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from 
8 TeV to

13...14...100 
TeV

Collider Reach

Types of questions that are natural to ask about 
future searches:

How soon will LHC@13TeV beat 8TeV searches?

What can high-lumi LHC (3000fb-1) do compared 
to original LHC plan (300fb-1)?

What is the gain from a future 
33/50/100/150 TeV collider?
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The proper way of doing it:

 Generate Monte Carlo events for signal and background, 
process them through a detector simulation, 

design and carry out an optimal analysis,
work out discovery/exclusion reach.

This is very time consuming (months of work!), 
and not always easy to do optimally.

Can we find an alternative that’s 
easy, quick and adequately good?

(and in the process maybe learn some general lessons?)
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There are already many well-designed searches
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

CMS Exotica Physics Group Summary – January, 2014

stopped gluino (cloud)
stopped stop (cloud)
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Jet Extinction Scale
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Large Extra 
Dimensions

Compositeness

How do we leverage that experience to 
guesstimate future reaches?
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A rough way of doing it
Suppose ATLAS/CMS are currently sensitive to Z’ of 

3 TeV (95% CLs, 8 TeV, 19 fb-1)

Work out how many signal events that corresponds to

Find out for what Z’ mass you would get the same 
number of signal events at 14 TeV with 300 fb-1

(assume # of background events scales same way)

5
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Many complications (e.g. coupling constants & other 
prefactors) mostly cancel in the ratio. 

Dependence on M and on √s mostly comes about 
through parton distribution functions (PDFs) & simple 
dimensions.

N
signal-events

(M2

high

, 14TeV,Lumi)

N
signal-events

(M2

low

, 8TeV, 19fb�1)
= 1

What we’re discussing is solution of the following equation 
for Mhigh
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Instead of cross section ratio, use parton luminosity ratio

Assume dominance of a single partonic scattering 
channel, ij (you have to know enough physics to figure out 
which is most appropriate). 

Equation we solve to find Mhigh is then

Lij(M2

high

, s
high

)

Lij(M2

low

, s
low

)
⇥ lumi

high

lumi
low

=
M2

high

M2

low

The tools we use for this are 
LHAPDF and HOPPET

most plots with MSTW2008 NNLO PDFs
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Lij(M
2
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Z 1

⌧

dx
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xfi(x,M
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⌧

x

,M

2
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Does it work?
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Pre l im ina ry
13
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Parton luminosities fall
off very fast with 
increasing MX

Even when you make a 
mistake (e.g. wrong 

partonic mix)
the impact on estimated 

MX reach is modest

x2 in lumi ~ 10% in MX

10 Chris Quigg
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Figure 1: Parton luminosity (⌧/ŝ)dL/d⌧ for gg interactions.
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Why does (should) it work?
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From your iPhone
(or a generic browser)
cern.ch/collider-reach

15

http://cern.ch/collider-reach
http://cern.ch/collider-reach
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Rule of Thumb #2
(apparently not widely known previously)

Increase luminosity by factor 10
→ reach increases by constant  

Δm ≃ 0.07√s

i.e. for √s=14 TeV, reach goes by up 
~1 TeV

No deep reason — a somewhat 
random characteristic of large-x PDFs.

Only holds for 0.15    M/√s     0.6. .
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Differences between PDFs?
PDF uncertainties?

mostly small

But let’s examine
 one exception

17
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Caveats
1) Implicit assumption of 
narrow Z’ is debatable at 
high MZ’/√s 
2) PDF uncertainties don’t 
play identically here and 
in actual search
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For x > 0.4, NNPDF 
uncertainties grow much 
larger than CTEQ & 
MSTW’s

This is perhaps not unreasonable: NNPDF more accurately 
reflects absence of anti-quark constraints at large x
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Negative PDFs at small x have long been accepted if FL>0
To know how acceptable at large x, must study NNLO 

DY x-sect (beyond scope of our study so far)
Anyway being resolved in NNPDF3?
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qqbar/qq lumi increases 
for x > 0.5 in NNPDF 
(x > 0.7 in MSTW)

Even if not constrained by data, this runs counter to our 
physical expectations (counting rules, etc.)

Maybe sets in at too high x to be a practical issue?
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Is there a
roadmap 

for PDFs at LHC?
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e.g. of HL-LHC precision SM measurement: Z pt spectrum

Emerging realisation that 
the Z pt spectrum is a 
potentially very precise 
handle on PDFs 
[quark × glue × αs]

Today, will mainly be a 
vital confirmation(?) of 
existing knowledge. 

t t  is also a powerful 
handle, cf. 1303.7215

[Studies with Juan Rojo and Andi Weiler for 
ECFA HL-LHC workshop in October 2013]
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e.g. of HL-LHC precision SM measurement: Z pt spectrum

For pt ~ 1 TeV, HL-LHC could bring 5x gain in precision!
[but only if theory prediction is good enough — today only NLO]
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What other processes will bring high 
precision?

This can motivate measurements
and form part of HL-LHC programme

(might there even be benefits from
additional low-energy running?)

A roadmap now can also motivate future 
precise theoretical calculations
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Summary

27

Differences between large-x antiquark PDF uncertainties in 
various PDF sets are not surprising in their own right.

What amount of physical insight should be incorporated 
into fits? Should stiffness of fitting functions be an explicit 
parameter in fits? (E.g. XYZ stiff fit, XYZ not so stiff fit).

Roadmap for PDF fits? What’s the interplay with future 
collider plans? What theory progress is needed on what 
timescale? 



Gavin Salam (CERN) — PDF4LHC, May 2014

BACKUP SLIDES
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Why does it work?
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From your iPhone
(or a generic browser)
cern.ch/collider-reach

31
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From your Android Phone
(or a generic browser)
cern.ch/collider-reach
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cern.ch/collider-reach *

linear plot log-log plot
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When you’ve lost your XPhone
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Rule of Thumb #1
(well known among practitioners)

Increase collider energy by factor X
& increase luminosity by a factor X2

→ reach goes up by a factor X













    








































 


[Because you keep same Bjorken-x &
luminosity increase compensates for 
1/mass2 scaling of cross sections]

√s x 2,
lumi x 4 

PDF scaling variations are small effect
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Rule of Thumb #2
(apparently not widely known previously)

Increase luminosity by factor 10
→ reach increases by constant  

Δm ≃ 0.07√s

i.e. for √s=14 TeV, reach goes by up 
1 TeV

No deep reason — a somewhat 
random characteristic of large-x PDFs.

Only holds for 0.15    M/√s     0.6. .






















        









































 


3000 fb-1 
v. 300 fb-1
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Consequence of rule #2
(may be a bit fragile & only for S ≲ B)

Using rule #2:
discovery reach is about 0.05√s 

below exclusion reach
~ 0.8 TeV at 14 TeV

Exclusion is 2-σ
Discovery is 5-σ

Need (5/2)2 = 6.25 increase in lumi to 
go from one to the other. 
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Future colliders

• We’re ignoring all subtleties, just going for a base-
line check

• If our estimate differs a lot from sophisticated 
simulations, something interesting has happened:

• brick-wall (new irreducible backgrounds, 
granularity of assumed detectors, …)

• overly conservative or non-optimal estimates

40
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Future colliders comparison

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013

Energy Frontier Snowmass study (1311.0299)
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• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013
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in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
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in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
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studied there, making the case for these options even more compelling.
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in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
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in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
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studied there, making the case for these options even more compelling.
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A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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