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Abstract

Supersymmetric extensions of the Standard Model open up the possibility for new types of CP-violation.
We consider the case of the Next-to-Minimal Supersymmetric Standard Model where, beyond the phases from
the soft lagrangian, CP-violation could enter the Higgs sector directly at tree-level through complex parameters
in the superpotential. We develop a series of Fortran subroutines, cast within the public tool NMSSMTools and
allowing for a phenomenological analysis of the CP-violating NMSSM. This new tool performs the computation
of the masses and couplings of the various new physics states in this model: leading corrections to the sparticle
masses are included; the precision for the Higgs masses and couplings reaches the full one-loop and leading
two-loop order. The two-body Higgs and top decays are also attended. We use the public tools HiggsBounds
and HiggsSignals to test the Higgs sector. Additional subroutines check the viability of the sparticle spectrum
in view of LEP-limits and constrain the phases of the model via a confrontation to the experimentally measured
Electric Dipole Moments. These tools will be made publicly available in the near future. In this paper, we
detail the workings of our code and illustrate its use via a comparison with existing results. We also consider
some consequences of CP-violation for the NMSSM Higgs sector.

1 Introduction

After the discovery of a signal at a mass of about 125 GeV in the LHC Higgs searches |12, the question of the
identification of the associated state(s) and the underlying physics remains open. While the general properties are
consistent so far with those expected for the Higgs boson of the Standard Model (SM), a wide range of alternatives
could equally well fit the experimental data. In particular, softly-broken supersymmetric (SUSY) extensions of the
SM [3] count among the appealing options to solve the Hierarchy Problem [4] and allow for a smooth transition to
higher energy physics (e.g. Grand Unification, neutrino physics or weakly-coupled dark matter). The scarceness of
evidence for new physics effects in precision physics or direct searches should also be weighed by the considerations
that SUSY-inspired models offer a SM-like decoupling regime, but also that complex mechanisms in the Higgs or
SUSY sectors — see e.g. |[5] — may account for this relative invisibility thus far.

The Next-to-Minimal Supersymmetric Standard Model (NMSSM), a singlet-extension of the simplest viable
SUSY-inspired extension of the SM [6], has raised renewed interest ever since the Higgs discovery, notably due to
its properties in the Higgs sector, e.g. allowing for an uplift of the mass of the SM-like Higgs related to F-terms or
to the mixing of this state with a lighter singlet [7]. The original motivation for this singlet extension rests with the
‘u-problem’ of the MSSM (8], which can be solved elegantly if this py-term is generated dynamically, via a singlet
vacuum expectation value (v.e.v.) [9]. Correspondingly, the Z3-conserving version of the NMSSM — allowing only
cubic terms in the superpotential — is the most studied form of this model, while more general singlet couplings
can be justified by higher-energy considerations — see e.g. [10,/11]. Another usual feature in SUSY extensions of
the SM is R~parity, which both constrains the possibility of baryon-number violation and provides a stable SUSY
particle, hence a dark-matter candidate.

A troubling fact rests with the observation that several NMSSM parameters — especially in the Higgs sector
— can take complex values, hence lead to CP-violation beyond that in the quark sector. On the one hand,
CP-violation is known as a cosmological necessity for baryogenesis. On the other, it receives severe limits at the
phenomenological level, from the non-observation of Electric Dipole Moments (EDM’s; see e.g. [12]). In this paper,
we aim at presenting a tool which allows to study the NMSSM with complex parameters within the framework of
the public code NMSSMTools [13]. In a first step, we will focus on the Zs-conserving version although we plan on
a generalization to tadpole and quadratic couplings of the singlet in the future.



The current version of NMSSMTools allows to perform several operations in connection with the spectrum of
the CP-conserving NMSSM: in particular, it computes radiative corrections to the Higgs and SUSY spectrum,
calculates the widths of Higgs decays or confronts the NMSSM parameter space to theoretical — e.g. vacuum
stability — or phenomenological — e.g. Higgs searches, B-physics — limits. Several other tools aiming at the
calculation of radiative corrections to the NMSSM spectrum have been developed in the past few years, e.g.
NMSSMCALC [14] or SoftSUSY [15]. The latter focuses on the CP-conserving NMSSM, while NMSSMCALC allows for
CP-violation but specializes in corrections to the Higgs spectrum. Other tools, less specialized in a given model,
allow for similar manipulations, provided the implementation of a model-file as input: this applies to SPHENQ [16]
or FlexibleSUSY [17].

Our goal consists in generalizing NMSSMTools to the CP-violating case. While this task remains far from
complete, the tools which we present here already allow for numerous operations: radiative corrections to the
SUSY and the Higgs masses are implemented — so far, only the leading double-log corrections (beyond the full
one-loop) are taken into account at two-loop order in the Higgs spectrum — ; Higgs and top two-body decays
are computed; phenomenological limits from LEP SUSY searches or Higgs physics are tested — the latter via an
interface with the public tools HiggsBounds [18] and HiggsSignals [19] —; finally we designed a subroutine to
estimate the EDM’s. All these routines should become available on the NMSSMTools website [13] in the near future.
This paper is intended to serve as a presentation of the calculations implemented in our tool, as well as a short
illustration of its uses. In the following section, we will detail the characteristics of the model under study, the
underlying assumptions and the tree-level spectrum. The third section will present the chain of subroutines that
we designed and the operations which they carry out. Finally, we will consider phenomenological consequences
and compare some of our results to the predictions of existing tools, before we conclude.

2 Model, Phase-counting and Tree-level

In this section, we present the details of the model under consideration, our notations as well as the spectrum at
tree-level.

2.1 The CP-violating NMSSM

The NMSSM is a supersymmetry-inspired extension of the SM with soft SUSY-breaking terms. It differs from the
minimal supersymmetric extension of the SM, the MSSM, in that it includes, in addition to the two Higgs SU(2) -
doublet superfields H, and H,; with opposite hypercharge +1, a supplemental gauge-singlet chiral superfield S.
While the couplings of this singlet may take a more compleX form in the general case, we will be considering
only the R-parity and Zs-conserving NMSSM here, which is characterized by the following superpotential and
SUSY-breaking terms:
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The ‘matter’ (Super)ﬁeldsﬂ Qr, Ug, D%, Ly, E% should be understood as summed over generations and the
parameters within brackets should correspondingly be seen as (complex) matrices. ‘-’ denotes the usual SU(2)r,
product. b, w, and §, stand for the U(1)y, SU(2)r and SU(3). gauginos, respectively. In the following ¢, g
and gs will denote the corresponding gauge couplings and ag = g%/4m. While the Z3-conserving NMSSM offers
the simplest solution to the p-problem of the MSSM, the inclusion of Zs-violating terms can be justified from
higher-energy considerations [10,/11] and turns up as a phenomenological necessity in view of the domain-wall
problem. Our restriction to the Zz-conserving lagrangian follows considerations of simplicity and our work shall
be extended to the Zs-violating case in the near future.

The minimization of the scalar potential will generate Higgs vacuum expectation values (v.e.v.’s) so that we
may write the Higgs (super)fields in terms of their (real and positive) v.e.v.’s s, vy, vg, and their charged and
neutral components:
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1We will omit the " distinguishing the superfields from their scalar component, from now on.




The three ‘dynamical’ phases ¢, ¢,, and ¢4 add to the ‘static’ phases appearing in the lagrangian density (Eqs{1}{2)).
From now on, we will make the following replacements in our notations:
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u \/5 d
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The Yukawa matrices may be written in terms of (real and positive) matrices Yy, Yy, Y., diagonal in flavour
space, using unitary transformations:

V= X{YuXp Yal = XiYaXs [Ve] = XPYeXF, (5)
Redefining the quark and lepton (super)fields accordingly,
U Xyt c wtrre c dt e et c et e
L

and introducing the Cabibbo-Kobayashi-Maskawa (CKM) matrix Vogy = XzTXg, the superpotential of Eq
now reads:
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Finally, we make the following assumptions to ensure minimal flavour violation in the sfermion sector:

XUT[mQ]X“ ~ XdT[mQ]XL = mg, where my, is a diagonal (and, without loss of generality, real) matrix
in flavour space. The approximation ‘~’ only holds for a matrix proportional to the identity, in the strict
sense, but is viable, considering that the CKM matrix is hierarchical. Note that we will assume degeneracy

for the first two generations of sfermions.

o Xi[mZ]Xel =m?, Xﬁ,l[mD]le'éJr =m?, X1 m2]Xs =m?, Xg[m3] X5 = m?% are assumed diagonal.

D XZT[YuAu]XI’L%T =Y, A ¥4 X [YdAd]X 4 = Y, Age'?Aa and Xe [Y.A }X;T =Y, A.e*¥4e are also treated
as diagonal in flavour-space.

Consequently, the soft SUSY-breaking lagrangian of Eq[2] reduces to:
— Logw = —Mye"M1bb — Mye'™2 141Dy — M3e'®M3 §odq + h.c. (8)
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Eqgs[7 and 8] fully characterize the model that we will be considering from now on — note that the three latter
terms of Eq[7] as well as the second and fourth lines of Eq[§| are still implicitly summed over fermion generations.
All the phases have been explicited and reduce, at this level, to four phases in the Higgs sector — v, ¢, @1, 2 ; We
will see that the minimization conditions further constrain these, as could be expected from the ‘dynamical’ nature
of some phases —, three gaugino phases — ¢as,, dnr,, @m, — three sfermion phases per generation — a,,, Ya,, Ya,
— and the CKM phase finally. Given that we will neglect the Yukawa couplings of the first two generations, only
the sfermion phases of the third generation will intervene in practice.



2.2 The tree-level Higgs sector

The Higgs potential collects terms from the soft lagrangian (Eq7 F-terms from the superpotential (Eq@ and
D-terms from the gauge interactions. We obtain:
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The neutral part reduces to:
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At tree level, the Higgs v.e.v.’s are assumed to minimize this potential. A consequence is the cancellation of
first derivatives with respect to the neutral Higgs fields at the minimum, which provides us with the minimization
conditions:
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Here we see that the four phases of the Higgs sector are not independent but that, on the contrary, the minimization
conditions relate ¢ and 2 to py — @y, the latter being the one and only ‘observable’ phase in the Higgs sector.
Note that ¢ and ¢, intervene independently in other parts of the spectrum however. We will make an explicit use
of the minimization conditions of Eq in the following lines, replacing m3; , my; , m&, Axsing; and A, sin @y
by their expressions in terms of the v.e.v.’s.

The terms of Eq@, bilinear in the charged Higgs fields, define the 2 x 2 (hermitian) mass-matrix of the charged-

Higgs states:
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which determines the charged Goldstone boson G* = —sin 8 HF 4 cos 8 H;t and the physical charged Higgs state
H* =cosBHF —|—sinBHC:lt.
Similarly, the terms bilinear in the neutral Higgs fields provide the 6 x 6 (symmetric) mass-matrix of the neutral

2
Higgs: <M%10>ij =3 <<’9S°/?/%}<’f5?°/\/5>’ with the notation ( ) meaning that fields are frozen to their v.e.v.’s. In



the base (h2, h, hY,al,aY,a?), these entries read:

v 12 + 2
<M§10>11 = As[Ax cos 1 + ks cos(pr — i) U—d + %vi
u

g/2 _|_92
<M§Jo>12 = —As[Axcos 1 + kscos(px — )] + 2 </\2 - 4) Vo Vg

<M§{o>22 = As[A) cos g1 + kscos(pr — ¢x)] Z—: + L;ngfi

<M§10>13 = —vg [Ax cos 1 + 2r5cos(py — ©r)] + 2A%s0,

<M%{0>23 = — vy, [Ay cos g1 + 2k5 cos(px — vi)] + 2M\2sv4

<M%{0>33 = ks [Ay cos o + 4ks] + XA cos p; Yuld (13)
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As in the charged case, the neutral Goldstone boson can be singled out via a S-angle rotation G° = —sin 3al +

cos 3 ag. The remaining 5 x 5 symmetric block spanning the space (hY, hg, hY,a® = cos Bal + sin 3 ag, a?) may be
diagonalized via an orthogonal matrix X ’.

<M§{0> = X" Tdiag(m2,i =1,...,5) X"’ (14)
which defines the mass eigenstates:

SO = X200 + XH'B) + XE B0 + XHa® + XH'a0 = XERO + XERS + XERO + XL + XLa®  (15)
We will use the second notation which allows more clarity in the identification of the components. Additionally,
we define X/, = cos 8 XL and X1, = sin 8 X},

Note that the positivity of the squared Higgs-masses is a stability condition of the vacuum. Remember also
that, at 0 order in the electroweak v.e.v.’s, one can isolate the CP-even and CP-odd sectors and diagonalize
their doublet subspaces via rotations of angle —3 / 3 (the singlet states are then unmixed), which disentangles
the ‘light’ (then fully massless) ‘SM-like’ doublet states from the ‘heavy’ states with approximate squared-mass

2 2
M3 = A\s[Aycos g + ks cos(pr — ¢r)] % (degenerate at this order with the charged state).

2.3 The supersymmetric spectrum at tree-level

The whole tree-level spectrum will be treated with further details in appendix [Bl Here we simply summarize, for
the sake of notations, the basic ingredients concerning the treatment of masses and mixings of SUSY particles.

1) Gluinos
The gluinos are the fermionic partners of the gluons and, as such, form a color octet. Their bilinear terms originate
in the soft lagrangian: —L ., > —M3e'®M3§,§,. The mass states ga, with mass M3 (which we assume positive),
then relate to the eigenstates of the SUSY vector superfield §, as G, = —1e3®Ms j,. The phase shift then affects
the couplings of the gluinos to coloured matter.



i1) Charginos
The charginos are composed of the charged components of the electroweak gauginos and higgsinos. Their bilinear
terms originate from both supersymmetry-conserving and violating terms and may be cast into the following form:

Lor 0 (My—+) . T — o he . —wt. RT
Vot > ;X <<MX+> 0 xc+he ; xe=(—w,hy, =0T, k)

(M) = (M0 2 ) = ()" (16)

guq Ae'Prg

We may diagonalize <Mx*+> with the help of two unitary matrices U and V: <Mx*+> Uleag(m + mxi)V
The mass eigenvalues may be assumed real and positive without any loss of generality and the mass elgenbtates

i = 1,2) relate to the gauge ones as:

( gaug;
X = Via(=h) + Vioh = Vi (—d™) + Viuhi 5 Xi = Un(=0@7) + Uighy = Uy (—0d7) + Uiahy - (17)
i11) Neutralinos

The neutralinos are combinations of the neutral components of the electroweak gauginos and higgsinos. Their
bilinear terms, resulting from both supersymmetry-conserving and violating terms, form a Majorana mass matrix:

vxoaéxg (Mo xn + e 5 X% = (b, —oi®, RO, B, R0)
M e 0 \%vu f\g/—lgvd 0
/O MyerPrz —%vu %vd 0 .,
e I 0 s ey | = (M) (18)
- %vd %vd —X\e¥rs 0 —e¥ry,
0 0 —Ae"Prug  —Ae"Pru, 2ke"Prs

<./\/l > being symmetric, it can be diagonalized by a single unitary matrix N according to:
<./\/l > =N leag(m 0,0 =1,. ,5)N. Without loss of generality the eigenvalues myo can be chosen real and
positive (remember that N is complex) and the mass eigenstates relate to the gauge ones in the following fashion:

X? = Nil(—Zg) + Nig( ) + Nzgh + N,4h3 + Nz5h = ( Zb) =+ Nzw( 3) + Nwilg + de?lg =+ Nwilg (19)

i) Sfermions
The scalar partners of the SM fermions receive hermitian mass matrices. Due to our assumptions with respect to
flavour violation, the three generations decouple. We keep a generic notation although only the Yukawa couplings
of the third generation (u =1¢, d = b, e = 7) will be treated as non-vanishing in practice:

Ve 3 (LR (MB) () + (0L D) (b () + N (M) o+ (B B (M) () 0

<M2U> _ (mQ + Y2U2 + = (— —g ) ( — Ud) Y, [Aye " Au 0, — )\8“”81),1})

Y [Aue*PAuvu, — Ae™ P2 su,] m¥ + Y202 — %(vﬁ —v32)
<M2D> _ <m2 + Y702 + ( +g ) (vZ —02) Yy [Ade_““dvd — \e*Prsu, ])
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(M) = m - L (02— 3)
</\/l2 ) = (mQL + Y202 + =g +g (v —0v2) Y. [Ace "PAcn, - )\ew*svu]>
Y. [Ace™PAevg — )\e YA 5y m3, + Y203 4+ & (v2 — v3)

FEach mass matrix <M2F> ~ F=U,D,N,E — can be diagonalized via a special-unitary matrix X ¥, according to:
(M3) = XFldiag(mF, ,m%, )X *. The positivity of the squared masses m7, is a stability condition of the vacuum.
The mass eigenstates are then defined as: F; = X} Fp, + XSQFCT

This completes this short presentation of the tree-level spectrum. More details are presented in appendix
together with the Higgs couplings.



3 A short walk-through the code

In this section, we shall describe the operations which are conducted throughout our subroutines from the per-
spective of the phenomenology of the CP-violating NMSSM.

3.1 Interface with NMSSMTools

Before coming to the actual computations of our code, let us remind the reader that we embed it within the
NMSSMTools package. We actually use the NMHDECAY routines to define its input. In particular, we do not alter the
running of parameters — such as the Yukawa, gauge or soft couplings —, e.g. to the average scale of the squarks of
third generation. We simply use the corresponding quantities as calculated by NMHDECAY as our input and introduce
the complex phases at this level. This is sufficient in consideration of the order of precision which we aim at in the
radiative corrections. A short subroutine init_CPV.f defines this interface and stores all the relevant quantities
within commons of the code. The case of the parameters Ay and A, is somewhat more subtle: given that the
phases ¢1 and 5 are not free but, in our approach, determined by the minimization conditions of the potential (see
Eq, we will only be using the quantities Ay cos ¢ and A, cos s as degrees of freedom in practice. Therefore,
we identify the NMHDECAY input for Ay and A, as ours for Ay cosy; and Ay cosps. The wave-function scaling
factors for the Higgs fields are also defined slightly differently from the original implementation in NMSSMTools, as
we shall describe in section B.3.11

Given our discussion in section [2 the following eight phases are added as new degrees of freedom: ¢y, @y,

¢M17 ¢M27 ¢Ib137 PAy PALy PA,-

3.2 Supersymmetric spectrum

The first actual operations which are carried out in connection to the CP-violating NMSSM consist in the cal-
culation of the masses of the supersymmetric matter content. Similarly to the evaluation by NMSSMTools in the
CP-conserving case, we take into account the leading radiative corrections to the masses. In the following, we list
the new subroutines and provide relevant information concerning the calculations which are performed.

i) mcha_CPV.f
The purpose of this subroutine rests in diagonalizing the chargino mass matrix (Eq according to <Mx*+> =
U Tdiag(mxli,mX;)V. Similarly to the corresponding implementation within NMSSMTools for the CP-conserving
case, the entries of the mass matrix receive one-loop radiative corrections which are calculated in the approximation
where mass and gauge eigenstates coincide. The corresponding effects are presented in section 4.2 of [20] — in the
context the MSSM and still in the CP-conserving case. Small modifications appear in the CP-violating NMSSM,
as gaugino and higgsino scalar couplings are rotated by phase factors of e*#:/2 and e~*#*/2. Nevertheless, the
factors of B; functions as well as the corrections involving gauge bosons are immune to this phase shift, so that
only the scalar interactions resulting in a By function — in the approximations of [20], this reduces to the Higgs /
higgsino loops — are affected. Another difference with respect to ref. [20] originates from the presence of singlets
and singlinos in the higgsino self-energies. A summary of these corrections is explicited in appendix

The following steps are essentially identical to their counterparts in the tree-level case, which is treated into
details in appendix we define two special-unitary matrices Uy and Vj diagonalizing the hermitian matrices
</\/1X7+> <Mx*+ >T and <MX7+>T <MX7+> respectively. Uj <Mx*+> VE]T is then a diagonal matrix with, in general,
non-real entries. We thus define the unitary matrices U and V via a phase-shift of Uy and Vj, where the phase of
the lightest state is absorbed in U while that of the heavier one is absorbed in V: the resulting chargino masses
are real and positive.

i1) mneu_CPV. f
The case of the neutralinos follows the same principles as that of the charginos. The tree-level gaugino and higgsino
masses are corrected in accordance with the one-loop effects presented in appendix We then diagonalize
the complex symmetric neutralino mass matrix according to (Myo) = N'diag(mo,i = 1,...,5)N. For that

_len ﬁr;) (< Mo (Moo >) , which can be diagonalized

numerically by an orthogonal matrix Ny. We then extract a special unitary matrix Ny so that Ng <Mx0> NJ is
diagonal. We finally absorb the remaining phases in a phase-shift of Ny, which defines the real and positive
neutralino masses as well as the mixing matrix N. Details are provided in appendix

purpose, we consider the 10 x 10 real symmetric matrix (

i1i) msferm_CPV.f
We now turn to the sfermion masses. The hermitian tree-level mass matrices are diagonalized via special-unitary



matrices X, according to </\/l%> =XF Tdiag(miﬂl,miﬂ?)X F_ We remind the reader that the parameters entering
the matrices, e.g. the top and bottom Yukawa couplings, have been run to the average squark scale. The Yukawa
couplings of the first two generation are neglected, so that the corresponding diagonalizing matrices are trivial.
Details can be found in appendix

We then apply O(ag) corrections to the squark squared masses (consistently with what was implemented in
the original CP-conserving treatment in NMSSMTools). Gluons, gluinos as well as the quartic sfermion D-term
contribute to the sfermion self energy at this order. CP-phases — here, ¢az, and ¢4, — intervene in the gluino-
sfermion couplings leading to a By function. A summary is proposed in appendix

Finally, we check the positivity of the sfermion squared masses, a vacuum-stability requirement.

iv) mgluino_CPV.f
mgluino_CPV.f computes the gluino mass, including the O(ag) radiative corrections, which are obtained in a
similar manner to the discussion in section 4.1 of [20]. Relevant corrections include the gluon / gluino and the
quark / squark loops. Complex phases again enter the couplings of gluinos to squarks. Details are provided in

appendix [C.3]

3.3 Higgs masses and radiative corrections

The following series of subroutines aim at computing the Higgs masses and mixing, including full one-loop and
leading two-loop corrections. Consistently with the original approach in NMHDECAY, we will consider the effective
Higgs potential at the average scale of the squarks of the third generation — denoted as ) —, where the running
parameters are thus evaluated.

3.3.1 Wave-function renormalization

Momentum-dependent radiative corrections can be included in two fashions within the effective potential evalua-
tion: one may reject them to the end of the calculation, as ‘pole-corrections’; or one may take them into account
— at least partially — into the effective lagrangian as corrections to the kinetic terms. The latter choice leads
to wave-function renormalization factors. While the two methods are formally equivalent, they lead to slightly
divergent results at the numerical level, as we will discuss later. Following the original approach in NMHDECAY —
presented e.g. in appendix C of [21] or appendix C of [6] —, we decide to include the leading p? terms — where p
stands for the external energy-momentum of the Higgs self-energies —, originating in fermion or gauge effects, into
the kinetic term of the effective lagrangian. Nevertheless, since we aim at a full computation at one-loop, all the
missing momentum-dependent parts will be added as pole-corrections (see below).

In the general case, the modified Higgs kinetic terms involve a hermitian (non-degenerate) matrix Zg (p?) as
follows (here and below S; denotes any Higgs field; we work in momentum space and omit the factor 1/2 which
should appear if the considered field is real):

ﬁ;ifn = sz ZH(p2)|ij Si5; (21)
(2]

The normal procedure then consists in rotating and scaling Zg via an invertible matrix Op in order to recover the
identity — Zy (p?) = OLlOH —, then considering the ‘new’ set of fields with standard kinetic term S;=0py iS55

Yet, Egs.(C.1) of [21] or (C.9-11) of [6] show that a clever choice of the corrections included into Zy can
make this procedure particularly simple, as Zy would turn out to be diagonal in the base of gauge-eigenstates.
Restricting to neutral Higgs fields, one has (with dg, s, denoting the Kronecker symbol):

ZH|Z.]. =Zpy, [551,,;13551.&2 + 6Si,ag’63j,ag’j|+ZHd [(551,};1355].’;13 + (551_)@355].7(13] +Zg [5Si,h255‘j,h2 + 551.’(1255].’@3] (22)

Indeed, considering the contributions of SM-fermions to Zg (N, = 3 is the colour factor; while using the generic
notations u, d, e, we will be considering only the third generation fermions since we neglect the Yukawa couplings
of the two first families), the deviations of the diagonal scaling factors from unity reacﬂ

1
5SM fermZHu — @ {NCY,U?BO(p, mu7 mu)}

1
(SSM fermZHd — W {NchBO(pv mgq, md) + YezBO (p7 Me, mE)} (23)
§EMferm 7 — ()

2Loop functions are defined in appendix



Similarly, in the approximation where higgsinos and gauginos are simultaneously gauge and mass eigenstates (u
denotes the doublet higgsino mass; mg, the singlino mass):

.G 1 g"? 39 2
o ZHu - 167T2 730(107 Ml,,LL) + TBO(pa MQ»M) +)‘ Bo(p7ﬂ7m§)

§MIZy, = M7y (24)
. 1
6h7gZS' - 8? {)‘QBO(paﬂ‘au) + K‘2B0<pa m§7m§)}

The last source of corrections to Zp is the gauge sector — note that we will be working in the Feynmann gauge.
Yet, the corresponding contributions are not diagonal in the gauge eigenbase, but rotated by an angle 8 (or —3,
depending on the CP-eigenvalue) in the doublet sector. Noticing however that tan 8 > 1 in practice, we may keep
the sin? B term in the wave-function scaling while rejecting the remaining sin 3 cos 8 and cos? 8 terms for later
treatment as pole-corrections. Then:

2 12 2

sin +
05 Ly, = — 167r2/8 {QQBo(Pa My, My ) + %BO(P, MZaMZ)}
55 2y =0 (25)
5ee Zg =0

Note that this choice in the gauge sector differs from the default treatment by NMSSMTools in the CP-conserving
case (see Eq.(C.9-10) of [6]), where, moreover, pole corrections from the gauge sector are ignored.

Before setting Zp, m,5 = 1+ |05 4 §hd 4 gemee| 7 1 o one is confronted to the remaining p*-

dependence of these coefficients (via the loop functions Bp). In the ideal case, p? would match the Higgs squared
masses. This, however, is impractical since several mass eigenvalues are present: keeping this p? dependence,
hence working with p?-dependent fields and mass-matrices, and setting this implicit dependence separately to the
corresponding Higgs squared mass after diagonalization of the mass matrix would be possible, yet problematic
in a numerical evaluation of the mass matrices. The choice of [6] in the CP-conserving case rested in adding an
artificial dependence of Zy, g, on In(M3%/m?) — M4 standing for the mass of the heavy doublet, m; approximat-
ing the SM-like Higgs mass —, so as to mimic the correct logarithmic dependence after rotation by an angle —j
(approximating the tree-level diagonalizing rotation in the CP-even doublet sector): however an explicit rotation
by the angle —3 shows that this purpose is missed as only the light state receives the proper logarithmic factor;
in the case of the heavy doublet, the factor is wrong so that the result does not really improve on neglecting
the logarithms In(M3/m?) altogether. Therefore, we settle for the choice which consists in freezing the external
momentum to a scale pg = 125 GeV, allowing for a good precision in the characteristics of the SM-like Higgs
state — the most sensitive to radiative corrections. Adequate corrections when the mass is far from this scale are
rejected to the level of pole-corrections. A final difference with [6] comes from the implementation of the loop
functions: we explicitly compute the full relevant By’s while [6] only included the leading logarithmic terms in
case of large mass hierarchies.

A summary of the wave-function scaling factors is provided in appendix [D.1]

Consistently, the neutral higgs fields are rescaled as:

RO ha no ha RO hg 0 a 0 ag 0. ay
u ) d ) s ) Qy, ) aq ) ag
Zy, VZH, Vs ZH, VZu, Vs
(26)
so that all related quantities (e.g. the mass matrices) must be rescaled accordingly. In particular the Higgs v.e.v.’s:
Uy Vd s
v,(Q) = va(Q) = s(Q) = (27)

VZu, N
All these operations are carried out in the initialization subroutine init_CPV.f.

In the charged-sector, the p?>-dependent terms are typically different from those appearing in the neutral case.
However, to keep 3 as the relevant rotation angle in the charged sector together with the v.e.v. rescaling of Eq[27]
we will use the same wave-function scaling factors Zg, m,:

+ +
H:t — Hu Hd

“ \/ZH, ; /ZH,

and restore the appropriate dependence at the level of the pole-corrections.

Hy «+ (28)



3.3.2 Effective potential

After this discussion relative to the kinetic terms, let us turn to the Higgs potential. At tree-level, it is given by
Eq[9 Radiative corrections can be added to this picture by considering diagrams with vanishing external momenta
or, equivalently, the Coleman-Weinberg formula for one-loop effects. In the DR scheme and the Landau gauge,
the effective Higgs potential reads:

2

Veff,(H) = V}}ee(H) + 5Veff.(H) ) 5Veff,(H) = 641772TT {C<I’M4 |:1 % - 2] } (29>
where the trace applies to all fields ® of the model, with Cy depending on the Lorentz properties of ® — respectively
1, 2, —2, —4, 3 for a real scalar, a complex scalar, a Majorana fermion, a Dirac fermion and a gauge boson — and
M3 is the bilinear (‘squared mass’) matrix of the fields, where the dependence on Higgs fields has been keptﬂ
Note that the gauge or Zs symmetries are still explicitly preserved by this potential (but not, in general, by its
minimization). On the other hand, it involves terms of dimension > 5, so that expansions of the potential in the
vicinity of its minimum will generically break the symmetries in an explicit way.

i) Minimization conditions and corrections to the mass matrices
The Higgs v.e.v.’s vy, v4, s — of Eq27 remember that we are considering the potential at the scale @ — are
now supposed to minimize the full potential of Eq Consequently, the minimization conditions of Eq (at
tree-level) must be modified to account for the radiative effects. This provides the so-called tadpole equation

sm2 = - <‘95Veff- >
e ™ 20, \0h9 /2

2 _ _L 8(S]}eff.
6de - 2Ud ahg/\/i (30)

sz L < 9OV .ee >
57 25 \ono/V2
oL [0V \ 1] 9V
0(Axsing) = 2\s04 <8a0/f> - 250y, <3a2/\/§>

Shvsings) = g [( 20 e (07 ]

Given that the parameters m?2 . m? Hy m%, Axsing; and A, sin s have been replaced by their tree-level values
Eq in the tree-level Higgs mass matrices ( Eqn and. the shifts of Eq O[must be included into the corrected
mass matrices, in addition to the bilinear terms. For the charged Higgs mass matrix, this amounts to:

9?6V, 1 98V 926V, VG )Y)
2 o eff. eff. 2 o eff. eff.
O (M) = <8HuaHJ - mahg/\/ﬁ> O (Mirs )iy = <8HU8H;[ T 20, aaO/f> (31
9?6V, VG )Y) 9?6V, 1 96V
(5 M2 _ < eff. v eff. > 5 M2 _ eff. _ eff.
(M) OH; OH;  2va 0al//2 (M) OH, OH;  2va 0h%/\/2

and for the neutral Higgs states:

1 < 82 6Veff> 1 66Veff. >
(

20}, = = 1 2y _ L1/ W
5<MH0>11 =3 DRV 0w O1O /N2 5<MH0>12 9 <ah0/f8h /\f>

o _ 1) PV 1 Ve 2y _ 1 0?Ves.
(5<MH0>22_ 2<(ah2/\/§)2 Udahg/\/ﬁ 6<MH0>13_ 2 ahg/ﬁahg/\/i
oy L V. o\ 1/ PV 1 9V
o Mi)n =5 <5h2/x/§ah2/x/§ P Mids =3 \Gnepver ~samva)

3In other words, one recovers the tree-level squared mass matrix <./qu>> when replacing the nggs fields by their v.e.v.’s in ./\/l2
4The notation <f> means that the function f of the Higgs fields is evaluated at the Higgs v.e.v.’s.
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1/ 9%V 1 95V 1 Vs
(S M2 0 = — < oft _ — off > 6 M2 0 - = —_—
< H >44 2 (3&8/\/5)2 Vu ahg/ﬂ < H >45 2 8@2/\/5(9@2/\@

aQ(SVeff_ o i 85Vfo_ (S <M2 > < 8 5Veff_ >
9a%/\/2)2  va RS /2 HO /46 a0 /v/20a9 //2
d d u s

1 %5V, 1/ 0%V 1 96V
§ (M2 —— off. 5 (M2 _ = < ett. L eff. >
(Mizo)ss 2 <8a2/\/§8a2/\/§> (Mo )og 2\ (0a0/v/2)2 s 0hY/\2

(o1

ot
N~
DN

1 1
6<M%10>34 =3 5<M%10>35 )

s 1/ PV sy 1) P 1 9V
5<MH°>14 9 8h0/\f8a0/\f 6<MH“>15 ) 6h2/\/§3ag/ﬂ Vg 3ag/\@

1 %5V, 1 96V 1 9%V, 1 06V

5 M2 o i < eff. eff. > (S M2 o i eff. _ eff.
(Mo =3 Oh0 /\/2040 /2 5 9a9 /\/2 (M) s = 5 Oh8/\20d9 /2 va 9al/v2
! 026V, oy 1 0?6V.0, OV.qe
5<MH0>25_ 2<8h2/\[aad/\[ 5<MH0>26_ 2 8h3/\/§8a8/\/§ Svd@ao/\[

azéveff. Uy 00 Ve, >

0?6V, 1 OV >
8h2/\/§3a3/\/§ V4 909 /\/2

Bho/\[aao/\f Saag/\/?

5<M2 > _ 1< 0?0 Ve . g O0Vege. + 2& OOV ey, >
1736 2\ OhD V2000 /e s 0a9/V2 T s? Bal/V2

This concludes the presentation of the general formalism and we may now describe the various contributions
to the effective potential which are computed within our code.

1) mhiggstree_CPV.f
This subroutine simply defines the tree-level mass matrices at the scale ) according to Eqs[12] and However,
the corrected Higgs masses are not the only information that we want to extract from the effective potential: the
Higgs-to-Higgs couplings are also encoded within this formalism. Therefore, and for reasons that will become
clear when we implement the various radiative contributions to the potential, we wish to match the full effective
potential onto the following and simpler one:

i A
Ve =M2|S)? + 22 [e45 8% + h.e] + Wo(|S)?) (33)

+ (M2 + NS Hul? + (M7 + ABISP) | Hal® + [(Auge'?tua S + Y e S*3) H,, - Hy + h.c.]

+ 7"|Hu|4 + 7d|Hd|4 + s Hy|?| Hal? + Na| Hy, - Hy|?
A
+ ?56“'95 (Hy - Hyg)? + (\6€"¥°|H,|? + Are'¥7|Hy|*)H,, - Hy + h.c.

This is a subset of the most general singlet + two doublet potential which one can write up to dimension 4 termsﬂ
The gauge symmetry is observed. However the Zs-symmetry only holds up to terms quadratic in the doublet fields
and is explicitly broken by the terms in the last line of Eq[33] This potential is meant as an expansion of Eq[29]
in the doublet fields and as we mentioned before, there is no reason why the Zs-symmetry should hold in such an
expansion. The characteristics of this potential are studied in appendix [E] and matching the tree-level expression

of Eq@ is straightforward (see appendix [E.1)).

iii) mhiggsloop_sferm_CPV.f
With this subroutine, we start adding radiative corrections to the effective potential, here those arising from SM-
fermion and sfermion loops. These — particularly the contribution associated to the top — are known to convey
the dominant radiative effect and lead e.g. to a substancial shift of the squared-mass of the SM-like Higgs boson.
The corresponding one-loop effects to the neutral Higgs mass matrix are particularly easy to include in the
Coleman-Weinberg formalism of Eq since the bilinear terms provide relatively simple matrices (refer to the

5Note however that we do not give more precisions about Vo (|S|?). If only terms of dimension < 4 are kept, then the only choice
would be Vo (|S|?) = K?2|S|4.
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appendices and [B.1.3)). The details of the corrections are developed in the appendices and Note

that we recover Egs.(C16-18) of [6] in the CP-conserving limit.

The situation is slightly more complex for the charged Higgs as well as for the Higgs-to-Higgs couplings: we then
decide to expand the potential in terms of the doublet fields, up to quartic order H* and match the corresponding
expansion onto the simplified potential of Eq This amounts to an expansion in v/Mgysy, where Mgysy here
stands for any sfermion mass. The sfermion contributions to the coefficients of Eq[33]are also provided in appendix
Note that this alternative approach allows for a numerical cross-check with the corrections applied to the
mass matrix of the neutral Higgs states with the method described in the previous paragraph.

In addition to these one-loop effects, the subroutine mhiggsloop_sferm_CPV.f also includes two-loop effects
of orderﬂ O(Yt‘?b, beas) leading to a product of large logarithms in the fermion sector: given that we are working
at the average scale of squark masses, the squarks are assumed to give subleading contributions. On the other
hand, effects associated to SM fermions and gauge bosons will not introduce any additional dependence on the
new physics phases. The corresponding effects are implemented in the approximations of [22] — see also Eq.(C.19)
of [6] —, i.e. only the contributions to the quartic doublet parameters A, and Aq of Eq[33]are included — note that
contributions to M2 or M? leave the analysis unaffected, while contributions to e.g. 4,4 can be absorbed in a shift
of the tree-level term Ay, hence only drive a displacement in the parameter space. While these contributions are of
two-loop order, they may still affect the mass of the SM-like Higgs state by several GeV, which is why we include
them. Comparisons to more-elaborate two-loop calculations show that this approximation works well numerically
(at the GeV level).

iv) mhiggsloop_inos_CPV.f
The next subroutine implements the radiative effects associated to charginos and neutralinos. Sticking to the
Coleman-Weinberg approach, we consider the 9 x 9 bilinear term associated with gauginos and higgsinos (refer
to appendix [B.1.4). Due to the large rank of this matrix, we exclusively employ the method which consists in
expanding the potential and matching it to the simplified version of Eq[33] The corresponding results are collected
in appendix Note that they differ from e.g. Eq.(C.22-24) of [6] where additional simplifying assumptions
had been made.

v) mhiggsloop_gaugehiggs_CPV.f
The contributions of the electroweak gauge bosons to the Higgs potential seem easy to include in the Landau gauge:
see appendix Yet the drawbacks of the Landau gauge are felt in the Higgs sector, where one then has to
handle massless Goldstone bosons. The associated infrared divergences are of course purely spurious and disappear
once confronted to momentum-dependent corrections, as already noted in [23]. Still it remains a technical issue to
manipulate with caution. Moreover, the strategy consisting in diagonalizing the field-dependent bilinear matrices,
which we have been employing until here, becomes impractical, even in an expansion in terms of the doublet fields,
due to the large number of parameters and operators involved in the Higgs bilinear terms. Instead, we decide
to employ the concurrent strategy in Higgs-mass calculations, which simply consists in a direct diagrammatic
evaluation of the Higgs self-energies and tadpoles generated by Higgs loops. Nevertheless, disentangling the Higgs
and gauge contributions in this approach proves quite artificial so that we will lead the calculation for both types
of particles appearing in the loop at the same time.

Explicit expressions for the gauge and Higgs one-loop contributions to the Higgs self-energies and tadpoles are
summarized e.g. in [20] or [24] (with different conventions for the loop functions), in the context of the MSSM,
and the NMSSM differs only in the definition of the couplings and the presence of the singlet fields, hence leads to
a formally comparable result. We choose to work in the Feynmann gauge as it is then possible to set the external
momentum to 0 without generating IR-divergent logarithms. Indeed, we still aim at computing, not only the
corrections to the Higgs masses, but also to the Higgs-to-Higgs couplings. For this, we proceed in the following
fashion: after the radiative corrections to the Higgs mass matrices are evaluated at zero momentum, we substract
the pure-gauge contribution in the Landau gauge (for which we already know the potential from appendix .
The remaining ‘Higgs’ contributions to the mass matrices can then be identified with those that a Zs-conserving
renormalizable potential would produce, allowing for a reconstruction of the corrections to the Zs-conserving
parameters of the potential: this procedure is described for the CP-conserving case in [25] and is straightforwardly
generalized to the CP-violating case. Of course, we then miss contributions to the Zz-violating parameters (the
last line of Eq but, as discussed in [25], these are subleading in the leading-logarithmic approac}ﬂ Further

details can be found in appendix
This completes the list of radiative contributions implemented in the effective potential.

6The conventions O(Yt‘lb7 Y't2bo¢5) or O(af s ¢, ps) are also used in the literature.
"Note that, while the parameters of the effective potential will then receive contributions which are valid only at leading logarithmic
order, this is not the case for the contributions to the Higgs masses since they are obtained directly from the diagrammatic calculation.

12



3.3.3 Pole corrections

The operations described in the previous lines have provided us with mass matrices for the Higgs states where
radiative corrections from the potential (i.e. at zero external momentum) have been included. We will now
detail how we account for momentum-dependent corrections. These calculations are conducted in the subroutine
mhiggsloop_pole_CPV.f.

First, let us remind the reader that the radiative effects associated with non vanishing external momentum
have been partially encoded into the wave-function scaling factors of paragraph It is necessary to rescale
the Higgs mass-matrices in order to account for the re-scaling of the Higgs fields:

<M2 i> — # #
B V2 ZH; V2 ZH;

A pB-angle rotation in the pseudoscalar and charged sector allows to rotate away the Goldstone bosons, leaving

(Mips), ; (M), (M), (34)

us with a 5 X 5 symmetric mass matrix <./\;l§{0> ~ for the neutral sector and a DR squared-mass for the charged
ij

2DR

Higgs m72™. <M2 0> is now diagonalized according to Eq providing us with corrected DR squared-masses

2DR

for the neutral Higgs, mgo’ ™, and their rotation matrix X H®

We then apply pole corrections to the DR squared-masses in order to evaluate the pole masses:
mo = mEPR(1+ ZdZH XH°2) — [Hgos0 (07 = ms) — Hsoso (v = 0)

mZ. =m2BE (1 + 5ZHu cos? B+ 0Zp, sin® B) — Mg+ - (p* = m¥ys) — Mg+ - (p* = 0)] (35)

While ideally the Higgs self energies Ilgogo(p?) and g+ - (p?) should be evaluated at the pole masses, we

approximate the latter by the DR masses. The full one-loop pole-corrections are applied. Shifts of the wave-
function scaling factors 62y, m, s are know from Eqs The shifts in the Higgs self energies are provided in
appendix [D.4]

This concludes our evaluation of the masses in the Higgs sector. We now wish to comment briefly on the
precision achieved in this calculation. For this, it is instructive to consider the impact of the one-loop corrections
with respect to the situation at tree-level. For mostly-doublet states, the leadlng effect is drlven by the top-
@ = O(TeV), this amounts to a correction at the percent level for myg = O(TeV), but reachlng a magnitude of
~ 100% for my = O(100 GeV): this accounts for the well-known sensitivity of the SM-like Higgs mass to radiative
corrections. Contributions at the two-loop order will involve the strong coupling gg, or the top Yukawa coupling
again, multiplying logarithms of a similar magnitude, so that the typical effect would easily amount to ~ 30% of
the one-loop contribution. Now, considering that we have included the leading double-logarithmic effects in the
calculation, we can estimate a reduced uncertainty from higher orders, say at the level of ~ 10% of the one-loop
corrections. For a Higgs mass at ~ 125 GeV, this still amounts to an uncertainty of several GeV. For a state at
mpy = O(TeV), this reduces to the permil level. The latter accuracy is treacherous however, as other sources of
uncertainty appear e.g. in the determination of the couplings or neglected electroweak corrections entering the
definition of the Higgs v.e.v.’s. In the outcome, the precision on the Higgs masses should not improve on O(1%)
for heavy doublet states. Corrections to singlet states are typically smaller, since the associated couplings — A, &
— are of order < O(0.1) and the hierarchies between Higgs bosons and higgsinos may not be as large as those
between SM fermions and sfermions. However, when the singlets mix significantly with doublet states, they will
correspondingly acquire part of the larger uncertainties on doublet masses.

quark loop and, respectively to the tree-level mass my, can be quantified as ~ e ln 2% Q2 Assuming that

3.4 Couplings, decays and constraints

After the previous subroutines are run, one has a complete set of corrected masses and rotation matrices at one’s
disposal. The following move consists in confronting this spectrum to physical processes.

3.4.1 Supersymmetric and Higgs couplings

The couplings of supersymmetric particles and Higgs bosons can take somewhat lengthy expressions. We thus
design two subroutines, susycoup_CPV.f and higgscoup_CPV.f, in order to evaluate and store them within the
code:
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e The couplings of charginos / neutralinos to sfermions and SM fermions are implemented according to the
formulae of appendix and for the three generations (still neglecting the Yukawa couplings of the
two first generations).

e The trilinear couplings of the Higgs bosons to sfermions are computed after the results of appendix [B-2:3]

e The couplings of the Higgs bosons to charginos and neutralinos are also included as presented in appendix

B.24

o Finally, we calculate corrected DR Higgs-to-Higgs couplings where radiative effects from sfermions, charginos,
neutralinos and Higgs bosons are obtained from the simplified effective potential of Eq[33} relevant formulae
are provided in appendix Corrections from fermionic and gauge loops are explicitly incorporated as
given in appendix and The Yukawa and gauge couplings employed here have been run to the
scale given by mass of the neutral Higgs state with first index in the coupling.

Note that the rescaling of Higgs fields in Eqs[26] and is also accounted for when computing the couplings of
Higgs bosons.

3.4.2 Higgs and top decays

We then adapt the existing NMSSMTools subroutines decay.f and tdecay.f — respectively computing the Higgs
and top two-body decays in the CP-conserving NMSSM — to the CP-violating case.

The subroutine hidecay_CPV.f calculates the Higgs widths and the dominant branching ratios. The following
decay channels are considered:

e decays into a pair of SM fermions: SY — u*u~, 7577, 3, ce, bb, tt; HT — pFv,, 7Hv,, us, ub, cs, cb, tb;
e decays into (on-shell) gauge bosonsﬂ SY - WW, ZZ, vy, Zv, g9;

e decays into one Higgs and one gauge boson: SY — ZS}), W*HF, Ht — W*S;];

e Higgs-to-Higgs decays: S) — 89S}, HTH™;

e supersymmetric decays: S? — X;—X;a X?X%a Fjﬁ'k; HT — ijg, F;ﬁ',;.

In the subroutine tdecay_CPV.f, we compute the following top decays: t — Wtb, HTb, Tx°. As in the
original CP-conserving version, leading QCD corrections have been taken into account.

3.4.3 Phenomenological tests

We finally propose several tools to confront the CP-violating NMSSM spectrum to experimental constraints.

checkmin_CPV.f compares the value of the neutral effective potential at the electroweak symmetry-breaking
minimum with that at other points, e.g. for vanishing v.e.v.’s. Loop effects from the SM fermions and gauge
bosons are included explicitely in this evaluation, while other radiative effects are encoded within the approximate
potential of Eq[33] We also vary the dynamical phases and check whether this generates a deeper minimum. Finally,
the minimization conditions of Eq[TT] and [30] are calculated explicitly, which allows e.g. to test the naturalness of
the squared masses m%,u,d of the potential: they should remain of the order of the SUSY-breaking scale.

In constsusypart_CPV.f, we generalize to the CP-violating case LEP limits on superparticle searches that

were included in NMSSMTools for the CP-conserving case:
e test on chargino, slepton, gluino and squark masses;
e limits on 7' — blN, T — ex?, B — bx;
e constraint on the invisible Z-width and neutralino-pair production.

HBNMSSM_CPV.f converts our spectrum into input for HiggsBounds [18] and HiggsSignals [19]. This allows
to test the Higgs sector in view of LEP, TeVatron and LHC results via a call to the subroutines included within
these public tools — note that NMSSMTools, HiggsBounds and HiggsSignals must be interfaced to make use of
this subroutine. The chosen input mode is that employing effective couplings (see the documentation in [18]).
Additional widths and branching ratios are taken from the results in hidecay_CPV.f and tdecay_CPV.f. In the

8Note that the decays into off-shell gauge bosons have not been included.
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following section, we will be using the current versions HiggsBounds_4.2.0 and HiggsSignals_1.3.1, which
incorporate all the experimental results released till december 2014. The default uncertainty on the Higgs mass
precision is set to 3 GeV and modeled as a gaussian distribution.

We also include an alternative set of tests for the Higgs sector, based on the original subroutines of NMSSMTools.
These collect:

e LEP_Higgs_CPV.f: LEP limits applying on neutral Higgs bosons produced in association with Z’s — ete™ —
Z* = S)Z — or in pairs — ete” — Z* — SPS? — [26];

e TeVatron_CHiggs_CPV.f: TeVatron limits applying on a charged Higgs boson produced in top decays [27];
e bottomonium_CPV.f: test for a light mostly CP-odd Higgs in bottomonium decay — based on [28|;

e LHC_Higgs_CPV.f: the inclusion of LHC limits on neutral or charged Higgs searches as well as the confronta-
tion to the signals at ~ 125 GeV — after [29] — are in progress.

Note that these routines will not be used in the next section, as we will employ the currently more complete set
of tests performed by HiggsBounds and HiggsSignals.

Finally, we design a subroutine EDM_CPV. f to estimate the electric dipole moments of the electron, the thallium
atom, the neutron and the mercury atom. We essentially follow the summary in [30] — in the context of the MSSM;
see also [31] for a recent work in the NMSSM. The supersymmetric one-loop effects are mediated by charginos,
neutralinos or gluinos and sfermions. Moreover the two-loop diagrams of the Bar-Zee type — involving a fermion
or sfermion loop connected to the quark / electron line by a Higgs and a photon propagator — are known to convey
a sizable effect: these are particularly sensitive to the phases appearing in the Higgs sector. Other contributions,
mediated by dimension 6 operators, are included as well. We estimate the associated uncertainties by adding
linearly a 10% error on effects involving no coloured particles and a 30% error on contributions involving the
coloured sector. Additional uncertainties associated to scale-running or hadronic parameters are also incorporated.

4 A few applications

We shall now make use of the subroutines which we have just presented and study phenomenological effects
associated with the CP-violating NMSSM. This will be the opportunity to test our tool and compare its predictions
with existing results.

4.1 CP-conserving limit

Setting all the phases to zero, it is possible to consider the CP-conserving case: in particular this allows to study
how our results connect to the precision calculations implemented within NMSSMTools. Given that the input is
common, discrepancies directly give an insight on the differences of treatment and the numerical magnitude of the
corresponding effects.

i) Higgs spectrum
We shall first consider the Higgs masses. NMSSMTools provides three levels of precision in the inclusion of the
radiative corrections to the Zs-conserving Higgs sector:

e ‘Precision 0’: the default one — essentially following the procedure described in appendix C of [6] — confines to
leading logarithmic order. Momentum-dependent effects are taken into account only to the extent of wave-
function renormalization (where the implementation is slightly different from ours: remember the discussion
in section and pole-corrections associated with the SM-fermion sector.

e ‘Precision 1’: a full one-loop + leading two-loop (to order O(beas)) implementation without momentum-
dependent effects.

e ‘Precision 2”: a full one-loop + leading two-loop (to order O(}’,&flbag)) implementation including momentum-
dependent effects. It follows the work of [32].

Formally, our implementation — full one-loop including momentum-dependent corrections + leading two-loop
double logarithms of order O(Y,%,, Y, as) — should fall somewhere between these three procedures in terms of
precision. ’ 7

We first test our results in a region of the parameter space where k = 0.45, tan§ = 8, p, = 125 GeV,
My =1TeV, A, = —288 GeV, my =1 TeV, mg p =15 TeV, mj j = 200 GeV,2M; = My = M3/3 =0.5 TeV,
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Figure 1: General aspect of the Higgs spectrum in the NMSSMTools procedures with precision 0 (upper left),
precision 1 (upper right) and precision 2 (down left-hand) and in ours (dotted lines). A € [0,0.65], x = 0.45,
tan 8 = 8, e = 125 GeV, M4 =1 TeV, A, = —288 GeV, mp =1 TeV, mg p = 1.5 TeV, mj 5 = 200 GeV,
2My = My = M3/3 = 0.5 TeV, A, = —2 TeV, A, = —1. 5 TeV. In the down right-hand plot the singlet
composition S of the two lightest CP-even states is displayed for precision 0 (green solid lines), precision 2 (blue
solid lines) and for our calculation (dotted lines).

Ay = —2 TeV, Ay, = —1.5 TeV and we scan over A € [0,0.65]. The Higgs masses are displayed in Fig and
the results of NMSSMTools for precision ‘0’ (greenish colors), ‘1’ (pink colors) and ‘2’ (bluish colors) are shown as
solid lines while our calculation corresponds to the dots (yellow to red tones). We observe a significant variation of
the masses corresponding to the mostly-singlet states while the doublet masses are grossly constant with varying
A. A typical NMSSM effect develops when singlet masses are close to doublet masses, as significant mixing may
appear. In particular, when the singlet state is slightly lighter than the doublet one, the mixing tends to uplift
the mass of the mostly-doublet Higgs. This is what occurs in this example for the CP-even sector in the upper
range of \. In Fig[l] we see that our results fit quite closely the predictions of the procedure with precision 2,
while larger discrepancies appear with respect to precision 0, especially at large .

Fig[2] allows for a closer comparison among Higgs masses. For the Higgs states with mass close to ~ 125 GeV
(upper left-hand quadrant), we note a remarkable agreement between our calculation and the masses obtained
with the precision setting 2, while the results obtained with precision 0 are about 2 GeV off: this fact should not
make us forget that the uncertainties affecting the Higgs mass computations (also in the setting of precision 2) are
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Figure 2: Details on the Higgs masses of Fig[l] On the upper left-hand quadrant, we show the Higgs masses close
to ~ 125 GeV for precision 0 (green lines), precision 2 (blue lines) and for our implementations (red dots). The
plot on the upper right-hand side compares our results (dots) for the ‘heavy’ masses with those of precision 0
(green lines). The same exercise is carried out in the lower left-hand corner for precision 2 (blue lines). In the
lower right-hand quadrant, we alter our implementation of the Higgs mass corrections so that all p>-dependent
terms are taken into account as pole-corrections only (so that the wave-scaling factors are set to 1): the results
are displayed as khaki dots and compared to the masses obtained in the procedure of precision 2.

of the order of several GeV. However, it justifies the observation that the leading two-loop effects are captured by
the simpler inclusion of double logarithmic terms.

Concerning the heavy mass states, we observe in Fig[2] - in the upper-right and lower-left hand quadrants — that
our results are intermediary between the calculations with precision 0 and precision 2. However, we note that the
leading difference with precision 2 originates in the implementation of the wave-function scaling factors. Indeed, if
we set the ‘Z-factors’ to 1 and modify the pole-corrections accordingly, we observe that our result — corresponding
to the khaki dots in the lower-right-hand corner of Fig[2] — then matches that with precision 2 somewhat more
closely (at the permil level). It is quite easy to see how the discrepancy develops between these two procedures.
For this, let us focus on the CP-odd doublet state, where we will neglect the mixing with the singlet. In the case
where the wave-function scaling factors are set to 1, the squared mass of this state is — schematically: the effect
of potential and pole corrections are encoded as J*°***'* — obtained as (all the p?-dependent terms are treated as
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Figure 3: Higgs spectrum for A = 0.7, k = 0.1, tan 8 = 2, My ~ 2.33 i + 20.45 GeV, M, € [0.3,3] TeV,
A, = —50 GeV, my 5 = 0.5 TeV, mg p = 1.5 TeV mi 5 = 110 GeV, 2M; = My = 150 GeV, M3 = 1.5 TeV
Appr = —0.1 TeV. Comparison of our results (dots) with precision 0 (upper left-hand plot), precision 2 (upper
right-hand plot). Focus on the masses close to 125 GeV (bottom left-hand plot). Finally, results obtained with

HiggsBounds and HiggsSignals.

pole corrections):

2, .2
= As[Ax cos 1 + ks cos(px — pr) + 67 Yut V4 (1 + §p°le> (36)

2
A | UV Ud

no 7z

In the approach where the wave-function scaling factors are taken into account at the level of the kinetic terms,
the Z-factors intervene in the calculation at several steps: first, for the scaling of the v.e.v.’s, which transforms
the tree-level mass-matrix in the CP-odd doublet sector to:

ZHy vg
s ZHd Uy 1 (37)

KS
Ay cosp + cos(px — @m)]
72 [ 7 e

The scaling effect on the potential corrections can be neglected as being of higher order. Then comes the scaling
of the mass-matrix:

s [A + 2 cos( ) + 6""“} (L}d ! ) (38)
A COS ©1 COS(PA — Pk . u
\/ZSZHHZHd \/ZS 1 va
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so that we can extract the DR squared mass for the physical state via a S-angle rotation. Finally, the Z-factors
have to be substracted from the pole corrections, since they have been accounted for elsewhere. This provides:

s RS v, +v ole ;
Ay cospr + \/Ziscos(go,\—@,@) 51’“] ;t}dd [14—6" ©tcos? B(Zy, —1)+sin® B(Zy, —1)

2 _
malz = V757 2,
(39)

Expanding the Z-factors as Z. = 1+dZ., we see that Eqs anddiﬁ’er by a factor 1— 5% + %(5ZHU —0Zm,).
This explains the mismatch, reaching the order of one-loop effects, that is O(1%) here. In particular, the steeper
apparent slope with varying A, in Fig[2]is largely driven by the Zg factor. In principle, the approach including
the wave-function scaling factors is the most refined among the two methods, hence should be prefered. On the
other hand, our choice of setting the Z-factors at a low-value of the external momentum, puy = 125 GeV, is not
optimized for heavy states. In any case, a 1% effect should not be taken too seriously in view of the various
additional sources of uncertainty (parametric errors, running, etc.).

We then consider a second example with A\ = 0.7, k = 0.1, tan 8 = 2, e =~ 2.33 M4 + 20.45 GeV, M4 €
[0.3,3] TeV, A, = —50 GeV, mz 5 = 0.5 TeV, mg 5 = 1.5 TeV mi = 110 GeV, 2M; = M, = 150 GeV,
Mz =15TeV A = —0.1 TeV. The results are dlsplayed in Flgl This region of the parameter space highlights
another effect in the NMSSM Higgs sector, namely the large contribution of F-terms to the mass of the SM-like
state for large A and low tan 8. Indeed, the low value of tan 3, the low mass of the squarks of third generation
and the moderate trilinear soft terms would result in a Higgs mass below Mz in the MSSM, making this regime
incompatible with LEP limits and the LHC measurement. In the NMSSM however, we observe that the mass
of the SM-like state remains above 120 GeV: this is a consequence of the specific tree-level contributions to the
Higgs mass matrices, associated with A\. Comparison of our results with the masses obtained with NMSSMTools for
precision settings 0 and 2 again show that our calculation is typically closer to precision 2, although the differences
are larger than in the previous scan (about 1 GeV for the two light CP-even states, as can be observed on the plot
on the lower left-hand corner). We also display the output of HiggsBounds and HiggsSignals for our results (plot
on the lower right-hand side): HiggsBounds exclusions apply e.g. in the presence of very light Higgs-states with
non-vanishing doublet composition. The x? test of HiggsSignals provides values down to ~ 75 — for comparison,
we obtain ~ 78 in the SM limit — when a light doublet is present close to ~ 125 GeV.

i1) Higgsino and gaugino masses
Our implementation of the chargino, neutralino and gluino masses should prove very similar to the original
subroutines within NMSSMTools in the CP-conserving limit. Nevertheless, small technical differences should be
noted:

e we take into account the Higgs-higgsino-singlino couplings which had been neglected in NMSSMTools: this
results in additional corrections to the higgsino and singlino masses;

e similarly, bino and winos are not assumed degenerate in the calculation of loop corrections to the higgsino
masses;

e all masses are chosen real and positive: this is possible since the diagonalizing matrices are complex. The
convention in NMSSMTools consisted in keeping these matrices real, so that some masses could take negative
values.

We consider the following region in the NMSSM parameter space: A = 0.55, k = 0.45, tan 3 = 12, p. €
[100,1500] GeV, M4 = 1 TeV, A,, = —300 GeV, mz 5 =1 TeV, mg 5 = 1.5 TeV, mj 5 = 200 GeV, 2M; =
My = M3/3 = 0.5 TeV, A = —1.5 TeV. The masses of the hlggsmos and gauginos are shown in Flgl The
scan over fi. drives a significant variation of the higgsino masses, while the gaugino masses remain essentially
constant. Once again, the masses obtained with the original routine of NMSSMTools are depicted with a solid line,
whereas our results appear as dots: the general features are identical. More quantitatively, the main deviation
reaches ~ 3% at the level of the neutralino masses: it originates from the corrections to the singlino mass, which
were neglected in NMSSMTools.

For the rest of the spectrum, e.g. the sfermion masses, our calculation reduces, in the CP-conserving limit,
to the original implementation within NMSSMTools. Therefore, we will not push the comparison in this limit any
further.

4.2 CP-violating case

CP-violation could induce several phenomenological effects at colliders. The most immediate one would be the
measurement of EDM’s. The absence of any hint in corresponding searches thus places stringent limits on new-
physics phases. Note however that, at one loop order, these effects are essentially driven by the gaugino phases. In
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Figure 4: Higgsino / gaugino spectrum for A = 0.55, k = 0.45, tan 8 = 12, p. € [100,1500] GeV, My = 1 TeV,
A, = =300 GeV, myp = 1 TeV, mg 5 = 1.5 TeV, mj 5 = 200 GeV, 2M; = My = M3/3 = 0.5 TeV,
Ay, = —1.5 TeV. Comparison of our results (dots) with the implementation within NMSSMTools (solid lines;
note that the masses have been taken in absolute value). The plot below shows the ratio between our results for
neutralino masses and those delivered by NMSSMTools.

other words, new-physics phases associated to the Higgs sector or the third generation sfermions enter the EDM’s
at the two-loop level only and are thus more loosely constrained. CP-violation could also intervene in rare flavour
decays and oscillations, which are consistent so far with the SM-interpretation (where only the CKM phase is
present): such effects have not been included in our study yet and we will not discuss them here.

i) CP-violating effects in the NMSSM Higgs spectrum
CP-violation could enter the Higgs sector at tree-level, via a non-vanishing phase ¢y — ¢, or at the loop-level,
e.g. via the phases associated to the sfermions of third generation. As a first consequence, the neutral Higgs states
would become scalar / pseudoscalar admixtures, which affects their couplings to SM particles: for doublet states,
the pseudoscalar component does not couple to a ZZ or W+W ™ pair, so that the corresponding decay channels, as
compared to the fermionic decays, are suppressed / enhanced with respect to the case of pure CP-even / CP-odd
eigenstates. Other effects can be measured in the fermionic channels, provided, however, that the fermion masses
are sufficiently large. Therefore the presence of CP-violation in the Higgs sector could be tested in precision
analyses of the Higgs properties — for the observed or hypothetical new states. Note however that doublet Higgs
states are typically shielded from CP-violating mixing — consider e.g. the zero-entries in the tree-level mass-matrix
of Eq[I3]-, so that only a very high degree of precision in the measurement of the branching ratios would be likely
to detect the tiny — radiatively-generated — pseudoscalar component of a mostly CP-even state. Moreover, the
current limits on Higgs searches tend to favour a sizable mass-hierarchy between the SM-like Higgs state and the
approximately degenerate ‘heavy-doublet’ states. This makes the presence of a pseudoscalar doublet component
within the observed Higgs state unlikely, as the mixing of this state with the ‘heavy-doublet’ pseudoscalar would
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be suppressed in proportion to the large mass gap. Another test would involve the two ‘heavy-doublet’ neutral
states, which are generically close in mass, so that their mixing could be significant. Yet, the detection of CP-
violation there will still require high-precision experiments (and the discovery of these states), due to a typically
reduced production cross-section — with respect to a SM Higgs boson at the same mass; this is related to the
mostly Hg-nature of these states — as well as the opening of many less-controlled decays (e.g. towards new-physics
states).
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Figure 5: Characteristics of the light Higgs states for A = 0.68, k = 0.1, tan 8 = 2, e = 635 GeV, M4 = 1.5 TeV,
A, =-100, 0, 10 GeV, mi j oz = 0.5 TeV, mUDE—15TeV 2My = My = M3/3=0.5TeV, Ay » = —0.1 TeV.
The plots on the first line show how the masses of the Higgs states close to ~ 125 GeV vary with ¢,; the second
line displays the magnitude of the scalar components of these states. Characteristics of the lightest state are
shown in blue and those for the second lightest are shown in green. Finally, the lower series of plots shows how the
points compare to phenomenological limits: the violet mark indicates that the points are excluded by the test in
HiggsBounds while the brown mark stands for tensions with the EDM’s. The y2-test of the Higgs data is obtained
with HiggsSignals and corresponds to the red curve.

In the NMSSM, another type of CP-violating mixing is allowed: a mostly CP-odd singlet may mix with the
doublet CP-even states — provided A and & are large and ¢y — ¢, is non-vanishing — and this effect could be fairly
important if these states are close in mass. In the following, we focus on the SM-like Higgs state at ~ 125 GeV. Such
a scenario is studied in Flgfor A=0.68, k =0.1, tan 8 = 2, poe = 635 GeV, M4 = 1.5 TeV, my gz = = 0.5 TeV,
mg pp = 1.5 TeV, 2M, = My = M3/3 =0.5 TeV, A, = —0.1 TeV. CP-violation is induced through variations
of ¢,: note that this strategy is the safest in view of the EDM’s, as non-vanishing ¢, produces direct CP-violation
in the doublet higgsino sector (as well as in the sfermion sector). In the first column of F ig A, = —100 GeV, and
the mostly CP-odd state is relatively far in mass (~ 250 GeV): correspondingly, the mixing with the SM-like state
does not reach 1%. The latter state has a somewhat low mass of ~ 121 GeV which translates into a mediocre fit to
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the LHC-observed signals, hence a high x2-value with HiggsSignals. In the second column, we take A, = 0 GeV,
so that the CP-odd singlet is close in mass to the SM-like state: at ¢, = 0, the singlet has a mass of about
~ 115 GeV. Consequently, a significant mixing develops between the two light states as soon as ¢, # 0, the effect
reaching the level of 30 to 40%. A consequence is the uplift in mass of the heavier SM-like state so that the
associated signal gives an improved fit with the LHC data. The column on the right is obtained for A, = 10 GeV:
the CP-odd singlet is then somewhat lighter (~ 100 GeV), so that the mixing effect at non-vanishing ¢, remains
milder than in the previous case, yet generates an uplift of the mass of the SM-like state as well. It is to be noted
that the mostly CP-odd singlet acquires a CP-even doublet component which reaches O(10%): the latter would
generate a signal at the O(10%)-level as compared to a SM-like state at the same mass — indeed, the production
cross-section at colliders is essentially mediated by the doublet components. For a state with mass ~ 100 GeV, the
corresponding signal could be consistent with the LEP ~ 2.3 0 excess in Higgs searches with a bb final state [26],
even though the state is dominantly CP-odd.
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Figure 6: Branching ratios of the light Higgs states for A,, = 10 GeV in the scan of Figlh

Note that the two effects that we highlighted — uplift of the mass of the SM-like state via its mixing with
the singlet and presence of a ‘miniature’ Higgs boson under 125 GeV — are well-known in the CP-conserving
NMSSM [7], provided the auxiliary singlet is CP-even. CP-violation extends this possibility to CP-odd singlets.
Further consequences appear on Fig[f] at the level of the branching fractions of the Higgs states — we display their
values for the bb, cé and v final states — similarly to the case where the SM-like Higgs boson mixes with a
CP-even singlet, the proportions among doublet components h% and hg may fluctuate, displacing the branching
ratios. However, the main effect in Fig[6] concerns the rates of the lighter singlet state which become dominated by
CP-even-like channels — for fermionic final states, rates differ at the radiative level depending on the CP propertyﬂ
—, while the fluctuations of the branching fractions of the mostly CP-even doublet are dominated by the variations
of the associated Higgs mass.

Disentangling this scenario — where a light mostly CP-odd singlet mixes with the SM-like Higgs boson — from
the CP-conserving one — where the light singlet-like state is genuinely CP-even — is likely to prove very difficult.
The reason rests with the observation that the singlets do not lend specific properties to the SM-like Higgs state —
they simply reduce its total width and might alter its branching ratios at the percent level. Moreover their decays
are essentially mediated by the doublet component which they acquire in the mixing, i.e. a CP-even one in both
cases. Typical singlet decays — towards hypothetically lighter singlet states or singlinos — would not necessarily
help to discriminate among CP-even and CP-odd mixing and would be problematic in terms of compatibility with
the measured Higgs signals. Indeed, the standard rates would then be suppressed in proportion of the magnitude
of the unconventional decays. While deviations of the rates of the observed Higgs state from the standard ones
might be interpreted via such a mixing effect — should such deviations be detected at the LHC or a future linear
collider —, it is questionable anyway whether the light singlet could be detected — possibly in Higgs-pair production:
see e.g. [33] in the CP-even case.

At the outcome of this discussion, we see that, while the CP-violating effects involving singlets in the Higgs
sector may be larger than in the pure doublet case, they are also more difficult to trace and could be mistaken
for CP-conserving phenomena. For this reason, it is essential that CP-violation be tested in processes where the
CP-properties are well-controlled, which brings us back to EDM’s or rare flavour transitions. Spectral effects in
the Higgs sector are unlikely to allow for discrimination with the CP-conserving case.

it) Comparison of the Higgs mass predictions with the existing literature
We will now compare some of our results with existing analyses in the literature, where CP-violation has been
considered. Note that, contrarily to the comparison with the calculations in the CP-conserving NMSSMTools, one

9There is also some difference at tree-level, but the corresponding effect is very small for light fermions.
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should not expect much more than a qualitative agreement. Indeed, diverging treatments in different tools, e.g.
concerning the definition of the input — such as the choice of running Yukawa couplings or that of A, versus
Ay cos o —, are known to lead to sizable deviations, already in the CP-conserving case. The level of precision in
radiative corrections is also to be considered.

NMSSMCALC is a public tool computing the Higgs spectrum and decays in the Zs-conserving but possibly
CP-violating NMSSM. The chosen approach is that of a diagrammatic calculation. The level of precision has

recently been extended to include the dominant two-loop corrections .
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Figure 7: Top: phase-dependence of the mostly hl Higgs state as obtained from section 4.1 of . Below:
estimates of the EDM’s (normalized by their experimental upper bounds: see text). The color coding follows that
of Fig.6 of : green for a scan over ¢, red for a scan over @A, and blue for a scan over ¢nz,. When the blue
curve does not appear, the reason is that associated values are negligibly small. Note that several estimates are

employed for the neutron EDM.

First, we focus on the results of dealing with CP-violating effects, i.e. essentially Fig.6 and the surrounding
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text in that paper. If we blindly input the parameters given in section 4.1 of this reference into our frameworklgl,
the spectrum — not unexpectedly and already with the CP-conserving NMSSSMTools — turns out to be slightly
different from the quoted one: in particular, the mostly CP-even and mostly CP-odd singlet states appear with
masses ~ 108 GeV and ~ 113 GeV respectively. Yet, this discrepancy can be absorbed within a small shift of
A, cos po: using the value 203 GeV, we then recover states at ~ 103 and ~ 128 GeV so that the Higgs spectrum
then largely coincides with the one provided in [34].

In any case, this manipulation has little effect on the properties of the mostly hl-state, close to 125 GeV.
Scanning over the phases ¢4,, ¢, — in the notations of [34], this means a scan over ¢y, keeping ¢,. = ¢ so that
CP-violation does not enter the Higgs sector at tree-level — and ¢z, we obtain the plots of Figm On the upper
part, we observe that the general dependence of the ‘SM-like’ Higgs mass on ¢4, and ¢, is largely reminiscent in
shape and magnitude of that observed in Fig.6 of [34]. In these two cases, CP-violation enters the Higgs sector
via radiative corrections, where the leading effect is generated by the sfermion corrections. On the other hand,
the mass obtained with our code is independent from ¢ay,, while such a dependence already appears at one-loop
in [34]. Note that one does not expect gluino corrections to the Higgs mass at one-loop order and it is thus
not surprising that our implementation does not show any variation with ¢z,. The corresponding effect in [34]
is explained there as an artifact of the top-Yukawa DR counterterm-fixing of higher order. Note also that the
corresponding fluctuations, at the GeV level, are small compared to the uncertainty that one naively expects for
the Higgs mass (a few GeV).

In addition, we show the values of the EDM’s that we obtain in these scans. These have been normalized by the
experimental upper bounds: ~ 1-10728 e cm for the electron [35] — estimate from thorium monoxide experiment
—, ~ 1.3-10724 ¢ c¢m for the Thallium atom [36], ~ 3.1-1072% ¢ cm for the Mercury EDM [37] and ~ 3-1072¢ ¢ cm
for the neutron [38]. Note that only the central values are displayed, without error bands. The color code is the
same as in Fig.6 of [34], i.e. green for the scan on ¢,,, red for that on ¢4, and blue for the one over ¢z, (when
the curve does not appear in the plot, this is because the corresponding values are negligibly small). We see that
the scan over ¢, may generate tensions with the EDM’s — mostly the electron EDM — when ¢,, is not trivial.

X{{f2+ }{J.Y"G2+}«_"."'G2
i2 i3
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Figure 8: Masses and CP-even composition (X2 4+ XH°2 4 XH"2) for the three lightest Higgs states in the
scenario of section 4.1.1 of [39].

We now turn to the one-loop analysis proposed in [39]. We first consider the scenario presented in section
4.1.1 of this reference, where CP-violation intervenes in the Higgs sector at tree-level via the phase ¢,. Again, a
qualitatively close spectrum can be recovered with little alteration of the input proposed in the reference and our
results are displayed in Fig[g} while small differences appear, both the Higgs masses and the composition of the
states agree reasonably well with those of [39]. The major source of deviation is associated to the use of different
input — A, in NMSSMCALC instead of A, cos s in our case —, so that the comparison makes limited sense when o
becomes large (i.e. for ¢, ~ 7/8). In the regime considered here, the CP-even and CP-odd singlet states are close

10Note that this addresses the D R-parameters in the reference, since the parameters within NMSSMTools are regarded as DR.
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Figure 9: Masses in the scenarios of section 4.1.2 (scan over ¢, = ¢ = ¢,) and section 4.1.3 (scan over @g4,)
of [39).

in mass to the SM-like Higgs boson, so that the non-vanishing ¢, generates a substantial mixing of these three
states.

[39] then considers the case where CP-violation is absent in the tree-level Higgs sector, but radiatively generated
via phases in the supersymmetric spectrum. In the first case (section 4.1.2), the ‘active’ phase is @) but the
condition ¢, = @) ensures that no CP-violation enters the Higgs potential at tree-level — we will recycle the
previous notation ¢, for this scenario. In the second case, only the phase ¢4, is non-trivial. We display our
results in Figl9 and observe that they capture the effects depicted in Fig.5 and Fig.7 of [39].

Our code is thus able to reproduce the main qualitative features that were observed in the CP-violating case
by NMSSMCALC analyses. We stress that a more quantitative study would have limited interest, as the divergent
treatment of the input already generates discrepancies between the CP-conserving NMSSMTools and NMSSMCALC.

5 Conclusions

We have presented a series of Fortran tools extending NMSSMTools to the CP-violating case. Radiative corrections
to the supersymmetric and Higgs masses are computed at one-loop order. Dominant two-loop effects to the Higgs
masses are also included in the double-log approximation. Additionally, Higgs couplings and decays, as well as
top two-body decays and EDM’s are implemented and allow for phenomenological tests of the spectra. We have
shown that our code compares competitively with existing results, both in the CP-conserving and CP-violating
cases. The new tools will be made publicly available on the NMSSMTools website |13] in the near future.

We also highlighted a scenario made possible by CP-violation, where the SM-like Higgs would mix with a
mostly CP-odd singlet state. The consequences on the Higgs phenomenology are similar to the CP-conserving
mixing with a light CP-even singlet so that both scenarii should prove difficult to discriminate, unless genuine
CP-violating effects — e.g. in EDM’s or flavour physics — are discovered simultaneously.

Finally, we would like to close this discussion with some details concerning the future developments which
we plan to consider. First, an extension of our tools including Zs-violating terms should raise little difficulty.
Then, flavour constraints are relevant in the CP-violating NMSSM and we intend to design phenomenological
tests accordingly. Finally, the dominant two-loop corrections to the Higgs masses will be calculated in a more
quantitative way.
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A Reference functions
Fo(m?) = m? {ln gj - 1}

Fi(m?, M?) = ﬁ [mQ (mgj - 1) — M2 (ngj = 1)]

m?2 {hl]\”}[—z—l} + M?
(m? — M?2)?

.7:3(m2,M2) =

2 2 2
20210 ™ — m2m2 In ™ 2,,2 15 "2
mims In mg — Mim3 In m3 + msms In m

Fs(m3, m3,m3) =
e (mi —m3)(m3 — m3)(mi —m3)
2 2
m? ln% m3 ln% 1

+ -
(mi —m3)(mi —m3)> ~ (m3 —m3)(m3 —m3)*>  (mi—m3)(m3—m3)

m2 [ln]\"}[—z —2] — M? [ln%—Q}
(m2 — M?2)3

fﬁ(m%m%mg) =

.7:7(m2,M2) = —

We only consider the finite part of the loop integrals:
Ao(m) = =Fo(m?)
1 2 2 2 2,2
1-— M= — 1-—
Bo(p,m,M):_/ p 2+ (1= o) > Ll Gk
0

1 2 _ 2 .2 2.2
Bl(p,m,M):/O (1— )0 f’f>(MQ2 )+ (- o

Finally, we borrow some of the notations of [24]:

Brr(p,m, M) = (p> —m? — M?)By(p, m, M) — Ag(m) — Ag(M)
Bsv(p,m, M) = —(2p* + 2m?* — M?)By(p, m, M) + Ag(m) — 24¢(M) (Feynmann gauge)

B The tree-level masses and couplings

This appendix provides the reader with a detailed presentation of the tree-level spectrum and couplings of the
CP-violating, minimal-flavour-violating, R-parity and Z3 conserving NMSSM.

B.1 Tree-level masses

Here we derive the tree-level bilinear terms of the lagrangian. For a later application to the Higgs couplings as
well as to the loop-corrections in the Coleman-Weinberg effective potential, we will try to keep a full dependence
in the Higgs scalar fields S, H, = (H,, H))T and H; = (HS, H;)T. To evaluate the masses, one of course simply
needs to replace these fields by their v.e.v.’s.

B.1.1 SM fermions

The Higgs-fermion potential reads:

Vi = —(HFd Vi — Hour)You§ + (HYdr — HyurVora)Yads + (Hyer — Hyvp)Yee$ + hee. (40)
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Focussing on the third generation (and neglecting off-diagonal CKM elements), we may cast under matrix form:

ur,
s VL
st = (aL,u%,JL,d%)qu ZR + (DLyéL;e%)Mﬁ er,
Jf €
R
0 Vi 0 Vil 0 0 -Y:HJ
| v,HY 0 ~Y,HF 0 _ T
M = “ _ “ 0 ; M[fﬂ = 0 0 Y‘er (41)
! 0 —YeH, 0 YoHy ~-Y;H; Y;H}* 0
-Y,H; 0 Y, HY* 0 T Td
from which we derive the squared-mass matrices:
Mgs = Mj;qu?’ =
V2O + YZHTH; 0 YZHOUHF — YZHH 0
0 YA HR* + Hf H,;) 0 ~YYy(HyHy + HJH])
~YZHOH — YZHY"H; 0 Y2IHY? + Y2H H, 0
0 —YiYy(Hy"Hy + Hy HY) 0 Y2 HP? + Hi Hy)
(42)
YijHd_ foHgH;‘ 0
ME = MM = | -Y2H)*H;  Y2|HY? 0 (43)
0 0" Y2(HY? + HY Hy)

Replacing the Higgs fields by their v.e.v.’s, one obtains diagonal matrices </\/133> and </\/l123>, with the usual
2

o 2 — V2 2 _ V2,2 02 2 _ y2,2
relations: my = Y vy, my = Y;"v;, m;, =0, mzZ = Y v3.

B.1.2 Electroweak gauge bosons
From the Higgs kinetic terms, one obtains the Higgs-gauge potential (where we omit the derivative Higgs couplings):
1 = Q=S
Vo = 7 [92BuB" + g* W, W] (|H? + | Hal?) + - B, W - (HG H, — H[ Ha) (44)

After the fields are rotated to the mass-states,

A :gBu+g’W3 oy —9' B+ gW} R Wi W7 (45)
H /g/2 T g2 ’ H /g2 + g2 ’ w V2
we derive:
1 0 0 02 o 2007 99 =g") An
Vo= 34020 (o i ) (P + ISR+ ( Jof e 250 ) Grmg + )| (50)
2 9249’2 2(g2+g"?)

2
T %(|H8|2 +HY? + Hf Hy + HIHy )W, W

/

99

_‘_7
\/5 /g2+g/2

This leads to the usual gauge-boson masses: M2 = 0, Mg, = %(vi +v3), M2 = #(vi +v3).

(gA" —g'2") (W (Hy Hy — Hy"Hy ) + Wy (H H," — HyHF)| - (46)
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B.1.3 Sfermions

The Higgs-sfermion potential originates from soft, F' and D terms:

Vi =mgQLQr + mi U Ug +mh D D +mi LY L, + mp B Ef (47)

+ (HUL, — H;DLVCTK ) YuAue?2wUg + (HYDy, — Hy U Vo) YaAge'?4a DS,
+ (HYEp — H Np)Y. A.e'?4e ES, + h.c.

2
Y, HOUS — YdH;VgKMD;;‘

2
+ [YuVorm H U — YaHIDG | +

+ ’(HJ_DLVCT’KM — H)UL)Y,
+ |(HIDy — Hy UpVeran)Yal” + |(HEL — Hy Np)Y.| + |Y.Hy Eq|* + Y. HEG|”

+ A" SH — UVermYaDg — J\ILY6E§|2 + |Ae"*SH, — D Y,D%, — ELYeEj;’%|2
2

+ A SH — ULY,Ug | + ’Aemsﬂd‘ — DV YuUss

2
g/2

_|_ =z
8

2
+ ‘% ‘HJ;?H“ +HGH;+Ql7QL + LI T Ly

1 4, 2 i et oo
HiH,— HHi+-Q\Qp — -U5Ug + EDRTDR — LY Ly, + 2B B,

3 3

‘2
The bilinear sfermion terms can be cast under matrix form:

UL N
M2 MQT et — M2 MQT L
V.3 (U, US, DY, DS ( U Diu R 4+ (N}, E! E% N EIN Ep 48
F ( L R L R) MQDTU MQD DLJr ( L L R) MQETN M2E ( )
Dy

with the matrix blocks:
2
e (M YRHE 45 (55— g) (HO2 = [HJD) Y [Auem#a HY* — Ae' SHY] (19)
Y, [Ayet#a HY = A9 57HY] m¥ + Y2HYJ? - 4 (|HYJ? — |HYP)

2
L (VeorxuYiVea HiHg + 5 (% +9°) (HFH; — HIHY) 0
0 Y2H[H, — % (HfH, — H{Hy)

2
A — (mz FYZHYP + 5 (% +97) (HOP — [HYP)  Ya [Aae™020 HY* — Xe'eSHY)] ) (50)
Yo [Aqe'#4a HY — Ne™"#> § HY”| m3, + Y| HY | + 4 (|HOJ? — |HYP?)

2 _
+<W%Mxﬂmmﬂﬁﬂu+ng—gﬂUﬁH@—HjHﬁ 0 )
0 YiH Hy + % (HIH, — HiHy)
M2, = _VCT'KMYuQHSHJ - YdQVg*KMHg*Hd_ + %Vg‘KM(HSHJ +Hy*Hy ) _VCT'KMYU [Aye 4w Hy + Xe'?>SH |
bru ~Yy [Aqe™$4a Hy + Xe S Hy | Voo YV en Yu(HYH, + HO*HY)

7912 + 92

T (HH, —HiH) (52)

M2, = m?2 9 +g HO2 _ (HO2 Y2HTH-
N—mL—TU ul” = Hgl?) + Y HHy +

A — (7 YHGP + S (HR — [HY?) Y, [Ace o0 HY " — Ao SHE] (53)
Y, [Ace?ae HY — Xe "2 S* HO*] my + Y2 HY|* + §(|H3|2 —[H3[?)

2 2 _
N e L9 (HfH; — HfH)) 0
0 YZH{Hy + % (HfH,; —H; H;)

My = (= (V2= £) Y Hy + £HUT; Y. [Aros Hy + 2571, ]) 654)

Moving to the v.e.v.’s, the matrices become block diagonal — each block being associated to a given electric charge
of the sfermion fields. Under our Minimal Flavour Violation hypothesis the various generations also decouple so
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that we are left with 2 x 2 (hermitian) mass-matrices <M%> Those can be diagonalized via unitary matrices X',
according to:

. cos 6 —sin @pe'?F
<M%> - XFleag(szl,m%b)XF ; X" = (sin 9Fefw” COSZF )
2
m, = 5 (ME), + (ME), — 1 (ME)y, — (M2),,)° +4 (M2
m3, = 3 (M), + (MB),, + /(M) — (M3),,)" + 4 (M2)2,

M§’>117<M§7>22+\/(<M%>117<M%>22)2+4<M?’>?2
2/(M5) | (55)

0 = arctan [<
$Yr = arg[<./\/l%:>12]
The mass-states are given by F; = XE-JFL + X%Fé* (where, in our notation 1 <> L and 2 <> R).
B.1.4 Charginos and neutralinos
The gaugino-higgsino-Higgs potential may also be cast under matrix form:
0 M-+ Mo

Vy = =T Mt~ 0 Myto | x +he I = (—zw_,ﬁ;, —zuﬁ',fzi‘, —b, —zw3,/32,/}2,ﬁ2)
MXO_ MX0+ MXO

Mae?Me QHS*)_
=M,

MX“" = ( gHg* Ae'Pr §

™ 0 0 0 gH} 0 v
—0 = ’ N = —
X ~SHS —SHS 00 e Hf X

M 0 0 gH; 0 0 M
+0 — ’ _ _ 2 _ =
X &H, SH 0 0 Xe"H, X

Mye'®m 0 SHY —HY 0
0 Mper®v>  — G H)* L H( 0
Mo = Lﬁ/HS* —SHY 0 XS e HY | = M
—SHYT SHY A S 0 — e HY
0 0 —Ae" HY  —Xe" HY  2re=S

i) Charginos
The 2 x 2 chargino mass-matrix may be diagonalized via two unitary matrices U and V:
<./\/le+> = UTdiag(mxli,mxgc)V. To determine Mk, M, U and V, we consider the hermitian matrices:

(M) = (M) (Myos) = Vidiag(o s, m2 )V
<Mf<*> = (My—+) <Mx*+>T - UTdiag(mili,mizi)U*
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which provide:

mio= () e () () () ) e ()]
mio= () e () () () ) e ()

(M) () (), - (), e )

¢y = arctan

v = arg[</\/li+>12]

(), (e, (), () ) e )

2|<Mi_>12|

0y = arctan

o= () )

12
U= e () cos Oy — sin Oy e'Pv V= 1 0 cos Oy — sin By "V
B 0 1 sin Oy e~ U cos Oy ’ —\0 e¥v sin Oy e "¢V cos Oy

The choice of phases ¢y, ¢y is a priori arbitrary. We decide to determine them by the requirement that m, and

My, obtained in the matrix product U* <Mx*+> VT, are real and positive. The associated mass-states are then:
Xt = Vi (=t + ‘/igil;r = Vi (—10") + Vmiﬁ; i X =Un(—w™) + Uigilg = U (—0™) + Uidiz;
i1) Neutralinos
The 5 x 5 neutralino mass-matrix is symmetric, hence is diagonalizable via a single unitary matrix N:

<Mx°> = NTdiag(mxg,i =1,...,5)N. As before, we first consider the hermitian matrix

(M20) = (Myo)' (Myo) = N'diag(m?o,i =1,...,5)N

This hermitian matrix — or equivalently the 10 x 10 symmetric matrix (_I?fn EE) <Mi0> — may be diagonalized
numerically, providing us with mig,i =1,...,5 and a diagonalization matrix Ny. We define N = diag(ewx? b=
1,...,5)No, where the phases ,0,i = 1,...,5 are determined by the requirement that the masses m,o,i=1,...,5

obtained from the matrix product N* <Mx°> Nt are real and positive. The neutralino mass-states are then defined
as:

XO = Nil(—li)) + Niz(—Z’LTJS) + Nwﬁg + NZ4iL2 + NZ‘5;LS = Nib(—li)) + Niw(—lﬁ}s) + Nluﬁg + Nidilg + NwiLg

B.1.5 Gluinos

The gluons of course remain massless. Concerning their supersymmetric partners, the gluino bilinear terms read:
V; = —M3ze"®™3 G, G, + h.c. (57)

so that we define the mass states G, = —1e3%Ms j,, with mass Ms.

B.1.6 Higgs sector
The tree-level Higgs potential is given in Eq[9]

1) Minimization Conditions
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First derivatives of the potential must vanish at the minimum, which provides:

So that one can express certain parameters in terms of the v.e.v.’s:

2 Ud 2, 2 2 9*+9*, 5 9

my, = As[Axcospr + ks cos(pr — )] o A (s" +vg) — 4 (v — va)
Uy 2+ g2

my;, = As[Axcos 1 + ks cos(px — @) oy N (s% +02) + g 1 g (v2 —v3)

Uy UV

m% = \[Ay cos o1 + 2k cos(pr — ¢x)] — k5(Ay cos p2) 4 265 — N2 (02 4 02)

A,y sin ©1 = —KS Sin(SDA - SDK)

Uy Vd Uy Vq

) 2 2
2 <afazv/Hﬂ> —o0- [mH +22(s% +) + L2 - >] v = As A cos o + s cos(iox — o) g
) /2 2
% <8i;7\/§> =0= {qud FA(s2 4 02) - 2 Ig (v; — vﬁ)} va — As [Ax cos g1 + ks cos(px — ¢r)] vu
1 < Wiro > = 0= [m% + rs(A, cos p2) + 2k + A (v} +07)] s — A[Ax cos 1 + 2k5 cos(ox — @r)] Vuva
2 \ 9h0/\/2
L2 0= alysings st g
% <8(Z;;H\O/§> =0=\s [A)\ sin Y1+ KS Sin(‘,@)\ - SOH)} v
1
2 <8i;/H\O/§ > = 0= A[Axsingr — 2xssin(pr — @x)] vuvg — K£85° Ay sin gy

. A : . .
Ay sin g = - [Aysin o1 — 26ssin(px — @r)] 2 = —3X . sin(px — ¥x)
it) Charged Higgs
The 2 x 2 charged-Higgs bilinear terms read:
_ 2 [(HF
Vire = (i )Mo (2 (58)
d
2 2 2 2 2
+ _ + _
Mie|,y = miy, + 282+ S (102 = (Y P) + S HP + N2 oy + i,
— Ud s 97\ 2
= As[Aycospr + kscos(pn — px)] — — (/\ - 2) vy
Uy,
2 2 2 2 2
+ _ + _
XIS = %)+ S (HRP = [HP = o 03) + 5 (HP = od) + N HHy + 5 - H L H
2 2 2 2 2
+ . + _
M|y = miy, + NISP = S5 (HP? = |HYP) + T |HOP + NH Hy + S H,
Uu s 97\ o
= As[Axcospr + kscos(pn — k)] — — | A* — EA
v
2 2 2 2 2
XIS - 82) = L (1P — (Y2 — o2+ o) + L (HOR - o2) + N H Hy +
& g2 + g2 .
M, =X [Axe_“”S* + ,.;e—z(w—%)S?} — (W = S HHG + (V= ) H Hy = M|y,
2 2 2
= As[Axcospr + kscos(pn — )] — <)\2 — 92) Vg + (N2 — g Ig )HJ'Hd_
e
+ A [Axcos 1 (S* — s) + kcos(pr — i) (S — 87) — wksin(px — @) (5% — 55%)] — (A — 5)(H8H3 — V)
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Obviously,

2 V4 1
(M31) = {)\s [Ax cos 1 + ks cos(or — ¢i)] — ()\2 _9 > qud} (v )

2 I o
_(—sinf cosp) (0 0 —sinf8 cospf
“\cosB  sinB)\0 m3. cosf sinf
As g° Uy
mi e = { [Ay cosp1 + ks cos(ox — ¢i)] — ()\2 - )} (W2 +v3) 5 tanf=-2 (59)
Vyu Vg 2 Vg

with the Goldstone boson G* = —sin BHF + cos BH;"E and the charged Higgs state H* = cos BHF + sin BH;F.
We will denote the corresponding rotation matrix as follows:

c_ (—sinfB cosp . £ _ At R —
X _<cosﬁ sinﬁ) o HE=6E o Hy =H

iit) Neutral Higgs
2
The symmetric 6 x 6 bilinear Higgs matrix M?%, = |1 9 Vo v

= [§W’Si’j = hg,hg,hg,ag,ag,as} includes the
following elements:

2

22
Mipo|yy = miy, +X(IS]” + [Hgl*) + g

g/2 +g2 g/2 +92 _ g _
L (2Re(HY)? + 1O — 1Y) + S HH - HH,
2 2
-4

4

22 2y 2
:)\S[AAcosgol—i—nscos(go)\—go,i)]v—d—i—g +9g vg—i—g ] HJHJ—Q

HIH;
Vy 2 4 d7d

12 2
XIS = s I — f) + T (BRe(HY? + [HOP — [ - 302 +03)

g/2 +g2
M3l = —ARe [AAeWIS + me“@rw)gﬂ] +2 (X“ - 4) Re(H®)Re(HY)

2 2
= —As[Ay)cospr + ks cos(pn — ¢i)] + 2 ()\2 _gte

2
> Vava — (A2 — %)Re(H;Hp
— X [Axcos prRe(S — s) + K cos(py — w0 )Re(S? — 5%) + ksin(py — ) Im(S)Re(2S + s)]

2 9%+¢° 0 0 > 0 tH
+ 2 S — T (Re(Hu)Re(Hd> — qud) - ()‘ - ?)R’e(Hu Hd )

22 22 22
+ + _ — _
Mol = miy, + X(SP + [HY?) + S (2Re(HD)? - |HIP + |HP) + L HHy - & H!H,
22 2 2 22
:AS[AAcosapl+Hscos(<p>\—cpn)}z—u+g ;—g v?i—i—g Ig HjH;—g 49 HIH;
d

22
RS2 2 [HOR 2 + 0 oo 4 B — (DR 0 4 02)
M?{0|13 = —ARe [(AAe”’1 + 2561(“"*_“’“)5*)H3} + 2\?Re(S)Re(H?)
= — g [Ax cos o1 + 265 cos(pr — @ )] + 2M%sw,,
— M [Ax cosp1Re(HY — vq) + 2k cos(px — ¢, )Re(S*HY — sv4)
+ rsin(px — ¢x) (Im(HY)Re(s — 25) + 2Im(S)Re(HY))] + 22 (Re(S)Re(HY) — sv,)

M|y = =ARe [(Are'#t + 2ne!(@3=9) 5 HY| + 20%Re(S)Re(HY)
= —Avy [Ax cos p1 + 2ks cos(px — pi)] + 222504
— A [A,\ cos o1 Re(HY — v,,) + 2k cos(px — @ )Re(S*HY — sv,,)
+ rsin(px — ¢x) (Im(HJ)Re(s — 25) + 2Im(S)Re(H,))] 4+ 2A* (Re(S)Re(HY) — svq)
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Mipo|sy = m% + 26A.Re(e'25) 4 257 [2Re(S)? + [S?] + N(|HJ)|* + [HI]?) — 2AkRe [ewrwﬂgﬂg]

+ A2 [H+H— + Hy Hy] +2MkRe e =) 0 |

= 135 [Ay, 08 3 + K] + AAy cos g 2 4 \2 [H+H + HIHy ] +2\6Re o2~ B M |
+ 2k [ANCOSQOQRG(S—S)+I€(2RG( )2 +18)? = 35%)] + A [|HO|? + |H|? — v2 — v]]

— 2k [cos (03 — @) Re(HYHO — v,04) — sin (5 — o) (Re(HO)Im(Hd) + Im(H®)Re(H?) + 3”"” (S))}

g + g 0 0
70|y, = Re(H{)Im(H)
2 101 (prx—pr) Q*2 2 9/2 +g2 0 0 2 92 + 77—
Halyy = —ARe [o (Are®r 8 4 et =2 572 | 2 (A2 = S ) Im(HO)Re(HY) — (A = L) Im(H,f Hy )
=X [(Axcospr — 2k cos(px — @x)Re(S)) Im(S) + rsin(py — px)Re(S? — s9)]

g/2 _|_92 92 —
2 (y _ 4) Im(Hy)Re(Hg) — (A = ) Im(H} Hy)

Mo ’34 = —ARe [z (A,\e“"1 + 2561(‘“_%)5*> Hg} + 2)\*Re(S)Im(HY)

= Aksvgsin(px — @)+ A [Ax cos i Im(HY) + 2k cos(px — @) (Re(S)Im(HY) — Im(S)Re(Hy))
+rsin(px — pr)Re((28* — s)HY — svq)] + 2A°Im(H,)Re(S)

/2 2 12 2 12 2
+ + . - _
M| =miy, + N(SP + | HYP?) + . T (2tm(HO)? + |[HO? — [HYP?) +%HJHM _ g - 9 [ H,

2 _ 2
—)\S[A,\cosgol+f$scos(cpA—goﬁ)] —l—g Ig HIH, — g 4g HIH;
vy,

12 2
+ (S| — 5 + [HOJ? — v2) + &7

(20m(Hy)? + [Hy? — [Hgl* — v} + v3)

g/2 +92 92
Mo,y = =XRe [1(Aye'r 5 + pet(er=0)5%2) ] 4 9 <>\2 - 4) Re(H{)lm(H§) — (A — L) Im(H; Hy)

= A [(Ax cos g1 — 2k cos(px — @i)Re(S)) Im(S) + rsin(px — ¢ )Re(S? — s9)]
+2 ()\2 . Ig > Re(H)Im(HY) — (A2 — %ﬂm(HjH;)

g +g
0 lys = Re(Hg)lm(Hg)

M?{o|35 = —ARe {z (A,\e“"1 + 2/%61(9”7@“)5*) Hg] + 2A?Re(S)Im(HY)

= Aksvy sin(py — )+ A [Ax cosiIm(HY) + 2k cos(px — ¢x) (Re(S)Im(H,) — Im(S)Re(H)))
+rsin(px — @e)Re((25* — s)H, — svy)] + 2X°Im(H)Re(S)

2 2 2 9*+g° 0 0 2 g
7o) s = ARe [AAeW’IS + ketlPr—en) g% } +2 </\ - > Im(H)Im(HY) + (\2 — ?)Re(Hde_)

= As[Ayx cos 1 + ks cos(pr — ¢x)]
+ A [Ax cospiRe(S — 5) + K cos(py — v )Re(S? — 5%) + ksin(py — . ) Im(S)Re(2S + s)]

g/2 +g2 92 _
+2 <>\2 +5 ) Im(H)Im(HY) — (A - E)Re(Hde )
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2 2
L LHH,

g/2 +g2 _
o HiHy -

g/2+92
Migolss = miz, + N(ISI° + [Hy|*) + = (2im(Hg)* — [H,]” + [Hg[*) +

) /2_|_ 2
= As[Ax cos g1 + ks cos(pn — vx)] vj 1+ 9 - g
d

B g/2 _ g2 B
HfHy — = ——HIH,

12 2
+A2(S[2 — 52 + [HO? — 02) + L9

(20m(Hg)* + |Hg|* — [H,|* — 307 +v7)

M?{0|16 = —ARe [z (A;ﬁ“”1 - 2%6““0*780"')5*) Hg} + 2\%Im(S)Re(H?)
= —3Aksvgsin(px — @)  + A [Ax cos i Im(HY) + 2k cos(px — ¢,) (Im(S)Re(HY) — Re(S)Im(HY))
—ksin(py — o) Re((2S* + s)H] — 3svq)] + 2A°Im(S)Re(HY)

Mo |26 = —ARe [z (A;ﬁ“"1 - 256“”‘“’“)5*) HS} + 2X%Im(S)Re(HY) — 2\kRe [zel(“’*_“’“)HjH(;}

= —3Aksvysin(px — ¢x)  + A [AxcospiIm(HY) + 2k cos(px — @) (Im(S)Re(H,)) — Re(S)Im(HY))
—ksin(py — . )Re((28* + s)HY) — 3sv,)]| + 2A*Im(S)Re(HY)

M3 ‘36 = 2k A Re [1e"92 5] + 4k*Re(S)Im(S) + 2AxRe [ze’(“’*_@”)HgHg}
Re(S)
s

= 4 kv vgsin(py — px)  + 2Aksin(px — px) [3 Vg — Re(HYHY) — 20,04
— 2k [A cos gy — 26Re(S)] Im(S) — 2Xk cos(pr — ¢,) [Im(H,)Re(Hy) + Re(Hy)Im(HY)]

— 2XxRe zel((’”_“"‘”)HjH;}

Mio|,; = ARe [(A,\e“al - 2me1<%—*"~>s*)H§} + 2X2Im(S)Im(H?)
= \vg [Ax cos 1 — 268 cos(pr — k)]
+ A [Ax cos p1Re(H) — vq) — 2k cos(px — ¢, )Re(S*HY — sv4)
+ rsin(px — @) (Im(HI)Re(2S + s) — 2Im(S)Re(Hy))] + 2A*Im(S)Im(HY)

M|, = —ARe [(A,\ewl - 2&6“”‘9"“)5*)H2} + 202Im(S)Im(HY)
= vy, [Ax cos p1 — 2kscos(pxn — pi)]
+ A [Ax cos p1Re(H|) — vy) — 2k cos(px — @i)Re(S*HY — svy,)
+ rsin(px — @) (Im(HI)Re(2S + s) — 2Im(S)Re(H,))] + 2A*Im(S)Im(HY)

M3 |66 =m% — 2kA,Re(e'?*5) — 2x% [2Im(S)? + [S[*] + N*(|HL|* + |HJ|?) + 2AkRe {el(“"*_“’”)HgHg}
+ X2 [ H, + HiHy ] = 2\sRe [/ e B |
= —3ksA, cosps + )\Uu—:d [Ax cos 1 + 4kscos(pr — px)] + A2 [H;'Hu_ + HJHJ] — 2XkRe [el(‘”_“"”)HJH;]
— 2kA, cos paRe(S — s) + 2k% (2Im(S5) + [S|* — s%) + A [|H)|> + |H|* — vl — v7]

+2Xk |:COS (ox — pu)Re(HYHY — v,v4) — sin (ox — ¢x) (Re(Hg)Im(Hg) +Im(H))Re(HY) + g uld

i)

5

As for the case of the charged Higgs, the Goldstone boson G® = —sin 3a), + cos al) can be separated from the
doublet CP-odd state a® = cos $al +sin Bag by a rotation of angle 8. The remaining (symmetric) 5 x 5 sub-matrix
of massive states <M12qo> may be diagonalized (numerically) through an orthogonal matrix X ’:

<quo> = X" Tdiag(mZo,i = 1,...,5) X" (60)
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The corresponding mass-states are then:

SO = X'h0 + XA G+ XE 00+ X a® + X al = XERO + XEhG + XEh + X[a° + X[al

T 187's

w) Charged-Neutral Higgs terms
For completeness we indicate the bilinear terms mixing charged and neutral Higgs states (note that M? ‘ 5-g0 =

M2|Z‘+SD):

L 9\ pr-gox, 909
M? g = 75 —(\? — ?)Hd HY* + 5 Ha Re(H?)
1 r 92 B . g/2 _ 92 B
M| g = 75 |~ OF = PHLHL = === H, Re(Hy)
L r
Mg = 5 (Axerr 4 2e3=098% ) Hy 4 2X%Re(S) H, |
L[ 9>\ - 9° g
M2|H;hg - 2 (A~ ?)Hu Hy — B HyRe(H,)
2 1 i 2 92 — 0 g/2 +92 — 0
M |H;rh3 -2 —(A" = ?)Hu H, + 5 Hy Re(Hy)
L —1 —1 —Pr - —
Mg = 5 (Axe™™t 20610 =) §) Hy + 2X*Re(S) Hy |
I T e A
M?}ng =7 1(\? — E)Hd HY* + 5 Ha Im(HY)
2 L[ 9 0 9* -9 0
M |H$a2 =7 -Z()\ —?)Hd Hy* —=——H, Im(HY)
r
M? Hiao = 7 _z/\ (A,\e“"l - 2/161(“"*7“’”)5*) H; + 2)\21m(S)HJ}
1T g2 B g/2 . 92 B
M2}H3’a3 =7 - 5H, HY — H;Im(HY)
1 r g2 B g/2 +92 B
M2|H3'a3 VG —1(A\? — E)Hu Hy + 5 4 Im(Hy)
L
M2yt = AR (AAe*WI + 2ne*’<¢v%>s> HT + 2)\21m(S)Hd_}

B.2 Tree-level Higgs couplings

Having presented the spectrum and our conventions, we may now turn to the Higgs couplings.

B.2.1 Higgs-SM fermions

Employing the Dirac-fermion notation, the Higgs couplings to SM fermions may be cast in the following form
(with the usual left- and right-handed projectors Pr, r):

_ STf STF SFF S*F! *
Vf 9f[g[,ff Py, +ngf PR} flS ; ngf = (gL ff) (61)
with the (non-vanishing) values of gif .
O Yu U

7 = e [l X Gl = Yicos

s%dd _ Yd 1R I H-du .
9 = 2 [ Xid +1X5] 97, = —Y,sinf

S%e )/e —év .
g0 = 7 [XZ% + inId} gf =-Y.sinp

35



B.2.2 Higgs-gauge

The situation is unchanged with respect to the CP-conserving case:

Ve 3 g5V SVEVT 4 gt VY SSVIV!Y 4 g%V a (89,8 — §'9,8) v (62)
o 2 2 /72
20”7 = gyu? \29 (0aXE 4o, XR) o7 = VIO H S O [XEx, - XRxE, - XLXE + X1, xE]
g = g gi(vde + 0, XJ) gV = I ((xE - ax])XG - (XE +aX],)XE)
\/i \@ J J
_ ! _ 2/
9gH i Hi v — L&-j ogtiw™ — __99 [0, X5, — vaX5)
/92 + g2 2(g% + ¢?2)
2gHjH Z _ 9% - g’ S ng:rZW’ _ 99" [v xC vdXC]
— =~ ——=Yy — T T S5 uNjy id
292 + 2 2(9% + ¢2)
HH- vy 2¢%g"? HfH Z 99' (9" — ¢
ZQHV ’ = 9uv 5 25ij 29;“/ = 9uv (,2 2 ) ij
g%+g g-+y
HfH; 27 (g% — g%)? 505072 g% +g?
29#1/ ’ Zgwwcﬁj 491“/ J = Guv 2 (X X +XRXR+X X +XIXI)
HIH-Ww~ g SYSIW W
G - QWT;U 2 s = gW 5 (X X+ xEXT + xLx! + x]L X))
SYHFW ™y 99’9 c c
2g,uu m [(leq:i + ZXiIu)Xju - (XZR;Z - Z‘Xild))(jdjl
SYHF W Z 909”9 R Je R IyxC
290 = [(Xj, +1X;,) X}, — (Xig — 1 X)) X]
I 2(9/2+92) [ J d d Jd}
B.2.3 Higgs-sfermions
The Higgs-sfermion vertices read:
VF 9gSF*F’SF*F/+gSS/F*F,SS/F*FI (63)
with:
1 *
g SR —\/2 {Y vl X5+ 1 <g3 2) (vu X[ — vaX] )] Xir (lei)
g *
+VE V20,0~ 0 (0, XE - vaX )| X (X)
Y *
5 [Aueot (Xs +0X],) =A™ (s(X{G —1X{y) +va( X — X)) ] X (Xi7)
Y *
# 22 e tons (00— XD) e (X0 + ) + X + X)) XE ()
1 X
gSi DD = {Yd va X3+ +7 93 +92> (vu Xy — 'UdXi]Z)] Xi(X7)

12
V2 [ygvdxgz %(vux — va X} )} Xir (Xi7)
[Age4a (XE +aXT) = Ne 7 (s(XE —oXD,) +vu(XE — X)) X5 (XE2)°

7
7617 [Age™"94a (XE —uxL) — e (S(lez +1 X)) Fol(XE+ zXlIg))} Xk (Xl%)*
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SYELE _\ /5 |y2 r, —9*+9’ R R E E\*
g7 EEEl =2 Y;"UdXid‘i‘?(UuXiu_vdXid) Xk (XlL)

/2
+2 [YezvdXﬁ + %(vquz - deﬁ)} Xir (XR)
+ 55 [Ace e (X[ +0X[g) = Ae " (s(X L — X [,) +0u(X [ —oX1)] X (X{T)
+ % [Ace™ e (X[ — X)) = X' (s(X[ +1X],) +va(XE +0X0))] X (X05)
gStViMe — V2 (g2 4 2) [0, XE — 0aX]
2 2
o175 = Vet | (32 - ) X (3 = ) v XE CXE)" 4o [ XG0 XE) XE ()

+Y, [Aye'$4u XS+ Aseﬂsz%] XY, (Xl[i)* + Yy [Age™ "% 4a X5+ )\se“p*Xg] X (Xll})%)*}

_ (gH*D,*Uk>*

2 2

500~ v (et + xbxh) + 1 (4 o) (KB + XX, - XX - XLxL)] XE ()’
s [Yi (XEXE + x[,x1,) ~ %(XﬁinZ + XX — XX - dede)} X (Xi7)”
+ %Aﬁ*“” (X =X ) (X [y — X y) + (X[ — X[ )(X — X)) X (X7)
+ YqTL/\e’““ (X + o X ) (X 40X ) + (X 40X ) (X + X)) XL (XiR)

N |

- 1 1 912 *
gSISIDIDL [Yf (XiaXja + XiaXja) + 5 <3 + gz) (XEX T + X3 X, — XGiX TG — XiIded)} Xiz, (Xiz)
ﬁ
6

1 *
+ 5 |V CEBX + XExl) + S (X + XX, - XAXS - X1x) | X (x5)

Yo *
+ =L (X — X)X — oX ) + (X=X )X —oX])] XEs (X12)

Yo .
+ =2 [0+ X L), + X)) + (X 4+ oX] )X + X)) XD, (X)

-9+

x 1
s v (Xl 4 xhxt) + =2

(XﬁXﬁ + XZ-Iquu - XﬁXﬁi - XiIngId):| X (Xl%)*

1 9/2 *
5 (V2 R + Xtx) + S (XS + XX, - XX - Xl | Xk ()
YeA -
+ =B [(XE =X L)(XR o], + (R —oXL)(XE —oX])] XE (XF7)
Y. A

e (X X (XL +0X,) + (XJT 4o (X + X)) X (XTR)

gSISINING = L (g 4 ) [XEXE - XBXE]

oo
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gs?H_;fU,:Dl _ Vg;l(M { [(Y2 _ gj
V2 o2

+ Y. Yo [XS(XE =X ]) + XGXE +X])] Xk (X[7)
FYAeTPXGXE — X)X (XB) + Yohe s XL(XE + X 1) XE, (XB)'}

_ (gH_S?Dl*Uk)*

2
XEKE —XE) + (07 - DIXGOK + exty)| X (x8)

S{HINTE _

2 2
g g *
o {02 - Soxsoas oty - Sxsios - x| ()

Sl

+Ye)\6“p’\XﬁL(X£+ZXi{9) (ng)*} _ <gH_S?El*NL>

tg-ur Uw 1 9/2 *
gt H Ul — [y5|vcgm XGXGa+ (3 + g2> (X5XS5, - ngﬁl)} Xip (Xi1)
g/2 *

+ |YEXEXE - GRS - XGXG) | Xt ()

. 1 /2 «
g1 D |2 PXEXS + (9 - ) (XGRS - XGX)| XE (x8)

g/Q %
T {fogxﬁl + S5 (XX - X%Xﬁﬂ] Xir (Xi7)

gHjH_;E;;EL _ 9% +g°
4

[XEX5, - XGX5) X, (X))

g/2 *
+ |P2XGXE + (XS - XGXD)| X (X8

HYH-N:Np. _ y2vC vC 1
gl T =YX X g +

1 (=97 + %) [XEXT, = XGXG]

B.2.4 Higgs-charginos/neutralinos

As for the Higgs-fermion couplings:

oF ot 1
ST e (oK = XL URVE + (X0 = X URVE + A (X +1X L) UV
S?FkX? 1 g/ R I * * * * R I * * * *
9r, :\7@ 3 [(XG —2X},) (N Npy, + NNz — (Xd —1XG5) (N Nig + NipNicg) |
— I UXE X)) (N7 NG, + NN — (XE =X L) (N7 N + Niy N7
V2 iu i kwiViu lwiVku id — g kwiVid wiVkd
+ A" [(Xﬁi +1X70,) (NF N + NENG) + (X35 4 10X0) (Ng Nf, + NiNG)
H(XT X)) (NENig + NN
et (XE XL [NV + N VD
+30 3 ! 1
T — - L XN +aXG (VUG — S5 NGUR) + 2 XENLU
H:FkX?— g/ C * * C * * 1 * * 1ox vC AT* *
gL :\ﬁXiuNkbvm =+ gXiu Nku‘/ll + ﬂNkw‘/D + e XidesVlZ
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B.2.5 Higgs-to-Higgs couplings
From the tree-level potential of EqJI0} one may derive the trilinear and quartic Higgs couplings:

195 = LI [, (I e I T 4 (T TR - T )
+ N7 [ (T 4+ TG 4 T 4 T ) + vy (T30 + T 4 TS + T)
g (TISE + TS0 4+ TS + T E°) | — AAy cos oy [T — T wT — TI s — 1o ]
— Arcos(ipn — @) [25 (TIT 0 + T pds 4 TG0 — TIAMY) + vg (TIF5° — TIARSS 4 2115 5m)
oy (T — TG 4 201 53%)] + A cos py [TI53°° — B3] + 2w%s [T157°° + T175°°]

 sinon— ) [ (TS T I8 ) 1o (g 2B~ 11)

VU,
+u, (Hggss o 2H5]§d5 Hzljtiss) utd (SHZESS Hzlﬁgss)] }

where:

a,b,c

S
(%), =Xa XX+ XEXEXG + XEXRXT + XEXJEXG + XEXEXE + XEXXL

a,b,c

i =X (X Xie + X[ X00) + X0 (X0 Xk + XEX0) + X (XX + X Xj,)

)i
);
)abc (
)

(m
(

('

i .k ”X’“—FXRX%)"FXI (X XE+ X7 Xkb)+Xka(X XR-l—XRX b)
ij’: _XIXkaC+X XI X’fa+XIXI Xkb+XI XI Xkb+X Xkaa+X XI Xkc

1 2 2 2 _ o2
gS?H+ :ﬁ { |:2)\28X£ + %vuXﬁl + g2g’[)dXid:| XCXku

2 _ 12 22
+ [wsxg + %vuXﬁ + %vdxi ] X§xE,
2
+ [)\ (Ax cos g1 + 265 cos(px — @) X2+ 3\kssin(py — @) X5 — ()\2 - 92> (0u X5 + va X )]
x (X5 X6+ XX,

2
—1 |:)\I€S sin(py — @K)Xg + A (Ay cos gy — 265 cos(pn — ¢x)) XilS + ()\2 - 92> (vuXiId + vdXiIu)}

x (X5, X5 — X Xku)}

12
s0g0g050 1 fg°+ g S wuuu S dddd Suudd | TP uwwwu | [P dddd P uudd
griTaTRe 21 8 [Hzgkl +H1]kl _2szkl Hzgk:l Hzgkl _2szkl

+2HS’uuPuu + 2HdePdd _ QHSuuPdd _ QHdePuu]

ijkl gkl ijkl ijkl
+ )\2 [H;Sjuludd HZuluss H?J’g;lss Hlegludd HP uuSss Hf;gldss
H;Sj‘zluPdd HS_ddPuu HZ}:ZuPsa H;‘S’JgtliPss H;S;s?Puu H;S;]‘Z?Pdd}
_ 2)\I<JCOS((p)\ _ %On) [Hiz?ud +HZI§;ud HZSJZGPud HSudP ss +2HszZ?P 9d+2HS,SdP qu]

iy SssuPd S ssd Pu Su P ssd SdP ssu Suds P s S s P sud
+2Ak 51n(50k - QDK) [Hz]kl + Hz_yk:l Hz]k:l szkl - 2Hz_]k:l + 2Hz]kl ]

Sssss P ssss S ss P ss
[ijkl szkl + 2H1]kl ] }
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where:

S abed __ . Pabcd
Hz]kl Z XO'( )a U(_])bXO'(k)c O'(l)d ’ z]kl Z on'(k)c U(l)
o€Sy 0€ESy
SabPecd __ R R I I . San('d
szkrl - Z XU(i)aXU(j)on(k)cXU(l)d ) H Z X )a o’(] bXa(k)c o(l)d
o€S,y o€Sy
SabcPd __ R R R 1
szzl(. - Z Xa(i)aXU(j)on'(k)cXU(l)d
o€Sy

12
gSOSTH T %[ngﬁ+xguxf ~ XExE - xhxL] (x6XS - X6XS)

2
g
+T [(XEXE + X[ x5+ XEXB+ XX (X6,XE + X5X5)

+ N [XEXG + XX (XX + X Xid)
2
- % <>\2 2) [(XEX[G+ XX — X[, X, — XX, ) (XX + X XE)

2
+2<>\2 2)[XRX + X5x], + XL XT + XX (X6,X5 — XE0XE)

+ Ak [cos(go)\ — k) (XZ-IEX]}-?g — XZ-ISX]IS) + sin(px — ¢x) (XZ-};{XJIS + XZ-ISX]I-E)] (X;SLXZZ + X,CC;XEL)
+ 0k [sin(ox — pi) (XEXT — X[ XT,) — cos(or — o) (XEXT, + XLXT)] (X0, X( — X5XE)

B.3 Other couplings
B.3.1 Chargino - Sfermion - SM fermion
For each fermion / sfermion generation (with the convention of Eq[61)):

U* . U*

C =YXV - XDV g = YaX U
gfjxi = YdeR id —QXB:UZU 91[2) w =Y, X 7 Viu
gy = gy, gn = YU

fjva _ Y;X]ERUz*d gXJELU* ggfxfu —0

B.3.2 Neutralino - Sfermion - SM fermion

For each fermion / sfermion generation:

0 =l - (TN ) X = N 2B XN,
o = v - (SN ) X = v X
g V= \}5 (¢'Njy, — gNi,,) g g
gLE‘;X? YX Ny + \}g( "N}, + gN;.,) XjEL gﬁ;x? =YX, LNwl \/EQIXJERNM
B.3.3 Chargino and Neutralino gauge couplings
Using the notation:
Vi 5V, Ayt [ Vir'p, 4 gl p } g = (g‘L/ff) gl = (QXff)
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the chargino and neutralino gauge couplings may be written:

_ / _— /
VX x§ 99 Xy x§ 99

g = g —
L /g% + g2 R /g% + g2
g =V + g7 <Vz’wvjw + imu‘/ju - 5%/1/52']') gr Y =g+ g7 (Umij + §U¢d jd— 512/{/5ij)

Zx9x5 9* +g” x x Zxx5 9> +9” *
VPG (- N a1 = S (4,0, N
Wﬁ)ng;r ( 1 * * > Wﬁ)ﬁ(?XJ-r ( 1 * * )
=9 —7=NiuViu = Niw Vi ' =—g | —7UViaNig + UiwNg,
gL g \/5 gR g \/i d d

C Radiative corrections to the supersymmetric spectrum

C.1 Electroweak gauginos and higgsinos

We follow the approach of [20] and consider the loops involving sfermions / fermions, higgsinos or gauginos /
Higgs and gauge bosons in the self energies of the gauginos and higgsinos, under the assumption that the gauge
eigenstates are approximately mass states. Taking the complex phases ¢y, and ¢, , into account, we find the
following corrections to the gaugino and higgsino masses:

AM,
My

/2
) T 1%72{1131(M1707MQ1) +931(M170’ML1) +Bl(M17M7MA) +B1(MIHU/7MZ)

+ M sin 23 cos(dnr, + o) [Bo(My, pr, Ma) — Bo(My, p, Mz)] }
1

A M- 2
( M. 2) - — #{931(]\4270’]\4@1) + 3B1(M2aOaML1) + Bl(M2aIU/7MA) + Bl(M27/J’7MZ)
2

+ E sin 23 cos(par, + @a) [Bo(Mz, pt, Ma) — Bo(Ma, 11, Mz)]

+ 4By (My, My, Myy) — 8Bo(Ma, My, M) |

Ap 3
<'u) = 3272 {(Y? + }/332)B1(p” 0, MQa) + }/tQBl(:qu? MU3) + Yb2Bl(:u7ua MD:})}
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We took over the notations of [20] to designate the approximate masses of the particles in the loops; note that
1 = s stands for the doublet higgsino mass, mz = 2xs for the singlino one and MY, a0 for the singlet (pseudo)scalar
masses.
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C.2 Sfermions

O(ag) corrections to the squark masses are generated by gluon / squark and gluino / quark loops. Another source

are squark self-couplings, as these receive a contribution from the SU(3). D-term. We use the following expressions
to correct the squark squared masses m%:

2
as 2 2 g, 2
Am? = - 25 {ng [Bi(mg, 0.mg) = 2Bo(mg, 0,mg)| = _1X3, X3™ = X&, X537 2 Ao(mg)
j=1

my

+4 [m%Bl(mQ,mg,mq) — Ap(mg) — mg <1 +2 Re(e_’(bMSXgLXg;)) BO(mQ,m@mq)} }

mg
We recover the results of [40] in the CP-conserving limit.

C.3 Gluino

We follow [20] to include the O(ag) corrections to the gluino mass: these involve the gluon /gluino and the quark
/ squark loops. The latter depend on squark and gluino phases via the quark / squark / gluino couplings. We
obtain:

Amg g
< m;) == 477{6 [B1(mg,mg,0) — 2Bo(mg, mg, 0)]

m —1 S 9 *
+ Z |:B1(m§7m%m@i) + que(e ¢M3Xi%XS% )Bo(mg,mq,m@)} }

q;i=1,2 g

D Radiative corrections to the Higgs spectrum

D.1 Wave-function renormalization

We summarize the discussion of section Remember that gy = 125 GeV replaces the external momentum.

2

1 2 3
Zg, =1+ T6a2 {NCYU,QBO(MH7mu;mu) + %BO(MHaMlaN) + %BO(MHaM%N) + N Bo(pr, p, ms)

12 2

g . J Bo(uH,Mz,Mz)]}

Cin? B [g2Bo(MH7 My, My) +

1
Zit, = 1+ 1o { NV Boa, may ma) + Y2 Bo(puss, me, me)
2

3 2
2 Bolprr, My, )+ 25 Bl Moo ) + X Bl ) | (65)
1
Zs =1+ ) {NBo(p, py 1) + 5°Bo(pr, ms, ms) }

D.2 One-loop contributions to the effective potential
D.2.1 SM-fermions

The squared-bilinear matrices of the fermions of third generation have been provided in Eq[42] One observes
that they split into (at-most) 2 x 2 blocks corresponding to the left-handed quark fields, the right-handed ones,
the left-handed leptons and the right-handed one. The following eigenvalues can be derived:

1

0, ) = 3 | V2L Y2HA? VAL Y H + VY2 (Ll — 2, - )| = v ()
1

i () = 5 | V2P V2P YEH YR+ 2023 (RGP — 20, Hl?)| = (1)

m, (H) =0

m‘?'L (H) = Y’T2|Hd|2 = mER(H)
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One can then deduce the following (non-vanishing) contributions to the Higgs mass matrices (with N. = 3 the
number of colors):

2 Yd 2 Ne g o0 M
5<A/1Hi>11=9fE 5<MHU>H=—4WQY;%1H o
2 2
2 _ 0., % 2 _ Negy o0 M L a2, M7
6<MHi>22_Qf’U7d §<MHU>22__EYE)Ud1n Q2 _RYTUCIIH§
N,
S (Mps),, = =0 (M), Qp=— o —SY2Y v vgFi(my,my)
We also note the following contributions to the trilinear Higgs couplings:
S0g050 N, 4 Y202 2 Sty Y2vi 2 g\ did,d
07Tk == 8v/2r2 {Y; Vu {ln 02 T3 () + Yy'va |In Q02 T3 (I1%), 5k
Y2 A\ U U Yb d A\ d.d,d
+Y Uy In o2 (H )”,k —I—vadln 0 (H )Jk
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T 8var? { {ln Fg) @O g i
SOHYH™ _ —Ne 2R |[y4,4 2, 2 2 Yivg 2, o
dg = v (Y202 Y}fvg)z {Y}7 X4 [Yb vy ((Yb vgsin® B + Y“v4) In 0 + Y v, sin B cos 5
4,4 (v2 2 2 Vi,
+ Y vy (Yvasin® B+ Yivq) (anzu - 1)
Y;2v2 Y202 Y22 1
— 2Y2Y 0202 (Y vy, sin B cos ( d - éy“) + (Y2vgsin® B + Y,2vg cos? B) (ln % — 2)) }
Y;2v2
+Y2xE [ Vil ( vy + Y0, cos ﬁ) ( de — 1)
4,4 Yy 2
+ Y vy, ((Y vy c0s® B+ Y2, ) In L o L +Y; vdsinﬁcosﬁ)

V242 Y;2 Y202 1
Y2V 20202 <Yb2'Ud sin 3 cos 3 <3 In 2;2}“ —In Q;Jd) + (Y20, cos? B+ Vv, sin” ) <ln é;;u - 2)) } }

Yivg X2 sin 2B szd
8272 Q?

D.2.2 Electroweak gauge bosons

Using Eq we obtain the following contribution to the effective potential (where we have performed an expansion
in terms of the charged-Higgs fields):

3 (9% +9°)? 02 0122 (9”7 + ¢*)(|HJ]” + |HJ?) 3
% =617 { 1 (|Hy|* + [HZ?)™ |In 2072 -3
2/1 77012 0|2
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2
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2 4 g2)(|HO)? + |HY
><[ln(g g)(2Q2 d)_1:|
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2Q2

o (HSP + ) (11 1y + 177 [ L

4] +0 ((H+H—)2)}
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One derives the following (non-vanishing) contributions to the mass-matrices:

o <M >11 = QG* 0 <M§10>11 - QGUZ
< >22 - QG: 0 <M%[o>22 = ng§
< > =Qg=9¢ <Mi{i>21 g <M§IO>12 = QGU“W =90 <M§10>21
39%g"” M 5 _ 3 Mg 2 avaq Mz
QG’ 7@7)“1151 h’l@ — QG = 64772 2g ln@ + (g + g ) In @
Similarly, one can derive the corrections to the trilinear Higgs couplings:
0 @0 g0 3 (gl2 + 92) M M2 U, U U u,d,d u,u,u u,d,d
0g %5 64\/§7r2 {{ 9 In 0 +gtIn 5 Q2 x (”u {(Hs)i,j,k + (Hs)i,j,k + (HA)i,j,k + (HA)i,j,k]
d,d,d dyu,u d,d,d d,u,u
+va {(Hs>i,j,k + (Hs)i,j,k + (HA)i,j,k + (HA)i,j,k D
2 + 2)2 +2 4 U, U, U d,u,u u,d,d d,d,d
Jr(g 3(1]5 j_ »2) g [Ug (Hs)i,j,k + 3vvg (Hs)i,j,k + 3v,02 (HS) ik + v} (Hs)i7j7ki| }
I 3 (9/2 _ 92)2 M2 M2
o i | g o G|

D.2.3 Sfermions

Considering the sfermion mass-matrices of Eq[49] and focussing on the neutral-Higgs dependence
first, one obtains decoupling 2 x 2 blocks — 1 x 1 in the case of the sneutrinos — so that eigenvalues may be

expressed as m% =3 [TF(HO) + (=™, /R%(HO) , m = 1,2. Corresponding contributions to the neutral Higgs

mass-matrix thus read (we denote as E;j; the coefficients coming from the tadpole equations — see Eq:
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Additionally, the sneutrino mass reads: mf\? =m2 — 9,24492(|H2|2 — [HI?).
To derive the corrections to the charged-Higgs masses and Higgs-to-Higgs couplings, one is confronted to the

task of diagonalizing the matrix-system of Eq[49] This can be performed perturbatively, as an

expansion in the Higgs-doublet fields, which amounts to a series in Msfjsy‘ We confine to a precision of order O (v2)

at the level of the masses, which means that we compute the potential up to terms of H*-order (H standing for
any Higgs-doublet field) and freeze singlet fields to their v.e.v. s for terms of H*-order (they are kept explicitly for
terms of lower order in the expansion). The ensuing corrections to the Higgs potential can be matched onto Eq
and we may then use the results of section e.g. for the charged-Higgs mass (Eq@ or the Higgs couplings.
For squarks of each generation (note that we neglect the Yukawa couplings of the two first families):
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For the sleptons:

2NC 3 7
$hs = 2N N2 [V AL A0 Fy i)+ ¥EARP A O F o, i)}
r 2 2 2
xe = 2Ne yg Ly a,eeanton | (v2 4 U Fas(mp,my) + (Vi — 9\ F (mg, mp) + Y AL Fr(mgy, myy)
3272 u Ay u 12 4 U, Q u 3 3 Q> "Mu u Ayd 7 Q- "Mu
N g/2 g2 g'2
+ Y;Adez(“’f‘d*"p'\) (ﬁ + z) Fg(m%,mé) + ?fg(m%,m%) + Yd2)\2\5|2.7:7(mé,m%)} }
IN - 9'2 gz g/z
o7 = 327:2 AS {YfAuel(‘pA7"+“”) <_E + Z) Fg(m%], m2Q) + ?]‘—3(771%7771%}) + Y3A2\S|2f7(m%7m%)}
2 T 9,2 92 2 2 2 9,2 2 2 2 42 2 2
+YdAd62(<PAd+‘r’>\) (Yd _ﬁ_ Z) fg(mD,mQ)—i— (Yd —F> f3(mQ,mD)+YdAdf7(mQ7mD):|}

1 4 m% 3_ 4 m%; 3
Vo=-——142 2L 2 ZE_ 2
Vo 32772{mL{nQ2 ] TTE Mg T2

2
T 3272

/2
{% [Fo(mi) — Fo(mg)] +Y3A2|S|2f1(m%7m%>}

2 /2 12
M} = 5o {(Y + 97) Fo(mi) + <Y3 - %) Fo(m'p) + YﬁAiﬂ(mi,m%)}
2

6Aud61WA“d = 3972 A}/'eQAeel(wAeer}\)fl(m%amQE)

_ 2 N (PN (97N, mE
6A“327r2{2 (7) )t t ) e

2 2 12
+ 228~ Fy () 4+ 2V 2N S P Fa (i, m) + 1@4A4|S|“f7<m%,m%)}
2
O = B2 {

4

2 2 2\ 2 ax 2
Y;‘+2Yf%+2<g—) +2(g—)

2 2\ 2 2
m m
- ) | m (Yf - g—) In 2E

Q" 5 Q?

/2

22
+2Y2 A2 (Yf + %) Fa(mip,mp) + 2Y. AL (Yf - %) Fa(mi,mp) + Y ATz (mi, m%)}

12 2 2 2 2 12 /2 2
bhs = —— {—u (Yf + u) In L+ L (Yf - g—) In 2 4 YAAZNY|S P Fr (i, m)

32m2 4 2 Q? 2 Q?
g%+ g g
+YEE (VISP - A2) Fa(mip, mi) + Y {YfVISIQ + 5 (Al - AQ\SIZ)] fs(mi,m%)}
2 92 2 92 m% 2 2,2 o2 92 2 2 @2 2 2 4 4212 @2 2 2
6)‘4: 2 Y n - 5 1nj+}/—e Sfe/\|S| +7(A€7A ‘S|) f3(mE7mL)+nAeA |S‘ ]:7(mL7mE)
327 2 2 Q 2
s = XYL Bl )
2 2 (pa.+ex) -g%+9° 2 2 g” 2 2 212 q|2 2 2
0Ae = 3972 ASYS AcetPAe TN {f]—%(mEymL) + 7}—3(mL,mE‘) +YoN|S| }—7(mL7mE)}
2 2 ( +ox) 2 9,2 - 92 2 2 2 9’2 2 2 2 42 2 2
7 = 327r2)\SYE A" AT {<Yg + n )fS(mEamL)+ <Yc - 7) -7:3(mL7mE)+YcAef7(mLamE)}

D.2.4 Charginos and neutralinos

To include the chargino and neutralino contributions to the effective Higgs potential, we turn exclusively to the
method that we have just presented in the case of the sfermions. In other words, we diagonalize the matrix system
of Eq[50] perturbatively, in an expansion of doublet Higgs-fields and we match the ensuing potential to the form
of Eq[33] One can then work out the contributions to the Higgs mass-matrix and couplings. Note, however, that
instead of diagonalizing directly the 9 x 9 (squared) bilinear matrix of Eq it is easier to consider the dependence
on neutral Higgs fields only (that is replacing charged fields by 0), as the corresponding matrix then splits into
various blocks. All the couplings of Eq[33] can be identified from the neutral potential, with the exception of
Az .4, which only appear in terms of the sum A3 + A4. It is a straightforward task, however, to compute A4 in a
second step, from the charged couplings of the full potential. Another remark accompanies the observation that, as
higgsino and singlino masses depend on the singlet Higgs field, the coefficients in our matching procedure depend
on the singlet fields as well (those would correspond to operators of dimension > 4), which leads to additional (but
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straightforward) terms, with respect to the results of section This S-dependence can be neglected for terms
of order H*, as keeping it would produce terms of higher order in 7 For M? and M g, the S-dependence is
SUSY

largely absorbed (at least at leading logarithmic order) by the coefficients A% and A%. We obtain:
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+29%g% [MT M5 + N*|S|* = N*|S1P (M7 + M5 — 2M:1 Ma cos(par, — nry))] Fo(N°|SI?, Mi, M3)
— 4?22 [(Mg +4k2|S[?) N|S|? + 4672 M Re (e“%m)ss)] Fo(N2[S]?, M§,4ﬁ2|5|2)}

—2
05 = 355 {g"‘M%AQSQeW’MlWVE(ME,A2|S|2) + 3¢  MZN?S%e> (M2t o) 1o (MF, N?|S)7)
+ 16K2X°8™ 1?02 =00) T (452 |S[%, N2[S|2) 4 2977 g% My Mo X2 §2e! (Prn Tean +200) Fo(3\2| 612 M7, Mg)}
—1
067 = 352 {—g MaASe M TN F (VIS M) — g (9 + 7)) MaASe O T Fy (M7, XIS P)

— 39  MaASe P2 TN Fo(X2|S2, M2) — g2 (9" + 3g%) MaASe  #Mate) Fy (M2 N2|S)

+ 8kAP S 2t AT en) [F3(N?|S12, 4k%(S[%) + F3(4w”|S?, N2[S )]

_ 9/292)\3 [M161(<le+m) +M262(wA42+w)] ]—"5()\2|S\2,M12,M22)

— g (M + N2|S[?) MiaSetOMtex) Fr(MEN?|S)?) — 3g* (M3 + A°|S]?) MaASe! #2223 7o (M5 N2 [S|?)
+ 8KkA% (A% + 4r7) [S[28™ 2 Pr—2%) Fo (47| S, NS TP)

= g AS [(MF + N|S?) Mae' #2094 (M3 4 N[SP?) Mae' @00 | Fo(V|SP2, ME, M3) }

D.2.5 Higgs-to-Higgs contributions

Instead of diagonalizing the Higgs bilinear terms, we compute the Higgs self-energy (II) and tadpole (T') diagrams
mediated by gauge and Higgs particles in the Feynmann gauge. We then set the external momentum to zero
to determine the potential contributions to the Higgs mass matrices and substract the pure gauge effects in the

Landau gauge — from the results in appendix [D-2.2] Finally we identify the corrections to the Zjz-conserving
parameters of Eq[33]

1) Pure-gauge contributions to the Higgs self-energies and tadpoles

For external neutral Higgs:

12 2
W0 (r?) = 1a { & |9 M3 Bo(p, M, Myw) + 4 M Bo(p, Mz, My)|
x [sin? BXEXE 4 cos? BXEXE + sin Beos BXEXE + XﬁXﬁ)]
+2 g2 Ao (M) + L5 Ag(M) | [XEXE + XEXE + x1x1, + X1, xL] }

12 2
TV, = s [92A0(MW) + ¢4 AO(MZ)} (0L X7 + va X 5]

For an external charged Higgs (we consider only the physical state):

(912 _ g2)2
24° +47)

HE+H7(102) = {QQAO(MW) + AO(MZ)]

1672
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it) Higgs / gauge diagrams
The neutral self energy receives contributions from hybrid Higgs (Goldstone) / vector diagrams:

1
T 3272

HSO 59 (pQ)

{ {9235\/(;0, Mw, Mw) + J _2'_92 Bsv(p, Mz, Mz)
X [sin2 BXEXTE + cos® BXEX T + sin fcos B(XE XI5 + XﬁXﬁ)}
+ 9" Bsv (p, M, Miw) [sin® 5XL X/, + cos® BXL Xy — sin B cos (XL X[y + XL X))
+ ¢*Bsv(p, mpy=, Mw) [cos2 BXEXE + X1 X1) +sin® BXEXE + x1,x1)
+sin Beos BXEXT + XEXE — xLx!, - X{deu)]
9?44
+ — ;st(p, msg,Mz)x

(il = xExt, + X - xlaxily) (X X8 - XX + XJiXta - deXEd)}

For the charged Higgs self-energy:

) 1 29/292 (9/2 . gz)z 92 5
5% - (0%) =392 mst(py my+,0) + WBSV(Z)» myx, Mz) + = > Bsv(p, mgo, Mw)
k=1

x [cos® BOXL? + XL2) + sin® BOXY + XLF) — sin B oos BXEXEs — Xhu Xia)|

iit) Pure Higgs loops
The loops including only Higgs bosons (including the Goldstone bosons, with mass My, and Mz) read:

O+t g 07+ 0 a0 77+
Hsoso(p =162 { Z gs HY ngS]H HmBo(p,mHi mHi + ng SYHY, HmAO( )

m,n=1 m=1

6 6
1 1
-3 Z gsosf’nsigs?sos,”Bo(nmSO maso) +3 ng?sj’st m A (ms%)}

m,n=1 =1

6
1
5 3 eI oy )

=1

2
1 +H-HTH-
H%JrH* (pQ) :167T2 { E gH H HmHmAO(mH}L
m=1

n=1,2

SY HYH, SO HYTH™
+ ) g g, Bo(pymsgL,mH,f)}
m=1,6

2 6
1 0 1 00
TS =——— E SHHmAmi+f§ SSSMAm
ST 16v/2n2 {m:lg O H szl o(ms,)

where the Higgs-to-Higgs couplings can be found in appendix [B.2.5]

) Contributions to the Higgs mass-matrices
Since we are interested in the contributions from the effective potential, we take the limit p? = 0, which simply
induces the replacement Bg(p, m, M) — —F;(m?, M?). The contribution to the mass matrices of the Higgs states
reads:

5 <M§[0> _ [Hg[;g%v-i-S(O) — Eiji TS‘%-FS} : 5m%[i = — [Hl‘gi%‘i"_s(()) — cos? BT}Y;_S — sin? 6TX3+S:|

where the coefficients F;;;, are the same as in appendix that is, they correspond to the tadpole coefficients
of Eq32]

v) Reconstruction of the Higgs contributions to the potential
After substracting the pure gauge contributions from appendix [D.2:2] one can reconstruct the Zz-conserving
parameters of the potential of Eq[33]induced by Higgs corrections. We start by rotating away the neutral Goldstone
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boson, obtaining thus a 5 x 5 matrix for the Higgs corrections to the neutral Higgs mass-matrix: ¢ </\/l H0> . We
ij

then employ the method that was outlined in [25]:
0Ag cos pg = f% {6 <./\;l%10>55 + 2%3 sin 23 {5 </\;l%10>45 — gsin265 <./\;l§_10>44:| }
1 2 Lo/ e vt 4
VoISI) = 15 {5 <MH0>33 +30 <MH0>55 o3 sin? 24 <M > 4} Kl
0Auacospa,, 3i {6 <./\;l%10>45 + Y sin23 6 <M%{o>44}
SAM cos ppy = 7% {5 <./\;l§{o>45 ~ 55 sin2(36 </\/l >44}

SN sin ppr = m {5 <M§{o>35 -2 sin266<./\;l§{o>34}

{8080),, = 57 o (Fthe),, % 20 (st |}
¥ = g, {0 (W), =57 o (W), — 2 sn200 (i) |}
) i

AL,

e gy (8, - w8 5,
5)\d—211)§{5<./\;l§10> *b1n255</\/1§{0> }
1

s = 0o {5 <M%{0>12 + sin 23 [5m§{i — %5 <M§{O>4J }

Ay = UiQ {5 <M§qo>44 - 6m‘i,i}

D.3 Leading two-loop effects O(Y;5,, Y, cx(s))
We follow [6],22]:

3y 2, 4 2 o2 2 Q
Su :2567T4 { [1693 + gg — 3sin” Y + 3 cos? ﬁY}, In t
+ [3cos® BY + (3cos® B+ 1)Y] (1 —= —1 2 @ )}
m? m?
3y} 2 Q*
1 2 /2 2 Y2 _ Y2 1 2
0N = 56 4{[ 695 — 39 + 3sin” 3 3cos? f } n m3

M? 2
+ [3sin® BYy + (3sin® B + 1)Y/] <1n2 —5 —In? Qz) }
my mj

Note that these leading effects are conveyed by the SM-fermion and gauge sector, as well as the doublet Higgs
sector, so that the new-physics phases do not intervene. The contribution of sfermions or gauginos is merely
reduced to the cutoff @ in the logarithms.

D.4 Pole corrections

Here we compute the shifts in the Higgs self-energies, which then allow to evaluate the pole corrections to the DR
Higgs masses. We use the notation Af(p?) = f(p?) — f(0) for any function f of the external momentum. We are
still working in the Feynmann gauge.
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i) Contributions from SM fermions

1

AHsgs_g?(Pg) :16? {NcYu2 [(XgXﬁ + XiIquIu)ABFF(p7 My M) — 2m3(X£XﬁL - XiIuX]"ru)ABO(p7 mu,mu)}
+ N (XX + XX )ABpp(p, ma,ma) — 2m3(X3XT5 — X[ X[ )ABy(p, ma, mq))
+Y2 [(XEXT + XX ABpp(p,me,me) — 2m2( XX — X[, X1 ) ABy(p, me, me)] }

1

All g+ - (p?) =622

{Nec [(Y,? cos® B+ Y] sin® B)ABpp(p, mu, ma) — 2Y,Yamumasin 28 ABy(p, my, ma)]
+Y62 sin? 3 ABpr(p,0, me)}

1) Contributions from gauginos and higgsinos

1 /2 3 2
AHS?S;.) (p2) :167T2 { |:92ABFF(p7 Mlv/'[/) + %ABFF(pa Mg,/.t) + A2ABFF(p7 m§7/’[’):|

< (XEXE + xBxE 4 x! x!, + xLx!)

+2 [)\QABFF(py.Ua.“) + k*ABrr(p, ms, ms)] (Xngs + XiIsts)}

1 /2 3 2
Ay () =g { G ABere(p Mion) + 25 ABer (o, Mas 0+ X ABrr(pms. )|

i11) Contributions exclusively from the electroweak gauge sector

1 7

9/2 +92
= — M
1672 2

2 %ABO(paM27MZ)}

X [Sin2 BXZ%XJR + cos? ﬂXﬁXﬁl + sin 3 cos ﬂ(XﬁXJ% + XZ%X;%)]

u

AHS?S?(pQ) {g2MV2VAB0(p7 MW?MW) +

All g+ - (Pz) =0

iv) Contributions from the gauge / Higgs diagrams

1 2 + 2
AHS?S? (p2) :327—[-2 { |:g2ABSV(p7 MW? MW) + %ABSV(IL MZ7 MZ)
x [sin2 BXEXE + cos® BXEXE + sin Beos BXEXE + Xﬁxﬁ)]
+ gQAst(p, My, Mw) [sin2 ﬁXiIuX‘fu + cos? ,Bdede — sin 3 cos ﬁ(XiIqud + deXfu)}
+g*ABsv (p,mps, Myw) [cos® BOXEXS, + X1 X + sin® BOXEXG + X[aX]a)
+sinBeos BXEXE + XEXE - x[x!, - X{dxju)]
2 2 5
9°+yg
e é ABsv (p,mso, Mz)x
(bt = XA+ XX - xEXE) (X8 = XX+ X[ - X[axih) }
1 242 02 2 232 2 5
All 4 - (0%) =5 {g,ffgz ABgy (p,mpy+,0) + %ABSV@, My, Mz) + % > ABsv(p,msy, Mw)
k=1

x [cos” BOXE? + XI2) + sin® B + X12) — sin B cos BOXE XL — Xiu Xia)|

v) Contributions exclusively from the Higgs / Goldstone sector

2 6

1 Z SOHYH, SYHIH, 1 g0g0 g0 g0g0 gO

AHsgs?(pQ)::[Gﬂ? { giimTn g7itn mABQ(p,mHﬁ,mH%:)—‘,—g E g7iomn g7ion mABO(p,"TLSQnJmS%)
m,n=1

m,n=1
n=1,2

1 SO HTH- SO HtH-
AHH+H*(p2):7167r2 > gt e gSm ABo(p, msg, My +)
m=1,6

o1



The tree-level Higgs-to-Higgs couplings are given in appendix
vi) Contributions from the sfermions

2
1 SOT* T, SOT* T SOD* P, S9D* Dy
AHS?S?(pQ) :167(2{ Z |:Ncg i UmU g UnU ABo(p,mgm,mgn)JrNcg i D D g i Dn D ABo(p, mDmvan)

m,n=1

0 ;m* 1o 0 * 1 O A7* N7 O A7* N7
15 BB g STELEm A B (p, mEm,mEn)] 4 SN SINTN A B (p, mN’mN)}

2 2
1 7 — %77 + — x
ATl - (p°) —167T2{ Z Neg™ UmPr gt Pulm AB, (p,mg ,mp )+ ZgH N Em gt E’"NABo(p,mN,mEm)}

m,n=1 m=1

The Higgs sfermion couplings are given in appendix [B:2-3]

E Simplified effective potential

In this appendix, we study the simplified effective Higgs potential of Eq[33] or more precisely the following and
slightly modified version:

. A
Ve =M2|S% + ?S (94555 + h.c.] + Vo(|S]?) (66)
+ (M2 + MBS [ Hul? + (M3 + MBS Hal* + [(Auae’?uaS + N €92 S*2) H,, - Hy + h.c.]
Ay A
+ S|+ 5 Hal* + X[ HuP[Hal” + Ml Ho - Hal?
)‘5 2P S2 2 2 2 2 2 S
+ ?6 5?(Hu.Hd) +(/\66 4’06|Hu| + A7e LP7‘Hd| )gHu‘Hd+h-C-

This simplified potential is meant as an expansion of the effective potential — see Eq[29] — up to quartic order
in the doublet fields. It slightly differs from Eq[33]in that the Zz-symmetry has been explicitly restored in the
terms of the last line. Note that this way of restoring the Zs-symmetry is just the simplest educated guess, while
any additional factor f(|S]?,53,5*3) could intervene. Therefore, the factors of S/s appearing in the last line are
just chosen as such because they will provide improved results numerically. Formally however, the associated
corrections will remain of subleading order in the expansion in the doublet v.e.v.’s.

E.1 Matching the tree-level Higgs potential
The tree-level Higgs potential (Eq@ matches straightforwardly on Eq

/2 2
+
MZ =m% Mi:quu /\u:%:/\d
_ 42 2
Age*¥is = KA e'¥? M3 = m%{d A3 = 9?4—9
2
Vo(ISP) = #2IS]" PR CRY W
AudezSOAud = )\AAG“'OI )\56“’05 =0 = )\662906 _ )\76’L<p7
)\g = rhet(Pr—ex)

E.2 Minimization conditions

Mg = [(Aud cospa,, + )\ys cos cpM) s + 3)\g cos 4,061)3 + A7 cos gowﬁ] :—d — [)\$52 4 )\uvg + (A3 + Ay + A5 cos @5)1}3]

u
Uy,

M7 = [(Augcospa,, + AP scospur) s + Ag cos pgu + 37 cos prv]] i [AEs? + Aqv] + (As + Ay + A5 cos o5 )v2]
d

Uy Vg

MZ = —(V§) — Agscospa, — Npva — AXpvg + (Aua cos pa,, + 2AP scos )

1
Aygsinpy,, = —/\ys sin s + — [/\5 Sin 5V, Vg — Ag sin (pgvi — A7s€in @7@3}
s

Uy Vg Uy Vg

Agsingag = (Aud singa,, — 2/\gssin<pM) ~ —3/\¥ sin s
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O(v*) terms have been neglected. (V}) = d‘ L

|5]2=s2
E.3 Higgs mass matrices
Charged Higgs in the base (HF, H:it)
Ud Uy
<M§{i>11 = Qi; <M§Ii>22 = Qi;d <M§{i>12 =0y = <M§{i>21

Q4 =Re (Ayacospa,, + MM s cos ©n) s — (A + A5 cOS p5) VuUg + Ag COS 062 + A7 cosprv  (67)

Neutral Higgs in the base (h9, kG, h?,a%, a3, a2); O(v?) terms are neglected.:

dr"sy Yu

v
<M%10>11 = [(Aud cospa,, + )\f‘é[s cos <pM) 5 — 36 cos g2 + A7 cos <p7v§] i + 20,02
<M%_10>12 =— [(Aud cospa,, + A\ scos <pM) 5+ 36 cos 2 + 3\7 cos 3071)3] + 2[A3 + Mg + A5 cos 5| vy 04
Vy
<M%_10>22 = [(Aud COS A, + MM s cos goM) 5+ A COS gV — 37 COS @70(21] o + 22402
M), =—|A 22 L3 2+ 3 —2) 20
< Ho>13 =— ud COS YA, , +2Ap SCospy + 3 ( 6 COS gV, + A7 COS Y7V, — 2A5 COS <p5vuvd) Vq + 2ApSuy
1
<M2H0>23 =— {Aud cospa,, + 2\¥scos s + 3 (AG cos g2 4 3\7 cos Y703 — 25 COS <p5vuvd)] vy + 20504
2 2 Uy Vg
<MH0>33 =sAgcospas +25° (Vy) + Auacospa,, —
2 Vd 2 . 2 Uy
(Mir0) 4 :QOqT ) (M) 45 =0 ’ (Miro) s = QOUid

(Mo
(M3

(M

Qp = (Aud cospa,, + )\Jl\fs cos goM) 5§ — 25 CO8 Y5V, Vg + Ag COS @Gvi + A7 cos 9077)3

1
>46 = [Aud CoSpa,, — 2/\%5 cospnr + 3 ()\6 oS gU2 4 A7 oS P7U3 — 25 COs @5%%)} Vg

1
>56 = [Aud COS YA, — 2)\%18 cos Py + — ()\6 cos wgvi + A7 cos 907113 — 2)5 cos QD5UUUd):| v
s

Uy Vg

>66 =—3sAscospay + (Auacospa,, + 4)\5\4800890]\4)

<M§{0>14 (26 8in gy, — A5 sin p5v4) V4
<M2 >1 = (26 8In gV, — A5 SIN P504) Uy
HoO >16 3)\11\345 sinppr + — (2)\6 sin cpgvi — A5 sin cpsvuvd)] Vg
< %[o>24 (27 sin p7vg — A Sin @50,,) Vg
<M§{o >25 (27 sin p7vg — Ap Sin 50,,) Uy
1

<M3{0>26 = —3)\9;45 sin s + 3 (2)\6 sin cpfug — A sin ¢5vuvd)} V.

2 Vg .
<MH0>34 =y {)\P ssinpa — A5 smaps]
<M§{o>35 =y [)\P ssinppy — —— A smgoo}
<M§{o>36 =4\p sin v, v4
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E.4 Trilinear Higgs couplings

0 g0 1 S
50538 —ﬂ{Auvu [(HS)Z_M

+ (s + A1) v ((HS) o

+ (1)

u,u,u
1,5,k
u,d,d
7,k

[+ Aava [ (5):

(nA)“ 4 d) + g ((HS)CP?"“ +

d,d,d d,d,d
+ (@A)

d,u,
M)

4,5,k

1,5,k

g o [o ()50 = (0150 — 2 () 50) e ()50 = (0O 5 —2 () )
+ Assings v ((HI)?;IS — () =2 () ) g () — () 2 ()]
= Ascosige (v (3 (I1S) 750 4 (I)7 = 2 (I14) ) g (I05)7 4 ()17
+ s sin g [v (3 (17 f::+z<np>?f:+(n’)?;f,;d)+vd(< Py )]
= rcosir [vn (I19) 7 ()P0 g (3 (15)7 + (1) — 2 () )]
+ A7 sin g vu( (I” f]d,f )ddd) + g (3 (WP) 0 g (P (H’)Zflf)}
~ Auacosiy [ (I9)7 - <HA>: (L R U H
A cosepny [25 ((I19)0 — (47 4 <HA>?;: (m))

o (0 “d+2nA>:;;: ) ) + e ()50 + 2 () 550 = (@50
F X simeoar [ (3 ()77 =3 ()75 (7)1 50 (7)) = =2 () = 3 (107) )

v (@ >fj: 2(IF)7 - < >fj,:)—vd(<n>fj: < M= @)
L - ) e (005 005

dss

AL [ ((HS)de

sdd
zyk

A d,s,s
zyk (H 1jk‘):|

AS COS Y2 S\ S:8,8 A\ 58,8 3 5,8,8 S\ S»S,S A\ S58:8
S ) s >m—,k} st ) ()0 s ) (0955 + ()
st — £ b xBXC XC FAVaXEX X + As [0 XEXG XS, + vacos® BXEXE XL
g <t jurku jd<*kd u<rjd<*kd 6 Jju*ku

2
[— (A + X5 cos 05) (0u X+ vaXiy) + Assinps (vu Xjg +vaX{,)] (X5, X0+ X5,X0,)

|~

A6 €08 PaUu X5 + A7 cos <p7vdX£] (XC XS+ X Xku)
— A6 COS ©g (vuXZd + vde) + X sin pg (vuXid + vde)} XC XS
—A7cos o7 (v X7 4+ vaX ) + Nrsingr (vu X[ +vaX])] X$XE
XS X, A ABXGXEG] sX ]

[(Augcospa,, + 2\ s cos o) X2 4 30¥ ssin @MXZ»IS] (XC X+ X Xku)

+ o+ o+ T

l\?\@l\ﬂ’—‘

[(A4 = A5 cos ¢5) (vy XL+ vdXiIu)
+2 ()\6 sin <p6vuX + A7 sin <p7vXmd)
+ (Augcospa,, — 2A¥ s cos o) XL 4+ A\¥ssin goMXfﬂ (XJ-C’;XM X kau) }

— Assin s (vu X5+ va X5)

We omit the quartic couplings.
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