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It’s common to want to estimate the ability of a given 
collider to search for new particle/phenomenon “X”.

 E.g.

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

What can high-luminosity LHC (3000fb-1) find/exclude 
and how does that compare to LHC as originally planned 

(300fb -1)?

How large is the gain from a future 
33/50/100/150 TeV collider?



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?)



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
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Dimensions

Compositeness

Can we leverage that experience to 
guesstimate future reaches?



A rough way of doing it
Suppose ATLAS/CMS are currently sensitive to gluinos 

of 1250 GeV (95% CLs, 8 TeV, 20 fb-1)

Work out how many signal events that corresponds to

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

(assume # of background events scales same way)



This is too simplistic

Backgrounds may not scale in 
the same way as signal

New irreducible backgrounds 
may appear at higher scales

Reconstruction efficiencies may 
depend on mass scale

Detector effects (e.g. granularity), 
and run conditions (pileup) vary 

enormously across energy scales 
and luminosities

It can’t possibly work!



This is too complicated

Calculating mass for constant # 
of signal events is pretty 

straightforward

But it still requires some 
work and setup

E.g. you need to equip yourself 
with different cross section 

calculators for each new physics 
process (Prospino/Pythia/…), 

run them for a range of masses, 
etc.

This is too simplistic

Backgrounds may not scale in 
the same way as signal

New irreducible backgrounds 
may appear at higher scales

Reconstruction efficiencies may 
depend on mass scale

Detector effects (e.g. granularity), 
and run conditions (pileup) vary 

enormously across energy scales 
and luminosities

It can’t possibly work!



This is too complicated

Calculating mass for constant # 
of signal events is pretty 

straightforward

But it still requires some 
work and setup

E.g. you need to equip yourself 
with different cross section 

calculators for each new physics 
process (Prospino/Pythia/…), 

run them for a range of masses, 
etc.

This is too simplistic

Backgrounds may not scale in 
the same way as signal

New irreducible backgrounds 
may appear at higher scales

Reconstruction efficiencies may 
depend on mass scale

Detector effects (e.g. granularity), 
and run conditions (pileup) vary 

enormously across energy scales 
and luminosities

It can’t possibly work! can we get an iPhone app?



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



Consider a resonance of mass M. Cross section ∝ 
partonic luminosity and a 1/M2 factor for dimensions

N(M, s) ⇠ 1

M2

X

ij

CijLij(M
2, s)

Coefficient for ij scattering 
channel (e.g. qq̄, gg)

Parton luminosity for 
ij scattering channel

Lij(M
2
, s) =

Z 1

⌧

dx

x

xfi(x,M
2)
⌧

x

fj

⇣
⌧

x

,M

2
⌘

⌧ ⌘ M

2

s

i & j parton densities



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



A side remark:
Studying partonic luminosities is a standard technique
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Figure 1: Parton luminosity (⌧/ŝ)dL/d⌧ for gg interactions.
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 Compare the ratio of PDF luminosities between 100 TeV and 14 TeV in different channels as a 
function of the final state mass

gg lumi ratio
 For final state masses M < 1 TeV 

moderate increase in PDF 
luminosity, between a factor 10 and 
100

 For M > 1 TeV, much steeper 
increase (since 14 TeV lumis 
damped by large-x PDFs), up to a 
factor 108  for M = 10 TeV

 Qualitative similar behavior for 
other PDF luminosities

Juan Rojo                                                                                                                FCC Meeting,  CERN, 27/01/2014

Rojo ’14
for FHC studies

How do we differ?

Study one key question: 
relate reaches [TeV] of 

different colliders

Validate the approach 
by postdicting LHC and 

Tevatron results



Does it work?
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Try a SUSY example, 
gluinos. Baseline:

CMS, 20 fb-1 @ 8 TeV
excludes M  <1250 GeV
i.e. 2M   < 2.5 TeV

“Predict” exclusions 
at other lumis & 
energies (assume gg)

Compare to actual 
exclusions

Still works OK, despite (poor) assumption of same
signal and background channels [see also later] 
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qq̄qq̄qq̄

ATLAS

Search Signal Bgd ECM[TeV] Lint[fb
�1

] Expected [GeV] collider-reach [GeV]

Sequential Z0 P
q̄iqi

P
q̄iqi

7 0.2 1450 [? ] (base-line)

7 1.1 1850 [? ] 1849

7 5 2200 [? ] 2219

8 6.1 2550 [? ] 2510

8 20 2900 [? ] 2844

Stop (mLSP = 0GeV) gg gg
7 4.7 500 [? ] (base-line)

8 20.5 650 [? ] 675

Excited quark gq gg

7 315 · 10�6
1010 [? ] (base-line)

7 36 · 10�3
2040 [? ] 2026 (gq)

7 163 · 10�3
2490 [? ] 2395 (gq)

7 0.81 2910 [? ] 2790 (gq)

7 4.8 3090 [? ] 3220 (gq)

8 13 3840 [? ] 3865 (gq)

CMS

Search Signal Bgd ECM[TeV] Lint[fb
�1

] Expected [GeV] collider-reach [GeV]

gluinos (mLSP = 100GeV) gg gg/gq/qq

7 0.036 550 [? ] (base-line)

7 1.1 850 [? ] 855

7 4.98 1050 [? ] 1005

8 19.5 1250 [? ] 1275

squarks (mLSP = 100GeV) gg gg/gq/qq

7 0.036 400 [? ] (base-line)

7 1.1 650 [? ] 663

7 4.98 725 [? ] 801

8 19.5 910 [? ] 1033

T-quarks (Br(T ! tZ) = 1) gg gg/gq/qq

7 1.14 510 [? ] (base-line)

7 5 550 [? ] 629

8 19.6 813 [? ] 827

Table 1. Comparison of LHC mass reaches to the collider-reach estimates using XXX pdfs.

is a well-known behaviour for the low Q, small-x gluon PDF, and also for heavy-quark PDFs near
threshold. [Do we need citations?] It would be interesting, though beyond the scope of this article,
to investigate whether the negative qq̄ luminosities in some of the NNPDF replicas still lead to positive
NNLO cross sections. Instead, here we simply adopt the convention that if a replica’s luminosity is
negative for a given reference scale, then we discard that replica, and calculate the uncertainty band
for the reach just from the remaining replicas.⇤

Another feature that we comment on concerns the ratio of qq̄ to qq luminosities. In general, one
expects that anti-quark PDFs should go to zero more rapidly at large x than (valence) quark PDFs.
This expectation is based on quark counting rules: roughly speaking, for a valence quark to carry
a fraction x of the proton’s momentum, two other valence quarks must be restricted to carry each
less than (1 � x); for a sea-quark to carry a fraction x, then three valence quarks and a partner sea
quark must all carry each less than (1 � x), a configuration that is much more suppressed as x ! 1.

⇤
Strange features can still arise if the reference luminosity is positive, but very close to a sign-change, such configu-

rations being associated with anomalously low reference cross sections.
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Parton luminosities fall
off very fast with 
increasing MX

Even when you make a 
mistake (e.g. wrong 
partonic channel)

the impact on estimated 
MX reach is modest

x2 in lumi ~ 10% in MX
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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
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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.
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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
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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.
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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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• 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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• 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.

1000 2000 3000

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

T Quarks

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.

pp, 100 TeV, 3000/fb
pp, 33 TeV, 3000/fb
pp, 14 TeV, 3000/fb
pp, 14 TeV, 300/fb
pp, 8 TeV, 20/fb
ee, 3 TeV, 1000/fb
ee, 1 TeV, 1000/fb
ee, 0.5 TeV, 500/fb

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

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.

T quarks

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

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.

0 1000 2000 3000
mass (GeV) 

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

4000
8 TeV

20 1/fb



Collider Reach(β)™ estimates

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
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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.
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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



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



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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Conclusions

cern.ch/collider-reach 

Based on LHAPDF, HOPPET and a PDF of your choice
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BACKUP SLIDES



Assumptions
• We don’t need to worry about scaling of 

background vs. signal

• Reconstruction efficiencies, background rejection, 
etc all stay reasonably constant
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gg 
stop limits      [expected]   (lsp = 0gev)

     7TeV, 4.7 ifb      500 gev
     8TeV, 20.5 ifb     650 gev      ---> 675 GeV

qqbar

     sequential z-prime [expected]
     7TeV, 1.1 ifb      1800 gev
     8TeV, 6 ifb,       2550 gev    ---> 2450 GeV
     8TeV, 20 ifb      2800 gee    ---> 2790 GeV

qg
     excited quark q*  [expected]   (NB,sig ≠ bgd scaling )
     7 TeV, 1 ifb        2900 gev    
     8 TeV, 5.8 ifb     3500 gev    ---> 3700 GeV
     8 TeV, 13 ifb       3700 gev    ---> 3900 GeV
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