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One-loop renormalization of the NMSSM in SloopS. II. The Higgs sector
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We present a full one-loop renormalization of the Higgs sector of the next-to-minimal-supersymmetric-
Standard-Model (NMSSM) and its implementation within Sloops, a code for the automated computations of
one-loop processes in theories beyond the Standard Model. The present work is the sequel to the study we
performed on the renormalization of the sectors of the NMSSM comprising neutralinos, charginos, and
sfermions, thereby completing the full one-loop renormalization of the NMSSM. We have investigated
several renormalization schemes based on alternative choices (on-shell or DR) of the physical parameters.
Special attention is paid to the issue of the mixing between physical fields. To weigh the impact of the
different renormalization schemes, the partial widths for the decays of the Higgs bosons into super-
symmetric particles are computed at one loop. In many decays large differences between the schemes are
found. We discuss the origin of these differences. In particular, we study two contrasting scenarios. The first
model is MSSM-like with a small value for the mixing between the doublet and singlet Higgs superfields
while the second model has a moderate value for this mixing. We critically discuss the issue of the
reconstruction of the underlying parameters and their counterterms in the case of a theory with a large
number of parameters, such as the NMSSM, from a set of physical parameters. In the present study this set

corresponds to the minimum set of masses for the implementation of the on-shell schemes.
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I. INTRODUCTION

The discovery of a Standard Model-like Higgs boson at
the LHC [1,2] has raised some concerns with one of the
favorite extensions of the Standard Model (SM), the
minimal supersymmetric Standard Model (MSSM). A
Higgs mass of 125 GeV, near the maximum value achiev-
able in this model, requires some fine-tuning [3]. In a
minimal singlet extension of the model with a Z; sym-
metry, the next-to-MSSM (NMSSM), additional Higgs
quartic couplings allow one to raise the tree-level mass
of the SM-like Higgs [4,5], hence reducing both the amount
of radiative corrections required from the top/stop sector
and the amount of fine-tuning [6-8]. In addition, this model
provides a natural explanation for the scale of the Higgsino
parameter y, by relating it to the vacuum expectation value
(VEV), of the scalar singlet, thus solving the little hierarchy
problem of the MSSM.

The computation of higher-order corrections to Higgs
production at the LHC as well as its decay rates has been a
field of intense activity for the past two decades, in particular
for the SM Higgs; for an update see [9—12]. The bulk of the
corrections have to do with QCD corrections. For the
MSSM, the best example for the importance of the higher
order corrections in the Higgs sector is the correction to the
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Higgs mass [13,14]. Without these corrections driven by the
top mass, the MSSM would not have survived for so long
[15-18]. Many of these computations have been extended
and/or adapted to the case of the NMSSM, in particular for
the Higgs masses [19-25] with improvements including
several two-loop effects [26-30]. Adaptations of the com-
putations of higher order corrections for Higgs production at
the LHC from the SM and the MSSM to the NMSSM have
been performed [31]. One-loop corrections to Higgs decays
in the NMSSM have also been considered with varying
degrees of generalization and approximation depending on
the final state. Full QCD/supersymmetric-QCD (SUSY-
QCD) corrections to decays to SM fermions [32] have been
performed, as well as electroweak and QCD corrections to
channels such as the decays of CP-odd Higgses into stops
[33] and Higgs self-couplings [34], while many other
channels such as decays to neutralinos and charginos have
been adapted from the MSSM [35]. Some electroweak
corrections are still not fully systematically included for
all decays. Many of these one-loop (or in the case of masses
beyond one-loop) corrections have been incorporated into
several public codes for the NMSSM: NMSSMTools [36,37],
SPheno [38,39], NMSDECAY [40], SoftSUSY [41], NMSSMCALC
[35], and FlexibleSUSY [42]. Most of these computations are
based on a DR scheme or on a mixed DR/on-shell (OS)
scheme as in NMSSMCALC [35]. In principle an automated
implementation of two-body decays in DR of the NMSSM
could be attempted for the NMSSM along the lines
described in [43]. A full OS scheme at one loop for the
NMSSM has not been studied.
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One of the aims of this paper is to precisely implement
different renormalization schemes including a few variants
of a full OS scheme in order to perform complete one-loop
corrections for any process in the NMSSM. We have shown
in a previous paper [44] how such a program is applied to
the renormalization of the neutralino/chargino and sfermion
sectors of the NMSSM, and we extend it here to cover the
Higgs sector. Because of the role played by the effective u
parameter in the NMSSM, or in other words, the doublet-
singlet A mixing, there is a strong interconnection between
the chargino/neutralino sector and the Higgs sector, which
warrants a common and overall coherent approach to the
complete one-loop renormalization of the NMSSM. This
work is a natural extension of the work done for the MSSM
in [45,46] where, after performing the complete renorm-
alization of the MSSM, one-loop corrections to masses,
two-body decays, and production cross sections at colliders
were computed together with one-loop corrections for
various dark matter annihilation processes [47-49]. The
fact that one is able to perform one-loop corrections to a
host of processes is made possible by the implementation of
the theoretical setup for the one-loop renormalization in
Sloops, a code for the automated generation and evaluation
of any cross section. The one-loop theoretical setup will be
detailed here. As a prerequisite for SioopS, one first needs to
read a model file. The model file, the NMSSM in this case, is
obtained automatically with an improved version of
LanHEP [50-52] that allows for the generation of the
counterterms and the corresponding Feynman rules. The
code then relies on FeynArts [53], FormCalC [54], and LoopTools
for the automatic computation of one-loop processes
[55], including both electroweak and QCD corrections.
Preliminary applications of Sloops to the NMSSM dealt with
computing one-loop induced decays into photons: (i) neu-
tralino annihilations into photons, the gamma-ray lines for
dark matter indirect detection [56,57], and (ii) Higgs decays
to photons at the LHC [58,59]. These processes do not call
for counterterms or renormalization at one loop, yet an
important part of the machinery of Sloops is called for.

The NMSSM is a typical beyond the SM theory with
many parameters, fields, and mixings where the different
sectors are intertwined. The vast majority of its parameters,
as they appear at the level of the Lagrangian, are not directly
measurable in experiments in the sense that there is not a
straightforward linear mapping between these parameters
and an observable such as a mass. The reconstruction of
these parameters is a real challenge even when attempted at
tree level. Renormalization being tightly linked to the choice
of input parameters to be extracted from experimental
measurements, having currently no sign of supersymmetry,
leaves this choice with no clear guidance. However, the
current extensive program of precision measurements of the
Higgs couplings at the LHC requires nonetheless precise
theoretical predictions making the renormalization of the
Higgs sector of the NMSSM highly desirable. As for the
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neutralino/chargino sector that we studied in [44], different
schemes are possible. We use mostly on-shell schemes
where input parameters are taken from the masses of the
neutralino/chargino and from the Higgs sectors. In such
schemes, based on two-point functions only, the task of
renormalizing the model boils down to choosing a minimal/
sufficient set of physical masses as input parameters. In this
work, we have adopted several sets of input parameters and
discussed how efficiently each set can constrain the needed
counterterms to keep the radiative corrections under control.
Moreover, the renormalization procedure induces additional
mixing, not only among the Higgs physical states but also
new gauge-Higgs and Goldstone-Higgs transitions in the
pseudoscalar and charged sector appear. Such mixing must
vanish for on-shell physical states by imposing appropriate
conditions on the wave function renormalization constants,
which have to satisfy Ward-Slavnov-Taylor (WST) iden-
tities. In doing so we have rederived the WST identities
governing the AYZ°/H*W* mixing in the NMSSM.

The dependence on the renormalization scheme is then
illustrated in numerical computations of observables. Full
one-loop electroweak corrections to decays of Higgs par-
ticles are computed. The scheme dependence for Higgs to
Higgs decays and for decays involving charginos/neutrali-
nos is carefully examined. Note that while the Higgs mass
computation is not as accurate as in other codes (only one-
loop corrections are included), we nevertheless stress that
our approach allows for a consistent treatment of on-shell
renormalization and one-loop corrections to masses, decays,
and scattering processes. This is of importance given the
very precise experimental measurements achieved both for
the Higgs and for dark matter waobservables.

The paper is organized as follows. Section II contains a
description of the Higgs sector of the NMSSM and
enumerates the number of fields and parameters that will
need renormalization. The needed counterterms to obtain
ultraviolet finite results are introduced in Sec. III, and in the
following section the issue of mixing in the Higgs sector
through the self-energies is discussed. Section V presents
the different renormalization schemes that enable a
reconstruction of the counterterms of the underlying param-
eters the NMSSM with a special attention to those of the
Higgs sector. Section VI presents how the numerical results
are checked and how the scheme dependence can be
quantified in order to gain insights on the theoretical
uncertainties. In Sec. VII we present two scenarios for
which, in Sec. VIII, we compute numerically several Higgs
partial widths and discuss their scheme dependence. Finally
our conclusions are made in Sec. IX.

II. THE HIGGS SECTOR OF THE NMSSM

A. Fields and potential

The NMSSM contains three Higgs superfields: two
SU(2), doublets A, and H,, as in the MSSM, and one
additional gauge singlet S
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N Y i
Hu: N 5 Hd: ~ 5 S
H, Hy

In the Z; implementation that we will assume, the Higgs
superpotential is made up of two operators, associated with
the dimensionless couplings A and «,

(2.1)

NP T
Whiiges = —ASH ;- H,, + §1<S3, (2.2)

where H,-H, :eabﬁlzﬁl’,j and ¢, is the two-
dimensional Levi-Civita symbol with €, =1. The
two parameters 4 and « of the superpotential will, by
construction, affect the phenomenology of both the
Higgs and chargino/neutralino sectors. The five neutra-
linos of the NMSSM will be an admixture of the

(i) SU(2), w, and U(1), b, neutral gauginos; (i) the

two neutral Higgsinos, A, 4, the fermionic components
of two superfields I:Iu,d; and (iii) the singlino, s, the
fermionic component of S. 2 in particular is crucial; it
not only is necessary in order to induce the y term but it
also gives rise to mixing in the neutralino sector as well
as in the Higgs sector between the Higgs doublets and
the new singlet. In passing we recall that u sets the mass
scale for the Higgsinos; see [44] for more detail. For the
purpose of parameter counting and of the renormaliza-
tion of the Higgs sector at one loop there is no need to
go over the Yukawa superpotential which we have given
in the previous paper [44]. However, we do need to

|
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clearly specify again the soft SUSY breaking
Lagrangian, in particular the part relating to the
Higgs sector,

_[’soft,scalar = m%—I“|Hu|2 + m%-ld|Hd|2 + m§|S|2

1
+ </1A/1Hu -H,S + gKAKS3 + H.c.>. (2.3)

The first two terms in the first line represent the soft
mass terms for the Higgs doublets and the third, not
present in the MSSM, of the singlet. The second line,
not present in the MSSM also, represents the NMSSM
trilinear Higgs couplings A,, A,;. A, affects the mixing
between the Higgs doublets and the singlet, beside the
mixing introduced by A This parameter plays an
important role in the phenomenology of the Higgs
sector in the NMSSM; note that it gives rise to a
Higgs trilinear coupling H,H,S. No source of CP
violation is assumed.

We are now in a position to write the Higgs potential
whose parameters will need to be renormalized. With g, ¢
being, respectively, the SU(2) weak and U(1) hypercharge
gauge couplings and specifying the components of the
doublets,

the potential reads

Vitiges = |A(H Hy = HyHg) + k8?7 + (mfy + [ASP)([H* + |H i [?) + (mi, + [ASP)(|HG? + [H )

7+ g7

3

1
+ (/IAA(HJH; — HYHY)S + 2 kAS® + H.c.).

Electroweak symmetry breaking occurs for appropriate
values of the soft terms. The Higgs fields are expanded
around their vacuum expectation values,

(U]
hd+lad

Hd_<”d+_ﬁ ) (2.5)
hq
hi
Hu = < h94-iad ) ’ (26)
Z)u + T
1+ i
S=s % (2.7)

The vacuum expectation values, v,, v,, s are chosen to be
real and positive. As in the MSSM we define

([Hal? + [H P = [Hal — |Hg *)? +

7

> [Hi Hy' + HuHG [ + m3|S|?

(2.4)

vP=vi+0v3, tanf=ty=v,/vy (v,0="0ss ),
(2.8)
such that the W mass is
M3, = ¢*v?/2. (2.9)

The nonvanishing value of the VEV of § also gives a
solution to the so-called u problem of the MSSM by
generating this parameter dynamically,

Heft — As. (210)

We define p.; = p in the following and will take it as an
independent parameter, where comparison with the MSSM
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will then be easier. In addition to y, we take A and « as
independent parameters while s is kept as a shorthand
notation for p/4 in the same way as we use cy as a
shorthand notation for My, /M. It is useful to introduce the
combinations

A, =Av and

m, = ks = (k/)u. (2.11)
With these parameters, the MSSM limit is obtained
by taking «, A(A,) — 0, while keeping p fixed such that
the mass of the Higgsinos is |u|. The reason we take m, is
that the mass of the singlinolike neutralino is a substitute
for m,. Indeed, in the MSSM limit, the singlino mass is
(see [44])
m; = 2m,. (2.12)
At the minimum of the potential, the part of the potential
linear in any of the CP-even Higgs fields has to vanish,
OV s/ OhY = 0.1t can be written in terms of the tree-level
tadpoles,

Thg 2.2 2 2 M%

20, — ML ) Nsiy o+ (g, ) + 57 op

T/,lO ﬂ M2

St = = (A me) + N+ () = e
u

Th()

A, +2m
~ = m (A, + 2m,) +A%<l - szﬂu) + m3

2s 2u s

(2.13)

The conditions on the vanishing of the three tadpoles
allow us to express the soft mass terms mjy; ,my ,mg in
terms of the tadpoles.

The quadratic part of the Higgs potential, bilinear
in the fields, gives rise to the mass terms for the Higgs

sector,

1 1
Vmass = E(hO)T : M% : hO +§(QO)T . M%) . aO

+h MR, (2.14)
with
(B)" = (hg hy h). (2.15)
(@) =(ag ay a). (2.16)
(h5)" = (hi hy), (2.17)

and where M3, M%, and M2 are, respectively, the mass
matrices for the CP-even, the CP-odd, and the charged
Higgs bosons.

PHYSICAL REVIEW D 96, 015040 (2017)

The charged Higgs
The mass matrix for the charged Higgs, M2, reads

v, N
C | (im0 - a0

(2.18)

With the tadpoles set to zero [using the tree-level condition in
Eq. (2.13)], we have DetM2 = 0 which signals the presence
of a massless charged Goldstone boson. The mass of the
physical charged Higgs boson is given by the trace of M?,

2u
MIZAZM,%.MSSM

The MSSM limit is obtained by letting A, to O in the
above, while all other parameters are fixed. What is denoted
M , is the equivalent of the pseudoscalar mass in the MSSM
limit. Note that if m,(x),A,(4),u, and t; have been
extracted from the chargino/neutralino sector, the meas-
urement of the charged Higgs mass reconstructs A;. As
explained in [44], for this to work efficiently 75 should not
be too large and in all cases should be well measured. The
charged Higgs mass could also serve for the measurement
of 75 if A; is determined from the other Higgs masses.

The diagonalizing matrix, U(f3), to obtain the Goldstone
and physical charged Higgs is defined as

G* hy
HE = <Hi> = Ugh* = Uﬂ<hi>, (2.20)

u

with
(2.21)

The pseudoscalars
The pseudoscalar mass matrix, M %, decomposes into the
following elements:

» T
Mp, = 20, + putp(A; + my),

Th() /,{
M%ﬂ e (All + mx)’

2’Uu l‘/;

ThO Al + 4m
1‘4%;.33 = Z—SY + A% 72/‘ K S2ﬂ - 3mKAK,
M%u = M%)Zl = /‘(AA + mK)’
M%,B = M%}l = A, (A; —2m,)sg,

M%zs = M%’j;z =N, (A - 2m:<)c/j- (2.22)
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As expected, upon setting the tadpole to zero, DetM% =
This reveals the neutral Goldstone boson. With the 2 x 2
submatrix, m?,

t 1
p
mi, = SﬂCﬂME&.MSSM< 11/t >’

Tr(m%z) = M/24,MSSM» (2.23)
in the MSSM limit (A, — 0) we have
m? 0
ME - 12 ) 2.24
P ( 0 —3mA, (2.24)

The Goldstone boson can be isolated through the 3 x 3
extension of the matrix Uy encountered for the charged
Higgs sector

Cﬂ _Sﬁ 0
USB)=1ss ¢ O (2.25)
0 0 1

In this new basis where the Goldstone boson is separated,
the pseudoscalar mass matrix simplifies to

URAMUC (BT = 0 ey ]

where the (2 x 2) mixing matrix between the two pseudo-
scalar bosons is given by

M‘z - MEX AU(A/I _ka) (2 27)
P\ A - 2m) A —3m A, ) '

The MSSM limit is clearly exhibited. Diagonalization of
this matrix is then performed through a 2 x 2 matrix P,
which we can parametrize as

R c, =5,
P, = ( P )
Sp Cp
Putting everything together the pseudoscalar mass matrix is
diagonalized through the matrix P,,

(2.28)

1 00 C/,' —S/; 0
P,=| 0 5 USB) = | cps5 cpes =5, |,
0 ¢ SpSp S,Cp Cp
P
(2.29)
such that
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G° a’
P = A(l) = Paao =P, 612 (230)
A3 a0
It is important to remember that
(Pa)i3 = (PZI)_H =0 and that
(P = (US(B)),; fori=12. (2.31)

We will also set (P?), = A) = G for the identification
of the neutral Goldstone Boson.

The CP-even scalars

The elements of the scalar mass matrix, M_%, read

2 Th?z 2 2 2.2

MS]] e 2/Ud +MZC/}+MAS,/}’
70

2 Ty 2.2 2.2
MSZZ — 21)” +MZSﬂ+MAC/ja

S SN
MS33 - 2—+AUA1—+mK(AK +4mk)’

s H

M5 = M5, = (2A — M5 — M3)sscp,

2 2
MS]3 - MS31

Av(zlucﬂ - (Aﬁ + 2mk)sﬂ)’
2 2
Mst - MS32 -

(2usp — (Ay +2my)cp). (2.32)

To get the physical eigenstates, we introduce the orthogonal
matrix S, such that

h9 hY
W | =58, (2.33)
h3 hg

We can make the MSSM limit more apparent by writing the
diagonalizing matrix of the CP-even Higgs mass matrix,
Sy = S,UP(B). After rotation by U®)(f) an upper limit
for the nonsinglet and CP-even lightest neutral Higgs mass
is contained in an element of the mass matrix. The upper
bound on this mass is

2 2
M?, < M%( c3 +—A" 53, ) =ML 1+ A _ 1)s3
0 AN Ve z M2 2 |-

To have a tree-level mass that is higher than M,, A, needs
to be larger than M, (A > \/¢* + ¢>/2). Moreover, the
largest tree-level mass corresponds to moderate values of
tg. We need to keep this in mind when we discuss our
benchmark points.
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It is also useful to write

3 3
2 2 2 2
Mh? - 2 : Sh[jShikMSjk’ MA? - 2 : Pa([+l)jPa(i+l)kMij'
Jk=1 jik=1

(2.34)

The properties of the physical states depend critically on
the mixing matrices S, for the parity-even Higgses and on
P, for the parity-odd Higgses. These mixing matrices,
which stem from the nondiagonal nature of the mass
matrices/bilinear terms, introduce a highly nonlinear
dependence of the couplings involving the Higgses on
the underlying parameters of the theory, whereas before
mixing, in so to speak the current basis, the functional

|

PHYSICAL REVIEW D 96, 015040 (2017)

dependence of the Higgs couplings on the underlying
parameters is quite simple, linear or quadratic. This can
be seen from the Higgs potential in Eq. (2.7). For example,
before these rotation matrices are introduced, the coupling
between three different CP-even neutral Higgses (hh9h?)
is proportional to AA; + 2ku = A,(A; + 2m,)/v and hence
directly proportional to 1. After moving to the physical
basis, the hYh9hY coupling is much more complicated since
it involves the product of three S;. Therefore the depend-
ence of this coupling on the underlying parameters is more
difficult to track. Since the triple Higgs couplings will enter
some of the decays we will study, we write them below for
the CP-even Higgs sector,

M2 2,22 M2 2
V2ugm = =7 (ep(T0%) 53¢+ sp(TE)273) + ( AT =552 ) (ep(T19); 757 + (1))

m 133 m 233
+ A2 ( (Cﬂ - 7Ksﬂ> (Hs>i,j,k + (sﬂ - 7K Cﬂ) (Hs)i,j,k )

ij.k ij.k

m A, + 6m,
+zy<u«H%i”%aﬁflﬂ—wAﬂ+2maaﬂﬁﬁﬁ+———————%n%ﬁﬁ)’

where the I1° represent the product of three S,
(HS)?kaC = Shia (Shjb Shkc + Shjz' Shkb)
+ Shib (Sh' Shk(: + Shjr Shka)

Jja

+ Shl_{:(S,,]_" Sh, + Shijhka)' (2.36)

In the case where mixing is neglected in S, we have

(IS)82 = 814(8 0k + 87c8p) + i (8jabte + 8jcBra)
+ 6ic(8j40kp + 6p0ka)s
(Hs)a'b'c = 00;,0;,0;,

i1,

(Hs)ﬁ;f;(a = 66ia5ja5ka )

(Hs)ﬁf/}b = 264050k + 2015 (8ja0kp + 0j15ka)-

It is important to realize that with our choice of the
independent parameters all triple Higgs couplings involv-
ing the singlet are proportional to A or A%. This should not be
the case for the coupling between three singlets, which gets
contributions from $* and |S?|? terms. In Eq. (2.35) this is
proportional to Am,/u = k. The fact that this coupling
exhibits a 4 dependence is due to our choice of inputs m,
and p, which are more directly related to the mass of the
singlino and the Higgsino; see Eq. (2.11).

B. Counting parameters and fields

Let us take stock and summarize the situation as regards
the number of (physical) parameters and fields in the Higgs

(2.35)

|

sector of the NMSSM. The physical scalar fields consist of
three neutral CP-even Higgs bosons, 19, kY, hS, two CP-
odd Higgs bosons, AY, A9, and a charged Higgs boson, H*.
The NMSSM contains, of course, the SM gauge fields (and
fermions). In particular, the SM gauge parameters

g, ¢ and v =i + 03 (2.37)

are traded for the following physical input parameters:

e, Mw, Mz. (238)
For these parameters we will apply the usual OS renorm-
alization scheme. In particular, e will be defined in the
Thomson limit. The Thomson limit, g> — 0, may not be the
most appropriate scale for the NMSSM processes whose
loop corrections we will study; however, one can easily
quantify the effect of using a running a, ,, at the scale of the
process. Besides these standard model parameters, the
NMSSM introduces an additional set of nine parameters
from the Higgs sector alone. From the Higgs potential,
Eq. (2.4), it is clear that the Higgs sector of the NMSSM
depends on the parameters,

(2.39)

tg, Aok, Ay A, my mey, s mg,
N———

d’

in y sector also

where the first four parameters are also involved in the
characterization of the neutralino/chargino sector, which
we studied at length in the sister paper [44]. Alternatively
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the last three soft Higgs masses can be traded for the
tadpoles of the neutral Higgs which need to be constrained
to zero to impose that the potential is at its minimum. The
latter are therefore considered as physical observables,

tﬁ,ﬂ, K(mK),y, Aﬁ? AK? (TH(NTHH’TS)' (240)

in y sector also

The first six parameters above are not unambiguously
defined in a simple mapping to an observable. We will
discuss at length the choice and definitions of the input
parameters that will construct the set of these six param-
eters. This issue is directly related to the renormalization
scheme.

The parameters and fields of the neutralino/chargino
sector were described in [44]. The parameters of this sector
are the U(1) and SU(2) gaugino soft masses, M;, M, in
addition to ig, A, K, U

III. RENORMALIZATION OF THE
HIGGS SECTOR

A. A word about the gauge fixing

In this work we have restricted ourselves to the simplest
gauge fixing; namely we take a linear gauge fixing constraint
with a ’t Hooft-Feynman parameter set to 1. Only the SM
fields (including the necessary) Goldstone bosons appear,
namely

1 My
Lop = —[0" Wi + iMyG* | = 2|0'Z) + i =2 G

— [0rA, . (3.1)
It is important to stress that all fields and parameters in
Eq. (3.1) are understood to be renormalized.

B. Parameters, fields, and self-energies

What is also considered as renormalized are all the
rotation matrices U(f3), P,, S;,. This is an approach we have
consistently applied in all our work on the renormalization
of supersymmetric models starting from the MSSM and
imposed in all the sectors of the models where mixing
between fields occurs, not only in the Higgs sector but also
in the sfermion, neutralino, and chargino sectors [44-46].
In the MSSM a similar approach has also been considered
for the chargino/neutralino [60] and sfermion [61] sectors.
While one-loop corrections do reintroduce mixing, the use
of wave function renormalization constants, with judicious
choices of conditions imposed at scales corresponding to
the physical masses of the particles, will ensure that even at
one-loop transitions between particles with the same
quantum numbers will vanish when these particles are
on their mass shell.

With the exception of Lgg, U(f), P,, and S, all fields
and parameters encountered so far are bare quantities. All

PHYSICAL REVIEW D 96, 015040 (2017)

bare quantities (X)) are then decomposed into renormalized
(X) and counterterms (0X) quantities. First, the SM
parameters are shifted such that

g—>g9+d6g. §d-=9g+69., v-ov+dv, (32)

which are tantamount to

e—~>e+de, My—->My+My, Mz;—Mz+6Mj,.
(3.3)

The same procedure applies to the NMSSM parameters
in Eq. (2.39) or equivalently Eq. (2.40) with

tg, Ay, 1, Ay, A = Iy + Otg, A+ 64, m + om,,
U+ 06u,A)+ 06A,, A + OA,,
Thp T Ts—>Ty,+6Ty, Ty,

+0Ty, Ts+Ts. (3.4)

For the fields all shifts are directly encoded in the wave
function renormalization constants, so that mass eigenstates
are expressed in terms of the current eigenstates in the same
manner at one loop and at tree level. By current eigenstates
we mean the states with definite electric charge, weak, and
hypercharge quantum numbers before mixing occurs [see
Eq. (2.5)] and diagonalization is performed. For the gauge
fields we perform W, — Z%z W, while the system (A, Z9)
involves a matrix with four entries 6Z,,,06Z,,,6Z,,,6Z;
(see [62]). For the NMSSM Higgs sector, this entails that
the three wave function renormalization matrices Zg, Zp,
and Z, are introduced such that

10 7 G G
w| =zl | A | =z a ).
hs/ hS A3/ A3

G* 12 G*
(9, -22(%) 5
where the index O is attached to the bare fields while the
renormalized fields do not have an index. The elements
of the wave function renormalization matrices can be
written as

1+316Z
zlc/zz< 2R

16Zceye
2rme ) (3.6)

%6ZHiGi 1 +%5ZHi
1 + %5260 %5ZG0A(1) %5ZGOA(§
= 36Zwe  1+36Zp  36Zww |, (37)
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V+36Zy0  50Zy 50Zyong
%5Zh(3)h(]] %5Zh(3)hg 1 +%5Zh(3)

C. One-point functions and tadpoles

Once shifts on all parameters of the models including the
tadpole terms [Eq. (3.4)] and wave function renormalization
of the fields have been performed, we concentrate on the
terms that are linear in the scalar fields and combine them
with the one-loop contribution to these tadpoles. The tree-
level condition on the tadpole is now elevated to the one-
loop level so that minimization of the potential is realized.
At one loop, the linear part of the potential can be written

0 0
m _ 1 hy ! hy
Vin = (—T;;p +6T ) NG + (=T " + 8T y) NG
00 hg
+ (_Tlhgp +6T ) Vo (3.9)

where the first terms in the parentheses are the pure loop
contributions and the second ones are the counterterms. We
observe that because of the condition on the tree-level
tadpoles, wave function renormalization of the Higgses does
not enter. Our first renormalization condition is that these
linear terms cancel. The loop contributions for the gauge
eigenstates tadpoles are obtained from the mass eigenstates
tadpoles with the use of the diagonalization matrix Sy,

Tilo?lop TZ)OP
TP | =8| TR" (3.10)
Tl}ggop Tl}z)op
The minimum condition then gives simply
5T 9 = T;"?"P, i=du,s. (3.11)

IV. BILINEARS AND TWO-POINT FUNCTION
SELF-ENERGIES

A. Mass counterterms for the Higgs sector

We now turn to the bilinear terms in the Higgs fields and
perform shifts in the parameters according to Eqgs. (3.3) and
(3.4). These shifts are performed on each of the underlying
parameters (including the tadpoles) of the mass matrices
M3, M3 ,M% in Egs. (2.18), (2.22), (2.32). Since our
approach is to use the same tree-level diagonalizing mass
matrices, namely Up, P,, Sj, to convert to the physical
fields, after the shifts the “physical” fields will now mix.
Therefore apart from the induced diagonal counterterms
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SM?

0 »
AI.Z

Goldstones SMZG(). c+ are generated as well as nondiagonal

SM?

s (SMﬁO , spurious counterterms to the
123

mass mixings such as 5Mfl0h0 and transitions such as
1772

5M2Gi +- Therefore, we need to enforce appropriate con-
ditions to the one-loop wave function renormalization
matrices such that a correct on-shell definition and nor-
malization of the external particles is ensured. This is
obtained by imposing that the residue of each (diagonal)
propagator is equal to 1 (as is done in any theory without
mixing). Strictly speaking, if we were only interested in
having finite S-matrix elements and not finite Green’s
functions, wave function renormalization would not be a
must. Still, the residues of the propagators of the external
particles must be set to 1 to correctly normalize the S
matrix, and this can be achieved by introducing finite wave
function correction normalization factors to prevent non-
vanishing transitions on the external legs.

Since the contributions of the tadpoles is very important,
let us summarize how the shifts in the underlying param-
eters affect the mass matrices. Generically, in the bases d, u,
s, the Higgs mass matrix M? [M2 for the charged Higgs
Eq. (2.18), M3 for the pseudoscalars Eq. (2.22), and M2 for
the CP-even Higgses Eq. (2.32)] can be decomposed into a
diagonal tadpole matrix 7'y; and a nontadpole matrix, which
we denote M3, such that

M? =Ty + M3,. (4.1)

At tree level all Ty, are set to zero, and the diagonalizing
matrix U (U = Uy, P,, S}) is such that
M2 = UM?,U! (4.2)

is diagonal with eigenvalues being the tree-level physical
masses. In our notation, for the charged and pseudoscalar
sectors the Goldstones are the (11) entries, and hence
(Mp),, = 0. The shifts entail the counterterm mass matrix
SM?* = 5T, + M3,. (4.3)

In our approach, in all sectors of the NMSSM, to move to
the (physical) basis A?, G, ... we use the same matrix as
the one at tree level. From Eq. (4.3), the counterterm to this
matrix is therefore

M3, = UST, U™ + UsM3,U™! (4.4)
(the subindex Ph generically denotes the mass matrix in the
physical basis). In other words, M3, is to be understood as
being sandwiched between physical states (4%, GY, ...).
These are the mass counterterms that will be used to define
the self-energies. In the code these counterterms are
generated according to Eq. (4.4). As explained above
due to these shifts 5M%, is no longer diagonal, and hence
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the need for wave function renormalization is defined in
such a way that when the physical states are on shell, no
mixing occurs and the propagators have residue 1.

Equation (4.4) does not reveal some important properties
of 6M?%,, especially that the matrices U do not necessarily
have a simple analytic expression. In particular, we would
like to emphasize that there are some simple algebraic
expressions pertaining to the mixing between the Higgses
and the Goldstones. These mixings will be needed when we
write the important Ward identities between the Higgses and
the gauge bosons in Sec. IV C. To arrive at a more trans-
parent formula, it is more enlightening to express the above
counterterms through the variation (counterterm) in M%
rather than M3, by using the relation for the mass eigen-
values according to Eq. (4.2) (note that there is no tadpole
here). 5M3, is a diagonal matrix that consists of the counter-
terms to the physical masses. Since M3 is a function of U
and M ,, itis important to realize that shifts in M, should be
understood as shifts in all parameters that define Mp
through Eq. (4.2) and in particular those entering U (and
M,,). The fact that at this stage 60U terms appear is not
contrary to the procedure of using the same matrix U to
move to the physical basis from the (u,d,s) basis. If an
analytic formula for U in terms of all the underlying
parameters existed, the variation/counterterm for all the
elements of 6U would correspond to taking the variation/
counterterms for all these parameters. However, here, we do
not need the exact analytic formula for U in terms of the
underlying parameters; we will only exploit the unitarity of
U, s(U)U™' + Us(U™") = 0. Doing so we obtain

M3, = UST U™ + M3,
T (UUM + M EU)U)),
(5M120h)ij = (U5TMU_1)ij + (8Mp)?5;;
+ @U) U (Mp); = (Mp)3). (4.5)

Equation (4.5) shows that for the diagonal elements
(§M%h),-i, the terms in U vanish. As a special case, the
counterterms to the Goldstones for both the charged and the
pseudoscalar, SM% (for i = j = 1), is a pure tadpole term
as it should be. For the pseudoscalar case, we further
exploit the important properties of P, given in Eq. (2.31).
We find that 5Méi = 5MZGO. The mixing between a
Goldstone and a non-Goldstone field is proportional to
the (tree-level) mass of the associated non-Goldstone
physical field. As stated at different occasions, because
6M123h is no longer diagonal, Goldstone-Higgs mixing mass
counterterms are generated and are given by the simple
formulas for both the charged and pseudoscalar Higgses

5t
2. [—D (4.6)

oM, =2

2
oM GTH* 2

2o <5T +M
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2 2 2/f 2 &
6MAOGO (SMGOA(J = oT + M tﬁ , (4.7

where

1 3
N —ﬂz SpSpi1 — Cﬁsh,iZ)(sTh?’
=1

(4.8)

and the need for the wave function renormalization
becomes evident in order to counterbalance the appearance
of these transitions especially when the particles are on
their mass shell.

B. Two-point functions from the Higgs potential

Implementing the wave function renormalization directly
in the basis, we can write the renormalized self-energies,
with the “non-hatted” expression as the result of the one-
loop unrenormalized self-energy, while the 6Z’s are the
result of the wave function renormalization. The mass shifts
correspond exactly to the elements of 5M%, (which include
tadpoles). For the CP-even scalars we obtain (i, j = 1,2, 3)

A 1
Eh?h?(Pz) = 2h?ho( )+ 5Mhoho 3 (p* - Mi?)azh?h?
1
_E(pz _Mi?)ézh?h?, (49)

while for the CP-odd scalars we get (i, j = 1,2)

2060 (P?) = Zgogo(p?) + M2, — p*6Z,
A 1
Zpoeo(P?) = Zpoo(P?) + Mo — §p25ZG"A?
1
— E <p2 — Mi?)(sZA(i)GO,
N 1
ZA?A?(pz) = ZA?A?(pz) + 5Mf21?A(/; ) (p* - Mi?)ézA?A?
1
) (P2 - Mio)5ZA‘?AO, (4.10)
J Jot
and the charged scalars
$6:6-(P?) = Zgege (p?) + SME, — p*6Zg:,
- 1
ZGiHi(pz) = ZGiHi( ) —6-51‘4(#1_1i —EPZ(SZGiHi
1
- 5 (]J2 - M?F)ézHiGi,
Spens (P?) = Sy (p7) + 0M2,. — (p? = M2.)6Z .
(4.11)

The aim now is to determine all the counterterms
entering these expressions. Note that the Goldstones will
mix, and we have singled out their appearance. Recall that
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the Goldstone bosons are not physical; they cannot appear
in initial or final states of a physical process. Thus, we do
not need to renormalize their wave function, and we can set
0Zgo = 625+ = 0. Moreover, 6Z yo0 and 6Z g+ can also

be set to O since they also correspond to transitions where a
Goldstone boson is on an external leg.

C. H*W* and A},Z° transitions

At tree level the gauge fixing eliminates mixing between
the gauge bosons and their corresponding Goldstone
bosons therefore compensating for such a mixing that
emerges from the gauge sector, £L¢V (the gauge covariant
kinetic term of the Higgs fields). We follow an approach
where the gauge fixing is unrenormalized. As a result of
shifting (both fields and parameters) in £V, the massive
gauge bosons and the pseudoscalars (as well as the
Goldstones) will mix. Gauge invariance relates the
gauge-pseudoscalar transitions and the corresponding
Goldstones-pseudoscalar transition that we studied previ-
ously. Therefore we need to consider these transitions.

To get the remaining counterterms involving Goldstones,
0Zgoqo and 6Zg-p+, one also has to deal with new

transitions between gauge bosons and CP-odd or charged
Higgses. The expansion of the covariant derivative in the
kinetic part of the scalar Lagrangian gives the following
interaction terms:

LY = My(csd*al — s30#al)Z)

— My (i(csd"hy — ss0"h)W) +Hel).  (4.12)

At tree level the combination of the scalar fields makes
up the Goldstone bosons, the first component of the
corresponding Higgs fields, namely

)1 = GO’
(H),=G".

cgal — sgal = (P,a’), = (P

(UB)Rh™), = (4.13)

C/}hd - S/;hu

Take, for example, the case of the pseudoscalar/neutral
Goldstones. Before applying the wave function renormal-
ization, the shifts amount to

(Paao)l ((5Pa)P;1P0))l

= ((6P,)P;");(PY);.

= ((8P4)a"),

(4.14)

This shift alone, prior to wave function renormalization,
will introduce AYZ° transitions, but not G°Z°. This is easy

to see. With P, = ISSS)U(,B)@) and using the fact that
(A(f))li = §,; allows one to write
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3
Z((épa)P;l)li(Po)i
i—1

) ot
ZAO 2 ( (cpPafivr2 + SpPaiviy) = o

Ip
.~ Ot
=—ZA°S” Pon=L. (4.15)
Ig

Including the wave function renormalization, we obtain

Mz SM
5‘CnGe$tral 2 { <5ZZZ + (SZGO —|— M—%Z) 8,” GOZB
+0Zy, H”GOA
+ Z <5ZG“A° —525Pain —> a”AOZO}
i=1

(4.16)

The first line of the equation above is the usual SM term.
However, there remains nonvanishing transitions between
pseudoscalars and the Z° boson, leading to the following
self-energies:

- M, . Ot
Zypp(p?) = Zaop(p?) + =7 5 <5ZGOA° = $2pPain t;)
(4.17)

Following the same steps, the transition between the
charged Higgs and the W* boson is given by

N My oty
e (P?) = Zpew= (P7) + =~ <‘SZGiHi — 82 —ﬁ>

2
(4.18)

In the linear gauge we have used, there is a simple Ward
identity that we derived in [45] starting from the Becchi-
Rouet-Stora-Tyutin variation on the correlator between the
Z-boson ghost and the pseudoscalar (0|¢,(x)AY(y)[0). In
the MSSM this identity was also formally set up at all orders
in perturbation theory in [63]. The identity can readily be
extended to the NMSSM using the unitarity properties of the
matrix P,. This induces an identity that sets the following
strong constraints:

P Epews(p?) + My=Ee e (p?)

My (St
=W (p2 Hi)(éZHiGi +5, —ﬂ}—]:i( ))

2
p?) +MZOZA°GO< %)

. Ot
== (p? _fo?) <5ZA?G0 +524P a1 t—ﬂﬂ—fﬂ(lﬂ)> )
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where

FH(p?) = 8ns2 Z <C2ﬁ5htlsh12+ > (Shio = S%,n))

x By(p?, M3, ,Mi?), (4.19)
a . 3
fO(Pz) = %Pa,il ;(CZ/JSh,iISh,IQ
s;ﬁ(shzz Sh11)>BO(P2’MZ7M;20) (4.20)

with By(p?, M3,

V=Ww,Z

The importance of these identities is that the H*G* and
H*W?* transitions (and their neutral counterparts) are
not independent. In particular, we will be interested in
setting an on-shell renormalization scheme whereby,
on the mass shell, a transition between the charged
Higgs and the charged Goldstone, and any of the neutral
pseudoscalars and the neutral Goldstone boson, does not
occur at one loop. In doing so, the identification that is
made for these states at tree level is maintained. The

previous identities show that at p>=M7,. and p* = Mio,

transitions between these physical scalars and the corre-
sponding gauge bosons do not occur either. It means that
one can simultaneously set

M flo) the scalar two point function [64] and

2Hiwi (M%Ii) - iHiGi (M%Ii) = 0
S0 (M2) = S0 (M3) =0. (421)
From Eqs (4.17), (4.18), and (4.21) we derive
oty 2
(SZGiHi = S2p E - MWt ZHiwi (MHi)’
. Ot 2
8Z o0 = SypPu i —L — =T 00 (M3,). 4.22
GOA? 258401 tﬂ MZ A?ZO( A?) ( )

The Higgs masses that appear as arguments of the
two-point function in the equations above are taken as
the tree-level masses in order to be consistent with a fully
one-loop treatment. These equations allow one to fix all
wave function renormalization constants pertaining to the
Goldstone bosons, and this will then leave us to deal with
the system of the physical Higgses: the charged Higgs, the
pair of pseudoscalars A?, and the three CP-even neutral
Higgses h?. Likewise we deal with the gauge bosons whose
renormalization goes now exactly the same way as the
renormalization of the gauge sector within the SM. For
the latter we follow the on-shell scheme adopted in [62].
Note that although this procedure permits us to decouple
the Goldstones from the physical fields, to fully determine
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the values of 6Z;+y+ and 6Z;040 we still need to define a

renormalization condition on 6fg. This will need an input
from the physical Higgses to which we now turn.

D. Renormalization conditions from the
Higgs self-energies

With the Goldstone bosons now set aside, the renor-
malized self-energies of the Higgses in Egs. (4.9), (4.10),
and (4.11) take the same form, allowing for one-loop
transitions between them. Again, we require that the mixing
between any two particles of the same CP parity must
vanish at the mass of any physical particle (on-shell
condition). The mass is defined as the pole mass of the
real part of the renormalized inversed propagator. In case of
mixing this requires solving a 3 x 3 (for the CP-even) and
2x 2 (for the CP-odd) Higgs system of an inverse
propagator. At one loop, these equations are linearized
(see [45]). In this case, starting with a tree-level Higgs
mass, M; .. (i generically denotes h{,;. A}, H*), the
corrected one-loop mass is the solution of the equation

p2 - Ml tree RGZ”( ) =0 p2 - Miz,lloop’ (423)
which, in the one-loop approximation, reads
Mzzl loop ttree + RCZ”( 1tree)
= Mtztree + 6M2 + RGZ”( ztree) (424)

The above equation can be used in two ways. If all
counterterms entering in SM? have been fixed (and hence
are known), the above equation calculates the finite
correction to the tree-level mass. The ultraviolet finiteness
of the corrected mass is a very powerful check on the
implementation of the one-loop setup. We may also use one
or some of the masses of the Higgses as input parameters in
order to solve for one or some of the counterterms to the
underlying parameters that enter in 6M?. In this case
M? =M? . =M

2 _
i,1loop — ""itree i,input — oM i R62”<M tree)

(4.25)

For instance, taking the charged Higgs mass My: as an
input parameter gives

OM% = =Xy (M?F). (4.26)
We also impose that the residue of the propagators for an
on-shell physical field be equal to one such that

. Ii(pY) o
RS (M) =1 witn ) 510 (4.27)
4

which then fixes the diagonal entries of the wave function
renormalization constants such that
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6Z; =ReXj(M;.) (forexample,6Z;0 = ReZl;l?h? (Mi?))

i,tree

(4.28)

We also impose that no mixing occurs between two
same-parity fields when any of them is on shell. This
condition translates into

Rei; Jj (M zz.tree

) =ReX};(M3,,.) =0 fori#j.  (4.29)
which then fixes the nondiagonal elements of the wave

function renormalization matrices such that

ReX; (M?,..) + 6M?,
5Z,‘j —9 1]2( /,tree) > ij i;é ] (430)
Mj,tree - Mi.tree
An example of the latter is
ReZypng (Mjo) + 6M 29;,0 o
5Zh(}hq =2 - - l # J- (431)
L

M2, — M?
0 Mo

V. RENORMALIZATION SCHEMES

The definition of the underlying counterterms involves
solving a system of coupled equations that, moreover,
depends crucially on the choice of the input parameters, for
example, which set of physical masses or other observables
one chooses as input. In this respect, the wave function
renormalization constants are somehow easy to evaluate.
They involve a one-to-one relation and are independent
from each other. Their expression is independent of the
scheme.

We have also already specified; see Sec. II B for how the
SM parameters, g, ¢, v <> My, M, e that enter also in the
NMSSM, are renormalized.

The reconstruction of the counterterms of the nine
underlying parameters of the Higgs sector in Eq. (2.40) is
more complicated. Indeed, most of these parameters
contribute to more than one Higgs mass (and char-
gino/neutralino mass) or Higgs observable. Apart from
the tadpoles, defined from Eq. (3.11), it is not obvious
what the optimal set of the nine input parameters should
be in order to reconstruct these underlying parameters.
Leaving the tadpole aside, there remain six parameters to
determine in the Higgs sector. In principle, it is possible
to use only masses as inputs since the Higgs sector does
furnish six different Higgs masses, h{,; A}, H*.
Technically, this requires the computation of the self-
energies. Note that four of these parameters, ig, A1, K,
could also just as well be determined from the neutralino/
chargino sector. However, as we argued in detail in [44],
one cannot solve for the latter four parameters alone since
the chargino/neutralino system involves also the under-
lying parameters M, M, [the U(1) and SU(2) gaugino
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soft masses]. The two parameters A; and A, can only be
defined in the Higgs sector. The CP-even and CP-odd
masses depend on both these parameters, while the
charged Higgs mass depends on A; only. Because of
the intrinsic interdependence of the NMSSM observables
related to the Higgs sector (and the corresponding
neutralino/chargino sector), in all generality we need to
consider a system of counterterms for the eight under-
lying parameters that in a vector notation reads

tp A k(mg) . p Ay A, My, M,
P=| —_——_——— Y~ —— |, (51)

in7 and Higgs sectors ~ Higgs X

for which we need to select eight input parameters with
at least two from the chargino/neutralino sector and at
least two from the Higgs system. Let us recall the
procedure and the most important points that we detailed
in [44] for reconstructing all eight counterterms. Injecting
eight input parameters we have to solve for

dinput,

= PS,paramélp + 7—\)“8,residua.l’ (52)

dinputg

where Pg qram 18 an 8 X 8 matrix, and R, resiquar CONtaing
other counterterms, such as gauge couplings, that are
defined separately. Using the physical mass of one of the
Higgs bosons as an input [see Eq. (4.26)] is a possible
choice in an OS scheme. Not all inputs need to be OS.
For an efficient resolution of Eq. (5.2), i.e., determining
the p vector, one should break up the connecting matrix
Pg param into as many, possibly smallest rank, matrices as
possible,

PS,param = Pm,param @ Pp,pamm &, m+p+---= 8.

(5.3)

The choice of the input parameters will determine how
one can build the Pgu,y from smaller independent
blocks, and each choice will define a renormalization
scheme. It is important to seek a scheme where the
determinant of each submatrix P, puram 18 nOt too small
(6p « 1/DetP) in order not to introduce large coefficients
that would lead to large radiative corrections solely from
a bad choice of inputs. We will pursue the comparisons
between different schemes in the applications to Higgs
decays in Sec. VIIL.

A. Mixed OS-DR schemes

Realizing that 75 is ubiquitous, it even enters the
determination of the wave function renormalization matri-
ces of the Higgses, a practical possibility is to take a DR
condition for Ig. In this case, the sectors for the Higgs, the
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neutralinos, and the charginos can be solved independently.
The counterterms for y and the SU(2) gaugino mass term
M, can be extracted from both chargino masses. Then, the
counterterms for the self-interacting singlet coupling x
(through m,), the U(1) gaugino mass term M, and the
singlet-doublet coupling 4 can be obtained from the masses
of the neutralinos that should be chosen to represent the
mainly singlino, bino, and Higgsino neutralinos. We have
commented at length about the issue of a knowledge of the
nature (content) of the neutralinos in [44]. As concerns A,,
A,, a possibility is, for example, to use both CP-odd Higgs

bosons as inputs, M3, = ReXy040(M7). i =1, 2. This

breakup corresponds to

PS.para.m = Pl,param @ PZ,param @ P3.para.m @ PZ,param-
e—— e N N——

OS,Mlo

SR 0S,M
DR.7 i 123

OS.M o
12 A2

(5.4)

The DR condition for 74 in this scheme is an extension of the
Dabelstein-Chankowski-Pokorski-Rosiek scheme [65-68],
used in the context of the MSSM, to the NMSSM [25],

oty 1

— = (5ZH,4 - 5ZH,1)

5.5
=5 (5.5)

oo
where 6Zy; and 6Zy;, are the wave function renormalization
constants of the H, and H; doublets. The infinity symbol
indicates that we only take the divergent part of the expression.
0Zy, and 6Zy , are related to the wave function renormaliza-
tion constants 6Z, ,, [Egs. (3.8)] through

3

1
0y, =% ijzk;l €ijkSh.j3Snk20Zin,

1 3
5ZHH = Eijzkgl €iijh,j1Sh,k3ézhihi’

3

_ 2 2 @
R=- § €iijh,-1Sh,j25h.k3»
ijk=1

(5.6)

where ¢;; is the fully antisymmetric rank 3 tensor
with e 123 = 1.

In a DR scheme only the divergent part of the counter-
term is defined; i.e., any finite term is set to 0. Nonetheless,
the scheme and the one-loop result is still not fully defined
unless one specifies the renormalization scale ji. The latter
is the remnant scale introduced by the regularization
procedure, dimensional reduction. This class of renormal-
ization schemes will be denoted as 7;jx4, 4, The letters i, j, k
refer to the neutralinos whose mass has been taken as input.
AA, is a reminder that the masses of the two physical
pseudoscalars have also been used as input.

This disentangled scheme is rather simple to implement
but can lead to a poor extraction of d4, since this parameter
is present only in nondiagonal entries of the neutralino
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mass matrix. A solution is to take another Higgs mass as
input to get this counterterm, but in this case the neutralino
and the Higgs sectors are no longer disassociated.

B. Fully on-shell schemes

For these schemes, the set of eight counterterms,
including 75, are obtained from OS conditions based on
inputs taken from physical masses. As for the previous
scheme, oy and 6M, will mainly be reconstructed from the
two chargino masses but not fully since there is still some
mixing introduced by 7. In addition, it is natural to take the
neutralino that is mainly bino to extract M. The param-
eters 64 and 6m, can be extracted from either the neutralino
or the Higgs sector. As before, 0A, and 6A, have to be
extracted from two masses from the Higgs sector including
at least a mostly singlet Higgs. Finally, it is much better to
obtain 6t from an additional Higgs input than from the
neutralino masses, as was shown in [44]. We are then left
with a system of eight equations, whose inversion will give
all these counterterms.

Different classes of such (fully) on-shell renormalization
schemes are possible. For instance, one can take one
example from the general class where the masses of the
two charginos are exploited. This furnishes a system of two
equations. One can then have variations on this scheme
depending on which source provides the other parameters.

(i) One scheme could use the masses of three neutra-
linos as well as the masses of both pseudoscalar
Higgses and the mass of the charged Higgs. This
choice is referred to as OS;jia, 4,5+ Where i, j, k =
1,...,5 designates the three chosen neutralinos,
usually a bino, a singlino, and a Higgsino.

(i1)) Another choice could be based on the masses of
(only) two neutralinos, both pseudoscalar Higgses,
the charged Higgs, and an additional CP-even Higgs
different from the SM-like Higgs. This subclass is
labeled as OS,-jh?AlAzm where i,j=1,...,5 and
i=1,2,3.

(iii) The third possibility is to use the mass of one
neutralino, the bino, and the masses of five Higgses,
in the obviou§ notation, OSihih}Al A,H+ Where i =
1,....,5and 7,5 =1, 2, 3.

The numerical examples we will consider are based on
the OS;j, 44,5+ With an optimal choice for the neutralinos.

VI. CHECKS ON THE RESULTS AND TRACKING
THE SCHEME DEPENDENCE

To check the validity of our numerical results, we
perform several tests. The most powerful test consists in
checking the absence of ultraviolet divergences on all the
observables that we calculate. Ultraviolet divergences
appear in many intermediate steps of the calculations
and get canceled out by the counterterms for the underlying
parameters and/or among many diagrams. The ultraviolet
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divergences are encoded in the parameter Cyy defined in
dimensional reduction as Cyy = 2/¢ — yg + In(47) where
€ = 4 — d (d being the number of dimensions) and y is the
Euler constant. We systematically check that the numerical
results, for one-loop corrections to masses or to decay
processes, are independent of Cyy by varying this param-
eter from O to 107. We require that the numerical results
agree for at least seven digits (SloopS uses double precision).
Thus we ensure that physical processes are finite for all
renormalization schemes.

Finally, in schemes where at least one parameter is taken
to be DR, a dependence on the renormalization scale ji
remains, this can be used to quantify the scale dependence.

A. The g functions and the scale dependence

In order to gain a qualitative understanding of the
differences in the results for the one-loop corrections to
the decay processes we have studied in different schemes, it
is interesting to recall some simple arguments related to the
counterterms. The infinite (Cyy) part of any counterterm is
obviously the same regardless of the renormalization
scheme, and this is one of the reasons our checks show
finiteness for the calculated observable for all schemes. The
finite part of the counterterm is, however, scheme depen-
dent. The difference in this finite part for a particular
parameter can be large between two schemes. This differ-
ence may get amplified in the computation of an observable
that depends strongly on this particular parameter. This
parametric dependence that can be derived from the study
of the observable at tree level is therefore an important
ingredient also. Take a parameter p;, and its counterterm,
within some scheme Q , reads

8p:i/ ;i = Py (Cuy + In(i?/03,)).

f is the scale introduced by dimensional reduction. S, as
defined here is the one-loop f constant for the parameter p;.
It is scheme independent. Quzj,i encodes the scheme depend-
ence. In this notation, different schemes correspond to
different values of Q7. Qp is the square of some mass
scale that represents both external momenta (corresponding
to the choice of the subtraction points) and internal masses
typical of two-point functions. All our renormalization
schemes are based on two-point functions. If Q[%i is
dominated by a mass mp much larger than all other scales
in the problem, then Q[pi ~ mp. Note, however, that these
two-point functions can also involve nonlog constant terms;
in our definition these nonlog terms are lumped into Q.
Within the same scheme, Q[Fz],i, the difference in the value of
the counterterm due to a change in the regularization scale i
is a measure of f ,

(6.1)

A, 0P/ Pi = 0P (12)/Pi = 0P (1) /Pi = Py, In(i3 /7).
(6.2)
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In our code this is how we determine f#, numerically. In our
numerical analysis in Sec. VIII these / constants have been
checked against the f functions given in [4]. Perfect agree-
ment has been found when specializing to the one-loop
result. This is a nontrivial check on our renormalization
procedure. For the so-called DR scheme, we set the
corresponding counterterm to

5DR[Pi/[F°i = ﬂ[ps,-CUV’ (6-3)
which in effect corresponds to choosing a scale O, = ji.

The one-loop correction to an observable involves
calculating all the virtual two-point, three-point, ...,
n-point functions that are specific for a given amplitude
(regardless of the scheme) and then including the counter-
terms for all parameters on which the amplitude O depends
to obtain a finite result. The dependence of the amplitude
on a specific parameter p;, the parametric dependence
alluded to earlier, is obviously also very important. If at tree
level we slightly change the value of the parameter p; by an
amount Op;, we define the percentage change on the
observable as

5= Z:Kpi - (6.4)

The sum is over all the independent parameters of the
model. If an observable is independent of a particular
parameter p;, then the corresponding xp, is kp, = 0." In this
definition of the parametric dependence we are assuming
small, infinitesimal, op; as is generally the case when op;
stand for one-loop counterterms or else that the dependence
in the parameter p; is linear. With this proviso and to make
the discussion simple, if all counterterms are defined on
shell, or at some subtraction point according to Eq. (6.1),
then the virtual corrections for the amplitude can be written
in a very compact way as

80%5/0 = Zﬂpixpi In(Q3/03). (6.5)

The correction can be large if some f constants are large.
The corrections could also be amplified if the parametric
dependence on the parameter kp, is large and/or if there is a
large difference between some subtraction scale in defining
a particular parameter, namely Quzm,- and the scale that
defines the observable Q,. Q, can have contributions
not only from two-point functions but also from n-point
functions that we have lumped in its definition. In par-
ticular, our parametrization of Q, can take into account
nonsingle logarithms (dilogarithms,...). In particular, some

lStrictly speaking the sum applies to each Lorentz structure
and/or helicity amplitude.
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TABLE 1.
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Parameters for the benchmark Point A (in GeV for all dimensionful parameters). Qg 1is calculated as

Ogsy = /M5 M;, = 1117.25 GeV. The derived values for the tree-level masses of all Higgses, charginos, and neutralinos are also
given. For this benchmark, the top mass, crucial for the computation of the Higgs mass in particular, is taken as M, = 175 GeV.

M, 700 A 0.1 A,
M, 1000 m, (k) 120 (0.1) A,
M, 1000 4 120 A,
s 10 A, 150 A,

0 my, 1740 mp g 1000
4000 mg, 800 my, 1000
1000 mp, 1000 m;, 1000
1000 mp, 1000 mps 1000

(le ,ng ;M}?,MXQ,M;((;),M}?E,MX?) = (1 17.95, 1006.61;1 12.77, 123.80,241.57,702.82, 1006.64) (MHL;MA?vMAg;Mh?ﬁthﬁth):
(577.33;12.64,572.06,88.47,240.07,572.48). The one-loop corrected SM-like Higgs mass is calculated to be 125.45 GeV in the
OSs34p,a,4,+ and 126.47 GeV in the DR scheme with a scale at Oqusy- This difference is solely due to the scheme dependence.

one-loop dynamics may entail large genuine corrections
that are then translated here as large values of Q).
In a scheme where all counterterms are defined a la DR,

SOPR/O = In(Q3 /ﬂz)ZﬂpiKp, (6.6)

There is now a scale dependence that quantifies the
uncertainty in the one-loop calculation. The correction is
minimized for ji ~ Q4. Again if the virtual corrections are
dominated by single logs with an argument corresponding
to the largest scale/mass of the process, the corrections are
minimized for z corresponding to this highest scale.

In a mixed scheme such as the one we have taken with
Po = 15 and with O, the effective scale that defines the OS
definition of 4, the result for the correction to the same
observable can be written as’

O™ /O = 609 /O + By, kp, I(Qp /%) (6.7)

The f functions can also be derived from an analysis of
the renormalization group. The system of coupled equa-
tions at two loop is given in [4]. Specializing to one loop
and keeping only the dominant Yukawa coupling contri-
butions, the system is rather simple and can help under-
stand some features of the full one-loop calculation. With #,
the top- Yukawa coupling, the dominant contributions to the
running of the underlying couplings of the NMSSM, can be
cast as

1dh?  1dA, 2d2 2 dy°
_2_f:__‘:_2_:—zi:6h,2 and

hy dr A, dr A*dr  p~dr

1 dA; A

e A 6.8
A/l dr IA,{ ( )

’In a scheme where all parameters are defined on shell
according to Eq. (6.1), the numerical extraction of the / constants
through the p variation is quite simple, it relies on the combi-
nation (Cyy + In/i%). In a mixed scheme such as the one where 7,
is DR and the other underlying parameters are reconstructed from
solving a coupled system based on on-shell quantities through
masses as input, there may be a mismatch between the coefficient
multiplying Cyy and In j°.

with 7 = In i /167>, What this shows is that if A, > A,,
then f3,, can be quite large. Remember that a large A, is
needed for inducing a large one-loop correction to the
MSSM-like CP-even Higgs (in the MSSM limit). Note that
A, and s = u/2 do not have top-Yukawa enhanced running.

B. Infrared divergences

Many of the Higgs processes we will study at the one-
loop level, will give rise to infrared divergences when
electrically charged particles are involved in the external
legs. The treatment of these divergences requires the
computation of real photon emission as described in
[44]. In a nutshell, for these 1 — 2 decays it is sufficient
to take an infinitesimally small photon mass as a regulator.
For more details see [44].

VII. THE BENCHMARK POINTS

We will concentrate on two quite distinct scenarios of the
NMSSM. The first scenario, Point A, is chosen with a very
small value of the mixing parameter A in order to study the
MSSM limit. Point B has a much larger value of A
exhibiting large mixing between the singlet and doublet
components.

Point A is defined through practically the same param-
eters that we chose to set the benchmark Point 3 in our
previous work [44] on the renormalization of the chargino/
neutralino sector. The defining parameters of Point A are
listed in Table I. An alert reader would have noticed that the
difference between Point 3 in [44] and Point A is that
the values of the stop masses were modified to ensure that
the one-loop corrected mass for the SM-like Higgs would
be compatible with the value observed at the LHC. Because
of the small value of 4, we are in the MSSM limit, which
requires us to take a fairly large value of the trilinear
parameter, A,, in the stop sector. Observe that the value of
A, is very large compared to A; with A,/A,; ~ 27. This will
have important side effects apart from giving large correc-
tions to the lightest CP-even neutral Higgs. We have also
listed the value of the one-loop corrected mass for the SM-
like Higgs. We see that it is compatible with the mass of the
Higgs discovered at the LHC. Table I gives the value of this
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Parameters for the benchmark Point B (in GeV for all dimensionful parameters). Qg is calculated as

Ogsy = /M5 M;, =753.55 GeV. The derived values for the tree-level masses of all Higgses, charginos, and neutralinos are also given.

TABLE 1L
M, 120 A 0.67 A,
M, 300 m, (k) 59.7 (0.2) A,
M, 1500 L 200 Ay
s 1.92 A, 405 A,

0 I?’LQ3 750 m[')j/u 1500
1000 my, 750 m;, 1500
1000 mp, 1500 mj, 1500
1000 mg 1500 m; ; 1500

1.2 2b12

(Mﬁ,MX;;Mi?,ng,Mig,M;{g,Mlg) =(159.63,342.70;89.99,143.90,196.18,235.64,344.98) (MHi;MA?,MAg;Mh?,th,th) =
(469.09;111.59,481.56; 102.92, 142.84,479.00). The one-loop corrected SM-like Higgs mass is calculated to be 124.44 GeV in
the OS5,4,4,5+ and 121.62 GeV in the DR scheme with a scale at Q. To calculate the Higgs mass we have taken a running top mass
at the scale Qg = \/Mj M;, with M, = 146.94 GeV. This difference is solely due to the scheme dependence.

mass in two schemes. The scheme difference is within
1 GeV. For more details on the correction to the Higgs
masses and tuned comparisons with other calculations we
refer to [69].

For the second benchmark, we borrowed parameters
very similar to Point TP4 in [69]. Benchmark B is defined
in Table 1L

One notable difference between the two benchmark
points is the value of A4 (6 times larger for Point B), such
that for Point B, A, > M. As a consequence, for Point B
the tree-level value for the mass of the SM-like Higgs is
larger than M ,, which is not the case for Point A. This is the
reason why for Point B the value of 7; is ~2 and more
importantly A,/A, ~2.5 only. Still, one needs radiative
corrections to lift the mass of the SM-like Higgs from
103 GeV at tree level to about 125 GeV.

Because we will study Higgs decays either to other
Higgses or to neutralinos and charginos, the field content
(in terms of the current, unmixed, fields) is very important.
The field content or the purity of the physical fields, at tree
level, is given in Table III. If we arrange the physical fields
in terms of their dominant component, then for

Point A
@28 70,70 7% 01 ) ~ (HO, H,8°, B WO H, W),
(h9, h. h9; AY, AY) ~ (B, hY, hY; af, af). (7.1)

For Point A the states have a very high degree of purity.
Given the fact that 7 is mostly Higgsino, 7} is mostly
singlino, and %} mostly bino, this justifies the use of the
11344,4, Mixed OS-DR renormalization scheme, following
the notation of Sec. VA, and the OS3y,4,4,54 renormal-
ization scheme, following the notation of Sec. V B, to
compute the one-loop corrections. Indeed, as discussed in
[44], in choosing the input masses, one should preferably
include the bino and singlino from the neutralino sector,
and the Higgsino when a third neutralino is to be used.
For Point B, there is strong mixing and only the lightest
physical pseudoscalar field can be described as pure;
nonetheless, we can write the dominant components,

TABLEIII. Components of the mass eigenstates for benchmark
Points A and B. The dominant component is highlighted.
Point A Point B
hY hY 1.1% 22.5%
hS 98.6% 67.4%
h 0.3% 10.1%
9 iy 0.1% 0.%
ho 0.3% 12.5%
hY 99.6% 87.5%
h3 hS 98.8% 77.5%
ho 1.1% 19.7%
h? 0.1% 2.8%
AV al 0% 1.8%
al 0% 0.5%
al 100% 97.7%
A al 99.0% 76.9%
ad 1.0% 20.8%
ad 0.0% 2.3%
Vil B° e 56.6%
wo e 32.3%
Ko 98.4% 10.3%
S0 0.77% 0.8%
Ve B0 e 4.0%
WO e 2.6%
i 99.5% 19.3%
S0 e 74.0%
7 B0 e 10.1%
WO e .
K 0.9% 78.9%
S0 99.1% 11.0%
Ve B° 99.6% 18.1%
wo e 12.3%
K e 55.8%
SO e 13.7%
7 B e 11.2%
wo 99.3% 52.8%
Ko 0.69% 35.7%
S0 e 0.4%
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Point B

W00 7% 73) ~ (B, S° HO HO WS W),
(R0, h, h3; A, A9) ~ (hS, hY, h5; . af). (7.2)

We will therefore use the 71344, and OSjp,4, 4,5+
renormalization schemes to compute the radiative
corrections.

VIII. HIGGS DECAYS

As an application to our setup for the renormalization of
the Higgs sector and its implementation in SloopS we
consider Higgs decays. This covers decays of Higgses into
neutralinos and charginos, final states with a single gauge
boson, as well as decays into lighter Higgses. These
channels also serve to test the most critical aspects of
the renormalization of the Higgs sector in the NMSSM. We
have not computed decays involving sfermions since the
sfermion sector does not introduce much novelty compared
to the MSSM, nor did we consider here decays into SM
fermions and pairs of gauge bosons. Note that we have
computed decays of the neutral Higgs scalars to yy and Zy
in an earlier publication [59]; however, these loop induced
decays do not require renormalization.

The importance of the radiative corrections and the choice
of the renormalization scheme underline the importance of
studying the parametric dependence. To gain an under-
standing, at least qualitatively, of the results of some of the
radiative corrections for the most prominent decays of the
Higgses, we will first show, for both Points A and B, how the
value of the corresponding tree-level partial width changes
when one of the underlying parameters is modified around
each one of the reference points that define the model. As
discussed in Sec. VI A this will give us an insight on the
parametric dependence and an approximate extraction of the
coefficients «, (see Eq. (6.4) when specializing to small
variations. We will, in fact, only show the variations of the
square of the coupling involved in the decay. This quantity
represents the square of the amplitude for the partial width,
leaving the phase space factor out. The rationale for doing
this is that a variation of the underlying parameters changes
also the values of the masses, which in turn change the phase
space and hence introduce another source of change in the
partial width. In the renormalization process some of the
masses of the particles taking part in the process are taken as
input parameters with a value fixed at all orders.

Before giving the results for the full one-loop corrections
to the decays, we will first extract the universal 3, for each
parameter p; as explained in Sec. VI A. For each scheme
we will also give the value of the finite term [see Eq. (6.1)]
of the counterterm to the parameter p;,

op;
Pi [finite

= By, In(7*/ 03,). (8.1)
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evaluated at a value of i that we will specify. For later
reference, observe that a large value of #;, will most certainly
entail a large value for the finite part of the corresponding
counterterm, unless ﬁz ~ Quzmi. Remembering our discussion
in Sec. VI A [see also Egs. (6.5) and (6.6)], the /3, and the
finite part of the counterterms in a given scheme, together
with what we will have learned about the parametric
dependence, will help gain some understanding of the results
of the full one-loop corrections, the scheme dependence. One
could also learn whether there may be large genuine
corrections that stem from the two- and three-point functions
or even from the real corrections (bremmstrahlung).

A. Point A

For this point we will compute the full electroweak
corrections to the partial decay widths of CP-even, CP-
odd, and charged Higgs into other Higgses and super-
symmetric particles. For the latter, only neutralinos and
charginos are kinematically accessible. We will only
include the channels for which the branching ratio is above
1% as they are the only potentially relevant ones. Note that
the lightest CP-even and CP-odd Higgs decay only into
SM particles and that the components of the heavy doublet
Higgs (h9,A9) also decay mainly into SM particles, in
particular bb. Only the singlet hY decays dominantly in
the pair of singlets AYAY. The partial widths of all the
channels considered are of the same order at tree level,
about 1072 GeV.

1. Tree level. Parameter dependence on some
couplings in Higgs decays

As promised, and before going to the loop results, we
first look at the parametric dependence of some of the
decays we will study. The analysis of the parametric
dependence relies on the tree-level behavior of the observ-
ables as the underlying parameters are varied. Results of
these variations are shown in Fig. 1. The first general
observation is the smooth and almost linear dependence on
all the (independent) parameters, for all the coupling across
the whole range of the variations, +20%. This can easily be
understood if we recall that this point is characterized by
very small mixing A where the physical states have a high
degree of purity, whereby the Higgs states 19, A? and the
neutralino ;((3) are essentially singlet states. With this small 4
scenario, it is instructive to subdivide these decays into
three classes of decays

(i) All particles involved in the decay are predominantly
singlets, 79 — AJAY.

(i) None of the particle taking part in the decay is
singletlike with characteristics close to the MSSM
and with very little dependence on 1. Two examples
are shown in Fig. 1, A9 — 777 and A — 7979. In
the one-loop calculation we will also con-
sider 1Y — ¥\ 77
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FIG. 1. Parameter dependence of (the square) of the couplings that enter some important decays, which we will study at one loop. We
look at the variation in the parameters #4, A, m,, A,, A;, and p. Plotted is the percentage variation measured from the reference point,
defined in Table I. We allow variations of £20% for these parameters apart from A, whose reference value, A, = 0, is varied smoothly
up to 40 GeV. The solid (blue) lines represent the hghgh? coupling, the dash-dot-dot-dotted (purple) lines the AgZOhg coupling, the
dotted (green) lines the 197979 coupling, the dashed (red) lines the h9AJAY coupling, the dash-dotted (turquoise) lines the A — 7979

coupling, and the long-dashed (gray) lines the A%, 7 coupling.

is well rendered by this simple observation and
corresponds very well to the variations shown in
Fig. 1. The small AA, variation in Fig. 1 can be
explained similarly from the Higgs potential. Con-
sidering that this coupling is solely within the singlet
sector, it is important to stress that the A dependence
here is due to our choice of m, (rather than x), A, u as
independent parameters.
AS > 978 and A — 7177

AY = ¥ 77 is a MSSM-like decay with a very
small dependence on the mixing A scenario and
practically independent of all other parameters.
hY — 7 x7 shares these same features. A — 7070
is quite similar, however, with some small depend-
ence that creeps in from the mixing between the
neutralinos. Still, as seen from Fig. 1 the 1 depend-
ence is 4 times smaller, A1/24, as compared to the
situation when a singlet state is involved in the

(iii) Decays involving both singlets and MSSM-like
particles. 19— hShY,AS — Z°h) [and its SU(2) equiv-
alent H- — W*h9], and h} — 7%3. These decays
are therefore sensitive to the mixing parameters due
to the addition of the singlet in the NMSSM. For most
decays this mixing parameter is essentially A while for
h9RSRY and A — ZhS, A, is also crucial.

We first look at the decays which involve only singlets and
then none of them.
(1) hy — A%AQ.

Similar to the self-coupling of the three CP-even
neutral Higgs singlets in Eq. (2.35), with A, = 0 (at
tree level), the h9A9AY interaction stems from the term
k>S* of the Higgs potential, Eq. (2.4). This trilinear
coupling is controlled by x*s « m2/s o A/um?2. The
relative variation of the square of the coupling

(i)

AG?

HOAOAD AL Am, Ay decay. One can glso note a small erepder}ce on y
G~ 2 5 +2 P (8.2) (recall that the lightest neutralino is Higgsino-like)
hyATAY o M as well as some 75 dependence. Overall the parametric
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dependence for the decay AS — 797 can be approxi-
mated as

AGlumn 1/Ad Au Am, 1At 5
G T\ T T, T2 ) B
A K
We now turn to the decays that involve a mixture of
singlets/doublets states.
(i) Y — nYnl.

This decay is triggered from the coupling h)Aa%h)
whose strength is controlled by A(A; + 2m,.); see the
term (3,1,2) in Eq. (2.35). With the values of m, and
A,, this dependence gives a relative variation

AA,

AGizz?hOhO ’ Al n A
/1 Aﬂ. + 2mK A}'

312
G20 07,0
h3h1h2

2my,  Am,
A, +2m, my

Al AA, Am
~2(—+038—=+0.6—"|, 8.4
( A * A/I * my ) ( )

which is extremely well exhibited in Fig. 1.
(i) hY — 79%.

This coupling is practically independent of the
dimensionful parameters; it is not generated in the
Higgs potential. The coupling is essentially dependent
only on the mixing 4, with a very small 7; dependence,
as confirmed by Fig. 1. The variation, for the square of
the coupling, can be parametrized as

AGiy AL
e ~2 T (8.5)
s
(i) A9 — n9Z°.

The coupling responsible for this decay derives in
part from h%a9Z°, and therefore the singlet-doublet
mixing is an essential ingredient. It is not a surprise
that the A4 dependence is the same as with all other
decays in this class. As with the Higgs self-
couplings, the A; mixing is not negligible as well
as the 75 and p dependences that enter through the
mixing in the CP-odd and CP-even Higgs sectors.
Apart from the 4 dependence, deriving an analytical
formula for the relative variation is difficult. Ap-
proximately we get

2
AGZ 0 s (ﬂ 0324 Ay
: 3—=-=r
GZAghg A A, ts

A A
042" _ 1.2—”).
my u
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This is in good agreement with the behavior seen in
Fig. 1. For later reference, observe also that it is this
coupling and the 2999 that are most sensitive to a
variation in A, albeit with opposite trends.

2. Point A: Finite part of the counterterms
and their B constant

The fj, constants that we extract numerically (see
Sec. VI A) are given in units of 1073,

B, = 5.70, (8.7)
B, = 8.44, (8.8)
B, =5.83, (8.9)
B, = 0.510, (8.10)
B, = 548.74. (8.11)

Since A, = 0, B4_is not amenable to a numerical extrac-
tion. However, we have checked that 0A, never plays a
significant role, so we will omit it from our discussion. The
most striking observation is that f,, is very large; it is
practically 2 orders of magnitude larger than the /5 of all the
other parameters. In sharp contrast, note the tiny f,, . When
we recall that for this point the ratio A,/A, is very large,
A,/A; ~27, these findings are not surprising [see
Egs. (6.8)]. We therefore expect a large scale dependence
in the DR scheme and probably a large correction for those
branching ratios that are most sensitive to A;. A glance at
Fig. | indicates that 1 — h{hS and A} — Zh9 [andits SU(2)
equivalent H™ — W*h9] are two such observables.

We have also derived the finite parts of the correspond-
ing counterterms. For this benchmark we take i = Qqgy =
1117.25 GeV [see Eq. (8.1)]. As mentioned in Sec. VII, to
ensure an a priori good extraction of the finite parts, we
computed these finite parts in the schemes 7y344,4, and
OS341,4,4,H+- The results are given in Table IV.

We note that at the level of the counterterms, the scheme
dependence in u and m, is extremely small (less than 1%)
and that in both schemes the values of these two counter-
terms are quite small. This is no surprise since u can be
extracted almost directly from one of the chargino masses
while m, was chosen as an independent parameter precisely
because it is an almost direct measure of the singlino mass in
this small 4 limit. As for the counterterms for A;, 4, and 74
we have large corrections. In the OS scheme 54, /A, is more
than 100% and 6t4/t; is also large. One would think that the
use of My+ as an input in the OS scheme would have
constrained 6A /A, far better. In fact, as can be derived from
the expression of the charged Higgs mass, Eq. (2.19), in
the limit of small 4 and rather large 74, as is the case

here, SM?%. /M3, ~ (8A;/A; + 1.85t4/15)/2. Therefore it
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TABLE IV. Finite parts of the various counterterms that play a
role in the parametric dependence of the partial widths computed
at ji = Qqugy = 1117.25 GeV.

taaa, —242% 0 62.26%
OSaumanns —1.57% —80.69% —7.88%

Scheme dm/m, O6A,;/A;

-0.67% —5.49%
0.3% 134%

is only the combination (6A;/A; + 1.8514/14) of these two
counterterms that is well constrained. This is corroborated
by the values of these two counterterms in Table IV. This
issue with 74 is similar to the one encountered in the MSSM
where the Higgs masses alone are not efficient to reconstruct
tg [45]. The good extraction of 5A; /A, in the ty344 Ay
scheme is therefore a result of the DR condition otg/ty = 0.
This said, the 7,344, 4, scheme gives a bad reconstruction of
64/ 2. As argued in [44], in this small A limit, the chargino/
neutralino masses are not sensitive to A. This leads to a large
uncertainty on 61/A. The Higgs system with the inclusion of
the singlet dominated /9 in the OS scheme fares better as
demonstrated in Table I'V.

To summarize, we foresee (i) in the DR scheme, a large
scale variation for decays and couplings that feature a non-
negligible dependence on A; (k) — hYh), AY — Zh), and
H" — W'hY). The correction should minimize for
B = Qqusy» (i1) in the #1344, 4, scheme the corrections should
be mainly driven by oA Since f, is small, the scale
dependence in this mixed scheme is negligible. All decays
are affected expect those not involving any singlet state,
(iii) in the OS scheme one should pay special attention to
those observables where the A; dependence is important
and to a lesser extent the 75 dependence.

3. Full one-loop results

Full one-loop results for a variety of Higgs decays are
shown in Table V. For each decay we give the result for the
mixed 7344,4, scheme, the on-shell scheme OS34,4, 4,5+
and the full DR scheme. For the f1344,4, SCheme we set the
scale at Qg = 1117.25 GeV. For the DR scheme we
consider an implementation both with a scale at Qg and
with a scale Q,, that corresponds to the mass of the
decaying Higgs. For the important decays of h3, A9, HY,
Ou ~ Qusy/2. A quick glance at the table reveals that the
corrections in the DR scheme at Oqusy are quite small in
practically all channels. The same results at the scale Q,
are within 2% except for the notable decays h3 — h{hY,
AY — ZhY, and HY — W*h) as a consequence of the very
large f4,. The results in the mixed scheme show a very
large and almost common correction of order 120%! (due
to the large 64/1~62% in this scheme) except for
h = yixt. AS = ¥ixr. and AS — 7979, The corrections
in the OS scheme are small to moderate except for the same
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notable decays where the scale dependence in the DR
scheme is large, h — hVh9, AY — Zh, and HY — WTH).
Following our discussion on the parametric dependence
and the values of the counterterms, as well as the f
functions, these results are easily understood. In fact, this
is in perfect agreement with the arguments we summarized
at the end of the preceding subsection.

The smallness of the radiative corrections in the DR
scheme seems to indicate that i ~ Qg is the effective
scale for all the decays in this model. This is also indicative
that genuine corrections beyond the running of the param-
eters are quite small. We can be more quantitative about the
differences between the schemes and the scale dependen-
cies by combining the parametric dependencies derived
from tree-level considerations in Egs. (8.2)—(8.6) with the
values of the finite parts of the counterterms in Table IV,
which is Ap; — Jp;. Let us go through the results of some
of the decays.

(i) hY — AJAL.

The scheme dependence of the relative correction
to the decay is contained in 2(6A/4 + 26m,/m, —
Su/p) ~ 284/ A. This contribution from the finite part
of the counterterms gives practically the full one-
loop correction in all the schemes; for instance, in
the OS scheme this contribution returns a —11.4%
correction by using the values given in Table IV.
This is another manifestation that genuine correc-
tions from three-point function contributions are
negligible. The scale dependence for the DR scheme
is tiny, indeed with the negligible f,, and with f; ~
B, the difference in the correction between the scale
Qusy and My [using the general formula of Eq. (6.6)

for the amplitude] is 2(f; + 25, —,B,,)ln(mflg /

qusy) ~ —0.7%. This difference is an excellent
approximation to the full one-loop result.
(i) AY — 7970, AY — 7177, and B — 777

We classified these decays in the second category
where all particles involved in these decays are
MSSM-like though with a very small singlet com-
ponent for the neutralino case. We note that for these
decays the scheme dependence is much smaller as
compared to the other categories. In particular, these
are the only decays where the relative one-loop
corrections are under control in the 7,344 4, scheme.
The largest correction in this class shows up for
AY = 7% in the f1344,4, SCheme driven essentially
by the large value of 6/ despite the small parametric
dependence of this parameter. Indeed, Eq. (8.3)
when interpreted in terms of counterterms is an
excellent explanation of the results we find for the
full corrections and the scheme dependence.

(iii) hY — h9hY.

Apart from the DR scheme with a scale at Qg

where the correction is modest, all other schemes lead
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TABLE V. Partial decay widths of Higgs bosons in other Higgs
bosons and/or neutralinos, charginos, and gauge bosons at tree
level (in MeV) and the percentage relative full one-loop correc-
tion, in the mixed scheme where only 7, is taken DR (1344,4,)- the
evaluation is made at the scale Qg the full OS scheme and full
DR at two scales, Q,, is taken to be the mass of the decaying
particle (see text for details of the schemes).

One loop
Tree level

[MeV]  #1344,4, OS34p,a,4,5+ DRQy DRQyy
h9—A9AY 47.9 128% —12% 04% —0.4%
h— hYh3 221 116% 79% 52% —1.1%
h -2 35.2 122% -3% 2% 0.3%
h— 7593 33.8 126% -35% 3% 1.1%
n =y 455 1% -11% -9% —7.4%
AY—>Zh 18.6 120% 80% -56% —14.5%
AY—> 070 33.0 28% 13% 03% —1.6%
AY=98 24.4 130% -31% 8% 6.2%
AY=> 578 30.2 122% —5% —-04% —-1.9%
A=y 55.1 —-10% —1.5% —6% —8%
HT—>W*th)  20.1 119% 79% -56% —16%
H™ =37 64.0 125% -18% 3% 1.1%

to large corrections. We verify, based on the para-
metric dependence in Eq. (8.4) and on the fact that
Ba,>p,>p,, . that the difference between the scales

in DR s indeed given by 2 x 0.386,, ln(mig/qusy%

—54%. The values for the corrections in the OS
scheme and the mixed scheme are also very well
approximated by the parametric dependence upon
replacing the variations by the corresponding coun-
terterms found in Table IV. In the OS scheme the
correction is driven essentially by the poor extraction
of A, while in the mixed scheme it is again essentially
the imprecise input 64/ that is behind the large
correction.
(iv) A9 — Z°h) and the equivalent H* — W~h).
Because of the large running A,, it is sufficient to
consider A, when comparing the results in the DR
scheme at the two scales. The parametric dependence,
Eq. (8.6), explains very well the ~40% difference
between the two scales in the DR scheme. The
difference between the OS scheme and the DR at
Ojusy 18 driven essentially by the determination of A,
and 74, both of which are badly derived in the OS
scheme, whereas the discrepancy in the mixed scheme
comes once again from a bad reconstruction of A.
(v) All the remaining decays of Table IV are those where
the Higgses (CP-even, CP-odd, or charged) are
decaying into neutralinos/charginos involving the
mostly singlet #3. These decays would vanish in the
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A — 0 limit. We studied the parametric dependence
of a representative of these decays earlier,
hy — 7%%9. We verified the strong 4 dependence,
and noted a small #; dependence (which takes place
in the neutralino/chargino sector). Translated in
terms of counterterms, the parametric dependence
is 264/2, which again explains extremely well the
almost uniform large correction, ~120%, in the
f1344,4, Scheme. In the OS scheme, the corrections
are much smaller but the residual 74 dependence in
some of these decays is not totally negligible.
Point A is somehow pathological in the sense that it is
MSSM-like and the amount of mixing is small. This makes
it difficult to reconstruct all the parameters rather precisely.
The OS scheme would perform well if it were not penalized
by a very imprecise reconstruction of 74, which impacts
badly on the reconstruction of A;. The mass of the charged
Higgs as an input only constrains a very specific combi-
nation of these two parameters. The MSSM is fraught with
the same problem of a reconstruction of 745 from the
Higgs masses alone. We have shown that in the MSSM
a very good scheme for extracting 74 relied on the decay
AY - 777~ [45]. In the NMSSM, this issue needs to be
investigated in depth and is left for a future work.

B. Point B

The most crucial features to keep in mind when
reviewing the results for Point B, especially after what
we have seen for Point A, is the fact that 4 is large (and
tg small) and A, is smaller than A, by only a factor of 2.
The last observation should mean that 8, should not be
excessively large. With such a value of 1 (and A)) this
point constitutes a genuine example of the NMSSM, and
the branching ratios for the decays we consider here are
at least an order of magnitude larger than in Point A.
The difficulty now is that the notion of an almost singlet
(and MSSM-like) state will be lost, couplings between
the physical states will depend strongly on the pattern of
the mixing matrices. The study of the parametric
dependence of the couplings, and hence the decays,
on the underlying parameters is here even more impor-
tant. This is what we look at, at tree level, for a few
decays for which we have calculated the full one-loop
corrections.

1. Tree-level. Parameter dependence
on some couplings

Figure 2 shows the variations of some couplings when
some of the underlying parameters are perturbed within
4+20%. For Point B we have also examined variations in M
and M,, which we do not show in Fig. 2 to avoid clutter.
The most striking difference with Point A is the fact that for
the trilinear Higgs couplings, h3h9h9, hh3hY, and hYAVAY,
the dependence on almost all parameters is large and highly
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FIG. 2. Parameter dependence on (the square) of the couplings that enter some important decays that we will study at one
loop. We look at the variation in the parameters 3, 4,m,,A,,A;, and u. Plotted is the percentage variation measured from the
reference point. We allow variations of +20% for these parameters apart from A, whose reference value, A, = 0, is varied smoothly
up to 40 GeV. The solid (blue) lines represent the Ah9hY coupling, the long dash-dotted (purple) lines the H*W~A? coupling, the
dotted (green) lines the AgA?h(l) coupling, the dashed (red) lines the hghghg coupling, and the dash-dotted (turquoise) lines the Agfﬁ;}l‘

coupling.

nonlinear even for parametric variations of about 10%. For
example, a 10% change in A; around its reference value
gives a variation of almost 100% on the trilinear Higgs
couplings. Recall here that 7 is small, but we can see that
small changes in this parameter give rise to dramatic
changes in the trilinear coupling. Decays involving two
Higgses and a gauge boson, one such coupling is
AYHTW~, show also large deviations though not as
dramatic as for couplings involving three Higgses.
Decays of the Higgs into neutralinos/charginos such as
AY = x!x7 show much more moderate variations with
practically an almost linear dependence. Although not
shown in these figures, for decays into charginos and
neutralinos the effect of a change in the gaugino masses
M,, M, is not totally negligible. For most decays the
parameters that lead to the largest changes are A;, 4,u,
and 4. Considering the highly nonlinear behavior of
these variations, a linear parametrization is justified only
for small variations. We will therefore first check whether
the finite parts of the counterterms in this model are small
enough. If so, we will give the parametrization as befits a

one-loop correction where the counterterms enter only at
first order.

In view of these preliminary observations, the two-body
decays studied here can be classified into three categories
depending on how many Higgses are taking part in
the decay:

(i) asingle Higgs for decays into neutralinos and chargi-

nos, the amplitude will then involve the matrix S,.

(i) two Higgses and a gauge boson where in this case

the Higgses are of opposite parity hence involving
the product of the diagonalizing matrices S, x P,,.
three Higgses where in the case of three neutral CP-
even Higgs the elements of (S},) enter and in the
case of a CP-even Higgs decaying into two pseu-
doscalars the amplitudes call for S, x P2.
The dependence of these mixing matrices on the underlying
parameters, in particular 4, A, is highly nonlinear when 4 is
not small. In the latter case one expects that when more and
more Higgses are involved, as, for instance, in the case of
the Higgs self-couplings, the mixing matrices introduce
highly nontrivial dependencies.

(iii)
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TABLE VI. Finite parts of the various counterterms that play a
role in the parametric dependence of the partial widths computed
at ji = Qgugy = 753.55 GeV.

Scheme Sulp  Stplty  SA/A Sme/me  SA,/A,
ta3aa, ~-1.04% 0 371% -15%  6.85%
OSppann —1.63% 650% 594  —152% 3.40%

PHYSICAL REVIEW D 96, 015040 (2017)

TABLE VII. Partial decay widths of Higgs bosons in other
Higgs bosons and/or neutralinos, charginos, and gauge bosons at
tree level (in GeV) and the percentage relative full one-loop
correction, in the mixed scheme where only 75 is taken DR
(t1344,4,) at the scale Qg the full OS scheme, and the full DR
schemes at two scales. Q) is taken to be the mass of the decaying
particle.

2. Point B: Finite part of the counterterms
and their p constant

We first list the B functions; in units of 1073 they are

B, =1.13, (8.12)
p,, = —8.81, (8.13)
B, =10.22, (8.14)
P = 6.19, (8.15)
Ba, = 61.36. (8.16)

As expected, since the ratio A,/A, has decreased by about a
factor of 10 compared to Model A, the value of $, has
decreased by almost an order of magnitude; see Eq. (6.8).
Yet, this is still the largest  constant (6% rather than 1% for
the others).

The finite part of the counterterms (evaluated at
OQgusy ~ 754 GeV) that we extract are given in Table VI
All counterterms are of the same order, none exceeding 7%,
and in any case they are much smaller than some of the
large values we found for Point A. This rather precise
extraction has to do with the fact that, because of the not so
small mixing, a large number of observables, in particular
masses, are quite sensitive to the underlying parameters.
The fact that these values are not very large justifies
parametrizing the variation at first order in the counterterm.
The first derivative of the variation, at the origin, gives the
infinitesimal parametrization.

3. One-loop results and analysis of scheme dependence

A quick inspection of the results in Table VII reveals that,
if we leave out the decays of the category involving the
trilinear Higgs couplings, in particular the CP-even
hy — h9hY, h9nY, the radiative corrections are moderate,
especially compared to Point A. Overall, the OS scheme
performs quite well. In particular, the OS scheme returns the
smallest corrections for the problematic decays hg -
RYKY, h9KY. Still, in most cases the scheme dependence is
not negligible. This is not surprising considering the abrupt
variations we observed at tree level on the Higgs trilinear
couplings.

One loop
Tree level
[GeV]  f134,4, OSi2p,a,4,+ DRQy DRQyyq,
h =% 0.726  13.3% 14% 5% 3%
hg—>A?ZO 0.613 13% 3% —3% 8%
hY— hYh 0341 -142%  -25%  —106% —50%
h—>mn 0514 51% 6% 13%  —28%
A=y 1.523 9% 7% 2% 1%
AY= 070 0.723 19% 32% 2% 2%
Ag —>Zoh(2) 0.638 —10% 12% —-16% 9%
AJSARY 0415 —43%  -03%  -32% -17%
HT _’)?D?g 1.056 10% 6% 10% 8%
H*—»W*h(z) 0.609 -11% 11% —18% —-10%
H"— W*A(l) 0.603 12% 2% —3% —9%
H =y 0.561 14% 21% 9% 9%

(1) Decays into charginos and neutralinos (Ag - ;ﬁ;}l‘,
Ag - 5((1))?(1) .

First observe that the scale dependence in these
decays is never larger than 2%. This is due in a large
part to the fact that the couplings involved in these
decays are insensitive to A, a parameter that comes
with the largest . The f constants for the other
parameters are all smaller than 1%. Besides, as
Fig. 2 confirms for A‘Z) — ¥ %7, the parametric
dependence is quite small for these decays compared
to those where more than one Higgs is involved. We

can write

Ol yo_ 55— oA 6 o

%Nom7 +055% 0372, (8.17)
AS=xixy g v

The differences between schemes are within about
10%, and the smallest corrections are usually ob-
tained in the DR scheme. The scheme dependence is
quite small for all the decays in this category apart
from the special case of A9 — 7%79. 7 here is
dominated by the bino component but with a large
wino and Higgsino component. In this case we have
worked out the parametric dependence including the
M, and M, counterterms,
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(i)

(iif)

F 0_,50~0

%~ 1.15%— 24% 1092 1962
A=, # s M,
_09M2 g0

M 2 my
The ~10% difference between the 7534 4, and the
OS scheme is essentially due to the 7; definition in
the two schemes. The relatively large correction of
32% in the OS scheme is, in fact, due to the addition
of many smaller contributions including M, M,

(and ), which all affect the neutralino sector.

Higgs decays into a vector boson and another Higgs

(Ay—>Z°h)  HT > WHh9,Ht - WHAY h) - AZ0).

The pattern of the corrections for these decays is
quite similar. In all the schemes, the one-loop
corrections are moderate. They are, in absolute terms,
within 20% with a scheme difference that can attain
30%. In DR the scale dependence is about 6% when
we compare the values obtained at Qg ~ 754 GeV
and at a scale about the mass of the decaying Higgs
~480 GeV. For Ht — WTAY, this is accounted for
by the A; running V44, In(Qfysy/M7,.) with
Kl "4 ~ 1 as can be inferred from Fig. 2.
hg - hgh?.

With three Higgses involved in the process, the
parametric dependence becomes very important.
Because of the large value of f, compared to all
other f’s, one still expects the running to be
dominated by this parameter. Indeed, the corrections
in the DR schemes are not only quite large, —50% at
Oqusy ~ 754 GeV, but they are also very sensitive to
the choice of scale since at the scale M-+, which is
not even half Oy, the corrections more than double
to —106%. This is driven by the large variation due
to A, as observed in Fig. 2. One can approximate the
variation as 10, ln(Q§USY/M;21(3>) ~60%. In fact,

the dependence in the counterterms can be worked
out more precisely,

(8.18)

Ol 00,0 oA o) oty SA
SN 132 16 11(1.15ﬁ—‘>
Doonons A H A
5
102 (8.19)
mK

With the extracted values of the counterterms in the
OS and mixed schemes (written for i = Qg,) We
recover the differences shown in Table VII between
the OS and DR and ¢ schemes. Note also the
“‘compensation” between the variation in 75 and A;
in the parametric dependence, which is effective in
keeping the correction in the OS scheme manageable.

Although the scheme dependence is well under-
stood, the fact that the corrections in the DR scheme

@iv)

)
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at the scale Qg are large indicates that this scale is
not the most appropriate effective scale that mini-
mizes the correction. In this respect the OS scheme
gives a more “perturbative” prediction. Nonetheless,
a scale of Qe ~ 1.50,,, gives a correction of only
about 1%. An effective scale ~1.2Q,,, reproduces
the result of the OS scheme. This shows that small
changes in the scale (around Q) reduce the results
quite significantly. This is driven mostly by the large
sensitivity in some of the parameters, essentially A,
whose f constant is the largest.
hg — hghg.

The parametric dependence that tracks the dom-
inant variations are also very large here as we
remarked earlier. It can be approximated as

2
F(})lohoho e A
3/

O ionng 64 _ I <5_'“ l% _ %) +03 om, )

M 2 t[)’ A/{ m
(8.20)

We note that although the A, dependence is large, it is
not as large as the one found for the h{h9h coupling.
Indeed, before performing the diagonalization to the
physical basis, this coupling would stem from the
hOROKS part of the potential whose strength is
2*v4 & A*cy. This also explains the quartic depend-
ence on A of the coupling. Even though the parametric
dependence on A, is more moderate than for h3a9AY,
it remains a strong parametric dependence in this
decay also. Add to this the fact that 3, is the largest of
all j, the large scale dependence is driven essentially
by f4,. For the coupling responsible for this decay, an
effective scale about twice lower than what was found
in A9K9AY is required to bring the corrections to a
negligible level. Varying again by 30%Qy,,, brings
the DR corrections in par with the correction in the
OS scheme. Equation (8.20) when combined with the
values of the finite part of the counterterms in the OS
scheme given in Table VI reproduce very well the
difference between the OS scheme and the DR
scheme.
Ag - A(l)h(l).

For this decay the parametric dependence can be
approximated by

Aa=ntit 0,99 4 54 <5—”
L0 a0p0 A
om,

- 1.1 .
mK

Once again, the correction for this trilinear Higgs
coupling is smallest in the OS scheme. The scale
dependence that can be seen from the two values in
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the DR scheme is not small. As has been a pattern
for other trilinear Higgs couplings, the rather large
scale dependence is also a sign of a large correction
in the mixed 7,534, 4, scheme. The scale dependence
is driven essentially by f,,. Qe ~ 1.504y is the
effective scale where the corrections vanish in the
DR scheme. Note that this is the same effective
scale we found for h§ — hOh{. The small correction
in the OS scheme is a result of a cancellation
between the contribution of the A; and #; counter-
terms. Because in the ¢ scheme, #; is defined in DR,
this cancellation is not operative and again the
correction is dominated by A;.

To summarize the results for Model B, it is worth
stressing that in decays of Higgs into Higgses the OS
scheme performs quite well in the sense that it gives very
small corrections. There is a large scale dependence for
these decays, but the effective scale where the correction
vanishes in DR is, after all, not that much different from
Qqusy- Although 4 is about 6%, a value 10 times smaller
than in Model A, the parametric dependence in Model B is
strong, thus enhancing the loop correction. Decays into
charginos and neutralinos being much less sensitive to A,
do not show much scheme and scale dependence.

IX. CONCLUSIONS

With the renormalization of the Higgs sector, it is now
possible to compute full one-loop electroweak and QCD
corrections to masses, decays, and scattering processes in
the NMSSM with Sioops. This is particularly relevant as
experiments are improving the precision in the measure-
ments of Higgs and dark matter observables. Our compu-
tation of partial decay widths illustrates the importance of
pure electroweak corrections for Higgs decays into super-
symmetric particles and highlights the choice of the
renormalization scheme. Our setup allows us to choose
between the DR scheme, different on-shell schemes, and
“mixed” schemes whereby some conditions are imposed on
on-shell quantities and others taken as DR. This variety of
schemes has been implemented within Sloops. Comparing
different renormalization schemes is crucial to weigh the
theoretical uncertainties and the possible necessity of
higher order corrections. For this purpose, we discussed
at length how the choice of the minimal set of physical
masses to reconstruct the underlying parameters can affect
the numerical results and their reliability. We have found
large radiative corrections for some observables. Some of
these large corrections appear only in certain renormaliza-
tion schemes. In this case, when the scheme dependence is
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large, this can also be accompanied by a large scale
dependence in the DR scheme. These large scheme
dependencies and large scale variations are due to a large
value of some S constants for some specific underlying
parameters and/or are associated with a large parametric
dependence of the observable upon this specific param-
eter. The latter situation occurs in a NMSSM with a
moderate A. In the small A scenarios, this parametric
dependence is not as large; however, many counterterms
are poorly reconstructed precisely because they are
extracted from a set of input masses with little sensitivity
on some of the underlying parameters. It has to be stressed
that, although easier to implement, taking only masses as
inputs may not be the optimal choice to renormalize the
model. When new particles are discovered, not only their
masses will be measured but so will the strength of their
production modes and their decays. These observables
will thus offer new possibilities for reconstructing the
fundamental parameters of the model that will not require
the knowledge of the complete particle spectrum. It
remains to be seen whether a more cleverly chosen
renormalization scheme, for example, one that uses the
partial width of a heavy Higgs decay as a renormalization
condition, would lead to better controlled corrections. In
the MSSM we have shown [45] that the decay of the
pseudoscalar Higgs to a pair of 7’s is an excellent
definition of 7;. Some of the large corrections we found
are also pathological in the sense that they are due to a
rather large value of A, compared to the NMSSM
parameter A;. Such a discrepancy between A; and A, is
responsible for a large f, , which will then propagate into
the corrections of many Higgs observables, in particular
those for the Higgs self-couplings. A natural NMSSM
should not require very large values of A, as what is
required for MSSM-like models (with 4 < 1); in this case
the one-loop corrections are contained and an on-shell
scheme is a quite judicious choice.
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