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Why study light higgsinos

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

m2
Z = 2

m2
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u) 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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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

Two specific benchmarks
mass ILC1 ILC2

χ̃0
1 103 GeV 148 GeV

χ̃±1 117 GeV 157.8 GeV
χ̃0

2 124 GeV 158.3 GeV

χ̃0
3 267 GeV 539 GeV
g̃ 1560 GeV 2830 GeV

Cross sections for production in
e+e− at

√
s = 500 GeV several
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What is the 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 Construction 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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Higgs mass and BR measurements are important

ä ILC will measure mh to 25 MeV (15 MeV) precision in initial
(full) run

ä Precision higgs measurements important for SUSY parameter
determination
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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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Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, A is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for � show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.
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Detailed simulation study: 500 GeV, 500 fb−1

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
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Neutralino measurement

ä Neutralino signal: e+e− → χ̃0
1χ̃

0
2 → χ̃0

1χ̃
0
1e

+e−(µ+µ−)

ä Characterised by large missing energy and two fermions in the
final state

ä Main background 4-fermion processes ννll

ZZZ χ̃0
2χ̃
0
2χ̃
0
2

ZZZ

e+e+e+

e−e−e−

l+l+l+

l−l−l−

χ̃0
1χ̃
0
1χ̃
0
1

χ̃0
1χ̃
0
1χ̃
0
1

1

Neutralino signal

WHIZARD phase space channels July 13, 2012

Process: sznu_l0mumu (e−e+ → νeν̄eµ
−µ+)

Color code: resonance, t-channel, radiation, infrared, collinear, external/off-shell

Grove 1

Multiplicity: 2
Resonances: 2
Log-enhanced: 1
t-channel: 1 Z

e−
Z

e+ (16) νe (1)

ν̄e (2)

µ− (4)

µ+ (8)e− (32)

1

Z

e−
Z

e+ (16) µ− (4)

µ+ (8)

νe (1)
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Mass extraction

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

di-electron	

mass

20.52+/-	0.32	GeV

di-electron	

energy

74.37+/-	0.80	GeV

Neutralino	mixed	production	with	leptonic	decay 	(Pe-,Pe+)	=	(-0.8,	+0.3)

20.76+/-	0.20	GeV

Di-muon	

mass
Di-muon	

energy

73.81+/-	0.86	GeV

Theoretical	values:			E_max	=	74.93	GeV						ΔM	=		21.28	GeV

Edge	precision		��1	%	

Left	Polarization

di-electron	

mass

��

20.52+/-	0.32	GeV

di-electron	

energy

74.37+/-	0.80	GeV

Neutralino	mixed	production	with	leptonic	decay 	(Pe-,Pe+)	=	(-0.8,	+0.3)

20.76+/-	0.20	GeV

Di-muon	

mass
Di-muon	

energy

73.81+/-	0.86	GeV

Theoretical	values:			E_max	=	74.93	GeV						ΔM	=		21.28	GeV

Edge	precision		��1	%	

Left	Polarization

Preliminary result:
χ̃0

1 and χ̃0
2 masses

∼0.2% precision
from full ILC run
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Chargino measurement

ä Chargino signal: e+e− → χ̃−1 χ̃
+
1 → χ̃0

1qq̄
′χ̃0

1eνe(µνµ)

ä Characterised by large missing energy, two jets from one W*
and a lepton from the other W*SM*and*SUSY*backgrounds*
almost*fully*eliminated�

didjet*energy*

w/*muon*tag*

didjet*mass*

w/*muon*tag*

didjet*energy*

w/*electron*tag*
didjet*mass*

w/*electron*tag*

Chargino*pair*producRon*with*semileptonic*decay�

e+e� � ��+
1 ���

1 � ��0
1 ��0

1qq
���

PolarizaRon*(Ped,Pe+)*=*(d0.8,*+0.3)�

		�

preliminary�

SM*and*SUSY*backgrounds*
almost*fully*eliminated�

didjet*energy*

w/*muon*tag*

didjet*mass*

w/*muon*tag*

didjet*energy*

w/*electron*tag*
didjet*mass*

w/*electron*tag*

Chargino*pair*producRon*with*semileptonic*decay�

e+e� � ��+
1 ���

1 � ��0
1 ��0

1qq
���

PolarizaRon*(Ped,Pe+)*=*(d0.8,*+0.3)�

		�

preliminary�

Preliminary result:
χ̃0

1 and χ̃±1 masses
∼0.2% precision
from full ILC run
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Cross section measurement

ä Measure with different polarisation combinations

ä Polarisation dependence reveals higgsino nature

ä Strategy: Fit overall shape to count events

production cross sections for this wino-like case are below 0.1 fb and do not show up in

this frame. This observation will be important in Sec. 5 where we describe our analysis.

The polarization dependence of the chargino pair production cross section provides an

independent handle that may enable us to argue the higgsino-like nature of the charginos

of the ILC1 point. For a right-handed electron beam the amplitude for charged wino pair

production is suppressed by a factor of M2
W /s relative to that for charged higgsino pair

production, accounting for the strong drop of the dashed curve at PL(e−) = −1.

m0 =7025 GeV, A0 =-11426.6 GeV, tanβ =10, mA =1 TeV

10 3
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ILC1: m1/2=568.3 GeV, µ=115 GeV
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Figure 3: Sparticle production cross sections vs. PL(e−) at an e+e− collider for the ILC1 bench-

mark point with
√

s = 250 GeV. The positrons are taken to be unpolarized. For comparison, we

show a point with a wino-like chargino of similar mass. For the wino-like case with m1/2 = 120 GeV,

then the σ(e+e− → Z̃1Z̃2) ∼ 0.1 fb, while σ(Z̃2Z̃2) is even smaller, and so is far below the cross

section values shown.

3.2 Higgsino decays

Since the inter-higgsino mass gaps are so small, for the case of RNS one expects the following

three-body decays to be dominant:

W̃ −
1 → Z̃1f f̄ ′ , (3.1)

Z̃2 → Z̃1f f̄ , (3.2)

– 8 –

Extraction	of	Cross	Section	
N1N2

di-muon,		left	pol.

Δσ/σ	=	3.49%

di-muon			right	pol.

Δσ/σ	=	2.80%

Di-electron,		left	pol.

Δσ/σ	=	3.17%

Di-electron,		right	pol.

Δσ/σ	=	2.41%

Uncertainty	of	right	pol	is	about	3	/	4	of	left	pol	
		dependent	on	statistics		(evaluated	using	Toy	MC)

��

Preliminary result:
σ× BR 0.5%-2%

depending on channel
and beam polarisation
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Parameter fitting

ä What can we say about SUSY parameters based on these
observables?

ä Which parameters are determined and how accurately?

ä Can we test the SUSY model type?

ä Can we make predictions about the unobserved part of the
spectrum?
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Fitting parameters to observables with Fittino

Fittino minimises

χ2 =
(O(ILC)−O(theory)

∆O(ILC)

)2

(arXiv:hep-ph/0412012)

SPheno 3.3.9beta,
Higgs mass and BRs
FeynHiggs2.10.2

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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Parameters of ILC1

ä Definition: NUHM2 model
6 free parameters
M0, M1/2, µ, mA, tanβ, A0

parameter scale ILC1

µ weak 115
M1/2 GUT 568.3
tanβ weak 10
M0 GUT 7025
A0 GUT −10426.6
mA weak 1000

ä Fit pMSSM-10 (at 1 TeV)

parameter ILC1-pMSSM

µ 115
M1 250
M2 463
M3 1270

tanβ 10
Mt̃L

4820

Mt̃R
1670

Mother sfermions 7150
At=b=τ −4400
mA 1000

Suvi-Leena Lehtinen | DESY theory WS | 29.9.2016 | 14



5 parameter fit with SUSY and Higgs

ä Input: higgsino masses with 0.2% uncertainty, cross sections
with 0.5%-2% uncertainty, 250, 350 and 500 GeV
measurements

ä Input: Higgs precisions from ILC 20yr running

ä Input: gluino mass from HL-LHC with 10% uncertainty

DRAFT
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Figure 3: Accumulation of integrated luminosity versus real time for scenario G-20.
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Fit of 5 parameters relevant for gauginos
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1-2% precision on M1 and M2,

10% precision on M3
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Fit of 5 parameters relevant for gauginos
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Test of gaugino mass unification

NUHM2 type scenario (ILC1)
initial stage ILC result
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Mirage mediation scenario
similar precision expected
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Summary

ä Light higgsinos motivated by naturalness

ä ILC would probe higgsinos complementary to LHC reach
I either exclude masses up to

√
s/2 = 500 GeV for 1 TeV

upgrade → wide coverage of natural SUSY scenarios
I or discover regardless of mass scale of heavier states

ä ILC would measure properties of higgsinos to percent-level
precision, with full ILC run / threshold scans to sub-%
precision

ä Precise measurements allow for extracting some weak scale
parameters and predicting mass scales of unobserved sparticles

ä Can have sensitivity to GUT unification hypotheses

Suvi-Leena Lehtinen | DESY theory WS | 29.9.2016 | 18
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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 ∗
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�

(Ped,*Pe+)� (d1.0,+1.0)� (+1.0,d1.0)�

σ(χ1+*χ1d)*[p]� 1800� 335�

σ(χ10*χ20)*[p]� 491� 379�

σ(χ20*χ30)*[p]� 11.0� 8.42�

σ(χ10*χ10)*[p]� 2.03� 1.56�

σ(χ20*χ20)*[p]� 0.53� 0.41�

σ(χ10*χ30)*[p]� 0.28� 0.20�

ILC1�

BR(χ1+*→*χ10*qq’)� 67%�

BR(χ1+*→*χ10*lν)*(l=e,μ)� 22%�

BR(χ20*→*χ10*qq’)� 58%�

BR(χ20*→*χ10*ll)*(l=e,μ)� 7.4%�

Cross*secRons*(pure*beam*polarizaRons)*
√s=500*GeV*with*TDR*beam*parameters�

Branching*raRos�



Event*SelecRon*

•  Reconstruct#two#leptons#(ee#or#μμ)#which#originate#

from#Z*#emission#in#decay#of#χ20**to##χ10*#
•  Major#residual#bkg.#are#4f#processes#accompanied#

by#large#missing#energy#(ννll)#

•  27γ##processes#are#removed#by#BeamCal#veto,##cuts#

on#lepton#track#pT,#and#coplanarity#

•  Reconstruct#two#jets#which#originate#from#W*#

emission#in#decay#of#χ1±**to##χ10*#
•  Use#lepton#(e#or#μ)#from#the#other#chargino*as*tag#
•  BeamCal#veto,#cuts#on#missing#pT,###of#tracks,###of#

leptons,#and#coplanarity#remove#almost#all#bkg.#

#(with#signal#significance#>#100)#

Neutralino*mixed*producRon*with*leptonic*decay�

e+e� � ��0
1 ��0

2 � ��0
1��0

1�
+��

Chargino*pair*producRon*with*semileptonic*decay�

e+e� � ��+
1 ���

1 � ��0
1 ��0

1qq
���


�

**signal*

**signal*

**2eγ*

**ννll**



in*region*of*higher*kinemaRc*edge*of*Minv*and*Edl*
*4f_leptonic*processes*involving*missing*energy*
*
*μμ*:******4f_ZZWWMix_l,**4f_singleZnunu_l*
**

*ee**:**4f_singleZeorsingleW_l****
*
*4f_leptonic*BG*drop*to*1/10*for*right*pol*

4f_szeorsw_leptonic� 4f_sze_leptonic�

4f_sznu_leptonic�

These*are*not*all*the*diagrams*

Major*Residual*bkg*

���



•  lepton*type*(μμ*or*ee)*:*the*two*leptonic*channels*of*N1N2*analysis*
•  *nTrack*=*2**:****number*of*charged*tracks*

•  no*hit*in*BeamCal**:***veto*γγ2f*BG*

•  Pt_lep1,2*>*6*GeV***and*|cosθlep1,2|*<*0.95:***
•  Coplanarity*<*1.0*rad*:***angle*between*leptons*in*xdy*plane**
•  Evis*–*Eγmax*<*40*GeV***:***visible*energy*(very*small*for*signal)*

•  Emis*>*300*GeV**:****missing*energy*(very*large*for*signal)*

•  |cosθmissing|*<*0.98**:**θ*of*missing*energy*events*

•  |cosθZ|*<*0.98**:***Z**producRon*angle*
•  Pt_dl*<*80*GeV***:***transverse*momentum*of*dilepton*

•  Minv<50*GeV*:**dilepton*invariant*mass:*determines*ΔM*

*last*of*all*observe*distribuRons*of*Minv*and*dilepton*energy*(E_dl)**

KinemaRc*edge*is*a*funcRon*of*Higgsino*mass*and*ΔM*

Cuts*for*N1N2*

�	�



•  lepton*type*(μ*or*e*tag)*and*#*of*lepton*=1**
•  *Pt_mis*>*10*GeV****
•  Jet*Coplanarity*<*1.0*rad**
•  |cosθjet1,2|*<*0.95:***
•  nTrack(in*jet)*>1***:**
•  no*hit*in*BeamCal**:**
•  cosθjet1dlep*<*0.2,*****cosθjet2dlep*<*0***angle*between*jets*and*leptons*
•  Evis*–*Eγmax*<*60*GeV***:****
•  Emis*>*400*GeV**:*****
•  |cosθmissing|*<*0.98**:***
•  |cosθZ|*<*0.98**:****
•  Pt_jj*<*50*GeV***:****
•  Minv<30*GeV*:*

*last*of*all*observe*distribuRons*of*Minv*and*dijet*energy*(Ejj)**
KinemaRc*edge*is*a*funcRon*of*Higgsino*mass*and*ΔM*

Cuts*for*C1C1*

���



Top-Level Parameters for TDR Baseline
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ILC Timeline - where are we now?

Baseline Design�

Technology choice�

Establish International Laboratory�

Construction (~9 yrs)�

Discussions w/ Funding Agencies�

First Cost Estimate�

Design & 
Manufacturing Processes�

Site-related studies 
by scientists/civil engineers�

Cost/Design Optimization�

Today 
2016�

Operation (~20 yrs)�

CERN/LHC 
Higgs Discovery 

International R&D�

Government reviews 
Talks between governments�

OECD Ministerial Statement�

International 
Laboratory�

2008�

2013�

Site-specific design 
Activities in Local area 

Environmental assessment 

Begin cooperation 
Government/Industry/Academica�

1980’s�
Project Start 

�004�

2007�

Geological studies 

Green Light / 
International Agreement�

2014�

Site studies by 
local groups 

XFEL Experience�

Domestic Site 
Evaluation 

Science Council 
of Japan Report�

Site-specific design 
International collaboration 

Setting regulations 
Engineering design 

Preparing construction�

Government budget for project evaluation 
Project reviews by MEXT start�

Technical 
Design Report�

2015�

2012�

Local in JapanGlobal SceneScience, R&D
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