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Conclusions

Light neutralinos are of phenomenological interest.
Depending on the slepton masses, the neutralino mass
can be measured accurately at the ILC down to
Mχ0

1
= a few GeV.

For even lighter neutralinos, only an upper bound on the
mass can be set.
Measuring such a light neutralino mass could have striking
theoretical consequences!

To do

Is WW background still negligible for light neutralinos?
Redo analysis in specific beyond-MSSM models
(NMSSM?) motivated by direct detection — cross sections
and branching ratios could be different.

John Conley Measuring a light neutralino mass at the ILC
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1. Introduction and motivation

2. The models and the tools

3. Predictions for the ILC

4. The future: GigaZ/Z factory

5. Conclusions
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Many talks on mass/parameter determination 
mostly within standard susy framework:
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and within less common susy

and beyond susy (heavy gauge bosons in little higgs models)
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invisible higgs decay (almost 100% BR) into sneutrinos
Analysis modes 

According to the beam energy at ILC, two analysis modes 

were selected. 

Analysis modes 

! AH + ZH  @ ECM = 500 GeV 
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According to the beam energy at ILC, two analysis modes 
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! AH + ZH  @ ECM = 500 GeV 

! xsec: 1.91 fb 

! ZH " H + AH 

 

! WH
+ + WH

-
 @ ECM = 1 TeV 

! xsec: 277 fb 

! WH " W + AH 

Signal v.s. B.G. at ECM=500GeV 

Signal v.s. BG 

! Signal: AHZH!AHAHhh (h!bb) 

" Xsec: 1.05fb 

" BR(h!bb): 55.3% for Mh=134GeV 

! BG: !!h and Zh are serious BG. 

" !!h!!!bb: 34fb 

" Zh!"!!bb: 5.57fb 

! The selection cut was applied. 

" 100GeV< Mh <140GeV 

" misspt>80GeV/c 

" b-tagging 

!!h!!!bb Zh!"!!bb 

Signal 

The number of events after the selection cut was checked. 

h 

Measurement of Little Higgs Parameters 

at ILC and the DM Relic Density 
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WIMP Detection with ISR

WIMPs at the ILC

Single Photon Events and WIMPs at the ILC

WIMP Dark Matter

Masses of 0.1–1 TeV.

In thermal equilibrium with SM soup after inflation.

Weak interactions naturally give observed relic density.

In SUSY with conserved R-Parity: LSP: χ̃0
1 or G̃.

Pair production at ILC

e+e− → χχ.

WIMPs leave detector without further interaction.

Detection via ISR: e+e− → χχγ.

Missing E/.

Dominant background: e+e− → νν(N)γ.

Other backgrounds: e+e− → γγ, radiative Bhabha-scattering.

C. Bartels (DESY) WIMPS @ ILC 21. October 2010 4 / 28

and model-independent approaches

Model Independent WIMP Searches
with Polarized Beams at the ILC

Christoph Bartels

DESY

IWLC Geneva, 18. – 22. October 2010
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WIMPs at the ILC

Model Independent Production Cross Section

Is it possible to extract

Masses and J0 from data?

Required Luminosity,

Polarised beams?

What can we learn about

the question mark?

?

!

!

+e

-e

"

Parameters:

κe(Pe, Pp): Helicity dependent annihilation fraction to e+e−.

Sχ: Spin, scale factor.

Mχ, J0 → shape, J0 dominant partial wave.

C. Bartels (DESY) WIMPS @ ILC 21. October 2010 7 / 28
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Dark Matter Candidates Ω~1

thermal relic

superWIMP

condensate

gravitationnally 
produced or at preheating
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In Theory Space

Supersymmetry

Extra Dimensions
Technicolor &

Kaluza-Klein photon
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On LONG-LIVED STAUS  (A. Ibarra)
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Hidden sectors and Dark forces (B. Batell)

Secluded Dark Matter
Pospelov, Ritz, Voloshin ’07
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Example model: dark matter via kinetic mixing

L = iχγµ(∂µ − igDVµ)χ− κ

2
VµνB

µν + . . .

!

V

V

!

• Annihilation of dark matter into mediators: χχ → V V

• Relic abundance independent of WIMP-SM coupling

• Connection between 〈σv〉ann and σnuc, σpp→χχ broken
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GeV-scale ‘Dark’ force

Arkani-Hamed, Finkbeiner, Slatyer, Weiner ’08

Pospelov, Ritz ’08

• Long range attractive force enhances 〈σv〉halo

• Annihilation products cannot decay to anti-protons by kinematics
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Are cosmic rays hinting at a dark sector?

PAMELA FERMI

IWLC 2010 10

Motivation



Hidden sector at ILC

Hidden sectors at high-energy colliders

L ⊃ κOSMOHS

• Direct production =⇒ pay κ2

• Decays

– Rare decays of broad states =⇒ pay κ2

– Decays of would-be narrow or stable states =⇒ free

IWLC 2010 13

Direct production of hidden sector states

L ⊃ −κ

2
BµνV

µν

q

q
γ, Z V

µ

µ

κ

LHC reach - 100 fb−1 Kumar, Wells ’06

Pay κ2 in production
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FIG. 1: LHC detection prospects for 100 fb−1 of integrated
luminosity in the η-MX plane. The countours are of signal
significance, which exceeds 5 only when η >

∼ 0.03.

η sensitivity is

ηteva. ≥
√

NXe−6.7+
mX

0.2 TeV

For detection we demand at least a 5σ signal above
background, or at least 10 events above background
(whichever is larger). At mX = 500 GeV detection could
only occur if η > 0.07 for this high luminosity. As mX

increases, the sensitivity limits on η degrade rapidly.

V. ILC PROSPECTS

Given the challenge for LHC detection posed by small
kinetic mixing, one might hope that ILC can do better.
An e+e− collider will generally trade away

√
s for higher

luminosity (∼ 500 fb−1) and a cleaner signal. One does
not produce an X on resonance, of course, unless its mass
is less than the center of mass energy, which we assume
here to be 500 GeV.

The basic process we are interested in is e−e+ → µµ̄
through γ∗/Z∗/X∗. The observable that provides per-
haps the most useful signal in this case is the total cross-
section[29](the forward-backward asymmetry and left-
right polarization do not appear to provide qualitative
improvement). We may write the total cross-section as

σtot(f f̄) =
Nc

48πs

∑

n,m

g2
ng∗2m s2If

m,n

(s − m2
Vn

)(s − m2
Vm

)∗
(13)

where

If
m,n = (Le

nLe∗
m + Re

nRe∗
m )(Lf

nLf∗
m + Rf

nRf∗
m ) (14)

and the coupling of the Vn boson to the fermions f f̄ is
given by ignγµ(Lf

nPL + Rf
nPR). If mX > 500 GeV, this

observable will provide the dominant signal. Near the
resonance, the signal is enhanced and we should replace:

1

s − m2
V

=⇒
(s − m2

V ) − iΓV

√
s

(s − m2
V )2 + s Γ2

V

=⇒
−i

ΓV mV
. (15)

FIG. 2: Deviations of e+e− → µµ̄ at ILC at
√

s = 500 GeV
for 500 fb−1 integrated luminosity are represented in this plot
as contours of the log10(%) of the excess of events produced
compared to SM expectations. The line along the interface of
the blue and maroon regions represents a 100 = 1% (or ∼ 5σ)
deviation.

Our strategy is to compare the inclusive cross-section
for X production to the pure Standard Model back-
ground. Our criterion for a signal detection is at least
1% deviation from SM expectations, in order not to
run afoul of systematic uncertainties. Recall, we are
assuming 500 fb−1 of integrated luminosity, and so the
corresponding statistical significance of the signal is ∼
LσS/

√
LσB = 0.01

√
LσB ' 4.7 ∼ 5σ, given the SM

cross-section σtot = 447fb [30]. Fig. 2 shows the devia-
tions of e+e− → µµ̄ at ILC at

√
s = 500 GeV for 500 fb−1

integrated luminosity. Increasing values of MX can be
probed only by increasing values of the mixing parame-
ter η. For example, MX = 750 GeV (1000 GeV) can be
probed for values of η as low as 0.10 (0.15).

If mX < 500 GeV, then we should instead consider the
hard-scattering process e−e+ → γX → γf f̄ . The emis-
sion of a hard photon will allow us to scatter through
a resonance of the X , enhancing the cross-section and
yielding a cleaner signal. This is a leading order calcula-
tion, as radiation of more photons would serve to enhance
both the signal and backgrounds we calculate for the sin-
gle photon case.

The differential cross-section of γX production is

dσ

dx
=

α(c2
L + c2

R)[(s + m2
X)2 + (s − m2

X)2x2]

4s2(s − m2
X)(1 − x2)

(16)

where x ≡ cos θ and iγµ(cLPL + cRPR) are the couplings
of the left and right handed electrons to Xµ. We choose
a standard | cos θ| < 0.95 angular cut. The signal we an-
alyze [31] is X → µµ̄, so we must multiply by the appro-
priate branching fraction, B(µµ̄) = 0.12. Substituting in
the couplings we find

σ(γX) = η2 1.26 × 10−3

s2(s − m2
X)

F (s, mX , x0), where

1% deviation 
contour

5

FIG. 3: Signal significance plot of e+e− → γX → γµµ̄ at
ILC

√
s = 500 GeV with 500 fb−1 integrated luminosity. We

assume that the mµµ̄ can be measured to within 2%.

F (s, mX , x0) = (s2 + m4
X) tanh−1 x0 −

x0

2
(s − m2

X)2

and x0 = | cos θmin| = 0.95. Comparing this signal to the
Standard Model background e+e− → γµµ̄ gives us signal
significance at ILC for mX < 500 GeV as well(Fig.3).
We find that kinetimatically accessible X bosons at ILC
can be probed and studied perhaps better than at the
LHC. Having the ILC data, along with the LHC data,
can significantly help us understand all the properties of
an exotic massive weakly coupled vector boson [32].

An analysis of LEP data proceeds in a similar manner.
For mX >

√
s, detection from LEP data is highly disfa-

vored. For smaller mX , however, resonance production
(through hard photon emission) is allowed, which favors
detection at LEP over hadron colliders such as LHC or
the Tevatron. (We assume 725 pb−1 at

√
s = 206 GeV.)

But even at these low mX values ILC would provide bet-
ter detection sensitivity.

VI. OUTLOOK

We can summarize our results with a detection plot
(Fig.4). We see that for mX

>∼ 550 GeV, LHC is more

capable of detecting Xµ in our scenario, while for
mX

<∼ 550 GeV ILC-500 is more sensitive. Detection
within the regime favored by a naive perturbative es-
timate of kinetic mixing (η ∼ 10−3 − 10−2) appears dif-
ficult at the LHC, but perhaps possible at the ILC as
long as the gauge boson mass is at or below the center
of mass energy of the ILC. Of course, a higher energy
ILC (1 TeV and higher) will help the search for higher-
mass X bosons. As we emphasized earlier, however, the
amount of kinetic mixing can vary dramatically from one
model to the next, depending on the multiplicity of the
kinetic messengers, and thus all regions of phase space
are candidates for discovery.

FIG. 4: Detection plot of estimated 5σ confidence level of X-
boson that kinetically mixes with hypercharge. Detection for
Tevatron (8 fb−1), LHC (100 fb−1), LEP (

√
s = 206 GeV and

725 pb−1), and ILC (
√

s = 500 GeV and 500 fb−1) can occur
at points above their respective lines.
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FIG. 1: LHC detection prospects for 100 fb−1 of integrated
luminosity in the η-MX plane. The countours are of signal
significance, which exceeds 5 only when η >

∼ 0.03.
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For detection we demand at least a 5σ signal above
background, or at least 10 events above background
(whichever is larger). At mX = 500 GeV detection could
only occur if η > 0.07 for this high luminosity. As mX

increases, the sensitivity limits on η degrade rapidly.

V. ILC PROSPECTS

Given the challenge for LHC detection posed by small
kinetic mixing, one might hope that ILC can do better.
An e+e− collider will generally trade away

√
s for higher

luminosity (∼ 500 fb−1) and a cleaner signal. One does
not produce an X on resonance, of course, unless its mass
is less than the center of mass energy, which we assume
here to be 500 GeV.

The basic process we are interested in is e−e+ → µµ̄
through γ∗/Z∗/X∗. The observable that provides per-
haps the most useful signal in this case is the total cross-
section[29](the forward-backward asymmetry and left-
right polarization do not appear to provide qualitative
improvement). We may write the total cross-section as

σtot(f f̄) =
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FIG. 2: Deviations of e+e− → µµ̄ at ILC at
√

s = 500 GeV
for 500 fb−1 integrated luminosity are represented in this plot
as contours of the log10(%) of the excess of events produced
compared to SM expectations. The line along the interface of
the blue and maroon regions represents a 100 = 1% (or ∼ 5σ)
deviation.

Our strategy is to compare the inclusive cross-section
for X production to the pure Standard Model back-
ground. Our criterion for a signal detection is at least
1% deviation from SM expectations, in order not to
run afoul of systematic uncertainties. Recall, we are
assuming 500 fb−1 of integrated luminosity, and so the
corresponding statistical significance of the signal is ∼
LσS/

√
LσB = 0.01

√
LσB ' 4.7 ∼ 5σ, given the SM

cross-section σtot = 447fb [30]. Fig. 2 shows the devia-
tions of e+e− → µµ̄ at ILC at

√
s = 500 GeV for 500 fb−1

integrated luminosity. Increasing values of MX can be
probed only by increasing values of the mixing parame-
ter η. For example, MX = 750 GeV (1000 GeV) can be
probed for values of η as low as 0.10 (0.15).

If mX < 500 GeV, then we should instead consider the
hard-scattering process e−e+ → γX → γf f̄ . The emis-
sion of a hard photon will allow us to scatter through
a resonance of the X , enhancing the cross-section and
yielding a cleaner signal. This is a leading order calcula-
tion, as radiation of more photons would serve to enhance
both the signal and backgrounds we calculate for the sin-
gle photon case.

The differential cross-section of γX production is

dσ

dx
=

α(c2
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R)[(s + m2
X)2 + (s − m2

X)2x2]
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(16)

where x ≡ cos θ and iγµ(cLPL + cRPR) are the couplings
of the left and right handed electrons to Xµ. We choose
a standard | cos θ| < 0.95 angular cut. The signal we an-
alyze [31] is X → µµ̄, so we must multiply by the appro-
priate branching fraction, B(µµ̄) = 0.12. Substituting in
the couplings we find

σ(γX) = η2 1.26 × 10−3

s2(s − m2
X)

F (s, mX , x0), where
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FIG. 3: Signal significance plot of e+e− → γX → γµµ̄ at
ILC

√
s = 500 GeV with 500 fb−1 integrated luminosity. We

assume that the mµµ̄ can be measured to within 2%.

F (s, mX , x0) = (s2 + m4
X) tanh−1 x0 −

x0

2
(s − m2

X)2

and x0 = | cos θmin| = 0.95. Comparing this signal to the
Standard Model background e+e− → γµµ̄ gives us signal
significance at ILC for mX < 500 GeV as well(Fig.3).
We find that kinetimatically accessible X bosons at ILC
can be probed and studied perhaps better than at the
LHC. Having the ILC data, along with the LHC data,
can significantly help us understand all the properties of
an exotic massive weakly coupled vector boson [32].

An analysis of LEP data proceeds in a similar manner.
For mX >

√
s, detection from LEP data is highly disfa-

vored. For smaller mX , however, resonance production
(through hard photon emission) is allowed, which favors
detection at LEP over hadron colliders such as LHC or
the Tevatron. (We assume 725 pb−1 at

√
s = 206 GeV.)

But even at these low mX values ILC would provide bet-
ter detection sensitivity.

VI. OUTLOOK

We can summarize our results with a detection plot
(Fig.4). We see that for mX

>∼ 550 GeV, LHC is more

capable of detecting Xµ in our scenario, while for
mX

<∼ 550 GeV ILC-500 is more sensitive. Detection
within the regime favored by a naive perturbative es-
timate of kinetic mixing (η ∼ 10−3 − 10−2) appears dif-
ficult at the LHC, but perhaps possible at the ILC as
long as the gauge boson mass is at or below the center
of mass energy of the ILC. Of course, a higher energy
ILC (1 TeV and higher) will help the search for higher-
mass X bosons. As we emphasized earlier, however, the
amount of kinetic mixing can vary dramatically from one
model to the next, depending on the multiplicity of the
kinetic messengers, and thus all regions of phase space
are candidates for discovery.

FIG. 4: Detection plot of estimated 5σ confidence level of X-
boson that kinetically mixes with hypercharge. Detection for
Tevatron (8 fb−1), LHC (100 fb−1), LEP (

√
s = 206 GeV and

725 pb−1), and ILC (
√

s = 500 GeV and 500 fb−1) can occur
at points above their respective lines.
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Possible bridges to the hidden sector

Exotic Higgs Decays:

• h → SS → missing energy
Silveira, Zee ’85

• h → aa → 4b, 4c, 4τ . . . 4γ
Dobrescu, Landsberg, Matchev ’01

Dermisek, Gunion ’04

Chang, Fox, Weiner ’05

• h → V V → 4l
Gopalakrishna, Jung, Wells ’08

• h → ηη → 4g, 4c
Bellazzini, Csaki, Falkowski, Weiler ’01

and so on . . .

IWLC 2010 18

Possible bridges to the hidden sector

• W,Z

• Higgs

• LSP, LKP, LTP, ...

• Z’

• Techni-ρ

• RS Gravitons
Bunk, Hubisz ’10

and so on

IWLC 2010 21

Decays of would-be narrow states

e.g. Higgs portal

L ⊃ λH†HS2
h

S

S

Br(h → SS) ∼ λ2 ×O(10GeV)

y2b ×O(10GeV) + λ2 ×O(10GeV)

∼ O(1) for λ > yb

Free
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Fig. 6: Comparison of the different tt invariant mass distributions.
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Fig. 7: Total transverse energy after demanding nj ≥ 6, pT > 30 GeV (first two plots) and in addition nb−jet ≥ 3

(third plot).

tt̄H topology. An alternative approach presents itself when one considers the reconstruction of tt̄ events
originating in the decay of a heavy resonance. Due to the boost of the top quark, its decay products
are collimated in a narrow cone. This top mono-jet can be identified as such by techniques revealing
the jet substructure [15, 9, 16, 17, 18, 19]. Importantly, for sufficiently large resonance mass the decay
products of top and anti-top are cleanly separated. A simple assignment based on (geometrical) vicinity
is sufficient to find the correct assignment of jets to top candidates. Thus, the ambiguities found in
reconstruction of “tops at rest” disappear in regime of large top pT .

To quantify this statement a parton level simulation of pp → X → tt̄ has been analysed. Lep-
ton+jets events are selected, where one of the W bosons decays to a lepton and a neutrino and the second
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A common signature: 

from pair-production of top partners that decay into DM

SUSY:
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Figure 1: Leading order QCD cross section for top partner pair production at the LHC, as a function
of its mass. The solid line corresponds to a spin-1

2
particle, the dashed line to a spin-0 state. The

two dashed horizontal lines indicate the cross sections for the SM background processes tt̄ and tt̄Z
with tree-level matrix elements. The left panel shows the results before T decay, and the right panel
includes the decay branching fractions to the semi-leptonic final state bj1j2 b̄!−ν̄ + E/T , before any
kinematical acceptance.

The rest of the paper is organized as follows. In Sec. II, we study the signal observability

by carefully examining the kinematics and optimizing the background suppression. In Sec. III,

we discuss the feasibility of spin and mass determination. We summarize and conclude in

Sec. IV.

2. Signal Observability

In this section, we present a viable method for discovering new physics in the tt̄ + E/T final

state as in Eq. (1.2). We assume for the purpose of the following discussion that the top

partner T is a color triplet under SU(3)C and a doublet under SU(2)L.

2.1 Production Rates at the LHC

The leading production mechanism for the top partners is via QCD interactions

qq̄, gg → T T̄ . (2.1)

In Fig. 1(a), we present the total leading order T T̄ production cross section at the LHC as

a function of the mass of the T . The solid line corresponds to a spin- 1
2 particle; the dashed

line corresponds to a spin-0 state. αs is calculated at two loops, with the renormalization and

factorization scales set equal to
√

s/2, and using the CTEQ 4M parton distribution functions

[21]. We see from the figure a factor of 8 − 10 difference between the scalar and the fermion

production cross sections. A factor of 4 comes from simple spin-state counting, and the

remainder is due to threshold effects.

– 3 –



Z3  symmetry in the SM:   symmetry

SM not charged, GUT partners are... 

lightest   -charged particle (LZP) stable

Φ→ Φ e
2πi

[
B− (α−ᾱ)

3

]

Z3

number of color indices

Z3

Agashe-Servant’04

any non-colored particle that carries 
baryon number will be charged under Z3

e.g  warped GUTs

conserved in any theory where baryon number is a good symmetry



Z2  versus  Z3  Dark Matter
Agashe et al, 1003.0899 

Mahbubani-Servant, in prep.
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3 Monte Carlo

For the purposes of event generation using MadGraph and BRIDGE, we include
3 new particles: a fermionic heavy top T , a scalar dark matter particle φ, and
an intermediate heavy fermion ψ, that when integrated out, generates the three-
body decay. For simplicity we begin by only allowing the T to decay on a single
leg of the two-leg process, and we limit it to one decay mode at a time.

3.1 LHC

In Fig 4 we compare the missing Et, both at threshold and at 7 TeV, for two
different dark matter masses.

(a) mT =1 TeV; mDM=200 GeV, at thresh-
old

(b) mT =1 TeV; mDM=200 GeV, at 7 TeV

(c) mT = 1 TeV; mDM=400 GeV, at thresh-
old

(d) mT =1 TeV; mDM=400 GeV, at 7 TeV

Figure 4: Comparison of missing pt in 2-body and 3-body case for simplified
decay topology, at threshold, and at

√

s=7 TeV, for two different dark matter
masses.

3.2 ILC

3

MT = 1 TeV, MDM = 400 GeV

At threshold At 7 TeV LHC

2-body

3-body

Example:

(a) Total ht for 2- and 3-body decays for
mT =1 TeV; mDM=200 GeV, at 3 TeV ILC

(b) Total missing pt for 2- and 3-body decays
for mT =1 TeV; mDM=200 GeV, at 3 TeV
ILC

(c) Total ht for 2- and 3-body decays for
mT =1 TeV; mDM=400 GeV, at 3 TeV ILC

(d) Total missing pt for 2- and 3-body decays
for mT =1 TeV; mDM=400 GeV, at 3 TeV
ILC

Figure 7: Comparison of ht anad missing pt in 2-body and 3-body case for
simplified decay topology at ILC with

√

s=3 TeV, for two different sets of pa-
rameters.
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At 3 TeV CLIC
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X-sect = 1.092E-02(pb)   AVG = 5.237E+01   RMS = 1.582E+01
Tot # Evts =   89999  Entries =   89999  Undersc =     0  Over
X-sect = 1.092E-02(pb)   AVG = 2.304E+02   RMS = 6.911E+01
Tot # Evts =   89999  Entries =   89999  Undersc =     0  Over
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MT = 740 GeV, MDM = 275 GeV
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Large effort in susy studies

Little outside of the standard 
susy scenario. 

Conclusion

Very little beyond susy 
(as far as DM is concerned)


