S%) + 2ISINIIHL? — |HYI?) — 16A3(AsRe(S?) + 2|S|)[A,4Re(SHOHY)
+ AMRe(S*2HIH)] — S[(AMA(A2, + 4AM2|S|%) + k2A3 )|SI*Re(SHOHY)
+ Aua(Ag(A2, + 4AM2]S1%) + 4AM3 k2| S Re(S* 2 HOHY) + AM A2 k*Re(S*HOHY)
+ 40M2A, kK Re(SSHIHY)] (C37)

[A2, +4N2ISP = 2ARISPYIHOP — 1HOP) — 4AZ1SP[A, oRe(SHOHY)

+ 247 AISPIRe(SHIHL? + [Hyl?) —

[2AY 4,/ (A5|SP + 1PRe(S%)

Getting back to (C28), one obtains the O(H?) coefficients,

1 A+ M
(m% )H° e {[Ag .+ 4)\_<M125W + Aps? + 2cos’B (dsmz,r;S)s) + 2(A3 + A)(MZy, — Aps?
2 2
A + /\M 2.2 m;, mao
+ ZSiHZB( lldsinZ,E; s)s)] 1n<mj'(?H> +[A2, — 22p5(As + 2K3%5)] ln< hA4 5> 4. }
) (A + AMs)s
(m3; )" = = {[Ag .+ 4)\'<M125W + Aps? + 2sin’ B Tz/;) +2(A3 + A4)<M,25W — Aps?
2 2
Ay + AY *m3 MM
+ 2coszﬁ( ud 2; S)s)]ln<mj\’?H> +[A2, — 22ps(Ag + 2K7%5)] 1n< hj\4 5> + .- }
sin
2
2.2 Oma
(A" = {(/\3 + A+ Ap)Ayg 1n<m Am > + (ApA,g + 2AMAy) ln<%> 4 }
2 2
m2m2 m,om
(AB)H” = {(/\P QA A3 + Ay + Ap) + AM2)1n< ZTH> + 2(Ap(4K% + Ap) + 2/\’})”2)ln< hjv 5> + }
2 2
AP = Ap(RA A3 + Ay + Ap) + A¥2) In MEMEN o dk® + Ap) + 208 In{ e
( p) 3277_2 ( P 3 4 P) ) AZ ( P( K P) P ) n AZ
M\HO 1 M mymy M "y ay ...
(AM) =~ (A3 + Ay +2X) In =) 24 (k* + Ap)In o AR (C38)
r
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The logarithms involving ratios of Higgs masses (symbol-
ized by...) are too complicated to write down explicitly.
They also appear within contributions to the Z5-violating
parameters. We could check however that such contribu-
tions to Z3-violating parameters vanished in relevant limits
(mig’ag < mél, @ sin2B — 0, mH(,

We skip the computation of corrections t0 the quartic
doublet parameters here as well as for the neutralino con-
tributions: such a task, although straightforward (perturba-
tive calculation of the eigenvalues of a matrix up to the
fourth order), promises to be technically tedious.

< mho u,m o_’O)

Summary of the analysis:
Among the potentially large logarithms, we may
distinguish among those of the form In%;, which com-

pare a given sector to the scale A, typically chosen as
the mass of the third-generation squarks, or to another
sector, and those sensitive to hierarchies within a

2
ms
sector ln—

In the case of the NMSSM, the logarithms In%; > obvi-

ously appear only in the corrections to the Z5- conservmg
parameters Moreover, when logarithms of the type

ln— appear within Zs-violating parameters, they tend
to be balanced by prefactors vanishing in the hierarch-

ical limit (typically ( 2 2)) so that they cannot be

PHYSICAL REVIEW D 86, 115024 (2012)

Neutral-Higgs contributions—nMSSM:

We can draw some conclusions from the study in the
NMSSM case. For simplicity, we will confine here contri-
butions to pure singlet parameters, so that we need only
consider M2,(S, H) ;, = 0). Obviously, doublet and sin-
glet sectors will decouple again, and the doublet sector will
generate the same corrections to the A;’s as the charged
Higgs sector. As for the singlet sector, it is particularly
simple in the nMSSM since no dependence in S appears.
We thus obtain the leading logarithms to the following
pure-singlet coefficients:

o= ) )
™ = st {[ 42 + 200 (M3 — A+ ) (1) + 2ttt (53]
(MS)HO = 64#(,4%:;“2;‘;) ln<%>
(A9) = = e 1o 1)
(C39)
Ao = = S ()
(k)" = 5 {)‘?g ln<m§\'ﬁ1> - /\std—glrizlfzf ln<%>}
(1" = = G ()
| (7 2)H %(SAMS —m3,) ln<%>

regarded as an enhancement factor (contrary to when
they appear in Zjz-conserving parameters, where the
prefactor does not necessarily vanish in this limit).
One can thus conclude that leading logarithms preserve
the Z;-induced structure of the potential.

For the nMSSM, the Z; symmetry is actually still
present at tree level in all the sectors of the spectrum,
with the exception of the Higgs sector, where it is
explicitly violated. Consequently, large logarithms still
favor the Z;-conserving terms (even though they are
not all present at the classical level), while
Zs-violating effects perdure in the Higgs sector. In that
case, large logarithms seem likely to destroy the classi-
cal structure.

115024-35



G. CHALONS AND F. DOMINGO

(1]

(2]

(31

(4]

(5]
(6]
(71

(8]

(9]

[12]
[13]

(14]
[15]
[16]

(17]

[18]

[19]
[20]

(21]

(22]

ATLAS and CMS Collaboration, Latest update in the
search for the Higgs boson, http://indico.cern.ch/
conferenceDisplay.py?confld=197461.

ATLAS Collaboration, Phys. Lett. B 710, 49 (2012); 716,
1 (2012); CMS Collaboration, Phys. Lett. B 710, 26
(2012); arXiv:1207.7235.

CDF and D@ Collaborations, arXiv:1207.0449.

F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964);
P. W. Higgs, Phys. Lett. 12, 132 (1964); Phys. Rev. Lett. 13,
508 (1964); G. Guralnik, C. Hagen, and T. Kibble, Phys.
Rev. Lett. 13,585 (1964); P. W. Higgs, Phys. Rev. 145, 1156
(1966); T. W. B. Kibble, Phys. Rev. 155, 1554 (1967).
T.D. Lee, Phys. Rev. D 8, 1226 (1973).

A. Pich and P. Tuzon, Phys. Rev. D 80, 091702 (2009).
R.N. Mohapatra and J.C. Pati, Phys. Rev. D 11, 2558
(1975); G. Ecker, W. Grimus, and W. Konetschny, Nucl.
Phys. B177, 489 (1981).

E. Witten, Nucl. Phys. B188, 513 (1981); S. Dimopoulos
and H. Georgi, Nucl. Phys. B193, 150 (1981); E. Witten,
Phys. Lett. 105B, 267 (1981); R.K. Kaul and
P. Majumdar, Nucl. Phys. B199, 36 (1982); N. Sakai,
Z. Phys. C 11, 153 (1981).

J.R. Ellis, S. Kelley, and D. V. Nanopoulos, Phys. Lett. B
260, 131 (1991); C. Giunti, C.W. Kim, and U. W. Lee,
Mod. Phys. Lett. A 06, 1745 (1991); U. Amaldi, W. de
Boer, and H. Furstenau, Phys. Lett. B 260, 447 (1991); P.
Langacker and M. X. Luo, Phys. Rev. D 44, 817 (1991).
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48, 223
(1982). H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983).
H. P. Nilles, Phys. Rep. 110, 1 (1984); S. P. Martin, arXiv:
hep-ph/9709356. D.J. H. Chung, L. L. Everett, G. L. Kane,
S.F. King, J. D. Lykken, and L. T. Wang, Phys. Rep. 407, 1
(2005).

A. Djouadi, Phys. Rep. 459, 1 (2008).

A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, and J.
Quevillon, Phys. Lett. B 708, 162 (2012); P. Draper, P.
Meade, M. Reece, and D. Shih, Phys. Rev. D 85, 095007
(2012); J. Cao, Z. Heng, J. M. Yang, Y. Zhang, and J. Zhu,
J. High Energy Phys. 03 (2012) 086; J. Ellis and K. A.
Olive, Eur. Phys. J. C 72, 2005 (2012).

J.E. Kim and H.P. Nilles, Phys. Lett. 138B, 150 (1984).
P. Fayet, Nucl. Phys. B90, 104 (1975).Phys. Lett. 69B,
489 (1977). P. Fayet and S. Ferrara, Phys. Rep. 32, 249
(1977).

R. Barbieri, L.J. Hall, Y. Nomura, and V.S. Rychkov,
Phys. Rev. D 75, 035007 (2007).

U. Ellwanger and C. Hugonie, Mod. Phys. Lett. A 22,
1581 (2007). U. Ellwanger, G. Espitalier-Noel, and C.
Hugonie, J. High Energy Phys. 09 (2011) 105.

U. Ellwanger, C. Hugonie, and A. M. Teixeira, Phys. Rep.
496, 1 (2010).

M. Maniatis, Int. J. Mod. Phys. A 25, 3505 (2010).

C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B 469,
145 (1999).

C. Panagiotakopoulos and A. Pilaftsis, Phys. Rev. D 63,
055003 (2001); A. Dedes, C. Hugonie, S. Moretti, and
K. Tamvakis, Phys. Rev. D 63, 055009 (2001).

M. Cvetic, D. A. Demir, J.R. Espinosa, L. L. Everett, and
P. Langacker, Phys. Rev. D 56, 2861 (1997); 58, 119905
(E) (1998); P. Langacker and J. Wang, Phys. Rev. D 58,
115010 (1998), and references therein.

(23]

[24]

[25]

[26]

(27]
(28]

[29]
(30]

(31]

(32]

(33]

[34]

[35]
(36]

[37]

(38]

(39]
[40]

[41]

[42]
[43]

[44]

115024-36

PHYSICAL REVIEW D 86, 115024 (2012)

J.F. Gunion, L. Roszkowski, and H. E. Haber, Phys. Lett.
B 189, 409 (1987); Phys. Rev. D 38, 105 (1988); H.E.
Haber and M. Sher, Phys. Rev. D 35, 2206 (1987).

M. A. Luty, J. Terning, and A. K. Grant, Phys. Rev. D 63,
075001 (2001); R. Harnik, G.D. Kribs, D. T. Larson, and
H. Murayama, Phys. Rev. D 70, 015002 (2004).

C. Csaki, Y. Shirman, and J. Terning, Phys. Rev. D 84,
095011 (2011).

F. Boudjema and E. Chopin, Z. Phys. C 73, 85 (1996).
G.V. Jikia and Y.F. Pirogov, Phys. Lett. B 283, 135
(1992).

F. Boudjema and A. Semenov, Phys. Rev. D 66, 095007
(2002).

G. Bélanger, K. Kannike, A. Pukhov, and M. Raidal,
J. Cosmol. Astropart. Phys. 04 (2012) 010.

S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).
R. Barbieri, M. Frigeni, and F. Caravaglios, Phys. Lett. B
258, 167 (1991); Y. Okada, M. Yamaguchi, and T.
Yanagida, Phys. Lett. B 262, 54 (1991); D. M. Pierce, A.
Papadopoulos, and S. Johnson, Phys. Rev. Lett. 68, 3678
(1992); K. Sasaki, M. Carena, and C.E.M. Wagner,
Nucl. Phys. B381, 66 (1992); R. Hempfling, in
Phenomenological Aspects of Supersymmetry, edited by
W. Hollik, R. Riickl, and J. Wess (Springer-Verlag, Berlin,
1992), p. 260; J. Kodaira, Y. Yasui, and K. Sasaki, Phys.
Rev. D 50, 7035 (1994). J.R. Espinosa and M. Quiros,
Phys. Lett. B 266, 389 (1991); H.E. Haber and R.
Hempfling, Phys. Rev. D 48, 4280 (1993).

U. Ellwanger, Phys. Lett. B 698, 293 (2011); J. High
Energy Phys. 03 (2012) 044.

U. Ellwanger, J.F. Gunion, and C. Hugonie, J. High
Energy Phys. 02 (2005) 066; U. Ellwanger and C.
Hugonie, Comput. Phys. Commun. 175, 290 (2006).

U. Ellwanger, J.F. Gunion, and C. Hugonie, J. High
Energy Phys. 02 (2005) 066; U. Ellwanger and
C. Hugonie, Comput. Phys. Commun. 175, 290 (2006);
177, 399 (2007).

G. Bélanger, F. Boudjema, A. Pukhov, and A. Semenov,
Comput. Phys. Commun. 149, 103 (2002); 176, 367
(2007); 174, 577 (2006); G. Bélanger, F. Boudjema,
P. Brun, A. Pukhov, S. Rosier-Lees, P. Salati, and
A. Semenov, Comput. Phys. Commun. 182, 842 (2011).

G. Belanger, F. Boudjema, C. Hugonie, A. Pukhov, and
A. Semenov, J. Cosmol. Astropart. Phys. 09 (2005) 001.

F. Boudjema, A. Semenov, and D. Temes, Phys. Rev. D 72,
055024 (2005).

N. Baro, F. Boudjema, and A. Semenov, Phys. Rev. D 78,
115003 (2008); N. Baro and F. Boudjema, Phys. Rev. D
80, 076010 (2009).

G. Chalons and A. Semenov, J. High Energy Phys. 12
(2011) 055.

A. Vilenkin, Phys. Rep. 121, 263 (1985).

R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); Phys. Rev. D16, 1791 (1977).

D.J. Miller, R. Nevzorov, and P. M. Zerwas, Nucl. Phys.
B681, 3 (2004).

A. Brignole and F. Zwirner, Phys. Lett. B 299, 72 (1993).
W. Hollik and S. Pefiaranda, Eur. Phys. J. C 23, 163
(2002).

S.P. Li and M. Sher, Phys. Lett. 140B, 339 (1984).
Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor.


http://indico.cern.ch/conferenceDisplay.py?confId=197461
http://indico.cern.ch/conferenceDisplay.py?confId=197461
http://dx.doi.org/10.1016/j.physletb.2012.02.044
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.02.064
http://dx.doi.org/10.1016/j.physletb.2012.02.064
http://arXiv.org/abs/1207.7235
http://arXiv.org/abs/1207.0449
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1103/PhysRev.155.1554
http://dx.doi.org/10.1103/PhysRevD.8.1226
http://dx.doi.org/10.1103/PhysRevD.80.091702
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1016/0550-3213(81)90183-8
http://dx.doi.org/10.1016/0550-3213(81)90183-8
http://dx.doi.org/10.1016/0550-3213(81)90006-7
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0370-2693(81)90885-6
http://dx.doi.org/10.1016/0550-3213(82)90565-X
http://dx.doi.org/10.1007/BF01573998
http://dx.doi.org/10.1016/0370-2693(91)90980-5
http://dx.doi.org/10.1016/0370-2693(91)90980-5
http://dx.doi.org/10.1142/S0217732391001883
http://dx.doi.org/10.1016/0370-2693(91)91641-8
http://dx.doi.org/10.1103/PhysRevD.44.817
http://dx.doi.org/10.1103/PhysRevLett.48.223
http://dx.doi.org/10.1103/PhysRevLett.48.223
http://dx.doi.org/10.1103/PhysRevLett.50.1419
http://dx.doi.org/10.1016/0370-1573(84)90008-5
http://arXiv.org/abs/hep-ph/9709356
http://arXiv.org/abs/hep-ph/9709356
http://dx.doi.org/10.1016/j.physrep.2004.08.032
http://dx.doi.org/10.1016/j.physrep.2004.08.032
http://dx.doi.org/10.1016/j.physrep.2007.10.005
http://dx.doi.org/10.1016/j.physletb.2012.01.053
http://dx.doi.org/10.1103/PhysRevD.85.095007
http://dx.doi.org/10.1103/PhysRevD.85.095007
http://dx.doi.org/10.1007/JHEP03(2012)086
http://dx.doi.org/10.1140/epjc/s10052-012-2005-2
http://dx.doi.org/10.1016/0370-2693(84)91890-2
http://dx.doi.org/10.1016/0550-3213(75)90636-7
http://dx.doi.org/10.1016/0370-2693(77)90852-8
http://dx.doi.org/10.1016/0370-2693(77)90852-8
http://dx.doi.org/10.1016/0370-1573(77)90066-7
http://dx.doi.org/10.1016/0370-1573(77)90066-7
http://dx.doi.org/10.1103/PhysRevD.75.035007
http://dx.doi.org/10.1142/S0217732307023870
http://dx.doi.org/10.1142/S0217732307023870
http://dx.doi.org/10.1007/JHEP09(2011)105
http://dx.doi.org/10.1016/j.physrep.2010.07.001
http://dx.doi.org/10.1016/j.physrep.2010.07.001
http://dx.doi.org/10.1142/S0217751X10049827
http://dx.doi.org/10.1016/S0370-2693(99)01247-2
http://dx.doi.org/10.1016/S0370-2693(99)01247-2
http://dx.doi.org/10.1103/PhysRevD.63.055003
http://dx.doi.org/10.1103/PhysRevD.63.055003
http://dx.doi.org/10.1103/PhysRevD.63.055009
http://dx.doi.org/10.1103/PhysRevD.56.2861
http://dx.doi.org/10.1103/PhysRevD.58.119905
http://dx.doi.org/10.1103/PhysRevD.58.119905
http://dx.doi.org/10.1103/PhysRevD.58.115010
http://dx.doi.org/10.1103/PhysRevD.58.115010
http://dx.doi.org/10.1016/0370-2693(87)90651-4
http://dx.doi.org/10.1016/0370-2693(87)90651-4
http://dx.doi.org/10.1103/PhysRevD.38.105
http://dx.doi.org/10.1103/PhysRevD.35.2206
http://dx.doi.org/10.1103/PhysRevD.63.075001
http://dx.doi.org/10.1103/PhysRevD.63.075001
http://dx.doi.org/10.1103/PhysRevD.70.015002
http://dx.doi.org/10.1103/PhysRevD.84.095011
http://dx.doi.org/10.1103/PhysRevD.84.095011
http://dx.doi.org/10.1016/0370-2693(92)91443-D
http://dx.doi.org/10.1016/0370-2693(92)91443-D
http://dx.doi.org/10.1103/PhysRevD.66.095007
http://dx.doi.org/10.1103/PhysRevD.66.095007
http://dx.doi.org/10.1088/1475-7516/2012/04/010
http://dx.doi.org/10.1103/PhysRevD.7.1888
http://dx.doi.org/10.1016/0370-2693(91)91226-L
http://dx.doi.org/10.1016/0370-2693(91)91226-L
http://dx.doi.org/10.1016/0370-2693(91)90642-4
http://dx.doi.org/10.1103/PhysRevLett.68.3678
http://dx.doi.org/10.1103/PhysRevLett.68.3678
http://dx.doi.org/10.1016/0550-3213(92)90640-W
http://dx.doi.org/10.1103/PhysRevD.50.7035
http://dx.doi.org/10.1103/PhysRevD.50.7035
http://dx.doi.org/10.1016/0370-2693(91)91056-2
http://dx.doi.org/10.1103/PhysRevD.48.4280
http://dx.doi.org/10.1016/j.physletb.2011.03.027
http://dx.doi.org/10.1007/JHEP03(2012)044
http://dx.doi.org/10.1007/JHEP03(2012)044
http://dx.doi.org/10.1088/1126-6708/2005/02/066
http://dx.doi.org/10.1088/1126-6708/2005/02/066
http://dx.doi.org/10.1016/j.cpc.2006.04.004
http://dx.doi.org/10.1088/1126-6708/2005/02/066
http://dx.doi.org/10.1088/1126-6708/2005/02/066
http://dx.doi.org/10.1016/j.cpc.2006.04.004
http://dx.doi.org/10.1016/j.cpc.2007.05.001
http://dx.doi.org/10.1016/S0010-4655(02)00596-9
http://dx.doi.org/10.1016/j.cpc.2006.11.008
http://dx.doi.org/10.1016/j.cpc.2006.11.008
http://dx.doi.org/10.1016/j.cpc.2005.12.005
http://dx.doi.org/10.1016/j.cpc.2010.11.033
http://dx.doi.org/10.1088/1475-7516/2005/09/001
http://dx.doi.org/10.1103/PhysRevD.72.055024
http://dx.doi.org/10.1103/PhysRevD.72.055024
http://dx.doi.org/10.1103/PhysRevD.78.115003
http://dx.doi.org/10.1103/PhysRevD.78.115003
http://dx.doi.org/10.1103/PhysRevD.80.076010
http://dx.doi.org/10.1103/PhysRevD.80.076010
http://dx.doi.org/10.1007/JHEP12(2011)055
http://dx.doi.org/10.1007/JHEP12(2011)055
http://dx.doi.org/10.1016/0370-1573(85)90033-X
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.021
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.021
http://dx.doi.org/10.1016/0370-2693(93)90885-L
http://dx.doi.org/10.1007/s100520100862
http://dx.doi.org/10.1007/s100520100862
http://dx.doi.org/10.1016/0370-2693(84)90767-6
http://dx.doi.org/10.1143/PTP.85.1

ANALYSIS OF THE HIGGS POTENTIALS FOR TWO ...

(48]

Phys. 85, 1 (1991); J. Ellis, G. Ridolfi, and F. Zwirner,
Phys. Lett. B 262, 477 (1991); R. Barbieri, M. Frigeni,
and F. Caravaglios, Phys. Lett. B 258, 167 (1991); A.
Brignole, J. Ellis, G. Ridolfi, and E Zwimer, Phys. Lett. B
271, 123 (1991); R. Barbieri and M. Frigeni, Phys. Lett. B
258, 395 (1991); M. Drees and M. M. Nojiri, Phys. Rev. D
45, 2482 (1992); H.E. Haber and R. Hempfling, Phys.
Rev. D 48, 4280 (1993); J. A. Casas, J.R. Espinosa, M.
Quiros, and A. Riotto, Nucl. Phys. B436, 3 (1995); B439,
466(E) (1995); M. Carena, J.R. Espinosa, M. Quiros, and
C.E.M. Wagner, Phys. Lett. B 355, 209 (1995). M.
Carena, M. Quiros, and C.E.M. Wagner, Nucl. Phys.
B461, 407 (1996).

S. Schael et al. (ALEPH, DELPHI, L3, OPAL
Collaborations, and LEP Working Group for Higgs
Boson Searches), Eur. Phys. J. C 47, 547 (2006).

CDF and D@ Collaborations, Proc. Sci. CHARGED 2010
(2010) 004.

F. Domingo and U. Ellwanger, J. High Energy Phys. 12
(2007) 090.F. Domingo, U. Ellwanger, E. Fullana, C.
Hugonie, and M.-A. Sanchis-Lozano, J. High Energy
Phys. 01 (2009) 061.F. Domingo, J. High Energy Phys.
04 (2011) 016.

U. Ellwanger and C. Hugonie, Adv. High Energy Phys. 2012,
625389 (2012). CMS collaboration, Phys. Lett. B 713, 68
(2012).ATLAS collaboration, Phys. Rev. Lett. 108, 111803
(2012). CMS collaboration, Phys. Lett. B 710, 403 (2012).
G. Degrassi and P. Slavich, Nucl. Phys. B825, 119 (2010).
A. Semenov, arXiv:hep-ph/9608488; Nucl. Instrum.
Methods Phys. Res., Sect. A 389, 293 (1997); Comput.

[51]

[52]

(53]
[54]
[55]
[56]
[57]
[58]

[59]

[60]

115024-37

PHYSICAL REVIEW D 86, 115024 (2012)

Phys. Commun. 115, 124 (1998); arXiv:hep-ph/0208011;
Comput. Phys. Commun. 180, 431 (2009).

T. Hahn and M. Perez-Victoria, Comput. Phys. Commun.
118, 153 (1999); T. Hahn, Nucl. Phys. B, Proc. Suppl. 135,
333 (2004).

G. Bélanger, F. Boudjema, J. Fujimoto, T. Ishikawa,
T. Kaneko, K. Kato, and Y. Shimizu, Phys. Rep. 430, 117
(2006).

M.B. Gavela, G. Girardi, C. Malleville, and P. Sorba,
Nucl. Phys. B193, 257 (1981).

G. Passarino, C. Sturm, and S. Uccirati, Phys. Lett. B 655,
298 (2007).

S.F. King, M. Mhlleitner, and R. Nevzorov, Nucl. Phys.
B860, 207 (2012).

K. Schmidt-Hoberg and F. Staub, J. High Energy Phys. 10
(2012) 195.

J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,
010001 (2012).

PLANCK Collaboration,
.php?project=PLANCK.
PLANCK Collaboration 2006, The Scientific Programme
of Planck, arXiv:astro-ph/0604069, also available
at  http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-
ESA-SCI(2005)1_V2.pdf; L.P.L. Colombo, E. Pierpaoli,
and J.R. Pritchard, Mon. Not. R. Astron. Soc. 398, 1621
(2009); C. Burigana C. Destri, H. J. de Vega, A. Gruppuso,
N. Mandolesi, P. Natoli, and N. G. Sanchez, Astrophys. J.
724, 588 (2010).

B. C. Allanach, G. Bélanger, F. Boudjema, and A. Pukhov,
J. High Energy Phys. 12 (2004) 020.

http://www.rssd.esa.int/index


http://dx.doi.org/10.1143/PTP.85.1
http://dx.doi.org/10.1016/0370-2693(91)90626-2
http://dx.doi.org/10.1016/0370-2693(91)91226-L
http://dx.doi.org/10.1016/0370-2693(91)91287-6
http://dx.doi.org/10.1016/0370-2693(91)91287-6
http://dx.doi.org/10.1016/0370-2693(91)91106-6
http://dx.doi.org/10.1016/0370-2693(91)91106-6
http://dx.doi.org/10.1103/PhysRevD.45.2482
http://dx.doi.org/10.1103/PhysRevD.45.2482
http://dx.doi.org/10.1103/PhysRevD.48.4280
http://dx.doi.org/10.1103/PhysRevD.48.4280
http://dx.doi.org/10.1016/0550-3213(94)00508-C
http://dx.doi.org/10.1016/0550-3213(95)00057-Y
http://dx.doi.org/10.1016/0550-3213(95)00057-Y
http://dx.doi.org/10.1016/0370-2693(95)00694-G
http://dx.doi.org/10.1016/0550-3213(95)00665-6
http://dx.doi.org/10.1016/0550-3213(95)00665-6
http://dx.doi.org/10.1140/epjc/s2006-02569-7
http://dx.doi.org/10.1088/1126-6708/2007/12/090
http://dx.doi.org/10.1088/1126-6708/2007/12/090
http://dx.doi.org/10.1088/1126-6708/2009/01/061
http://dx.doi.org/10.1088/1126-6708/2009/01/061
http://dx.doi.org/10.1007/JHEP04(2011)016
http://dx.doi.org/10.1007/JHEP04(2011)016
http://dx.doi.org/10.1155/2012/625389
http://dx.doi.org/10.1155/2012/625389
http://dx.doi.org/10.1016/j.physletb.2012.05.028
http://dx.doi.org/10.1016/j.physletb.2012.05.028
http://dx.doi.org/10.1103/PhysRevLett.108.111803
http://dx.doi.org/10.1103/PhysRevLett.108.111803
http://dx.doi.org/10.1016/j.physletb.2012.03.003
http://dx.doi.org/10.1016/j.nuclphysb.2009.09.018
http://arXiv.org/abs/hep-ph/9608488
http://dx.doi.org/10.1016/S0168-9002(97)00096-X
http://dx.doi.org/10.1016/S0168-9002(97)00096-X
http://dx.doi.org/10.1016/S0010-4655(98)00143-X
http://dx.doi.org/10.1016/S0010-4655(98)00143-X
http://arXiv.org/abs/hep-ph/0208011
http://dx.doi.org/10.1016/j.cpc.2008.10.012
http://dx.doi.org/10.1016/S0010-4655(98)00173-8
http://dx.doi.org/10.1016/S0010-4655(98)00173-8
http://dx.doi.org/10.1016/j.nuclphysbps.2004.09.018
http://dx.doi.org/10.1016/j.nuclphysbps.2004.09.018
http://dx.doi.org/10.1016/j.physrep.2006.02.001
http://dx.doi.org/10.1016/j.physrep.2006.02.001
http://dx.doi.org/10.1016/0550-3213(81)90529-0
http://dx.doi.org/10.1016/j.physletb.2007.09.002
http://dx.doi.org/10.1016/j.physletb.2007.09.002
http://dx.doi.org/10.1016/j.nuclphysb.2012.02.010
http://dx.doi.org/10.1016/j.nuclphysb.2012.02.010
http://dx.doi.org/10.1007/JHEP10(2012)195
http://dx.doi.org/10.1007/JHEP10(2012)195
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://www.rssd.esa.int/index.php?project=PLANCK
http://www.rssd.esa.int/index.php?project=PLANCK
http://arXiv.org/abs/astro-ph/0604069
http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf
http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf
http://dx.doi.org/10.1111/j.1365-2966.2009.14802.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14802.x
http://dx.doi.org/10.1088/0004-637X/724/1/588
http://dx.doi.org/10.1088/0004-637X/724/1/588
http://dx.doi.org/10.1088/1126-6708/2004/12/020

