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Measurements at the ILC
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Cosmological vs. collider precision

ä ΩCDMh2 = 0.1197±0.0022

=⇒ ∆ = 2% ä ΩCDMh2 = ? ± ?

=⇒ ∆ =?%
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How is DM relic density determined

ä relic density ∝ present day
abundance Y (T0)

ä dY
ds ∝ 〈σv〉(Y 2−Yeq(T )2)

ä Full model =⇒
prediction for relic density

ä micrOMEGAs a code to
calculate relic density
arXiv:1305.0237
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Dark matter mechanisms in SUSY

ä Stau coannihilation is one of the preferred mechanisms to
explain dark matter in SUSY

15

Figure 7. The (MA, tan�) planes in the CMSSM (upper left), the NUHM1 (upper right), the NUHM2
(lower left) and the pMSSM10 (lower right). The red and blue solid lines are the ��2 = 2.30 and 5.99
contours, and the solid purple line is the current LHC 95% CL exclusion in the Mmax

h scenario.

conclusions apply to the NUHM2, with the addi-
tional observation that the small t̃1 coannihilation
regions lie below the LZ sensitivity and straddle
the neutrino ‘floor’.

Finally, we see that whereas the region of the
pMSSM10 parameter space that is favoured at
the 68% CL lies within reach of the LZ experi-
ment, as is the case for much of the �̃±

1 coanni-
hilation region, there are models in the �̃±

1 and

⌧̃1 coannihilation regions, as well as in the h and
Z funnels and uncoloured regions where none of
these mechanisms dominate, in which cancella-
tions in the spin-independent matrix element may
drive �SI

p below the neutrino ‘floor’. It should
be kept in mind here (see the discussion in [5]),
that these very low values of �SI

p are due to can-
cellations [39] between di↵erent contributions to
the matrix element for spin-independent scatter-

Mastercode arXiv:1508.01173v1
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Processes in stau coannihilation

ä Pair annihilation depends on LSP
mixing and sfermion mass
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Variation of dark matter with masses

ä Typical variations in a scenario with many light sparticles

Observable ± variation ± change in Ω

mχ̃0
1

1% 5%

mτ̃1 1% 5%
m

l̃R
1% < 0.5%

m
l̃L

1% < 0.01%

mν̃ 10% < 0.1%
mH,A0 10% < 0.1%
mχ̃i

10% < 0.1%
mq̃ 10% < 0.01%

ä LSP and stau1 mass crucial, others much less important
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Variation of dark matter with mixings

ä Typical variations in a scenario with many light sparticles

”observable” ± variation ± change in Ω

stau mixing angle θτ 1% 1%
binoness of LSP N11 1% 3.5%

other neutralino mixings 100% ∼ 1− 4%
Higgs mixing 50% 2%
other mixings 50% < 0.1%

ä Stau and LSP mixing also crucial, Higgs and other neutralino
mixings needed to ∼ 10%

ä What can the ILC give? Study a concrete example
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Stau coannihilation observable at the ILC

ä pMSSM point with 12 parameters ”STC8” (arXiv:1307.0782)

ä mχ̃0
1

= 96 GeV (bino), mτ̃1 = 107 GeV (RH)

ä True relic density value 0.113
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500GeV measurements

ä SGV analysis of STC8 done by Berggren (arXiv:1508.04383v1)

ä More details tomorrow early afternoon BSM

ä τ̃1 → χ̃0
1τ endpoint =⇒ ∆mτ̃1 = 0.15%
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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
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500GeV measurements

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

0
2 and χ̃±

1

ä Precisions on masses and mixings:

black=estimate, blue=analysis (arXiv:1508.04383v1)

mχ̃0
1

0.15% mχ̃0
2

0.5%

mτ̃1 0.16% mτ̃2 2.5%

mẽR 0.17% mµ̃R 0.40%

mẽL 1% mµ̃L 1%

mν̃e ,ν̃µ,ν̃τ 1% mχ̃±1
1%

θτ 1% Aτ 20%

N11,12,13,14 1% each Umix ,Vmix 20% each
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Stau1 and LSP mass vs mixings

ä Red: LSP mass and stau1 mass varied 0.15%
ä Blue: LSP mixings and stau1 mixing varied 1%
ä With these assumptions, mixings dominate uncertainty on

relic density Ω
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ä Precisions of stau mixing and LSP mixings need to be studied
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Important to measure: binoness of LSP

ä Blue: LSP and stau1 mass 0.15%, LSP, stau1 mixings 1%

ä Red: same but N11 (binoness) fixed
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500GeV measurements

ä Red: all sleptons, sneutrinos, χ̃0
1, χ̃

0
2, χ̃

±
1 varied, rest fixed.

∆Ω = 3.5% (fix N11 =⇒ ∆Ω = 2%)

ä Blue: same but squarks uniformly varied 1 - 50 TeV,
higgses 0.4 - 2 TeV and χ̃0

3, χ̃
0
4, χ̃

±
2 0.25 TeV - 2 TeV

ä Unobserved sector causes ∼ 1σ shift of the mean
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Assumptions for 1TeV measurements

ä Assume no further improvement on light sparticle
measurements (over-conservative)

ä Extended Higgs masses: ∆ = 1%
ä χ̃0

3, χ̃
0
4, χ̃

±
2 : ∆ = 1%

ä Red: unobservables fixed

ä Blue: unobservables free

ä No shift from
unobservables, width is
similar
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Not considered

ä MicrOMEGAs =⇒ tree-level SUSY cross-sections

ä SUSY loop corrections can give ∼ 10%
(e.g. arXiv:0710.1821v3)

ä This probably just a shift of the mean predicted Ω
(for other coannihilation scenarios arXiv:1510.0629v1)

ä h0 − H0 mixing angle ignored

ä Related to couplings of light Higgs
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Summary

ä In stau-coannihilation: if sleptons, sneutrinos and light
gauginos discovered and if mixings measured to 1%

=⇒ ILC precision on relic density ∼ 2 × Planck precision

ä With current assumptions, uncertainties on mixing properties
dominate over mass uncertainties

ä Need a more reliable estimate of the ILC capabilities
e.g. from tau polarisation and polarised cross sections

ä With real discoveries would need to consider loop corrections
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Backup: 500 GeV assumptions
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Omega 500GeV discoveries
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(arXiv:1508.04383v1)
mχ̃0

1
0.15% mχ̃0

2
0.5%

mτ̃1 0.16% mτ̃2 2.5%

mẽR 0.17% mµ̃R 0.40%

mẽL 1% mµ̃L 1%

mν̃e ,ν̃µ,ν̃τ 1% mχ̃±1
1%

θτ 1% Aτ 20%

N11,12,13,14 1% each Umix ,Vmix 20% each

Unobservables at 500GeV - uniform variations
mχ̃0

3,χ̃
0
4

0.25− 2 TeV mχ̃±2
0.25− 2 TeV

mH0,A0,H± 0.4− 2 TeV

m
d̃L,ũL,s̃L,c̃L

all equal 1− 50 TeV m
d̃R ,ũR ,s̃R ,c̃R

= m
d̃L
− 100 GeV

m
t̃1,t̃2,b̃1,b̃2

independent 0.6− 50 TeV mg̃ 1− 50 TeV

θt,b −π/2→ π/2 At,b −5000→ 5000
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Backup: 1 TeV assumptions
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m
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