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Figure 1-2. Overlap between the questions and ideas discussed in the text.

equivalent (or ‘dual’) to composite theories. This has led to a deeper understanding of both extra
dimensions and compositeness, and led to many interesting and detailed proposals for new phyics
based on these ideas.

• Unification of forces. The idea that all elementary interactions have a unified origin goes back to
Einstein, and has its modern form in grand unification and string theory. There is experimental
evidence for the unification of gauge couplings at short distances, and string theory generally predicts
additional interactions that may exist at the TeV scale.

• Hidden Sectors. Additional particle sectors that interact very weakly with standard model particles
are a generic feature of string theory, and may play an important role in cosmology, for example dark
matter.

• ‘Smoking Gun’ Particles. Some kinds of new particles give especially important clues about the big
questions and ideas discussed here. Top partners are required in most solutions to the naturalness
problem; additional Higgs bosons are present in many models of electroweak symmetry breaking;
contact interactions of dark matter with standard model particles are the minimal realization of WIMP
dark matter; and unified theories often predict new gauge bosons (W 0/Z 0) that mix with the electroweak
gauge bosons.

• The Multiverse. String theory apparently predicts a ‘landscape’ of vacua, and eternal inflation gives
a plausible mechanism for populating them in the universe. The implications of this for particle
physics and cosmology are far from clear, but it has the potential to account for apparently unnatural
phenomena, such as fine-tuning.

These questions and ideas are summarized in Fig. 1-2, along with the connections between them.

Community Planning Study: Snowmass 2013
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Introduction

Exploring the space (also from Lian-Tau)

Exploring the space of possibilities

larger mass

w
ea

ke
r 

co
up

lin
g

lepton collider

higher energy
Where we 
are now

SUSY

composite
extra dim

W’/Z’

dark matter

higgs+X

hidden 
sector

at 14 TeV

Monday, May 12, 14
Mikael Berggren (DESY) BSM at e+e− CLICWS15 4 / 34



Introduction

BSM

In this talk:
1 DM: Because it’s there.
2 Z’: Because it could be direct observation of BSM
3 (A little about) Precision measurements - mostly covered by

Philipp and Nacho in the previous talks.
4 SUSY - always considering LHC prospects

Because it’s the theory that can address all the “Big Questions”
Also because different version of it predicts a vast variety of BSM
signals good experimental testing-ground.
High-lights LC - LHC interplay.
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Dark matter

Only WIMPs

Cosmology⇒ 25% of universe = Dark
Matter
One possibility: WIMPs (χ). What if this is
the only accessible NP ?

?

χ

χ

+
e

-
e

Search for direct WIMP pair-production at collider : Need to make
the invisible visible:

Require initial state radiation which will recoil against “nothing”
LHC: pp → χχg or χχγ
LC: e+e− →χχγ (Full simulation study. C. Bartels, J. List, M.B. arXiv:1206.6639v1, and

A. Chaus, Thesis,in preparation.)
Model-independent Effective operator approach to “?”

Exclusion regions in Mχ/Λ plane, for each operator.
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Dark matter

Backgrounds and Signal extraction

Irreducible Backgrounds
ee→ ννγ

Recoil-mass peaks at MZ
“switched off” by P(e−)=1.

e+e− → e+e−γ
mimics signal if e+e−

undetected
crucial to apply veto from low
angle calorimeter

Mass & σ from spectrum shape
fractional event counting: Weight
events by Sbin/

√
Bbin

Include systematic errors.
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signal

polarised beams

P(e−,e+) νν̄γ e+e−γ
(0%,0%) 67% 23%

(+80%,−60%) 25% 75%
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Dark matter

Comparison with current LHC Results
Examples:

Vector operator (“spin
independent”), Sχ = 1/2
Axial-vector operator (“spin
dependent”), Sχ = 1/2

LHC data: CMS PAS EXO-12-048,projections: arXiv:1307.5327

LHC reaches higher masses,
ILC smaller cross-section.

Note:

LHC curves assume pure
coupling to hadrons, while

ILC curves assume pure coupling
to leptons.

Not a priori comparable; rather
complementary!
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Z’

Z’ and friends

Z’ is “everywhere” : Strings, extra-dimesions, composite models,
...
If a resonance seen: Obviously BSM.
Direct observation of resonace peak vs. Indirect evidence from
modified behavior (couplings, asymetries, angular distributions).
First case: ECMS is king; Second case: precision is the one.
Ie. Direct detection favours hadron colliders, indirect lepton
colliders
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Z’

Z’ and friends: Direct observation at LHC

Model ℓ, γ Jets Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1503.089885.8 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677760 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 1506.00285500-720 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 1504.04605960 GeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e, µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
EGM W ′ →WZ → qqqq − 2 J − 20.3 1506.009621.3-1.5 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e, µ 2 b Yes 20.3 gV = 1 1503.080891.47 TeVW′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 1504.0035712.0 TeVΛ

CI qqℓℓ 2 e, µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

EFT D5 operator (Dirac) 0 e, µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e, µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 20.3 β = 1 Preliminary1.05 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 20.3 β = 1 Preliminary1.0 TeVLQ mass
Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 Preliminary640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±

L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass
Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 Preliminary1.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (4.7 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1503.089885.8 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677760 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 1506.00285500-720 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 1504.04605960 GeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e, µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
EGM W ′ →WZ → qqqq − 2 J − 20.3 1506.009621.3-1.5 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e, µ 2 b Yes 20.3 gV = 1 1503.080891.47 TeVW′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 1504.0035712.0 TeVΛ

CI qqℓℓ 2 e, µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

EFT D5 operator (Dirac) 0 e, µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e, µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 20.3 β = 1 Preliminary1.05 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 20.3 β = 1 Preliminary1.0 TeVLQ mass
Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 Preliminary640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±

L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass
Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 Preliminary1.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (4.7 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

�
�

�
�So ...

Direct observation of Z’ or W’ at any LC is
becoming unlikely ...
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Z’ and friends: Indirect observations at LCs

Discovery reach

- In general, stronger than the LHC!  

- Various observables complementary.
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W

�
[48] and a dark matter

effective theory [49, 50]. In the SSM, the W
�

boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W

�
masses ranging from

0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /
10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are

Community Planning Study: Snowmass 2013

Langacker, Han, Liu, LTW, 1308.2738

Monday, May 12, 14

LHC

But ...
Indirect reach is higher for an LC than
HiLumi LHC.
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HiLumi LHC can only give
model-dependent fits (no total width!),
of O(5) %
LC precision needed to distinguish !
But for details, see the previous two
talks from Philipp and Nacho !
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SUSY

SUSY: the LHC-LC connection

What if ...
1 LHC finds nothing new.
2 LHC finds new particle(s) within LC reach, or that at least hints to

new particles within reach.
3 LHC finds new particle(s), but none in LC reach, nor hinting that

there would be any in reach.
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SUSY

Where do the “hints” come from ?

Why would the mass of the gluino (the sparticle-of-excellence for LHC)
give a hint for the LC?

Based on bosino mass unification on the GUT scale.
This is different from coupling unification at the GUT scale.
The latter is an indication for new physics at the weak-scale; If
there is no new physics between weak and GUT scales, the RGE
running makes strong, EM and weak couplings equal at different
points for any pair of couplings. If there is, they can all unify at a
single point.
The former is just an assumption, used to reduce the number of
free parameters (CMSSM/mSUGRA). It has no profound reason
to be, but was useful at LEP-times.

This assumption is now challenged by the data.
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SUSY

What do we know ?

The three LHC scenarios are quite similar as far as SUSY an LC is
concerned: Naturalness, hierarchy, DM, g-2 all prefers light
elector-weak sector. Whether LHC finds nothing, light coloured, or
heavy coloured particles does not change the state of the matter,
because

Except for 3d gen. squarks, the coloured sector doesn’t enter the
game.
Even if LHC finds NP, it will be very hard to identify as SUSY.
In “natural” SUSY the LSP is a higgsino, and the electro-weak
sector is “compressed”, ie. there is at least some of the EW’s that
are close to the LSP.
⇒ most sparticle-decays are via cascades including
bosinos/sleptons, and at the end of these cascades, the mass
difference is small⇒ invisible to the LHC !
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SUSY

What do we know ?

The three LHC scenarios are quite similar as far as SUSY an LC is
concerned: Naturalness, hierarchy, DM, g-2 all prefers light
elector-weak sector. Whether LHC finds nothing, light coloured, or
heavy coloured particles does not change the state of the matter,
because

Except for 3d gen. squarks, the coloured sector doesn’t enter the
game.
Even if LHC finds NP, it will be very hard to identify as SUSY.
In “natural” SUSY the LSP is a higgsino, and the electro-weak
sector is “compressed”, ie. there is at least some of the EW’s that
are close to the LSP.
⇒ most sparticle-decays are via cascades including
bosinos/sleptons, and at the end of these cascades, the mass
difference is small⇒ invisible to the LHC !

Hence, that “LHC finds new
particle(s), but none in LC reach”
does not mean that there aren’t
any SUSY particles with in LC
reach.
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SUSY SUSY with no loop-holes

Loop-hole free SUSY searches

All is known for given masses, due to
SUSY-principle: “sparticles couples as
particles”.
This doesn’t depend on the SUSY breaking
mechanism !
Obviously: There is one NLSP.
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SUSY SUSY with no loop-holes

Loop-hole free SUSY searches

All is known for given masses, due to
SUSY-principle: “sparticles couples as
particles”.
This doesn’t depend on the SUSY breaking
mechanism !
Obviously: There is one NLSP.

So, at an LC :
Model independent exclusion/ discovery
reach in MNLSP −MLSP plane.
Repeat for all NLSP:s.
Cover entire parameter-space in a hand-full
of plots
NLSP search↔ “simplified models” @ LHC!
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SUSY SUSY with no loop-holes

Simplified models

Simplified methods at
hadron and lepton
machines are different
beasts.
At lepton machines
they are quite model
independent, at LHC
model dependent.
A few examples (M.B.

arXiv:1308.1461)
µ̃R NLSP
τ̃1 NLSP (minimal σ).
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At ILC
Both discover and exclude NLSPs up to
some GeV:s from the kinematic limit,
whatever the NLSP is, and whatever the
rest of the spectrum is!
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SUSY SUSY with no loop-holes

No loop-holes

Compare with LHC, here
Atlas (arXiv:1403.5294v1):

Di- and tri-lepton
searches, Mχ̃0

2
= Mχ̃±

1
,

Br(χ→W (∗)/Z (∗)χ̃0
1)=1.

Note cut x-axis! Here is LEP,
χ̃±1 only, any decay-mode!
Below thick line: Can’t fulfil
gaugino-mass GUT-relation.
Projections to 14 TeV
300/3000 fb−1 (arXiv:1307.7292v2).
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All limits at 95% CL

... and now
ILC at 500 GeV...at 1 TeV...and CLIC at 3 TeV⇒ Lots of plain vanilla
SUSY to explore at LC:s!
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SUSY Heavy SUSY

SUSY at CLIC: Explore heavy spectra

Eg. SUSY model III from CDR
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Fig. 12.26: Reconstructed energy (left) and mass (right) of W candidates for the chargino measurement.
The signal is compared to the backgrounds from SM and SUSY processes. All distributions are scaled
to an integrated luminosity of 2 ab�1.
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Fig. 12.27: Reconstructed energy (left) and mass (right) of Higgs candidates for the neutralino measure-
ment. The signal is compared to the backgrounds from SM and SUSY processes. All distributions are
scaled to an integrated luminosity of 2 ab�1.

12.4.6.3 Mass and cross section measurement

12.4.6.3.1 Template Fitting

The pair production cross sections and masses of the c̃±
1 and c̃0

2 particles are determined using a template
method where chargino and neutralino signal Monte Carlo samples for different mass hypotheses are
generated. The c̃0

1 mass is also measured since the energy distribution of W bosons from c̃±
1 decays is

sensitive to this observable. Two-dimensional fits are performed simultaneously to the mass and pro-
duction cross section for a given particle to account for the correlation between both quantities. The
statistical uncertainties of the extracted masses and cross sections, determined using toy Monte Carlos,
are shown in Table 12.14. All measured values are in agreement with the input values used in the Monte
Carlo generation.
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(b) e+e� ! eneene

Fig. 12.24: Reconstructed lepton energy spectra for the processes e+e� ! eµ+
Reµ�

R (left) and e+e� ! eneene

(right). The distributions obtained for an integrated luminosity of 2 ab�1 are compared to the fit result.

spectrum and on the lepton energy resolution. The masses are determined using a two-parameters fit to
the reconstructed energy distribution with m ˜̀± and mc̃0

1
or mc̃±

1
as parameters. The fit is performed

with the MINUIT minimisation package [53]. The lepton energy spectrum is a uniform distribution
with the end points given by Equation 12.3. For each event, a random value of

p
s is generated taking

into account the beamstrahlung and ISR effects, and the lepton energy resolution is included through
a parametric smearing of the lepton energy. For each process the parameters of the energy resolution
function are the ones obtained from the fits shown in Figure 12.5. Figure 12.24 shows, for the processes
e+e� ! eµ+

Reµ�
R and e+e� ! eneene, the lepton energy distributions and the fit results. The fit gives also the

integral of the momentum distribution, allowing to determine the process cross section. For the process
e+e� ! ee+

Lee
�
L ! e+e�c̃0

2c̃0
2, the cross section is determined from the fit to the boson mass distribution

shown in Figure 12.11 (b). Table 12.12 shows the values of the measured slepton cross sections, slepton
masses and gaugino masses assuming 2 ab�1 of integrated luminosity.

Table 12.12: Overview of the results of the slepton study. Values for the extracted cross sections, slep-
ton and gaugino masses are given with statistical uncertainties. All numbers are obtained assuming an
integrated luminosity of 2 ab�1.

Process Decay Mode s m ˜̀ mc̃0
1

or mc̃±
1

(fb) (GeV) (GeV)

e+e� ! eµ+
Reµ�

R µ+µ�c̃0
1c̃0

1 0.71 ± 0.02 1014.3 ± 5.6 341.8 ± 6.4
e+e� ! ee+

Ree
�
R e+e�c̃0

1c̃0
1 6.20 ± 0.05 1001.6 ± 2.8 340.6 ± 3.4

e+e� ! ee+
Lee

�
L c̃0

1 c̃0
1 e+e� (h/Z0 h/Z0) 2.77 ± 0.20

e+e� ! eneene c̃0
1 c̃0

1e+e� W+W� 13.24 ± 0.32 1096.4 ± 3.9 644.8 ± 3.7

12.4.5.3 Effects of the Luminosity Spectrum Measurement Uncertainty
In order to assess the effect of the knowledge of the luminosity spectrum on the mass measurement
accuracy, a luminosity spectrum variation was introduced as described in Section 12.2.2. We compare
the results of the mass fit without variation to those obtained with variation. For the process e+e� !

221

Mikael Berggren (DESY) BSM at e+e− CLICWS15 20 / 34



SUSY Heavy SUSY

SUSY at CLIC: Explore heavy spectra

Eg. SUSY model III from CDR
χ̃±1 → χ̃0

1W
χ̃0

2 → χ̃0
1h

µ̃-pairs
q̃-pairs

12.4 DETECTOR BENCHMARK PROCESSES

 [GeV]CM
0 500 1000 1500 2000 2500

En
tri

es
 / 

20
 G

eV

10

210

310

without BDT cut
Signal

ννττ

ννqq
νqqe

(a) pT > 600 GeV

 [GeV]CM
500 1000 1500

En
tri

es
 / 

20
 G

eV

0

20

40

60

80 with BDT cut
Signal

ννττ

ννqq
νqqe

(b) pT > 600 GeV and BDT Cut

Fig. 12.22: The MC distributions for the signal and the individual backgrounds. The histograms are
stacked and normalised to an integrated luminosity of 2 ab�1. In the left plot only a simple pT > 600 GeV
cut is applied while the right plot shows the distributions after an additional cut on the output of the BDT.

which is invariant under contra-linear boosts of equal magnitude of the two heavy parent particles, and
thus to first order independent of the centre-of-mass energy [49, 50], is used. The distribution of MC

reaches its maximum at its high-mass endpoint, given by Mmax
C = (m2

q̃ �m2
c)/mq̃. It is assumed here

that the neutralino mass is known from the slepton measurements presented in Section 12.4.5, thus the
distribution of MC provides direct sensitivity to the squark mass.

The right-handed squark mass is extracted from the MC distribution by means of a template fit. For
the fit, templates with varying squark masses in 3 GeV steps from 1050 GeV to 1248 GeV are generated,
assuming a mass splitting of 10 GeV between up- and down-type squarks. Each of the templates contains
50000 generator-level events. After jet finding, the energy of the jets is convolved with a Gaussian
distribution with a width of 4.5% to account for the detector resolution. This factor was determined by
comparing the MC distribution in a fully simulated, high-statistics signal sample with the corresponding
generator-level distribution after convolution with various resolution factors. The value that gave the
best Kolmogorov–Smirnov score between the generator-level information with Gaussian smearing and
the fully simulated sample is chosen. The pmiss

T and BDT cuts are then applied to the templates, resulting
in realistic MC distributions. Since the templates do not include effects from gg ! hadrons background,
which results in a slight upward shift of the edge of the MC distribution due to the additionally picked up
energy, the mass scale of the templates is calibrated with a high-statistics fully simulated signal sample.

Parametrised background contributions, determined with a fit to a statistically independent back-
ground sample, are subtracted from the final MC distribution before the template fit. The template fit
itself is performed by calculating the c2 for all templates compared to the background-subtracted final
MC distribution. The squark mass, given by the weighted average of up- and down-type squarks, is de-
termined from the minimum of the resulting c2 distribution, shown in Figure 12.23a. The template with
the lowest c2 is shown in Figure 12.23b, compared to the background-subtracted MC distribution. The
statistical uncertainty of the mass measurement is determined with a toy Monte Carlo using 500 trials
with signal points shifted in accordance within their statistical errors.

12.4.4.3 Results
The mass determined from the fit, mq̃R = 1127.9 GeV±5.9 GeV, is in agreement with the cross section
weighted average input mq̃R = 1123.7 GeV. This demonstrates the possibility of a reliable reconstruction
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Fig. 12.22: The MC distributions for the signal and the individual backgrounds. The histograms are
stacked and normalised to an integrated luminosity of 2 ab�1. In the left plot only a simple pT > 600 GeV
cut is applied while the right plot shows the distributions after an additional cut on the output of the BDT.
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SUSY Compressed spectra

Why compressed spectra ? Natural SUSY: Light,
degenerate higgsinos

Why would one expect the spectrum to be compressed ?
Natural SUSY:

m2
Z = 2

m2
Hu tan2 β−m2

Hd
1−tan2 β

− 2 |µ|2
⇒ Low fine-tuning⇒ µ = O(weak scale).

But also: the data ...
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SUSY Compressed spectra

Why compressed spectra ? Global fits

pMSSM10 prediction: best-fit masses
[2015]
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⇒ high colored masses

⇒ relatively low electroweak masses

partially with not too large ranges

⇒ clear prediction for ILC and CLIC

Sven Heinemeyer, LCWS15, Whistler, 03.11.2015 14
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SUSY Compressed spectra

Natural SUSY: Light, degenerate higgsinos

Natural SUSY:
m2

Z = 2
m2

Hu tan2 β−m2
Hd

1−tan2 β
− 2 |µ|2

⇒ Low fine-tuning⇒ µ = O(weak scale).
If multi-TeV gaugino masses:

χ̃0
1, χ̃0

2 and χ̃±
1 pure higgsino. Rest of SUSY at multi-TeV.

Mχ̃0
1,2
,M

χ̃±
1
≈ µ

Degenerate (∆M is 1 GeV or less)

To detect: Tag using ISR photon, then look at rest of event:
SUSY signal and γγ background ... and with an ISR photon in addition
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SUSY Compressed spectra

Natural SUSY: Light, degenerate higgsinos

Studied model points:
dm1600: ∆(M)=1.6 GeV,
mh=124 GeV, Mχ̃0

1
=164.2

GeV.
dm770: ∆(M)=0.77 GeV,
mh=127 GeV, Mχ̃0

1
=166.6

GeV.

Very hard for LHC.
Channels: Only e+e− →χ̃0

1χ̃
0
2

or χ̃±1 χ̃
±
1 in s-channel (no χ̃0
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0
i

due to weak isospin, no
t-channel due to higgsino
nature)
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SUSY Compressed spectra

Natural SUSY: Light, degenerate higgsinos

Studied model points:
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SUSY Heavy coloured, light uncoloured

SUSY with light bosinos, sleptons, heavy coloureds

Recall:
The reason that mSUGRA/CMSSM is dead is the irrelevant part!
Ie. : LHC excludes 1:st & 2:nd generation squarks and gluinos.
These states have no influence on DM, g-2, naturalness, ...
Lifting the connection between 1:st & 2:nd generation squarks and
gluinos on one side and the 3:d generation squarks and
electro-weak sector on the other side avoids this, at the price of
have a few more free parameters.
Actually, the U(1) and SU(2) masses (M1 and M2) can still unify.
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SUSY Heavy coloured, light uncoloured

The STCx models at LHC & ILC

11 parameters.
All low-energy, cosmological, and LHC observations OK.
Fine-tuning OK.
Observable at LHC 14, so we will know within a few years.
But we won’t know what LHC saw - not even if it is SUSY, or some
other BSM physics.
ILC, on the other hand, will be able to tell.

(See arXiv:1508.04383)
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SUSY Heavy coloured, light uncoloured

Full STCx mass-spectrum

High mass squarks+gluino

Well-tempered higgs, bosino Varying 3-gen squarks
and slepton sector
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SUSY Heavy coloured, light uncoloured

STCx @ LHC14

⇒ LHC expectations
Despite the high cross-section, the low amount of missing ET and
the long decay chains will make direct bosino and slepton
observations hard.
The simple decay-chains and very high missing ET will make first-
and second-generation squark production easy to detect.
However, the cross-section is so low that it is still challenging.
Third generation squark production constitute a good compromise
between cross-section and visibility, and will be the most powerful
discovery channel. The lower cross-section in STC10 is
compensated by higher visibility.
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SUSY Heavy coloured, light uncoloured

LHC observations

Discovery channel is t̃ pairs to single, isolated lepton.
... but low purity.
A “diffuse” bosino signal can be detected, in a three-lepton search.
The b̃ can be detected in a reasonably clean sample.
1:st and 2:nd generation squarks and gluinos are produced, but
due to the high masses, at low rates.
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SUSY Heavy coloured, light uncoloured

LHC observations

Discovery channel is t̃ pairs to single, isolated lepton.
... but low purity.
A “diffuse” bosino signal can be detected, in a three-lepton search.
The b̃ can be detected in a reasonably clean sample.
1:st and 2:nd generation squarks and gluinos are produced, but
due to the high masses, at low rates.

⇒ LHC expectations
Although STCx will be discovered at LHC14 if it is realised in
nature, it will be very hard to see that it is SUSY, not some other
new physics.
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SUSY Heavy coloured, light uncoloured

STC4 sleptons @ 500 GeV:ẽ, µ̃
Selections for µ̃ and ẽ:

Correct charge.
PT wrt. beam and one ` wrt the
other.
Tag and probe, ie. accept one jet if
the other is “in the box”.

Further selections for R:
Cuts on polar angle and angle
between leptons.

Ejet , beam-pol 80%,-30%...
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SUSY Heavy coloured, light uncoloured

STC4 sleptons @ 500 GeV:ẽ, µ̃
Selections for µ̃ and ẽ:

Correct charge.
PT wrt. beam and one ` wrt the
other.
Tag and probe, ie. accept one jet if
the other is “in the box”.

Further selections for R:
Cuts on polar angle and angle
between leptons.

Ejet , beam-pol 80%,-30%...

From these spectra, we can estimate
MẽR

, and Mχ̃0
1

to < 0.2 GeV, and Mµ̃R
to < 0.5 GeV = few per mil.
From threshold scan: They are
scalars.
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BSM: Machine and Detectors

BSM: Machine and Detectors

So, we found that experimentaly, LC-BSM is largely a question of
SM-particles + missing stuff.
Ie. we need to See the unseen.

We need to know what we see.
We need to know what we would expect to see.
... and determine the difference between the two.
Implies:

Need to be hermetic, in space and time.
Need to know the initial state as well as possible.
Need to know what SM one sees, including W/Z/h.
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BSM: Machine and Detectors

An LC is not LHC

What is then the edge for LCs wrt. hadron colliders ?
Lepton-collider: Initial state is known.
Production is EW⇒

Small theoretical uncertainties.
No “underlying event”.
Low cross-sections wrt. LHC, also for background.
⇒ Trigger-less operation = hermetic in time.

⇒ for detectors:
Low background⇒ detectors can be:

Thin : few % X0 in front of calorimeters
Very close to IP: first layer of VXD at 1.5 cm.
Close to 4π: holes for beam-pipe only few cm = 0.2 msr un-covered
= Area of Suisse Romande relative to earth.
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BSM: Machine and Detectors

LC Detectors

The enemy to seeing the unseen: Acceptance holes !
Importance of hermeticity for the searches: γγ rejection, and ISR
detection.

The need to know what we see: High precision measurements:
Extremely high demands on tracking.
Tracking to low angles
Identify and measure every particle in the event = Particle-flow:

Measure charged particles with tracker, neutrals with calorimeters.
Need to separate neutral clusters from charged in calorimeters.
Separate showers in calorimeters⇒ high granularity.

Control unseen SM, ie. neutrinos:
Reduce with polarisation.
Constrained kinematic fitting.
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Conclusions

Conclusions

BSM at any LC:
DM:

Model-independent and LHC complementary reach.
Z’ etc.:

Indirect search reach much higher than LHC - excellent direct
detection possibilities for CLIC, but LHC is closing the window.

SUSY:
Loop-hole free discovery potential for SUSY, up to the kinematic
limit.
Includes a vast and quite likely region of moderate-to-small
LSP-NLSP mass-differences, not explorable by hi-lumi LHC.
In models with a rich spectrum reachable by LCs, LHC discovery
will be corroborate on.
In particular, will be able to prove that the NP discovered at LHC is
SUSY.
For models with high masses, or with only mass-degenerate
higgsinos below multi TeV, LCs might be the discovery machines.
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Conclusions

Natural SUSY: Light, degenerate higgsinos

Few-body decays and
radiative decays (for χ̃0

2)
(calculated with Herwig).
Separate χ̃±1 from χ̃0

2: Either
semi-leptonic f.s.: Only χ̃±1 , or
γ: only χ̃0

2.

EISR gives reduced
√

s′:
“auto-scan”. End-point gives
masses to ∼ 1 GeV.
Close to end-point, Eπ gives
∆(Mχ̃0

1
,Mχ̃±

1
) to ∼ 100 MeV.



Conclusions

Natural SUSY: Light, degenerate higgsinos

Few-body decays and
radiative decays (for χ̃0

2)
(calculated with Herwig).
Separate χ̃±1 from χ̃0

2: Either
semi-leptonic f.s.: Only χ̃±1 , or
γ: only χ̃0

2.

EISR gives reduced
√

s′:
“auto-scan”. End-point gives
masses to ∼ 1 GeV.
Close to end-point, Eπ gives
∆(Mχ̃0

1
,Mχ̃±

1
) to ∼ 100 MeV.



Conclusions

Natural SUSY: Light, degenerate higgsinos

Few-body decays and
radiative decays (for χ̃0

2)
(calculated with Herwig).
Separate χ̃±1 from χ̃0

2: Either
semi-leptonic f.s.: Only χ̃±1 , or
γ: only χ̃0

2.

EISR gives reduced
√

s′:
“auto-scan”. End-point gives
masses to ∼ 1 GeV.
Close to end-point, Eπ gives
∆(Mχ̃0

1
,Mχ̃±

1
) to ∼ 100 MeV.

/GeVs’

200 250 300 350 400 450 500

E
v
e

n
ts

0

200

400

600

800

1000

1200
γ 

2

0
χ∼ 

1

0
χ∼ 

γ 
1

 
χ∼ 

1

+
χ∼ 

 SM

 simul. data

 0.8 GeV± = 166.3 
fit

2

0
χ∼

M

dM770

/GeVs’

200 250 300 350 400 450 500

E
v
e

n
ts

/1
0

 G
e

V

0

200

400

600

800 γ 
1

 
χ∼ 

1

+
χ∼ 

γ 
2

0
χ∼ 

1

0
χ∼ 

 SM

 simul. data

 1.4 GeV± = 168.0 
fit

1

±
χ∼

M

dM1600



Conclusions

Natural SUSY: Light, degenerate higgsinos

Few-body decays and
radiative decays (for χ̃0

2)
(calculated with Herwig).
Separate χ̃±1 from χ̃0

2: Either
semi-leptonic f.s.: Only χ̃±1 , or
γ: only χ̃0

2.

EISR gives reduced
√

s′:
“auto-scan”. End-point gives
masses to ∼ 1 GeV.
Close to end-point, Eπ gives
∆(Mχ̃0

1
,Mχ̃±

1
) to ∼ 100 MeV.

/GeVs’

250 300 350 400 450 500

/G
e

V
π

E
*

0

2

4

6

γ 
1

 
χ
∼
 

1

+
χ
∼
 

γ 
2

0
χ
∼
 

1

0
χ
∼
 

 SM 

dM770

/GeVπE*

0 0.5 1 1.5 2 2.5

E
v
e

n
ts

/0
.1

 G
e

V

0

5

10

15

20 γ 
1

 
χ∼ 

1

+
χ∼ 

γ 
2

0
χ∼ 

1

0
χ∼ 

 simul. data  <SM>

 0.04 GeV   ± = 0.81 
fit

M∆

dM770



Conclusions

Natural SUSY: Light, degenerate higgsinos

Use to extract the
model-parameters µ, M1 and
M2 (little tanβ dependence).
µ can be determined to ± 4 %.
Limits on M1 and M2 after∫
L = 2ab−1.

For both models: Sign
determined, allowed lower and
upper limits on M2 (for
dm1600 also for M1).



Conclusions

Natural SUSY: Light, degenerate higgsinos

Use to extract the
model-parameters µ, M1 and
M2 (little tanβ dependence).
µ can be determined to ± 4 %.
Limits on M1 and M2 after∫
L = 2ab−1.

For both models: Sign
determined, allowed lower and
upper limits on M2 (for
dm1600 also for M1).
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Conclusions

STCx @ LHC14

STC8 and STC10 studied by I. Melee-Pullmans group at DEWY
with fastsim (Delphes).
Main features at LHC 14 TeV:

Cross-sections:
χ̃0

k χ̃
±
l > χ̃±

k χ̃
±
l > τ̃ τ̃ > ˜̀̀̃ > t̃̃t > b̃b̃ > q̃q̃ > χ̃0

k χ̃
0
l > g̃g̃

ranging from 1.5 pb to 1 fb. Mt̃ and Mb̃ is 200 GeV higher in STC10

→ Cross-sections for t̃̃t and b̃b̃ 5 × smaller in STC10 wrt STC8.
χ̃ cascade-decays to τ :s + the LSP in 75 % of the cases, often
together with a boson (Z ,W or h).

For χ̃0, the rest is either only bosons, or "nothing" (ie. neutrinos).
For χ̃± the rest is other leptons.

The τ :s mostly come from τ̃1 → τ χ̃0
0, where the mass difference is

only 10 GeV⇒ little missing energy.
b̃ mostly decays to bχ̃0 : > 50 % to bχ̃0

1. But also to tχ̃± (20%)
t̃ always goes to tχ̃0, but rarely to tχ̃0

1 (∼ 10%).
The right-handed gen1 and 2 squarks almost always decay directly
to quark+LSP.
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⇒ LHC expectations
Despite the high cross-section, the low amount of missing ET and
the long decay chains will make direct bosino and slepton
observations hard.
The simple decay-chains and very high missing ET will make first-
and second-generation squark production easy to detect.
However, the cross-section is so low that it is still challenging.
Third generation squark production constitute a good compromise
between cross-section and visibility, and will be the most powerful
discovery channel. The lower cross-section in STC10 is
compensated by higher visibility.
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STCx at ILC 250, 350 and 500 GeV

Channel Threshold Available at Can give
τ̃1τ̃1 212 250 Mτ̃1 , τ̃1 nature,

τ polarisation
µ̃Rµ̃R 252 250+ + Mµ̃R ,Mχ̃0

1
, µ̃R nature

ẽRẽR 252 250+ + MẽR ,Mχ̃0
1
, ẽR nature

χ̃0
1χ̃

0
2
∗)

302 350 + Mχ̃0
2
,Mχ̃0

1
, nature of χ̃0

1, χ̃
0
2

τ̃1τ̃2
∗) 325 350 + Mτ̃2θmix τ̃

ẽRẽL
∗) 339 350 + MẽL , χ̃0

1 mixing, ẽL nature
ν̃τ̃ ν̃τ̃ 392 500 7 % visible BR (→ τ̃1W )
χ̃±

1 χ̃
±
1

∗) 412 500 + M
χ̃±

1
, nature of χ̃±

1

ẽLẽL
∗) 416 500 + MẽL ,Mχ̃0

1
, ẽL nature

µ̃Lµ̃L
∗) 416 500 + Mµ̃R ,Mχ̃0

1
, µ̃R nature

τ̃2τ̃2
∗) 438 500 + Mτ̃2 ,Mχ̃0

1
, τ̃2 nature, θmix τ̃

χ̃0
1χ̃

0
3
∗)

503 500+ + Mχ̃0
3
,Mχ̃0

1
, nature of χ̃0

1, χ̃
0
3

*): Cascade decays.
+ invisible χ̃0

1χ̃
0
1, ν̃ẽ,µ̃ν̃ẽ,µ̃.
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Observables:

Observable Gives If
Edges (or average and ... not too far from
width) Masses threshold
Shape of spectrum Spin
Angular distributions Mass, Spin
Invariant mass distributions
from full reconstruction Mass ... cascade decays
Angular distributions from
full reconstruction Spin, CP, ... masses known
Un-polarised Cross-section
in continuum Mass, coupling
Polarised Cross-section Mass, coupling,
in continuum mixing
Decay product polarisation Mixing ... τ̃ decays
Threshold-scan Mass(es), Spin



Conclusions

µ̃R threshold scan

From these spectra, we can
estimate MẽR

, and Mχ̃0
1

to <
0.2 GeV, and Mµ̃R

to < 0.5 GeV.

So: Next step is M˜̀ from threshold:

10 points, 10 fb−1/point.
Luminosity ∝ ECMS, so this is
⇔ 170 fb−1 @ ECMS=500 GeV.

Error on Mµ̃R
= 197 MeV.
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, and Mχ̃0
1

to <
0.2 GeV, and Mµ̃R

to < 0.5 GeV.

So: Next step is M˜̀ from threshold:

10 points, 10 fb−1/point.
Luminosity ∝ ECMS, so this is
⇔ 170 fb−1 @ ECMS=500 GeV.

Error on Mµ̃R
= 197 MeV.

√s [GeV]

σ
(e

+
e

- →
e~

R
e~

R
) 

[f
b

]

data 10 fb
-1

 / point

fit of β3
 to data : δMẽ = 190 MeV
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At ILC
Can show that this is SUSY:

All the sleptons are there.
Sleptons are scalars.
They do couple as their SM-partners.
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