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Why study light higgsinos

ä Naturalness and small fine tuning requires µ parameter at the
EW scale:

m2
Z = 2

m2
Hd
−m2

Hu
tan2 β

tan2 β−1
− 2µ2

ä µ small =⇒ light higgsinos

ä Typical mass difference 10 - 20 GeV
=⇒ challenging for LHC if other sparticles are heavy
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International Linear Collider (ILC)

ä Electron-positron collider at
√
s = 250− 500GeV (1TeV)

ä Polarisation of electrons 80%, positrons 30%
ä Well-defined initial state: 4-momentum and spin config.
ä Clean and completely reconstructable final state
ä Under political consideration in Japan

34km

Typical 20yr running scenario

DRAFT

3 TIMELINES OF THE RUNNING SCENARIOS
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Figure 3: Accumulation of integrated luminosity versus real time for scenario G-20.
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Figure 4: Accumulation of integrated luminosity versus real time for scenario H-20.
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Benchmarks studied

ä χ̃0
1, χ̃0

2, χ̃±1 observable, χ̃0
3 accessible with a small cross section

ä Other sparticles heavy

ä Mass gaps ∼ 10− 20 GeV =⇒ higgsinos decay via a virtual
Z/W

Three specific benchmarks
mass ILC1 ILC2 nGMM1

χ̃±1 − χ̃0
1 14 GeV 10 GeV 7 GeV

χ̃0
2 − χ̃0

1 21 GeV 10 GeV 4 GeV
g̃ 1560 GeV 2830 GeV 2860 GeV

Cross sections for production in
e+e− at

√
s = 500 GeV several

hundred fb
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Detailed simulation: 500 GeV, 500 fb−1, P(±80%,∓30%)

quark jets

lepton

e+e− → χ̃+
1 χ̃
−
1 → χ̃0

1qq̄
′χ̃0

1eνe
in the International Large Detector

Soft tracks - no problem for ILC

ä Event generation Whizard

1.95, hadronisation
Pythia 6.422

ä Detailed ILD-specific
software for simulation
and reconstruction (Mokka
& Marlin)

ä Beam spectrum and ISR
included

ä Analysis by Jacqueline Yan
(KEK)
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Mass extraction e.g. e+e− → χ̃0
1χ̃

0
2 → χ̃0

1χ̃
0
1µ

+µ−

ä Kinematics: Maximum invariant mass gives the mass splitting.
Then maximum of di-electron energy gives the absolute
masses since initial state known
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Summary of preliminary analysis results

ä Mass precisions ∼ 0.2% after 20y (4 ab−1)

ä Polarised σ×BR for χ̃0
2 and χ̃±1 decays with 0.5-2% precision

depending on channel and polarisation

ä Include Higgs mass (∆=15 MeV) and branching ratios from
ILC 20y operation

ä Additional relaxable assumption: gluino mass from HL-LHC
with 10% precision
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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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 SPheno3.3.9beta,
Higgs mass and BRs
FeynHiggs2.10.2,
DM MicrOMEGAs and
Astrofit

Trial SUSY
parameters

Calculators
e.g. SPheno
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observables
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uncertainties
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step size
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Fitted model and results: ILC1

ä Underlying model GUT model (NUHM2)

ä Fit 10-parameter pMSSM:

parameter ILC1 pMSSM-10

M1 250
M2 463
M3 1270
mA 1000

µ 115
tanβ 10
Mt̃L

4820

Mt̃R
1670

Mother sfermions 7150
At=b=τ −4400
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Predicted masses and dark matter relic density

ä Heavier neutralino/chargino masses predicted with 2%
uncertainty
=⇒ Sets the scale for energy upgrade e.g. to

√
s ∼ 1 TeV

ä Dark matter relic density ΩILC1/ΩPlanck = 0.054± 0.001
=⇒ Strong hint that non-SUSY DM or non-thermal

production exists
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Test of gaugino mass Mi unification

ä Take determined parameters
at 1 TeV

ä Run up to GUT scale with
two-loop RGEs, but fix other
parameters to model values

ä Underlying theory is NUHM2
and indeed find unification of
Mi at 1016 GeV
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Extrapolation of M3 assuming unification

ä Drop assumption about
gluino measurement → ILC2,
plot precisions after 5y of ILC

ä Find QU s.t.
M1(QU) = M2(QU)

ä If assume M1/2 = M3 and
take NUHM2

ä Then M3 = 2630± 220 GeV
at 1 TeV

ä And prediction for gluino
mass mg̃ = 2870± 210 GeV
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Extrapolation of M3 assuming unification

ä Drop assumption about
gluino measurement → ILC2,
plot precisions after 5y of ILC

ä Find QU s.t.
M1(QU) = M2(QU)

ä If assume M1/2 = M3 and
take NUHM2

ä Then M3 = 2630± 220 GeV
at 1 TeV

ä And prediction for gluino
mass mg̃ = 2870± 210 GeV
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Distinguishing between SUSY breaking scenarios

ä Motivation for mirage
breaking scenario Baer et al
1610.06205

ä Gaugino mass parameter
unification scale
µmir = MGUT e

−8π2/α

ä Analysis of scenario with
mass gaps ∼ 5 GeV ongoing

ä Here: expected 4-5y ILC run
precisions, clear difference to
ILC1 scenario

ä Prediction for gluino mass is
possible
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Summary

ä ILC would measure properties of higgsinos to percent-level
precision, with 20-year ILC run / threshold scans to sub-%
precision in the ILC1 benchmark

ä These precise measurements allow for extracting some weak
scale parameters, in particular the bino and wino mass
parameters with a few % uncertainty after 20 years

ä Can obtain predictions for unobserved sparticles, motivating
building future lepton and hadron colliders

ä Would get a strong hint of the existence of non-SUSY DM

ä Can have sensitivity to GUT unification hypotheses
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2+leptons+1(0 b-)jets at LHC14
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FIG. 3: S/
p

B from HL-LHC for pp ! eZ1 eZ2j followed by
eZ2 ! eZ1`

+`� decay versus µ, scaled for the luminosity from
Ref. [45]. The blue lines are for m1/2 = 1000 GeV while red
lines are for m1/2 = 800 GeV.

GeV range (the expected range of theory accuracy on our
mh calculation) throughout the entire plot. We also show
contours of �EW = 15, 30, 50 and 75. The �EW = 30
contour asymptotically appoaches µ ⇠ 250 GeV before
sharply cutting o↵ around m1/2 ⇠ 1.2 TeV wherein the

rising top squark masses cause ⌃u
u(t̃1,2) to become suf-

ficiently large that the model becomes fine-tuned. We
also show the present LHC8 limit for g̃g̃ production as
the vertical line m1/2 ⇠ 0.5 TeV[38, 39]. The 5� reach
of LHC14 with 300 (3000) fb�1 for the SSdB signal ex-
tends to m1/2 ⇠ 0.8 (1.2) TeV thus encompassing nearly
the entire �EW < 30 region (the corresponding 3000
fb�1 LHC14 reach for g̃g̃ extends to m1/2 ⇠ 1 TeV).
We also show the 300 (3000) fb�1 reach of LHC14 for
eZ1

eZ2j production with eZ2 ! `+`� eZ1 decay as dashed
(dot-dashed) contours at µ ⇠ 160 (250) GeV, assuming
this is relatively insensitive to the precise value of m1/2,
at least in the interesting region with low �EW . Again,
nearly the entire �EW < 30 region is covered, the ex-

FIG. 4: Plot of �EW contours (red) in the m1/2 vs. µ plane
of NUHM2 model for A0 = �1.6m0 and m0 = 5 TeV and
tan� = 15. We also show the region excluded by LHC8 gluino
pair searches (left of solid blue contour), and the projected re-
gion accessible to LHC14 searches via the SSdB channel with
300/3000 fb�1 of integrated luminosity (dashed/dot-dashed

contours). The LHC14 reach via the eZ1 eZ2j channel is also
shown, assuming it is insensitive to the choice of m1/2 in the
low �EW region of interest. We also show the reach of various
ILC machines for higgsino pair production (black contours).
The blue (gray) shaded region is excluded by LEP2 (LEP1)
searches for chargino pair production. To aid the reader, we
note that mg̃ ' 2.5m1/2.

ception occuring mainly at smaller m1/2 ⇠ 0.7 � 1 TeV
where the g̃g̃ and SSdB signals should be more robust.
Throughout almost all the �EW < 30 region, at least
two and sometimes all three of the RNS signals g̃g̃, SSdB
and eZ1

eZ2j should be accessible, thus o↵ering a degree
of confirmation in multiple signal channels. We reiterate
that the SSdB signal and the soft dilepton signal from
eZ1

eZ2j production would both point to the production
of light higgsinos characteristic of RNS. For comparison,
we also show the reach of ILC with

p
s = 0.5 and 1 TeV.

The ILC with
p

s ⇠ 0.6 TeV should also make a decisive
and complementary search for RNS (with �EW  30)

via the e+e� ! fW+
1
fW�

1 and eZ1
eZ2 channels[47].

Summary:
Recent clarification of electroweak naturalness points

to SUSY models containing rather light higgsinos ⇠
100 � 300 GeV while gluinos and squarks may lie in
the 3-4 TeV range while maintaining naturalness at the
3-10% level (�EW

<⇠ 30). Our extension of HL-LHC
SUSY reach estimates for the planned accumulation of
3000 fb�1 of data displayed in Fig. 4 shows that nearly
all of natural SUSY parameter space will be probed at

ILC1

ILC2



ILC1 unpolarised cross sections
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Fit observables

I mass χ̃0
1, χ̃0

2, χ̃±1
I xsxbr of χ̃+

1 χ̃
−
1 → qq̄′lνl (l=e, mu)

for P(e− = ∓80%, e+ = ±30%)

I xsxbr of χ̃0
1χ̃

0
2 → χ̃0

1χ̃
0
1ll (l=e, mu)

for P(e− = ∓80%, e+ = ±30%)

I Higgs mass

I Higgs BRs h→ bb, h→ cc , h→ ττ, h→ gg , h→ γγ,
h→ ZZ ∗, h→WW ∗



Higgs mass and BR measurements from ILC

I ILC will measure mh to 25 MeV (15 MeV) precision in initial
(H20) run

I Precision Higgs measurements included in the fit
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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ILC1 pMSSM-10 preliminary fit results

parameter ILC1 pMSSM-10 Fitted values (higgsinos, Higgs, mg̃ )

M1 250 247± 4 GeV
M2 463 452± 11 GeV
M3 1270 1280± 130 GeV
mA 1000 1110± 116 GeV
µ 115 [115, 122] GeV

tanβ 10 [8, 18]
Mt̃L

4820 [4500, 8000] GeV

Mt̃R
1670 [1500, 2000] GeV

Mother sfermions 7150 [5500, 8500] GeV
At=b=τ −4400 [−6600,−4200] GeV



Dark matter predictions

ä Dark matter relic density ΩILC1/ΩPlanck = 0.054± 0.001
=⇒ Strong hint that non-SUSY DM or non-thermal

production exists

ä Spin-independent WIMP-nucleon scattering cross section
σSI = 1.5× 10−8 pb

ä WIMP annihilation cross section
< σv >= 2.6× 10−25 cm3s−1

Figures from 1609.06735
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec±
0 ! ec0

1 ec0
1Z⇤W⇤ process with a pure Wino production cross section, while

a simplified model of the et pair production, followed by the et ! ec±
1 b and the subsequent

ec±
1 ! ec0

1W⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.
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