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Abstract We evaluate the full next-to-leading order super-
symmetric (SUSY) electroweak and SUSY-QCD corrections
to the on-shell two-body decays of the charged Higgs bosons
in the framework of the next-to-minimal supersymmetric
extension of the Standard Model (NMSSM) allowing also
for CP violation. We furthermore provide the possibility to
choose between different renormalization schemes in the
electroweakino and the squark and slepton sectors. Our cor-
rections are implemented in the code NMSSMCALCEW and
thus complete the one-loop corrections of the charged Higgs
boson decays which so far only included the state-of-the-
art QCD corrections and the resummed SUSY-electroweak
and SUSY-QCD corrections. We investigate the impact of
the NLO corrections including the newly computed higher-
order corrections for each decay mode in a wide range of the
parameter space that is allowed by the theoretical and exper-
imental constraints as well as the effect of CP violation and
the dependence on the choice of the renormalization scheme.
The new version of NMSSMCALCEW is made publicly avail-
able.

1 Introduction

While the Higgs boson with a mass of 125 GeV [1] discovered
by the LHC experiments ATLAS [2] and CMS [3] behaves
very Standard Model (SM)-like [4,5] the pending open ques-
tions within the SM call for extensions of the Higgs sector.
The lacking direct discovery of any new physics sign so far
forces us to focus more and more on the indirect discov-
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ery of physics beyond the SM which in turn requires precise
predictions of the considered observables.

Among the most popular and best studied models beyond
the SM is supersymmetry (SUSY) [6—16], which requires at
least two complex Higgs doublets. This minimal supersym-
metric SM (MSSM) [17-20] is extended by an additional
complex singlet superfield in the next-to-minimal supersym-
metric SM (NMSSM) [9,21-35]. With a Higgs sector con-
sisting of seven Higgs bosons, three neutral CP-even, two
neutral CP-odd and two charged Higgs bosons, it entails arich
phenomenology. Moreover, the NMSSM features CP viola-
tion in the Higgs sector already at tree level that still allows for
non-zero NMSSM-specific CP-violating phases despite the
strong experimental constraints from the measurement of the
electron electric dipole moment (EDM) by the ACME col-
laboration [36] which is due to cancellations of the NMSSM-
specific contributions to the EDMs [37]. CP violation is one
of the three Sakharov conditions [38] and hence a key ingredi-
ent for electroweak baryogenesis. In extended Higgs sectors,
charged Higgs bosons play an important role. Their discov-
ery would be a clear manifestation of extended Higgs sectors.
Moreover, their possible decay channels induce interesting
non-SM decay signatures, besides those in SUSY pairs, in
particular modes with a massive gauge boson and a neutral
Higgs boson in the final state.

The very SM-like nature of the discovered Higgs boson
calls for sophisticated experimental techniques together with
precise theoretical predictions in order to reveal new physics
signs. In the context of the NMSSM, various radiative correc-
tions to Higgs observables have been calculated. More specif-
ically in the context of Higgs boson decay widths, the next-
to-leading order (NLO) SUSY-electroweak (EW) and SUSY-
QCD corrections to the decays of CP-odd Higgs bosons of
the CP-conserving NMSSM into stop pairs have been com-
puted in [39]. The full one-loop renormalization of the CP-
conserving NMSSM has been worked out in [40,41] together
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with the computation of the one-loop two-body Higgs decays
in the on-shell (OS) renormalization scheme. In [42] a generic
calculation of the two-body decays widths at full one-loop
level was provided in the DR scheme. The full one-loop
corrections for the neutral Higgs decays into fermions and
gauge bosons was performed in [43] in the framework of
the CP-violating NMSSM and combined with the leading
QCD corrections. More recently, the effects of Sudakov log-
arithms on fermionic decays of heavy Higgs bosons, which
appear though radiative corrections of electroweak gauge
bosons, have been studied in Ref. [44]. In [45], members of
our group completed the evaluation of the NLO SUSY-EW
and SUSY-QCD corrections to the full set of two-body on-
shell decays of the neutral Higgs bosons in the CP-violating
NMSSM, including the state of the art QCD corrections. For
the Higgs-to-Higgs decays, the complete one-loop correc-
tions [46] and two loop corrections of order O(oarr) [47]
have been calculated in both the CP-conserving and the CP-
violating NMSSM. As for the charged Higgs bosons, authors
of our group have computed the SUSY-EW corrections to the
charged Higgs two-body decays into a neutral Higgs boson
and a W boson and studied the gauge dependence arising
from the mixing of different loop orders due to the inclu-
sion of mass corrections to the external Higgs boson [48]
in order to comply with phenomenological constraints. The
authors of [49] discussed this problem further and proposed
two strategies to preserve or restore gauge invariance.

In this work, we complete the one-loop higher-order cor-
rections to the on-shell charged Higgs boson decays both in
the CP-conserving and CP-violating NMSSM. In the previ-
ous implementation in our code NMSSMCALC [53], which
computes the NMSSM Higgs mass spectrum and decays in
both the CP-conserving and CP-violating case, the charged
Higgs boson decay widths so far only included the state-of-
the-art QCD corrections for the quark final states and the
resummed SUSY-QCD and SUSY-electroweak corrections
in the quark and lepton final states, respectively. The aim of
this paper is to improve the accuracy for the predictions of
the charged Higgs decay widths by computing the remaining
one-loop SUSY-electroweak and SUSY-QCD corrections to
all charged Higgs boson decays into on-shell two-particle
final states in the framework of the CP-conserving and CP-
violating NMSSM. More specifically, we evaluate the com-
plete one-loop corrections to the decays into SM fermions,
electroweakinos, sleptons and squarks. The one-loop correc-
tions are based on the renormalization schemes that we have
introduced and applied in Refs. [45,47,50-52]. In particular,
we use a mixed DR-OS scheme in the Higgs sector and have
the possibility to choose between OS and DR renormaliza-
tion in the electroweakino sector and in the squark and slep-
ton sectors. This allows us to give a rough estimate of the
remaining theoretical uncertainties due to missing higher-
order corrections. The possibility to choose between differ-
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ent renormalization schemes and to include CP violation is
new with respect to existing results in the literature.

Our newly computed higher-order corrections to the
charged Higgs decays as well as those obtained previously in
[48] are included in the Fortran code NMSSMCALCEW [45].
The program is based on NMSSMCALC [53] that has been
derived by extending the Fortran code HDECAY [54,55]
to the NMSSM and as such contains the state-of-the-art QCD
corrections and relevant off-shell decays as well as higher-
order SUSY corrections through effective couplings. In the
first version of NMSSMCALCEW we already included the
SUSY-EW corrections to the neutral NMSSM Higgs boson
decays of the CP-violating NMSSM published in Ref. [45]
as well as their SUSY-QCD corrections to the coloured final
states. The code NMSSMCALCEW with now also the higher-
order corrections to the charged Higgs boson decays is avail-
able at the url:

http.//www.itp.kit.edu/~maggie/NMSSMCALCEW/

With our implemented corrections in NMSMMCALCEW we
compute the decay widths and branching ratios of the
charged Higgs bosons in the CP-conserving and CP-violating
NMSSM and investigate the impact of our computed one-
loop corrections. We start by investigating the relative size
of the SUSY-EW and SUSY-QCD corrections, taking into
account the recent theoretical and experimental constraints.
In our analysis we find that the newly computed corrections
are significant and can also become very large for some of
the final states in specific corners of the parameter space.
This shows the importance of the corrections for a meaning-
ful interpretation of the experimental results both in direct
as well as indirect searches for new physics. Subsequently,
we analyse the new features of our results with respect to
existing results, i.e. the effect of CP violation on the correc-
tions to the decay widths and the impact of the choice of the
renormalization scheme on the one-loop results.

The paper is organized as follows. In Sect. 2, we intro-
duce the NMSSM at tree level to fix our notation for the
higher-order computations. In Sect. 3, we briefly discuss the
renormalization of the Higgs sector, the electroweakino and
the squark sector. In Sect. 4 we move on to the calculations of
the radiative corrections to the decay widths of the on-shell
two-body decays of the charged Higgs boson. Our numeri-
cal analysis is presented in Sect. 5. Conclusions are given in
Sect. 6.

2 The NMSSM at tree level

In this section, we briefly introduce the model and set up the
notation used throughout the paper. Our notation and conven-
tions follow those already used and explained in detail in our
previous works [45-48,50-52,56]. We work in the frame-
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work of the scale-invariant NMSSM, in which the superpo-
tential is constrained by a Zz symmetry. The NMSSM is
obtained from the MSSM by adding a gauge-singlet chiral
superfield S to the MSSM field content. Since the new addi-
tional field is not charged under the SU (2); x U(1)y sym-
metry, the modification of the supersymmetric Lagrangian
with respect to the MSSM only arises in the superpotential,
Wamssm = Wwussm — €;jASHYH + %K§3, (1)
where H,, Hy are the Higgs doublet superfields and ¢;;
(i, j = 1,2) is the totally antisymmetric tensor, with €1 =
ez = 1, and i, j denote the indices of the fundamental
SU (2) representation. Here and in the following we sum
over repeated indices. The dimensionless NMSSM-specific
parameters A and k are complex in the CP-violating NMSSM.

The MSSM superpotential Wyissm is written in terms of the
quark and lepton chiral superfields Q L,U,Dand E as

Waissm = €[y HiL) E€ 4 ya H Q7 D¢ — y, HI Q7 U€),
(2)

where, for simplicity, we neglect colour and generation
indices. Assuming flavour conservation, the Yukawa cou-
plings y,, yq and y, are diagonal 3x3 matrices in flavour
space. In accordance with the applied Zz symmetry, the
MSSM parameter u has been set to zero.

In the NMSSM, the soft supersymmetry (SUSY) breaking
Lagrangian reads
—m%, H) Hy

»Csofl,NMSSM = - m%{u H,,,T H, — m2Q QTQ

- mzii"'i - ngﬁ;ﬁR - méRJ}jR
— ngé}ER — (e,-j[yeAengijE;
+ yaAdH, QI dly — yu Ay HL Q7 ity +hc)

1 -~ o~ ~ o~ ~ o~
-~ E(MlBB + MaW;W; + M3GG +h.c.>

o1
—m3|S]* + (e,-j)LAASHéHLf - §KA,(S3 +h.c.),
3)

F where O = (ig,d)T, L = (v,e.)T, Hy and H,
are the complex scalar components of the chiral super-
fields Q L Hd and Hu, respectively. Similarly, g, dR
and eg denote the complex scalar components of the right-
handed quark and lepton chiral superfields. Moreover, B, W;
(i=1,2,3)and G represent the bino, wino and gluino fields,
with masses M; (j = 1,2,3), respectively. Finally, the
parameters m%( are the squared soft SUSY-breaking masses

of the fields X = S, H;, H,, Q, ﬁR,ciR, I:, eg. The terms

Ay (@ = u,d, e, A, k) are the soft SUSY-breaking trilinear
couplings. In the CP-violating NMSSM, the trilinear cou-
plings and the gaugino mass parameters M; (j = 1,2, 3)
are complex.

The Higgs sector The tree-level Higgs potential derived
from the F- and D-terms in the supersymmetric Lagrangian,
and the soft SUSY-breaking Lagrangian, Eq. (3), reads

Vi = A2 (H;Hu + Hde)
i) 2|?
+ ’—e,-,-x (HdHu> kS ’
Vol P Y20 o2 (g i)
+ 583 | HiHd| + 56d + 63) (HiH, — HHy)
+m3;, Hy Hy +m?% HyHy +m% |S|

o 1
+ [—eij)»A)\ (H;,H;) S+ ngKs3 + h.c} )

where g1 and g» are the gauge couplings of the U(1)y and
SU (2)1 symmetry, respectively. The complex scalar Higgs
doublet fields H, and H; and the complex singlet field S
are expressed in terms of the component fields and vacuum
expectation values (VEVs) as

+
H, =% | 4 &
" \_fz(vu +hy +iay) )’

o — %(vd + hg +iag)
d h; s

1 .
S = Ee’% (vs + hs + iay) , )

where v, vy and vy are the VEVs of H,, H;, and S, respec-
tively. The two CP-violating phases ¢, and ¢, describe
the phase differences between the VEVs. Following Refs.
[47,50-52], we set the phases of the Yukawa couplings to
zero and rephase the left- and right-handed up-quark fields
asu; — e Puy; and up — €%rug, so that the quark and
lepton mass terms yield real masses. Inserting Eq. (5) into
the gauge sector of the Lagrangian, we obtain the masses the
charged gauge bosons W and the neutral Z boson, respec-
tively,

1 1
My = Jvgs and Mz = —uv\/g} + g3, (6)

with the SM VEV v >~ 246 GeV being related to vy and v,
as

v’ = v,% + vﬁ, (N

with

tan B = 2. 8)
Vd

@ Springer
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The weak mixing angle Oy is defined as
cosby = —. 9

Substituting Eq. (5) into Eq. (4), we can express the Higgs
potential as

Vi = Vii™ + 1y, + (hg hi) M= (Z‘i>
u

1 T, ¢ ¢
+§¢M¢¢¢ + A1 Pidjb + Vi (10

where ¢ = (hg, hy, hs,aq4,ay,as), i,j,k = 1,...,6.
Explicit expressions for the tadpoles 74, and the mass matrix
squared My can be found in Refs. [50,56]. The trilinear

3
couplings )»?j « have been derived in Refs. [46,47]. The con-

4
stant and quartic terms are summarized in V""" and V;’; ,
respectively.
The charged Higgs mass matrix in the 't Hooft-Feynman
gauge, see [45], is given by
|4 |vs

Mygs = - <t‘3 1 )[Mzs +
= = 2
H 2\ 1 1/t w22p cos(gn + @u + @5)

X (\/ERe Ay + |k|vg cos(ge + 3<px))

2|,\|2M2 255 2 _
B~ —CpSB
a0 } + My <_Cﬁsﬂ sp? )
(11)

where ¢, and ¢, are the angular arguments of A and «, respec-
tively. Here and in the following, we use the shorthand nota-
tion 7, = tan x, sy = sinx, ¢, = cos x. Rotating the interac-

tion states hfit, hff by a rotation with the angle 8. = 8, we
obtain the charged Higgs boson H* with mass
[A|vs
M3 = Mj, +
H* W sap cos(@s + ou + @)
2P M, 52
x («/ERe Ay + |k |vs cos(ge + 3%)) 79‘” (12)
e

and the charged Goldstone boson G* mass given by the
charged W™ mass in the "t Hooft-Feynman gauge that we
apply.

The neutral Higgs boson mass eigenstates are obtained via
the diagonalization of the mass matrix squared Mgy by an
orthogonal matrix R,

diag(my . my, . mj,.my,.my. . M7) = RMgyR",  (13)
(h1, ha, b3, ha, hs, GO = R(ha, hu s, aq, au, as),

(14)

where G is the neutral Goldstone boson with its mass given

by the neutral Z boson mass in the applied "t Hooft-Feynman

gauge, and the tree-level neutral Higgs boson masses are

ordered as my,; < -+ < my;.

@ Springer

The tree-level Higgs sector of the CP-violating NMSSM
is described by eighteen independent input parameters which
we choose as

m%,d, m?, m%, My, M2, e, tan B, vs, s, @u, |1,
O, k], o, Re Ay, Im A, Re Ay, Im A, (15)

where the three Lagrangian parameters g1, g» and v have
been traded for the three physical observables My, Mz and
the electric coupling e. In the following, the three soft SUSY-
breaking mass parameters m%{d, m%lu, m% as well as Im A,
and Im A, will be replaced by the tadpole parameters 4,
(¢i = hg, hy, hy, aq, as)'. At tree level these tadpoles van-
ish at the minimum of the Higgs potential. They are, however,
non zero at one-loop level, and hence kept for the renormal-
ization procedure. There is also the option to replace the
parameter Re A, by the charged Higgs boson mass.

The electroweakino sector The fermionic partners of
the neutral nggs bosons, the neutral higgsinos H,,, Hy
and the singlino S, mix with the neutral gauginos B and
W%, resulting in five neutralinos. The mass term of the
neutralinos is given in the basis of the Weyl spinor field
v = (B, W3, H;, H,,S)T as

0 1
Ltass = 50 My +he. (16)

with the 5 x 5 symmetric mass matrix My,

M, 0 7CﬂMzsgw SﬂMzsg‘5,€7i¢” 0
0 My Mywcg 7S’§;Mwe7’.w" 0
—Avgel¥s —Asgve'?
MN — —C/jMZSQW MWC/j 0 % f/i
spMzsay e —spMye "9 =0 - 0 71/”;”
0 0 771?/1;“#” ;%v V2kvge'?
a7

By introducing the 5 x 5 orthogonal matrix N, the mass
matrix is diagonalized by performing the rotation?

diag(m g0, myo. mzo, myo0,mze) = N*MyN', (18)
where the matrix N transforms the fields wo (¥9); into
the mass eigenstates Xz (XO), (i=1,...,5),ie.,

x% =Ny, 19)

The neutralino mass eigenstates are given by the Majorana
fields 30 = (2. xOT (i =1,...,
mass ordering of the )Z,-O is chosen as myo < -

5). By convention, the
<m.o. We
Xs

! The tadpole parameter tq, 1s not an independent quantity since it is
related to 1,4, as ty, = f—;’
2 We choose the mass eigenvalues to be positive, possible complex
phases are absorbed into the rotation matrix.



Eur. Phys. J. C (2021) 81:340

Page 50f29 340

choose M1 and M as input parameters, so that the masses
myo are derived quantities.

Similarly, the charged higgsinos H ;E and I:I;E mix with the
charged gauginos W resulting in the charginos. In the basis
of the spinors v, = (W-, I:Id_)T, w: = (Wt, I:IJ')T,
built from the Weyl spinors H ui, H ;E, Wi, the chargino mass
terms are expressed as

’CK/[Z/SI; = (W}?)TMCWZ— + h.c., (20)
with
My 2sgMye™ %
Mc 21
(\/_CﬂMW )\vq ’(/’S/\/_ ( )

The spinors wzr, Y are rotated into the mass eigenstates
X=Gl )" Xk = (g, Xgy)" by
X =Vl Xg = Uiy, 22)

where U and V are 2 x 2 unitary matrices. Thereby, the mass
matrix for the charginos can be diagonalized as

dlag(mxli,mizi) =U"McV', (23)

with the charginos described by the Dirac spinors (i = 1, 2)

~+

- XL,

= (—E) (24)
XR;

The convention used for the mass ordering is the same as
that for the neutralinos, namely, m My < myx. In total, the
electroweakino sector requires four addmonal2 input parame-
ters which are the absolute values of the gaugino masses and
their corresponding two complex phases, hence

IM1], M2, opm,, OM, - (25)

The Sfermion sector In the sfermion sector, we only con-
sider the third generation which is the relevant one for our cal-
culation of the charged Higgs boson decays. The mass terms
for the left-handed and right-handed sfermions are derived
from the soft-breaking Lagrangian Eq. (3) as well as from
the F- and D-terms of the supersymmetric Lagrangian. This
yields the mass matrices for the stops and sbottoms,

a0, T oMy = Qisg) me(AfeT — puent/ 1)
o my(Age'? — i /1p) m; + m?R + th2ﬂM%Sgw

W sz} +m2 + copME (1), — Qbs(fw) mp (A} — €9 pegrtp)
b mp(Ap — e uieip) mj, +mp + QpeasMysy,

(26)

with the isospins I, I, and the electric charges Q;, Q) given

by li =3, Iy =—3, Qs = 5, Qp = —3, and
A€ RYs ot
Heff = = —''P %), (27)
¢ V2 V2

The mass matrix which mixes left- and right-handed staus
reads

2 2 2 2
M = <m1:3 +my + copMy (I — Q,sgw)

me (A% — e pegrtp)
me(Ay — e ' M:fftﬁ)

m% + m%R + Q,czﬁM%ng
(28)

with Q; = —1, I, =
by

—1/2. The sneutrino masses are given

m%l_ = %M%Czlg + mzi,-’ (29)
with the generation indices i = 1, 2, 3. In our setting, only
left-handed neutrinos exist and hence the neutrinos are mass-
less. 3

Using a 2 x 2 rotation matrix for the sfermions, U /. which
relates f7, fr to the mass eigenstates f1 and f>, we get

fl ) <fL)
= (30)
<f 2 fr
The sfermion mass matrices are diagonalized as ( f =1,b,7)
; 2 2 _uglyuft
dlag(mfl,mfz) U MfU . 3D

In the calculation of the mass matrices M;, M ; and M;, the

soft SUSY-breaking masses mzé ng m?2 and the trilin-
3

br
ear soft SUSY-breaking couplings A;, Ap, A, are chosen as

input parameters, so that the mass eigenvalues are outputs,
for which the convention m 7 <m 7 is used as before.

In addition to the input parameters of the Higgs and elec-
troweakino sectors, we have seven more input parameters for
the third generation of the squarks,
me, mp, m2Q3, mth .

and four parameters for the third-generation of the sleptons

m2 | A;, Ap, (32)
br

me, m%}, m%R, Ar. (33)

3 Renormalization of the NMSSM

In order to obtain UV-finite results at one-loop level, the
renormalization of the parameters and external fields is
mandatory. In particular, the bare parameters po of the
Lagrangian are replaced by the corresponding renormalized
parameters, p, and the counterterms, 8p, as

po=p+dp (34)

@ Springer
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and the bare fields ¢ are expressed via the renormalized
fields ¢ and the wave-function renormalization constants
(WFRCs) Z as

Z
b0 =/ Zpp = (1+7>¢. 35)

In our previous studies [45,47,50-52], we have established
the renormalization schemes in the complex NMSSM. We
will adopt these procedures for the computation of the NLO
corrections to the two-body decays of the charged Higgs
bosons and summarize here the main points.

e The complex phases ¢,, @5, 5, ¢, ¥M,, ¢M, do not
need to be renormalized at one-loop level, see [45,50].

e The tadpole counterterms are chosen in such way that
the minimum of the Higgs potential does not change at
one-loop level, leading to

8t¢l = t(ll)7 ¢l = hd! huv th ad1 a57 (36)

where ¢ q(s ) are the tadpole contributions at one-loop level.

e The SM electroweak parameters e, My, Mz, inspired by
their experimental measurements, are renormalized in the
on-shell (OS) scheme. The W and Z mass counterterms
are given by

SM% =Rexl, (M%), sM3, =Rexl,, (M3), (37)

and the electric charge counterterm reads

T 2 T
1%y, (%) Slzyz(o) —lA 2. (38)
CT 2T a2 c 2 T o)
=0 w M
hght T light,T ,, 2
62 R ) M
satily = 227 ZH 2} (39)
k2=0 MZ
where EVV,, V, V' =y, W, Z,denote the transverse part

of the respective self-energies. The notation 'Re’ means
that we take only the real part of the loop integrals. The
above definition of the electric charge counterterm has
been chosen to avoid the dependence of the results on
large logarithms Inm ¢ from the light fermion f # ¢
contributions [57]. It corresponds to the input of the fine
structure constant at the Z boson mass. Therefore, in
Eq. (39) the photon self-energy X, lght ” includes only
the light fermion contributions.

e The charged Higgs mass in the calculation of the NLO
decay widths is always renormalized in the OS scheme
and its counterterm is defined via the charged Higgs self-
energy,

3MH:E = RGEHin= (MHi) (40)

@ Springer

Note that in the computation of the loop-corrected Higgs
masses in NMSSMCALCEW if the charged Higgs mass is
an input parameter it is renormalized in the OS scheme.
In case the DR parameter ReA) is an input parameter,
however, the charged Higgs mass is a derived quantity.
The derived value will then be used as input in the decay
part as an OS parameter.

The parameters |A|, ||, vs, tan B, and ReA, are renor-
malized in the DR scheme. The counterterms for |A| ,|«|
and vy can be defined from the electroweakino sector
[50,56] or from the neutral Higgs boson sector. Both
derivations lead to the same results which has been con-
firmed explicitly by our previous calculations.

The gaugino mass parameters |M;|, |M>| can be renor-
malized in the OS or the DR scheme. In Ref. [45]
we worked with three possible renormalization schemes
which we called OS1, OS2 and DR. In OS1, the OS con-
ditions are imposed on the wino-like chargino and the
bino-like neutralino, while in OS2 they are applied to the
wino- and the bino-like neutralinos. All three schemes
lead to small loop corrections to the masses of the remain-
ing neutralinos and charginos, cf. Ref. [45].

The renormalization of the squark sector, i.e. of the

parameters m;, mp, mZ m2 m~ ,A;, and A can be
R

03’
performed in the OS or the DR scheme. In Ref. [45] we

provided the counterterms for both schemes and we also
presented our evaluation of the one-loop SUSY-QCD and
SUSY-EW corrections to the masses of the squarks. We
observed large loop corrections to the squark masses and
the decay widths of the heavy neutral Higgs bosons into
squarks [39,45]. The counterterms of the slepton sec-
tor can be derived similarly to the squark sector and are
implemented both for the OS and the DR scheme.

The neutral Higgs fields are renormalized in the DR
scheme. The OS property of an external neutral Higgs
boson is ensured by using the wave-function renormal-
ization factors (WFRFs) Z*. Thereby potentially large
corrections arising from external lines with neutral Higgs
bosons can be resummed into the decay widths via
WEFRFs. The expressions for Z can be found in e.g.
Ref. [48] for the real NMSSM and Ref. [45] for the com-
plex case.

The charged Higgs fields are also renormalized in the
DR scheme. Their WFRCs are related to the WFRCs
of the neutral Higgs fields as they are in the same dou-
blet [51,52]. Unlike the neutral Higgs field, we cannot
use the resummed WFRFs for external charged Higgs
bosons since they contain an infrared (IR) divergence
due to the contribution from the massless photon. We
therefore expand the charged Higgs WFRFs to take only
into account the pure one-loop term which is equivalent
to the use of an OS charged Higgs wave function renor-
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malization constant 6 Z =+,

IS e -
§Zpe = — —HTHT . 1)
ap pzzM?.I:t

e The SM fermionic fields and the neutralino and chargino
fields are renormalized in the OS scheme defined at the
respective tree-level masses of the fields. The countert-
erm expressions for the neutralinos and charginos can
be found in Ref. [45]. The OS property of the external
fermionic line is justified if the corresponding mass of
the fermion is also renormalized in the OS scheme. This
is the case for the SM fermionic fields. However, in case
of the neutralinos and charginos, some or all of them?
cannot be renormalized OS. As mentioned in the sixth
point in this list, the loop corrections to the masses of the
neutralinos and charginos in the studied renormalization
schemes, OS1, OS2 and DR, are small. This allows us
to use the OS WFRCs defined at the tree-level masses in
the decay processes. In the cases where loop-corrections
to particles on the external line are large, i.e squarks,
we have to use the modified squark WFRCs which are
defined at the loop-corrected masses [45],

; ozl (p?)
q 2y ii
8Z;;(M3) = —ap2 L
)4 :mqi
a5l (p?
_# 5 i = 17 27 (42)
ap pzzM%

for the diagonal WFRCs and

(}div( 2)_2{}_div( 2)

G g2 U gi i qj
8z (M3 ) = P
qj qi
$7(M2)
—2ﬁ, ijk=1,2, i# ],
Gk qi
(43)

for the off-diagonal WFRCs. Here E?j denotes the
unrenormalized self-energy for the g — c};‘.‘ transition

and the %7 stands for the renormalized one. The capital
letter M is used for the loop-corrected mass while the
small letter m; for the tree-level mass. The superscript
"div’ means that we take only the UV divergent part. M,
stands for the loop-corrected mass of the external squark
where g can be either g; or g;. The renormalization of

3 In case the neutralinos are renormalized OS none of the charginos
can be renormalized OS.

the slepton fields is performed in the OS scheme in accor-
dance with their mass renormalization.

Given our flexibility in choosing different renormalization
schemes, many particles may get loop-corrections to their
masses, e.g. Higgs bosons, neutralinos, charginos, squarks,
and sleptons. Loop corrections to the Higgs boson masses
have been computed at the two-loop order O (o, a5 + oz,Z)
[51,52] while for the neutralinos, charginos, squarks and
sleptons loop corrections are calculated at one-loop level
[45]. These corrections, depending on the chosen renor-
malization scheme, have been implemented in the code
NMSSMCALCEW [45]. We use the loop-corrected masses in
the initial and in the final states of the decay processes. How-
ever, we use the tree-level masses and tree-level couplings,
if not specified otherwise, in the internal lines of the loop
diagrams to ensure the cancellation of the UV divergences.

4 Higher-order corrections to the two-body decays of
the charged Higgs bosons

In this section we describe the computation of the NLO EW,
QCD as well as SUSY-EW, and SUSY-QCD corrections to
various two-body decays of the positively charged Higgs
boson H. The NLO corrections for the decay widths of the
negatively charged Higgs boson are derived in a similar way.
In the real NMSSM the decay widths of the H™ and H ™~ are
the same, however, in the presence CP-violating phases they
may not be equal. In the following, we will discuss the decay
modes HY — qq/, Ht — v, Ht — 373, HT — 4§,
and Ht — 7'. The NLO SUSY-EW corrections to Higgs
boson decays into neutral Higgs bosons and a W™ boson as
well as their gauge dependences have been discussed in Ref.
[48]. Higher-order corrections to the two-body decays of the
neutral Higgs bosons in the CP-conserving and CP-violating
NMSSM have been presented in Refs. [45-47].

Weused the public codes FeynArts [58,59], FormCalc
[60] and FeynCalc [61,62] in order to generate the Feyn-
man diagrams and calculate the squared amplitudes. The
NMSSM model file for FeynArts has been generated with
the help of SARAH [63-66]. We have performed two inde-
pendent calculations for all processes studied here and the
results are in full agreement.*

The UV divergent diagrams are regularized by the dimen-
sional reduction scheme [67] which is equivalent to the con-
strained differential renormalization scheme [68,69] at one

4 The cross-check of our results for the virtual corrections against the
generic results provided in [42] is a non-trivial task as the default renor-
malization scheme implemented there is the DR scheme while we use
a mixed DR-OS scheme in the Higgs sector. We can, however, and also
do so, compare the results for the real corrections with the expressions
given in [42]. We leave a full comparison for future works.
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loop level as was shown in Ref. [60] and preserves SUSY at
this level.

4.1 Charged Higgs boson decays into fermions

In our previous implementation in NMSSMCALC, the charged
Higgs boson decay width includes higher-order QCD cor-
rections for the quark final states® while the decays into lep-
ton final states were evaluated at tree level. We have taken
into account, however, the universal large corrections pro-
portional to tan 8 that arise from the SUSY-QCD (for the
top-bottom final state) and the SUSY-EW (for the top-bottom
and the T-neutrino final states) corrections by absorbing them
into effective Yukawa couplings as described in our publica-
tion [53]. In this section we improve the calculation of the
decay widths by including the missing one-loop SUSY-QCD
and SUSY-EW corrections, i.e. their finite remainders. We
present here the decay into the third generation fermions.
Other decays into the first and second generation are kept as
implemented in NMSSMCALC, i.e. apart from the absorption
into effective couplings where applicable no further one-loop
SUSY-QCD and SUSY-EW corrections have been included,
since they are suppressed by the smallness of couplings due
to the light quark masses and/or small CKM matrix elements.
We note that in the setting of NMSSMCALC the CKM matrix is
set to unity in the calculation of the loop corrections. This set-
ting is valid for the third generation since the mixing with the
first and second generations is small. We, however, keep the
corresponding CKM matrix element in front of the charged
Higgs decay widths as a factor and do not renormalize it.

The Yukawa interaction terms of the charged Higgs boson
with third generation quarks and leptons read

Vipt (gll}ﬂ,;PL + g§+b;PR) bH™T
- L R +
+v; (gH+T\71 Pr ‘f‘gH.¢_ﬂ—)I PR) TtH" + hc, (44)
where the projection operators Pr g are given by Pr/r =

(1 Fys)/2 and V}p, is the CKM matrix element. The explicit
expressions of the tree-level couplings are given by

R.tree ‘V’—” \/Emb
Hebi = ¢ 7 v tan 8,
cou /2m
Siity = ¢ S cot, (45)
R tree __ ﬁmt tanﬂ
Httv, — ) ’
L ,tree
il =0, (46)

5 The QCD corrections are the same as in the MSSM and can be taken
over from the corresponding MSSM results [70-72].
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In NMSSMCALC we included higher-order QCD corrections
to the decay width H* — tb based on HDECAY [54,55,73].
InHDECAY, there is an interpolation between the decay width
that is valid near the threshold m; +mp — § < Mpy+ <
m; +mp + 8 (5 = 2GeV) and the one that is valid far
above the threshold Mg+ > m; + myp + 8. We include the
newly computed one-loop SUSY-QCD and SUSY-EW cor-
rections in the latter case. Our implemented loop-corrected
decay width is hence given by

— 3GFM’%i
T[HY - th] = ———H1= v, > p1/? s
[ ] 4\/571 [Vibl” B/~ (s, pip)

4oy o
X{ﬂ—uq uw[ ﬂ<1+ —4, )

4o
+u2 tan” BR? <1 + g—g(S;)}

4«
-4MMRO+3S§»}

SUSYQCD
HVip PTEYSP  V PTSESYEW ), (47)
where u; = ml.z/M%Ii (i = t,b), with m,;, being pole
masses and

BY2 (e, ) = (1 — iy — pp)* — 4pte i (48)

denotes the two-body phase space factor. Explicit expres-
sions for (Szh’ st . and §,, can be found in Ref. [73]. The uni-
versal SUSY- QCD and SUSY-EW corrections that become
large in the large tan B regime are resummed into effective
bottom Yukawa couplings. These A, corrections are incor-
porated into the decay width through the R factor,

1 Ap
= l———. (49)
1+ Ap tan- 8
where the explicit expression for A is given by [73-81]
. AQD | pew 0
PTTIE A,

with the one-loop corrections for the complex NMSSM [53]
Cr as(LR)

QCD 2 2 2
Ab = TTM; /,L:ff tanﬂ I(m~l,m mg), (51)
o (1R)
AR = = Ay tan B (nlm? penl). (52)
Cr as(UR)
A== S M A L(my m3 m3).(53)

where o; = y; /(47r) with y; = ﬁmt/(v sin B) is the top-
Yukawa coupling and Cr = 4/3. The generic function I is
defined as

ab log § + bc log§+ca log &
(a—=b)b—c)a—c)

The remaining one-loop SUSY-QCD and SUSY-EW correc-

tions are denoted by FSUSYQbCD nd FSUSYEW in Eq. (47),

I(a,b,c) =

(54)
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respectively. The SUSY-EW correction can be expressed as

[SUSYEW _ 382 (e, pp) My

Ht—tb 8
L, L,SUSYEW*
x [(1 — iy = wp)Re g tee (AT SV

+gR,tree (AR,SUSYEW>*]

H+bt Htbt
L, R,SUSYEW ) *
=2/t Re [ng;? (AH+bz' )
Rt L,SUSYEW*
ey pr (AH+bz‘ ) ]] T Uiy, (55)

where AZ/ +Rb’§ USYEW genote the left- and right-handed form

factors of the renormalized one-loop amplitude and include
the following contributions

L/R.SUSYEW _  L/R.vert L/R.CT
Ao = Agusyew T AsusyEw
L/R,GWmix L/R,sub
+ Asusyew T AsusyEw- (56)
L/R,vert

The Agigygw contributions are computed from the corre-
sponding one-loop triangle diagrams.® The counterterm con-
tributions read

ARCT  _ gRitree dmp Sv _deg
SUSYEW = &ptoi \ 7 v ocp
3
+132;€ + lazlL’ + lSZHi + C—ﬂstﬁ Y
2 2 2 Sp
ALCT  _ gLuce om; v s
SUSYEW = &prepi \ 7 v osp

1o, 1., 1
+§(SZL + ESZR + ESZH:t — C’BSﬂatﬂ ,
(58)

where §v is given in terms of the counterterms for e, My and
My as,

2 2 2

sv_Se  c} (5MZ ~ 5MW)
2 2
ML M

2
SM3,

v
2M3,

2
v e 2sW

(59)

The contributions from the transition of the charged Higgs
boson on the external line to the charged W boson and the
charged Goldstone boson, respectively, do not vanish. They

are denoted by Aéélgg{%\ivvmix and given by
L.Gwmix _ emie/? o )
ASUSYEW = W2H+W+(MH:E) , (60)
w

® We do not include any explicit formulae for our results as they
are quite lengthy. They can be extracted, however, from the code
NMSSMCALCEW.

empeioul? )
=S+ (M), 61)

AR,GWmix
V2sw M3,

SUSYEW

where % H+Ww+ (Mlzii) is the renormalized self-energy of the
transition H* — W computedat p?> = M7,.. Thelastterm
in Eq. (56) represents the subtraction terms which are needed
to avoid double counting arising from the Aj corrections.
They read

L,sub _
Agisyew = 0. (62)
R,sub R, tr AZIW
,sul ,tree
ASUSYEW = &x b7 2 (63)
B

with Aglw given in Eq. (52). The contribution from real pho-
ton emission, I+, thy in Eq. (55), is needed to cancel the
infrared divergences (IR) from the triangle contributions. The
decay width for the real emission of a photon reads

aNcMpy= s Mt
FH+—>[l;y = 367202 [(beﬁ + g

x ( —8IN + 613 — 1410 + 812 — 1712 - 314
—7Q-+M§—2w>

+4M7,. ((Mb +u—1) (ubt,% + ’%) + 4mub>

X (2 (M%,i - th - m%) b

+6 (M%Ii + m,2 — m,%) Io1 +3 (MIZ# — mt2 + m,%) 1>

+9M2 oo + 4mP 1y +mi Dy + 91y + 41 + 12>],

(64)
where we have dropped the arguments (M %1* , mtz, mi) of the
I functions for better readability. In the above formulae, the
I functions are the Bremsstrahlung integrals defined as [57]

1 [ d*k dky &k,
2 | 5.0 50
2 2k 2k 2k§
(£2ky - kjy) ... (£2ky - kj,)
(£2ky - kiy) ... (£2ky - ki)

..y =

8 (ko — k1 — ko — k)

(65)

where ko, k1 and kp stand for the incoming momentum of
the charged Higgs boson and the outgoing momentum of
top and bottom quark, respectively, while k) is the outgoing
momentum of the photon. For the sign of the momentum
products k,, - k;, and k,, - k;, , the minus sign is chosen only
when the indices i,, j, are 0. In the I functions defined
above, the integrals loo, lo1, loz, I11, I22, and I1 are IR
divergent. We checked that the analytical expression Eq. (64)
is consistent with the generic result for the real corrections
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to § — FF (S denotes a scalar, F a fermion) calculated in

Ref. [42].
The SUSY-QCD contribution, FSUSE%CD can be com-

puted in a similar way as the SUSY-EW corrections,

susyacp 3BV (ui. pup) My=
H+‘>l5 - 87-[

L, L,SUSYQCD\*
X [(1 — nr — up) Re I:ng;,e (AH+bf < )

R, tree R,SUSYQCD\*
T (AHﬂ;z‘ ) ]

L R,SUSYQCD\*
—2/epp Re [ng;? (AH+b[ ? )

*
+§R,tre§ (AL,SU_SYQCD> ] ] (66)

H*bt H~*bt

where the left- and right-handed form factors of the renor-

malized vertex gz/f;t-s SYQCD are given by
L/R,SUSYQCD __ , L/R,vert L/R,.CT L/R,sub
Agpi = Agusyqep T Asusyoep T AsusyQep:
(67)

. . L/R,vert .
The contribution A SUSYQCD comes from one-loop diagrams

containing a virtual gluino. The counterterm contributions
Aé‘ég&%rCD are given by Egs. (57) and (58) by setting the
counterterms v, 8tg, 8sg, 6cg, 8 Zy+ to zero and including
in the computation of 6m, ; and SZZ?R instead of the SUSY-
EW the SUSY-QCD corrections. The subtraction terms of

the SUSY-QCD contributions read

L ,sub
ASUSélYQCD =0, (68)
QCD
AR,sub __R.tree Ab + Al 69
SUSYQCD = 8p+pi — 2 (69)
B
. QCD L .
with Ay and Ay given in Egs. (51) and (53), respectively.

The higher-order corrections for the charged Higgs decays
into leptons and neutrinos can be expressed in the same way
as the decays into quarks, H+ — rb. Since the left-handed
form factor of the vertex H ™IV vanishes the formula for the
NLO width is given by

2
pNLO Mpy= | m? (|gR,tre? 2

Ht—vt 167 M}QL]:E Htt,

F2Re [ (AR + AFT + AQV 4 ay?)])

FIUHT = vEy), (70)

where the effective tree-level coupling resumming the large
A; corrections reads

1 — A/t
14+ A,

~R tree __
Httv, —

R, tree
Htto,

; (71)
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with
o1 %
A = 4—M1/Lefftﬁl(m m |M1| )
+4 Mz,ueﬁt,gl(mv ,m |M2| ) (72)
and
2
81,2
= —. 73
@2 = (73)

The vertex correction A§™ is given by the corresponding
genuine one-loop triangle diagrams. The counterterm contri-
bution, which is needed to cancel the UV divergences arising
from the genuine one-loop triangle contribution, is denoted
by A%T and reads

ACT R.tree Smy dv  dcg
o\ T e
T p
+laz +C’355t +laz +152 (74)
- + + — = = .
R R R

For the one-loop H*-W /G mixing contributions Angix to
the effective coupling we get

_ gzm, EH‘*’W"’ ’ (75)

VoM

and the subtraction term to avoid double counting reads

Aq (1 + 12) . (76)
g

The real photon emission I z+_, 7, can be cast into the form

GWmix
A R

R tree
H+TU

A sub _

atgm;

Chtey = — b
TV T 4202 My

x < —2(M3. — m2)(M7,+ (Ioo + o)

+m? (o + o)+ Io+ b)) — I — 1), (77)

where the arguments (M? g+ 0, m%) of the bremsstrahlung

functions have been dropped.
4.2 Charged Higgs boson decays into electroweakinos

In this section, we present the results for charged Higgs
bosons decaying into a pair of electroweakinos. The Lagrangian
describing the interaction between a charged particle H,j
(k = 1for the charged Goldstone boson G* and k = 2 for the
charged Higgs boson H ™) and a neutralino )Zio @i=1,...,5)
and a chargino )ZJ_ (j = 1,2) reads

Uz (gH+ o PR+ 8 0,PL> Vy-H + he. (78)
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The tree-level couplings are given by

1 £ £

= _ﬁvﬂ,«glz\ril + 2N Zfh e+ VDN
: +
—gge””“ leN[4Z,g s (79)

1 + + : +
L,
H;;r;?)x’ - _\72U72<_g1Ni*lZﬁ —NLZ{T + V2P ANSZ )

i Xj

+
— QULNAZE (80)

with the matrix elements

+ + + +
Z0 = 78 =y, ZH = ZH = 4. (81)

In the previous version of NMSSMCALC, we included only
the tree-level decay width which reads

pree B (wis 1j) Mg

Ht—>705F 16
L, R,
[0 =) (1 P+ 168 )

L.t R, tr R, L.t
N (e e ey |

(82)

where u; = O/MH+ and p; = +/M .7 We now
include the NLO SUSY-EW Correctlons to the decay width

as

NLO __ tree SUSYEW
im0 = Viesgozr T s g0e (83)
with
1/2 . .
[SUSYEW  _ B (F‘ul‘./)MHi
H+*>i10i/+ N 87T
L R
X|:(1_M’ /’LJ)RC [gyire%'f L+gﬂfezi*A}j|

2 /It Re |:gL,tre~:e N +gR.tre~:e~7A*:|:|
VI H+X,'OX]' R H+X,0Xj L
+FH+_)XOX+V (84)

The left- and right-handed form factors Az /g consist of
the genuine triangle one-loop diagram contributions. Af/r}e,
the counterterms AE}R and the contributions A(L}%mlx from

the transitions of HT — G+ /W™ on the external line,
A = AT, + AT g + ATR™. (85)

The counterterm contributions read

CT

R = —%Vﬂ(

(8g1Ni1 + 5g2N,~2)Cﬂe"‘”“

7 Note that by capital letters we denote the loop-corrected final state
particle masses while the masses of the particles running in the loops
are tree-level masses.

+ﬁak*Ni5Sﬂ> — 5g2€i(p” Vi1 Niacg
1 2
4= gere% ~,(SZ

2 Hyr X' X
m=1
1 2 +
R, tree R, tree X
Py ZgH+ 0~f Ltm—’_i gH+X X*(SZR,mj (86)
m— m=1
ACT—_i * (g N*ZHi_a >f<ZHi
L = /2 j2 811 Lk 8202 L
+ﬁei¢u5ANi*SZgi> — 5g2U;<1 ;‘;Z]gi
(= R
L ,tree H L, tree )(
+§ gH’-rt-)zioij—azmk +§ gH,:’i.‘n’if ZR im
m=1 m=
4= Z L, Lree .._622 i (87)

The A?%mix can be expressed in terms of the renormalized

self-energy fJHJr W (M%[i) as

» Spewr (M2 )
A?Wmlx — (M)?;gél/+)?<0)?v_ — >gW+ (;~—> Aty il
L)

M3, '
(88)

ix Spews (M%)

A%W = (M gW*XO”’ — My gé‘wx 5 )%,
(89)

where

85}+;i02j— =& (V./lNi*z - ijNZZ/ﬁ) : (90)
8oz = &2 (Ui N+ UpNin/V2). 1)

The IR divergences which appear in the Ave/ 1R vertex cor-
rections are removed by the contribution from the real photon
emission. It is given by

Qqrtee
H*axto)(

npl/? (Mza /L])

x [ -2 (Mﬁ,goo + I (M + M2 — M)

Phvszogry =

R tree

2 o
M2 I+ o+ 11)} v <8H+Xoi,

11:1}:;?))?7( f]f;%*,’) )(I?-i—[);
92)

L tree )*

X H+X0-,

where the arguments (M2

, M2, M?2,) of the I functions
H* X7 X,-O)

have been dropped.
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4.3 Charged Higgs decays into squarks and sleptons

In this section, we give the expressions for the loop-corrected
decays of the charged Higgs boson into squarks and slep-
tons. The Lagrangian describing the interactions between the
charged particle H," (with H; = G* and H, = HT) and
the squarks and sleptons reads

I8+, H 1) +igpyig s Hi 2% + he., (93)
with i, j = 1, 2 and the tree-level couplings
2 2 i
8upien, = 2 2 Ui (Cyridan(Uin, (94)
a=1b=1
Uit (Cﬂ (83 =202 Z[1" + g3sp 208 )
ng*ﬂrfi* == 22
; N _ N
+U5 ye (Aiziﬁ + e pe Zh ) (95)
with
+ +
A (o)
H,:rbt* 1= Zﬁ Zﬁ s
(96)
. " N
Crppi2 = MM AZE i Z 97)
+ : +
(Cpprgi)at = WALZE + ¢ petryn Zih (98)
. " _ N
_ Cﬁe”"”vybytzkfé e”ﬂ"slgvybytzg
(CH,jbf*)D = \/E + \/5 . (99)
The fermion Yukawa couplings are defined as
2 2
V= \/_mt and Yo/ = M (100)
vsg veg

The NLO decay width for the process HT — f,l;;“ consists

of the tree-level decay width and the NLO SUSY-QCD?® and
SUSY-EW corrections,

NLO _ Ftree +

— - SUSYQCD + FSUSYEW
H+—>tib7 H"’*)!,'bjf

H¥ =5y T HY—iiby

(101)

where the tree-level decay width was implemented in the
NMSSMCALC as

tree

2
i5r = 3Relg g I (102)
with the two-body phase space factor R, = ﬁ% (,u,, 7 j)
JA6T My=), ni = M2/M21, Wi = M2 /MZi The newly
computed NLO SUSY QCD and SUSY EW corrections are
given by

FSUSYQCD
H‘*’%fil;’;

SUSYQCD

=6R p AT S
28HTith; D ik,

+ Ty g (103)

8 This correction arises from Feynman diagrams having a gluon or a
gluino in the loop corrections and the gluon radiations.
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SUSYEW __ SUSYEW 3
oo b = OR28 v, AH+ o, T HE Ry (104)
The ASUﬁZ?CD/ SUSYEW. an be decomposed into
H't; bj
SUSYQCD __ 4 vert CT
Aprien,  — Dsusvaep + Asusyacn (105)
SUSYEW vert CT GWmix
b, = DSUSYEW T AsusyEw T ASUSYEW - (106)

- 1 vert vert -
The contributions to A SUSYQCD (AgUsygw) arise from one-
loop triangle diagrams containing at least a gluon or a gluino
(all possible particles except for gluons and gluinos). The
SUSY-EW counterterm contribution can be expressed as

2 2
Alsyew = Z Z U]l?; (5CH2+;;;*)ab(Ut)ib
a=1b=1

tree
5 Z H+ *b;

2
+ 1
875, t3 E t,;eft*b 5ZL,
m=1

1 tree b
+3 Z St i, 8 Z g (107)
m=1
where the (§C H 57+ )ab are obtained from Egs. (96)—(99) by
differentiating these expressions with reispect to their param-
eters except for the rotation matrix Z#~, resulting in

2?))

arg (53 (63— 209) — 3 (63 -

(SCH;EZN*)II = 2ﬁ
4 BB (20(8ypyp + 8yryr — 88282) + 8v (¥ + 2 — g3))
V2
(108)
(5CH2+5,~*)]2 = C,gSA,ei‘p“y,
+ Sucsespye + 8y (Awﬂei“’“ + uz‘ffs;;) , (109)
(8CH2+55*)21 = cpdieire’ ¥ yp + 8 Afsp
+ 8y (AZSﬁ + cpe' Meff) ) (110)
Sve'Pypy:  Sype' vy, Syeruyp
BC )2 = ,
: V2 V2 V2
(111)
with
S et A 46
Meff % &. 112

Heff A Vs

The SUSY-QCD counterterm AggSYQCD is similar to the
counterterm AS&SYEW’ with the modification that the coun-
terterms 8g2, 8v, 818, 8 et do not receive QCD contributions
and are hence set to zero then, and the remaining countert-
erms are obtained from SUSY-QCD loop corrections instead
of SUSY-EW corrections. The mixing contributions with a
W boson and a charged Goldstone boson are givenby
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& 2 2 2
GWmi eZgrw+Mpy) 2\ 77b 2 1 +
ASUsvEW = VM2 (M7 - ME,-)UilUjl*' AStsyew = ) Uia 6Chvize)a + 5 > gH;;f;rfi*SZ&
w ’ a=1 m=1
(113) . ) L2 )
+58urs, 82" + 5 8pti 025, (120)
Finally the real photon and gluon emission contributions, 2702 2 ,; 2 Vet
necessary to cancel the IR divergences arising from the vertex where
corrections, are given by
2 2 (,2 2 2,2
3 o cﬂ&ﬂv (sﬂ <g2 - 2yt) - cﬂgz)
r Sy = gtree~ - |2 ((SCHJrr*vt)l = 2«/5
HY=0bjy ™ 472\ ys CH 0D
) cpsp (2v(8yryr — 88282) + 8v (y? - g%))
— S(M}e + M2 — M2) Iy :
30H f bj V2
LM M2 - M2 e
3 H* li b,/ 20 (8Cpt#+5,)2 = cpdtefie’ " yr + 8ATsgyr
) .
- §(M§Ii — M2 — M2y — M} Io + 8y (Ajsﬁ + c,gewmeﬁ») . (122)
! J
-3 g I — é gi Iy — Iy — g I — é 121|, The contribution of the G/ W mixing reads
(114) Tx g 2
. g2U~l EH+W+(M +)
AGWle — l H (Mg _ Mg), (123)
r 3Cras |gtree |2((M%li _ M? _ M,? Vs SUSYEW M%V\/z s %
i j

Fffte = T 7
HT=>0bje ™ A2 My CH T,

— M2 Iy = M2Iy — 1 = ), (115)
J !

H*
have been dropped. The full expressio'ils for the real photon
and gluon emission contributions Eqs. (114) and (115) are in
agreement with those of Ref. [42].
The NLO decay width for the decay H+ — V(@ =1,2)
is composed of the tree-level contribution and the SUSY-EW
corrections and given by

where the arguments (M? Mfz_, Ml%) of the I functions

NLO _ potree SUSYEW
Pz, = Dites, T Taesiny, (116)
with the tree-level decay width

tree _ 2
Tt e, = Rl8uy.z ] (117)

in terms of the coupling g Hy oo ot given in Eq. (95) and
where in the phase space factor R, the loop-corrected masses
of the staus and the sneutrino are used, hence, u; =
MZ /M., wj = M} /Mj. . The NLO SUSY-EW correc-
tions are given by

[SUSYEW
H— 75,

— 2R2gtree

SUSYEW
by +Thrserp,y, (118)

H+v
where the Ai}ﬁf?}” are given by
1

ASUSYEW __avert GWmix

cT
Htoer = Osusyew T Asusyew T Asusyew - (119)

While A{{Tygw denotes the contributions from the one-loop
triangle diagrams of the loop-corrected decay H+ — 7Dy,
the counterterm contribution A(S:ESYEW reads

and the real photon emission is given by

Tyterny = ——((=M2. — M2 + M2)IL
HY =1y = 4]_[21‘/11_1i H* % . /101

— Mjiloo — M7 In —10—11),

where again the arguments (M%Ii, Mrg_, M %T) of the I func-
tions have been dropped.

5 Numerical results

In the following we will discuss the impact of the computed
higher-order corrections on the charged Higgs boson decays
and branching ratios. In order to get an overall picture we
performed a scan in the NMSSM parameter space and only
retained those data sets whose phenomenology is in accor-
dance with the most recent experimental results. For this
purpose, the parameter points were checked against com-
patibility with the experimental constraints from the Higgs
data by using the programs HiggsBounds [82-84] and
HiggsSignals [85]. The effective couplings of the Higgs
bosons normalized to the corresponding SM values, that are
required as input for these programs, have been obtained with
the Fortran code NMSSMCALCEW [45]. One of the neutral
CP-even Higgs bosons is identified with the SM-like Higgs
boson and will be called / from now on. Its mass is required
to lie in the range

123 GeV < my;, <127 GeV. (124)
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The SM input parameters have been chosen as [86,87]
a(Mz) =1/127.955,
oeMS (M) = 0.1181,
Mz =91.1876 GeV,

Mwy = 80.379 GeV,
m; = 172.74 GeV,

mMS mMS) = 4.18 Gev,
me = 1.274 GeV,

mg = 95.0 MeV,
m, = 2.2 MeV,
mg = 4.7 MeV,

m; = 1.77682 GeV,
m, = 105.6584 MeV,
m, = 510.9989 KeV,

Gr = 1.16637 - 107 GeV 2. (125)

For the NMSSM sector we follow the SUSY Les Houches
accord (SLHA) format [88] in which the soft SUSY breaking
masses and trilinear couplings are understood as DR param-
eters at the scale

R = Mg = me mg,. (126)

This is also the renormalization scale that we use in
the computation of the higher-order corrections. The code
NMSSMCALCEW provides the option to choose either A; or
M y+ as input parameter. We adopted the latter choice and
used the charged Higgs boson mass as an OS input param-
eter. The computation of the O(a s + a?) corrections to
the Higgs boson masses is done in the DR renormalization
scheme of the top/stop sector [51,52]. In Table 1 we sum-
marize the ranges applied in the parameter scans. In order to
ensure perturbativity we apply the rough constraint

A2+ k% <0.7% (127)
The bottom trilinear coupling has been fixed to
Ap =2 TeV. (128)

The mass parameters of the first and second generation
sfermions are chosen as

Mig.ér =Mip s =MQ1 =MLy, = Megin = 3TeV.
(129)

From the scan we retain those points that have a x> com-
puted by HiggsSignals-2.2.3 that is consistent with an
SM x? within 257 For the scan and the results presented

9 InHiggsSignals-2.2.3,the SM X 2 obtained with the latest data set
is 84.44. We allowed the NMSSM X2 to be in the range [78.26, 90.62].
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in the first part of the numerical analysis we keep the CP-
violating phases equal to zero. In the second part we turn on
various CP-violating phases in order to study their impact
individually. Note that in all our CP-conserving scenarios it
is the lightest CP-even Higgs boson H; that is SM-like and
has a mass around 125 GeV.

All the branching ratios shown in the following have
been calculated by implementing the higher-order correc-
tions to the various charged Higgs boson decay widths in
NMSSMCALCEW. In this way the newly computed corrections
are combined with the state-of-the-art higher-order QCD cor-
rections already included in NMSSMCALCEW. Note, however,
that the (SUSY-)EW and SUSY-QCD corrections are only
taken into account if the respective decay is kinematically
allowed. Otherwise, the corresponding decay width without
the higher-order corrections discussed in this paper, which
only apply for on-shell decays, is used in the computation of
the total decay width and branching ratios.

For the computation of radiative corrections we used the
following renormalization schemes unless stated differently
(see also Sect. 3): In the electroweakino sector we used the
OS1 renormalization scheme. For the SUSY-EW corrections
to the decays into stop-sbottom and stau-sneutrino pairs the
DR scheme was applied for the stop, sbottom sector and the
OS scheme for the stau sector. For details on the definition
of the schemes, we refer to Ref. [45].

5.1 The branching ratios

In Fig. 1 we show as function of the charged Higgs boson
mass the NLO branching ratios of the charged Higgs boson
decays into the various possible final states, namely into the
SM-like final states tb, ¥v;, u*v, and c§, and the new
physics final states W+ H, %;"%°, %, %°, ib* and £*¥,. In
the decays into a charged W™ boson plus Higgs final state we
have summed up all W+ H; final states, so that the branching
ratio BR(H — W+ H) is given by'?

3
BR(HT - WtH) = ZBR(H* — WtH;)
i=1
2
+ZBR(H+ — WTA)).
j=1

(130)

Analogously, in the branching ratios into the electroweakino
final states we have summed over the neutralinos, hence

5
BR(H" — 7,7 = ZBR(H+ = i) - (131)

i=1

10 Note that the here investigated parameter sets do not include CP
violation so that the five neutral Higgs states are CP eigenstates dividing
up in three neutral CP-even states H; and two neutral CP-odd bosons
A

i
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Table 1 Input parameters for the NMSSM scan. All parameters have been varied independently between the given minimum and maximum values

tg A K M, M> M3 A, Ag mg. My, M Mg, M M+ A | el
in TeV
min 1 0 —-0.7 0.5 1.8 -6 1 0.4 0.5 -2 0.2
max 20 0.7 0.7 1 2.5 6 2.5 2.5 3 3 2 1
100 v 1()°>...,,, _
T - cs h
W O - W*'H
b 2o
S 107 w o S0 W O
X B O X :
+T +T
L 102 L 102}
(@) O
— =
Z(I' ZCE
@ 107 m 10°F
_4 oy 2 -4 5», ‘Q; WS, RERIL
i 500 1000 1500 2000 2500 3000 L 500 1000 1500 2000 2500 3000

My [GeV]

Fig. 1 Branching ratios of the charged Higgs boson H™ into various
final states including the NLO corrections as described in the text as a
function of M=+ for all scan parameter points passing the constraints.

Also the decays into the sfermion final states are summed
over so that

2 2
BR(H' — 7b*) = Z‘ ZBR(H+ — i;b%), (132)
i=1 j=1
2
BR(HT — ;) = ZBR(H+ — D). (133)

i=1

The NLO branching ratios include the higher-order cor-
rections to the Higgs decays widths as presented in the draft,
namely the SUSY-EW corrections as well as the QCD and
SUSY-QCD corrections for the coloured final states. More
specifically, the formulae for the loop-corrected decay widths
are given in Eq. (47) for the decay in the top-bottom final
state, in Eq. (70) for the decay into t7v;, in Egs. (83)
for the decays into electroweakino pairs, in Eqgs. (101) for
the decays into stop-sbottom pairs, and in Eq. (116) for
those into stau-sneutrino pairs. The implemented higher-
order corrections to the decays into charged W™ boson plus
Higgs final states have been described in Ref. [48] for the
CP-even Higgs bosons in the CP-conserving NMSSM. We
have extended this to the CP-violating case. The decays into
the SM-like final states include the higher-order QCD and
resummed SUSY corrections as specified in the manual for

My [GeV]

Left: th (gray diamond), )Z; 79 (violet diamond), 1y, (pink circle),
ib* (black diamond), ¥ v, (red circle); right: W+ H (orange circle)
Xﬁ' 70 (cyan diamond), T*V; (blue diamond), ¢§ (green circle)

HDECAY [54,55] and extended to the NMSSM case in [53].
As mentioned above the SUSY-EW and SUSY-QCD correc-
tions are only included in on-shell decays. Otherwise, (where
applicable) only QCD corrections and resummed corrections
through effective couplings are included. We furthermore
include in the decays with on-shell neutral Higgs bosons in
the external states the resummed Z factors, cf. Sect. 3.

As can be inferred from the plots, the largest branching
ratios are given by the decays into top-bottom final states
(gray circles) with values of up to almost 100% for charged
Higgs mass values below 2 TeV. For larger values of the
charged Higgs mass the decays into electroweakinos become
dominant. For My+ < 1.2TeV, the decays into a charged
W plus a neutral Higgs boson provide the second largest
branching ratio for some parameter points. As stated above
we show here the sum over all possible neutral Higgs bosons.
The resulting branching ratio, indicated by the orange circles,
can reach up to 98%. The decays into the electroweakinos
(cyan diamonds for )21"’ %9, violet diamonds for )22"’ %9) can
reach up to 54% (55%) for f(l"’)zo ()22"’)20) when summed
up. The summed-up branching ratios into stau-sneutrino
pairs (blue diamonds) can go up to 17% for charged Higgs
masses below 1.4 TeV and specific parameter configurations,
whereas the decays into stop-sbottom pairs (black diamonds)
become important for large charged Higgs masses and can
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have branching ratios of up to 29% in their sum. The branch-
ing ratios into T v, (pink circles) reach 20%. The branching
ratios into M+Vu (red circles) and c¢s (green circles) attain at
most 7 - 1072% and 4 - 1072%, respectively. The compari-
son of these scatter plots with the corresponding ones for the
leading order (LO) branching ratios shows that the overall
pattern of the distribution of the branching ratios does not
change when NLO corrections are included. For individual
parameter points the changes can be substantial, however. In
the following, we will discuss the impact of the higher-order
corrections for the various final states separately.

5.2 Impact of higher-order corrections

For the discussion of the impact of the NLO corrections on
the decay width of the decay H™ — XY we introduce the
relative correction of the partial width as

'(HT - XY)NLO
['(HT — XY)LO

Sr(HTXY) = (134)

We furthermore define the relative change in the branching
ratio for the decay H+ — XY as

BRNLO(H+ — XY) — BRIO(HT = XY)
max(BRN-C(H+ — XxY),BRLO(H+ — XY))’
(135)

Apgr(HTXY) =

This quantity allows us to directly identify large cor-
rections in the branching ratios that are not ’artificially’
enhanced because of tiny LO branching ratios.

We have to specify what we mean by LO widths and
branching ratios. They are the LO quantities calculated with
"Higgs effective tree-level couplings’, which means that the
Higgs tree-level rotation matrix elements have been replaced
by the loop-corrected ones. For decays with neutral Higgs
bosons in the final state, additionally the improved resummed
ZH factor as described in Ref. [45] is included in the LO
decay widths and branching ratios. Note, that these 'LO’
quantities also include the QCD corrections and resummed
SUSY-EW and SUSY-QCD corrections in effective quark
couplings as already implemented in the first release of
NMSSMCALC [53] and described there. In fact the use of
the word 'LO’ in essence means that we thereby refer to
the old implementation in NMSSMCALC without the genuine
SUSY-EW and SUSY-QCD vertex corrections. This means
that the definitions Eqs. (134) and (135) give us information
on the effects of the newly computed corrections, namely the
SUSY-EW and SUSY-QCD vertex corrections, respectively
their finite remainders, compared to the previous implemen-
tation in NMSSMCALC which only uses the improved LO
decay widths as defined here.

@ Springer

5.3 Decays into fermion pairs

Figure 2 displays the relative, Agr, due to the impact of
the SUSY-QCD and SUSY-EW corrections on the branching
ratio BR(H+ — tb) (left) and the impact of the SUSY-EW
corrections on BR(HT — t7v;) (right) as a function of
their respective NLO branching ratios. The color code indi-
cates the respective relative corrections to the partial width
in per cent for the newly computed SUSY-QCD and SUSY-
EW corrections. It shows that the impact of the corrections
on the partial width for the decay into b is of moderate
size, ranging between —20 to +2% with a few outliers going
down to —29%. The relative change in the branching ratio
is of similar size with values between —20 and +8% and
a few outliers going down to about —30%. Splitting up the
contributions, we find that apart from a few outliers the rel-
ative SUSY-EW corrections to the partial width (branching
ratio) lie between —16 and —2%(—12% and +6%), whereas
the relative SUSY-QCD corrections range between —11 and
+7%(—10% and +4%). The SUSY-EW corrections on the
width are negative and of comparable size as the SUSY-QCD
ones which underlies the importance of including both types
of corrections. Large relative corrections to the decay widths
of up to about —30% arise from the sum of SUSY-QCD and
SUSY-EW corrections with same sign. The dominant con-
tributions to both the SUSY-EW corrections and the SUSY-
QCD corrections stem from one-particle irreducible triangle
diagrams. The SUSY-EW corrections to the decay width into
77y, mostly lie between —17 and 4+7% and between —10
and 4+15% for Apr for the bulk of the points.

5.4 Decays into gauge plus Higgs boson pairs

In Fig. 3 we show the relative change in the branching ratios
due to our newly computed genuine SUSY-EW corrections
and as colour code the relative correction for the partial decay
widths of the H decays into charged W™ boson plus Higgs
final states as a function of the corresponding NLO branch-
ing ratio. We do not classify the Higgs final states by the
mass eigenstates but by the gauge eigenstates, i.e. we show
final states with mostly &, h; and a; final states (decays
into Wthy and Wtay are kinematically closed). Mostly j-
like (j = hy, hy, ag) means that the mixing matrix element
squared | R;; | of the Higgs eigenstate H; exceeds 0.5. Note,
that the /,,-like state corresponds to the SM-like Higgs boson
as compatibility with the Higgs data requires a maximum
coupling to the top-quark.

As can be inferred from the upper left plot the bulk of the
corrections to the branching ratio (decay width) for the decay
into an h,-like, i.e. SM-like, Higgs boson together with the
charged W boson lies between —42 and +10%(—35% and
+3%). There are a few outliers with somewhat larger cor-
rections. We note that the branching ratio into W, always
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Fig. 2 Relative change in the branching ratio as defined in Eq. (135) former and SUSY-EW for the latter decay) branching ratio for all scan
for the HT decays into 7b (left) and and ¥y, (right) as a function parameter points passing the constraints. The color code indicates the
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remains below 0.75% and is hence rather unimportant for
charged Higgs decays.

The branching ratios into singlet-like CP-even Higgs final
states, W h, with up to 25% reach larger values than those
into W+h,,. The relative corrections to the decay widths are
moderate and range between —18 and +4% with the change
in the branching ratio being between —14 and +10%. There
are two outliers with Aggr reaching up to —20%. Similarly,
the corrections to the decay width in the CP-odd singlet-like
Higgs state are moderate with corrections to the decay width
between —10 and +15% and to the branching ratio between
mostly —2% and +-20%. A few outliers can reach corrections
to the branching ratio of up to —23%.

Note that for all scattering plots here we do not consider
branching ratios that are smaller than 10™#, since they are not
phenomenologically interesting. We can have large relative
corrections in these cases because of the suppression of the
tree-level couplings.

5.5 Decays into electroweakinos

We now turn to the impact of the SUSY-EW corrections on
the decays into electroweakino pairs. The relative changes in
the branching ratios and the relative corrections of the decay
widths are shown for the final states in the gauge basis, in
Fig. 4 for the charged wino and in Fig. 5 for the charged hig-
gsino final state, respectively, together with a neutral elec-
troweakino as specified in the figure labels. In the plots we
show results for the parameter points passing our constraints
after applying the following cuts: We cut the ratio

_ 82U} 72 - Ui*lN73)

r (136)
S1ULNG,

to lie in the range

0.5<r<15. (137)

This ensures that there are no large hierarchies among the
left-handed couplings'! of the charged Higgs to a neutralino-
chargino pair, cf. Eq. (80), which would otherwise blow up
the NLO corrections compared to the LO width. If r €
[0.5---1.5], there exist cancellations in the tree-level cou-
plings of the decay in question, that lead to a suppression
of the tree-level decay width. Contributions coming from a
neutralino close in mass with an enhanced tree-level coupling
will dominate and can be very large. In NMSSMCALCEW we
print out a warning if this case occurs. Furthermore, for the
charged Higgs decay H+ — ;" X9 we impose the following
cuts on the mass differences

Mg =My > 10 GeV and

! The left-handed couplings give the dominant contribution.
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mi?H —mi;) > 10GeV A m)-(? _mi_?,l > 10GeV if j=2,3,4
—mz >10GeV if j=1
J

mso
X1 X

>10GeV ifj=35 (138)

mi? - mi?,|
to avoid large mixing effects between the close-in-mass elec-
troweakino masses that also induce huge NLO corrections.
Since we use the OS scheme for the WFR constants of the
electroweakinos, if two neutralinos (charginos) are degener-
ate then the WFR constant contributions are dominant and
huge.'? In the code we print out a warning if degenerate
cases are involved. In our study, we fix the renormalization
scheme for all points to be OS thus encountering about one
hundred points'3 the corrections have the typical size of EW
corrections that we comment on in the following. In case of
unnaturally large loop corrections we recommend to change
the renormalization scheme.

The maximum relative corrections do not differ much
for the charged wino and charged Higgsino final states
when comparing the final states with the same neutral elec-
troweakino. The smallest corrections are found for neutral
down-type Higgsino production together with a charged wino
or Higgsino,i.e. W+ HY and A} HY. The relative corrections
of the partial width lie between about —16% and +24% for
the former and —37% and +2% for the latter, for the bulk
of the points. A few outliers involve also corrections of up
to —55% to the I:Iu+ I:IL? decay. The relative corrections of
the branching ratios lie between about —4% and +20% for
W+ H? production and —30% and 0% for H; H? produc-
tion (again for the bulk of the points). The corrections to the
W+I-IL9, WTw3, wt3s, ijl,?, ﬁ;’ﬁﬂ, I-NIL;"S‘ final states
are somewhat larger but do not exceed what is in general
expected for EW corrections. The relative corrections to the
decay widths lie between about —35% and +40% (depending
on the specific final state) for the bulk of the parameter points,
and those to the branching ratios between about —30% and
+30% apart from a few outliers. The largest corrections are
found for W+ f?, H u+ B production where the relative correc-
tions to the partial widths range between —34% (—34%) and
+77% (+57%) for W B (H,} B) and to the branching ratios
between —30 and +40% barring a few outliers that can go up
to —100%. These are found, however, for small LO widths
and branching ratios so that the relative correction easily gets
enhanced.

12 Note, that huge corrections blowing up for certain renormalization
schemes in specific corners of the SUSY parameter space are a known
feature, see e.g. Refs. [40,41], which requires dedicated treatments tai-
lored to specific parameter configurations.

13 These points are in the decays of H* into W+ B, W8, ﬁu‘LB and
ﬁu‘LS' . with relative corrections beyond 100% among 10,000 allowed
points. Without the applied cuts the scattering plots will involve large
scales so that it becomes difficult to read off the corrections of most of
the points that have mild corrections. After applying these cuts.
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Fig. 4 Relative change in the branching ratio as defined in Eq. (135)
for the H* decay into into charged wino plus neutral electroweakino
final states all in the gauge basis as a function of the respective SUSY-

Let us also briefly comment on the size of the branch-
ing ratios. The largest branching ratios are obtained for the
H}W3 and W W3 final states with 37% and 30%, respec-
tively, followed by H; B (35%) and W+ B (25%) production.
The branching ratios into W*’FIQ, W+ﬁ,?, wts, I:I,j‘I:I,?,
H;S reach maximum values between 10 and 20%. The
smallest branching ratio is found for the At H 0 final state
with at most 0.5%.

EW corrected branching ratio for all scan parameter points passing the
constraints. The color code indicates the relative correction in the partial
width as defined in Eq. (134)

5.6 Decays into Sfermions

Like for the electroweakino decays also in the decays
into sfermions we apply some cuts to get rid of artificially
enhanced corrections due to specific corners in the parame-
ter space. Thus we require for the decays into stop-sbottom
pairs, H+ ;b j, that the involved masses fulfill
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Fig. 5 Same as Fig. 4 but for the charged Higgsino plus neutral electroweakino final states

My+ — M;, — MEj > 40 GeV (139)

so that large corrections originating from threshold effects in
triangle loop diagrams do not play a role. Furthermore, we
apply the following cuts on the mass differences'*

[M; —m;,| > 10 GeV and

1
14 We remind the reader that the final state particle masses receive
loop corrections as they are renormalized DR whereas the masses of

the particles in the loop are taken at tree level. Capital letters denote
loop-corrected, small letters denote tree-level masses.
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|M5j —ml;j,| > 10GeV withi #i, j#j. (140)
This way large corrections arising from degenerate squark
mixing contributions are removed. In case of large loop cor-
rections, we recommend the user to change the renormal-
ization scheme of the stop/sbottom sector as in the case of
decays into electroweakinos.

The relative corrections to the decay widths and branching
ratios into sfermion final states are shown in Fig. 6 for the
stop-sbottom final state on the left and for the stau-sneutrino
final state on the right. Note that we sum over all possible
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Fig. 6 Relative change in the branching ratio as defined in Eq. (135)
for the H™ decays into stop-sbottom (left) and stau-sneutrino (right) as
a function of their NLO corrected branching ratio for all scan parame-

final states fll;j‘ (i, j=1,2)intheleftand 7*v; (i =1,2)in
the right plot. The reason why we have less points in the stop-
sbottom than in the stau-sneutrino case is simply because in
a lot of the scenarios of our scan compatible with the applied
constraints the former decays are kinematically closed.

The decays into squarks receive SUSY-EW and SUSY-
QCD corrections. For most of the points the relative SUSY-
QCD corrections to the decay widths are distributed between
10 and 90%, while the typical size for the SUSY-EW correc-
tions is between —30 and 4-22%. The combination of both
corrections alters the decay width between —37 and 4+-92%.
Some parameter points can reach corrections of up to more
than 100% which is due to the renormalization of the squark
wave functions in the SUSY-QCD corrections and calls for
future improvements through the inclusion of higher-order
corrections or resummation. Barring these outliers the rela-
tive corrections in the branching ratios range between —10
and 4+-50%.

The relative corrections to the decays into stau-sneutrino,
stemming only from SUSY-EW corrections, lie between —64
and +72%, ranging for the bulk of the corrections only
between —31 and +39%, however. For Agr we find values
between —25 and 30%.

5.7 The impact of CP violation

In contrast to the MSSM, the NMSSM features CP viola-
tion in the Higgs sector already at tree level. The NMSSM
tree-level Higgs sector contains several complex parameters,
as listed in Eq. (15). These CP-violating effects, along with
those in the electroweakino and the sfermion sectors, can
alter the predictions for the Higgs boson decays compared
to the CP-conserving case. The measurement of CP viola-
tion at the LHC is a highly non-trivial task requiring the
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ter points passing the constraints. The color code indicates the relative
corrections in the partial width as defined in Eq. (134)

inclusion of as many observables as possible to derive lim-
its on possibly small CP-violating phases. Therefore — in
case of discovery — the investigation of CP violation both
in the neutral and the charged Higgs sector will be manda-
tory for the successful determination of CP-violating effects.
In [45], we studied the effect of CP violation on the NLO
corrections for the neutral Higgs boson decays. Here, we
investigate the behaviour of our newly computed NLO cor-
rections to the charged Higgs boson decays for varying com-
plex parameters. We focus on the impact of CP violation in
the NLO corrections themselves and therefore vary the CP-
violating phases for illustrative purposes over a wide range
without taking into account the constraints from the EDMs,
namely the strict constraint from the electron EDM provided
by the ACME collaboration [36]. For a phenomenological
investigation they have to be taken into account, however.
Both NMSSMCALC and NMSSMCALCEW allow to compute
the EDMs [37] which will be required in this case.

For the investigation of the impact of CP violation on
the higher-order corrections to the charged Higgs decays we
chose the following parameter point from the set of valid
scenarios obtained in our scan,

My = 2537 GeV, 15 = 4.84, x| = 0.590, x| = 0.339,
|M| = 764 GeV, |Ms| = 917 GeV, |M3| = 2211 GeV,
|A;| = 3.4TeV, |Ap| =2 TeV, |Ar| =2 TeV,

|teir] = 585 GeV, Re A, = —16.4 GeV, mg = 1.14 TeV,
mi, =157 TeV, m; =176 TeV, m; =476 GeV,

mz, = 1.66 TeV.

The remaining parameters and phases are fixed as
Mig,er = Mg sp =M1, =ML, = Merir = 3TeV,
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OMy My, M3 = QA Ap Ay = P =P =0, (141)

where for simplicity we choose the notation ¢,, .., = ¢,.. The

lightest CP-even Higgs boson Hj is the SM-like Higgs boson
and the Higgs mass spectrum is given by

My, =123.97 GeV, My, = 132.57 GeV,
My, = 680.45 GeV,

My, = 2536.92 GeV, M4, = 2538.66 GeV. (142)

In the following we vary the three phases ¢, ¢um,, ¢4, indi-
vidually away from their benchmark value zero while keep-
ing all the other phases fixed to zero in order to quantify the
effect induced by CP violation through the respective non-
zero phase. For the phase of A, we set ¢y, = 2¢,, /3 so that we
do not encounter CP violation at tree level in the Higgs sector.
Note, that we vary the phases almost up to their maximum
values leading to scenarios that are already excluded by the
EDM constraints. For illustrative purposes, we still allow for
these variations, however. We stop all plots at +0.477 and
not at £77 /2 because for phases |, | > 0.47x the singlet-like
Higgs boson has a negative mass.

In Fig. 7 (left) we show the tree-level and loop-corrected
decay width of the charged Higgs decay into the top-bottom
final state as function of a variation of either ¢, (red), ¢4,
(blue) or gy, (green) while keeping all other phases to zero
and ensuring a vanishing tree-level CP-violating phase in the
Higgs sector. The lower panels show the relative corrections
of the partial decay width as defined in Eq. (134) as a function
of the respective non-zero phase. Despite the vanishing CP-
violating phase at tree level we still see a small dependence of
the tree-level decay width on the CP-violating phase ¢, and
@4, respectively. This is due to the Aj, corrections included in
our definition of the tree-level decay width into quarks, which
depends on the phases of uefr and A;. As for the loop cor-
rections, the relative correction which is ét = —19% for the
chosen parameter point, barely changes when ¢y, is turned
on, whereas for non-zero ¢, it varies from -19% to —11%
for ¢, = —0.477 and —12.5% for ¢, = +0.47m. The
dependence on ¢4, is given by values ranging from —19%
at vanishing phase to —14% at ¢4, = +£0.47x.

For the decays into a charged W plus Higgs boson final
state for the chosen benchmark point we see the largest
impact of the CP-violating phases on the W™ H final state,
where Hj is the SM-like Higgs boson, cf. Fig. 7 (right). For
¢, and @4, each, the relative corrections vary from about
—10% to at —0.47x to about 40% at +0.47x. The depen-
dence on @y, is very weak, however. The LO dependence
on ¢, and @4, is due to the inclusion of the two-loop cor-
rections into the final state Higgs boson masses, where the
dependence on ¢, is largest. For the W H, final state ¢, and
@M, change 8 from 3% at zero phase to 4.5% (1% for ¢,, and
1.5% for ¢p,) at 0.477 (—0.477). The dependence on ¢4,

@ Springer

is very small. The loop corrections to H+ — WA show
a smaller dependence on ¢, ¢, and again the dependence
on ¢4, is almost negligible. The other decays into charged
W boson plus Higgs final states are kinematically closed.

The charged Higgs couplings to the electroweakinos
depend on the phases ¢, and ¢y, so that the LO decay widths
already show a dependence on these CP-violating phases.
We exemplary show the effect on the decay H' — )~(1+ )Zg in
Fig. 8 (left). In this case the )21* is a higgsino-like chargino
while the )”(g is a higgsino-like neutralino. (The CP-violating
impact is found to be less important for the ¥, ¥/} final
states of this benchmark point.) The relative correction §p
shows a substantial dependence on all three phases.

The tree-level charged Higgs couplings to squarks depend
on the phases ¢, and @4, so that the LO width shows a
substantial dependence on these phases that is also translated
to NLO, as can be inferred from Fig. 8 (right), which shows
the decay H* — fll}f as a function of the CP-violating
phases at LO and NLO. (The decays into other stop-sbottom
final states are kinematically closed.) The dependence on ¢y,
is only radiatively induced and very weak.

5.8 The impact of the renormalization scheme

We now want to discuss the impact of the renormaliza-
tion scheme. The renormalization scheme dependence of
the decay widths also gives us a possibility to roughly esti-
mate the remaining theoretical uncertainty due to missing
higher-order corrections. The code NMSSMCALCEW that we
use for the computation of the decay widths and branching
ratios follows the SLHA conventions where the soft SUSY
breaking parameters are understood to be DR input param-
eters at the scale Msysy which per default is given as in
Eq. (126). Consequently, depending on the chosen renor-
malization scheme for the computation of the higher-order
corrections the input parameters have to be converted to the
applied scheme where necessary. For example, if we use
OS renormalization in the stop sector then the soft SUSY-
breaking parameters (r?z2Q3, ﬂz?R, A;) affecting the stop sec-
tor must be converted from the SLHA DR parameters to
OS parameters. With these converted parameters the NLO
width is calculated then. In Ref. [45] we outlined in detail
the procedure applied in NMSSMCALCEW to convert the input
parameters. In the following we show the change in the LO
and NLO widths for the electroweakino and sfermion decays
when applying different renormalization schemes after con-
sistently converting the input parameters. The benchmark
point used in the plots is the same as for the investigation
of the impact of CP-violation in the previous Sect. 5.7, we
only vary tan 8 in the following. In order to quantify the
renormalization scheme dependence we introduce
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insert: relative correction of the decay width §p

FOS _ Fﬁ

Ar = , (143)

ros

where ['0S (I'PR) denotes partial width evaluated in the OS
(DR) scheme. It should be noted that in both renormalization
schemes we use the loop-corrected masses for the external
lines only while we use tree-level masses and tree-level cou-
plings for particles inside loops. For our chosen parameter
point, we present the tree-level and loop-corrected masses

for the electroweakinos in Table 2, for the stops/sbottoms in
Table 3, and for the staus/tau-sneutrino in Table 4.

Figure 9 shows the LO and NLO widths for the charged
Higgs decays into the exemplary electroweakino final states
)Zl+ )Z? , )Zl+ )Zg ,and )Zl+ f(g, respectively, for OS1 renormaliza-
tion!? (red) and for DR renormalization (blue) at LO (dashed)
and NLO (full) as a function of tan 8. The lower insert dis-
plays AT where in the definition Eq. (143) OS has to be
replaced by OS1. As we can inferred from the plots for all

15 We remind the reader that in the OS1 scheme the soft-breaking
parameters M| and M» are renormalized by the on-shell conditions
for the wino-like chargino and the bino-like neutralino.

@ Springer



340 Page 24 of 29

Eur. Phys. J. C

(2021) 81:340

Table 2 Masses (in GeV) and main components of the neutralino and chargino mass eigenstates at tree level and one-loop level in the two

renormalization schemes OS1 and DR

M)?? Mf(g Mig) Mﬂ) M)Z;) Mil+ M)?;
OS1
Tree-level 544.65 592.70 699.49 771.90 960.61 574.57 960.20
One-loop 549.32 596.02 698.83 771.90 960.54 580.40 960.20
DR
Tree-level 543.88 592.72 699.24 771.11 931.54 573.57 930.97
One-loop 549.40 595.97 698.83 771.81 960.01 580.48 959.57
Main component 1:119 I-}‘? S B W3 H* wt
Table 3 The tree-level and one-loop corrected stop and sbottom masses in the DR and the OS scheme
mj, [GeV] my, [GeV] mj [GeV] mj, [GeV]
(NS
Tree-level 1062.22 1586.95 1146.27 1802.81
One-loop 1062.22 1586.95 1150.31 1801.81
DR
Tree-level 1064.98 1626.29 1136.82 1758.28
One-loop 1079.94 1583.78 1158.76 1806.97
Main component L IR bL br
Table 4 The tree-level and one-loop corrected stau and tau sneutrino masses in the DR and the OS scheme
mz, [GeV] mz, [GeV] my, [GeV]
oS
Tree-level 496.51 1659.16 490.50
One-loop 514.16 1659.16 490.50
DR
Tree-level 478.48 1658.01 47224
One-loop 496.74 1659.17 472.46
Main component 7L R VL

three decays the dependence on the renormalization scheme
decreases when going from LO to NLO, as expected. For
the )Zfr f(? and )Zfr )Zg final states, already at LO the depen-
dence is very small with Ar = 1.5% for the former and
0.32% for the latter, almost independently of tan 8. It gets
reduced to close to 0% at NLO. For the %, 9 final state
the LO difference between OS1 and DR renormalization is
larger than in the other decays, as is the relative NLO cor-
rection to the decay width in the OS1 scheme. For this final
state the LO dependence on the renormalization scheme gets
reduced from about 18% to 3% at NLO. These results are in
accordance with the observed small dependence of the loop-
corrected final state masses on the renormalization scheme,
cf. Table 2.

In Fig. 10 we display the LO and the NLO widths for
the charged Higgs decay into fll;]“ for OS renormalization

@ Springer

(red) and for DR renormalization in the stop sector (blue)
at LO (dashed) and NLO (full) for the SUSY-EW (left) and
the SUSY-QCD corrections (right), as a function of tan .
The lower insert displays AI' as defined in Eq. (143). As
expected, the plots show that the LO dependence on the renor-
malization scheme gets reduced when going to NLO, both
for the SUSY-EW and the SUSY-QCD corrections, namely
from about 38% (39%) to 35% (37%) for the SUSY-EW
corrections for tan 8 = 4.5 (6.5). For the SUSY-QCD cor-
rections the reduction is more important, going down to about
30%. The overall larger dependence on the renormalization
schemes compared to the electroweakino final states is also
reflected in the larger dependence of the final state squark
masses on the renormalization scheme, cf. Table 3.

Figure 11 shows the HT — 7*D; decay (summing over
the two possible 7; (i = 1, 2) states) for OS (red) and the DR
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Fig. 9 The partial decay width for the decays of H™ into the elec-
troweakino final states )Zfr )Z? )Zf )Zg )Zl+ )Zé) as a function of tan 8 for

(blue) renormalization at LO (dashed) and SUSY-EW NLO
(full) as a function of tan B. For the chosen parameter point
the SUSY-EW corrections are rather small, and the rather
small dependence on the renormalization scheme at LO with
Ar = 5% gets reduced to 1% at NLO.

6 Conclusions

In this paper we complete the computation of the NLO SUSY-
EW and SUSY-QCD corrections to the charged Higgs boson
decays in the CP-conserving and CP-violating NMSSM that
was started in a previous paper with the corrections to the
charged W plus Higgs boson final states. We provide the
missing corrections to the on-shell two-body decays into the

0OS1 (red) and DR (blue) renormalization at LO (dashed) and NLO
(full). Lower insert: the relative difference in the widths due to different
renormalization schemes at LO (dashed) and NLO (full)

SM fermion, the electroweakino and the sfermion final states.
For the decays into electroweakinos and sfermions we pro-
vide the corrections for different renormalization schemes,
chosen to be OS and DR. This allows us to roughly estimate
the remaining theoretical uncertainty due to missing higher-
order corrections. All corrections have been implemented in
the code NMSSMCALCEW thereby combining them with the
already incorporated state-of-the-art higher-order QCD cor-
rections.

In our numerical analysis we find that the newly com-
puted SUSY-EW and SUSY-QCD corrections are significant
and need to be included for meaningful predictions of the
decay branching ratios. In specific corners of the parameter
space with small LO widths and/or large mixing effects the
corrections can become very large. As for the dependence
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Fig. 11 The partial decay width for the decays into stau-sneutrino pairs
as a function of tan 8 for OS (red) and DR (blue) renormalization at LO
(dashed) and NLO (full). Lower insert: The relative difference in the
widths due to different renormalization schemes at LO (dashed) and
NLO (full)

on the CP-violating phases of the various parameters the
effects are of typical size for radiatively induced CP violation.
The investigation of the renormalization scheme dependence
shows a good perturbative convergence of the higher-order
corrections. Our results contribute to the improvement of the
precision on the predictions for Higgs boson observables in
beyond-the-SM extensions that is required for the correct
interpretation of new physics effects being looked for at the
LHC.
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SUSY-QCD corrections (right). Lower insert: The relative difference
in the widths due to different renormalization schemes at LO (dashed)
and NLO (full)
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