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ABSTRACT: The Next-to-Minimal Supersymmetric Extension of the Standard Model
(NMSSM) with a Higgs sector containing five neutral and two charged Higgs bosons allows
for a rich phenomenology. In addition, the plethora of parameters provides many sources
of CP violation. In contrast to the Minimal Supersymmetric Extension, CP violation in
the Higgs sector is already possible at tree-level. For a reliable understanding and interpre-
tation of the experimental results of the Higgs boson search, and for a proper distinction
of Higgs sectors provided by the Standard Model or possible extensions, the Higgs boson
masses have to be known as precisely as possible including higher-order corrections. In
this paper we calculate the one-loop corrections to the neutral Higgs boson masses in the
complex NMSSM in a Feynman diagrammatic approach adopting a mixed renormalization
scheme based on on-shell and DR conditions. We study various scenarios where we allow
for tree-level CP-violating phases in the Higgs sector and where we also study radiatively
induced CP violation due to a non-vanishing phase of the trilinear coupling A; in the
stop sector. The effects on the Higgs boson phenomenology are found to be significant.
We furthermore estimate the theoretical error due to unknown higher-order corrections
by both varying the renormalization scheme of the top and bottom quark masses and by
adopting different renormalization scales. The residual theoretical error can be estimated
to about 10%.
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1 Introduction

The search for the Higgs boson and ultimately the understanding of the mechanism behind
the creation of particle masses represents one of the major goals of the Large Hadron Col-
lider (LHC). Recently, the experimental collaborations ATLAS and CMS have updated
their results on the search for the Higgs boson. Both experiments observe an excess of
events in the low Higgs mass range, compatible with a Standard Model (SM) Higgs boson
mass hypothesis close to 124 GeV at 3.10 local significance as reported by CMS [1-9] and
close to 126 GeV at 3.50 local significance in the ATLAS experiment [10-17]. This is still
too far away from the 50 required to claim discovery and necessitates the accumulation of
further data in the ongoing experiment. The slight excess of events in the y~ final state
signature as compared to the Standard Model expectation may hint to the existence of



new physics. One of the most popular extensions of the SM are supersymmetric mod-
els (SUSY) [18-32]. While the Higgs sector of the Minimal Supersymmetric Extension
(MSSM) [33-38] consists of two complex Higgs doublets, which lead to five physical Higgs
states after electroweak symmetry breaking (EWSB), the Next-to-Minimal Supersymmet-
ric Model (NMSSM) [39-54] extends the Higgs sector by an additional singlet superfield
S. This entails 7 Higgs bosons after EWSB, which in the limit of the real NMSSM can
be divided into three neutral purely CP-even, two neutral purely CP-odd and two charged
Higgs bosons, and in total leads to five neutralinos. Although more complicated than the
MSSM, the NMSSM has several attractive features. Thus it allows for the dynamical so-
lution of the p problem [55] through the scalar component of the singlet field acquiring
a non-vanishing vacuum expectation value. Furthermore, the tree-level mass value of the
lightest Higgs boson is increased by new contributions to the quartic coupling so that the
radiative corrections necessary to shift the Higgs mass to ~ 125 GeV are less important
than in the MSSM allowing for lighter stop masses' and less finetuning [56-61]. The en-
larged Higgs and neutralino sectors, finally, lead to a richer phenomenology both in collider
and dark matter (DM) experiments. The latter is due to the possibility of a singlino-like
lightest neutralino, the former due to heavier Higgs bosons decaying into lighter ones at
sizeable rates or due to possibly enhanced or suppressed branching ratios in LHC standard
search channels such as ¢y or vector boson final states [61-64], to cite only a few of the
possible modifications compared to SM or MSSM phenomenology.

The enlarged parameter set in supersymmetric theories allows for further sources of
CP violation as compared to the SM, where the only source of CP violation occurs in
the CKM matrix. Hence, the soft SUSY breaking couplings and gaugino masses as well
as the Higgsino mixing parameter p can be complex. While in the MSSM CP violation
in the Higgs sector is not possible at tree-level due to the minimality conditions of the
Higgs potential, it can be radiatively induced through non-vanishing CP phases [65-79].
Consequently, the CP-even and CP-odd Higgs bosons mix so that the physical states have
no definite CP quantum number any more leading to substantial modifications in Higgs
boson phenomenology [80-85]. The Higgs couplings to the SM gauge bosons and fermions,
their SUSY partners and the Higgs self-couplings can be considerably modified compared
to the CP-conserving case inducing significant changes in the Higgs boson production rates
and decay modes. This could allow for Higgs bosons with masses below present exclusion
bounds from LEP and possibly Tevatron and LHC as they might have escaped detection
due to suppressed couplings involved in the various standard Higgs search channels, which
would then necessitate new search strategies [86-100].

In the NMSSM CP violation in the Higgs sector is possible at tree-level. Though spon-
taneous tree-level CP violation in the Z3-invariant NMSSM is impossible due to vacuum
stability [101], explicit CP violation can be realized already at tree-level in contrast to the
MSSM. In principle, there can be six complex phases parametrizing the CP violation in
the Higgs sector, two relative phases between the vacuum expectation values (VEVs) of the
Higgs doublet and singlet fields and four phases for the complex parameters A, x, Ay, Ax.

!The bulk of the radiative corrections stems from the (s)top loops.



At tree-level these phases appear only in certain combinations, however, and exploiting
tadpole conditions we are left with only one independent phase combination. Explicit CP
violation in the Higgs sector leads to potentially large corrections to the electric dipole mo-
ments (EDMs). The non-observation of EDMs for thallium, neutron and mercury [102-104]
severely constrains the CP-violating phases. However, as the phase combinations occur-
ring in the EDMs can be different from the ones inducing Higgs mixing, the phases can
be chosen such that the contributions to the EDMs are small while the phases important
for the Higgs sector can still be sizeable [105-109]. This provides additional CP violation
necessary for electroweak baryogenesis [110]. The explicit tree-level CP violation induces
scalar-pseudoscalar mixings between the doublet fields H,, 4 and the singlet field .S, but not
between the scalar and pseudoscalar components of the Higgs doublets H, 4. The latter
is realized in scenarios where explicit CP violation in the Higgs sector is induced through
radiative corrections. Radiative CP violation furthermore allows for a moderate amount
of CP violation which is still in agreement with the bounds from the EDMs [111]. In this
respect, the CP phases which play a role are ¢4,, ¢4, from the trilinear couplings A, Ap.
They are involved in the dominant corrections from the third generation squark loops.
Phases from third generation Yukawa couplings on the other hand can be reabsorbed by
redefinitions of the quark fields when neglecting generation mixing. Further sources for
radiative CP violation stem from the gaugino sector where the soft SUSY breaking mass
parameters M7, Ms and M3 are in general complex. One of the two parameters My and My
can be chosen real by applying an R-symmetry transformation. The gluino mass parameter
M3 and hence its phase enters only at the two-loop level.

Radiatively induced CP-violating effects from the third generation squark sector have
been considered in the effective potential approach at one-loop level in refs. [112, 113].
One-loop contributions from the charged particle loops have been taken into account by
refs. [114, 115], also in the effective potential approach. In ref. [116] the third generation
(s)quark and gauge contributions are included in the one-loop effective potential. The
full one-loop and logarithmically enhanced two-loop effects in the renormalization-group
improved approach have been included in [117]. In order to properly interpret the results
from the experiments and distinguish the various Higgs sectors from each other, a pre-
cise knowledge of the Higgs boson masses and couplings at the highest possible accuracy,
including higher-order corrections, is indispensable. In this paper we consider the full one-
loop corrections to the Higgs boson masses in the CP-violating NMSSM in the Feynman
diagrammatic approach.? We allow for explicit CP violation at tree-level by including non-
vanishing CP phases for the Higgs doublets and singlet, as well as for A, k, Ay and A,
which effectively reduce to one physical CP phase combination at tree-level when the tad-
pole conditions are exploited. We furthermore allow for radiatively induced CP violation
stemming from the stop? by choosing a non-vanishing CP phase for A;. The Higgs sector
as well as the neutralino and chargino sector will be used to determine the counterterms.
The renormalization is performed in a mixed scheme which combines DR conditions for

*Higher-order corrections to the Higgs boson masses in the real NMSSM can be found in refs. [118-127].
3For the low values of tan 8 applied in our numerical analysis, the CP-violating effects from the sbottom
sector are marginal.



the parameters not directly related to physical observables with on-shell (OS) conditions
for the physical input values. For the choice of our parameter sets the recent constraints
from the Higgs boson searches at LEP [128, 129], Tevatron [130] and LHC [1-17] are taken
into account. The inclusion of CP violation affects the Higgs phenomenology and hence
the validity of possible scenarios. Our results will therefore help to clarify the question
what kind of Higgs sector may be realized in nature for a SM-like Higgs boson with mass
around 125 GeV, should the tantalizing hints of the LHC experiments be confirmed by the
discovery of the Higgs boson at the 5o level once a sufficient amount of data is accumulated.

The organization of the paper is as follows. In section 2 the parameters of the com-
plex NMSSM will be introduced. Section 3 presents the details of our calculation. After
introduction of the complex tree-level Higgs sector in section 3.1 the set of input param-
eters is given in section 3.2. The renormalization conditions and determination of the
Higgs masses as well as the mixing angles are discussed in sections 3.3 and 3.4, respec-
tively. In section 4 we present our numerical analysis, discuss the influence of different
renormalization schemes as well as the consequences of one-loop corrections in the complex
NMSSM for the Higgs boson phenomenology and results at the LHC. We terminate with
the conclusions in section 5.

2 Complex parameters in the NMSSM

The Lagrangian of the complex NMSSM can be divided into an MSSM part which is
adopted from the MSSM Lagrangian and an additional NMSSM part. The latter contains
(apart from the phases of the Higgs doublets and singlets) four additional complex param-
eters. Two of them are the coupling k of the self-interaction of the new singlet superfield
S and the coupling A for the interaction of S with the Higgs doublet superfields H,, and
ﬁd (ﬁu and ﬁd couple to the up- and down-type quark superfields, respectively). They
are introduced via the extension of the MSSM superpotential Wyissm,

N 1 .
Winmssm = Wassm — eab/\SHgHZ + §/~@83 , (2.1)

with €19 = €!2 = 1. The MSSM part of the superpotential is given by
Wissm = —€ap (Yu HE QU — yaH3QD® — y H{LPE®) | (2.2)

where Q and L are the left-handed quark and lepton superfield doublets and U,D and F
are the right-handed up-type, down-type and electron-type superfield singlets, respectively.
The superscript ¢ denotes charge conjugation. Colour and generation indices have been
omitted. The quark and lepton Yukawa couplings are given by ¥4, ¥, and y.. They are in
general complex. However, when neglecting generation mixing, as we assume in this paper,
the phases of the Yukawa couplings can be reabsorbed by redefining the quark fields i.e.
these phases can be chosen arbitrarily without changing the physical meaning [131].

The soft SUSY breaking Lagrangian in the NMSSM is also extended with respect to
the MSSM,

1
L¥nissm = Liigsw — m3[S|” + <€abAA>\5H§H3 - gAaHSS + h-C-) : (2.3)



containing two further complex parameters specific to the NMSSM, the soft SUSY breaking
trilinear couplings Ay and A,. The MSSM part is given by*

L8 = —miy, | Hal* = mip, |Hu> = m3| Q) = mplagl* — mpldr|* — mi|LP* — mi|er)
+ eab(yuAuHSQbﬂE - ydAngde*R - yeAeHngéR + h.c.)
1 . L .
— i(MlBB + MoW;W; + M3GG + h.C) . (2.4)

The soft SUSY breaking trilinear couplings A,, A4, Ae of the up-type, down-type and
charged lepton-type sfermions,® respectively, which are already present in the MSSM, are
in general complex. However, the soft SUSY breaking mass parameters of the scalar fields,
m?X (X =S, Hy, H,, Q, U, D, L, E), are real. The SM-type and SUSY fields forming
a superfield (denoted with a hat) are represented by a letter without and with a tilde,
respectively: Q. L and ap, czp“ ér are the superpartner fields corresponding to the left-
and right-handed quark and lepton fields. In general, also the soft SUSY breaking mass
parameters of the gauginos, My, My and M3, are complex where the gaugino fields are
denoted by B, W; (i = 1,2,3) and G for the bino, the winos and the gluinos corresponding
to the weak hypercharge U(1), the weak isospin SU(2) and the colour SU(3) symmetry.
The R-symmetry can then be exploited to choose either M7 or M to be real. The kinetic
and gauge interaction part of the NMSSM Lagrangian finally do not contain any complex
parameters.

Expressing the Higgs boson fields as an expansion about the vacuum expectation val-
ues, two further phases appear,

1 : .
vg+hg+iag i hf[ e ;
H; = <\/§( - )> , Hy,=¢€"" ( L (gt hy+iay) | S = \/i(vs—f—hs—i—zas).
d \/5 u u u

(2.5)

The phases ¢, and @5 describe the phase differences between the three vacuum expectation
values (HY), (HY) and (S). In case of vanishing phases, ¢, = ¢, = 0, the fields h; and a;
with ¢ = d, u, s correspond to the CP-even and CP-odd part of the neutral entries of Hy,
Hj and S. The charged components are denoted by h;t (i =d,u).

Exploiting that the phases of the Yukawa couplings can be chosen arbitrarily, the phase
of the up-type coupling is set to ¢,, = —¢, while the down-type and the charged lepton-
type ones are assumed to be real. This choice ensures that the quark and lepton mass terms
yield real masses without any further phase transformation of the corresponding fields.

In the following renormalization procedure we will make use of the chargino and neu-
tralino sectors, therefore they are introduced briefly here. The fermionic superpartners
of the neutral Higgs bosons and colourless gauge bosons are I:IC? and ﬁg for the neutral

“Here the indices of the soft SUSY breaking masses, @ (L) stand for the left-handed doublet of the
three quark (lepton) generations and U, D, E are the indices for the right-handed up-type and down-type
fermions and charged leptons, respectively. In the trilinear coupling parameters the indices u, d, e represent
the up-type and down-type fermions and charged leptons.

5We neglect generation mixings so that we have nine complex numbers A,, Aq, A. instead of three
complex 3 X 3 matrices.



components of the Higgs doublets, S for the Higgs singlet, the bino B and the neutral
component W3 of the winos. After electroweak symmetry breaking these fields mix, and
in the Weyl spinor basis ¢¥ = (B, Ws, HY, fIS, S)T the neutralino mass matrix My can be
written as

Mpy =
M, 0 *CBMZSGW MZS,BSGWG_‘W)“ 0
0 M2 CﬁMW _MWS/BB_’LQO" 0
; V2Myy $589.,, AetPu
—cgMzse,, cgMw 0 —)\%ews . w Beew
—t —i i V2Myegsg A
Mzsgsgy e " —Mysge ¥ —ATeelvs 0 — V2Mwessoyr
V2Myy sgsg, AP /2Myycgsg A .
0 0 - = Beew - Weﬁ O V2kvgeiPs

(2.6)

where My and My are the W and Z boson masses, respectively. The angle 3 is defined
via the ratio of the vacuum expectation values of the two Higgs doublets, tan § = v, /vg,
Ow denotes the electroweak mixing angle and e is the electric charge. From here on the
short hand notation ¢, = coszx, s, = sinx and t, = tanz is used.

The neutralino mass matrix My is complex® but symmetric and can be diagonalized
with the help of the 5 x 5 matrix N, yielding diag(myo, Mg, Mo, Mo, mxg) = N*MyNT,
where the absolute mass values are ordered as [mg| < ... < |m>~<g| The neutralino mass

eigenstates )2?, expressed as a Majorana spinor, can then be obtained by

=000 with 0 =Ngyd, i i=1,...,5. (2.7)

The fermionic superpartners of the charged Higgs and gauge bosons are given in terms
of the Weyl spinors HT, .FNIff, W, and Wy where the latter two can be reexpressed as
W+ = (W) TiWs)/v2. Arranging these Weyl spinors as

b = (ng_> = (Zi) (2.8)

leads to mass terms of the form, (wg)TMch + h.c., with the chargino mass matrix

M. 253 Myye ¥Pu
MC:< 2 \[85 we >

V2esMy — Alseies

(2.9)
/3¢

The chargino mass matrix can be diagonalized with the help of two unitary 2 x 2 matrices,
U and V, yielding diag(mﬁ,mﬁ) = U*McVT with Mo+ < M. The left-handed and
the right-handed part of the mass eigenstates are

L =Vyl, Xr=U¢jg, (2.10)

respectively, with the mass eigenstates )Zj = ()ZZZ , )ZT,}Z_)T, 1 = 1,2, written as a Dirac spinor.

SNote, that in general the parameters \, x, M1 and M, are complex.



3 The Higgs boson sector in the complex NMSSM

3.1 The Higgs boson sector at tree-level

To ensure the minimum of the Higgs potential Vijiges at non-vanishing vacuum expectation
values vy, vq, vs the terms linear in the Higgs boson fields have to vanish according to

8Vi S !
to= =g liin =0 for &= ha hus b, 4, aus s (3.1)

At tree-level, these tadpole parameters ¢4 are given by’

[ Mzc | Ax| v2\| 2c5Mw s
_ 2 A A 2 BMw So
thg = it 252t (2 e el ) (S | 20
(3.2)
[ MZcop  |Mvs (A v2 \| 285 My sg
t = 2 Mz%p s + N2 428 B w
o = |~ g2 B (B, e, ) +in )| Zovson
(3.3)
2M3Vs§ 1
th, = Mivs— {525|)\| <|\/§| Cop + ’K,‘USC%!> —|/\|2v8] TW + k203 + E|A,§\|mlv§c% :
(3.4)
My s, s
tay =~ Nos(V2 A s, — [lvssy,) (3.5)
1
t(lu = 7t(ld ) (36)
ts
to, = 67‘”])4 <\/§|A>\\s% + ‘K,|U58(py> — E|AH||I€‘USS¢Z , (3.7)

where we have introduced a short hand notation for the following phase combinations

P = LA, + (25 + s + Du (38)
@y:@n_so)\"‘%ps_@ua
2 = PA, T Pr+ 305 - (3.10)

In the expressions for the tadpole parameters some of the original parameters have already
been replaced in favour of the parameters on which we will impose our renormalization
conditions, as described in detail in sections 3.2 and 3.3. Thus the vacuum expectation
values v,, vg and the U(1) and SU(2) gauge couplings ¢’ and g have been replaced by
tan 8 = v, /v, the gauge boson masses My, and My and the electric charge e (according
to egs. (A.7) and (A.8) in appendix A). This replacement has also been applied in the
expressions of the mass matrices given below.

It should be noted that the egs. (3.5) and (3.7) can have zero, one or two solutions

for ¢,,p, € [—m, ) depending on the values of the parameters. If no solution is found

"The complex parameters are expressed in terms of their absolute value and a complex phase, i.e. for
example A = |A|e"?*.



there is no minimum of the Higgs potential at the corresponding set of values vq, vy, vs and
thus this parameter point is discarded. The single solutions yield one of the two values
¢z, 0, = £7/2. Assuming there exist two solutions of eq. (3.5) then if ¢J with 3 > 0
solves this equation then also 7 — ¢ is a solution and similarly if ¢ with 3 < 0 is a
solution then — (7 — ¢3) is the second solution, analogously for 7.

The terms of the Higgs potential which are bilinear in the neutral Higgs boson fields
contribute to the corresponding 6 x 6 Higgs boson mass matrix Mgy, in the basis of ¢ =
(hg, hu, hs, ag, ay, as)’ which can be expressed in terms of three 3 x 3 matrices My, Mg,
and My,

My, Mg
My = (3.11)
<MhTa Maa)

where My, and M,, are symmetric matrices.

The entries of My describing the mixing of the CP-even components of the Higgs
doublet and singlet fields read

My = M2E3 + %\)\|U5t5(\/§|A>\|C% 4 Jklvse,) (3.12)
My, = 5082005 = VBN, + o) + 2P, )
M, = MEs3 + ;Mj;(\@wc% T Ikl (3.14)
Myn, = 2|A\2@cﬁvs - |A|@sﬁ(\/§|&|@,z 1 2fkvsen,). (3.15)
M, = AN g N WS (5] e, + 2l (3.16)
Myp, = 200+ Sl Al + \/§|A/\H>\|]\%S2B% . (3.17)

Note, that here the tadpole conditions egs. (3.2)—(3.4) together with eq. (3.1) have already
been applied to eliminate m%{d, quu and m%. Exploiting additionally eqgs. (3.5) and (3.7)
we can eliminate ¢, and c,, through

[o IsPog
Cor =2y [1= st (3.18)

M, sk s3I\
. . W 0w °2p3 2
Cp. = i\/l 18— AT (3.19)

The two signs correspond to the two possible solutions of egs. (3.5) and (3.7) (as explained
before). Choosing either solution will define the sign of the cosine. In our numerical
evaluation we will treat the sign as a further input.



The mixing of the CP-odd components of the Higgs doublet and singlet fields is char-
acterized by the matrix M,, which has the following entries,

1
Madad = §|)“(\/§|A/\|C<pz + |/€|Usccpy)vst,6 s (320)
1
Madau = §|>‘|(\/§|A/\|C<pz + |H|Uscapy)vs ) (3.21)
1 v
Moo, = *|)\\(\/§|A>\|C% + |Klvscp, ) (3.22)
i3
My s
My, wM 5(V2|Axcp, — 2|K[vscy, ) | (3.23)
My s
Maya, = = c5(V2I Ao, — 2lhlvscy, ) | (3.24)
My s;
Ma,a, = !A!(\@!AAIC% +dlklvscy,)—3 Wsw—SlA |”i‘\[cs@z7 (3.25)

where again eq. (3.1) together with the eqgs. (3.2)-(3.4) have been applied and
egs. (3.1), (3.5) and (3.7) can be used to replace c,, and c¢,,. The matrix My, gov-
erns the mixing between the CP-even and the CP-odd components of the Higgs doublet
and singlet fields,

0 0 3vssg v
Mw=| 0 0 3vscs WIS || A5, - (3.26)
Mwsew €

—VsSg —VsCg —4S2p

In case of ¢, = nym, n, € Z, the entries of Mj, vanish and hence, in that case, there is no
CP violation at tree-level in the NMSSM Higgs sector; after transformation to the mass
eigenstates we are left with three purely CP-even and two purely CP-odd Higgs bosons.

The transformation into mass eigenstates can be performed in two steps. In our ap-
proach, first, the Goldstone boson field is extracted by applying the 6 x 6 rotation ma-
trix® RE,

®; =R, (3.27)
where ® = (hg, hy, hs, A, as, G)T. The resulting mass matrix,
Mgog = REM,,RET (3.28)
can finally be diagonalized with the help of the matrix R leading to

RMppRT = diag((Mg)l))Q, . (M;?g>2,o) — Dy (3.29)

with the mass values being ordered as M 1(1(,)1) <...<M I(;]E)) and the superscript (0) denoting
the tree-level values of the masses. The corresponding mass eigenstates are obtained as

H;, = RU(I)]' . (330)

8The explicit form of R can be found in appendix B.



The mass matrix Mj,+;~ of the charged entries of the Higgs doublet fields,
(s )My - (g )T (3.31)

is explicitly given as

211 L

1 tg 1 9 2M5V83W
My+ - =5 t Miysap + [Mvs(V2[Ax|eyp, + |k|vsey,) — 2| Yz 52|
5

(3.32)

where again the eqs. (3.1)—(3.4) have already been applied. Diagonalizing this mass matrix
with the help of a rotation matrix with the angle 5., where 8. = 8 at tree-level, yields the
mass of the physical charged Higgs boson,

2 2 |A\Jvs v
MHi — MW + s

My s
p (V2[Ax|ep, + |Klvscy,) — 2!>\|2762 x, (3.33)
and a mass of zero for the charged Goldstone boson.

3.2 Set of input parameters for the Higgs boson sector

To summarize, the original parameters entering the Higgs potential and thereby also the
Higgs mass matrix are

m%Id’m%{ua m%’v PA PAyS ‘Ak|agvg/avuavda Vs, Psy Puy |)‘|, @, ”i|a Pk, ’An| . (334)

Instead of using this set of original parameters it is convenient to convert it to a set of
parameters which offer an intuitive interpretation. This is especially true for the parameters
which can be replaced by gauge boson masses squared as they are measurable quantities.
We have chosen the set,

thdathuvthsvtad7tasa MIQ—[:lH MI%Va M%a e;,tanﬁ,vs, Psy Pus ‘)‘|7 2% |H|’ Prs |AI€| (335)

on-shell DR

where the first part of the parameters are directly related to “physical” quantities? and
will be defined via on-shell conditions while the remaining parameters are understood as
DR parameters (see section 3.3.2). The transformation rules for going from set eq. (3.34)
to set eq. (3.35) are given in appendix A.

3.3 The Higgs boson sector at one-loop level

At one-loop level, the Higgs boson sector and the corresponding relations between pa-
rameters of the theory and physical quantities are changed by radiative corrections. In

9Whether the tadpole parameters can be called physical quantities is debatable but certainly their
introduction is motivated by physical interpretation. Therefore, in a slight abuse of the language, we are
also calling the renormalization conditions for the tadpole parameters on-shell.

~10 -



particular, the Higgs boson mass matrix receives contributions from the renormalized self-
energies'’ ij (p?) at an external momentum squared p?,

1 1
£ = (%) + 597 [021 + 02|~ 5 [02/Dy + DJoZ|  — [RoMeaR ')y (3.36)

ij

)

with 4,5 = 1,...,6 and Hg = G the Goldstone boson. The unrenormalized self-energies 3J;;
are obtained by taking into account all possible contributions to the Higgs boson self-energy,
including the ones from fermion, gauge boson, Goldstone boson, Higgs boson, chargino,
neutralino, sfermion and ghost loops.

The wave function renormalization matrix dZ in the basis of the Higgs boson mass
eigenstates is derived via rotation from the corresponding matrix §Z¢ in the basis of the
Higgs boson states &,

0Z =R6ZsRT . (3.37)

The Higgs boson fields ® are renormalized by replacing the fields by renormalized ones and
a renormalization factor. This can be expressed as, valid up to one-loop order, with the
field renormalization constant dZ¢ as

1
D — <1+ 25;5@) D, (3.38)

where 02 = RG52¢,RGT. The field renormalization constant 6Z? of the interaction
eigenstates ¢ is a diagonal matrix

5Z¢ = diag((SZHu, (5ZHd, 5ZS, 5ZHd, (SZHU, (525') . (3.39)

The explicit definitions and expressions for 67y, , 0Zy, and 6 Zg are given in section 3.3.1.

The matrix I Mgpge denotes the counterterm matrix in the basis of the Higgs boson
states @ which has been introduced within the renormalization procedure by replacing
the parameters in the mass matrix as given in appendix A in egs. (A.1)—(A.8) by their
renormalized ones and corresponding counterterms and expanding about the renormalized
parameters. The part linear in the counterterms forms the mass matrix counterterm.
The specific definitions of the parameters and the determination of the counterterms are
discussed in section 3.3.2.

3.3.1 Higgs boson field renormalization

The field renormalization constants introduced in eq. (3.39) are defined in the DR scheme.
The precise expressions for 60Zy,, 02y, and 6Zg are determined via the following system
of equations

6Zm,(|Ri1]? + |Riasin B + Rig cos BI2) + 8 Zr, (|Riz|* + |Ria cos B — Rig sin %)
+6Z5(|Ri3|* + |Ris|?) = =% |aiw  with i=1,2,3, (3.40)

10T general, we call $) and ¥ renormalized and unrenormalized self-energy, respectively.
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where

0% (p?)

- .
“ op*  lp=(m)))?

(3.41)
The subscript 'div’ denotes that only the divergent parts proportional to A are taken into
account with A = 2/(4 — D) — vg + In4rm and ~g being the Euler constant and D the
number of dimensions. The pole of A for D = 4 characterizes the divergences. Solving this
system of equations eq. (3.40) yields

1

0y, = - [(rosrsa — ra2r33) Xy + (12733 — r13732) Sy + (F13r22 — 112723) Y53 4y > (3.42)
1

02y, = - [(ro1733 — r3731) X1 + (113731 — r11733) X9 + (r117m23 — 113721) 53] 4y » (343)
1

0Zg = - [(raars1 — ro1m32) 20 + (r11732 — r12731) Shg + (r12ra1 — r11722) Ba3) 4, o (3:44)

with

rit = (|Rit|* + [Rigsin B + Rig cos B[°) | (3.45)

rio = (|Ria|* + |Ris cos B — Rigsin B]?) (3.46)

ris = (|Ris|* + [Ris|?) , (3.47)

T = 711722733 + 12723731 + 113732721 — 711723732 — 713722731 — 112721733 - (3.48)

It should be noted that R;s = 0 for i # 6 and hence, in egs. (3.45) and (3.46) terms
proportional to R;s vanish for the values i = 1, 2, 3 needed in eqgs. (3.42)—(3.44).
3.3.2 Parameter renormalization

The parameter renormalization is performed by replacing the parameters by the renormal-
ized ones and the corresponding counterterms,

ty =ty + Oty with ¢ = {hg, hy, hs,aq,as}, (3.49)
ME. — Mps +0Mz.,  Mj — Mj, +5Mg,, Mz — Mg +5Mz, (3.50)
e— (1+dZ)e, (3.51)
tanf — tan 3+ dtan 3, Vs — Vg + O, (3.52)
Ps = Qs+ 095, Pu = Pu+ 6pu (3.53)
A= A+ A=A+ +iNdpn, K= K+0k =K+ PRk +indp,, (3.54)
|A| = |Ax] + 0] Al - (3.55)

In the case of complex parameters the complex counterterms can be understood in terms
of two real counterterms, one for the absolute value and one for the phase, as in eq. (3.54)
for O\ and k.

As we make use of the chargino and the neutralino sector for the determination of
the counterterms dvs, dps, 0N, dx and g, we also need to renormalize the gaugino mass
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parameters M; and Mo,

My — My 4 6My = My + €“°Mu§| My | 4 iMoo, (3.56)
My — My 4 6 My = My + ¢°M2 §|My| 4 iMadppy, - (3.57)

To keep the relations as general as possible we do not make use of the R-symmetry relations

here and keep both gaugino mass parameters complex.

In the following, we list all the renormalization conditions and counterterms. The

renormalization scheme applied here is a generalization of the “mixed scheme” of ref. [127]

for complex parameters — we will be brief on the conditions that can be directly taken
from ref. [127].

(i-v)

(vi - viii)

(ix)

Tadpole parameters:

The renormalization conditions for the tadpole parameters are chosen such that the
linear terms of the Higgs boson fields in the Higgs potential also vanish at one-loop
level,

(5t¢ =Ty with ¢ = hy, hy, hs, ag, as , (3.58)
where T}, denotes the contribution of the irreducible one-loop tadpole diagrams.

Masses of the gauge bosons and the charged Higgs boson:

The masses of the gauge bosons and of the charged Higgs boson are determined via
on-shell conditions requiring that the mass parameters squared correspond to the
pole masses squared leading to

OMfy = ReXfyy (M3y,),  0M% =ReX},(M3), Mps = ReSyspe (M),
(3.59)

where E%},W and E% » are the transverse parts of the unrenormalized W boson and Z
boson self-energy, respectively, while ¥ g+ g+ denotes the unrenormalized self-energy
of the charged Higgs boson. Re takes only the real part of the scalar loop functions
but keeps the complex structure of the parameters.

Electric charge:

The electric charge is fixed via the eéy vertex in such a way that this vertex does
not receive any corrections at the one-loop level in the Thomson limit, i.e. for zero
momentum transfer. This yields (cf. ref. [132] up to a different sign convention in the
second term)

1 7 Sp T
02, = 5277(0) + CQW]M\}% 272(0), (3.60)

with E% and E;FZ being the transverse part of the unrenormalized photon self-energy
and the unrenormalized mixing of photon and Z boson, respectively.
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(x) Ratio of the vacuum expectation values tan 3:
The ratio of the vacuum expectation values tan 3 is defined as a DR parameter and
the counterterm is given by [133-139]

dtan 8 = tan 5

16Z1, — 6Zm,]ldiv - (3.61)

(xi,xii) Vacuum expectation value vs and phase ps:
The singlet vacuum expectation value v, and the phase ¢, are determined as DR
parameters. For the derivation of the corresponding counterterms, we start out from
the on-shell conditions for the chargino masses,

RS, +(p) Xi (0)lppomz, =0, i=1,2, (3.62)

X

where 3 + are the renormalized chargino self-energies. Applying the decomposition
of the fermionic self-energy

S (%) = P (0°)PL + pSE () PR+ S5 (0P PL + S (p°) Pr (3.63)

with Pr, r = (1F5)/2 being the left- and right-handed projectors, leads to the finite
relations

[mﬁ (Reifzz (p*) + Ref)it (p?)) + Ref)ii (p?) + Rei)’jﬁ (pz)]p2:m2i =0, (3.64)
[mgs (Reiiit_ (p?) — Ref]fz (%) — Ref)ii (p*) + Reifzii (p?)LDQ:m;i

=0, (3.65)

which can be exploited for the determination of the counterterms. Using the ex-
pressions given in egs. (C.1)—(C.4) in appendix C for the renormalized self-energies
yields

Re(U*6Mc V') i
1 S S
= 5lmet (BL 07 + 20 07) + TR0 + 2EE") el

2 i 1 11 .
=:Redm, + , (3.66)
Im(U*S Mo V) aiv

2 . N
=5 [Effi (p2)—2£i () +imgs (U Imd ZRUT +V Imd Zf, VT)ii}pQZmzi |div

=:Imdm, + . (3.67)

The imaginary parts of the field renormalization constants have been set to zero,
hence Im6Z§ = IméZ§ = 0. With

SM: 2 [§( M — isg My ooy
$ M — 2 f; [0( WSB) isg Mw ] 7 (3.68)
ﬂé(cBMW) 7 [Advs + iAvgdps + v50A]
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solving egs. (3.66) and (3.67) for dvs + ivsdps and 6 Ma,'t we obtain
1

(SMQ = m [VllUll(szirl — V21U215mX;2
— UnU50Mey, laiv — Vi1 VisdMey, laiv] » (3.69)

vave
IA2(JU11 2 = [V12]?)

+ UiklUlZ 6MC12 ’div + V1*1V12 5MC21 |diV] - vs)\

0vg + 1vgdps =

— V12U12 (5mx+ + VQQUQQ 6mx+
11 22

Y
R
It should be noted that dy, contained in dM¢,, as well as A have not been de-

fined yet. We need additional conditions given by egs. (3.88)—(3.90). Together with
egs. (3.69) and (3.70) they form a system of linear equations that can be easily solved

(3.70)

but leads to lengthy expressions.

(xili—xvii) Couplings A and k and the phase @, :

The phase ¢, as well as A and & are also defined as DR parameters. On-shell condi-

tions for the neutralino masses!?

ReS 0 (p) X0 ()| pomz, =0, i=1,....4, (3.71)
2

K3

are exploited to derive the following finite relations,'3

[mX? (Ref])L(?i (p*) + Rei]f?i (p*)) + Ref)f(’i (p*) + Ref]ﬁi (102)]172:”12Q =0, (3.72)

7

[mgp (ReSYy (77) — ReSf (1)) — ReB3 (07) + ReS (07)] o0 =0 (373)

with ¢ =1,...,4. Applying the egs. (C.8)—(C.11) in appendix C leads to

* 1 S S
Re(N*SMNN)ilaiv = [mpoSte (p2)+§(Eigi(p2)+zf%(p2))} 2 laiv =t Redm,o,

Xi  Xig p2=m ;
(3.74)
Im(N*6MNNT)iilaiv = 3 (238 (0°) = 238 (07) + 2imgo (N Im5ZNNT)ii]p2:mzo |aiv
=:Imdm,0 (3.75)
i = 1,...,4 where already Zi@. = Zﬁ‘)‘ has been used which is true due to the

Majorana character of the neutralinos. The imaginary part of §Z%V has been set to
zero, Im0ZN = 0. The elements of the mass matrix counterterm My are derived as

SMpy,, = 6M;, (3.76)

HEven though Ms does not enter the Higgs boson sector at tree-level, it has to be dealt with due to its
entanglement in eq. (3.68).

12In terms of an on-shell scheme, if both chargino masses were defined on-shell only three of the neutralino
masses could be chosen independently. Although eq. (3.71) leads to two independent equations for each ¢,
for i = 4 it is only partly used to fix one still undefined phase.

131t should be noted that, in general, both egs. (3.72) and (3.73) for i = 4 only hold for the divergent
part simultaneously as all the parameters are already fixed by other conditions.
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SMy,, = 6 My, (3.77)

OIMp,, = V2ei#s [vsém + kovg + im;ségos} , (3.78)
2 s 2 2
5MN13 = —MZ39W0535 (5tan,8 + m [(SMW — 5MZ:| s (379)
SMp,, = e " [6(sgMzse,, ) — issMzsg, 6pu) (3.80)
5MN23 = 5(0[3MW) 5 (3.81)
5MN24 = —e_w“ [(5(85Mw) — iSﬂMw(S(pu] , (382)
1 .
IMn,, = —\ﬁews (050X + Advs + iAvgdps ] (3.83)

) M, M,
SMpy,, = —/2ei [)\5(85 wow) _ sgMw oy (\6Ze — X —iASp,)],  (3.84)

e e
3(cs M
5My,, = —V2A eWS"W) + VeVS@W (6X — X0Z.)] (3.85)
SMpy, = My, = 0My,, = 6My,, = My, =0 . (3.86)

As the neutralino mass matrix is symmetric, this also holds for the counterterm mass
matrix and therefore My,; = 0My;,,. Rewriting eqgs. (3.74) and (3.75) explicitly and
solving for d M results in the following set of equations,

N2 * * * * * *
oM = ﬁ me(ﬁ — 2N NY30 M,y + N0 My, = 2N N30 Mg, + N1y M,
- 2Nf3[Nf45MN34 +N1*56MN35] - 2Nf4Nf55MN45
- (NI*Q)Z(SMQ - (Nf5)25MN55 ) (387)

2[ag140Mn,, + a2040 My, + 202340 My, + a2356 M5 + a2a56 My,
+ a2220 Mo + as550 My,
= (N31)20my0 — (NY1)?0m g — 2a0136 M,y — 2a2036 My (3.88)
2[az140 M, + az240 My, + 2a3340 My, + asss0Mp,, + agas6 My, ]
+ a3220 Mo + ags50 My,
= (N51)%0mye — (NY1)?myg — 203130 M,y — 23230 My (3.89)

Im{2 [a4146 M, + 4240 My, + 204300 My, + aa350 Mnos + aaas0 My, |
+ ag220 Mo + a4555MN55}
_ Im{(NZI)Q(SmX?l — (N7)20mye. — 204136 My, — 2a4235MN23} : (3.90)
where we have introduced the shorthand notation
aijr = (NJD)PNENT, — (V)PNGNG, (3.91)

As stated above, taking egs. (3.88)—(3.90) together with egs. (3.69) and (3.70) leads to
a system of equations with 4 complex and one real equation linear in the counterterms
that has to be solved for § My, dvs, dps, dA, dk and d¢p,.
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(xviil) Absolute value of the singlet trilinear coupling |Ax|:
The absolute value of the singlet trilinear coupling |A,| is determined as a DR pa-
rameter. The corresponding counterterm is calculated using

RisRj5ij(Maga,) =0, (3.92)
which is equivalent to
IMa,a, = RisRjsEij(Ma,a,) (3.93)
with 0M,,,, depending on d|A,|. Dropping the finite parts and solving for J§|Ax|
yields
V2
0| Ayl = — 1) RisRisXij(Ma,a.) = 0.fs
|K|vg [30% — 31y, m}
B Al [osep 81+ [klep.50s] + = lvsty. 5 } (3.94)
V2 e R .
with
f= a2 VP2 }Mgv'sg)wsgg My s6,525C5¢5,, o, t4t2, ¢ ]+th5
= —_ C — e
! H* WEAB e%?ciﬁ evgciﬁ fu 708 Tha Vs
2 SgW825 2 Sgw 2
+ |\ M5 o2 2])\]MW6—2525+3|/<;|1)80% , (3.95)
V2 [ 2My s, c 3\ M55, 598 1
fo= 2| TSRy VW Tt (3.96)
Vs elk|v? e |k|vs

The counterterms ¢ f; and 0 f2, which are functions of counterterms of the parameters
defined as input in eq. (3.35), are determined by replacing the parameters by renor-
malized ones plus corresponding counterterms and expanding about the parameters.
It has to be taken into account that in the expressions A = 8 — S only [ is treated
within the renormalization procedure. The angle g = 8. = (3, is the mixing angle
of the charged Higgs bosons and the angle extracting the Goldstone boson defined in
appendix A.

Following the approach above, it has been found that the counterterms dps, doy, dpx,
du, 0pnr, and dppr, vanish. In that respect, it is interesting to note that egs. (3.67)
and (3.75) allow for a certain freedom of choice; some potentially divergent parts can be
moved into Im5ZLC, Ideg and IméZ" which do not appear in the calculation of the
Higgs boson masses as the charginos and neutralinos only enter through internal lines in
the Feynman diagrams.

The derivation of the counterterms for vs, ws, A, K and ¢, presented above is not
unique. In a second approach on-shell conditions for all the neutralino masses plus an
additional condition from the chargino sector, eq. (3.67) for ¢ = 1, have been exploited to
calculate the DR counterterms leading to the same result and providing a good cross-check.
A further possibility is to determine the counterterms within the Higgs boson sector only.
We have also done that but this does not test the calculation at the same level as using
conditions from the chargino and neutralino sector.
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3.4 Loop corrected Higgs boson masses and mixing matrix elements

The one-loop corrected scalar Higgs boson masses squared are extracted numerically as the
zeroes of the determinant of the two-point vertex functions T,

~ A

P(p?) =i(1-p* = M) with (M), = (M5 —S5%) i, i=1,...,5,
(3.97)

where ﬁ]ij (p?) is given in eq. (3.36). The superscript 1/ denotes the one-loop order.

Starting from eq. (3.97) the Higgs masses at one-loop level can be obtained via an
iterative procedure.!* To calculate the one-loop mass of the n'* Higgs boson the external
momentum squared p? in the renormalized self-energies f]ij is set equal to the tree-level
mass squared (p? = (M ;?2)2) in the first iteration step. Then, the mass matrix part of
f‘, i.e. MU is diagonalized. The thus obtained n'* eigenvalue is the first approximation
of the squared one-loop mass. In the next iteration step p? is set equal to this value and
once again the eigenvalues of M are calculated to yield the next approximation of the
one-loop mass. This iteration procedure is repeated until a precision of 107 is reached.
All five Higgs boson masses are calculated this way.

Note that in eq. (3.97) the mixing with the Goldstone bosons is not taken into account
but we have checked numerically that the effect is negligible. Furthermore, it was shown
in ref. [140], that in the MSSM it is sufficient to include the mixing with the Goldstone
boson, whereas the mixing with the longitudinal component of the Z boson does not have
to be added explicitly. Taking into account the mixing of the Goldstone boson as well as
the mixing of the Z boson leads to the same result as only including the Goldstone boson
mixing.

Due to the radiative corrections, not only the masses of the particles receive contribu-
tions but at the same time the tree-level mass eigenstates mix to form new one-loop mass
eigenstates. In order to take this into account the Higgs mixing matrix R which performs
the rotation from the interaction eigenstates to the mass eigenstates has to be adjusted
so that

o' =rllo; . (3.98)

In the numerical analysis, for the simplicity of the notation we drop the superscript 1/
again. If not explicitly mentioned one-loop corrections are included.

The rotation of the tree-level to the one-loop mass eigenstates could be obtained by
calculating finite wave function correction factors. The procedures to calculate these for
a 2 x 2 or 3 x 3 mass matrix are described in ref. [79] and need to be extended for the
5 x 5 case. Another option is to apply the p? = 0 approximation. After setting the
momenta in M to zero, the rotation matrix that relates the tree-level to the one-loop
mass eigenstates can be defined as the matrix that diagonalizes M. The latter procedure

' This procedure is not strictly of one-loop order. It was shown, however, in ref. [139] for the MSSM that
this procedure gives much exacter values for the Higgs mass including implicitly higher order corrections
than a strict treatment at one-loop level.
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has the advantage that the mixing matrix is unitary. The drawback is that it does not
retain the full momentum dependence. For our numerical analysis we used the p?> = 0
approximation for the determination of the mixing matrix. But we checked numerically
that the differences between both methods are negligible.

4  Numerical analysis

The calculation of the one-loop corrected Higgs boson masses has been performed in two
different calculations. While in one calculation the Feynman rules have been derived from
the NMSSM Lagrangian and implemented in a FeynArts model file [141-143], they have
been obtained with the Mathematica package SARAH [144-146] in the second calculation
and cross-checked against the first calculation. The self-energies and tadpoles have been
evaluated with the help of FormCalc [147, 148] in the 't Hooft-Feynman gauge. The di-
vergent integrals, regularized in the constrained differential renormalization scheme [149],
have been computed numerically with LoopTools [147, 148]|. For the evaluation of the
counterterms, numerical diagonalization of the one-loop corrected Higgs boson mass ma-
trix and the determination of the mass eigenvalues finally two independent Mathematica
programs have been written.

We follow the SUSY Les Houches Accord (SLHA) [150-152] and compute the parame-
ters M&V and e of our input set defined in eq. (3.35) from the SLHA pre-defined input values
for the Fermi constant Gy = 1.16637 - 107° GeV~2, the Z boson mass Mz = 91.187 GeV
and the electroweak coupling o = 1/137. If not stated otherwise, we use the running DR
top quark mass m; at a common scale Q = ,/mqg,M¢,. 1t is obtained from the top quark
pole mass M; = 173.2 GeV by taking the routines of NMSSMTools [153-156]. In the same
way we obtain the running DR bottom quark mass starting from the SLHA input value
mb(mb)m = 4.19GeV. For the light quarks we chose m, = 2.5MeV, m. = 1.27 GeV,
mq = 4.95MeV, ms = 101 MeV [157] and for the 7 mass m, = 1.777 GeV.

In the following we exemplify the effects of complex phases in the one-loop corrections
to the NMSSM Higgs boson masses in different scenarios. We require the scenarios to be
compatible with the recent results of the LHC Higgs boson searches [1-17] in the limit of the
real NMSSM, i.e. for vanishing CP-violating phases.'® Our starting points are the NMSSM
benchmark points presented in ref. [60] which have been slightly modified for our analysis.
With not too heavy stop masses and not too substantial mixing they avoid unnaturally large
finetuning, and A and k have been chosen such that unitarity is not violated below the GUT
scale. Furthermore, we paid attention to keep the effective p < 200 GeV, with © = A v,/ V2,
in order not to violate tree-level naturalness. For each scenario we verified that the non
SM-like Higgs bosons are not excluded by the searches at LEP [128, 129], Tevatron [130]
and LHC. This has been cross-checked by running the program HiggsBounds [158, 159],'6
which needs the complex NMSSM Higgs couplings and branching ratios. The latter have

15Note, that this is only an arbitrary choice which was made for practical reasons. We could as well have
demanded a complex NMSSM scenario to be compatible with the recent LHC searches.

1The program NMSSMTools [153-156] also performs these checks. It can be used, however, only for the
case of the real NMSSM.
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been obtained by adapting the Fortran code HDECAY [169-174] to the complex NMSSM, in
which we use the one-loop corrected Higgs boson masses and mixing matrix elements of our
calculation. For the SM-like Higgs boson HiSM‘like of the real NMSSM we demand its mass
to lie in the interval 120 — 130 GeV. Furthermore, the total significance for ]'171-31\/[‘like should
not deviate by more than 20% from the corresponding SM value. We roughly estimate
the significance S to be given by S = Ny/v/N,, where Ny denotes the number of signal
events and N, the number of background events. Hence our criteria for a scenario to be
compatible with present LHC searches are

Siop SSM(EPMR) = SEM(HM) £20%  for  Mpsym = Mpswmiike - (4.2)

7

120 GeV < MHSM‘like <130 GeV (4.1)

In this case the scenario is estimated to be compatible with the present LHC searches
taking into account experimental and theoretical uncertainties. We roughly approximate
the total significance by adding in quadrature the significances of the various LHC Higgs
search channels. We assume the number of background events to be the same both in
the SM and the NMSSM case. For the calculation of the signal events we need the cross
section values in the different channels, which we obtain as follows. We first calculate the
inclusive production cross section by adding the gluon fusion, weak boson fusion, Higgs-
strahlung and tf Higgs production cross sections. Associated production with bb does not
play a role here, as the tan 8 values we chose are rather low. The gluon fusion value at
NNLO QCD is obtained with HIGLU [160], which we have modified to the NMSSM case.
Weak boson fusion and Higgs-strahlung at NLO QCD are computed with the programs
VV2H and V2HV [161] by applying the modification factor due to the modified NMSSM
Higgs coupling to gauge bosons compared to the SM case. Finally, the cross section value
for ¢t Higgs production at NLO QCD [162-166] is obtained from the cross section values
given at the LHC Higgs cross section working group webpage [167, 168] by applying the
appropriate factor taking into account the change of the NMSSM Higgs Yukawa coupling
with respect to the SM coupling. Note that the NLO QCD corrections are not affected by
changes due to the NMSSM Higgs sector and can therefore readily be taken over from the
SM case. The cross sections in the WW, ZZ and ~y LHC search channels are obtained
in the narrow width approximation by multiplication of the total cross section with the
corresponding Higgs branching ratios into these final states. The branching ratios have
been obtained from our modified Fortran code HDECAY [169-174], adapted to the complex
NMSSM. The thus obtained cross sections for the various channels can be used to calculate
the number of signal events.!” The experiments take into account QCD corrections beyond
NLO and also electroweak corrections. As these are not available for the NMSSM we
cannot take them into account here. They are of the order of a few percent depending on
the process. Furthermore, ATLAS and CMS exploit more final states and combine them

"Note, that the luminosity factor in the calculation of the number of events and also the number of
background events drop out in the comparison of the NMSSM case to the SM case, so that we only need
to calculate the quadratic sum of the cross sections in the different final states for the NMSSM and for the
SM and compare them.
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in a sophisticated statistical procedure, while we have taken into account only the most
prominent ones. Our approximation should therefore be viewed only as a rough estimate,
good enough though to eliminate scenarios clearly excluded by the present LHC search
results.

In all investigated scenarios we have taken the input values at the scale Q) = | /mg,mz.
In order to comply with the present LHC searches [175-185], we have throughout taken the
soft SUSY breaking mass parameters of the squarks of the first two generations equal to
1TeV, and for simplicity also those of the sleptons. The corresponding trilinear couplings
are taken to be 1 TeV. Furthermore, the right-handed soft SUSY breaking mass parameter
of the sbottom sector is set equal to 1 TeV and its trilinear coupling close to 1 TeV, so that

we have
my =mp = mqg,, = mp = myp = 1TeV
A, = 1TeV (r =wu,c,d,s, e, u,T)
Ap ~ 1TeV . (4.3)

This leads to masses of ~ 1 TeV for the squarks of the first and second family, the sleptons
and the heavier sbottom. Furthermore, all scenarios lead to the correct relic density in the
limit of the real NMSSM, which has been checked with NMSSMTools which contains a link
to MicrOMEGAs [186-189].

4.1 Scenario with a SM-like Hg

The parameter set for this scenario is given by

[A|=0.72, |x| =020, tanB8=3, Myt =629 GeV, |A.|=27GeV, |u|=198 GeV

|4y = 963 GeV, |A,| =875 GeV, M, =145 GeV, M, =200 GeV, M;z =600 GeV .
(4.4)

The slightly high values of A and x may require extra matter above the TeV scale [60].'8
We set all CP-violating phases to zero and subsequently turn on specific phases to study
their respective influence. In this case, the signs of the tree-level CP-violating phases
egs. (3.18), (3.19) are then chosen as

sign cos @, = +1, sign cosg, = —1. (4.5)

Furthermore, the left- and right-handed soft SUSY breaking mass parameters in the stop
sector are given by mg, = 490 GeV and my,, = 477 GeV. This leads to relatively light stop
masses m;, = 363 GeV and m;, = 616 GeV, still allowed by the experiments [190-195]."?
In the calculation of the one-loop correction to the Higgs boson masses we have set the

18Being above the TeV scale it is not expected to influence LHC phenomenology, apart from the indirect
effect of allowing A\ to be a somewhat larger than allowed by the usual perturbativity requirement in the
NMSSM with no extra matter. If instead one accepts more finetuning in the theory and allows for higher
stop masses, a Higgs mass of the order of 125 GeV can be achieved for lower A values, cf. the discussion in
section 4.2.

9Note, that light stop masses and small mixing reduce the amount of finetuning [60].
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renormalization scale equal to 500 GeV, i.e. e, = 500 GeV, if not stated otherwise. This
scenario leads in the CP-conserving NMSSM to the one-loop corrected Hs being SM-like
with a mass My, = 125 GeV compatible with present LHC searches. In the following we
discuss for various complex phase choices the phenomenology of the three lightest Higgs
bosons. The two heavier ones receive mass corrections of maximally 2GeV leading to
masses of ~ 642 GeV so that they are not excluded by present collider searches, with Hy
being mostly CP-odd and Hj mostly CP-even. We therefore do not display their masses
explicitly.

4.1.1 CP violation at tree-level

As we have seen in section 3.1 a non-vanishing phase ¢, cf. eq. (3.9), introduces CP
violation at tree-level. Therefore CP-even and CP-odd Higgs mass eigenstates cannot be
distinguished any more. A measure for CP violation concerning the state H; (i = 1,...,5)
is instead provided by the quantity

rop = (Ri)? + (Ri2)® + (Ris)? (4.6)

where R;; are the matrix elements of the mixing matrix which diagonalizes the Higgs boson
mass matrix, cf. eq. (3.29). A purely CP-even (CP-odd) mass eigenstate H; corresponds
to r&p =1 (0). We first investigate the effect of a non-vanishing phase®’

o7 0. (4.7)

The phases ¢4,, a4, are fixed by the tadpole conditions egs. (3.5), (3.7).

In figure 1 (left) we show the tree-level and one-loop masses of the two lightest Higgs
mass eigenstates Hi o as a function of ¢,, where ¢, = 0 corresponds to the real NMSSM.
The phase is varied up to 7/8. Above this value it turns out that the phases 4, and @4,
cannot be chosen in such a way that the tadpole conditions are fulfilled. The tree-level and
one-loop corrected mass of the SM-like Hj is shown in figure 1 (right). Figure 2 displays,
as a function of ¢y, the amount of CP violation rip (left) and the amount of the CP-even
singlet component?! (R;3)? (right) for H 1,2,3- Finally figure 3 shows their coupling squared
to the V bosons (V = Z, W) normalized to the SM as a function of ¢,. As expected, the
masses exhibit already at tree-level a sensitivity to the CP-violating phase .. In particular
for the SM-like H3 this dependence is more pronounced at one-loop level, changing its mass
value by up to 9GeV for ¢, € [0,7/8]. The one-loop correction increases the mass by ~ 4
to 11 GeV depending on ¢, with larger mass values for larger CP-violating phases.

In the plots the grey areas are the parameter regions which are excluded due to the
experimental constraints from LEP, Tevatron and LHC, and which have been obtained
with HiggsBounds.?? This is the case for 0.0747 < ¢, < 0.0997 and ¢, > 0.112.
The dashed region excludes the parameter regions where the criteria stated in eq. (4.2) of

20The choice of non-vanishing ¢, allows to investigate mixing effects of the Higgs bosons while suppressing
the phase relevant for the neutral electric dipole moment [116].

2'The CP-odd singlet component is given by (Ris)?.

22The exclusion is due to the LEP constraint on H; from the Higgs boson search in the Zbb final state
stemming from a Higgs boson produced in Higgs-strahlung with subsequent decay into a b-quark pair.
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Figure 1. Left: Tree-level (dashed) and one-loop corrected (full) Higgs boson masses for H; (red)
and Hy (blue) as a function of ¢,. Right: Tree-level (dashed) and one-loop (full) mass My, as a
function of ¢,. The exclusion region due to LEP, Tevatron and LHC data is shown as grey area, the

region with the SM-like Higgs boson not being compatible with an excess of data around 125 GeV
as dashed area.
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Figure 2. The amount of CP violation r&p for H; (i = 1,2,3) as a function of ¢, (left). The
amount of CP-even singlet component (R;3)? as a function of ¢, (right).
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Figure 4. The one-loop corrected mass of the SM-like Higgs H3 evaluated with the top and bottom
running DR masses (full) and with the corresponding pole masses (dashed).

compatibility with the recent Higgs excess around 125 GeV cannot be fulfilled any more,
here for ¢, > 0.0217. The reason is that with increasing ¢, the eigenstate H3 becomes
more CP-odd and hence couples less to VV (V = Z, W) as can be inferred from figure 2
(left) and figure 3 so that the total cross section becomes smaller and the significance
deviates by more than 20% from the SM significance of a SM Higgs boson with same mass.

The one-loop corrections for the two lighter Higgs bosons Hj 2 increase their masses
by 6-15GeV depending on ¢,. The mass value My, (p,) decreases (increases) with rising
k. In the CP-conserving limit the one-loop masses of Hio are My, = 119.4GeV and
My, = 120.7GeV, with H; being CP-even, cf. figure 2 (left), but CP-even singlet-like,
cf. figure 2 (right), such that it hardly couples to SM particles and cannot be excluded by
the experimental searches. The heavier Higgs Hs is dominantly CP-odd singlet-like (not
plotted here) and is not excluded by the LEP, Tevatron and LHC searches due to both its
singlet and its CP-odd nature leading to a vanishing coupling to weak vector bosons, cf.
figure 3. With increasing CP-violating phase the eigenstates H; and Hy interchange their
roles both with respect to their CP nature and their amount of CP-even singlet component,
with the cross-over taking place at ¢, ~ 7/64.

In order to get an estimate of the theoretical uncertainty due to the unknown higher-
order corrections the one-loop corrections to the Higgs boson masses have been calculated
with the top and bottom pole quark masses, M; = 173.2GeV and M, = 4.88 GeV, and
compared to the results for the one-loop corrected masses evaluated with the running DR
top and bottom quark masses myy at the scale Q) = |/m@;my,. For our scenario they
amount to m; = 153.4 GeV and my = 2.55 GeV. The result is shown in figure 4. Whereas
the slope of the curve hardly changes, the absolute values of the corrections change and
are more important for a higher top quark mass. The theoretical uncertainty due to the
different quark mass renormalization schemes can conservatively be estimated to ~ 10%.

4.1.2 No tree-level CP violation

We now keep the CP-violating phases ¢, and @) non-zero and vary them by the same
amount, such that according to eq. (3.9) we have no tree-level CP-violating phase ¢,. In
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Figure 5. One-loop corrected Higgs boson masses My, (i = 1,2, 3) as a function of ¢,, = ¢, (left).
Tree-level (dashed) and one-loop corrected (full) mass for Hj as a function of ¢, = ¢, (right).

the one-loop corrections @y, @) enter separately so that CP violation is induced radiatively.
Figure 5 (left) shows the one-loop corrected masses of the three lightest Higgs states Hj 23,
figure 5 (right) compares the tree-level and one-loop corrected mass of the SM-like Hs, both
as a function of .. The tree-level mass shows no dependence on ¢, as expected. The one-
loop mass My, changes by only ~ 3 GeV for ¢, varying from 0 to 7, and the loop-corrected
masses for Hi 2 show almost no dependence on the CP-violating phase. The reason is that
the dependence on the phase is due to the corrections from the stop sector which are the
dominant contributions to the one-loop masses. The values of the stop masses change
with the CP-violating phase. As Hj has the largest h, component and hence couples
more strongly to the up-type quarks it shows a stronger dependence on ¢, than H; and
H,. For My, (Mp,) the mass corrections are of about 15 (11) GeV. With mass values
around 120 GeV they could lead to additional signals at the LHC if they were SM-like.
However, due to the CP-odd nature of Ha, cf. figure 6 (left), it hardly couples to weak
vector bosons. And the CP-even singlet character of Hj, compare with figure 6 (right),
reduces its couplings to SM particles. These particles would therefore have considerably
reduced signals at the LHC. The whole region over which ¢, = ) are varied is hence still
allowed by the LHC searches.

4.1.3 Radiatively induced CP violation through the stop sector

For completeness we investigate the case where only ¢4, # 0. CP violation is thus only
induced through loop corrections stemming from the stop sector. The one-loop corrected
masses of Hy o3 are shown in figure 7 (left), the tree-level and one-loop corrected mass of
the SM-like Hj3 are displayed separately in figure 7 (right), both as function of ¢4,. The
tree-level masses of Hjp o are increased by about 10-15GeV and their one-loop masses of
~ 119.5 and 121 GeV, respectively, hardly show any dependence on ¢4,. The SM-like H3
one-loop mass shows a small dependence varying by ~ 2 GeV for ¢4, € [0, 7], increasing the
tree-level mass by 4-7 GeV. The reason is that Hj has the largest h, component so that the
dominant one-loop corrections stemming from the stop loops contribute more importantly
to the radiative corrections of the Higgs mass matrix elements of Hs than of H; and Hs.
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Figure 7. One-loop corrected Higgs boson masses My, (i = 1,2,3) as a function of ¢4, (left).
Tree-level (dashed) and one-loop (full) mass Mjy, as a function of w4, (right).

The CP-even singlet nature of Hy, the CP-even character of Hy and Hj3 as well as the
CP-odd one of Hy are hardly affected by a change in ¢4, and are therefore not displayed
here. As may have been expected, in this scenario loop-induced CP violation affects the
phenomenology of the Higgs bosons less. Note, that the scenario is not excluded by LHC
searches over the whole displayed phase range.

In figure 8 we investigate the theoretical error due to unknown higher-order corrections
by varying the renormalization scale from 500 GeV to half and twice the scale. The variation
of the renormalization scale also changes the values of the input parameters and the running
DR top and bottom mass. For higher scales they become smaller and hence also the
one-loop corrections to the masses decrease. The residual theoretical uncertainty can be
estimated to about 4%. We also checked the theoretical uncertainty due to the different
quark mass renormalization schemes and found them to be of ~ 10%, hence of the same
order as in the scenario studied in section 4.1.

In summary, the discussion of the various scenarios has shown that the impact of the
CP-violating phase is crucial for the validity of the model. While a certain parameter
set can still accommodate the experimental results for vanishing CP violation it may be
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invalidated by non-vanishing CP phases. Turning this around, the experimental results
will be useful to pin down the allowed amount of CP violation. The latter can arise from
tree-level CP-violating phases in the Higgs sector or be radiatively induced. In the latter
case the effects are found to be less pronounced. To get reliable predictions, the one-loop
corrections have to be included as they not only considerably change the absolute mass
values but also the singlet and CP-nature of the individual Higgs bosons as compared to
the tree-level quantities.

4.2 Scenario with SM-like H; or H,

The parameter set for this scenario, where, depending on the CP-violating phase, either
H, or Hy is SM-like, is given by

[A\|=0.65, |x|=025, tanB8=3, Mg+ =0619GeV, |A,|=18GeV, |u| =199 GeV

|Ay] =971 GeV,  |A,| =1143 GeV,  M; =105 GeV, My =200 GeV, Mz =600 GeV .
(4.8)

The signs of the tree-level CP-violating phases egs. (3.18) and (3.19) are
sign cosp, = +1, sign cosp, = —1. (4.9)

The renormalization scale has been set to fire, = 650 GeV. The left- and right-handed soft
SUSY breaking mass parameters in the stop sector mg, = 642 GeV and m;, = 632 GeV
lead to m;, = 514GeV and m;, = 768 GeV. The low value of A respects the bounds
imposed by unitarity [60]. We allow for tree-level CP violation by choosing ¢, # 0. The
remaining complex phases are all set to zero, except for ¢, and ¢4, which follow from
the tadpole conditions egs. (3.5), (3.7).

The tree-level and and one-loop corrected masses of H; and Hs are shown in figure 9
(left), as a function of ¢,. Beyond ¢, ~ 0.17 the tadpole conditions are not fulfilled any
more. The corresponding couplings squared to weak vector bosons are plotted in figure 9
(right). The amount of CP violation of the three lightest Higgs bosons Hj 23 and their
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Figure 9. Left: Tree-level (dashed) and one-loop corrected (full) Higgs boson masses as a function
of ¢, for Hy (red) and Hy (blue). Right: The Hy (red) and Hy (blue) Higgs couplings squared to
two V bosons (V = W, Z) as a function of ¢, at tree-level (dashed) and at one-loop (full). The
exclusion region due to LEP, Tevatron and LHC data is shown as grey area, the region with the
SM-like Higgs boson not being compatible with an excess of data around 125 GeV as dashed area.

1 ] 1F T T T =
o 08 F ; ] 08 [ ]
@ hN .
+ 06 F 0.6 £/ /0 0
Sy s o LU e H
& : 2
+ 04 o4 EVII/ R Hj ]
& o02f ; 0.2 | ;

0E ! 1 1 = 0 £ L . ]

0 w/16 /8 0 w/16 /8
QPN (pﬁ

Figure 10. The amount of CP violation r&p for H; (i = 1,2,3) as a function of ¢, (left). The
amount of CP-even singlet component (R;3)? as a function of ¢, (right).

CP-even singlet component are displayed in figure 10 (left) and (right), respectively, as a
function of ¢,. As can be inferred from the figures, in the limit of the real NMSSM H; is
CP-even and has SM-like couplings while Hy is CP-odd. The heavier Hj is CP-even over
the whole ¢,; range. The CP-even singlet components of H; and Hy vanish, cf. figure 10
(right). However, Hy is CP-odd singlet-like. This is reflected in the couplings of H; and
H to the weak vector bosons. The one-loop corrections for ¢, = 0 shift the H; mass from
99 to about 122 GeV so that its mass is compatible with the excess observed at the LHC.
The mass of the second Higgs boson H> is increased by about 3 GeV to 126 GeV and could
have been observed at the LHC, if its coupling to gauge bosons were not suppressed due
to its CP-odd character so that it is not excluded by the present experimental constraints
from the LHC. Furthermore, for ¢, = 0 the total significance concerning H; is compatible
with LHC searches according to our criteria eq. (4.2).
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The scenario is interesting because with increasing ¢, the CP character of H; » changes
rapidly (with a cross-over at ¢, ~ 37/64 where H; 5 interchange their roles with H; being
more CP-odd like and Hs more CP-even like). This dependence on the CP violating
phase is at one-loop more pronounced than at tree-level and makes that already beyond
pr = 0.006 7 H1 cannot fulfill the role of the SM-like Higgs boson any more as its couplings
deviate too much from the SM case to fulfill the requirement of eq. (4.2). On the other
hand, the Hs couplings are not yet SM-like and once this is the case Hs is already too heavy
to be compatible with LHC searches. Hence, above ¢, = 0.006 7 the scenario does not
comply with the criteria of eq. (4.2) any more and it is excluded as indicated by the dashed
region. Beyond ¢, ~ 0.0527 the grey region shows that the searches at LEP invalidate
this parameter choice due to the LEP limit on H; in Zbb. Therefore a large portion of this
scenario is likely to be excluded, constraining ¢, to be almost zero and hence a real NMSSM.

This scenario illustrates particularly well the importance of the one-loop corrections
and the impact on the restriction of a possible CP-violating phase. Firstly, the one-loop
corrections are crucial to shift the mass of the SM-like Higgs boson to a mass value which
is compatible with the excess observed at the LHC. However, the one-loop corrections also
amplify the dependence on the CP-violating phase of both the Higgs masses and in particu-
lar the mixing matrix elements and hence the coupling to the weak vector bosons. Neglect-
ing for the moment for the sake of this discussion the fact that at tree-level Hy does not fulfill
the mass constraint, the restriction of the CP-violating phase due to deviations from the
SM significance would be less severe at tree-level than at one-loop level due to the smooth
tree-level dependence on the CP-violating phase. The one-loop corrections are hence crucial
to correctly define parameter scenarios which are compatible with present LHC searches
and to derive the correct exclusion limits for scenarios dropping out of this constraint.

The CP-even Hs, which has been not shown explicitly in all plots, is dominantly
CP-even singlet-like. Its tree-level mass of ~ 148 — 152 GeV for ¢, increasing from 0 to
~ 371 /16 receives one-loop corrections of ~ 3 —4 GeV. The one-loop corrections show the
same dependence on ¢, as the tree-level mass. Due to its singlet character at present it
cannot be excluded by LHC searches.

We close our numerical analysis by a few general remarks on the identification of CP
violating effects in Higgs boson phenomenology. Although the Higgs mass values and the
Higgs couplings are changed by the inclusion of CP violation this is no unique indicator
of CP violation. Contrary to the MSSM where only in the complex case e.g. there are
parameter ranges where a light Higgs boson is not excluded by LEP due to a suppressed
coupling to Z bosons, in the NMSSM such a suppression can also arise in case of vanishing
CP violation due to singlet-doublet mixing. Also one could easily imagine parameter choices
in the real NMSSM which could mimic effects of a CP violating NMSSM. Therefore, in
order to unambiguously pin down CP violation, in addition to a combined fit to as many
Higgs observables as possible, in particular observables sensitive to CP violation have to be
investigated such as e.g. the angular distributions in Higgs boson decays into Z bosons. In
order to correctly interpret the results of these studies, however, the precise predictions of
the Higgs boson masses and couplings are indispensible, also including two-loop corrections,
the calculation of which is deferred to future work.
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5 Summary and conclusions

We have calculated the one-loop corrections to the neutral Higgs bosons in the CP-violating
NMSSM by applying a mixed renormalization scheme where part of the parameters are
renormalized on-shell while tan 8, vs, A, k, A, and the CP-violating phases are renormal-
ized in the DR scheme. We have in general allowed for tree-level CP violation due to
non-vanishing phases ¢, s, ¢, and ¢y, and for loop induced CP violation from the stop
sector due to a non-zero phase ¢4,. Several scenarios have been investigated which start
from parameter sets that are compatible with the experimental Higgs searches in the limit
of the real NMSSM, subsequently CP violation is turned on. As expected the dependence
of the one-loop corrected Higgs masses and mixing matrix elements on the CP-violating
phase turned out to be more pronounced for tree-level CP violation than for radiatively
induced CP violation. The loop corrections were found to considerably change the masses
and mixing angles with crucial implications for the Higgs phenomenology at the LHC. As
it is well known in the MSSM and the real NMSSM we also found that a scenario may be
excluded at tree-level, whereas it is compatible with LHC searches at one-loop. Of special
interest is the dependence on the CP-violating phase. It may be rather smooth at tree-level
but more pronounced at one-loop so that at one-loop the CP-violating phase under inves-
tigation may be much more restricted than at tree-level due to possible non-compatibility
with the experiments. Therefore, in order to correctly define viable scenarios and pin down
allowed parameter ranges, the inclusion of higher-order corrections is indispensible. This
is also true for observables sensitive to CP violation which have to be investigated in order
to unambiguously pin down CP violation and distinguish CP violating NMSSM scenarios
from parameter choices which could mimic similar effects as expected from non-zero CP
phases. We also investigated the theoretical error due to the unknown higher order cor-
rections by applying an on-shell and a DR renormalization scheme for the top and bottom
quark mass and by varying the renormalization scale between half and twice its value. The
theoretical error of the one-loop corrected Higgs masses can be conservatively estimated to
be about 10%.

Note added in Proof. Right after the publication of this work the LHC experiments
ATLAS and CMS reported the exciting discovery of a new boson [196] compatible with
a SM-like Higgs boson, with a mass of 126.5GeV at 50 local significance [197] and of
125.3 GeV at 4.90 local significance [197], respectively. The results of our paper, and in
particular our criteria for a scenario not being excluded by the LHC searches, remain valid
in view of these new results, so that our conclusions are unchanged.
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A Relations between original and physical parameters

For the transformation of the Lagrangian from the original parameters to the physical ones
the following relations are used:
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where n, and n, can be zero or one in case of two solutions of the tadpole condition,
egs. (3.5) and (3.7), and zero if there exists only a single one. Here, sign, and sign, are
the sign of the corresponding arcsine evaluated in the interval [—7, 7), respectively.

B Higgs boson mass matrix

In this section we list the Higgs boson mass matrix elements in a form needed as starting
point for the renormalization procedure in the basis ® = (hg, by, hs, A, as, G)T. This basis
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is obtained by transforming the original basis ¢ = (hg, huy, hs, @y, aq, as)T with the matrix

10 56, Cpn 0
RY = (0 uG> and U=|0 0 1]. (B.1)

3, —58, 0

The angle 3, is chosen such that the Goldstone boson field (with zero mass eigenvalue) is
extracted and, at tree-level, coincides with the angle 5 defined via the ratio of the vacuum
expectation values, 3, = .

The mass matrix elements of the CP-even part My, cf. eq. (3.11), are
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S
M2, My sg.., 359 ferter
Myn, = — | == — MZ, T SRR
CAp evg UsCAg
4N M, 39 spC>
5
+ |/\|MW—US [2\)\\35 - \/{\050%] - = (B.6)
S
]\42 M? 39 s% My sg sw%c th
Mpn, = 02 MW] 62;; g - e:)Vzcz 2 [thu +tﬁt%sthd] + US
AL sCAB s
2
9 2ﬁ
+ ’/\|MW o) [2!/\\MW — [k[viey, | +2|k[707 + \f\A kl|Klvscy,
(B.7)

where A = 8 — g and B = B. = Bn. The mixing angle of the charged Higgs bosons,
B¢, and the mixing angle (,, needed for extracting the Goldstone boson, coincide and no
discrimination between these two mixing angles is done in the formulae. The angles ¢,
¢y and ¢, have been defined in egs. (3.8)—(3.10).
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The mass matrix elements corresponding to the CP-odd components of the Higgs boson
mass matrix are given as

2
S
2 2 2 2 2 °0 2
My sg,, 528 Cﬁc,%
My, = [M?, — M2, w2 B[t tgt? t
Aa, = [Miz WeAs) evsCag USCM[th 855 th]
2
S C
+ |A|MW%[Q|A|MW7@B — 3[kfv2e,,] (B.9)
S
M2,s2 s2 My sg SQﬂCﬁC2 t
Moo, = [MEs — M3, g) —o0w™20 N IR (b, + tatd ] +
asas [ H* W AB] eQUECQAB evgczAB [hu B'BE hd] Vs
0 25 2 3
+ |)\|MW o 2|)\\MW 552 +3|klvicy, | — EIAHHMUSC% , (B.10)
Mag = [M3s — M3 Asltas + —— P28 [ty ty, — tn.] + |A2M2 S (B.11)
H WCEAB B QMWSGWCAB Brlhq u w o2 B> :
My sey, 5255 C5Ch,SAB
My = [MEs — MycXs] e T
eUsCAg UsCAg
2
A My 2w A8 [2|)\|MW525 3|/{|v§c¢y] , (B.12)
evg
Mg = [Me — M3 Ag) s + =228 [th, — tgapytn,] + 2\ M3 S 2
H WEABILAB 2MW89W62A,8 d B—2Bpthy W2 9AB

(B.13)

Finally, the mass matrix elements describing the mixing between the CP-even and the
CP-odd components can be expressed as

__8p L LT ) -
T 2MW50W5,B ad a(i 59850y QMWSGWSB ad
gt _ esg ET) ecg
Mpall”" = | sp7iBstaa s tas + 3IKIINMw =T vscaseo,  ayp ol ta, (B.14)
My, a Mp,a, Mp.c
with
CA Sp
Mya=—22t,, — |5 [ A My —Yvscagse, (B.15)
VsSg e
2 4 My sg c Sp
Miya, = —ta, — —220W APy 4 [KIA My "2 5955, | (B.16)
Us e US e
SA
My = 254, — |K||\ My 22 NI (B.17)

C Chargino and neutralino self-energies

In this section the expressions for the renormalized self-energies of the charginos and neu-
tralinos are listed. The different parts of the renormalized chargino self-energy decomposed
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according to eq. (3.63) can be written as (i, j=1,2)

A 1 * *

B3 )], = (B3 0], + 5 (U025 + 027U, (C.1)
- 1 "

B4 67, = (S50, + 5 [V 628 + 028 V1], (C2)
N 1

B 0], = (22 0]y = 5me (USZEU by + 5u[VOZE Vi) = [U*6MeVT] ;.

(C.3)
. . 1 . e
BE @], = 20N — 5mae (VOZE Vi bk + 0[U70 25 U ]iy) — [vemiu™y,,
(C.4)

where, for the renormalization procedure, the chargino spinors as given in eq. (2.8) and
the 2 x 2 chargino mass matrix Mg are replaced by

1
v — <1+ 5525)1/;;, (C.5)
_ L. e\ - . o (0Z¢ 0
Vv — (]H— §5ZR)¢R, with 0Z% = ( OXl 52)% and X =L/R, (C.6)
and
Mc — Mg + 6M¢e (C7)

respectively, where 0 M¢ is given in eq. (3.68).
The various parts of the decomposed renormalized neutralino self-energy can be ex-
pressed as (i, j=1,...,5)

EH0%)], = [EH07)], + %[ “0ZN + 62NN, (C.8)
[E5 @), = [SLr™)],; + %[N@ZN +6ZNONT] (C.9)
[E50")],; = [E8e))],; - %mxi (IN*6ZN N ik 615 + 63k N6 ZN NTTi5)

— [NV SMNNT], (C.10)
EB@], = [E80)],; - %mxg (IN6ZN Nt 651 + 0 NG ZN N5

— [NSMINTT], (C.11)

For the renormalization procedure, the neutralino spinor defined in eq. (2.7) has been
replaced by

1
W0 = (n+ §5ZN)1/10 with 62N = diag(62Y, 62V, 62N, 62¥ 52y (C.12)
and the neutralino mass matrix by
My — My + My . (C.13)

The matrix elements of My can be found in egs. (3.76)—(3.86).
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