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ABSTRACT: Low energy supersymmetric models provide a solution to the hierarchy problem
and also have the necessary ingredients to solve two of the most outstanding issues in
cosmology: the origin of dark matter and baryonic matter. One of the most attractive
features of this framework is that the relevant physical processes are related to interactions
at the weak scale and therefore may be tested in collider experiments in the near future.
This is true for the Minimal Supersymmetric Standard Model (MSSM) as well as for its
extension with the addition of one singlet chiral superfield, the so-called nMSSM. It has
been recently shown that within the nMSSM an elegant solution to both the problem of
baryogenesis and dark matter may be found, that relies mostly on the mixing of the singlet
sector with the Higgs sector of the theory. In this work we review the nMSSM model
constraints from cosmology and present the associated collider phenomenology at the LHC
and the ILC. We show that the ILC will efficiently probe the neutralino, chargino and
Higgs sectors, allowing to confront cosmological observations with computations based on
collider measurements. We also investigate the prospects for a direct detection of dark
matter and the constraints imposed by the current bounds of the electron electric dipole
moment in this model.
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1. Introduction

In spite of the excellent agreement of the predictions of the Standard Model (SM) with
experimental observables, there is still a strong physical motivation for the presence of
new physics at the weak scale. The main reason is the belief that the Higgs mechanism of
the SM is only an effective description of a more fundamental mechanism of electroweak
symmetry breaking, in which the origin and stability of the electroweak scale must be
explained. Supersymmetric extensions of the SM [fl, P] allow such a mechanism. In the
simplest extensions of the SM, the theory remains perturbative up to scales of the order
of the Planck scale and the weak scale is stable under quantum corrections at all orders in
perturbation theory. Moreover, the electroweak symmetry is broken radiatively, providing
a correlation between the weak scale and the soft supersymmetry breaking scale.

Another strong motivation is a solution to the problem of dark matter. If a discrete
symmetry, R-Parity, is imposed in the theory, the lightest supersymmetric particle (LSP) is
stable. In the simplest models, it is also neutral and weakly interacting, with an annihilation
cross section of the order of the one necessary for the LSP to become a good dark matter
candidate.

It has been also realized that supersymmetry may also lead to a solution of another
outstanding cosmological problem, namely, the baryon-antibaryon asymmetry [B, f[j. In
the MSSM, a solution to this problem by weak scale physics demands a light stop as well
as non-vanishing CP-violating phases in the chargino-neutralino sector. The presence of a
light stop, with mass smaller than the top quark mass, tends to push the lightest CP-even
Higgs mass to values close to the ones restricted by experimental searches. Therefore, this
scenario is highly constrained and it will be probed at the Tevatron and the LHC colliders
in the near future, as well as in electric dipole moment and direct dark matter searches [E,
and the ILC [. Supersymmetry also plays a relevant role for the generation of the baryon
asymmetry in the so-called soft leptogenesis scenario, which again demands very specific
values for the soft supersymmetry breaking parameters in the neutrino sector [{], which
can be naturally obtained only in certain supersymmetry breaking scenarios [f.

A less constrained solution to the baryon asymmetry may be found within extensions
of the MSSM with additional chiral singlet superfields. In particular, it has been recently
shown that a particularly simple extension of the MSSM, the so-called nMSSM [[[(-[[4] in-
cludes all the relevant properties to lead to a successful generation of the baryon asymmetry
at the weak scale [[L5, [l§], without the need of light squarks and with values of the lightest
CP-even Higgs mass which are naturally above the current experimental bound [[[7].

One interesting feature of the nMSSM is that the lightest neutralino is usually an
admixture of the fermion component of the singlet field and the Higgsinos. Due to the
absence of explicit mass terms in the Higgsino-singlino sector, its mass is bounded to
be below 70 GeV. A relaxation of this upper bound may only be obtained by allowing the
trilinear Higgs-singlet coupling to become strong at scales lower than the Grand Unification
(GUT) scale, as happens in the so-called fat Higgs models and gauge extensions! of the

!Such gauge extensions open new possibilities for baryogenesis [@], but this possibility will not be
pursued any further in this paper.



nMSSM [1§]. In this work, we shall demand perturbative consistency of the theory up to
the GUT scale, and therefore the aforementioned bound applies. For light neutralinos, the
annihilation cross section is dominated by s-channel Z° boson exchange and a neutralino
relic density consistent with all experimental bounds, may only be obtained for values of
the neutralino mass of about 30-45 GeV.

Such a light neutralino has relevant phenomenological consequences. For instance, the
lightest CP-even Higgs tends to decay predominantly into neutralinos, leading to invisible
signatures at hadron and lepton colliders [lf]l. Moreover, one of the predictions of this
model is the presence of relatively light charginos and neutralinos with masses smaller
than about 200 GeV. Detection of these weakly interacting particles at hadron colliders
becomes difficult if there are no strongly interacting superpartners with masses below the
TeV scale. Assuming that the relevant CP-violating phases are in the gaugino masses,
successful baryogenesis may be easily achieved for weak-scale gaugino masses of the order
of 100-300 GeV, and at least one relatively light squark in order to avoid the so-called
Giudice-Shaposhnikov suppression of chiral charges [2(]. We will assume the presence of
top and bottom squarks with masses of order of 500 GeV, and the presence of a gluino with
mass dictated by the gaugino mass unification condition. The phenomenological properties
at hadron colliders depend strongly on these last assumptions.

In addition to discussing the prospects for discovery of the light Higgs and superpartner
states at the LHC, we will perform a detailed phenomenological analysis of nMSSM physics
at the ILC. In this case the values of the strongly interacting particle masses become less
important. The same is true for the analysis of the direct dark matter detection properties
and the constraints coming from the bounds on the electron electric dipole moments that
we investigate in this work.

The article is organized as follows. In section ] we present an overview of the nMSSM
and present experimental constraints to define a benchmark scenario for the model. In
section f] we analyze the corresponding collider phenomenology at the LHC and the ILC,
which we then connect with the cosmology constraints related to the dark matter relic
density and baryogenesis in section [l In particular, we present the constraints coming
from direct searches of dark matter and the non-observation of an electron electric dipole
moment. We reserve section [ for our conclusions.

2. General properties of and constraints on the nMSSM

2.1 Overview

One of the original motivations for a singlet extension of the MSSM is the difficulty to ex-
plain why the p-parameter in the superpotential is of order of the electroweak scale, instead
of the GUT or Planck scale. This problem is circumvented by introducing a singlet chiral
superfield S, and generating a weak-scale p-parameter through the vacuum expectation
value of the scalar component S of the singlet. This requires the inclusion of a triple-Higgs
coupling term

Wy = A\SH, - Hy (2.1)



in the superpotential, where H 1,2 are the superfields of the two Higgs doublets,

R 0 R +
=1, Hy = H20 . (2.2)
H; HY

This triple-Higgs coupling also helps to push up the mass of the CP-even Higgs bo-
son responsible for electroweak symmetry breaking, so that the bound from LEP,
myo > 114.4 GeV [[[7, can be satisfied without substantial fine tuning. Finally, the new
contribution increases the strength of the electroweak phase transition, thus allowing the
possibility of electroweak baryogenesis in a large region of parameter space ]

In a general singlet extension, the superpotential can also contain a triple-self-coupling,
a mass term and a tadpole term for S ,

2
Wesnmssy = ASH; - Hy + 1S3 + mnS? + %S 2.3

+yuQ - HoU® +y4Q - Hy D + yoL - Hy E°,

where ¥, q.e are the 3 x 3 Yukawa coupling matrices.

In the Next-to-Minimal Supersymmetric Standard Model (NMSSM), a discrete Zs
symmetry is imposed, which forbids the tadpole and mass terms and only leaves dimen-
sionless couplings in the superpotential. However, once the singlet scalar acquires a vacuum
expectation value, the Zg symmetry is broken and unacceptable domain walls can be gen-
erated [[L0, R].

In the Nearly Minimal Supersymmetric Standard Model (nMSSM) [[]-[4], a Z5 or
Z7 R-symmetry is introduced in the superpotential and the Kéahler potential, which forbids
quadratic and cubic self-interactions of the singlet. However, at higher loop orders, a tad-
pole term is induced due to supergravity effects. It is suppressed at the six (Z5) or seven
(Z7) loop level, so that it is naturally of weak-scale order and does not destabilize the hierar-
chy [[]-[13. The discrete symmetries also ensure that rapid proton decay does not occur,
while Majorana neutrino masses are allowed. Furthermore the lightest supersymmetric
particle, usually the lightest neutralino, is quasi-stable on cosmological time-scales [[[f],
even without the introduction of R-Parity. The superpotential of the nMSSM is thus

A A ~ m%Q ~
Wanmssm = ASHy - Hy + TS (2.4)
+ @ HoUC +yaQ - Hy D° + y L - Hy E°.

In the following, the phenomenological properties of the nMSSM will be analyzed in more
detail.

2.2 CP violation

In the nMSSM superpotential, the parameters A\, mi2 and y; can in general be complex.
However, the phase of A\ does not generate physical CP-violating effects, since it can be
made real by suitable gauge rotations [2J]. As in the Standard Model, the Yukawa couplings
yr lead to one physical phase in the CKM quark mixing matrix, which is constrained by



Jffl ﬁg S Q f/ (76 Dc Ec B W Q WnMSSM
U(1)r 0 0 2 1 1 1 1 1 0 0 O 2
U(1l)pq 1 1 -2 -1 -1 0 0 0 0 0 0 0

Table 1: Charges of superfields under the U(1)r and U(1)pq symmetries of the superpotential.
Note that the U(1)g charges of the fermionic components differ by 1 from those of the superfields.

present data from many heavy-flavor experiments. The phase of m?2, will be addressed
below.

Beyond the superpotential, new complex phases can appear through supersymmetry
breaking. The soft supersymmetry breaking Lagrangian reads

Leote = m3HH + m3HI Hy + m2|S)? 4 (tsS + axSH; - Hy + h.c.)

+ (MyBB + MyW - W + M3 §j + h.c.)

+m24 - @, +milag|? + m3ldr[* +m? 1 - I, + m2er

+ (yuAu L - Hy Uy + yaAd Gr, - Hy dfy + yoAe Iy, - Hy € + hc.).

Here H;, S, qi,ir,dr,l,ér are the scalar components of the superfields
H; 5.Q,U,D,L,F, where the quark and lepton fields exist in three generations
(the generation index has been suppressed in the formula). E, W, g denote the fermionic
components of the gauge super-multiplets. Among the soft breaking parameters, ay, ts,
M 23 and A, 4, can be complex. However not all their phases are physical. To see this,
one can observe that the superpotential is invariant under an U(1)g symmetry, with the
charges listed in table . In addition, it obeys an approximate Peccei-Quinn symmetry
U(1)pq, which is broken by the singlet tadpole term oc m2,. Both U(1)g and U(1)pq are
broken by some of the supersymmetry breaking terms.

With the help of the U(1)r and U(1)pq, the fields can be rotated so that the phases of
two parameters become zero. By analyzing the charges, it can be seen that the following
products remain invariant under both R- and PQ-transformations:

arg(mistiay),

arg(mitiM;),  i=1,2,3,

arg(miyth Ay), (3 generations), (2.6)
arg(mi,tr Aq), (3 generations),

arg(miytt Ae), (3 generations),

corresponding to 13 physical CP-violating phases in addition to the CKM phase. Without
loss of generality, the phases of mis and t5 can be chosen real, so that the physical phases
are transferred into ay, Mi 23 and A, 4.

In this work, for simplicity, gaugino unification is assumed, so that M7 : My : M3~ 1 :
2: 6. In this case, the gaugino masses carry one common phase, ¢n1, = dn, = Oy = OM-
To simplify the analysis further, the phases in A, 4. and ay are set to zero.



2.3 Higgs sector

The scalar potential at tree-level receives contributions from F-, D-terms and soft super-
symmetry breaking. To avoid charge and color breaking vacuum solutions and unaccept-
ably large neutrino masses, the squarks and sleptons must not receive vacuum expectation
values. In this case, the Higgs potential at tree-level reads

Vo = VF + Vb + Viott, (2.7)
2
Vi = ‘)\Hl Hy + ;2 +1A5\2(H1H1+H;H2), (2.8)
7 frrva L 9ty g2
b = g(HlHl - H2H2) + ?|H1H2| ) (2'9)
Viott = m3H]Hy + m3H) Hy + m2| S| + (tsS + axSH, - Hy + h.c.), (2.10)

where g2 = ¢ + ¢"%, and g, ¢’ are the SU(2), U(1) gauge couplings, respectively. As
mentioned in the previous section, we constrain all parameters in the Higgs sector to be real.
Nevertheless, we allow complex phases in the gaugino sector, which in turn would generate
small CP-violating phases in the Higgs sector through radiative corrections. However,
the effect of gaugino loop contributions to the Higgs effective potential is generally sub-
dominant, compared to the top-stop loops, and thus can be neglected in the following
discussion.

In the zero-temperature vacuum state, the neutral Higgs components acquire non-zero

vacuum expectation values,
($Y=vs, (HY =v;, (H)) =uv,. (2.11)

It is useful to define tan 3 = v /v1. The minimization conditions for electroweak symmetry
breaking give at Born level

v
mt =~y + ) 2 = o 0F = )~ 402) (212)
2 _ (2 v g o 22 2.1
my = —(miy + avs) vy 4 (v5 —v}) — A*(v] + 02), (2.13)

t
mg = —axvlw — = A2 (2.14)
Vg Vg

The physical mass eigenstates of the Higgs sector consist of three neutral CP-even scalars
S1,2,3, two neutral CP-odd scalars P; o and one charged scalar H*. Both the CP-even and
CP-odd neutral scalars share a component of the singlet scalar S.

In the sector of the CP-odd scalars, one combination of the two doublets form the
Goldstone mode G, which is absorbed into the longitudinal mode of the Z boson. The
other linear combination of the two doublets, A", mixes with the imaginary part of the
singlet S to give the two physical states. In the basis (A%, Im S), their mass matrix reads

M; -
Ml‘é:( A @y ) (2.15)

—ayv m? + \%?



where

2
MX = ——(m%Q + ayvg), (2.16)
Sglg

and sog = sin 2. The mass eigenstates P o are related to this basis by the mixing matrix

OP
(2)-0r (i) ot

For large values of My, corresponding to large negative values of m?2,, the mixing between
the two CP-odd scalars is relatively small, with the light pseudo-scalar P; being almost
completely singlet, while the heavy pseudo-scalar P, has a very small singlet component
and a mass of about mp, ~ Ma. These properties have strong consequences for Higgs
searches at LHC and ILC, as discussed in the next section.

Similarly to the CP-odd sector, the CP-even Higgs eigenstates are related to the dou-
blet and singlet components by the mixing matrix O,

S1 HY
Sy | =0°| HY |. (2.18)
53 Re S

For M < My, there are one heavy mass eigenstate S3 with small singlet component, and
two light eigenstates Sy, Sy with sizable singlet and doublet admixtures.

The Higgs potential receives large radiative corrections, with the dominant contribution
stemming from top-stop loops. These effects have been calculated in ref. [23, [[3] and are
included in this work.

The influence of the parameter A gives an additional positive contribution to the mass
of the lightest Higgs boson, so that the bound of about 114 GeV from LEP can be easily
avoided even for moderate values of tan 3 and stop mass eigenvalues my,,m,. From the
vacuum expectation value of S, vg, an effective p-parameter is generated, p = —Avs.

2.4 Chargino and neutralino sector

The presence of the fermion component of the singlet superfield, the singlino S, leads to a
fifth neutralino state. The chargino mass matrix in the basis (W*, H¥) is

Mo \/ESQMW
Mer = 2.19
X+ <\/§CBMW — A\ ’ ( )

while the neutralino mass matrix in the basis (EO, /I/I\?O, fl?, ]TIQO, g) is given by

M, 0 —cgswMy sgswMz 0
0 Mo cgew My —sgew Mz 0
Mzo = | —cgswMz cgew Mz 0 Avg v |, (2.20)
sgswMyz, —sgew My, AU 0 Avp
0 0 )\2}2 )\2}1 0



where the abbreviations sg = sin 3, cg = cos 3, sw = sinflw, cw = cos fyw have been used.
The neutralino mass matrix is diagonalized by a unitary matrix N, such that

N*M;C()NJr = diag(myo,m meo). (2.21)

0 0
X3’ X3’

Perturbativity of the trilinear coupling A up to the GUT scale requires that A\ < 0.8 [[L§].
For values of A < 0.8, the lightest neutralino has a large singlino component, and a mass
below about 60 GeV.

2.5 Experimental and astrophysical constraints

The chargino and neutralino spectrum is constrained by new physics searches at LEP.
For the lightest chargino, the LEP measurements lead to the constraint Myt > 104 GeV
or olete” — )fo(l’] x BR < 10fb, where o is the production cross section at /s =
208 GeV, and BR the branching ratio into hadron or leptons. Similarly, the corresponding
requirement for neutralinos is (mgo +myg) > 208 GeV or olete™ — YIx9 xBR < 10fb [p4].
Moreover, if the lightest neutralino is so light that mgo < My /2, the measurement of the
total Z-boson width imposes the limit BR[Z — {{x?] < 0.8 x 1073 [RF. On the other
hand, if the nMSSM is to account for the dark matter relic density in the universe, the
lightest neutralino mass is bound to be in the range 25 GeV < mgo < 40 GeV [[[q].

For the mechanism of electroweak baryogenesis to work successfully, the electroweak
phase transition needs to be strongly first order, and new sources of CP-violation beyond
the CKM matrix must be present. The electroweak phase transition can be made first
order through a relatively large cubic term in the effective Higgs potential. In the nMSSM,
similar to other singlet extensions of the MSSM, this cubic term is realized at tree-level by
the ay soft breaking parameter. As a consequence, a strongly first order phase transition
can be achieved without relying on radiative contributions from a light stop as in the
MSSM [i, 7, Bd]. As a result, neither of the stop masses is constrained to be small
( S 150 GeV in the MSSM), but rather can amount to several hundred GeV.

CP-violation in baryon-number violating processes can be introduced via complex cou-
plings in the Higgs sector or through complex parameters in currents that couple sufficiently
strongly to the Higgs potential. In the nMSSM, four physical phases can thus contribute to
the baryon asymmetry, the phases of My, My, A; and tg [@] In this work, as emphasized
before, it is assumed that the only non-zero phase (besides the CKM matrix) is a common
phase of the gaugino masses, ¢n, = dnM, = OMy = OM-

In the presence of CP-violating phases, the nMSSM parameter space is constrained by
the experimental limits on the electric dipole moment (EDM) of the electron, neutron and
199Hg nucleus [, BJ]. The upper bound on the electron EDM is derived from limits of the
EDM of the 2°T1 atom. For the phases considered in this work, without mixing between
the CP-even and CP-odd Higgs states, the CP-odd electron-neutron operator studied in [B(]]
vanishes, and the 2°°T1 EDM is due almost entirely to the electron EDM. This translates
into a limit on the electron EDM of [P§]

de| < 1.9 x 10727 eem, (2.22)



at 95% CL.

The electron EDM receives potentially large contributions from one-loop sfermion-
gaugino diagrams [B1], which become small for large masses of several TeV for the first two
generation sleptons. A similar role is played by the squarks in the EDMs of the neutron
and Hg atom. Two-loop contributions from diagrams with charginos and charged Higgs
propagators can also be sizable, but just as in the MSSM [BJ] they can be suppressed
below the current limits for sizable values of the pseudo-scalar masses and tan 5 ~ O(1).
However, since the two-loop contributions are enhanced by the same complex phase that
generates the baryon asymmetry, the electron EDM bound presents a particularly severe
constraint on electroweak baryogenesis.

The one- and two-loop contributions to the electron EDM were calculated following
refs. [B] and B3, B{], respectively. In the calculation of the one- and two-loop electron
EDM contributions, we have included the Higgs and slepton mixing.

Note that while slepton mixing is suppressed with the very small electron mass, the
overall contribution to the electron EDM requires a spin flip and is thus also proportional
the electron mass. As a result, slepton mixing can lead to non-negligible effects when the
slepton masses are moderate. On the other hand, the contribution from the heaviest of the
Higgs states S5 and P» is suppressed due to their large masses.

For first and second generation sfermion masses of about 10 TeV, pseudo-scalar mass
M higher than 500 GeV, and values of tan 3 ~ O(1), which is in accordance with baryoge-
nesis constraints, we find that phases ¢y ~ O(1) are allowed by the electron and neutron
EDM constraints. Since a sufficiently large baryon asymmetry could be generated for
phases in the range ¢ ~ 0.1...0.3 [[[],2 this leaves a large window for this scenario to be
realized in the nMSSM.

Here we do not attempt to provide a theoretical model that can explain this pattern for
the superpartner masses and parameters, but it has been pointed out in the literature that
a roughly similar pattern might emerge within the framework of split supersymmetry [Bg.

2.6 Benchmark scenario A

In the following sections, the collider phenomenology and dark matter detection expectation
will be analyzed in detail for the concrete parameter point A from ref. [[f]. The parameters
of this scenario are summarized in table fl. To avoid EDM constraints, the sleptons and
squarks of the first two generations have masses of 10 TeV in benchmark scenario A. In
contrast, the masses of the third generation sfermions are assumed to be around 500 GeV.
There are no strong bounds for these masses, but stop masses with a few hundred GeV

are favored by Higgs mass naturalness and baryogenesis. The masses and decay modes of

?Different methods have been used to compute the baryon asymmetry in the MSSM @7@] The values
derived in ref. [E] are based on the method of ref. [@] While other methods [@] tend to lead to a higher
baryon asymmetry, a more recent calculation leads to a lower one [@] Furthermore, there are several
approximations performed in the computation of the baryon asymmetry, leading to an uncertainty, of order
one, on the necessary CP-violation phases required for the realization of this scenario. In section ,
we provide a more general discussion of the possible sources of CP-violation, and how they affect the
phenomenology of this model.



tan 3 A Vs ax % Ma My |Ma| |Ms|  ou
1.7 0.619 —-3&4 373 157 923 122.5 245 730  0.14

mQi2 Myi2 Mpil2 Mpi2 Mpi2 M3 Mys Mp3 MML3  ME3 Agb,r
10000 10000 10000 10000 10000 500 500 500 500 500 —100

Table 2: Parameters for the reference point A [E] used in this study. All dimensionful parameters
are given in GeV.

the neutralinos, charginos, Higgs scalars, third generation squarks and the gluino for this
scenario are listed in table [, table [} and table f.

The relatively light neutralino and chargino spectrum is typical for a nMSSM scenario
that is in agreement with electroweak baryogenesis and the relic dark matter density [[L6].
The lightest neutralino has a large singlino component, so that the bound from the invisible
Z-boson width is evaded although mgo < Mz /2. Nevertheless, the dark matter annihilation
cross-section is dominated by s-channel Z exchange, since the combined mass of two X!
is close to the Z resonance, 2m>~<(1) ~ My. As the sfermions are relatively heavy, the other
neutralino and chargino states mainly decay through gauge bosons.

Owing the small mass of the lightest neutralino x!, the light Higgs scalars S7, So and
Py decay predominantly into two X{. For the light CP-odd scalar P;, which is an almost
pure singlino state, this is essentially the only allowed channel, with all other contributions
being far below 1% and thus negligible.

Since the most relevant contribution to the annihilation cross section is coming from
the Z pole, in ref. [Id] a simple calculation sufficed to determine the relic abundance of
neutralinos for the benchmark cases.> Due to the precision nature that the ILC lends
to our present work, we paid careful attention to reproducing, and improving, the earlier
results. In our work, we include an improved superpartner spectrum calculation, all possible
co-annihilation channels, all SM final states, and solve the relevant Boltzmann equation
numerically for the relic density calculation.

While our numbers closely agree with those of ref. [[f] there are some small deviations.
Notably, our relic density calculation results in slightly higher values. When using the input
values for benchmark A, we obtain a neutralino relic density of Qh? = 0.131. The deviation
of this from the latest WMAP central value Qh? = 0.111 is comparable to the other
theoretical and experimental uncertainties (higher order corrections to sparticle masses and
annihilation cross sections, systematic errors, etc.) entering into this calculation.

To demonstrate the uncertainty in the relic density calculation, we note that a variation
of the neutralino mass by less than 1GeV is enough to change the relic density by 0.025
for scenario A. Since the main focus of our work is collider phenomenology and a 1 GeV
shift in the neutralino mass affects collider phenomenology negligibly, our results remain
valid for all values close to Qh? = 0.111.

Therefore, in spite of the discrepancy in Qh?, we will stick to the scenario A in our
numerical analysis.

3We thank A. Menon and D. Morrissey to provide us with their original codes.

,10,



Sparticle | Mass m [GeV] | Width T [GeV] Decay modes
%) 33.3 — —
% 106.6 0.00004 =z 100%
e 181.5 0.09 - Zx) 74%
— S1x0 26%
—Pxy  04%
el 278.0 1.5 X — Zx) 11%
— Z X5 22%
% 1%
— WEXT  43%
— 510 7%
— 5%y 0.2%
— So %} 8%
— Pixy  0.7%
0% 324.4 2.1 o — Z X! 30%
— Z)N((Q) 1.5%
— ZxX3 0.15%
— WExT 57%
- 5% 0.01%
— 5%y 0.02%
—51xy 5%
— So %} 1%
- % 4%
— Pxy  04%
- P xS 0.7%
— Py 0.06%
XT 165.0 0.136 XT—=wWt0  100%
X 319.5 2.0 Xy — W) 32%
- Wtxy 1%
— WXy 34%
—Zx7  29%
- S5 5%
— P Xy 03%

Table 3: Masses, widths and main branching ratios of the neutralino and chargino states at Born
level for the reference point A (table ).

3. Collider measurements in the nMSSM

The nMSSM can play a crucial role in baryogenesis and dark matter generation, depending
on the parameters of the Higgs, chargino and neutralino sectors. In this section it is studied
how the relevant particles can be discovered and the relevant parameters be determined at
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Sparticle | Mass m [GeV] | Width " [GeV] Decay modes

S 115.2 0.044 S1— bb 8%
— XX 92%

So 156.6 0.060 Sy — bb 2%
— WTWw— 17%
— 27 2.5%
— XX 69%
— X9X9 10%

Pp 133.7 0.008 P05 100%

Table 4: Masses, widths and main branching ratios of the light Higgs states, including one-loop
top-stop corrections, for the reference point A (table [).

future colliders.

3.1 The nMSSM at LHC
3.1.1 Higgs physics

In the benchmark scenario A, the light Higgs states Si, S2 and P; mainly decay invisibly
into the lightest neutralinos. This behavior is rather typical for many singlet-extended
supersymmetry models [@] A CP-even invisible Higgs boson can be discovered at the
LHC through W-boson fusion [[t]] and through associated Zh production [i2]. The cross-
sections and final state distributions for these processes in the nMSSM are the same as for
the Standard Model Higgs boson, except for modified Higgs-Z couplings, that are given by

Guzs, = Goyu(sp05 + cg03%). (3.1)

For the reference point A (table ), the couplings for the three CP-even Higgs states amount
to

GZZS1 = 0.87 x G%%/IH,
Gzzs, = 0.49 x G5, (3.2)
Grzzs, = 0.002 x G%%/IH

Since both the S; and S states have O(1) couplings to the Z boson and are relatively
light, with masses below 200 GeV, they can be produced with sizable rates. Based on the
analysis of ref. [I]], it can be estimated that with only a few fb~! of integrated luminosity,
a 5o discovery in the W-boson fusion channel can be achieved in the scenario A.

For the case of a single Standard-Model-like Higgs boson, the mass of the Higgs can
be determined from the ratio of the WW-boson fusion and Zh production rates [[J]. On
the other hand, in scenario A, the invisible Higgs signal receives contributions from both
the S7 and S,. However, the observables in both W-boson fusion and Zh production are
not sensitive to discriminate between one and two invisible Higgs states. As a result, from
an invisible Higgs signal at the LHC, it is not possible to obtain information about the
number and the masses of the CP-even Higgs bosons in the nMSSM.
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Sparticle | Mass m [GeV] | Width " [GeV] | Decay modes
t 522.1 43.1 t— %) 12%
— t)N(g ™%
— t)N(g 11%
— t)~(91 20%
— t)N(g 1%
— by 47%
—bxs 2%
to 535.3 29.8 ty—tx)  14%
— t)zg 2%
— t)zg 11%
— t)zg 9%
— t)N(g 20%
—bxy 6%
—bxd 3%
by 498.8 6.6 by — bx)  0.5%
— by 12%
—bxy  12%
—bxy  0.1%
—bxY 5%
— txX] 57%
—tx, 15%
by 503.3 12.5 by — bxY  0.6%
— b)zg 4%
— b 9%
—bx  0.2%
—bx2 7%
—tx;  56%
—txy  23%
g 730 6.6 Gg—bby  35%
— bby  34%
— tt 18%
— tty 13%

Table 5: Masses, widths and main branching ratios of the third generation squarks and the gluino
at Born level for the reference point A (table ).

3.1.2 Supersymmetric particles

Since the partners of quarks and the gluon, squarks and gluino, couple with the strong QCD
coupling, they are produced with large cross-sections at the LHC. Charginos and neutralino
can be generated in the decay cascades of squarks and the gluino with sizeable rates. In
principle, charginos and neutralino are also produced directly in electroweak processes, but
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pp— | GG bibi bibb/bobi boby Dafr hiy iy gb)  gby)
J[fb] 2162 444 3 421 357 1 312 141 138

Table 6: Tree-level production cross-sections for strongly interacting supersymmetric particles at
the LHC for the reference point A, see table E The QCD scale is taken at the average mass of the
produced particles, @ = (mz + my)/2.

the cross-sections for these channels are small. Therefore in the following only squarks
and gluinos are considered as primary supersymmetric particles. At the Tevatron, the
typically large slepton masses necessary to suppress the electron electric dipole moment in
this model lead to a reduced branching ratio for the decay of neutralinos and charginos
into lepton final states. This makes their searches in the tri-lepton channel quite difficult,
particularly for masses of the chargino and second lightest neutralino larger than 150 GeV,
as are typical in the nMSSM scenario under analysis [[4].

The relevant leading-order production cross-sections for squarks and gluinos at the
LHC are summarized in table f], calculated with CoMPHEP 4.4 [i§]. The analysis of X3
production is experimentally particularly promising [[ff]. The neutralino Y9 is produced in
various squark and gluino decay cascades, leading to a total cross-section for X3 production
with leptonic X3 decays of 30 fb. Here the most important channel is

pp— §j,  §— bb* or bb — bbXY, (3.3)

but direct production of sbottoms and stops via pp — bb*, t* also plays a role. According
to ref. [i7, [i6], background from SM gauge bosons can be reduced by cuts on missing
transverse energy and missing mass:

e At least three jets with transverse momentum ;nfft > 150, 100,50 GeV.
e Missing energy I/ > max(100 GeV,0.2Mg) with Mg = B + Z?Zl tezt
e Two isolated leptons with piep > 20,10 GeV.

The remaining ¢ background is removed by subtracting events with two different-flavor
leptons from events with same-flavor leptons. This procedure makes use of the fact that the
tt background produces the same number of same-flavor and different-flavor lepton pairs,
while the neutralino signal has only same-flavor lepton pairs. After these cuts practically
no SM background is left, while a signal efficiency for ¥3 production of better than 20% is
achieved [[£7, ] This corresponds to about 1800 signal events for an integrated luminosity
of 300 fb~1.

The two-lepton signal for X3 production can also originate from the neutralino f(g,
whereas the contamination from heavier neutralinos is very small. The total cross-section
for leptonic )Zg decays is 40 fb. Contrary to the Y3, the two leptons from )Zg originate from
a real Z-boson and have an invariant mass equal to My.

For the scenario A, see table [, the production of neutralinos Y and )Zg has been
simulated with CoMPHEP 4.4 [[i]], using CTEQ6M parton distribution functions. The

— 14 —



1000 ¢

t
100 { i b
t

N evt

10 HHH

20 40 60 80 100
my [GGV]

Figure 1: Fit to my distribution for light neutralino production at the LHC. Backgrounds from
Standard Model sources are not included, as they are expected to be small.

production cross-section is substantially modified by QCD corrections [i§]. However, for
the determination of superpartner masses, only the kinematic properties of the decay prod-
ucts are important, which are modified relatively little by radiative corrections. For the
purpose of this work, radiative corrections have thus been neglected. Information about
superpartner masses can be extracted from kinematic edges in invariant mass spectra of
the final state particles [ig, [9]. The distribution of the di-lepton invariant mass my; in 0%
decay has a sharp upper edge

Milmax,2 = My9 — Mg, (3.4)

see figure . The peak at my; = My, comes from the contribution of )Zg, while events at lower
invariant masses originate mainly from the 3. Assuming 300 fb~! luminosity, a simple fit

to the upper edge of that region gives
Myl max,2 = 73.5 £0.5 £0.08 GeV, (3.5)

where the first error is statistical, while the second error accounts for the systematic er-
ror from energy scale uncertainty in the detector (see [[fq] for discussion). The error is
comparable to what was found in [{7] for the MSSM scenario (3).

For further studies, the decay chains involving the )Zg can be separated from the X3 by
applying the cut |my — Mz| < 10 GeV on the di-lepton invariant mass. Including the jet
from the squark decay b— bx? gives additional information. For the decay chain with the
X3 , the invariant my,3 distribution has an upper endpoint with

1
2 2 2 4 2 2 2 2 2 g2 2172
m5 = ——|MmZomiyg — M-y — Miyms + miyms +m=o M mz M
jll,max,3 2m%0 %9"%Y pe 0% + 9" + Mz + 517
X3 (3.6)

2 2
~(mg = m2)\ Ny, m2y, MF)|.

with A(a,b,¢) = a® + b + ¢ — 2ab — 2ac — 2bc. Since the mass difference between my,

and m;, is small, no experimental distinction between the two states can and needs to be
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Figure 2: Fits to the mj; distribution for (a) ¥J and (b) X3 production at the LHC. Backgrounds
from Standard Model sources are not included, as they are expected to be small.

made. Flavor-tagging of the b-jet from the sbottom decay does not improve the analysis,
since the main background is tt.

In a typical supersymmetry event, there are multiple jets. The jet from b — bf(? is
expected to be relatively hard Et; > 200 GeV, but there are additional hard jets from the

decay of the other sbottom and from gluinos, § — bb. This introduces an irreducible com-
binatorial background. However, including that background, the characteristic edge in the
mjy,3 distribution at mj; max, 3 is still visible, see figure B. The combinatorial background
can be reduced by special techniques [, £, but here we simply choose to fit it. The fit
result is

Mjilmax3 = 463.6750 + 2.3 GeV, (3.7)

where as before the second error includes lepton and jet energy scale uncertainties. A

second edge in the m;; 3 distribution is found at

1
2 2 2 4 2 2 2 2 2 2r2 29 12
M5, 2 = ——=— |MigmZiy — M=o — M=oms +mioms +mio M, ms M.
jll,min,3 2m%0[ FOU 0 WMy T myemy + me Mz + mi M7
X3 (38)
2 2 2 2 N2
+(m>”<§ mb)\/)\(mﬁ,mig, 1B

which can be fitted in the same way as the upper end point, yielding
Ml min = 256.2750 + 1.3 GeV. (3.9)

In addition to studying the decay chain with the )Zg, by requiring the invariant mass of
the lepton pair to be sufficiently below the Z pole, m;; < Mz — 10 GeV, the decay chain
with the )28 can be selected. Similarly to the )Zg case, the mjj max,2 distribution has a
characteristic endpoint at

1
2 _ 2 2 2 2
M1 max,2 = o (m)zg - mfc?)(mi) - m)zg). (3.10)
X2
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As the )28 decays through an off-shell Z*, the m; max2 distribution has no characteris-
tic endpoint towards the lower end. To first approximation, the spectrum of ¥y decays
via an off-shell Z* can be thought of as superposition of Breit-Wigner line-shapes, which
are close to Gaussian. Consequently, the upper end of the 1y max,2 distribution can be
approximated by an error function. A fit gives the rather poor result

Mjimax2 = 447751 £ 2.3 GeV, (3.11)

which is limited by statistics and the shape of the distribution near the endpoint, which is
less steep than for the di-lepton distribution.

Light charginos )Zli can be detected in the squark decay chains by looking for a same-
sign lepton signal originating from the processes

pp — §§ — bbb*D" — BbIEXT XY — bbEW W XY — bb I IY v 1111,
pp — §§ — bbbb — bbtt X7 X7 — bbtt W W~ %Y — bbtt i1~ oy X9%Y,
pp — §g — T — ttbb XXy — ttbbW W XIXY — ttbb 171 iy XIXY,
pp — §g — Bt — b XX — @b W W AR — &b 11 vy 39X,

(3.12)

see ref. [@] However, since besides the neutralino as the lightest supersymmetric particle,
the neutrino in the chargino decay also escapes detection, the remaining lepton-jet invariant
mass distributions do not allow a meaningful mass extraction.

The measurement of the heavy neutralinos Y and )Zg at the LHC is very difficult.
As pointed out above, the appearance of a lepton pair in the neutralino decay is the best
possibility for detection. However, due to small branching ratios of the heavy neutralinos
into leptons, the statistics for this channel are very low.

From the combination of the results in egs. ([B-3), (B-7), (B-9), and (B-11)) one can extract

the following absolute values for the superpartner masses,

mge = 33725 GeV, mgg = 106.57772 GeV, mye = 181777 GeV, my = 499%7 GeV.
(3.13)

The large errors are due to large correlations between the mass parameters, as illustrated
for one example in figure [|. This can be explained by the fact that all measurements of kine-
matic endpoints in the decay distributions are closely related to mass differences, whereas
no independent direct measurement of one of the masses, e.g. the lightest neutralino mass,
is available.

The analysis in this section has been performed for the specific parameter point A
(see table ff). However, most of the results are expected to be rather typical for nMSSM
scenarios that explain baryogenesis and dark matter. These two constraints predict that
all neutralino and chargino states should be relatively light. In addition, our LHC analysis
relies heavily on the gluino and a sbottom state with large left-chiral component to have
masses of the order of a few hundred GeV. At present, the mass of the gluino is not
constrained by any data, but if GUT-scale gaugino unification is realized, the gluino should
have a mass of about 1TeV or less. As discussed before, the presence of light squarks
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Figure 3: Correlation between mgo and mgo from LHC measurements.
are helpful in avoiding the suppression of chiral charges leading to the generation of the
baryon asymmetry in this model. Following ref. [[[f] we have therefore assumed that the
third generation squarks have masses of the order of 500 GeV. While, as emphasized above,
this assumption is crucial in the analysis of the LHC phenomenology, it plays only a minor
role in the ILC related one. At an ee™ collider such as the ILC, a precise measurement
of the lightest neutralino mass is possible, so that by combing results from the LHC and
ILC, the precision of the neutralino mass determination can be greatly improved. This was
discussed already for the MSSM in ref. [if] and will be analyzed for the nMSSM in the
next sections.

3.2 The nMSSM at Giga-Z

In nMSSM scenarios that account for baryogenesis and cold dark matter, the lightest
neutralino mass is typically smaller than half the Z-boson mass, mgo < My /2. In particular
this is the case in the reference point A (cf. table Bl). As a consequence, the lightest
neutralino contributes to the invisible Z width. Current limits from LEP [F1] already pose
strong constraints on the nMSSM parameter space [P5]. Nevertheless, these constraints can
be improved at a future high-luminosity linear collider (ILC) running on the Z pole [F2).
This " Giga-Z" option for the ILC could collect 50 fb~! of integrated luminosity at /s ~ Mz,
which is an improvement of several orders of magnitude compared to LEP.

Since in a typical scenario like reference point A, the neutralino dark matter annihila-
tion proceeds almost exclusively via s-channel Z-exchange, the precise determination of the
invisible Z width opens up the opportunity to directly and model-independently determine
the relevant Zx9%? coupling

2 g 2 2)2
G zz050]” = i3, (INVi3* — [N1af?) " (3.14)

However, the achievable accuracy at Giga-Z for I’%W is limited by systematics, and can

reach at best 0.1% [B3], which is only a factor 4 better than current LEP constraints. This
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corresponds to an error of about 0.2 x 1072 for BR[Z — X{x}]. In the case of scenario A,
BR[Z — ¥{x)] ~ 0.3 x 1073, so that the dark matter relic density can be determined from
the invisible Z width with an uncertainty of at best 60%. Here it is assumed that the mass
mgo is determined from some other observable with a much smaller error.

Despite the large error, a Giga-Z analysis can confirm the existence of a neutral,
(quasi-)stable, weakly interacting particle and a rough estimate of its coupling to the Z
boson in a model-independent way. This would also be an interesting cross-check for more

detailed model-dependent measurements at higher energies.

3.3 The nMSSM at ILC
3.3.1 Higgs physics

The CP-even Higgs bosons can be produced in ete™ collisions through radiation off a Z
boson, ete™ — S;Z. This process is very similar to the case of the Standard Model Higgs
boson, except for the different Higgs-Z couplings strength as in eq. (B.]). The S; and
Sy states have relatively large couplings to the Z boson, see eq. (B.2), and are therefore
produced in sizeable rates.

As mentioned above, both S; and Ss decay predominantly invisibly into the lightest
neutralino in scenario A. Nevertheless, the kinematic mass peaks of the Higgs bosons can
be reconstructed from the recoil of the Z, which is cleanly characterized by the leptonic Z
decays Z — eTe” and Z — p"p~ [B4, BJ. Due to photon radiation and detector resolution
effects, the reconstructed mass peaks are smeared out somewhat, but their width is less
than 10 GeV, so that the two states S; and S5 can be clearly distinguished.

Taking into account the reduced Gzzs, couplings with respect to the SM, the Higgs
masses can be determined from the Z recoil spectrum with the precision [p4]

§Mgy ~ 130 MeV,  6Mgs ~ 185 MeV. (3.15)

Based on similar studies for the SM-like and invisible Higgses [5d, pH], the branching ratios
of S1 and S5 can be extracted with the following accuracy,

BR[S; — bb] = (8 +£0.7)%, BR[S; — inv.] = (91 + 3)%,
BR[Sy — bb] = (2 +0.3)%, BR[Sy — inv.] = (79 = 5)%, (3.16)
BR[S; — WTW™] = (17 + 1.5)%.

Here only the statistical error is given, taking into account selection cuts to reduce the
backgrounds. The large invisible branching ratio of both scalar states points towards a
sizeable Higgs self-coupling A.

The light pseudo-scalar P; is an almost pure singlet, and the production cross-section
ete™ — S; P, suppressed by more than two orders of magnitude with respect to the cor-
responding process in the MSSM. Furthermore, the only available final state bb + E is
swamped by background from S;Z production, so that it appears impossible to discover
the P, at the ILC.

The two heavy neutral Higgs bosons S5 and P, as well as the charged Higgs boson are
too heavy be produced at the ILC with center-of-mass energies up to 1TeV. In particu-
lar the charged Higgs boson should always have a clearly visible decay channel into top-
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efem X7 | XP=X3 X3 Xi X3
Xy =x? 20 54 3.7 3.9
0% 04 0.6 162 0.1
e 0.1 328 —
X -
X3 —
ete” = XiXT [P =X
X7 =xi 594  32.2
X3 —

Table 7: Tree-level production cross-sections infb at /s = 500 GeV with unpolarized beams for
the reference point A (table f).

and bottom-quarks, H+ — tb. Charged Higgs production proceeds mainly through an
s-channel photon (with only a sub-dominant contribution from s-channel Z exchange) and
thus cannot be suppressed by modified couplings. As a consequence, the non-observation
of the charged Higgs would clearly indicate that My is large, Ma > /s/2. In this case,
from the observation of the two light invisibly decaying Higgs states, it can be deduced
that these two Higgs bosons must be mixtures of the SM-like Higgs and a new singlet. In
other words, from the analysis of the Higgs bosons at the 500 GeV ILC, one can already
identify an extended Higgs sector beyond the two doublets in the MSSM.

3.3.2 Supersymmetric particles

In scenario A, many of the neutralino and chargino states are produced with sizeable
cross-sections at the ILC with /s = 500 GeV, as shown in table []. The most promising
production processes are ete™ — ¥9¥Y, )Zg)zg, )fo(f, )Zli)zg, with cross-sections of more
than 10fb each. While the lightest neutralino is not produced directly with large rates,
it can nevertheless be studied in great detail in the decays of the heavier neutralinos and
charginos.

In the following subsections, the most promising decay channels will be analyzed in
detail, including Standard Model and supersymmetric backgrounds. It is found that the two
charginos and all neutralinos except the )Zg could be discovered and their masses and cross-
sections measured. The discovery of a fifth neutralino state would be a smoking gun for a
non-minimal supersymmetric model, but turns out to be very challenging experimentally.
Nevertheless, the discovery of two neutralino states which are much lighter than the lightest
chargino is already clear evidence for physics beyond the MSSM, where only one neutralino,
a dominant bino-state, can be significantly lighter than the charginos.

We simulated signal and background with the Monte-Carlo methods from [p7], in-
cluding full tree-level matrix elements and Breit-Wigner parameterizations for resonant
intermediate particles. Initial-state radiation and beamstrahlung are always included.
The processes are generated at the parton level, but jet energy fluctuations through
parton shower and detector effects are parameterized by smearing functions with lep-
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P(et)/P(e7) O B X g |\ wWtwo Z2Z2 # WHwZ
80% left / 50% right | 25.8 52.2 1557 51.3 24500 1020 1130 95
0% right / 50% left | 19.6 39.7 107 39.0 770 440 500 4.5

Table 8: Polarized tree-level production cross-sections in fb for neutralino, chargino and some of
the largest SM background processes at /s = 500 GeV for the reference point A (table E)

ton and jet energy uncertainties taken from [@] Jets overlapping within a cone with
AR = \/(¢1 — ¢2)2 + (m — n2)2 < 0.3 are combined into one jet, where ¢; and 7; are the
azimuthal angle and rapidity of jet ¢. Similarly, a lepton lying within a jet is combined into

the jet. Leptons and jets outside the central region of the detector have a higher likelihood
of mistag and get inflicted by the large two-photon background. Therefore leptons within
an angle of | cos#| < 0.95 around the beam line and jets with |cos 6| < 0.90 are discarded.
After these simple procedures, the remaining isolated jets and leptons define the signature
of the simulated event.

For most processes, the signal cross-sections can be enhanced and background can be
reduced by a suitable choice of beam polarization. Here we assume that both the electron
and positron beam are polarized, with polarization degrees of 80% and 50%, respectively.
It is further assumed that 500 fb~! of luminosity is spent for P(e*)/P(e~) = left/right and
right /left each. The center-of-mass energy is always /s = 500 GeV. The signal and main
SM background cross-sections for polarized beams are summarized in table f§.

For all neutralino and chargino processes under study here, the main SM background
come from double and triple gauge boson production, ¢ production and two-photon pro-
cesses. Quite generally, they can be reduced by observing that the supersymmetric signal
processes lead to large missing energy, and most of the final state particles go in the central
detector region. In particular, by imposing a minimum value for the total transverse mo-
mentum, p; > 12 GeV, the two-photon background is practically completely removed? -
Furthermore, cuts on the missing energy I, the polar angle of the missing momentum,
cos By, ., and of the visible momentum, cos 8,
Standard Model backgrounds.

ot = Dlong /Dtot are effective to reduce the

3.3.3 Chargino )'ZT

The lightest charginos almost exclusively decay via )N({E — Wif((l], where the W can decay
leptonically or hadronically. Since charginos are produced in pairs, two W bosons appear
in their decays. If both W’s decay leptonically, the rates are relatively low and one has

“Note that the rejection of the two-photon and e®-y background depends crucially on an excellent
coverage of the detector at low polar angles, so that energetic fermions with low transverse momentum can
be vetoed. The results of ref. ﬂ] are based on the detector design of the TESLA study [@], with low beam
crossing angle, muon detectors extending to 65 mrad, and endcap calorimeters extending to 27.5 mrad.
Although for the current ILC detector R & D several changes in the details of this setup are discussed, the
planned ILC detector designs are expected to reach a similar photon-induced background rejection [E]
However, we also want to point out that the simulation of the photon-induced background in ref. [ﬂ] with
PYTHIA [@] has unquantified and possibly large theoretical uncertainties.

— 21 —



to deal with a difficult background from WTW~. The purely hadronic final state, on the
other hand, is plagued by jet pair combination ambiguities. Therefore the best mode is:
ete” — XIF)ZI — WHW= X} — jjl* + F where j stands for a jet. The most important
SM backgrounds are WTW~, ZZ, tt and two-photon production, while supersymmetric
backgrounds from neutralino pairs, ZS; and Higgs pairs are also taken into account.

The SM backgrounds can be reduced by the general cuts explained in the previous
section, py > 12GeV, F > 100GeV and |cosf, . | < 0.8. Since the two jets in the
signal originate from a W boson, the invariant jet mass is required to fulfill |m;; — Mw| <
10 GeV, which removes neutralino background and is also effective on tt. The WW and tt
backgrounds are further reduced by placing a cut on the reconstructed invariant mass of
lepton and missing momentum, m; miss > 150 GeV.

Both the signal and the main background are increased for the beam polarization
combination P(et)/P(e”) = right/left, but since the signal cross-section is large, and
backgrounds after cuts are relatively low, this polarization combination helps to increase
the measurement precision.

With the selection cuts listed above, about S = 105000 signal events are retained while
only B = 30000 background events survive (mainly from Standard Model sources). The
statistical error for total cross-section measurement is 5ai7L = 0.35%. For the opposite
polarization combination, P(e™)/P(e~) = left/right, we obtain 5Ui,R = 1.3%.

The distribution of the W-boson energy from chargino decay, reconstructed from the
momenta of the two jets, can be used for a chargino mass measurement. The energy
spectrum of the W boson is almost evenly distributed with characteristic endpoints at

1
Emin,max = M [(m?ﬁi - m;? + M\%V)\/g + \/)‘(m?(liam%?’ M\QN) (5 - 4m2>at)] : (3.17)
X1

The energy distribution edges can be fitted by using a step function which is convoluted
with the initial-state radiation and beamstrahlung spectrum and with the jet smearing
function. The fit function is fitted to the distribution obtained from the Monte-Carlo
simulation with a binned x? fit. The fit results are (see figure [i)

Emin = 83.7310:030 GeV Erax = 214.8 £0.8 GeV. (3.18)
resulting in

m.+ = 165.0 + 0.3 GeV meo = 33.3712 GeV. (3.19)
be, 11

X4
Note that only the statistical error has been given here, while the analysis of systematic
errors at this level of precision would require a more elaborate investigation. Experience
from the W mass measurement at LEP however shows that the systematic errors can be

controlled to better than this level of accuracy.

3.3.4 Threshold scan for chargino )ﬁt
In the determination of the chargino and lightest neutralino masses from the decay dis-

tribution, the precision is limited due to substantial correlation between Myt and mgo in
1
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Figure 4: Energy distribution for the jet pair originating from the W boson in the decay ﬁ': —
W*? after selection cuts, with a simple fit to the kinematic endpoints.

the analysis. This can be improved by using an independent measurement of My via a
threshold scan.

As an example, the measurement of the chargino pair production cross-section at six
different center-of-mass energies below and above the nominal threshold Eiy,, = 2m)~(:1|: =
330 GeV are considered. Here it is assumed that the chargino mass is already roughly known
from distribution measurements studied above. The measurements below the threshold
allow to determine the background and extrapolate to values /s > 2m>~<¢, where the
chargino excitation curve sets in. In combination with measurements above the threshold,
the threshold energy Fip,. can be precisely determined.

It is assumed that 10 fb~! luminosity is spent per point, amounting to total of 60 fb~1.
As before, the beams are polarized with P(e')/P(e™) = right/left, and the same selection
cuts as in the previous subsection are applied. Since the chargino mass can already be
determined from decay distributions, this information together with eq. (B-17) can be used
to reduce the background further. The result of a simulation performed with this procedure
is shown in figure [J. A fit with a simple quadratic function gives a very small statistical
error,

FEipe = 329.97 + 0.1 £ 0.03 GeV, (3.20)

where the second error comes from the uncertainty in the incoming beam energy, which
is estimated to be of the order 10™* [6I]]. This corresponds to Myt = 164.98 £ 0.05 GeV.
Together with the information from kinematic edges in eq. (B.1§), the lightest neutralino
mass is constrained to

mgo = 33.3%03 GeV. (3.21)

X
3.3.5 Neutralino x3x9

Both )Zg and Y have sizeable branching ratios into Z bosons, BR[)Zg — ZXY] = 74% and
BR[Y] — Zx!] = 11%. This decay has the advantage of leading to very clear final state
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Figure 5: Threshold scan for chargino pair production at ILC.

signatures, and small background contamination from SM processes involving W-boson.
Because of small branching ratio of the Z into leptons, only the hadronic final states are
promising for the analysis of the neutralinos, at the cost of dealing with higher backgrounds
and jet pair combination ambiguities. Then the signature is: eTe™ — YIx) — ZZ x{ ) —
4+ F.

The largest SM backgrounds arise from ZZ, W+W ~, tt and two-photon processes, but
supersymmetric background from production of other neutralino pairs is also important,
ete™ — )Z?)Z?, with (4,7) # (3,4). The SM backgrounds can be suppressed by choosing
P(et)/P(e™) = left /right, while the neutralino signal remains sizeable for this polarization
combination. With the general cuts mentioned above, p; > 12GeV, I > 100 GeV and
|Plong /Prot| < 0.9, the backgrounds are further reduced. In addition, two pairs of jets have
to form the invariant Z mass, |m;,;, — Mz| < 10 GeV and |mj,;, — Myz| < 10 GeV, which
removes Yo%) background and is also effective on tf. The tf background is reduced even
further by using an anti-bottom-tag with efficiency 95% and a mistag rate of 3% for light
flavors and 25% for charm jets [fJ].

After these cuts, S = 400 signal events and only B = 38 background events remain,
leading to a statistical error for total cross-section measurement of §o9, = 5.2%.

The energy spectrum of the Z-bosons from neutralino decay has characteristic upper
and lower endpoints both for the )Zg and Y, given by the expressions

1
FE zi(mﬂi — mZ,m2 m2 2 _m2y M2+ m3ys + M2s
min,max,3 4m%0 5 Xg Xg X2+ Xg 7 Xg Z+ Xg + 7
X3
2 2 2 2 2 2
—mio(miy —m s )\m m2,, MY X(m2,.m S)
X?( %9 X2+ :F\/ %9 %0 ) ( %0 %o )a
1
E; ( —m2om2y + m2o M2 — m2, M2 +m2os + M2s
min,max,4 — 4m 0\/— 0 XO 0 0 7 Xg 7 xﬂ V4

—mi?(mig —m?2 0 +S + \/>\ m? Oam O,MQ))‘(mXOamiO’S))?
(3.22)
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Figure 6: Energy distribution for the jet pair originating from Z bosons in the decays of the
neutralinos for the process eTe™ — ¥9x%J. The plots show the expected event rates after selection
cuts, with a simple fit to the kinematic edges.

Since we consider the same decay mode for the Z bosons stemming from both neutralinos,
a distinction between the decay products of the )Zg and Y{ is not possible. Therefore, the
measured spectrum contains all four kinematic edges at the same time, which can be fitted
with a convoluted step function as above. From the fit, see figure ], one obtains

myo = 181.5 £ 7.6 GeV myo = 278.0 £11.5 GeV, (3.23)
3 4

while no good constraint on mgo is obtained. The masses of both )Zg and X can be
determined, but due to the low statistics, the error is relatively large.

3.3.6 Neutralino )23)22

The analysis of 3% production works similarly to the ¥Jx} production described in the
previous subsection. The main difference lies in the fact that the %9, due to small mass
difference to the lightest neutralino 9, decays only through a virtual, not on-shell, Z boson.
Again, the best statistical significance of the signal is achieved by focusing on the hadronic
decay modes of the Z bosons, ete™ — x9x§ — ZZ*x{x} — 4j + E, and choosing the
polarization combination P(e™)/P(e”) = left/right.

The backgrounds from ZZ, WTW~, tt and two-photon processes as well as )Zg)zg
neutralino production can be further reduced by the usual selection cuts, p; > 50 GeV,
B > 100 GeV, [piong/Ptot| < 0.9 and an anti-b-tag. Because of the large mass difference
between the two produced neutralinos ¥ and YY, the signal typically has a relatively large
total transverse momentum, so that the cut on p; is increased to 50 GeV here. Moreover,
one pair of jets, stemming from the Y decay, has to have an invariant mass equal to the
Z-boson mass, while the other jet pair, associated with the Y9, must have an invariant
mass smaller then the Z-boson mass. Therefore the cuts |m;j j, — Myz| < 10GeV and
Mgz, —mj,;, > 10GeV are very effective.

These cuts reduce the background to B = 61 events, while S = 430 signal events are
retained. Therefore the total production cross-section can be extracted with a statistical
error of 609, = 5.4%.

As before, more information can be extracted from the decay distributions. The energy
spectra of the jet pairs stemming from the Y3 and ¥} decay have distinct endpoints given
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(3.24)

In addition, the invariant mass of the jet pair from Y9 has a maximum value corresponding

to the mass difference of the neutralinos x5 and Y,

Mjjmax,2 = MzQ — M0, (3.25)

All these kinematic edges can be fitted with simple functions, as shown in figure [, with
the result

@ =106.6717 GeV,  mgo = 278.0M% GeV, = 33.312 GeV. (3.26)

As for the case of )ng(?l production, the errors on the neutralino masses are relatively large.
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3.3.7 Chargino )'Zg:

Heavy charginos )Zéc can be produced in association with light charginos ﬁc, ete” — )Zf X3 -
While the )Zf mainly decays into W bosons and the lightest neutralino x{, the Xzi has a
large branching ratio of 62% into Z Wif((l) via the decay chains )N(Zi — Z )ﬁc — Z Wif((l)
and )@t — Wif(g — 7 Wif((l). These decay channels for the charginos lead to three gauge
bosons and missing energy from the neutralinos. The gauge bosons themselves can decay
through various channels, but a good compromise between large statistics and clean leptonic
final states is obtained by requiring one W boson to decay leptonically, and the other W
and the Z going into a hadronic final state. The final state signature is then characterized
by four jets, one lepton and missing energy, ete™ — Xix§y — ZWHW- )0 — 45 I+ B.
The signal can be enhanced by polarizing the beams with P(e™)/P(e™) = right/left, see
table R.

The most relevant SM backgrounds are triple gauge boson processes, eTe™ —
WFW~Z and tt events. Production of heavy neutralino pairs can also lead to three gauge
bosons in the final state, and thus is another important background.

After the standard cuts p; > 12 GeV and I > 100 GeV and a bottom veto, a number
of additional selection cuts has to be applied to reduce the backgrounds. Since the SM
background, without neutralinos in the final state, tends to give more energy to the gauge
bosons, it can be reduced by requiring the total hadronic energy to be Ep.q < 300 GeV.
The invisible neutralinos in the signal also lead to a large value for the invariant mass
of the leptonic momentum and reconstructed missing 4-momentum, m;p, so that the cut
myp > 150 GeV reduces the SM further. For the SM background, this invariant mass
can also be reconstructed from the missing 3-momentum j only, by assuming that the
missing energy originates from a neutrino, and it should be close the W mass. Therefore
the cut |myy — M| > 10 GeV is also effective on the background. Furthermore, the signal
is characterized by a large acoplanarity between the lepton and combined jet system, so
that the cut cos @acol; > —0.7 is useful. Finally, two of the jets have to combine to
the invariant mass of the Z boson, while the other two jets have to combine to W mass,
|mj, j, — Mz| < 10 GeV and |mj, ;, — Mw| < 10 GeV. This removes most of ¥3x¥} background
and is also effective on tt.

After application of these cuts, the SM background is removed to a negligible level,
while still a sizeable contamination of background from x9x{ is left. In total B = 245
background events remain, compared to S = 186 events for the signal. Since the cross-
section for the neutralino process can be measured independently, as described above, it
can be subtracted, but the additional error from this procedure needs to be taken into
account. The resulting expected precision for the )Zli)zac cross-section is 501i2 = 13%.

For the chargino signal, the spectrum of the 4-jet invariant mass has an upper limit of
Miny jmax = Mgk —Mgo, which can be used to extract information about the heavy chargino
mass. The neutralino background typically leads to slightly smaller 4-jet invariant masses,
so that this upper edge is not contaminated. From a fit to the data, one obtains

Minv,jmax = 2872iri‘21 GeV, (327)
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which together with the m
directly translates into

{0 mass measurement from the analysis of )Zf)%f production

mgx = 319.5773 GeV. (3.28)

3.3.8 Combination of sparticle measurements at ILC

Feeding in the precise measurement of the neutralino mass from the analysis of Y] x|
production, the masses of the heavier neutralinos from ¥9x} and )Zg)zg production can be
determined much more accurately,

mgg =106.6713 GeV,  mge =181.5+£4.9 GeV,  myg =278.0733 GeV.  (3.29)

For the lightest neutralino and the charginos, the expected errors given in the previous
sections are not improved by combining with the other neutralino observables, so that one
obtains

mgo = 333105 GeV,  mgs = 16498 £0.05 GeV,  mg =319.5133 GeV.  (3.30)

From a x? fit to all mass and cross-section observables, constraints on the underlying
neutralino and chargino parameters can be extracted. For completeness, we also allow
a cubic singlet coupling k as in the NMSSM. In the nMSSM, x must be zero, but it is
interesting not to impose this requirement a priori, but see how well it can be checked from

an experimental analysis. The parameter s enters in the (5,5)-entry of the neutralino mass

matrix,
M1 0 _CBSWMZ SlgSWMZ 0
0 M2 CBCWMZ _SBCWMZ 0
Mo = | —cgswMz cgew Mz 0 Avg Avs |, (3.31)
sgswMyz, —sgew My, AUg 0 Avq
0 0 Avg Avp K

The possible measurements at the ILC analyzed here comprise mass measurements for four
neutralino and two chargino states, as well as four cross-section measurements. They can
be used to derive bounds on the seven unknown parameters in the neutralino and chargino
mass matrices. Furthermore, the cross-section measurements also allow to place limits on
the masses of the sneutrino and selectron, which appear in the t-channel of the chargino
and neutralino production diagrams. Based on the analysis of the expected experimental
error in the previous subsections, the following constraints on the underlying parameters
are obtained:

M, = (122.5 £ 1.3) GeV, |k| < 2.0 GeV, mg, > 5 TeV,
My = (245.0 £ 0.7) GeV, tan § = 1.7 £ 0.09, me, > 1 TeV. (3.32)
IA| = 0.619 + 0.007, 6| < 0.32,

Vs = (—384 + 4.8) GeV,

The extraction of the parameters A and vy is strongly correlated, which can be understood
by the fact that these parameters enter in the chargino and neutralino mass matrices mainly
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through the combination y = —Avs. As a consequence, the effective parameter p itself is
determined more precisely than vs, p = (238 + 1.2) GeV.

The results of the fit show that the sizable value of the trilinear Higgs coupling A can
be established, which is a necessary requirement to avoid the Higgs mass bounds and allow
a successful baryogenesis in singlet extensions of the MSSM. Furthermore, a strong upper
bound on the value of x is obtained, which allows a distinction between the two typical
types of singlet extensions, the NMSSM and the nMSSM.

4. Cosmological implications

The cosmological energy density of the main components of matter, baryons and dark

matter, is measured with a remarkable precision [BY]. In units of the critical density®

2 0.00124
Oph? = 0.0223370 00155,

Qcpnh? = 0.110679-0113.

at 95% CL. According to the observations, the baryon density is dominated by baryons
while anti-baryons are only secondary products from high energy processes. The source
of this baryon-anti-baryon asymmetry and the nature of dark matter are major puzzles of
particle and astrophysics.

Assuming that inflation washes out any initial baryon asymmetry after the Big Bang,
a dynamic mechanism should generate the asymmetry after inflation. Most microscopic
mechanisms for baryogenesis fulfill the three Sakharov requirements:

e baryon number (B) violation,
e CP violation, and
e departure from equilibrium.

These conditions are satisfied in the supersymmetric extensions of the Standard Model
during the electroweak phase transition. This is the basis for electroweak baryogenesis
(EWBG). Baryon number violation occurs in the nMSSM due to quantum transitions be-
tween inequivalent SU(2) vacua that violate the sum of baryon and lepton number B + L.
When the electroweak phase transition is first order, bubbles of broken phase nucleate
within the symmetric phase as the Universe cools below the critical temperature. These
provide the necessary departure from equilibrium. To generate the observed baryon asym-
metry the electroweak phase transition has to be strongly first order. For light Higgs
bosons, a first order phase transition can be induced by the trilinear coupling between the
singlet and Higgs fields [Lff]. Such a term produces a sufficient contribution to the cubic
term in the one-loop effective potential that is responsible for making the phase transition
first order.

®pe = 3H3/(87Gn) where Ho = h x 100 km/s/Mpc is the present value of the Hubble constant,
h = 0.70975-922 and G is Newton’s constant.
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As discussed in section [ the lightest superpartner in the nMSSM is typically the
lightest neutralino, with a mass below about 60 GeV (for A below the perturbative bound)
and a sizeable singlino component. Cosmologically this signals danger since a light, stable
particle with very weak gauge couplings may have a relic abundance substantially above
the observed amount. But if the lightest neutralino is able to annihilate sufficiently well,
this particle is a good dark matter candidate [63].

For values of tan 8 and A consistent with the perturbative limit, the lightest neutralino
also acquires some higgsino component. Since its light mass allows for efficient annihi-
lation nearby the Z° resonance, its relic density spans a wide range as the function of
its mass. While the s-channel Z° exchange is the dominant annihilation mode, there are
also contributions from s-channel Higgs boson exchanges generated by the trilinear singlet-
Higgs-Higgs term of the superpotential. These contributions tend to be significant only
near the corresponding mass poles [[[f].

When the neutralino relic density is consistent with the astrophysical constraints, and
the model parameters with electroweak baryogenesis and the perturbative bound, the next
lightest supersymmetric particle (NLSP) is always at least 15 percent (and frequently more
than 25 percent) heavier than the LSP, assuring that the co-annihilation contribution is
strongly Boltzmann-suppressed. Moreover, since the NLSP is typically a neutralino with
large bino component, which has small couplings to the gauge bosons, the co-annihilation
cross section between the LSP and NLSP is suppressed even further and does not play any

role in the following discussion.

4.1 Dark matter relic density

The relic abundance of neutralinos is computed numerically by solving the Boltzmann
equation for the number density of the supersymmetric particles. The complex phase of
A enters our relic density calculation directly via the couplings and indirectly through the
masses of the neutralinos and charginos. After diagonalizing the gaugino, sfermion and
Higgs mass matrices, we calculate the annihilation cross sections with complex couplings.
In doing this, we follow techniques used in refs. [f4, f. The co-annihilation processes are
checked to contribute insignificantly to the final result.

After superpartners are discovered and their properties being measured at colliders
one has to assure the consistency of the collider and astrophysical data. A crucial part
of this is to ensure that the lightest, stable supersymmetric particle provides a reasonable
amount of the observed cold dark matter.

As discussed before, the LHC will restrict some of the soft supersymmetric parameters
within certain ranges. Using these ranges, we can calculate the possible amount of neu-
tralino dark matter, Qh2, within the given supersymmetric model. In this section we use
our results obtained above for scenario A. To obtain an estimate of the precision the LHC
can determine QA% in the nMSSM, we randomly sampled the nMSSM parameter space in
the following parameter region:

0 < M; <200 GeV, 100 GeV < My <300 GeV, 0 < [\ <1, —7 <oy <,
—1000 GeV < v < —100 GeV, — 1000 GeV < k < 1000 GeV, 0 < tan 3 < 30. (4.1)
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Figure 8: Neutralino relic density as the function of the neutralino mass. Dark (light) blue dots
represent the 1 (2) o precision of the LHC determination of Qh?, while gray dots would be allowed
by LHC data, but are excluded by current low-energy and astrophysical bounds. Red dots show the
expected ILC precision for the examined model point. The present WMAP and SDSS combined 2
o limits are shown by the green shaded band. The right frame shows the ILC scan in more details,
with contours of constant values of the mixing parameter (|N14|? — [N13/|?) indicated by the yellow
lines.

Additionally, for the first generation sleptons, we use the following ranges both in our LHC
and ILC scans:

0.5 TeV < M,,, < 10 TeV, 0.5 TeV < M, < 10 TeV. (4.2)

The results of this scan, within the parameter region that would be allowed by LHC
measurements at the 1 o level, are projected on the lightest neutralino relic density vs.
mass plane in figure §.

Blue (gray) dots represent models that are (not) allowed by either the WMAP, the
electron EDM, or WIMP direct detection limits. The dark (light) blue dots show the 1
(2) o precision of the LHC determination of Qh2. All blue points satisfy all known low
energy, collider and astrophysical constraints. Among these, the most stringent bounds
come from the LEP and Tevatron Higgs and sparticle mass limits, WMAP, and the direct
WIMP detection experiments.

Figure § (left) clearly demonstrates that from LHC measurements no meaningful con-
straints on Qh? can be derived. In contrast, as depicted in figure § (right), the ILC 1 o
precision, indicated by the dark red dots, is comparable to the present WMAP and SDSS
combined 2 ¢ limits, shown by the green shaded band. Even at the 2 ¢ level, the ILC
could provide important information. In more quantitative terms the constraints on the
neutralino relic density from the ILC measurements are

0.105 < Qh% < 0.178.  (20) (4.3)

,31,



As can be seen from figure f], the computed dark matter density is strongly correlated with
the lightest neutralino mass. Therefore a precise measurement of mgo is essential for the
accurate prediction of Qcpym. As shown in the previous section, for the sample scenario A
the neutralino mass can be constrained best from chargino observables, in particular using
a chargino threshold scan.

Once the neutralino mass from the ILC and their relic abundance from astrophysical
measurements are known with the precision indicated by figure f, we can even extract
information on the neutralino mixing matrix. This is possible because the relic density
of neutralinos depends only on the neutralino mass and the Zx{x! coupling, given by
eq. (B.14). Constant contours of (|N14|> —|Ni3/?) in figure § indicate the precision at
which this coupling can be extracted from the combination of collider and astrophysical
data in the ILC era. While in principle it is possible to determine the neutralino mixing
matrix completely from ILC data alone by reconstructing the neutralino mass matrix, the
combination of collider and astrophysical data allows to extract information about the
mixings without having to assume the particle content of the nMSSM/NMSSM. This can
provide an interesting cross-check about the structure of the underlying model.

The accuracy in the interplay of the collider and astrophysical measurements can
be considered spectacular. If a consistency of the measurements as shown in figure §
(right) were demonstrated it would be an impressive test of this model. On the other
hand, it is worth noting that an inconsistency of the ILC and astrophysical data would
pose an interesting, and potentially fruitful, situation. A collider indication of higher
than WMAP or PLANCK allowed dark matter density, for example, may signal non-
standard cosmology. Such an inconsistency could be the first sign that the temperature
of the radiation dominated epoch before Big-Bang nucleosynthesis is not high enough for
neutralinos to reach kinetic and chemical equilibrium. Alternatively, the entropy of matter
and radiation may not be conserved or late production of entropy tips its balance. If instead
the relic density implied by collider data were too small then this could be interpreted as a
hint of additional dark matter constituents besides the neutralino. In either case, the ILC

has a potential to uncover far reaching cosmic connections.

4.2 Dark matter direct detection

Another important requirement is the consistency of collider and dark matter direct de-
tection data. Direct detection experiments search for weakly interacting massive particles
via their elastic scattering off nuclei by measuring the nuclear recoil. There are numerous
existing and future experiments engaged in this search [6f]. These experiments uniformly
express their observations in terms of the neutralino-proton scattering cross section. Most
of the current direct detection experiments are primarily sensitive to scalar interactions of
neutralinos with nuclei, and typically the most stringent limits are the spin independent
ones. This is because for heavy nuclei the spin independent cross section, being propor-
tional to the squared mass of the target nucleus, is highly enhanced compared to the spin
dependent one.

While both spin dependent and independent scattering rates receive contributions
from s-channel squark exchanges, the dominant processes are t-channel Z boson and Higgs
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Figure 9: Left frame: Spin independent neutralino-proton elastic scattering cross sections as a
function of the (lightest) neutralino mass. Blue and gray dots show the results of the LHC scan
projected to this plane. Red dots correspond to the ILC scan. The regions above the various curves
are excluded by the indicated experiments. Right frame: Spin dependent neutralino-proton elastic
scattering cross section compared to various direct detection experiments, and to SuperK indirect
limits for neutrinos stemming from neutralino annihilation in the Sun. The red region indicates the
prediction from ILC measurements.

exchange for spin dependent and independent interactions, respectively. Due to close to
resonant Z-exchange the spin dependent scattering cross section is enhanced in the nMSSM.
However, as a result of the small Zx{x! coupling, the cross section will not be within reach
of the next generation of direct detection experiments.

Figure f} shows the neutralino-proton elastic scattering cross sections in the nMSSM as
the function of the (lightest) neutralino mass. The results of our LHC (blue and gray dots)
and ILC (red dots) scans are projected to this plane, and the regions above the various
curves are excluded by each indicated experiment. Due to the large singlino component
in )2(1), the spin dependent neutralino-proton elastic scattering cross section is very small.
The spin independent cross section, on the other hand, is enhanced through the sizeable
scalar self-coupling A, which generates the dominant contribution for the coupling of ¥
to the CP-even Higgs bosons. As the left frame of figure 9 shows, the current and next
generation direct detection experiments can already test what role the nMSSM plays in
the explanation of dark matter, see also ref. [p7]. In particular, SuperCDMS and Xenon
should be able to discover or rule out benchmark point A in the near future.

The right frame of figure 9 shows the results of the scan for the spin dependent
neutralino-proton elastic scattering cross section ogp. The sensitivity of many spin de-
pendent direct detection experiments [6§], together with the SuperK limit is also shown.
Contrary to the spin independent case, the present and near future direct detection exper-
iments fall short of observing this scenario. The strongest limit on ogp presently comes
from the SuperK search for an excess of high energy muon neutrinos from WIMP annihi-
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lation in the Sun. Since, among other astrophysical quantities, this neutrino flux depends
on ogp, the SuperK measurement is able to constrain it from above [fg]. In the future,
the most stringent bounds on ogp may also come from indirect detection experiments.
Unfortunately, the sensitivity of the IceCUBE neutrino telescope has only sensitivity for
energies above the maximum energy of neutrinos expected from the nMSSM scenario, so
we do not expect a strong constraint from it.

One should keep in mind that in general the direct detection cross sections depend on
the CP-violating gaugino phase ¢y, but at present there are large theoretical uncertainties
associated with the determination of the value of ¢y preferred for baryogenesis. The choice
¢m = 0.14 in the benchmark scenario A serves as a guideline, but the correct value might
differ by a factor of two. When changing the phase to the rather extreme case ¢y =~ T,
the spin independent cross section increases moderately by roughly 50%. Thus our main
conclusions, that gy can be tested in the near future, while ogp is likely out of reach of
all planned experiments, remain the same irrespective of the value of ¢y.

The relatively small dependence of the direct detection cross section on the phase
oM of the gaugino mass parameters can be undertstood by observing that the lightest
neutralino is mainly singlino and has only a small gaugino component. As pointed out
in section R.4, however, a relevant phase can also appear in the singlet-Higgs sector, for
example in the parameter ay. Such a complex phase could have a much stronger impact on
the direct detection scattering cross sections, depending on the value of arg(ay). It would
be interesting to study this possibility and its interrelation with the generation of baryon
asymmetry. We reserve such a study for a future investigation.

4.3 Baryogenesis

As shown in the previous section, the measurements of the chargino and neutralino sector
at the LHC and the ILC provide a test of the presence of light charginos and neutralinos,
necessary to generate the dark matter relic density. In order to probe the mechanism of
electroweak baryogenesis with collider results, two conditions need to be tested: the type
of the electroweak phase transition must be strongly first order, and there must be CP
violating processes active during this phase transition.

In our benchmark scenario, CP violation is introduced in the baryon-number generating
processes through light chargino currents. For this mechanism, the charginos need to be
light enough so that they are not decoupled at the temperature of electroweak symmetry
breaking. Using the experimental results from LHC and ILC, see eqs. (B.19) and (B.33),
the existence of sufficiently light chargino can easily be tested. In addition, the presence
of a complex CP-violating parameter in the chargino sector is required for baryogenesis.
However, even with the high precision of ILC, only an upper bound on the phase ¢y of
the gaugino mass parameters can be obtained, see eq. (B.33).

To test the other condition, the strength of the first order phase transition, the Higgs
sector of the model needs to be analyzed. The strength of the phase transition can be
calculated from the effective Higgs potential, see e.g. [Ld]. It depends crucially on the
supersymmetry breaking term m2 and ay, which are not constrained by the analysis of
charginos and neutralinos. However, as we will show below, information about these pa-

,34,



rameters may be obtained by the precise determination of the CP-even Higgs boson masses,
which would be possible at the ILC.

From the condition of the strongly first order phase transition, one finds the following
conditions on the parameters of the Higgs potential [[Ld]:

mg = —a)\v1v2/vs — ts/vs — A2
€ {(50 GeV)?, (200 GeV)?} for perturbative A < 0.8, (4.4)
1
|D| = (Mts/ms — aysinBeos B ms)| = 1, (4.5)

m2+/A2/4 sin® 28 + 32 /8 cos? 23

where we have introduced the quantity D for abbreviation.

As stressed above, constraints on these parameters can be obtained from the Higgs
masses. To relate the masses to the underlying parameters, the Higgs mixing matrices
need to be reconstructed. Following the discussion in section P.3, we have assumed CP-
conservation in the Higgs sector, to that mixing occurs only between Higgs boson with
the same CP quantum numbers. The heavy Higgs states Sz, Py, HT with masses of the
order of My are not within reach of either the LHC or ILC (the most promising discovery
channels for heavy Higgs bosons at the LHC are suppressed due to the small value of tan 3
in our scenario). From the fact that the charged Higgs boson would not be observed at
the ILC with /s =1 TeV, one could derive the limit Ma > 500 GeV. Due this bound the
heavy CP-even Higgs boson is essentially decoupled, so that the lightest CP-even Higgs
has only sizeable mixing with the second-lightest CP-even Higgs. Both of these masses can

be measured at ILC. The mass matrix is

M2 - M2 cos? 283 + A2v? sin? 23 v(ay sin 283 + 222v;)
S1.2 v(ay sin 28 + 22\%vg) m2 + \20?

) +AMg, ,, (4.6)

where AM821 , Trepresents radiative corrections. The largest corrections stem from top-stop
loops, but they are relatively small except for the (1,1)-entry,

A 2
ﬁ ,7‘[21’2 < S11 512> ~ ( S11 ) , ith 3511 ~ myg lzg

1 t2
. 4.7
Ago1 Agoo 0 O 872 2 mi (4.7)

SN

A rough constraint on mg can be obtained by considering that one of the two eigenvalues
of the mass matrix is always larger than the diagonal entries of the matrix, while the other
eigenvalue is smaller than the diagonal entries. Ergo:

M2, < m? 4+ 2\? < M2, (4.8)

Using the uncertainties for A from the fit to the ILC measurements in the neutralino sector,
one gets
(41+3)% GeV2 S m?2 < (114 +1)% GeV?, (4.9)

compared to the input value of mg = 106.5 GeV. Thus this very crude estimate is already
sufficient to establish myg in the required range.
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A more detailed determination would be possible by looking at the whole matrix
eq. (f.9), including full one-loop corrections [[LJ], not only the leading term in eq. (7).
The radiative corrections add an additional uncertainty due to the parametric dependence
on the stop masses mg Ay and May.

These parameters would need to be constrained from experiment. While in our scenario
the stops are too heavy to be produced at a 1 TeV linear collider, one can try to search for
them at the LHC. The study of ref. [[(] finds that a signal from decays of gluinos into stops
can be identified with a dedicated analysis. Ref. [@] also proposes a strategy to measure
the stop mass, although a translation to our scenario is not straightforward. Nevertheless,
to exemplify the improvement that such a stop analysis could bring for the understanding
of the Higgs sector, we here simply assume that the stop masses can be measured with
an error of dm; = 50 GeV. For the parameter A; the situation is more difficult, since it
cannot be measured directly. However, given that in our scenario there is only a relatively
small difference between the two stop masses, which we assume can be measured, one can
infer that Ay < 500 GeV. As far as My is concerned, only a lower limit of 500 GeV could
be obtained in our scenario, as pointed out above. With these constraints, and taking
into account the expected errors for all relevant masses and parameters, the full one-loop
analysis yields

ay = (373727 GeV, ms = (106 & 18) GeV,
t1/3 = (156725 GeV, |D| ~ 1.0 £ 0.65. (4.10)

Note that the parameters a) and mg can be constrained very precisely from the measure-
ment of Higgs masses at the ILC. On the other hand, the necessary condition |D| > 1
cannot be proven with sufficient precision, although the result in eq. is consistent with
this condition.

In summary, measurements at future colliders can allow us to establish the chargino
and Higgs mass parameters to be in the range required for electroweak baryogenesis in the
nMSSM, but they do not seem sensitive enough to yield definitive answers to the questions

of the first order phase transition and of the presence of additional CP violation.

4.3.1 Electron electric dipole moment

A necessary requirement of the electroweak baryogenesis scenario is the presence of non-
vanishing CP-violating phases in the chargino-neutralino sector. In this work, we have
assumed that these phases are associated with the gaugino sector of the theory. However,
the collider, or the dark matter constraints described in the previous sections are not suffi-
cient to determine the exact value of the CP-violating phases necessary for the generation
of the baryon-antibaryon asymmetry. An important question is if one could obtain in-
formation about these phases from the measurement of, for instance, the electron electric
dipole moment. It is advantageous to use the electron EDM since it is precisely measured,
has relatively low theoretical uncertainties, and for the phases relevant to the model under
study gives the strongest constraint. Since both the baryon asymmetry and the electron
EDM increase with sin(¢yy), the electron electric dipole moment d, provides an important
constraint on the realization of this electroweak baryogenesis scenario.
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Figure 10: Comparison of the current bound on the electron electric dipole moment with parameter
regions allowed by expected LHC and ILC measurements for the scenario A. The results are given
as a function of the complex phase ¢.

For non-vanishing phases in the gaugino sector, the supersymmetric contribution to
d. may become large and severe limits on the nMSSM parameter space can be obtained.
Figure [I(J demonstrates that most of the LHC scan, for which ¢y deviates substantially
from zero or 7, is excluded by the present 2 sigma upper limit |d.| < 1.9 x 10727 ecm.
Since neither the LHC nor the ILC will detect the first generation sleptons if their masses
are large, we allowed these masses to vary in the scans in a wide range: 1 < M., <
10 TeV, 2.5 < My, < 10 TeV.5 For the LHC only those models survive the |d.| limit
which either have small values of ¢y, very large values of the slepton masses, or where
the one and two loop contributions to d. accidentally cancel. Unfortunately, since this
cancellation can happen at any value of ¢y, the EDM limit combined with the LHC data
cannot shed light on the actual value of the phase ¢y.

New experiments have been proposed which are expected to improve the electron EDM
limits by orders of magnitude in the next few years [[71], 7J]. If baryogenesis is driven by a
single gaugino phase of the nMSSM such as studied in this work, then a non-vanishing value
of d. will probably be measured by the time of the ILC operation as scenario A suggests.

5Barring accidental cancellations between different contributions, smaller values are only allowed by the
present EDM limits if the phase ¢ is very small. In principle this case could not be excluded by LHC data
alone, since neither the slepton masses nor the CP-violating phase can be well constrained. However, as can
be seen in figure E7 even after imposing these ad-hoc bounds on the slepton masses, the LHC data would
allow nMSSM scenarios for which the value of the electron EDM varies over several orders of magnitude.
Therefore the parameter space scan presented here should give a representative picture of the information
that may be obtained after running the LHC.
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This can even happen if the first generation sleptons are very heavy, as shown by the case
of the input model A, where the first generation sleptons are fixed at O(107eV). If an
electron EDM is measured, the indirect ILC determination of d. will also be an essential
cross check confirming the nMSSM. According to figure [L(, the ILC data alone will be able
to constrain |¢y| below about 0.3 and |d.| below about 5 x 10728 ecm. The correlation
between |d.| and |¢py| is strong in the relevant ¢y ~ 0.1 region. Utilizing this, even a 50%
measurement of |d| combined with the ILC data will be able to constrain ¢y in a £0.15
window.

4.3.2 Comment about parameter space for CP violation

In the previous sections we have made the simplifying assumption that the only CP-
violating parameter beyond the CKM matrix is a common phase of the gaugino mass
parameters ¢y = oM, = M, = ¢Ms- However, as pointed out in section P, the general
nMSSM with minimal flavor violation can have 13 complex CP-violating parameters in
total, four of which can be relevant for electroweak baryogenesis. These four independent
parameters can be chosen to be My, M, a) and A;. For illustration, here we list the
different scenarios that are possible if these phases are allowed to be non-zero. A more
detailed investigation of these scenarios would be beyond the scope of this paper and has
to be performed elsewhere.

Gaugino phases without gaugino unification: In this case, the baryogenesis could be
driven by bino currents, which are sensitive to the phase of M7, while the phase of M5 could
be zero. While, depending on the mass pattern, this still could allow the generation of a
sufficiently large baryon asymmetry [B6], it would reduce the contribution to the EDMs.
As a result, lower values of the slepton masses of the order of a few TeV would be allowed.
The collider sensitivity to ¢y, would be similarly weak as for the common gaugino phase
¢nm discussed above, since one would rely on the same observables in the neutralino sector.
Contrary to the MSSM, a phase in M; will have no sizeable effect on the dark matter
annihilation, since in the nMSSM the LSP is expected to be mainly singlino.

Only CP-violating phase in ay: As shown in ref. [P7], a sizeable phase in the Higgs
sector could succesfully explain electroweak baryogenesis. With the freedom of R- and
PQ-transformations, this phase could be attributed alternatively to ay, ts or mio, without
changing the physics. In this situation, the EDM constraints from one-loop diagrams will
be much weaker than for a gaugino phase, since one-loop diagrams with a Higgs boson
are suppressed by an additional small Yukawa coupling. As a result, in this scenario, light
slepton masses of a few hundred GeV would be allowed, which could be in reach of the
LHC or ILC. This feature could be used to experimentally discriminate this scenario from
a scenario with non-zero gaugino phases. For instance, if the LHC or ILC would discover
selectrons, the present electron EDM limit would rule out phases in the gaugino sector
that are large enough to explain electroweak baryogenesis (except for the possiblity of
large cancellations between two contributions to the EDM). A CP-violating phase in the
Higgs sector could lead to observable effects in Higgs production processes and decays. For
example, mixing between CP-even and CP-odd Higgs states would enable the possibility to
produce a third light Higgs boson ¢; in the process et e™ — ¢;Z. A more conclusive answer
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to this question would require further study. As pointed out in section .3, a complex phase
of a) can also strongly affect the dark matter scattering cross sections and thus could relax
the constraints coming from dark matter direct detection experiments.

Only CP-violating phase in Ay: If the only non-zero phase (in addition to the CKM
matrix) was in the parameter Ay, it is unlikely that a sufficiently large baryon asymmetry
could be generated, as experience from the MSSM shows [B4-B7]. It is however possible
that a non-zero phase of A; can exist in conjunction with other complex nMSSM parame-
ters.

CP-violating phases in several parameters: When considering to most general scenario
with CP-violating phases in multiple parameters, the interpretation of the EDM limits
becomes more involved. From our analysis, the prospects for disentangling the complex
parameters through collider data do not seem promising.

5. Conclusions

In this article, we have presented the phenomenological properties of the nMSSM, assuming
the parameters to be close to the ones that lead to a solution of the dark matter and
baryogenesis problems. A light neutralino and chargino spectrum appears under these
conditions, that can be probed at the LHC and the ILC. At the LHC, however the detection
of these weakly interacting particles becomes difficult, unless they are produced from the
cascade decay of strongly interacting particles. In order to study the LHC phenomenology
we have therefore assumed that the gluino is within the reach of the LHC, as suggested
by gaugino mass unification, and that the third generation squarks are light, which is
helpful in avoiding the suppression of the chiral charges necessary for baryogenesis. We
have shown that, under these conditions a relatively good determination of the LSP and
other neutralino masses may be obtained. However, the accuracy of these measurements is
not sufficient to allow the computation of the neutralino relic density with any meaningful
precision. A definitive probe of this model can only be done at the ILC. At the ILC, for
a representative point, we have shown that both chargino and four of the five neutralino
masses may be determined. The sparticle mass pattern leads to a good discrimination of
this model from the MSSM, and even a distinction between the nMSSM and the NMSSM,
which has a different singlet sector, is possible. Moreover, the mass measurements, together
with the production cross section information, lead to a good discrimination of this model
from the MSSM, and allow to compute reliably the annihilation cross section of the LSP,
and thus to check the agreement needed for a successful explanation of the dark matter
relic density.

The requirement of a sufficiently strong first order electroweak phase transition also
translates in this model into the presence of a light singlet scalar, which mixes after elec-
troweak symmetry breaking with the MSSM Higgs doublets. Consequently, two light CP-
even Higgs scalars appear in the spectrum which couple with reduced couplings to the
weak gauge bosons, and which decay predominantly into the LSP. These CP-even Higgs
bosons may be searched for at the LHC and the ILC in the invisible decay channel. At
the LHC, however, it will be difficult to discern between one or more invisibly decaying
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Higgs bosons. A definitive scrutiny of this question may only be performed at the ILC, at
which a good determination of the Higgs boson masses may be established. A light CP-
odd Higgs boson also appears in the spectrum, of difficult detectability due to its strongly
reduced couplings to the SM fermions. Nevertheless, the pattern of the two CP-even Higgs
boson masses allows to distinguish the nMSSM Higgs sector from the MSSM. In addition,
the mass measurements provide information about the parameters of the model relevant
for a strong first order electroweak phase transition. Note that for this kind of analysis,
we have shown that the large radiative corrections in the Higgs sector need to be under
control, requiring some information about the superpartners of the top quark needs from
measurements at LHC or ILC.

Finally, we have also investigated the constraints coming from the current direct de-
tection searches for dark matter, as well as the prospects of a successful observation of
the dark matter candidate of this model at future experiments. We have shown that the
predominantly singlet component of the LSP makes its direct detection easier than in the
MSSM for the spin independent channel, but more difficult for the spin depedent channel.
For the spin independent case, the current and next generation experiments should be able
to definitely probe this scenario. Similarly, assuming that the dominant phases are in the
chargino sector, we have also investigated the bounds coming from the electron electric
dipole moment. We have shown that, due to the small values of tan 3 necessary to realize
this model, the EDM constraints become weaker than in the MSSM, and, again, this model
may only be probed by next generation experiments. If the dominant phases are in the
Higgs sector instead, the EDM bounds are even weaker. Such complex phases may also
affect the predicted dark matter direct detection cross sections significantly. In this case
additional information about CP-violation might be obtainable from collider data in the
Higgs sector.

In summary, the nMSSM provides an exciting framework for addressing the problems
of baryogenesis and dark matter. The properties of this model and role it plays in solving
these problems could be probed with high precision at the next generation of laboratory
experiments, and would allow us to make connections between laboratory and astrophysical
observations at a new level of insight.
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