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ABSTRACT: We extend the formalism developed in ref. [53] for the renormalisation of the
chargino-neutralino sector to the most general case of the MSSM with complex param-
eters. We show that products of imaginary parts arising from MSSM parameters and
from absorptive parts of loop integrals can already contribute to predictions for physical
observables at the one-loop level, and demonstrate that the consistent treatment of such
contributions gives rise to non-trivial structure, either in the field renormalisation con-
stants or the corrections associated with the external legs of the considered diagrams. We
furthermore point out that the phases of the parameters in the chargino-neutralino sector
do not need to be renormalised at the one-loop level, and demonstrate that the appropriate
choice for the mass parameters used as input for the on-shell conditions depends both on
the process and the region of MSSM parameter space under consideration. As an appli-
cation, we compute the complete one-loop results in the MSSM with complex parameters
for the process h, — )ij(]_ (Higgs-propagator corrections have been incorporated up to
the two-loop level), which may be of interest for SUSY Higgs searches at the LHC, and for
chargino pair-production at an eTe™ Linear Collider, eTe™ — fdrf(; We investigate the
dependence of the theoretical predictions on the phases of the MSSM parameters, analysing
in particular the numerical relevance of the absorptive parts of loop integrals.
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1 Introduction

The search for physics beyond the Standard Model (SM) is one of the main goals of the
physics programme of the Large Hadron Collider (LHC). Supersymmetry (SUSY) continues
to be a particularly attractive extension of the SM. The minimal version, the Minimal
Supersymmetric Standard Model (MSSM), predicts superpartners for all the fermions and
gauge bosons of the SM as well as an extended Higgs sector consisting of two Higgs doublets.

The recent signal discovered in the Higgs searches at ATLAS [1] and CMS [2] with a
mass of about 126 GeV, which is also compatible with the excess observed at the Teva-
tron [3], is well in keeping with an interpretation in the MSSM in terms of the light (see
e.g. [4-33]) or even the heavy CP-even Higgs boson [31-35]. On the other hand, the direct
searches for superpartners at the LHC have so far not revealed any sign of a signal. The
searches up to now have mainly been sensitive to the production of squarks of the first two
generations and the gluino [36-39]. The analyses are just starting to become sensitive to
the direct production of the squarks of the third generation and to the direct production
of colour-neutral states of the MSSM, see e.g. refs. [40-45]. In particular, in the chargino
sector the most important limit is still the one from LEP of about 100 GeV [46]. The
neutralino sector of the MSSM is even less constrained. If one drops the assumption of the
GUT relation between the parameters Ms, which appears in the chargino sector, and M,
which appears only in the neutralino sector, the lightest neutralino can be arbitrarily light
without violating the existing experimental constraints [47].



In general, many of the MSSM parameters may take complex values. If this is the case,
it leads to CP violation beyond that provided by the phase of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, i.e. the matrix that governs the mixing of the quarks in the
SM. The CKM picture of CP violation has been remarkably successful in passing many
experimental tests, which has led to stringent constraints on the possible structure of new
physics contributions. On the other hand, additional sources of CP violation are in fact
needed to explain the baryon asymmetry in the universe via a first order electro-weak phase
transition, as the CKM phase can only partially account for the observed asymmetry (for
a review see e.g. ref. [48]).

It is therefore of interest to investigate the collider phenomenology of CP-violating
effects in the MSSM with complex parameters, see for instance refs. [49-52] and references
therein for studies of CP-violating effects at the LHC via rate asymmetries or triple prod-
ucts. While in some cases CP-violating effects occur already at tree-level, it is important
to take into account also loop-induced CP-violating effects. In order to make predictions
for CP-violating effects at the loop-level it is thus necessary to perform the renormalisa-
tion of the MSSM for the general case of complex parameters. It should be noted in this
context that in the MSSM with complex parameters there are two sources of imaginary
parts occurring at the loop level, namely complex pararameters and the absorptive parts
of loop integrals. While absorptive parts of loop integrals are often neglected in one-loop
calculations, a consistent treatment of these contributions is essential in the MSSM with
complex parameters since imaginary parts of the loop integrals can combine with imaginary
parts of the MSSM parameters to contribute to the real part of the one-loop contribution.

In this paper we work out the on-shell renormalisation of the chargino-neutralino sector
of the MSSM for the most general case of complex parameters, which involves in particular
a consistent treatment of the absorptive parts of loop integrals. At leading order (LO)
the chargino-neutralino sector of the complex MSSM depends on the gaugino masses M}
and My, the higgsino mass p and tan 3, the ratio of the vacuum expectation values of
the two neutral Higgs doublet fields, while at higher orders many more parameters become
relevant. For the field renormalisation, we follow the formalism developed in ref. [53], where
it was shown that it is convenient to choose different field renormalisation constants for
incoming and outgoing charginos and neutralinos in order to ensure the correct on-shell
properties of the external particles. While in ref. [53] the parameters in the chargino and
neutralino sector were assumed to be real, we perform the parameter renormalisation for
the general case of complex parameters. We find that at the one-loop level the phases of the
parameters in the chargino-neutralino sector do not need to be renormalised. Furthermore
we demonstrate that an appropriate choice of the mass parameters used as input for the
on-shell conditions depends both on the process under consideration and the region of
MSSM parameter space.

Recently, in refs. [54-56] an on-shell scheme for the renormalisation of the chargino
and neutralino sector in the complex MSSM has also been employed. The differences in
the approach of treating the CP-violating phases as compared to the present paper have
been discussed in ref. [57] (see also refs. [58, 59]).

The on-shell renormalisation of the chargino-neutralino sector has been investigated for



the MSSM with real parameters in refs. [53, 60-67]. More recently, in ref. [68] a method to
systematically choose on-shell conditions for the parameter renormalisation in any chosen
scenario was presented, including the case of the parameters being strongly mixed. These
results are in accordance with the earlier investigations of refs. [53, 67].

As an application of the framework for the renormalisation developed in this work,
we compute the complete one-loop results in the MSSM with complex parameters for the
processes hg, — )ZT)Z; (for a =2,3) and ete™ — )2?)2; Note that in the complex MSSM
the neutral Higgs bosons (h, H, A) mix to give (hi,ho, hs), as described later. In our
numerical analysis we study in particular the dependence of the results on the phases of
the complex parameters and we investigate the numerical impact of products of imaginary
parts arising from complex pararameters and from absorptive parts of loop integrals.

The decay of heavy Higgs bosons to charginos and neutralinos, h, — )ij(j_, is impor-
tant in the context of SUSY Higgs searches at the LHC. The experimental signature of this
process comprises four leptons and missing transverse energy [69-73]. In the search for the
heavy neutral Higgs bosons of the MSSM this channel may provide sensitivity also in the
“LHC wedge region” (see e.g. refs. [74, 75]), where the standard searches for heavy MSSM
Higgs bosons in 717~ and bb final states are expected to be not sufficiently significant for a
discovery. Electroweak one-loop corrections to this class of processes have been evaluated
in refs. [76-78] for the case of real parameters. As explained above, we have obtained the
complete one-loop result for the decay of a heavy MSSM Higgs boson in the general case of
complex parameters (which gives rise to a mixing of all three neutral Higgs bosons to form
the mass eigenstates). We have incorporated into our result Higgs propagator corrections
up to the two-loop level.

Since charginos and neutralinos are expected to be among the lightest supersymmetric
particles and, as mentioned above, their mass range is only weakly constrained from SUSY
searches at the LHC so far, the direct production of these particles via ete™ annihilation
is of particular interest for physics at a future eTe™ Linear Collider (LC). We focus here
on chargino pair-production, ete™ — )Z;F)Zj_. High-precision measurements of this process
in the clean experimental environment of an e*e™ LC could be crucial for uncovering the
fundamental parameters of this sector and for determining the nature of the underlying
physics. Based on a leading-order treatment, the determination of the parameters My,
Ms, 1 and tan 8 is expected to be possible at the percent level, providing also sensitivity
to non-zero phases of complex parameters [79]. At this level of accuracy, higher-order
corrections need to be incorporated. For the case of real parameters, one-loop corrections
to chargino pair production at a future LC have been investigated in refs. [80, 81]. Loop-
induced CP-violating effects have been studied in refs. [82, 83], in particular the effect of
complex parameters on certain asymmetries, but the considered quantities were UV finite
and therefore did not require renormalisation. We extend the previous results to the general
case of complex parameters.

In the following section we will introduce the MSSM with complex parameters and
briefly summarise our renormalisation procedure for the Higgs, (s)fermion and gauge boson
sectors. In section 3 we present a framework for the on-shell renormalisation of the chargino
and neutralino sector of the MSSM for the general case of complex parameters, where in



particular the imaginary parts arising from complex parameters and from absorptive parts
of loop integrals are consistently treated. As an application of this framework, in section 4
we derive new results for two phenomenologically interesting processes, Higgs decays into
charginos and chargino pair production at a future LC, and we study the dependence of
the results on the complex parameters and the numerical impact of products of imaginary
parts. We conclude in section 5.

2 The MSSM with complex parameters and its renormalisation in the
on-shell scheme

As mentioned above, complex parameters arise naturally in SUSY, inducing CP violation.
In the most general MSSM (for the case of massless neutrinos) there are 40 possible phases.
Under the assumption, however, of Minimal Flavour Violation, which is motivated by the
strong constraints on supersymmetric contributions to flavour-changing neutral current
processes such as b — s, the number of MSSM parameters that may be complex reduces
to 14: the phases of the sfermion trilinear couplings ¢, where f = u,c,t,d, s,b,e, i, 7; the
phases of the gaugino mass parameters ¢ys,, where ¢ = 1,2, 3; the phase of the Higgsino
mass parameter ¢, and the phase of the Higgsino mass mixing parameter ¢,,,, [84]. Out
of these, the freedom to redefine fields means that any two phases may be rotated away,
and as in refs. [53, 85] we choose those to be ¢y, and ¢p,,,. We therefore consider 12
non-vanishing phases in the following. The most restrictive experimental constraints on
those phases arise from bounds on the electric dipole moments (EDMs) of the neutron d,,,
mercury dyg and Thallium, dr; [86-88],!

\d,| < 2.9107%%ccm (90%C.L.),
ldp1| < 9.0107%ecm (90%C.L.),
|dig| < 3.110"*ecm (95%C.L.). (2.1)

These EDMs are functions of CP-odd operators, e.g. the electron EDM d., the quark
EDM d,, the chromo EDM ciq (for a recent review see ref. [95]), via atomic or hadronic
matrix elements which can have large theoretical uncertainties, ranging from ~ 10% to
50% [91, 96]. Dominant contributions to d,, dug and dr come from d, dy 4, Ju,d- The
MSSM contributions to these EDMs have been studied in detail in the literature, see
refs. [95, 96] and references therein. The dominant contributions to those EDMs involve
the first two generations of squarks and sleptons, thereby imposing severe constraints on
Ay for ¢ = u,d,s,cand [ = e, p.2 In our numerical evaluation below we set the severely
constrained phases of the trilinear couplings to zero. In contrast, the third generation
trilinear couplings of the squarks and sleptons are much less constrained by the EDM’s,
and can possibly result in large effects on observables. The phase ¢, of the higgsino

mass parameter is also severely constrained in the convention where ¢y, is rotated away.

Tn addition, EDMs of the heavy quarks [89, 90], the electron [91-93] and the deuteron [94] can have a
significant impact.
ZPossible circumstances under which those bounds are evaded are discussed in refs. [97-99).



However, since it is the only phase present at tree level in the chargino sector, we will
nevertheless investigate below the numerical impact of varying this phase. The bino phase
@1, on the other hand, is less constrained by the EDMs, so that variations of this phase
can potentially have interesting consequences in the neutralino sector. Cosmological effects
of this phase include favouring bino-driven electroweak baryogenesis [100], and modifying
the relic density as well as both direct and indirect detection rates of neutralino dark
matter. Concerning collider phenomenology, it can affect neutralino production rates and
CP-violating observables at the LHC, see e.g. ref. [96, 101], and at a future LC, see e.g.
refs. [49, 85, 102-104]. Note that, unfortunately, complex phases are often neglected in
publically available tools for calculating MSSM spectra, meaning that these areas of SUSY
parameter space are not sufficiently explored.

Below we will describe a systematic approach to the on-shell renormalisation of the
chargino and neutralino sector of the MSSM with complex parameters. In order to illustrate
this approach, we will derive new one-loop results for two processes involving external
charginos, namely h, — )Z:F)Z; and ete™ — )Z;F)Z;, where ¢, = 1,2 and a = 2,3. Besides
the renormalisation of the chargino and neutralino sectors, these processes also require
the renormalisation of the MSSM Higgs sector, the sfermion sector, as well as the gauge
boson and SM-fermion sector. We therefore first describe the renormalisation of these
sectors before turning to the renormalisation of the chargino and neutralino sectors in the
following section.

2.1 Renormalisation in the Higgs sector

The renormalisation of the Higgs sector plays an important role in the following, firstly
because we study the process h, — )Zj)Z;, where the external Higgs must be renormalised,
and secondly because it enters the chargino-neutralino sector through the renormalisation
of the parameter tan 8. Expressing the Higgs potential in terms of the soft masses mi, mo,
and the mass mixing parameter mqo leads to

Vir = mi Hy;Hyi + m3Hy; Hy; — € (miy HiiHaj + miy Hi; Hy;)
1 * 1 *
+§(92 +¢'?)(H{;Hi; — H3;Ho)? + §gl2|HliH2i|2v (2.2)
where g and ¢’ are the U(1) and SU(2) couplings, and the two Higgs doublets can be

B Hyq o Ul""%((bl —in)
Hl - <H12> B ( _QSI ’ (23)

o Ha \ e b3
2 = <H22> —° <02+\%(¢2+ZX2>>’ (2.4)

with the vacuum expectation values of the two Higgs doublets, v; and vg, and tan 8 = vg /v;.

expressed through

The MSSM Higgs sector is CP-conserving at tree-level, i.e. the phase of the parameter ms
and the relative phase £ between the two Higgs doublets can be rotated away and vanish
upon the minimisation of the Higgs potential, respectively. Expanding Vi in terms of the



neutral fields ¢/, and x;/; as well as the charged fields qﬁfm results in tadpole terms and
mass mixing terms,

Ve =...— T¢1¢1 - T¢2¢2 - TX1X1 - szXZ
b1
1 1, T
+ = (é1 92 X1 X2) Mggyy 02 + (97 ¢y ) M=y ¢<1k + ... (2.5)
2 X1 2 b5
X2

The two mass mixing matrices Mygy, and M+ 4+ can be diagonalised by rotation matrices
parametrised by mixing angles « and 3, and S, resulting in the neutral Higgs bosons, h,
H and A, and the neutral Goldstone boson G, as well as the charged Higgs bosons H*
and the charged Goldstone bosons G*. By renormalising the Higgs doublet fields,

1
7‘[1,2 — (1 + §5ZH172)'H172, (2.6)

one can obtain all the required Higgs field renormalisation constants, which can be written
in terms of 073, ,, as discussed in ref. [105]. Similarly choosing to renormalise the tadpole

coefficients,
Thaa — Thaa+0ThH a4, (2.7)
the charged Higgs mass
M}y — M3 + M3, (2.8)
and tan 3 via
tan § — tan 5(1 + d tan 3), (2.9)

all parameter renormalisation constants can be obtained using relations connecting them to
0T} 1,4, 5M12{i and ¢ tan 3, as also given in ref. [105]. It is convenient to renormalise tan 3
in the DR scheme, see the discussion in refs. [105-108]. With the Higgs field renormalisation
constants in the DR scheme,

§Z0R = —Re Ty (2.10)
0ZDR = —Re sy (2.11)
this yields
- 1 - -
§ tan PR = 5(5225 —8Z31). (2.12)

The mass of the charged Higgs is renormalised accoring to the usual on-shell condi-
tion, yielding
SM%. =Re Sy (Mpa), (2.13)

and the renormalisation constants of the tadpole coefficients are fixed via the condition
that the renormalised coefficient should vanish, leading to

0Th H A= —ThHA- (2.14)



The numerically important Higgs propagator-type corrections in the MSSM Higgs
sector not only affect the predictions for the Higgs boson masses, but also give rise to a loop-
induced mixing between the neutral Higgs bosons. In order to ensure the correct on-shell
properties of the external particles in the S-matrix elements, the mixing between different
states has to vanish on-shell, and the residues of the propagators have to be normalised
to one. We achieve this by applying finite wave function normalisation factors Zij, which
contain the complete one-loop contributions of the Higgs boson self-energies as well as the
dominant two-loop corrections, as implemented in the program FeynHiggs [105, 109-112].

The wave function normalisation factors Z,-j, for which we use the definition given in
refs. [115, 116], can be written as a non-unitary matrix Z. In this way a one-particle irre-
ducible n-point vertex-function G’ha involving a single external Higgs h, can be expressed as

Gha éh
G | =2 |Gu |, (2.15)
Gh. Ga

in terms of the vertex functions Gj,, G, G4 in the (h, H, A) basis. Here (hq, hs, he) denotes
some combination of (hy, he, hg). For definiteness we choose h, = hy, hy = hy and h, = hs.

In addition to the mixing between the physical Higgs fields, a complete one-loop pre-
diction for a process in the MSSM involving a neutral Higgs boson as external particle will
in general also involve mixing contributions with the neutral Goldstone boson and with the
7 boson. These contributions must explicitly be included in the calculation at the one-loop
level, as discussed in detail in refs. [115, 116].

2.2 Renormalisation in the sfermion sector

As stated earlier, the calculation of eTe™ — )ij(]_ at one-loop order requires the renor-
malisation of the sfermion sector, as I, enters the tree-level t-channel diagram. The renor-
malisation in the sfermion sector is furthermore needed for the evaluation of higher-order
corrections in the Higgs sector, see above. At lowest order, the squarks and charged sleptons
are mixed via

M3 +m? + ME(I — Qrs?y) myX;

M; = ) T (2.16)

for s, as defined in the following subsection, making use of the abbreviation M% =
M?Z cos 23, where My is the mass of the Z boson, and defining X 7 by

Xy=Ap — p*{cot B, tan B}, (2.17)

where cot 8 applies for the up-type squarks, f = u, ¢, t, and tan 5 applies for the down-type
sfermions, f = d, s, b, e, 1, 7 (we treat the neutrinos as being massless). Note that my, Qf
and I?J: are the mass, charge and isospin projection of the fermion f respectively. Here M?,
M]% and the trilinear coupling A are soft SUSY breaking parameters, of which only the

lattRer may be complex, '
Ap = |Afles. (2.18)



As we do not consider right-handed neutrinos, the sneutrino masses can be expressed by
1
mz = M? + §M§ cos 23, (2.19)

where v = v, U, V.
In order to renormalise the sneutrino sector, we define the field and mass renormalisa-
tion constants by,

1
v — <1 + 25Z,;> % mZ — m2 + dm2. (2.20)
Imposing on-shell conditions in the sneutrino sector yields

675 = —¥5(m2) and dm2 = Re X (m2). (2.21)

v

It should be noted that choosing the sneutrino mass as an independent input parameter in
this way implies that the renormalisation constant for the left-handed selectron mass is a
derived quantity (following from SU(2) invariance).

2.3 Renormalisation in the gauge boson and fermion sector

For the gauge-boson masses, My, and My, we choose on-shell conditions. The weak mixing
angle Ay is a derived quantity, following from

M2
.2 _ 2 W
sin“ Oy = sy =1 — —5-. (2.22)
M
With the renormalisation transformations
M2 — M2 + §MZ, M3, — M3, + M, (2.23)
sw — Sw + dsw, cw — cw + dew, (2.24)
where C%/V = cos? Oy, this yields
M2, = ReXWW(M2,) and 6MZ = ReX4Z(M3), (2.25)

where the transverse part Y7 (p?) of a self-energy X, (p) is defined according to

bup bup
) = ( = g0+ P50 ) 2 ) = PR, ). (2.26)
For the renormalisation of the weak mixing angle this results in
2 2 2
c oM oM SWw
Ssw = - Zz _ W d  Sew = ——"dsw. 2.27
W Sew ( MZ oMz ) T W T W (2:27)

The renormalisation of the electric charge

e—e(l+462.) (2.28)
in the on-shell scheme yields
1 sy S (0)
67, = ~11(0) + ==L 2.29
c= O+ 2 (2.29)



_ dX7(p?)
here I17(0) = 42z (P7)
where (0) a7 | g

is usually re-expressed in terms of the shift in the fine structure constant, Aa, where

. In order to avoid sensitivity to the light quark masses this

1
—Re¥)? (M3). (2.30)

_ 8
Aa =11 M2 T light fermions
Z

gght fermions(o) -
Here “light fermions” refers to the contributions of all quarks and leptons except the top
quark. While the leptonic contribution to A« can directly be calculated, the hadronic
contribution is obtained from experimental data via a dispersion relation. In our numerical
analysis below we will express our lowest-order results in terms of the fine structure constant
at the scale Mz, a(M%) = a/(1 — Aa), so that the contribution of A is absorbed into
the lowest-order coupling.

Since we consider processes with external electrons, fermion field renormalisation con-
stants are needed. We define them according to the transformation

1
fL,R — (1 + 252£,R> fL,R- (2.31)

In the case where the mass of the fermion can be neglected, the on-shell condition leads to
the simple expression
52{,3 = —22,3(0), (2.32)

where Ei, Zé are the left- and right-handed components of the fermion self-energy, re-
spectively.

While we do not consider processes with external gauge bosons, so that the field renor-
malisation constants of the gauge bosons drop out in our physical results, these renor-
malisation constants do appear in expressions for individual vertices given below. For
completeness, we therefore also list the expressions for the field renormalisation constants
of the gauge bosons. We define the field renormalisation constants for the charged W
bosons via

1
w* - (1 + 2<$wa> W, (2.33)

and for the neutral Z boson and photon by

Z 1+1i62,, L6z, Z
— l52Z ) 2 1527 ) (2.34)
Y 204~Z t 30244y Y

The on-shell conditions for the field renormalisation constants ensure that on-shell external
particles have diagonal propagators with unity residues (see e.g. ref. [117] and references
therein). This leads to

0Zvy = —(SpV) (MP), (2.35)

where V =W, Z, v and ¥'(k?) = ag;’;) |p2=k2, and

Z
253" (M)

5Z’yZ = - M% s

(2.36)



3 Renormalisation of the chargino and neutralino sector

We now turn to the renormalisation of the chargino and neutralino sector of the MSSM
for the general case of arbitrary complex parameters. For the field renormalisation, we
follow the formalism developed in the earlier work of ref. [53]. We list here the relevant
expressions for completeness. For the parameter renormalisation, we extend the results of
ref. [53], which were restricted to the case of real parameters in the chargino and neutralino
sector, to the general case of complex parameters.

The charginos and neutralinos are the mass eigenstates of the gauginos and higgsinos,
as seen from the relevant part of the MSSM Lagrangian,

Ly =%; W0i; —wr (U XV —wr(VXTUT)ij)x7
1= « -
+ 5 X (Wi — wi(N YN — wr(NYTNT);5)%0,
where wy, /g = 1/2(1 F 75). The mass matrix
for the charginos is given by

- M2 \/éMWSB
X = (\@MW% 1% ) ’ (31)

where sg/cg = sin 3/ cos 8. This matrix is diagonalised via the bi-unitary transform MX~ =

U*XVT. The mass matrix for the neutralinos
in the (B, W, H,, ﬁg) basis is given by

M, 0 —Mzcgsw Mzsgsw
M. M -M
v 0 9 ZC3CW 7Z83CwW , (3.2)
—Mzcgsw Mzgcgew 0 —u
Mzsgsw —Mzsgew — 0

where M; is the bino mass. Since Y is complex symmetric, its diagonalisation requires
only one unitary matrix N, via MX~O = N*Y N'. The additional parameters that enter this
sector are My, My and p.

In the MSSM with complex parameters, absorptive parts arising from loop integrals of
unstable particles in general contribute to squared matrix elements already at the one-loop
level, since they can be multiplied by imaginary coefficients involving complex parameters.
It has been shown in ref. [53] that a proper treatment of the absorptive parts from loop
integrals of unstable particles implies that full on-shell conditions giving rise to vanishing
mixing contributions on-shell can only be satisfied by the field renormalisation constants in
the chargino and neutralino sector if they are allowed to differ for incoming and outgoing
fields (see ref. [124] for an earlier discussion of this issue in the context of the SM). Accord-
ingly, we define the renormalisation of the chargino and neutralino fields in the most general
way, i.e. we introduce separate renormalisation constants 5Zi7/i? and Zi/zf“ for incoming and
outgoing (left- and right-handed) charginos, respectively. The renormalisation constants

for incoming and outgoing (left- and right-handed) neutralinos are denoted as §Z, L/R

0.1 and

~10 -



ZOL Z/jR, respectively. Therefore, the renormalisation transformations for the chargino and

neutralino fields read

wrX; — (1+ 350 i)”wLXj_7 Gwr— X (1+ 15Zi) WR,
wrX; = (14 30Z5), wrX; | Xwr =X (1+5028), wr,
wrXy = (1430 OL)wwac?, X,-WR—>X,-( 1520) - WR,
wrXs = (L+3825"),; wrXj, Wwr, = K0 (1+ 36257) ;wr, (3.3)

where the indices 7, j can take values up to 2 for charginos and 4 for neutralinos, respectively.

Concerning the parameter renormalisation, we treat My, Ms and p as independent
free parameters that are determined by imposing on-shell renormalisation conditions in
the chargino and neutralino sector. On the other hand the parameter tan has been
renormalised in the Higgs sector, and the parameters e, My and My (as well as the
dependent parameter sinfy) have been renormalised in the gauge sector, as described
above, see section 2. The renormalisation transformations for My, Ms and p read

| My| — |[My| + 0| M, drvy, — Sy + 0,
|Ma| — [Ma| + 0| Ma,
| — |l + 0] pl, ¢u — ¢u + 5¢,u7 (3.4)

where we treat the general case of complex parameters in the chargino and neutralino sector.
As mentioned above, we have adopted the convention where the phase ¢y, is rotated away.
The parameter renormalisation in the chargino and neutralino sectors therefore amounts
to the renormalisation of the five real parameters |Mi|, |Mal, |u|, ¢ar, and ¢,. These
parameter renormalisations induce a renormalisation of the mass matrices X and Y via

X 5 X+6X, Y Y45y (3.5)

Our renormalisation scheme builds on and extends the work of refs. [53, 64, 67, 81].
Our scheme, besides addressing the general case of complex parameters, differs from the
methods followed in refs. [77, 118], where the renormalisation was carried out for the case
of real parameters. The approach of ref. [118] differs from ours since in ref. [118] the mixing
matrices are left unrenormalised. In ref. [77] the mixing matrices are renormalised using
the proposal of ref. [119], where the renormalisation of tan 3, My, Mz (and also sinfy)
differs from our prescription. While the divergent parts of the prescription in ref. [77] agree
with the ones of the corresponding quantities in our approach, the finite parts differ, see the
discussion in ref. [64]. In an explicit comparison carried out for the case of real parameters
in ref. [64] it was found that the resulting differences in the predictions for the physical
chargino and neutralino masses based on the different methods were numerically small.

As mentioned above, we determine the field renormalisation constants from full on-
shell conditions that ensure vanishing mixing contributions on-shell for all chargino and
neutralino fields. The propagators are required to have unity residues. The corresponding
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renormalisation conditions read

LX)z =0, T oz =0, (3.6)

2_
pe=m
Xj

1 w0 » p 1 =
i T . i =Y 3.7
. j}lHQ J—mz L Xi(p) = iXi, p_lﬁfi Xi(P)Ty; J—mn - (3.7)

where \; = X; (i,j = 1,2) or ¥V (4,5 = 1,2,3,4), and i # j. Here the renormalised
propagator 5’1(]2) (p?) can be obtained from the 1PI vertex function f‘g) (p?), which can be

expressed in terms of the renormalised self-energy f]ij (p?),
5(2 5 (2 _ £ (2 . &
550" = ~CP 0N TR0 =i misy + iy (7). (3.8)

For convenience, we decompose the self-energy in terms of the coefficients ZZ-LJ-/ R(p2) and

SL/SR .
2ij / (p?) via

S5 (%) = pwrSHP?) + PwrSE (D) + wrSiF (0%) + wrSi(p?), (3.9)

and define the left and right handed vector and scalar coefficients, f]ZL]/ R(p2) and i]ij/ SR(p2)
respectively, for the renormalised self-energy analogously. Note that the conditions in
egs. (3.6) and (3.7) do not specify the wavefunction renormalisation constants completely,
and so in addition we impose the conditions that the renormalised propagators retain the
same Lorentz structure as the tree level propagators in the on-shell limit, i.e.

iﬁ(m%i) = f]f}(m%i), (3.10)
EZL(m%) = Ef;R(mii). (3.11)

Together egs. (3.6), (3.7), (3.10) and (3.11) result in the following expressions for the
diagonal chargino wave function renormalisation constants,

62{5 = — Y/ m2e) —me [BF i (m2.) +2F “<m§i>]
—mg [Zi”(m )+ 23R (m xf)] i2m~i [Ei”(mxi)
ik ,,(mxi) + (VXU —(U*sXVT )] (3.12)
5Zi/f— Zi/f( i )—m?(i [Eiii(m;i)+E}:E:ii(m§i)]_

1
2m~i [Eil;,l (mxi)

i

i ”(mxi) +(VoXTUT)— (U XV, (3.13)

mxi [Z:I: zz(m jE)_}'E:I: zz(mii)] +
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and the following off-diagonal chargino wave function renormalisation constants,

L/R _ 2 L/R R/L
5Zi,ij = m[ ~iEiZJ(mXi)+mXim iziw(mx%)
X % ‘
SL/SR, 2 SR/SL, 2
T (m;(;,:) +mgEdiy (mfcji)

X T
—mge (U 6xXVT), - myk (vextu”), ] (3.14)
L/R 2 2 L/R
5Z:t’” N m%i - m%i [mf(jtzi i (mxi) +m
X Xi

+m. izi€§53( 2 )+ m. izi’jj/.“( 2.)

R/L, 2
xE M D ()

>"< >2
—mge (U*6xVT), —my + (vexiuT), 1. (3.15)
Xi/j

As a consequence of their Majorana nature, the renormalisation constants for the
neutralinos satisfy the relations
L/R _ <5R/L
0Zy i (5ZO i (3.16)

The diagonal and off-diagonal wave function renormalisation constants are given by

5Z§£’LR = Eé{lR( X ) m 0 [EO Z’L(m 0)+EO “(mio)]

)y +% B p— ) y 2 ) _

[ Ou( ) Ow( )] me [ OZ’L( X)
I “(mxo) + (NSYTNT); —(N*§Y N'),], (3.17)

L/R 2 L/R
5Z0’L/] = m[m 02043 (m20) +m Om 02307//‘7 (mx(]))
X; X;j
SL/SR SR/SL
tmgoXg ) (m2) + mgo g il (m2)
* T

—mgpo (N 5YNT) - mg (NSYTNT), . (3.18)

It should be noted that the barred constants, 525/ R, are not related to (525/ R)Jr via
hermiticity relations,
07"+ (52, (3.19)

For both the charginos and neutralinos, (5Z LR giffer from ((5ZL/ R)T in their absorptive
parts only (arising from loop integrals of unstable particles), while this difference vanishes
in the CP-conserving MSSM, see the discussion in ref. [53].

We briefly comment in this context on the similar issue arising in the fermion sector of
the SM in connection with the renormalisation of the CKM matrix, see refs. [117, 120-125].
It was realised that the hermiticity constraint for the incoming and outgoing fermion field
renormalisation is incompatible with the demand of fulfilling the standard on-shell condi-
tions. This is a consequence of absorptive parts of loop integrals, which are gauge-parameter
dependent. Attempts to phrase the renormalisation prescription such that those absorptive
parts do not enter the field renormalisation constants, restoring in this way the hermiticity
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relation, turned out to be problematic. The field renormalisation constants were found
to be related via a Ward identity to the renormalisation constant for the CKM matrix,
and the above prescription would lead to a gauge-dependent result [121, 122]. Alterna-
tive methods to renormalise the CKM matrix have been proposed [121, 123], however in
order to ensure that on-shell external propagators are flavour diagonal it was advocated
to relax the hermiticity condition and to allow independent renormalisation constants for
incoming and outgoing fields [124]. This approach was found to be consistent with the
gauge invariance of the SM [125] and the CPT theorem [124]. Due to the interference with
the CKM phase, inclusion of the imaginary parts was found to give rise to numerically
relatively small shifts in the predictions for the relevant observables of ~ 0.5% [124]. In
section 4.1 we investigate the size of the effect of a proper treatment of the absorptive parts
for the chargino and neutralino case and we analyse the numerical impact on predictions
for physical observables.

We now turn to the renormalisation of the parameters in the chargino and neutralino
sector, which as discussed above comprises the renormalisation of the five parameters | M|,
| M|, |u|, ¢ar, and ¢,,. On-shell conditions for the parameters |Mi|, |Ma| and |u| can be
obtained from the requirement that three of the chargino and neutralino masses are renor-
malised on-shell, in analogy to the case where My, My and p are real, see ref. [53]. For the
two phases ¢pr, and ¢, there exists no obvious on-shell condition (the same is true for sev-
eral other MSSM parameters, for instance the parameter tan ). A possible choice would
be to employ the DR scheme, as advocated in the “SPA conventions” [126]. However, we
have verified explicitly that no renormalisation of ¢y, and ¢, is required at all in order to
render the relevant Green’s functions finite. This result can be understood as follows: start-
ing from the Lagrangian expressed in the gaugino-higgsino basis, the diagonalisation of the
mass matrices upon making the transition to the mass eigenstate basis leads to expressions
in terms of the real combinations U*X VT and N*Y NT. In those expressions the phases of
M and p that are present in the mass matrices X and Y have been compensated by the
corresponding elements of the transformation matrices U, V and N. Thus, the phases of
M; and p appearing in the couplings of neutralinos and charginos to other particles can
be related to elements of the transformation matrices U, V and N. The elements of those
transformation matrices, however, do not need to be renormalised. This is in analogy, for
instance, to the transformations of fields in the Higgs sector of the MSSM, where it is well
known that the mixing angles «, 8, and . (using the notation of ref. [105]) do not require
renormalisation. We therefore adopt a renormalisation scheme where the phases ¢y, and
¢, of the parameters in the chargino and neutralino sector are left unrenormalised. This
is convenient both from a technical and a conceptual point of view.

We define the physical masses of the charginos and neutralinos y; according to the real
part of the complex pole

MZE, = MZ, —iMy,Ty,, (3.20)

where I'y, is the width of particle x;. The physical mass at the one-loop level, My, in
general differs from the tree-level mass, my,, by a finite amount, Amg,, which is obtained

— 14 —



from the relation

1 - .
My, = my, (1 gRe[Skon) + B2 )] ) - JRe[S8H o)+ S5 )
The renormalisation conditions for the three independent parameters |M;|, |[Msy| and |yl
can be chosen such that three of the chargino and neutralino masses are renormalised on-

shell, i.e. for those three particles the physical mass at the one-loop level is equal to the
mass value at tree level, my,. Accordingly, these conditions can be written as

My, A A 1 N
Amg, = "0 Re [B(m2,) + Sh(m2,)] - R[5 (m2,) + 55 (m3,)]
=0. (3.22)
The resulting expressions for 6|M|, §|Ma|, 6|u| depend on the choice that has been made
for the three masses that are renormalised on-shell. There are obviously three generic

possibilities, namely selecting three neutralinos (NNN), two neutralinos and one chargino
(NNC), or one neutralino and two charginos (NCC). Using the shorthands

Cloy =Re [ms [B i(m20) + B8 (m2 )] + 225, (m) + 225, (m, )]

— > 20X Re (Ui Vir), (3.23)

j=1,2
k=1,2

Ny =Re [mﬂ[E(ﬁii(m%O) + Egii(mfgg)] + X m(mi?) + X0 u(mi?)]

— ) 46YjRe (N Nig), (3.24)

j=1,2
k=3,4

the condition that the /th neutralino mass is on-shell reads
Nir = 26| Ma|(Re (e7*M1 NZ,) + Re Nj) — 46| u|Re (€ » Ny3Nyrg), (3.25)
while the condition that the i”th chargino mass is on-shell reads

Cin = 25\M2|Re( //1V//1) + 25|}L|Re( Z¢”Ui//2‘/i//2). (3.26)

In the NNN case, where neutralinos XV, )2? and )22 are chosen on-shell, we obtain §| M|,
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8| M|, 0|p| by solving eq. (3.25) with i’ = i, j, k simultaneously,

S| M| =

( (Re (¢7'% N3 Nia)Re Njy — Re (e™'%Nj3Njs) Re Nj3) Ny
(Re (e Nj3Njs) Re N, — Re (7" NygNya) Re N3) N,
(

Re (¢~ Nj3Nia) Re N2, — Re (€% Ni3Ny) Re N,32)Nj), (3.27)

S| Mz| =

@\H + +©\

((Re (e Nj3Nja) Re (e "1 N7
— Re (e NigNis) Re (e7"9M1 N7, ) ) Ny
+ (Re (€' N3 Nya) Re (e 7“2 N7, )
— Re (67i¢“Nj3Nj4) Re (eiid)Ml Nl?l))Nz
+ (Re (€_i¢“ Ni3Ni4) Re (€_i¢Ml Nl?l)
— Re (7% Nig i) Re (792 N3)) Ny ), (3.28)
ul =~ 50 ((ReN Re (e~ N%) — Re (e N2) Re N%) Ny
+ (Re N7 Re (e7"*1 N2j) — Re (e N j) Re Nip) N
+ (N2 Re N2, — Re N2 Re (e~ N,?l))Nj) (3.29)
where
Q=2 (Re (€7 Nig Nia) Re N3 Re (e N7)
—Re N3 Re (e7" Nj3Njy) Re (e~ N)
— Re (e7"%* NizNis) Re ("1 N7 ) Re N,
+ Re (e_id)Ml Ni) Re (€_i¢”Nj3Nj4) Re N]32
+Re Nj Re (e “"MiN7 ) Re (€ "%*Nig Nia)

~Re (7" NZ) Re N% Re (e~ d’“ngNM)) . (3.30)

For the NNC case, when neutralinos )2?, )22 and chargino )Zf are on-shell, we solve eq. (3.25)
with i/ =4, j and eq. (3.26) with ¢ = k simultaneously, finding

5|My| = % (2(Re (€7 NisNis) Re N%
— Re (€7 N3) Re (e7% Nj3N;4)) Cy,
+ (2Re (U1 Vi) Re (e 7"# NysNia)
+ Re (e " UpaViz)Re N3) N; — (Re (e7"%* Upa Vi) Re N
+ 2Re (Ug Vi) Re (e—i%NBNM))Nj), (3.31)
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1 : i

8| Ma| = E( — 2[Re (e Nj3Nis) Re (e7¥1 N7
— Re (7" Nj3N;4) Re (e M1 N3)|Cy,
— Re (e "** UpaViz) Re (M1 N7 N;

+Re (¢~ Vio)Re (e Nfl)Nj> , (3.32)

5l = %( — (Re N3Re (e M N%) — Re N3Re (¢ M1 N3)) Cy

+ Re (Up1 Vir) Re (€M1 N2 N;

— Re (Up1 V1) Re (e~ Nfl)Nj) (3.33)

where

R =2Re (e " UpaVi2)(— Re NjRe (e7"*1 N)) + NjiRe N3,)

+ 4Re (Ug1 Via ) ( — Re (€7 "%# NigNis) Re (e~ **1 N7 )

+Re (e M1 N3 ) Re (e * Nj3Njs)). (3.34)
Finally, if masses of one neutralino Y, and two charginos, )Z;-t, )2?, are on-shell, corre-

sponding to the NCC case, we solve eq. (3.25) with ¢/ = i and eq. (3.26) with i’ = j, k
simultaneously, resulting in

1
Re (e~ N2
+ Re NARe (e v Uj9Vj9))Cr, + (Re (Uj1 Vi) Re (€7 # Upa Vo)

— Re (e7"»Uj3Vj2) Re (Ug1 Via ) Vi

— (Re NjRe (e UpaVia)

+ 2Re (¢~ Nj3Nis) Re (Uklvk1>)cj) : (3.35)

S|My| = —

S ((ZRe (7" NigNis)Re (Ui Vj1)

51Ms| = % (Be (e~ UaVja)Cs — Re (¢ UiaVia) . (3.36)
Olpl = — %(Re (Uj1Vj1)Ck — Re (Uklvkl)cj), (3.37)

where
S = 2(Re (U1 Vi1 )Re (e " UjsVj2) — Re (Uj1Vj1) Re (e~ “* UgaVia)). (3.38)

In order to apply the above renormalisation prescription to a certain process, it is nece-
sary to investigate which of the possible choices of the three masses that are renormalised
on-shell is in fact appropriate and results in a well-behaved renormalisation scheme. It is
usually convenient to impose on-shell conditions for the external particles of the process
under consideration. However, some more care is necessary in order to ensure that the
imposed conditions are indeed suitable for determining the parameters |M;|, | Ma| and |u|.
This issue was investigated in detail in ref. [67] for the case of the CPX benchmark scenario
and a higgsino-like variant of the CPX scenario.
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NNN NNC NCC | NCCb | NCCc || NCCb* | NCCc*

S| M| || -1.468 | -1.465 | -1.468 2517 -3685 -365.4 | -4.671
5| Ma| || -9.265 | -9.265 | -9.410 | -9.410 | -9.410 13.23 13.23
S| pl -18.48 | -18.98 | -18.98 | -18.98 | -18.98 || -5.333 | -5.333

Am;{(l) 0 0 0 2517. -3681 -5.809 | -0.522
Am;{g 0 0 -0.1446 0 0.3560 0 -0.4806
Amig 0 -0.5018 | -0.5016 | -0.8447 0 -354.9 0
Amfcg 0.3238 | -0.1775 | -0.1775 | 0.6851 | -1.439 || -0.1734 | -0.1548
Amili 0.1446 | 0.1445 0 0 0 0 0
Amﬁ 0.5012 0 0 0 0 0 0

Table 1. Finite parts of parameter renormalisation constants and mass corrections in GeV for the
CPX scenario (gaugino-like case). The last two columns, denoted with an asterisk, show the results
for a higgsino-like scenario. The parameters for both scenarios are given in the text.

We define here the CPX scenario such that the parameters take the values M; =
(5/3)(s% /) Ma, Mgusy = 500 GeV, A,y = 900 GeV, ¢pr, = 0, ¢, = 0, ppry, = 7/2,
Ay = /2, $a;, = m For the gaugino-like case we use My = 200 GeV and p =
2000 GeV, whereas for the higgsino-like case we choose = 200 GeV and My = 1000 GeV.
In our numerical example below we furthermore use tan 8 = 5.5 and Mg+ = 132.1 GeV.

In table 1 we show the finite parts of the renormalisation constants 6|M;|, 6| Ma| and
d|p| for the gaugino-like case of the CPX scenario, using five different choices of parameter
renormalisation:

e NNN with ¥, ¥§ and X3 on-shell
e NNC with 9, 3 and Y3 on-shell

e NCC with {0, X and X3 on-shell

NCCb with X9, XF* and X3 on-shell
e NCCc with Y9, {7 and X3 on-shell

Also shown are the resulting one-loop corrections to those masses that are not renormalised
on-shell. For two scenarios, NCCb and NCCec, also the results for the higgsino-like case of
the CPX scenario are displayed (denoted as NCCb* and NCCc* in table 1).

For the gaugino-like case of the CPX scenario one can see from table 1 that NNN, NNC
and NCC are all suitable schemes, giving similar (and relatively small) values for the finite
parts of the three renormalisation constants and modest corrections (in this example at
the sub-GeV level) to the masses. On the other hand, the NCCb and NCCc prescriptions
yield a huge value for the finite part of 0|M;| and correspondingly an unphysically large
correction to the mass mgo. This is due to the fact that this (gaugino-like) scenario has the
hierarchy |M;| < |Ma| < |u|, which implies that the parameters | M|, |M2| and || broadly
determine the values of the masses of YV, X5/ ﬁc and )Zg /4 / )Zét, respectively. Consequently,
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since the prescriptions NCCb and NCCc do not use the mass mgo as input, the parameter
| M| is only weakly constrained, yielding an unphysically large value for its counterterm
and correspondingly an unphysically large correction to mgo. Thus, in order to avoid
unphysically large contributions to §|Mj|, the only bino-like particle in this scenario, Y9,
should be chosen on-shell. More generally, the renormalisation conditions must be chosen
such that they provide sufficient sensitivity to each of the three underlying parameters that
are renormalised, | M|, |[Ms| and |p/.

On the other hand in the higgsino-like scenario, where |u| < |M;| < |Ma|, the param-
eters |Mi|, |My| and |u| form the dominant component of the masses of X9, XJ/x3 and
5((1) /2 / Xli, respectively. Table 1 shows that in this case the results in scheme NCCc are well-
behaved, i.e. it yields moderate contributions to the counterterms and the masses. This is
a consequence of the fact that the bino-like )28 has been chosen to be renormalised on-shell.
Scheme NCCb, on the other hand, where Y9 instead of Y3 is renormalised on-shell, shows
unphysical bavaviour since the parameter |M;| is only weakly constrained.

The comparison of the gaugino-like and higgsino-like scenarios in table 1 illustrates
that an appropriate choice of renormalisation prescription depends not only on the process
in question but also on the considered scenario of parameter values. It is therefore in general
not possible to make a choice of the three masses that are renormalised on-shell in such a
way that this prescription can safely be applied to all possible parameter configurations.?
Instead, it is necessary to adjust the renormalisation prescription such that at least one of
the three masses that are chosen on-shell has a sizable bino component, at least one has a
sizable wino component and at least one has a sizable higgsino component. Failing to fulfill
this requirement will result in renormalisation constants being essentially unconstrained,
and therefore taking large unphysical values. This issue was recently discussed for the case
of real MSSM parameters in ref. [68], where it was similarly argued that one bino-, wino-

and higgsino-like mass should be set to be on-shell.*

4 NLO predictions at the LHC and the LC

We now wish to utilise the above renormalisation framework to make NLO predictions for
the LHC and LC. This serves the purpose of illustrating the possible sensitivity of collider
observables to the details of the renormalisation procedure, in particular the treatment of
the imaginary parts, as well as highlighting the dependence of such observables on the CP
violating phases introduced in the complex MSSM, which has so far not been studied in
the on-shell scheme at one-loop.

30ne might wonder whether the problems related to selecting three out of six masses for an on-shell
renormalisation could be avoided by using the DR scheme where the predictions for all the physical masses
receive loop corrections. However, such a scheme will in general lead to a situation where the mass value
inserted for a particle at an external line will be different from the mass value of the same particle if it appears
as an internal line of a Feynman diagram. Such a mismatch is problematic in view of a consistent treatment
of infrared divergent contributions associated with external particles that carry electric charge or colour.

“In addition, in ref. [68] the case of large mixing was discussed in detail, and it was found that there
the most stable results were obtained in an NNC scheme where the mass of a wino-like chargino is chosen
on-shell.
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Parameter Value Parameter Value
| M| 100 GeV My 200 GeV
|| 420 GeV My+ 800 GeV
| M| 1000 GeV tan 3 20
Mg, , 1000 GeV Mg, 500—-800 GeV
M[m 400 GeV M;, 500 GeV
| A 1300 GeV | Al 1000 GeV
as(Myg) 0.118 my 173.2

Table 2. Table of parameters used in our numerical analysis, where A, and A; denote the common
trilinear couplings for the quarks and leptons, respectively. as(Mz) and m; are taken from refs. [139]
and [140] respectively.

Specifically we calculate I'(h, — )Z:F)ZJ_) and o(eTe” — )Z:F)ZJ_) at NLO, including full
MSSM corrections and allowing Ay,, i, My and M3z to be complex. The diagrams are gen-
erated and the amplitudes calculated using FeynArts [127-131], which however requires
the counterterms for the relevant couplings as input. We calculated these counterterms
by renormalising the fields and parameters as described in detail in section 3. Explicit
expressions for the necessary MSSM counterterms are given in the following subsections.
FormCalc [132-134] then was used to calculate the matrix elements and LoopTools [132] to
perform the necessary loop integrals. The loop integrals are regularised via dimensional re-
duction [135-137], which ensures that SUSY is preserved, via the implementation described
in refs. [132, 138]. We assume a unit CKM matrix.

For both processes, we present our results for the scenario given in table 2. In light of
the current LHC results [36-39], we take the masses of the first two generations of squarks
and the gluino to be at 1 TeV. As the bounds on the third generation squark masses are
much less constraining, we consider Mg, between 500 and 800 GeV. Here My, = (M), =
(My,,)g denotes the soft-SUSY breaking parameters as defined in eq. (2.16) for the first
generation squarks, etc. In view of the fact that the LHC up to now places hardly any
constraint on the charginos and neutralinos, we choose relatively low values for the mass
parameters, |M;| = 100 GeV, My = 200 GeV and |u| = 420 GeV, adopting a CMSSM-like
scenario in the chargino and neutralino sector. As we will be considering h, — )HF)ZZ_ , where
a = 2,3, we choose M+ such as to ensure that the masses of ho 3 are above the threshold
for these decay channels to be open. In view of the prospects for observing this decay via
a signature comprising four leptons and missing transverse energy we choose relatively low
slepton masses, i.e. Ml~172 = 400 GeV and Ml~3 = 500 GeV (where the value of the ratio
Ml~1’2 /Mj, has an impact on the relative amount of electrons and muons in the final state as
compared to tau leptons), as well as relatively high tan 3, i.e. tan 8 = 20. Although further
reducing the slepton masses and increasing tan 8 would enhance the signal, the EDM
bounds would be tighter, as discussed below. Using the program FeynHiggs [105, 109-112]
and taking the current theoretical uncertainties from unknown higher-order corrections
into account, we have checked the predictions for the MSSM Higgs masses arising from

—90 —



the parameters in table 2. Although the chosen parameters give predictions for the light
Higgs above 114 GeV, respecting the LEP limits [113, 114], they are not in keeping with
the recent discovery of a scalar resonance at the LHC [1, 2]. As the purpose of this paper is
not to study the detailed phenomenological consequences of the presented renormalization
scheme, we do not discuss this issue further, but note that a compatible light Higgs mass
could be achieved, for example, by decreasing A; to 1050 GeV, which would have a small
impact on the loop corrections.

We study the effect of varying the phases ¢a,, ¢a,, ¢4, , &, ¢rm; and ¢, (using the
convention that My is real). As discussed in section 2, the EDM bounds on these phases
can be quite restrictive, and we therefore evaluate the predictions for the EDMs explicitly
using CPSuperH2.2 [141], incorporating further two-loop contributions using 2LEDM [95].
We find that for Mg, = 600 GeV the approximate bounds on the phases are ¢4, < 7/6,
éa, S /50 and ¢, S w/1000. For Mg, = 800 GeV the phase ¢4, of the trilinear coupling
in the stop sector is essentially unconstrained. The phases of Mgz, Ay, A, are also found to
be unconstrained. In obtaining these values, we took into account that while the prediction
for |d™'| is robust, the prediction for |d"8| involves atomic matrix elements which are only
known up to a factor 2 to 3. While the EDMs are mainly sensitive to the phases of
the trilinear couplings of the first two generations, the relatively large value of tan g = 20
results in a non-trivial bound on the phase ¢4, from the mercury EDM if Mj, is sufficiently
light. For tan 8 = 10, on the other hand, any value of ¢4, would be allowed by the EDM
constraints. Similarly, due to the choice of tan 8 in combination with the relatively low
values of the slepton masses, the bound on ¢y, is rather tight. For tan 8 = 10, on the
other hand, the bound on ¢, would be ~ ¢, < 7/10 and, for example, upon additionally
increasing Ml}-’ for i = 1,2,3, to a common value of 600 GeV, ¢, would be unrestricted.
We will discuss below the numerical impact of varying the different phases in our results
within the context of the bounds on the phases arising from the EDM constraints.

4.1 Heavy Higgs decays to charginos

The recent discovery of a light Higgs-like state is not sufficient to distinguish the hypothesis
of a SM Higgs boson from the hypothesis that the new state belongs to an extended
Higgs sector. For instance, in the decoupling region of the MSSM the new state could be
interpreted as the lightest neutral MSSM Higgs boson. This state behaves SM-like in the
decoupling region, while the heavy MSSM Higgs bosons decouple from the gauge bosons.
In this region the class of processes involving heavy Higgs bosons decaying to pairs of
neutralinos and charginos are of particular interest, as they could provide experimental
evidence for an extended Higgs sector. Detection of these processes at the LHC could be
possible in the final state with four leptons and missing transverse energy [69, 71-73]. A
study in the MSSM with real parameters came to the conclusion that with 300 fb~! it may
be possible at the LHC to detect heavy Higgs bosons H or A with masses up to ~ 800 GeV
at the 50 level [70]. This could cover part of the “LHC wedge region” (see e.g. refs. [74, 75]),
where the standard searches for heavy MSSM Higgs bosons in 777~ (or bb) final states will
not be sufficiently sensitive to establish a signal.
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Figure 1. Tree-level diagrams for the decay of neutral Higgs bosons h, H and A to charginos )H'
and X5 .

In the general case of the MSSM with complex parameters, where the three neutral
Higgs bosons mix to form the mass eigenstates, we calculate the decay widths I'(h, —
Xz ) for the two heavy MSSM Higgs bosons, i.e. a = 2,3. Since in the parameter region
of sufﬁc1ently high values of M+ where these decays are open kinematically, the two states
ho and hg are nearly mass-degenerate, it will experimentally be very difficult to distinguish
between these two states® in the signature with four leptons and missing Fr. This fact
is also apparent from the analysis of ref. [70], which was restricted to the case of real
parameters, as the distribution of events arising from H and A in this analysis did not
show considerable differences.

The tree-level three-point vertex function for the interaction of charginos with neutral
Higgs bosons hy, = {h, H, A} is

GE?%_,M = wrCly, +wr(=1)"C,,. (4.1)
A minus sign appears between the wgr and wy terms for the CP-odd Higgs states, i.e.

0x3 = 1 for k = 3 and zero otherwise. The couplings, C; RIL ore given by

ijhy

ch

ijh — (42)

e
= C’ = —Cj;
h 1jh>
IV 2sy

where
Cijh, =(arUj2Vir + bpUj1 Vi),
ar ={Sa» —Cas S8, }»
by ={—Ca>» —SasCs, }- (4.3)

Here s, = sina, ¢, = cosa, etc., and the matrices U, V have been defined in section 3.
The diagrams for these decays at tree-level are shown in figure 1 for the example of the
final state f(ff@.
The tree-level decay width for the two-body decay hy — )ij(; can therefore be writ-
ten as
t ~ o~
(g — X7 K7) =

2 2 2 2 2
T (G M

1
— mizi - mxi) 40 ]hkcjhk( ) k3mximxj ) (44)

5Complementarily, in Higgs decays to T leptons it may be possible to use certain asymmetries involving
the 7 polarisation to analyse the CP properties of the decaying scalar particle [142-144].
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where
K@, y,2) = ((z —y — 2)° — dyz)"/%. (4.5)

As explained in section 2, we ensure the correct on-shell properties of the mixed neutral
Higgs bosons by the use of finite wave function normalisation factors Zij, which contain
universal propagator-type contributions up to the two-loop level. With the aim to investi-
gate the effect of the genuine vertex contributions for this process, we will compare our full
one-loop result to an improved Born result which incorporates the (process-independent)
normalisation factors Zij. Accordingly, we define the improved Born result by summing
over the tree-level amplitudes for the three neutral Higgs bosons hj weighted by the ap-
propriate Z factor,

G = S 2GR, O (46)
As mentioned above, by definition the Z factors do not include contributions due to mixing
with the neutral Goldstone boson or the Z boson, and therefore the relevant one-loop
contributions of this type must be explicitly included in the calculation.

The one-loop corrections therefore involve vertex diagrams, examples of which are
shown in figure 2, and the self-energy diagrams involving the Z and the Goldstone boson,
examples of which are shown in figure 3. These are calculated following the procedure
outlined earlier. In order to obtain UV finite results at the one-loop level, the three-
point vertex function defined at tree-level in eq. (4.1) must be renormalised, i.e. we need
to calculate the diagrams shown in the bottom row of figure 4 for the vertex diagrams,
and we also need to renormalise the self-energy corrections, i.e. we need to calculate the
diagrams shown in the upper rows of figure 4.

The counterterm for the three-point vertex function defined in eq. (4.1) is of the form

OGgrs=n, = WROC, +wi(=1)"0Cp, (4.7)

and the coupling counterterms are given by
R/L _ ~R/L dsw 1 R/L ~R/L L/R~R/L
0C; i = Ci (52 — ) + = Z(éz Ciin. 0623/ 7Cyl ™)

ijhy ijh S 9
=1

((SthhC];/L + 5thHC]§{ -+ 5thAC]1/4 + 6thgCR/L) (48)

l\D\»—\

where, in analogy to eqs. (4.2) and (4.3),

e
CZ]G C’L]G \ESW CijG,s
cijc =i(—cp,Uj2Vir + sp,Uj1 Via). (4.9)

Here 6Z. and dsy are defined in eqgs. (2.29) and (2.27) respectively, and for the chargino
field renormalisation constants, given in egs. (3.13) and (3.15), we have dropped the “+”
as our tree-level diagrams do not contain any neutralinos. Note that the parameter renor-
malisation which enters these renormalisation constants is performed in the NCC scheme
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Figure 2. A selection of one-loop vertex diagrams for the decay of neutral Higgs bosons h, H and

A to charginos Y and X5 .

el X1 i X1 di X1
K Oe<le <o K Oe<ls
9}

5] d[
er X1 1 X1 dr X1
‘;FQ <% ‘P}(OG‘U %2 ‘P}U‘QG‘O 72
e Uy d;
h HY A?
\ 1! 1
‘\ ,’ ‘\ /f ‘\ /1
o A:O_&._G_”_ X2 T A[)—\._G-o— X2 7 }Io_‘-éo- X2

Figure 3. A selection of one-loop self-energy diagrams for the decay of neutral Higgs bosons h, H
and A to charginos Y and Y, .
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Figure 4. Counter-term diagrams for the decay of neutral Higgs bosons h, H and A to charginos
~+ ~—
X1 and X5 .

where the relevant counterterms are defined in egs. (3.35) to (3.37). The Higgs field renor-
malisation constants dZpn, dZyp, etc. appearing in eq. (4.8) are linear combinations of
the field renormalisation constants 5ZDR 5ZD§ given in egs. (2.10) and (2.11), as speci-
fied in ref. [105].

In order to account for the mixing of the neutral Higgs bosons, the result for the am-
plitude is obtained by summing over the contributions of the three neutral Higgs bosons,
multiplied with the corresponding wave function normalisation factors Zij, and by further-
more adding the mixing contributions of the Higgs boson with the Goldstone boson and
the Z boson,

]

Imp. 1-L AG,Z,
GET{, 00p __ Z Zak (Gl}f)zjhk (M]%a) + thij(;, (m%k)> . (410)

Here Gl}i_ I contains both the tree-level and the complete one-loop contributions in

the MSSM, and M, }%a, M ,%b, M, }%C denote the loop-corrected masses, while m%k refers to the
tree-level masses, see refs. [115, 116] for further details.

Since the virtual contributions to the decay width in eq. (4.10) may involve virtual
photons giving rise to IR divergences, we add the corresponding bremsstrahlung contribu-
tion from diagrams with real photon emission, as shown in figure 5. In this way we obtain
the complete 1-loop result for the decay width,

FFull Z-vap 1— Loop(ha N Xz X;) + FImp-Born(ha N X;FXJ—,Y) (411)

We have compared our result for the general case of complex parameters to the existing
result that was restricted to the case of real parameters, given in ref. [77], and obtainable
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Figure 5. Diagrams for the decay of neutral Higgs bosons h, H and A to charginos Y and Y5
with real photon emission.

via the package HFOLD [78]. There the renormalisation prescriptions used for the chargino
and neutralino mixing matrices, for tan 8 (where the renormalisation condition given in
ref. [145] has been applied) and for the charge renormalisation differ from the ones used
in the present work. The numerical evaluation in ref. [77] was carried out in the SPS la
benchmark scenario [146]. We find agreement between our result and the result of ref. [77]
within the expected accuracy.

For the numerical analysis of our results, we first consider the effects of the phases
¢a,, M1 and p for the parameters as defined in table 2 (as mentioned above, we use the
convention where the phase of the parameter M is rotated away).% In figure 6 we show our
results for I'(ha — Y{ X5 ) as a function of the phases ¢4,, M7 and p. The full result corre-
sponding to eq. (4.11) is compared with the improved Born result based on the amplitude
given in eq. (4.6). As mentioned above, the improved Born result incorporates higher-order
contributions not only from the calculation of the mass of the decaying Higgs boson, but
we have also dressed the lowest-order result with the universal wave function normalisation
factors Zij. As one can see in figure 6, the dominant contribution to the dependence of
the decay width on the three phases ¢4,, ¢n, and ¢, is already present in the improved
Born result. Despite the fact that ¢4, only enters at loop level, its numerical impact on the

SWe also investigated the effects of the phases ¢a,, da,, ¢u, for the scenario described in table 2 and
found the maximum relative deviation from the decay width when the phases are zero to be far below the
percent level, i.e. a maximum of 0.03%, 0.04% and 0.03%, respectively.
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Figure 6. Decay width in GeV for hy — YJ X, as a function of the phases ¢4, (upper), ¢,
(middle) and ¢, (lower). The solid (dashed) lines show the 1-loop corrected (improved Born)
results for My, = 600 (blue, left) and 800 (red, right) GeV.

decay width is found to be very significant, which is a consequence of the large (Yukawa
enhanced) stop loop corrections in the Higgs sector. Compared to the decay width at
o4, = 0, the full MSSM one-loop corrected decay width is modified by up to 11% and 40%
upon varying ¢4, for Mz, = 600 GeV and 800 GeV, respectively. Note that here the larger
impact of the phase at Mj = 800 GeV is due to a threshold effect, as the mass of the
decaying Higgs lies very close to the mass of the stops. The deviations from the improved
Born result amount up to 3% and 1% for Mg, = 600 GeV and 800 GeV, respectively.

The effects induced by the phase Mi, on the other hand, are relatively small. The
shift compared to the decay width with ¢a;, = 0 and the deviations from the improved
Born result are both at the percent level for Mg, = 600 GeV, and at the sub-percent level
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Figure 7. Sum of the decay widths in GeV for hy — Y{ X5 and hy — X{ X5 as a function of
the phase ¢4,. The solid (dashed) lines show the 1-loop corrected (improved Born) results for
Mg, = 600 (blue, left) and 800 (red, right) GeV.

for Mg, = 800 GeV. As in the case of ¢4,, the phase of M; only arises in the expressions
for the decay width at loop level, however the lower sensitivity of the decay width to this
phase as compared to ¢4, is expected as the pertinent loops are not Yukawa enhanced.

Variation of the phase of y can in principle give rise to larger effects on the decay width
of up to 8% and 10%, and deviations of 2% and 1% from the improved Born result, for
Mg, =600 GeV and Mg, = 800 GeV, respectively, as it appears in the tree level couplings.
However, taking into account the tight constraints on this phase from the EDM bounds
discussed earlier, the impact of the phase variation on the decay width is reduced to the
sub-percent level. The kinks seen in the bottom right-hand plot of figure 6 showing the
dependence of the decay width on ¢, for Mz = 800 GeV arise due to the crossing of the
masses of hy and hg at these points.

Accordingly, the phase having the most important impact on the decay width I'(he —
)fo(; ) is ¢a,. Due to the prospective difficulty in resolving the decays of hy and hg
experimentally, we have further investigated the dependence of the sum of the two decay
widths, T'(ha — X7 X3) + I'(hs — X7 X3 ), on ¢a,. As shown in figure 7, the marked
dependence on ¢4, is also present for the sum of the two decay widths, giving rise to shifts
of up to 9% and 48% for M, = 600 GeV and 800 GeV, respectively.

We now turn to the impact of the renormalisation procedure on our final result, i.e.
we investigate the numerical relevance of the consistent treatment of the absorptive parts,
which, as discussed in the previous section, affects in particular the field renormalisation
prescription. In figure 8 we plot

sT FFuH _ ['Imp, Born
? = ['Imp. Born ’

(4.12)

where we compare the result including the absorptive parts with an approximation where
the absorptive parts are neglected. For unpolarised charginos in the final state, the proper
treatment of the absorptive parts affects the decay width by, at most, 0.4%. In figure 8 we
display the decay width for polarised charginos in the final state, I'(hy — Xf X2, r) We
find that the numerical impact of the proper treatment of the absorptive parts can amount
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Figure 8. Ratio of the 1-loop corrected decay width to the tree-level decay width, as defined in
eq. (4.12), for hy — >21+,L>25,R as a function of the phase of A;, ¢4,, showing the effect of absorptive
parts of the self-energies in the chargino field renormalisation constants. The solid (dotted) line
indicates the result with (without) taking the absorptive part into account. Parameters are as in
table 2, except My, = 500 GeV for the upper plots and Mg, = 520 GeV for the lower plots.

up to a 3% effect in the decay width. On the other hand, as expected, the effect is seen to
vanish for the case of real parameters, i.e. ¢4, = 0, 7. The spikes seen in these plots arise
due to the fact that at these values of ¢4, the masses of the hy and hz bosons cross. The
spikes are seen to vanish for example on changing Mg, to 520 GeV, as the Higgs masses no
longer cross for any value of ¢ 4,, shown in the lower row of figure 8. While there may be a
chance to determine the polarisation of charginos through the angular distribution of their
decays products, a detailed study of the prospects at the LHC is yet to be undertaken.

4.2 Chargino production at a future Linear Collider

As a second example, we now investigate chargino production at a Linear Collider,
olete — )Z;F)Z;) High-precision measurements of this process in the clean experimental
environment of an eTe™ Linear Collider could be crucial for uncovering the fundamental
parameters of this sector and for determining the nature of the underlying physics. A treat-
ment addressing the most general case of complex parameters is mandatory in this context.
Tem = X Xy) is
described by the two diagrams shown in figure 9 (there is one additional diagram for the

At leading order, in the limit of massless electrons, the process o(e

ﬁ“f(l_ and )25“)22_ final states). The transition matrix element can be written as [147],

62
Ma5(€+€_ — ij;) = i?Qaﬁ [ﬁ(e+)7uwau<e_)] [ﬂ(f(])"y“édg’l)(f(j) ) (4'13)
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Figure 9. Tree-level diagrams for the production of charginos X; and Y, at the LC.

in terms of the helicity amplitudes Q,3, where « refers to the chirality of the ete™ current,
B to that of the )Z;r)zj_ current, and summation over o and /3 is implied.

Qrr = 0ij + DZGRcéj—X;Z

* 1 *
5. R 5 R R
Qrr = 6ij + DzGy, <C>~<j_>~<]_z> + D,,TS2 (CﬂeeJr)Zi_) Cf/eeJr)Zj_’

Qrr = %ij + DzGRr <C'f;é >* : (4.14)

veetx;

The Z )Z;F)Zj_ and eﬁeij couplings are given by

1

CL, __ =s¥6;; — UnUn — ~UXLU;
X;LX]'Z WY 71 il 2 72 129

ck _ =cb, __
XTXJ'Z Xi Xj Z(

CE = — Vi, (4.15)

veetx;

U—V"),

and G, Ggr, Dz and D; are defined via

2 1
SW_§ 1
GL:SIZ/VCIQ/Vj GR:CIZ/V’

S S
S—M% 15—ml27 ( )

Dz

Here Dy and Dj refer to the propagators of the Z boson and sneutrino, respectively, in
terms of the Mandelstam variables s and ¢, and we can neglect the non-zero Z width for the
considered energies. The tree-level cross section in the unpolarised case is then obtained
by summing over the squared matrix elements,

K2 (s,mr,m_ )

otree — XX /dQZMQBF. (4.17)

22
6474s "

The one-loop corrections involve self-energy, vertex and box diagrams, examples of
which are shown in figure 10. The diagrams are calculated following the procedure out-

lined earlier.
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Figure 10. Example one-loop self-energy (upper), vertex (middle) and box (lower) diagrams for
the production of charginos ¥; and ¥ at the LC.

In order to obtain finite results at one-loop, we need to renormalise the couplings
defined at tree-level in eq. (4.13), i.e. we need to calculate the diagrams shown in figure 11.
This involves renormalising the fyf(jf(j_, Z Xff(j_ and el?ef(;“ vertices as follows,

L e o 022y 1 L L
6Cle =5 <5U (207 +02,0) = 20 Cly o+ 0255+ 07, >
oc 0s 0z
L o %, - L Ze_ W _ w Z7
0Gley s = o, (50& 2Oy (5 e
—5ij@cszvz+§ 3 <5ZL Chiy+Chi 6ZL>>. (4.18)
n=1,2

where the analogous right-handed parts are obtained by the replacement L — R.

Furthermore,

SGR <cff ~_ (52 _Osw 1 (5255 + 523*)

l/ee+Xi SW VeeJrXi SW

(52 iy + 67, v22)> +5cf~e+x )

(025, + 52;5)) , (4.19)

Vilj

1
0G= - :i@j (2(52171' + 5Z;i)p2 - 5m1271 -
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Figure 11. Counterterm diagrams for the production of charginos i and ¥, at the LC.

for v; = e, U, Uy, and the counterterm contributions of the coupling factors are given by

L _ AR _ y
505(?)2;2 = 6C’)~<i 2= 2508w 0ij,
5C£e+>z; =0. (4.20)

Note that again for brevity we drop the &+ for the chargino field renormalisation constants.
Using this prescription to renormalise the vertices we obtain UV-finite results.

As the incoming and outgoing particles are charged, in order to obtain an infra-red
finite result one must furthermore include soft photon radiation, which introduces the
dependence on a cut-off. Using the phase-space slicing method the full phase space for the
real photonic corrections can be divided into a soft, a hard collinear and a hard non-collinear
(IR finite) region,

gPrems — SN AR) 4 ghad( AR Af) + ohard (AR, AG). (4.21)

coll non—coll

Here the singular soft and hard collinear regions are defined by £ < AF and 6 < A#,
respectively. Accordingly, the full cross section at next-to-leading order, including also the
virtual contributions, is given by

O_full — O_tree + Uvirt+soft(AE) + O'hard(AE, AH) + O_hard (AE, AG) (422)

coll non—coll
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Since in our analysis we are particularly interested in the relative size of the weak SUSY
corrections, it is useful to consider a “reduced genuine SUSY cross-section”, as defined by
the SPA convention [126], where the numerically large logarithmic terms of the QED-type
corrections depending on AE and the terms proportional to L. = log s/m? are subtracted
in a consistent and gauge-independent way. Accordingly, our numerical analysis below is
done for the quantity (see refs. [80, 126])

Uweak — lree + O,virtJrsoft(AE) + O'AE, (4.23)
3 4(AE)?
oAE _ %Utree <2Le + log (S)(Le S A7)>7 (4.24)

where A, is given by the coefficient of the terms in the soft photon correction involving
AFE that arise from final state radiation (ISR) and from the interference between initial
and final state radiation (IFI). To be more explicit, we express the soft photon contribution
as a sum of initial state radiation (ISR), FSR and IFI,

I @ ISR FSR IFI
Usot — _Utreep (6soft + 5soft + 630&) . (4.25)

Defining disr etc., in terms of the soft photon integrals I;; [117],

ISR __
5soft - Iplpl + Ipzpz - 2Ip1p2 ’

FSR
5soft :Ik1k1 + Ikzkz - 2Ik1k2 y

(ggfIt = —2 (Ip1k1 + Ipsz - Iplkz - Ip2k1) ) (4‘26)
the quantity A, can be obtained by taking the coefficient of 47 log UAEY 4, 550%5 + 5£flt

S
In the soft limit, the photonic contributions can be factorised into analytically inte-

grable expressions proportional to the tree-level cross-section for o(e*

e” — )2?')21_) In our
calculation carried out with FormCalc the contributions from soft photon radiation have
been incorporated using the soft photon factor as given explicitly in ref. [117].

Restricting our general result for complex MSSM parameters to the special case of
vanishing phases, we have compared with the results given in refs. [80, 81], which were
evaluated in the SPS1a’ benchmark scenario. The renormalisation prescription in ref. [80]
differs from the one used in the present work in the renormalisation of the chargino and
neutralino mixing matrices as well as of the electric charge and tan 8. Furthermore, a
different choice has been made in ref. [80] for the masses chosen as input in the selectron
/ sneutrino sector (as a consequence, the sneutrino mass in ref. [80] receives a shift at the
one-loop level, while we have chosen an on-shell condition for the sneutrino mass). On the
other hand, in the special case of real parameters our renormalisation prescription is the
same as the one used in ref. [81], with the exception of the renormalisation of tan 8. We find
numerical agreement within the expected accuracy with the results given in refs. [80, 81].

We now turn to the investigation of our results for the case of complex MSSM param-
eters. In particular, we study the relative size of the one-loop corrections,

weak tree
b _ (0" = o) (4.27)

o O-tree
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Figure 12. o /o for ete™ — ¥{ X5 as a function of the phases ¢4, (upper), ¢ps, (middle) and ¢,
(lower row) for My, = 600 (left) and 800 (right) GeV.

as a function of ¢4,, ¢, and ¢, , for a /s = 800 GeV LC. In figure 12, the dependence on
each of the phases is seen to be qualitatively the same for Mg, = 600 GeV and 800 GeV.
In the case of ¢4,, the dependence is sizeable, due to the Yukawa enhancement for the
stop loops, leading to effects of up to ~ 12% for My, = 600 GeV and up to ~ 6% for
Mgz, = 800 GeV. For the EDM-allowed regions of ¢y, , which enters only at loop-level, and
1, which is highly constrained, the numerical impact of the phase variations is rather small,
at most ~ 0.2% for ¢ps,. Thus, particularly for low values of Mg,, the phenomenologically
most relevant effect arises from varying the phase ¢4,.

In figure 13 we plot do /o as a function of ¢4,, comparing the results of including and
ignoring the absorptive parts of the loop integrals in the field renormalisation. The left
plot shows the unpolarised cross section for ete™ — )2?)22_ , while the right plot shows the

~ 34—



0.10 1

0.05

oo/o

0.00

-0.05

0.‘0 0.‘5 1.‘0 1.‘5 2.‘0 0.‘0 0.‘5 1.‘0 1.‘5 2.‘0
@, /m @a,lm
Figure 13. 6o /o for eTe™ — x5 (left) and eTe™ — )ZIL)ZQR (right) as a function of the phase

¢a,, for Mgz, = 500 GeV, including (solid) and ignoring (dashed) the absorptive part of the loop
integrals in the field renormalisation.
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Figure 14. do/o for efe™ — X7 X, as a function of p, for Mz, = 500 GeV and ¢4, = 7/4,
including (solid) and ignoring (dashed) the absorptive part of the loop integrals in the field renor-
malisation.

result for specific polarisation states of the produced charginos, eTe™ — )Zf sz_, r- The
impact of properly accounting for the absorptive parts of the loop integrals in the field
renormalisation is clearly visible in figure 13. The resulting difference amounts to up to
~ 2%, which could be phenomenologically relevant at linear collider precisions. Thus, a
consistent inclusion of the absorptive parts of loop integrals is not only desirable from a
conceptual point of view, but can also give rise to phenomenologically relevant effects in
the MSSM with complex parameters. Another feature that can be seen in figure 13 is the
fact that for ¢4, = 7 (in the present case where all other phases are set to zero) the results
of including and ignoring the absorptive parts coincide. This is as expected, confirming
that in the case of real parameters the absorptive parts can be neglected, see section 4.1.

We find that the numerical impact of properly incorporating the absorptive parts
increases with an increasing hierarchy between the parameters M;, My and p. This is
illustrated in figure 14, where the cross section for ete™ — Y] ¥, is shown as a function of
1. The difference between the results including and neglecting the absorptive parts is seen
to increase for increasing p. The behaviour of the results around p = 480 GeV is caused
by a threshold effect due to the sneutrino mass lying in this region.
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5 Conclusions

We have derived a renormalisation scheme for the chargino and neutralino sector of the
MSSM that is suitable for the most general case of complex parameters. We have put
particular emphasis on a consistent treatment of imaginary parts, which arise on the one
hand from the complex parameters of the model and on the other hand from absorptive
parts of loop integrals. We have demonstrated that products of imaginary parts can con-
tribute to predictions for physical observables in the MSSM already at the one-loop level
and therefore need to be taken into account in order to obtain complete one-loop results.

Concerning the parameter renormalisation in the chargino and neutralino sector, we
have shown that the phases of the parameters in the chargino and neutralino sector do not
need to be renormalised at the one-loop level. We have therefore adopted a renormalisation
scheme where only the absolute values of the parameters M;, My and p are subject to
the renormalisation procedure. In order to perform an on-shell renormalisation for those
parameters one needs to choose three out of the six masses in the chargino and neutralino
sector that are renormalised on-shell, while the predictions for the physical masses of the
other three particles receive loop corrections. We have demonstrated, using the examples
of gaugino-like and higgsino like scenarios with complex parameters, that the appropriate
choice for the mass parameters used as input for the on-shell conditions depends both
on the process and the region of MSSM parameter space under consideration. In order
to avoid unphysically large contributions to the counterterms and the mass predictions
one needs to choose for the on-shell renormalisation one bino-like, one wino-like and one
higgsino-like particle. We have provided full expressions for the renormalisation constants
of | M|, | Mz| and |p| for the case where M; and p can be complex (i.e., we have adopted the
convention where the phase of Mj has been rotated away) and for all possible combinations
of charginos and neutralinos being chosen on-shell.

For the field renormalisation, the consistent incorporation of absorptive parts gives rise
to the fact that full on-shell conditions, which ensure that all mixing contributions of the
involved fields vanish on-shell, can only be satisfied if independent field renormalisation
constants are chosen for incoming and outgoing fields. If instead one works with a scheme
where those renormalisation constants are related to each other by the usual hermiticity
relations, non-trivial corrections associated with the external legs of the considered dia-
grams (i.e., finite wave function normalisation factors) need to be incorporated in order to
obtain the correct on-shell properties of the incoming and outgoing particles.

Within the described renormalisation framework we have derived complete one-loop
results for the processes h, — f(ffgj_ (supplemented by Higgs-propagator corrections up to
the two-loop level) and eTe™ — )ij(j_ in the MSSM with complex parameters. For both
processes we have investigated the dependence of the results on the phases of the complex
parameters. In particular, we have analysed in this context the numerical relevance of the
absorptive parts of loop integrals.

Concerning our results for heavy Higgs decays to charginos, h, — XZLX;’ which may
be of interest for SUSY Higgs searches at the LHC, we find that the phase variations have
a significant numerical impact on the prediction for the decay width. In particular, varying
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the phase ¢4,, which is so far almost unconstrained by the EDMs, can lead to effects of
up to 40% in the decay width. We find that the impact of the absorptive parts in the field
renormalisation constants is most pronounced for the case of polarised charginos in the
final state, for which the impact of a proper treatment of the absorptive parts can amount
up to a 3% effect in the decay width.

For chargino pair-production at an e*e™ Linear Collider, ete™ — )Z;rf(;, we find that
the dependence of the cross-section on the phase ¢4, is sizable, yielding effects of up to
12% in our example. The impact of a proper treatment of the absorptive parts in the field
renormalisation constants turns out to be numerically relevant in view of the prospective
experimental accuracy of measurements at a future Linear Collider. We find effects of
2-5% in our numerical example. Our results for the one-loop contributions to chargino
pair-production at a Linear Collider for the general case of complex MSSM parameters may
also be of interest for investigating the accuracy with which the parameters of the MSSM
Lagrangian can be determined from high-precision measurements at a Linear Collider, since
in this context the incorporation of higher-order effects in the theoretical predictions, which
lead to a non-trivial dependence on a variety of MSSM parameters, is inevitable.
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