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What properties should dark matter have?

1. Electrically neutral

2. Weakly interacting

3. Stable

Supersymmetry can provide us with a candidate
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Particles in supersymmetry

Outline Motivation Model Properties Precision Measurements Detector Requirements Conclusions

Supersymmetry

Supersymmetry (SUSY) introduces a superpartner for each SM particle with
half spin di↵erence.

‰ �mH,loop ⇡ P
i (⇤

2 � log ⇤
mi,SM

�⇤2 + log ⇤
mi,SUSY

) ) softly broken

Hale Sert | Light Higgsinos at the ILC | Disputation | 26.11.2015 | 3/33
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Particles in supersymmetry
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Lightest neutralino has the right properties to be DM

Outline Motivation Model Properties Precision Measurements Detector Requirements Conclusions

Supersymmetry

Supersymmetry (SUSY) introduces a superpartner for each SM particle with
half spin di↵erence.

e�±
i (charginos) and

e�0
i (neutralinos) can be

I bino-like

I wino-like

I higgsino-like

‰ �mH,loop ⇡ P
i (⇤

2 � log ⇤
mi,SM

�⇤2 + log ⇤
mi,SUSY

) ) softly broken

Hale Sert | Light Higgsinos at the ILC | Disputation | 26.11.2015 | 3/33

Lightest supersymmetric
particle (LSP)

1. Electrically neutral X

2. Weakly interacting X

3. Stable if impose R-parity* in interactions X

*R-parity: multiplicatively conserved, RSM = 1, RSUSY = −1
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Correct amount of dark matter?

Yes, if mχ̃0
1
∼ 100 GeV, χ̃0

1 ∼ B̃
And another particle near in mass =⇒

Outline Motivation Model Properties Precision Measurements Detector Requirements Conclusions

Supersymmetry

Supersymmetry (SUSY) introduces a superpartner for each SM particle with
half spin di↵erence.

e�±
i (charginos) and

e�0
i (neutralinos) can be

I bino-like

I wino-like

I higgsino-like

‰ �mH,loop ⇡ P
i (⇤

2 � log ⇤
mi,SM

�⇤2 + log ⇤
mi,SUSY

) ) softly broken

Hale Sert | Light Higgsinos at the ILC | Disputation | 26.11.2015 | 3/33

ä Pair annihilation depends on LSP
mixing and sfermion mass
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ä Coannihilation depends strongly
on the stau-LSP mass difference
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Prospects at HL-LHC

ATLAS-PHYS-PUB-2016-021
pp → τ̃ τ̃ → ττ+MET

ä Plenty of room for ILC discoveries in mass-degenerate region
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Stau coannihilation: STC10 scenario
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ä Many particles accessible at
√
s = 500 GeV:

important are χ̃0
1, χ̃

0
2, χ̃
±
1 , τ̃1, ẽR , µ̃R

ä Stau-LSP mass difference 11 GeV

ä Analysis paper Berggren et al arXiv:1508.04383,
relic density study arXiv:1602.08439
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Measurements at
√
s = 500 GeV: example τ̃1 endpoint

ä τ̃1 → χ̃0
1τ endpoint =⇒ ∆mτ̃1

= 0.15% (160 MeV)
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Figure 12: The ⌧ spectra in e⌧1 decays and SM as well as SUSY background, with an endpoint fit (a), and
⌧ spectra in e⌧2 decays and background, with endpoint fit (b).

4.2.3 The sneutrinos

While the vast majority of sneutrino decays proceeds to a completely invisible final state, the e⌫⌧ has a
branching fraction of about 5% to e⌧1W . In this situation there are two possible strategies: a) search for the
completely invisible final state via its recoil against a hard photon from initial state radiation in analogy to
Section 4.1.3 and b) select e⌫⌧ pair events where at least one visible decay occurs. Neither case has yet been
studied in detailed simulations, but we will sketch the strategies here.

In case of the ISR recoil, the situation is more di�cult than for e�0
1 pair production since the cross section for

the low-background polarisation P+80,�30 is about one order of magnitude smaller than for the e�0
1 case. At

the same time, due to the larger mass of the sneutrinos, the energies of the photons are smaller, thus buried
in the steep shoulder of the e�0

1 spectrum [79]. Therefore, the P�80,+30 combination seems more promising.
In this case, the sneutrino pair production cross section is an order of magnitude larger than the cross section
of e�0

1 pair production, and of roughly the same size as the e�0
1 cross section in the other polarisation, c.f.

Table 7. The price to pay is a background from SM neutrino pair production which is about a factor of 5
larger than in the P+80,�30 case [76]. This means that the control of systematic uncertainties becomes even
more important than in the classic e�0

1 case. However, due to the lower photon energy endpoint, a large part
of the photon energy spectrum will be signal free, which should give an excellent possibility to constrain
absolute normalisation uncertainties as well as shape uncertainties, arising e.g. due to the finite knowledge
of the beam energy spectrum. Therefore, based on the experience from radiative neutralino production, we
expect that both cross-section and mass measurements are possible, but would need a quantitative study.

The visible decays of the e⌫⌧ lead to a rather unique final state with a ⌧ , a (hadronic) W and large missing
four-momentum. SM background from WW ! ⌧⌫⌧qq̄

0 as well as the main SUSY background from e�±
1 e�±

1 !
e⌧1⌫⌧ e�0

1W can be reduced very e↵ectively by choosing P+80,�30, since the polarisation dependence for the
pure s-channel e⌫⌧ is much weaker. Furthermore, both backgrounds feature di↵erent kinematics from the
signal, since the ⌧ and the W stem from di↵erent hemispheres, and not from the same as in the signal
case, which can be exploited e�ciently once the masses of the e⌧1 and e�±

1 have been measured. The SM
WW background can be further suppressed by exploiting the forward-backward asymmetry [75]. Once a
su�ciently clean signal has been selected, the e⌫⌧ mass can be determined from the endpoints of the W

24

[arXiv:1508.04383v1]
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Measurements at
√
s = 500 GeV ILC

ä Can discover all sleptons, sneutrinos, χ̃0
1, χ̃

0
2 and χ̃±1

ä Precisions on masses after 500 fb−1 for both P(±0.8,∓0.3):

mχ̃0
1

0.15% mχ̃0
2

0.5%

analysis mτ̃1
0.16% mτ̃2

2.5%
[1508.04383v1] mẽR

0.17% mµ̃R
0.4%

estimate mẽL
1% mµ̃L

1%
[1508.04383v1] mν̃e ,ν̃µ,ν̃τ 1% mχ̃±1

1%
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What predictions can be made from
these hypothetical observations?

Fit SUSY parameters to ILC
√
s = 500 GeV SUSY mass

measurements and Higgs measurements
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What are SUSY parameters and why study them?

SUSY machine

ONE WAY
observablesparameters

M0M0M0
M1/2M1/2M1/2

µµµ
tan βtan βtan β

mAmAmA

A0A0A0 ΩΩΩ
χ̃±

1χ̃
±
1χ̃
±
1

σσσ BR
χ̃0

1χ̃
0
1χ̃
0
1

q̃̃q̃q

ä Can get information about unobserved sparticles

ä Can test types of SUSY model (e.g. GUT scale models)
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Fitting parameters to observables with Fittino

Fittino minimises

χ2 =
(O(ILC)−O(theory)

∆O(ILC)

)2

(arXiv:hep-ph/0412012)

SUSY SPheno3.3.9beta3,
Higgs mass and BRs
FeynHiggs2.10.2,
DM MicrOMEGAs and
Astrofit

Trial SUSY
parameters

Calculators
e.g. SPheno

Trial
observables

Masses,
xsxbr &

uncertainties

Model type,
starting
values &
step size

χ2χ2χ2 value

M
ar

ko
v

Ch
ain
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Fits to SCT10’ scenario

ä Observables

ä Slepton, sneutrino, χ̃0
1, χ̃

0
2, χ̃

±
1 masses - uncert. from slide 10

ä Higgs mass and coupling measurements from H20 operation

bb cc gg γγ ττ ZZ WW

%

20−

0

20
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60
Deviations of STC10' Higgs branching ratios from SM

from Physics case summer 2015
H20 precisions

from FeynHiggs2.10.4
SM and SUSY BRs for STC10'

Deviations of STC10' Higgs branching ratios from SM

ä Length of Markov Chain 500 000 points non-continuous

ä Fit pMSSM-13 parameters with Fittino
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Fitted parameters. Preliminary

parameter STC10’ fitted value

tanβ 10 9.7± 0.7
µ 400 411± 36
M1 100 100.0± 0.3
M2 210 209.5± 3.1
M3 2000 [1580, 2337]
mA 400 398± 5

At = Ab = Aτ −2850 [−3097,−2670]
MQ(1, 2) = MU(1, 2) = MD(1, 2) 2000 [1922, 2383]

MQ(3) 1450 [1218, 1602]
MU(3) 1100 [1023, 1305]
MD(3) 1000 [671, 1034]

ML(1, 2, 3) 207 206.9± 0.9
ME (1, 2, 3) 118 118.7± 0.8
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Predicted masses of unobserved sparticles

ä All masses predicted correctly

SUSY inputs + h
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ä Motivation for ILC or LHC upgrades
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Dark matter predictions

ä Dark matter relic density is fitted correctly as long as Higgs
inputs are used (δΩ=3%)
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Dark matter predictions continued

ä Have compared three benchmarks
ä STC10’ → 100% of observed relic density ΩPlanck

ä STC10’-Ω75 → 75% of ΩPlanck

ä STC10’-Ω50 → 50% of ΩPlanck

ä Work in progress: relic density is fitted correctly
=⇒ if true, then Ωfit < 100% is a hint of non-SUSY DM

ä WIMP-nucleon scattering and WIMP annihilation cross
sections predicted by fit
=⇒ Competition and complementarity w/ DM experiments
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Conclusions

ä Stau coannihilation scenarios motivated by dark matter

ä ILC precision measurements would allow fitting pMSSM-13
SUSY parameters

ä Expected precisions from ILC
√
s = 500 GeV enable

predictions for masses of unobserved sparticles

ä Dark matter relic density can be determined correctly provided
the permille-level SUSY mass measurements and Higgs
measurements from ILC

ä Outlook: Comparisons of results for different benchmarks and
input data sets coming
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Backup
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Higgs BRs if mA = 1 TeV

bb cc gg γγ ττ ZZ WW
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