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0 10 20 30 40 50 60 70 80 90 100 110 120
MH

0

50

100

150

200

250

300

350

400

σ
(e

+ e-  ->
 Z

H
) (

fb
)

H1
H2
Standard Model
MSSM NLO (tanβ=5)
MSSM NLO (tanβ=10)
MSSM NLO (tanβ=20)

LEP2 (209 GeV) Higgsstrahlung Cross Section

0 25 50 75 100 125 150
MA (GeV)

1e-06

0.001

1

1000

σ
(e

+ e-  ->
 H

 A
) (

fb
)

H1 A1
H1 A2
H2 A1
MSSM NLO (tanβ=5)

LEP2 H A Cross Section

FIG. 1: Cross sections at LEP2 (a) for ZHi production and (b) for AiHj production versus the
relevant Higgs boson mass. In (a), the solid curve is the SM production, and the dashed, dotted and

dash-dotted are for the MSSM with tanβ = 5, 10, 20, respectively. In (b), the curves is with tan β = 5.

114.1 GeV, which leads to a cross section of 184 fb as an upper bound at
√

s = 209 GeV. We

then require that the cross section in this model be less than that value. Since the cross section

increases as the Higgs mass is decreased, this gives a conservative estimate of when a model is

inconsistent with the LEP2 bound and is thus ruled out in terms of the Higgs mass and other

coupling parameters. For HA channels, using the LEP2 MSSM mass limits Mh ≤ 91.0 GeV

and MA ≤ 91.9 GeV, we compute the hA cross section to be 48.3 fb at
√

s = 209 GeV. This

is the value one obtains omitting factors of cos/sin α and β. It is exactly correct when either

sin(β − α) = 1 or cos(β − α) = 1 for one of the CP-even Higgs states.

We also require that the light Higgs bosons do not increase the Z width beyond experimen-

tally measured bounds. The decays Z → Hie+e− and Z → HiAj are each required to have a

partial width less than 2.3 MeV.

We have not attempted to include acceptance effects, such as may be associated with the

nonstandard decay modes for the H i and Aj. These effects would tend to weaken the con-

straints.

We show the production cross sections at LEP2 versus the relevant Higgs boson mass pa-

rameter in Fig. 1 for (a) the ZHi channels and (b) AiHj channels. Each symbol point indicates

a solution satisfying all the constraints listed in this section. For comparison, the SM produc-

tion rate is plotted by the solid curve in (a), and the dashed, dotted, and dash-dotted, are for

the MSSM with tan β = 5, 10, 20, respectively. In (b), the curve is with tan β = 5. MSSM

curves are at NLO using the software HPROD [28]. It is interesting that there are solutions

that have a CP-even Higgs as light as MH1
≈ 8 GeV, and a CP-odd state MA1

≈ 6 GeV, that

satisfy the LEP2 bounds. After removing the solutions incompatible with the ZH bound from

12

• Motivations

• A (string-motivated) model

• Non-standard Higgs sector

• Nonstandard neutralino sector:
CDM, gµ − 2

• Nonstandard Higgs potential and CP
breaking: Electroweak baryogenesis
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Beyond the MSSM

Even if supersymmetry holds, MSSM may not be the full story

Most of the problems of standard model remain (hierarchy of
electroweak and Planck scales is stabilized but not explained)

µ problem introduced

Could be that all new physics is at GUT/Planck scale, but there
could be remnants surviving to TeV scale

Specific string constructions often have extended gauge groups,
exotics

Important to explore alternatives/extensions to MSSM
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Motivations for a Z′

• Strings, GUTs, DSB, little Higgs, LED often involve extra Z′

(GUTs require extra fine tuning for MZ′ � MGUT)

• String models

– Extra U(1)′ and SM singlets extremely common

– Radiative breaking of electroweak (SUGRA or gauge mediated)
often yield EW/TeV scale Z′ (unless breaking along flat direction →
intermediate scale)

– Breaking due to negative mass2 for scalar S (driven by large
Yukawa) or by A term
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• Solution to µ problem (string-motivated extension of NMSSM)

W ∼ hSHuHd,

– U(1)′ may forbid elementary µ or term in Kähler

– S = standard model singlet, charged under U(1)′

– 〈S〉 breaks U(1)′, µeff = h〈S〉
– Like NMSSM, but no domain walls (Alternative: nMSSM)

– Singlets don’t have W ∼ κS3 (cf. NMSSM) in constructions
studied

– SM-singlets usually have U(1)′ charges in constructions studied
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Experiment

• Typically MZ′ > 500 − 800
GeV (Tevatron, LEP 2,
WNC), |θZ−Z′| < few × 10−3

(Z-pole)

• Discovery to MZ′ ∼ 5−8 TeV
at LHC, LC

• Diagnostics to 1-2 TeV
(asymmetries, y distributions,
associated production, rare
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Models

• SUSY-breaking scale models (Demir et al)

– MZ′ ∼ MZ, leptophobic

– MZ′ >∼ 10MZ by modest tuning

• Secluded sector models (Erler, PL, Li)

– Approximately flat direction, broken by small (∼ 0.05) Yukawa

– Z′ breaking decoupled from effective µ term

– Four SM singlets: S, S1,2,3, doublets H1,2

– Off-diagonal Yukawas (string-motivated)

– Can be consistent with minimal gauge unification
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Superpotential : W = hSH1H2 + λS1S2S3

Potential : V = VF + VD + Vsoft

VF = h2 (|H1|2|H2|2 + |S|2|H1|2 + |S|2|H2|2
)

+ λ2 (|S1|2|S2|2 + |S2|2|S3|2 + |S3|2|S1|2
)

VD =
G2

8

(
|H2|2 − |H1|2

)2
+

1

2
g2

Z′

(
QS|S|2 + QH1|H1|2 + QH2|H2|2 +

3∑
i=1

QSi
|Si|2

)2

where G2 = g2
1 + g2

2,
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Vsoft = m2
H1

|H1|2 + m2
H2

|H2|2 + m2
S|S|2 +

3∑
i=1

m2
Si

|Si|2

− (AhhSH1H2 + AλλS1S2S3 + H.C.)

+ (m2
SS1

SS1 + m2
SS2

SS2 + m2
S1S2

S†
1S2 + H.C.)

– 〈Si〉 ∼ mSi
/λ large for small λ

– Breaking along D(U(1)′) ∼ 0
– Smaller 〈S〉, 〈Hi〉, dominated by hAh: tan β ∼ 1, 〈S〉 ∼ 〈Hi〉
– Large doublet-singlet mixing

– Two sectors nearly decoupled

– Mixed soft terms break two global symmetries

– Tree-level CP breaking in S, Si sector in general (Important for

baryogenesis; little effect on EDMs)
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Nonstandard Higgs

(T. Han, PL, B. McElrath)

• Complex Higgs, neutralino spectrum and decays, very different
from MSSM and NMSSM because of small tan β, mixing, and D
terms
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• 6 neutral scalars and 4 pseudoscalars

– Can have tree level CP breaking ⇒ mixing

– May separate into two sectors, one weakly coupled

– Often light scalars with significant doublet admixture, but
reduced coupling due to singlet admixture; often light
pseudoscalar

– Can have lightest Higgs up to ∼ 168 GeV with all couplings
perturbative to MP because of D terms

M2
h ≤ h2v2 + (M2

Z − h2v2) cos2 2β

+ 2g2
Z′v

2(QH2 cos2 β + QH1 sin2 β)2

+
3

4

m4
t

v2π2
log

mt̃1
mt̃2

m2
t

.

– Typically, tan β ∼ 1 − 3
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FIG. 4: ZZH coupling of the CP-even Higgs, relative to the Standard Model ZZH coupling.

under consideration, tanβ ≈ 1 is favored (because Ah must be large enough to ensure SU(2)

breaking). We show the value of tan β versus the allowed ranges of masses of Hi and Ai in

Fig. 5. Though the model naturally favors tanβ ≈ 1, there are solutions deviating from this

relation. The actual range reflects our parameter scanning methodology shown in Table I,

which results in 1/e < tanβ < e.

V. HIGGS BOSON DECAY AND PRODUCTION IN e+e− COLLISIONS

Due to the rather distinctive features of the Higgs sector different from the SM and MSSM,

it is important to study how the lightest Higgs bosons decay in order to explore their possible

observation at future collider experiments. The lightest Higgs bosons can decay to quite non-

standard channels, leading to distinctive, yet sometimes difficult experimental signatures. For

the Higgs boson production and signal observation, we concentrate on an e+e− linear collider.

It is known that a linear collider can provide a clean experimental environment to sensitively

search for and accurately study new physics signatures. If the Higgs bosons are discovered at

the LHC, a linear collider would be needed to disentangle the complicated signals in this class

of models. If, on the other hand, a Higgs boson is not observed at the LHC due to the decay

modes difficult to observe at the hadron collider environment, a linear collider will serve as a

discovery machine.

A. Lightest CP-Even State H1

The main decay modes and corresponding branching fractions for the lightest CP-even Higgs

H1 are presented in Fig. 6. For lightest Higgs masses below approximately 100 GeV, the LEP2
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FIG. 1: Cross sections at LEP2 (a) for ZHi production and (b) for AiHj production versus the
relevant Higgs boson mass. In (a), the solid curve is the SM production, and the dashed, dotted and

dash-dotted are for the MSSM with tanβ = 5, 10, 20, respectively. In (b), the curves is with tan β = 5.

114.1 GeV, which leads to a cross section of 184 fb as an upper bound at
√

s = 209 GeV. We

then require that the cross section in this model be less than that value. Since the cross section

increases as the Higgs mass is decreased, this gives a conservative estimate of when a model is

inconsistent with the LEP2 bound and is thus ruled out in terms of the Higgs mass and other

coupling parameters. For HA channels, using the LEP2 MSSM mass limits Mh ≤ 91.0 GeV

and MA ≤ 91.9 GeV, we compute the hA cross section to be 48.3 fb at
√

s = 209 GeV. This

is the value one obtains omitting factors of cos/sin α and β. It is exactly correct when either

sin(β − α) = 1 or cos(β − α) = 1 for one of the CP-even Higgs states.

We also require that the light Higgs bosons do not increase the Z width beyond experimen-

tally measured bounds. The decays Z → Hie+e− and Z → HiAj are each required to have a

partial width less than 2.3 MeV.

We have not attempted to include acceptance effects, such as may be associated with the

nonstandard decay modes for the H i and Aj. These effects would tend to weaken the con-

straints.

We show the production cross sections at LEP2 versus the relevant Higgs boson mass pa-

rameter in Fig. 1 for (a) the ZHi channels and (b) AiHj channels. Each symbol point indicates

a solution satisfying all the constraints listed in this section. For comparison, the SM produc-

tion rate is plotted by the solid curve in (a), and the dashed, dotted, and dash-dotted, are for

the MSSM with tan β = 5, 10, 20, respectively. In (b), the curve is with tan β = 5. MSSM

curves are at NLO using the software HPROD [28]. It is interesting that there are solutions

that have a CP-even Higgs as light as MH1
≈ 8 GeV, and a CP-odd state MA1

≈ 6 GeV, that

satisfy the LEP2 bounds. After removing the solutions incompatible with the ZH bound from
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FIG. 1: Cross sections at LEP2 (a) for ZHi production and (b) for AiHj production versus the
relevant Higgs boson mass. In (a), the solid curve is the SM production, and the dashed, dotted and

dash-dotted are for the MSSM with tanβ = 5, 10, 20, respectively. In (b), the curves is with tan β = 5.

114.1 GeV, which leads to a cross section of 184 fb as an upper bound at
√

s = 209 GeV. We

then require that the cross section in this model be less than that value. Since the cross section

increases as the Higgs mass is decreased, this gives a conservative estimate of when a model is

inconsistent with the LEP2 bound and is thus ruled out in terms of the Higgs mass and other

coupling parameters. For HA channels, using the LEP2 MSSM mass limits Mh ≤ 91.0 GeV

and MA ≤ 91.9 GeV, we compute the hA cross section to be 48.3 fb at
√

s = 209 GeV. This

is the value one obtains omitting factors of cos/sin α and β. It is exactly correct when either

sin(β − α) = 1 or cos(β − α) = 1 for one of the CP-even Higgs states.

We also require that the light Higgs bosons do not increase the Z width beyond experimen-

tally measured bounds. The decays Z → Hie+e− and Z → HiAj are each required to have a

partial width less than 2.3 MeV.

We have not attempted to include acceptance effects, such as may be associated with the

nonstandard decay modes for the H i and Aj. These effects would tend to weaken the con-

straints.

We show the production cross sections at LEP2 versus the relevant Higgs boson mass pa-

rameter in Fig. 1 for (a) the ZHi channels and (b) AiHj channels. Each symbol point indicates

a solution satisfying all the constraints listed in this section. For comparison, the SM produc-

tion rate is plotted by the solid curve in (a), and the dashed, dotted, and dash-dotted, are for

the MSSM with tan β = 5, 10, 20, respectively. In (b), the curve is with tan β = 5. MSSM

curves are at NLO using the software HPROD [30]. It is interesting that there are solutions

that have a CP-even Higgs as light as MH1
≈ 8 GeV, and a CP-odd state MA1

≈ 6 GeV, that

satisfy the LEP2 bounds. After removing the solutions incompatible with the ZH bound from
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FIG. 5: Range of tan β versus (a) the CP-even, and (b) CP-odd masses.

constraint is very tight, and the lightest Higgs must be mostly singlet. Thus, the decay modes

to A1A1 and χ0
1χ

0
1 are dominant when they are kinematically allowed, due to the presence of

the extra U(1)′ gauge coupling and trilinear superpotential terms proportional to h and λ.

When those modes are not kinematically accessible, the decays are very similar to the MSSM

modulo an eigenvector factor that is essentially how much of H2 and H1 are in the lightest

state. Therefore bb̄, cc̄ and τ+τ− decays dominate, with cc̄ and τ+τ− approximately an order of

magnitude smaller than bb̄, due to the difference in their Yukawa couplings. Examples of this

kind can be seen in Appendices (A-3, A-5). Since tan β ≈ 1, the cc̄ mode can be competitive

with both τ+τ− and bb̄ since their masses are similar. In the MSSM the cc̄ mode is suppressed

because tanβ is expected to be larger.

When the lightest Higgs is heavier than the LEP2 bound, it does not need to be mostly

singlet, and there can be a continuum of branching ratios to A1A1, χ0
1χ

0
1 or SM particles,

depending on how much singlet is in the lightest state. This is indeed seen in Fig. 7 for a

heavier H1 where the modes H1 → W+W−, ZZ become substantial.

A striking feature of this graph is that the usual “discovery” modes for MH1
< 140, H1 →

bb̄, τ+τ− are often strongly suppressed by decays to A1 and χ0
1. Only H1 → W+W−, ZZ

decays are able to compete with the new A1 and χ0
1 decays, which are all of gauge strength. A

striking example of this is Appendix (A-6) and (A-7). One can see that the traditional shape

of the W+W− and ZZ threshold is obscured by the presence of χ0
1 and A decays, depending

on what is kinematically accessible. For a H1 heavy enough for these decay modes to be open,

however, the coupling h is typically greater than 0.8, large enough that it will become non-

perturbative before the Planck scale unless new thresholds enter at a lower scale to modify its

running. Such examples can be seen in Appendices (A-2, A-7, A-8).
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versus the corresponding Higgs boson mass. In (a), the solid curve is the SM production, and the

dashed and dot-dashed for MSSM h and H production with tan β = 5.

removed, unlike the HZ cross sections. The HA cross section is normally much smaller than

the HZ cross section unless the center of mass energy is above and close to MH + MA. As can

be seen in Fig. 9(b), the cross section is largest in this channel when MA ! MH ! √
s/2, and

they have large ξMSSM. This is confirmed by seeing the MSSM curves as shown in Fig. 9(b).

At 500 GeV the weak boson fusion production modes e+e− → νν̄H, e+e−H as shown in

Fig. 10 are comparable in size to the Higgsstrahlung mode. At higher energies, the weak

boson fusion becomes larger than Higgsstrahlung and is the most important production mode.

These curves are similar to Fig. 9(a), reflecting that all of these single Higgs production modes

are simply a mixing factor times the Standard Model curve. It is particularly interesting to

note that the ZZ fusion channel e+e− → e+e−H can serve as a model-independent process to

measure the ZZH coupling regardless the decay of H , even if H is invisible [32].

As anticipated for the next generation linear collider with
√

s = 500 GeV and an integrated

luminosity of the order of 500 − 1000 fb−1, one should be able to cover a substantial region of

the parameter space. For instance, with a cross section of the order of 0.1 fb, this may lead

to about 50−100 events. As for further exploration of signal searches, it depends on specific

model parameters. While we have provided a comprehensive list of representative models in

the Appendices, we discuss a few of them for the purpose of illustration.

• MSSM-like: Examples of this type are presented in Appendices (A-9, A-3, A-10, A-

5, A-11). When the MSSM fractions are close to one, the model is MSSM-like and their

mass relations approximately hold. The standard MSSM or SM discovery modes are

present for the lightest CP-even state, even if with reduced rates. As long as the Higgs

20
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• Wide range of spectra, including light or heavy H1, A1; usually
light χ0

1

• Complex neutralino spectrum (9 in model) (Implications for CDM,

gµ − 2)
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) are plotted.

(b) MH+ − MA mass plane with the MSSM AMSSM mass MMSSM
A = 2Ahhvs/ sin 2β included for

comparison.

LEP2, there are essentially no solutions that lead to sizable cross sections in the AH channel,

as seen in Fig. 1(b). The size of these masses reflects only the range of parameters we chose for

scanning. As long as the light states are mostly singlet in composition, they can be arbitrarily

light. As shown in Eq. (11) and Eq. (12), the A1 can be tuned to be very light.

IV. MASS SPECTRUM AND COUPLINGS FOR HIGGS BOSONS

We first point out the relaxed upper bound on the mass of the lightest CP-even Higgs boson.

As given in Eq. (10), the lightest CP-even Higgs boson mass at tree level would vanish in the

limit h → 0, gZ′ → 0 and tanβ → 1. Using the parameters discussed in IIIA, the upper limit

on the lightest Higgs boson mass at tree level as given by the first two terms in Eq. (10) is

142 GeV. Including the effects of Higgs mixing and the one-loop top correction, we find masses

up to ∼ 168 GeV. The mass could be made even larger if we allowed h > 1, although the

perturbativity requirement up to the GUT scale at 1-loop level would imply that h ≤ 0.8. We

know that new heavy exotic matter must enter this model to cancel anomalies, so it is not

necessarily justified to require h to be perturbative to the Planck scale by calculating its 1-loop

running using only low energy fields.

The masses of the various Higgs particles are a function of the mixing parameters, and most

of the simple MSSM relations among masses are broken. It is quite common to have a light

singlet with sizable MSSM fraction that can still evade the LEP2 bounds. Typical allowed light

CP-even and odd masses are shown in Fig. 2(a) for various ranges of MSSM fractions. We see
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LEP2, there are essentially no solutions that lead to sizable cross sections in the AH channel,

as seen in Fig. 1(b). The size of these masses reflects only the range of parameters we chose for

scanning. As long as the light states are mostly singlet in composition, they can be arbitrarily

light. As shown in Eq. (11) and Eq. (12), the A1 can be tuned to be very light.

IV. MASS SPECTRUM AND COUPLINGS FOR HIGGS BOSONS

We first point out the relaxed upper bound on the mass of the lightest CP-even Higgs boson.

As given in Eq. (10), the lightest CP-even Higgs boson mass at tree level would vanish in the

limit h → 0, gZ′ → 0 and tanβ → 1. Using the parameters discussed in IIIA, the upper limit

on the lightest Higgs boson mass at tree level as given by the first two terms in Eq. (10) is

142 GeV. Including the effects of Higgs mixing and the one-loop top correction, we find masses

up to ∼ 168 GeV. The mass could be made even larger if we allowed h > 1, although the

perturbativity requirement up to the GUT scale at 1-loop level would imply that h ≤ 0.8. We

know that new heavy exotic matter must enter this model to cancel anomalies, so it is not

necessarily justified to require h to be perturbative to the Planck scale by calculating its 1-loop

running using only low energy fields.

The masses of the various Higgs particles are a function of the mixing parameters, and most

of the simple MSSM relations among masses are broken. It is quite common to have a light

singlet with sizable MSSM fraction that can still evade the LEP2 bounds. Typical allowed light

CP-even and odd masses are shown in Fig. 2(a) for various ranges of MSSM fractions. We see

13

CERN (3 December, 2004) Paul Langacker (Penn)



A-8. TYPICAL LIGHT A1 → INVISIBLE DOMINANT

tanβ = 1.08 MZ′ = 2831 GeV MH+ = 622 GeV αZZ′ =2.7·10−5

MH 116 564 629 2739 3077 8917
ξMSSM 1 1.9·10−4 1 4.3·10−5 1.3·10−4 0
σ(HiZ) 58
σ(Hiνν) 88
σ(Hie+e−) 8.5

MA 78 621 3045 8916 0 0
ξMSSM 3.0·10−4 1 1.5·10−4 0 1 1.0·10−4

σ(H1A) 5.0·10−6

Mχ0 36 159 176 191 335 666 696 2236 3630
ξMSSM 0.17 1 0.83 1 1 0 0 5.2·10−5 4.1·10−5

ξs̃ 0.83 4.1·10−4 0.17 9.0·10−4 0 1 1 0.63 0.38
ξZ̃′ 0 0 0 0 0 4.9·10−3 3.0·10−3 0.37 0.62

Mχ+ 154 335

Cross sections quoted are in fb for a linear e+e− collider at center-of-mass energy 500 GeV.

v2 = 128 GeV v1 = 118 GeV vs = 308 GeV

vs1 = 118 GeV vs2 = 4171 GeV vs3 = 3800 GeV

m2
Hu

= (673 GeV)2 m2
Hd

= (702 GeV)2 m2
S = (2934 GeV)2

m2
S1

= (8914 GeV)2 m2
S2

= (699 GeV)2 m2
S3

= −(1201 GeV)2

h = 0.456 Ah = 1371 GeV µ = hvs = 140 GeV

λ = 0.128 Aλ = 4510 GeV

M1 = 185 GeV M ′
1 = −1425 GeV M2 = 321 GeV

m2
SS1

= −(770 GeV)2 m2
SS2

= −(814 GeV)2

Branching Ratios for dominant decay modes (greater than 1% excluding model-dependent

squark, slepton, Z ′ and exotic decays; χ0
i>1 are summed):

H1 χ0
1χ

0
1 97% bb̄ 3%

H2 H1H1 26% W+W− 21% χ+
1 χ−

1 15% χ0
i>1χ

0
i>1 12% ZZ 10% tt̄ 8%

H3 tt̄ 70% χ0
1χ

0
i>1 14% χ0

i>1χ
0
i>1 10% χ+

1 χ−
2 4% H1H1 1%

H4 A1A2 40% H3H3 19% χ+
1 χ−

1 13% χ0
i>1χ

0
i>1 13% H1H1 4% W+W− 4%

H5 χ+
1 χ−

1 37% χ0
i>1χ

0
i>1 33% χ0

1χ
0
i>1 7% A1A2 7% H1H1 4% W+W− 4%

H6 χ0
i>1χ

0
i>1 96% H2H4 2% H2H2 1%

A1 χ0
1χ

0
1 99% bb̄ 1%

A2 tt̄ 73% χ0
i>1χ

0
i>1 12% χ0

1, χ
0
i>1 7% χ0

1χ
0
1 5% χ+

1 χ−
1 2%

A3 H2Z 100%
A4 χ0

i>1χ
0
i>1 67% H5Z 27% A1H2 4% A2H5 1%
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• Many possible decay channels for light and heavy, including MSSM-
like, Higgs, neutralino (invisible), cascade

• Usually H1 → χ0
1χ

0
1 or A1A1 when kinematically possible

• Also, H→bb̄, τ+τ−, cc̄; Hi→HjHk, AjAk
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FIG. 6: Branching ratios of the lightest CP-even Higgs in the low mass region MH1
< 100 GeV

The A1 or H1 can be lighter than the χ0
1. However, we assume R-parity is conserved.

Therefore, decays of χ0
1 to A1 or H1 are not allowed and the lightest neutralino is assumed to

be the (stable) LSP. We do not analyze the sfermion sector, which can produce a sfermion LSP

in some regions of parameter space, but these scenarios are phenomenologically disfavored. We

therefore assume H and A decays to χ0
1 are invisible at a collider. We separate the heavier

neutralinos χ0
i>1 which may decay visibly [31].

B. CP-Odd

The decays of the CP-odd Higgs bosons are presented in Fig. 8. The light A1 will decay

dominantly to neutralinos when it is kinematically possible. When it is not, it decays domi-

nantly into the nearest mass SM fermion, which is usually b unless the A1 is lighter than the

bb̄ pair mass. Charm and tau decays can also be significant, depending on the value of tanβ.

17

CERN (3 December, 2004) Paul Langacker (Penn)



100 150
MH1

(GeV)
0.01

0.1

1
Br

an
ch

in
g 

Ra
tio

χ
0

1
χ
0

1

χ
0

1
χ

0
i>1

χ
0
i>1 χ

0
i>1

A A
W+W -

Z Z
b b
τ
+
τ
−

c c

Lightest Higgs Branching Ratios

FIG. 7: Branching ratios of the lightest CP-even Higgs in the high mass region MH1
> 100 GeV

The cc̄ decays are about 3 times more likely than the τ+τ− due to the color factor. However,

for larger tan β the τ+τ− dominates.

For heavy A1 >∼ 200 GeV, decays to neutralinos and charginos universally dominate due to

their gauge strength, suppressing the bb̄ mode below 10%.

The lightest A can decay only into light SM fermions, the photon, and neutralinos. Hadronic

bottom and charm decays are difficult to separate from background, and τ ’s are obscured by

missing energy and hadronic background.

C. The Higgs signatures at a linear collider

The production via radiation of a Higgs from a virtual Z boson is the dominant mechanism

for CP-even Higgs production at a linear collider. We show this cross section in Fig. 9, where

each point is a viable model solution satisfying all the constraints. The curves present the SM

18
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FIG. 8: Branching ratios for the lightest CP-odd Higgs

and MSSM cross sections for comparison. Model points with MH < 114.1 are only those with

suppressed coupling to the Z, and those with large MSSM fraction are removed by the LEP2

bounds discussed in Section IIID. As can be seen from Eq. (18) the ratio between the Standard

Model cross section and that for any model point simply reflects the amount of mixing into the

SM-like or MSSM-like Higgs for a given Higgs state. Since this ratio comes entirely from the

HZZ vertex, Fig. 9(a) and Fig. 10 are just Fig. 4 times the SM curve, as given in Eq. (18).

The production cross sections for the heavier Higgs particles are very small. One can see

the coupling to ZZH in Fig. 4. For heavy states (that correspond to the H in MSSM),

cos(α − β) → 0 as the H gets heavier. In this decoupling limit of the MSSM the heavy H has

no coupling to the Z.

In supersymmetric models if both the A and H are light enough they can be produced by

the process e+e− → HA at a lepton collider. We present this cross section in Fig. 9(b). In this

model the HA cross sections do not provide additional constraint, and few model points are
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A-8. TYPICAL LIGHT A1 → INVISIBLE DOMINANT

tanβ = 1.08 MZ′ = 2831 GeV MH+ = 622 GeV αZZ′ =2.7·10−5

MH 116 564 629 2739 3077 8917
ξMSSM 1 1.9·10−4 1 4.3·10−5 1.3·10−4 0
σ(HiZ) 58
σ(Hiνν) 88
σ(Hie+e−) 8.5

MA 78 621 3045 8916 0 0
ξMSSM 3.0·10−4 1 1.5·10−4 0 1 1.0·10−4

σ(H1A) 5.0·10−6

Mχ0 36 159 176 191 335 666 696 2236 3630
ξMSSM 0.17 1 0.83 1 1 0 0 5.2·10−5 4.1·10−5

ξs̃ 0.83 4.1·10−4 0.17 9.0·10−4 0 1 1 0.63 0.38
ξZ̃′ 0 0 0 0 0 4.9·10−3 3.0·10−3 0.37 0.62

Mχ+ 154 335

Cross sections quoted are in fb for a linear e+e− collider at center-of-mass energy 500 GeV.

v2 = 128 GeV v1 = 118 GeV vs = 308 GeV

vs1 = 118 GeV vs2 = 4171 GeV vs3 = 3800 GeV

m2
Hu

= (673 GeV)2 m2
Hd

= (702 GeV)2 m2
S = (2934 GeV)2

m2
S1

= (8914 GeV)2 m2
S2

= (699 GeV)2 m2
S3

= −(1201 GeV)2

h = 0.456 Ah = 1371 GeV µ = hvs = 140 GeV

λ = 0.128 Aλ = 4510 GeV

M1 = 185 GeV M ′
1 = −1425 GeV M2 = 321 GeV

m2
SS1

= −(770 GeV)2 m2
SS2

= −(814 GeV)2

Branching Ratios for dominant decay modes (greater than 1% excluding model-dependent

squark, slepton, Z ′ and exotic decays; χ0
i>1 are summed):

H1 χ0
1χ

0
1 97% bb̄ 3%

H2 H1H1 26% W+W− 21% χ+
1 χ−

1 15% χ0
i>1χ

0
i>1 12% ZZ 10% tt̄ 8%

H3 tt̄ 70% χ0
1χ

0
i>1 14% χ0

i>1χ
0
i>1 10% χ+

1 χ−
2 4% H1H1 1%

H4 A1A2 40% H3H3 19% χ+
1 χ−

1 13% χ0
i>1χ

0
i>1 13% H1H1 4% W+W− 4%

H5 χ+
1 χ−

1 37% χ0
i>1χ

0
i>1 33% χ0

1χ
0
i>1 7% A1A2 7% H1H1 4% W+W− 4%

H6 χ0
i>1χ

0
i>1 96% H2H4 2% H2H2 1%

A1 χ0
1χ

0
1 99% bb̄ 1%

A2 tt̄ 73% χ0
i>1χ

0
i>1 12% χ0

1, χ
0
i>1 7% χ0

1χ
0
1 5% χ+

1 χ−
1 2%

A3 H2Z 100%
A4 χ0

i>1χ
0
i>1 67% H5Z 27% A1H2 4% A2H5 1%
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Conclusions

• Important to explore alternatives to MSSM

• Top-down string constructions very often contain extra Z′ and SM
singlets S

• Elegant solution to µ problem (string-motivated extension of
NMSSM)

• Many implications, including nonstandard Higgs (spectrum, couplings,

decays, CP breaking), CDM, gµ−2, efficient EW baryogenesis, Bs−B̄s

mixing, rare B decays, neutrino masses

• But, must observe Z′
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Cold Dark Matter

(V. Barger, C. Kao, PL, H.-S. Lee)

• 0.09 < Ωχ0h2 < 0.15

• MSSM: limited parameter space for sufficient LSP (co)annihilation;
mainly bino in most of parameter space.

• U(1)′: additional Z′-ino and singlino. ((n)NMssm: additional
singlino) →may have enhanced annihilation coupling to Z

• Solutions compatible with observations for most mχ0 (only
examined for large Z′-ino mass)
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FIG. 2: The Zχ0χ0 coupling |O′′
11| versus M2 for (a) tan β = 1.03, (b) tan β = 2.0, and (c)

tan β = 2.5, in the S-model (solid) and in the MSSM (dash). Fixed values of hs = 0.75 and

s = 250 GeV are used. The coupling is much larger in the S-model than in the MSSM in most of
the parameter space.

1.03, (b) tanβ = 2.0, and (c) tanβ = 2.5. For each tan β, the Zχ0χ0 coupling is much larger
in the S-model than in the MSSM in most of the parameter space. We numerically checked
that this feature holds for other choices of the parameter values (0.4 <∼ hs

<∼ 1.0, 100 GeV
<∼ s <∼ 1000 GeV, 0.5 <∼ tanβ <∼ 2.5).

For tanβ ∼ 1 (Figure 2 (a)), the Zχ0χ0 coupling in the S-model is at its maximum for
M2 " 300 GeV and there is a relatively small but still noticeable peak in the MSSM at
M2 " −250 GeV. The χ0 relic density depends on not only the coupling but also whether
mχ0 is near MZ/2.
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FIG. 3: (a) The lightest neutralino mass as a function of M2 and (b) the Zχ0χ0 coupling (|O′′
11|)

versus the lightest neutralino mass in the S-model (solid) and the MSSM (dash). Fixed values of
hs = 0.75, tan β = 1.03 and s = 250 GeV are used. The S-model has a smaller mχ0 bound, and,
for M2 > 0, larger Zχ0χ0 coupling than the MSSM.
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FIG. 5: Regions of the S-model neutralino relic density in the M2-s plane (with s scanned only
above 100 GeV) for 0.09 < Ωχ0h2 < 0.15 (filled square; 3σ allowed range), Ωχ0h2 < 0.09 (open
circle), and 0.15 < Ωχ0h2 < 1.0 (cross). Three representative values of tan β are chosen: (a)

tan β = 1.03, (b) tan β = 2.0, and (c) tan β = 2.5, and a fixed value of hs = 0.75 is used. The
shaded region of the parameter space (bounded by solid curves) is excluded by the LEP 2 chargino
mass limit (mχ+

1

<∼ 104 GeV). There exist sizable regions (filled square) in the parameter space

consistent with the relic density constraint outside of the chargino mass exclusion boundary.

We present the S-model neutralino relic density in 3 regions: 0.09 < Ωχ0h2 < 0.15 (filled
square), Ωχ0h2 < 0.09 (open circle), and 0.15 < Ωχ0h2 < 1.0 (cross). The 3σ range13 of the
CDM relic density of Eq. (1) is 0.09 < Ωχ0h2 < 0.15; however if there are other sources of
dark matter in addition to the lightest neutralino, the range Ωχ0h2 < 0.09 would be relevant.
Due to the finite grid, the filled square should be understood to be on the boundary of the
open circle and the cross.

There are three separate regions that have an acceptable CDM density (filled square):
(P1) Near the Z pole, (P2) enhanced coupling region (tan β ≈ 1 case), and (P3) isolated
singlino region. In general, the Zχ0χ0 coupling is enhanced by the singlino component.
There appears a sudden peak of the enhancement (P2) when tan β ≈ 1 as we can see from
Figure 2 (a). In the enhanced coupling region (P2), even when the χ0 mass is significantly
distant from the Z pole, an acceptable relic density can be obtained. The isolated singlino
region (P3) is singlino-dominated and happens for M2 < 0.

For tanβ = 1.03, there is a small region in the M2-s plane with M2 > 0 that satisfies the
relic density and LEP chargino mass constraints. The solution in this region is due to the
enhanced Zχ0χ0 coupling. For tan β = 2.0, there is a large acceptable region with M2 < 0.
With M2 > 0 most of the parameter regions that give the relic density are excluded by the
LEP 2 chargino search. For tanβ = 2.5, there is a large region with M2 > 0 that reproduces
the observable relic density and is consistent with the chargino mass limits.

We numerically checked, with suitable parameter values including different hs, that the
S-model can reproduce the observed relic density for most of the theoretically allowed mχ0

range without violating the LEP constraints. However, for a relatively large neutralino
mass, i.e., mχ0 ≈ 80 to 100 GeV, it becomes hard to satisfy both the relic density and the

13 Since we are using tree level masses and couplings, we allow rather conservative 3σ range for the allowed

CDM relic density.
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Muon gµ − 2

(V. Barger, C. Kao, PL, H.-S. Lee)

• BNL E821: aµ(exp) = (11659208.0 ± 5.8) × 10−10

• 2.4σ deviation from its Standard Model (SM) prediction ∆aµ ≡
aµ(exp)−aµ(SM) = 23.9(7.2)(3.5)(6)×10−10, assuming e+e−→
hadrons value for hadronic vacuum polarization

• MSSM:

∆aµ(SUSY) ∼ 13 × 10−10 tan β sign(µ)

(MSUSY/100 GeV)2
,

for common superpartner masses MSUSY, favoring large tan β
and/or small MSUSY

• LEP2: mµ̃
>∼ 95 GeV
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• Z′ diagrams small for allowed MZ′

• New Z′-ino and singlino contributions in U(1)′, and different
parameter range

• Neutralino mass matrix in
{

B̃, W̃3, H̃0
1 , H̃0

2 , S̃, Z̃′
}

basis


M1 0 −g1v1/2 g1v2/2 0 0
0 M2 g2v1/2 −g2v2/2 0 0

−g1v1/2 g2v1/2 0 −hss/
√

2 −hsv2/
√

2 gZ′Q′(H0
1)v1

g1v2/2 −g2v2/2 −hss/
√

2 0 −hsv1/
√

2 gZ′Q′(H0
2)v2

0 0 −hsv2/
√

2 −hsv1/
√

2 0 gZ′Q′(S)s
0 0 gZ′Q′(H0

1)v1 gZ′Q′(H0
2)v2 gZ′Q′(S)s M1′


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II. SUPERSYMMETRIC CONTRIBUTIONS TO aµ WITH U(1)′ SYMMETRY

FIG. 1: Supersymmetry contribution to aµ with an extended neutralino sector.

In this section we write the formalism of the neutralino and chargino contributions to
the aµ in a supersymmetric U(1)′ model. The formalism is basically the same to that of the
MSSM except some straightforward extension. In the U(1)′ model, the µ term is replaced
by the µeff = hss/

√
2 where s/

√
2 is the VEV (vacuum expectation value) of the singlet

Higgs S that acquires VEV at electroweak or TeV scale. We also assume the VEVs of the
Si (another 3 singlet Higgses that are responsible to break the U(1)′ symmetry in a secluded
sector) are larger compared to the VEVs of other Higgs (H0

1 , H0
2 and S) [18].

A. Neutralino Contribution

The neutralino mass matrix in a basis of
{
B̃, W̃3, H̃0

1 , H̃
0
2 , S̃, Z̃ ′

}
is given by

Mχ0 =




M1 0 −g1v1/2 g1v2/2 0 0
0 M2 g2v1/2 −g2v2/2 0 0

−g1v1/2 g2v1/2 0 −hss/
√

2 −hsv2/
√

2 gZ′Q′(H0
1 )v1

g1v2/2 −g2v2/2 −hss/
√

2 0 −hsv1/
√

2 gZ′Q′(H0
2 )v2

0 0 −hsv2/
√

2 −hsv1/
√

2 0 gZ′Q′(S)s
0 0 gZ′Q′(H0

1 )v1 gZ′Q′(H0
2 )v2 gZ′Q′(S)s M1′




(4)

where e = g1 cos θW = g2 sin θW . gZ′ is the U(1)′ gauge coupling constant and we use the

GUT motivated value of gZ′ =
√

5/3g1 for our analysis. Q′ is the U(1)′ charge and the
anomaly-free charge assignments based on E6 GUT can be found in Ref. [35].

The VEVs of the Higgs doublets are 〈H0
i 〉 ≡ vi√

2
with

√
v2
1 + v2

2 & 246 GeV. The diago-
nalization of the mass matrix can be done by a unitary matrix N as

NT Mχ0N = Diag(Mχ0
1
, Mχ0

2
, Mχ0

3
, Mχ0

4
, Mχ0

5
, Mχ0

6
). (5)

The first 4×4 (5×5) submatrix of Eq. (4) is the MSSM (NMSSM) limit. Due to the singlino
addition, there exists a kind of see-saw mechanism that makes the lightest neutralino very
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√

2 −hsv2/
√

2 gZ′Q′(H0
1 )v1

g1v2/2 −g2v2/2 −hss/
√

2 0 −hsv1/
√

2 gZ′Q′(H0
2 )v2

0 0 −hsv2/
√

2 −hsv1/
√

2 0 gZ′Q′(S)s
0 0 gZ′Q′(H0

1 )v1 gZ′Q′(H0
2 )v2 gZ′Q′(S)s M1′




(4)

where e = g1 cos θW = g2 sin θW . gZ′ is the U(1)′ gauge coupling constant and we use the

GUT motivated value of gZ′ =
√

5/3g1 for our analysis. Q′ is the U(1)′ charge and the
anomaly-free charge assignments based on E6 GUT can be found in Ref. [35].

The VEVs of the Higgs doublets are 〈H0
i 〉 ≡ vi√

2
with

√
v2
1 + v2

2 & 246 GeV. The diago-
nalization of the mass matrix can be done by a unitary matrix N as

NT Mχ0N = Diag(Mχ0
1
, Mχ0

2
, Mχ0

3
, Mχ0

4
, Mχ0

5
, Mχ0

6
). (5)

The first 4×4 (5×5) submatrix of Eq. (4) is the MSSM (NMSSM) limit. Due to the singlino
addition, there exists a kind of see-saw mechanism that makes the lightest neutralino very

4

CERN (3 December, 2004) Paul Langacker (Penn)



Adequate gµ − 2 possible, even with small tan β, consistent
with mµ̃ constraints, while also giving observed CDM
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Observation: (13.9 − 33.9)×10−10
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Electroweak Baryogenesis

(J. Kang, PL, T. Li, T. Liu)

• Baryon asymmetry nB/nγ ∼ 6 × 10−10

• Basic ideas worked out by Sakharov in 1967, but no concrete model

• Possible mechanisms

– Affleck-Dine baryogenesis

– GUT baryogenesis (wiped out by sphalerons for B − L=0)

– Leptogenesis

– Electroweak baryogenesis (Off the wall scenario: CP breaking in

interactions with expanding bubble wall; sphalerons outside bubble)
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Implementation of “off the wall”

Standard model: no strong first order phase transition for Mh >
114.4 GeV; CP violation too small

Minimal supersymmetric extension (MSSM): small parameter space
for light Higgs and light stop; new sources for CP violation

NMSSM (extension to include extra Higgs fields): can have strong
first order for large hAhSH1H2 but cosmological domain walls

nMSSM: strong transition without domain walls
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Secluded sector U(1)′:

• Symmetry breaking driven by large hAhSH1H2

• Tree level CP breaking in Higgs sector associated with soft SM
singlet terms

• New contributions to electric dipole moments negligible

• First phase transition breaks U(1)′, second breaks SU(2)×U(1)

• Phase transition strongly first order
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• For τ lepton use thin wall approximation (justified)

• For reasonable parameters, can obtain adequate asymmetry,
even for large t̃ mass, from τ alone

nB

s
= −90γ3

w(1 +
vw

〈vL〉
)
ξLm2δ∆θCP h(δ, T )Γ

′
s

(2π)4vwg∗T 3

• Larger contributions from neutralinos/charginos if not too heavy
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γ = explicit CP phase. Exp: nB/s ∼ (0.8 − 0.9)×10−10.
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