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We have seen / will see talks on many of the
 key topics of QCD:

PDFs, MC matching, Jets

What is there left for me to tell you?
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LHC and for FHC
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αs ( 2 TeV) = 0.083

αs (25 TeV) = 0.067

4

At high scales, αs runs slowly, as do PDFs
 

Little difference between 
2 TeV physics at an 8 TeV collider

and 25 TeV physics at a 100 TeV collider

from 8 TeV
to 100 TeV

QCD as a scale-invariant
theory
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top quarks v. top jets

EW radiation in jets

8

from 8 TeV
to 100 TeV

scale invariance broken
by quark & EW-boson masses
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Weak bosons inside jets

Look for W/Z inside high
p? jets:

I k?-jet algorithm with
R = 0.4

I W and Z participating in
jet clustering

I Remove isolated W and Z
jets

How problematic is this
background for top
identification?
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+ analogous plots at fixed order from MLM

Prob. of Z/W in jet v. jet pt

Pythia 8 EW showers

Significant enhancement of 
W’s and Z’s in jets:

New, fun theory!

Experimentally, how 
different is this from 
bottom and charm in jet? 

cf. 20% BR for b → c ν l±   
and O(10%) of 1 TeV gluon 
jets having b’s inside

⇠ ↵EW ln2
pt

MW

EW radiation in jets
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EW radiation in initial state

It polarizes the incoming partons
Can we make use of this?



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop 13

Competition between QCD and weak emissions

Need to include up to 11
emissions, to only miss 1 %
) Does this become
problematic for merging
techniques?

Number of QCD emissions preceding the weak emission
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How to simulate EW radiation correctly?
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from 8 TeV
to 100 TeV

problems that need solving for 
LHC and for FHC

Some long-standing problems:

Why is QCD so poorly convergent at 
hadron colliders?

How well do we know our fundamental 
constants?
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R
hadrons

/ 1 + 0.32↵s + 0.14↵2

s + · · ·

�gg!H / 1 + 9.8↵s + 33↵2
s+?

e+e- collisions:

pp collisions:

Radically worse perturbative series at hadron colliders:

CA / CF explains twice worse convergence

But convergence is 10–30 times worse

WHY?
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PDG world average: ↵s(MZ) = 0.1184± 0.0006

w/o lattice inputs: ↵s(MZ) = 0.1183± 0.0012
(~ choice by PDF4LHC)

Strong Coupling Constant

��ggH

�ggH
⇠ 3

�↵s

↵s

Uncertainty gets amplified in cross sections, e.g. gg → H
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30 1. Quantum chromodynamics

1.3.10. Hadron collider jets:
Significant determinations of !s from data at hadron colliders, i.e. the Tevatron and
the LHC, are obtained, however mostly still limited to QCD at NLO. At

!
s = 1.96

TeV, !s(M2
Z) = 0.1161+0.0041

!0.0048 and !s(M2
Z) = 0.1191+0.0048

!0.0071 result from studies of
inclusive jet cross sections [346] and from jet angular correlations [347], respectively.
More recently, ATLAS data on inclusive jet production at

!
s = 7 TeV [239] became

available, extending the verification of the running of !s up to jet pt of 600 GeV, and
leading to !s(M2

Z) = 0.1151+0.0093
!0.0087 [348]. Here, experimental systematics, the choice

of jet scale and the use of di!erent PDFs dominate the large overall uncertainties.
Preliminary determinations of !s from CMS data on the ratio of inclusive 3-jet to
2-jet cross sections [259], at NLO, and from the top-quark cross section [301], in
NNLO, quote values of !s(M2

Z) = 0.1148± 0.0014(exp.)± 0.0018(PDF)+0.0050
!0.0000(scale) and

!s(M2
Z) = 0.1151+0.0033

!0.0032, respectively, indicating many new results to be expected for
inclusion in upcoming reviews.

1.3.11. Electroweak precision fits:
The N3LO calculation of the hadronic Z decay width was used in a revision of the global
fit to electroweak precision data [349], resulting in !s(M2

Z) = 0.1193± 0.0028, claiming a
negligible theoretical uncertainty. For this Review the value obtained in Sec. Electroweak
model and constraints on new physics from data at the Z-pole, !s(M2

Z) = 0.1197± 0.0028
will be used instead, as it is based on a more constrained data set where QCD corrections
directly enter through the hadronic decay width of the Z. We note that all these
results from electroweak precision data, however, strongly depend on the strict validity
of Standard Model predictions and the existence of the minimal Higgs mechanism to
implement electroweak symmetry breaking. Any - even small - deviation of nature from
this model could strongly influence this extraction of !s.

0.11 0.12 0.13
αα    ((ΜΜ    ))s ΖΖ

Lattice
DIS 
e+e- annihilation

τ-decays 

Z pole fits 

Figure 1.3: Summary of values of !s(M2
Z) obtained for various sub-classes

of measurements (see Fig. 1.2 (a) to (d)). The new world average value of
!s(M2

Z) = 0.1185± 0.0006 is indicated by the dashed line and the shaded band.

October 30, 2013 17:30

1. Quantum chromodynamics 29

range from !s(M2
Z) = 0.1131+0.0028

!0.0022 [345] to 0.1172± 0.0021 [146]; they are displayed in
the lower half of Fig. 1.2(d).

We note that there is criticism on both classes of !s extractions just described:
those based on corrections of non-perturbative hadronisation e!ects using QCD-inspired
Monte Carlo generators (since the parton level of a Monte Carlo is not defined in a
manner equivalent to that of a fixed-order calculation), as well as the studies based on
non-perturbative analytic calculations, as their systematics have not yet been verified e.g.
by using observables other than Thrust.

Combining the results from e+e! annihilation data, using the range averaging method
as many analyses are either based on similar datasets and/or are only marginally
compatible with each other, results in !s(M2

Z) = 0.1177± 0.0046.
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Figure 1.2: Summary of determinations of !s from hadronic " -decays (a), from
lattice calculations (b), from DIS structure functions (c) and from e+e! annihilation
(d). The shaded bands indicate the pre-average values explained in the text, to be
included in the determination of the final world average of !s.
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Different extractions quoting 
small uncertainties are not 
consistent 

0.1135± 0.0010

0.1184± 0.0006Wilson loops:
Thrust + SCET:

Differ at 4σ — how do we resolve this?
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from 8 TeV
to 100 TeV

Collider Reach

Quick and dirty estimates of the reach of 
future colliders based on existing limits
with Andi Weiler

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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There are already many well-designed searches

Model e, µ, !, " Jets Emiss
T
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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!q!̃
0
1 0 2-6 jets Yes 20.3 m(!̃

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

g̃ g̃ , g̃!qq̄!̃
0
1 0 2-6 jets Yes 20.3 m(!̃

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

g̃ g̃ , g̃!qq!̃
±
1!qqW ±!̃01 1 e,µ 3-6 jets Yes 20.3 m(!̃

0
1)<200 GeV, m(!̃

±
)=0.5(m(!̃

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

g̃ g̃ , g̃!qq(""/"#/##)!̃
0
1 2 e,µ 0-3 jets - 20.3 m(!̃

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

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

GMSB ("̃ NLSP) 1-2 % 0-2 jets Yes 20.7 tan$ >18 ATLAS-CONF-2013-0261.4 TeVg̃

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

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

GGM (higgsino-bino NLSP) & 1 b Yes 4.8 m(!̃
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!bb̄!̃
0
1 0 3 b Yes 20.1 m(!̃

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

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

0
1) <350 GeV 1308.18411.1 TeVg̃

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

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

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

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

b̃1b̃1, b̃1!b!̃
0
1 0 2 b Yes 20.1 m(!̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1!t!̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(!̃

±
1 )=2 m(!̃

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

t̃1 t̃1(light), t̃1!b!̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(!̃

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

t̃1 t̃1(light), t̃1!Wb!̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(!̃

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

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

t̃1 t̃1(medium), t̃1!t!̃
0
1 2 e,µ 2 jets Yes 20.3 m(!̃

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

t̃1 t̃1(medium), t̃1!b!̃
±
1 0 2 b Yes 20.1 m(!̃

0
1)<200 GeV, m(!̃

±
1 )-m(!̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1!t!̃
0
1 1 e,µ 1 b Yes 20.7 m(!̃

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

t̃1 t̃1(heavy), t̃1!t!̃
0
1 0 2 b Yes 20.5 m(!̃

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

t̃1 t̃1, t̃1!c!̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(!̃

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

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(!̃
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(!̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃!"!̃01 2 e,µ 0 Yes 20.3 m(!̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

!̃+1 !̃
"
1 , !̃

+
1!"̃#("#̃) 2 e,µ 0 Yes 20.3 m(!̃

0
1)=0 GeV, m("̃, #̃)=0.5(m(!̃

±
1 )+m(!̃

0
1 )) ATLAS-CONF-2013-049125-450 GeV$̃±

1
!̃+1 !̃

"
1 , !̃

+
1!%̃#(%#̃) 2 % - Yes 20.7 m(!̃

0
1)=0 GeV, m(%̃, #̃)=0.5(m(!̃

±
1 )+m(!̃

0
1)) ATLAS-CONF-2013-028180-330 GeV$̃±

1
!̃±1 !̃

0
2!"̃L#"̃L"(#̃#), "#̃"̃L"(#̃#) 3 e,µ 0 Yes 20.7 m(!̃

±
1 )=m(!̃

0
2), m(!̃

0
1)=0, m("̃, #̃)=0.5(m(!̃

±
1 )+m(!̃

0
1 )) ATLAS-CONF-2013-035600 GeV$̃±

1 , $̃
0
2

!̃±1 !̃
0
2!W !̃

0
1Z !̃

0
1 3 e,µ 0 Yes 20.7 m(!̃

±
1 )=m(!̃

0
2 ), m(!̃

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

1 , $̃
0
2

!̃±1 !̃
0
2!W !̃

0
1h !̃

0
1 1 e,µ 2 b Yes 20.3 m(!̃

±
1 )=m(!̃

0
2 ), m(!̃

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

1 , $̃
0
2

Direct !̃
+
1 !̃
"
1 prod., long-lived !̃

±
1 Disapp. trk 1 jet Yes 20.3 m(!̃

±
1 )-m(!̃

0
1 )=160 MeV, %(!̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeV$̃±

1

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

GMSB, stable %̃, !̃
0
1!%̃(ẽ, µ̃)+%(e, µ) 1-2 µ - - 15.9 10<tan$<50 ATLAS-CONF-2013-058475 GeV$̃0

1

GMSB, !̃
0
1!&G̃ , long-lived !̃

0
1 2 & - Yes 4.7 0.4<%(!̃

0
1)<2 ns 1304.6310230 GeV$̃0

1

q̃q̃, !̃
0
1!qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <c%<156 mm, BR(µ)=1, m(!̃

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

LFV pp!#̃% + X , #̃%!e + µ 2 e,µ - - 4.6 '#311=0.10, '132=0.05 1212.12721.61 TeV%̃!
LFV pp!#̃% + X , #̃%!e(µ) + % 1 e,µ + % - - 4.6 '#311=0.10, '1(2)33=0.05 1212.12721.1 TeV%̃!

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), c%LSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
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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 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)
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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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Does it work?

23



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0.1  1  10  100  1000  10000

Z
' r

e
a
ch

 [
T

e
V

]

integrated lumi [fb-1]

Post/pre-dictions for Z' exclusion reach

reference (ATLAS)

Try a Z’ search. Take a 
baseline analysis:

ATLAS, 
0.2 fb-1 @ 7 TeV
excludes M < 1450 GeV Pre l im ina ry

24



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0.1  1  10  100  1000  10000

Z
' r

e
a
ch

 [
T

e
V

]

integrated lumi [fb-1]

Post/pre-dictions for Z' exclusion reach

7 TeV

8 TeV

1.96 TeV, pp!

reference (ATLAS)

extrapolations

Try a Z’ search. Take a 
baseline analysis:

ATLAS, 
0.2 fb-1 @ 7 TeV
excludes M < 1450 GeV

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

Pre l im ina ry

25



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0.1  1  10  100  1000  10000

Z
' r

e
a
ch

 [
T

e
V

]

integrated lumi [fb-1]

Post/pre-dictions for Z' exclusion reach

7 TeV

8 TeV

1.96 TeV, pp!

reference (ATLAS)

extrapolations

ATLAS 

CDF 

Try a Z’ search. Take a 
baseline analysis:

ATLAS, 
0.2 fb-1 @ 7 TeV
excludes M < 1450 GeV

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

Compare to actual 
exclusions

qq̄qq̄qq̄

Pre l im ina ry

26



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0.1  1  10  100  1000  10000

Z
' r

e
a
ch

 [
T

e
V

]

integrated lumi [fb-1]

Post/pre-dictions for Z' exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV

1.96 TeV, pp!

reference (ATLAS)

extrapolations

ATLAS 

CDF 

Try a Z’ search. Take a 
baseline analysis:

ATLAS, 
0.2 fb-1 @ 7 TeV
excludes M < 1450 GeV

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

Compare to actual 
exclusions

qq̄qq̄qq̄

Maybe it only works so well because it’s a simple search?
(Signal & Bkgd are both      driven)qq̄qq̄qq̄

Pre l im ina ry

27



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop 28

g̃̃g̃g

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 0.01  0.1  1  10  100  1000  10000

re
a

ch
 f

o
r 

2
m

t~  
[T

e
V

]

integrated lumi [fb-1]

Post/pre-dictions for stop exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV

extrapolations

reference (ATLAS)

ATLAS 

CMS 

 0

 1

 2

 3

 4

 5

 0.01  0.1  1  10  100  1000  10000

re
a

ch
 f

o
r 

2
m

q~
 [

T
e

V
]

integrated lumi [fb-1]

Post/pre-dictions for squark exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV

extrapolations

reference (CMS)

CMS 

ATLAS 

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 0.001 0.01  0.1  1  10  100  1000 10000

re
a

ch
 f

o
r 

m
q
* 

[T
e

V
]

integrated lumi [fb-1]

Post/pre-dictions for excited quark exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV

1.96 TeV, pp!

extrapolations

reference (ATLAS)

ATLAS 

CMS 

CDF 

 0

 1

 2

 3

 4

 5

 6

 7

 0.01  0.1  1  10  100  1000  10000

re
a

ch
 f

o
r 

2
m

g~
 [

T
e

V
]

integrated lumi [fb-1]

Post/pre-dictions for gluino exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV
extrapolations

reference (ATLAS)

ATLAS 

CMS 

 0

 1

 2

 3

 4

 5

 6

 7

 0.01  0.1  1  10  100  1000  10000

re
a

ch
 f

o
r 

m
K

K
 [

T
e

V
]

integrated lumi [fb-1]

Post/pre-dictions for KK gluon exclusion reach

7 TeV

8 TeV

13 TeV

14 TeV

extrapolations

reference (ATLAS)

ATLAS 

CMS 

Z
' r

e
a

ch
 [

T
e

V
]

integrated lumi [fb-1]

Post/pre-dictions for sequential Z' exclusion reach

7 TeV

8 TeV

13 TeV

1.96 TeV, pp!

reference (ATLAS)

extrapolations

ATLAS / CDF 

CMS / D0 

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0.01  0.1  1  10  100  1000  10000

14 TeV



Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

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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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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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. .
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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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Conclusions

42

Amazing recent progress on MC merging/matching, NLO 
automation, high precision (N)NNLO calculations — hard 
to imagine how much further we will get by 100 TeV era

FHC as scaled-up LHC is probably not too bad an approx
if cuts & analyses are adapted appropriately

We’ve maybe only touched the surface on potential from 
√s ≫ mEW — e.g. incoming parton polarization

Hard (= interesting!) problems remain in collider QCD...

→ part of assumption of http://cern.ch/collider-reach

http://cern.ch/collider-reach
http://cern.ch/collider-reach


Gavin Salam (CERN) — SLAC 100 TeV Collider Workshop

BACKUP SLIDES
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W + jets

W + jets is notoriously
known for PS not describing
data well

Combine Drell-Yan W
production with QCD
radiation and 2 ! 2 hard
QCD processes with weak
shower

Double counting avoided by
applying cuts in the spirit of
the k? jet algorithm

k-factor applied (normalized
to fit first bin)

ATLAS data

Weak path

QCD path

Combined
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Some Higgs reference numbers

45

√s [TeV] σ [pb]

8 18.4

14 47.6

100 718

large mtop, NNLO, MSTW2008 (αs = 0.117)
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Z→udscb ; Hadronization OFF ; ISR OFF ; udsc MASSLESS ; b MASSIVE ; ECM = 91.2 GeV ; Qmatch = 5 GeV
SHERPA 1.4.0 (+COMIX) ; PYTHIA 8.1.65 ;  VINCIA 1.0.29 (+MADGRAPH 4.4.26) ; 

gcc/gfortran v 4.6 -O2 ; single 3.06 GHz core (4GB RAM)

Time to generate 1000 showers 
(seconds)

0.1

1

10

100

1000

10000

2 3 4 5 6

Z→n : Number of Matched Legs

Initialization Time (seconds)

0.1

1

10

100

1000

2 3 4 5 6

Z→n : Number of Matched Legs

Hadronization 
Time (LEP)

Global Sector SHERPA
Old Global Old Sector
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Figure 7: Comparison of computation speeds between SHERPA version 1.4.0 [27] and VINCIA 1.029 +
PYTHIA 8.171, as a function of the number of legs that are matched to matrix elements, for hadronic Z
decays. Left: initialization time (to precompute cross sections, warm up phase-space grids, etc, before event
generation). Right: time to generate 1000 parton-level showered events (not including hadronization), with
VINCIA’s global and sector showers shown separately, with and without (“old”) helicity dependence. For
comparison, the average time it takes to hadronize such events with PYTHIA’s string hadronization model [28]
is shown as a dashed horizontal line. Further details on the setup used for these runs are given in the text.

complicated structures in phase space. This means that even fairly clever multi-channel strate-
gies have a hard time achieving high efficiency over all of it. In GKS, this problem is circum-
vented by generating the phase space by a (trial) shower algorithm, which is both algorithmi-
cally fast and is guaranteed to get at least the leading QCD singularity structures right1. Since
those structures give the largest contributions, the fact that the trials are less efficient for hard
radiation has relatively little impact on the overall efficiency2. Combining this with the clean
properties of the antenna phase-space factorization and with matching at the preceding orders,
the trial phase-space population at any given parton multiplicity is already very close to the
correct one, and identical to it in the leading singular limits, producing the equivalent of very
high matching-and-unweighting efficiencies.

• Finally, the addition of helicity dependence to the trial generation in this paper allows us to
match to only a single helicity amplitude at a time, at each multiplicity. This gives a further
speed gain relative to the older approach [9] in which one had to sum over all helicity con-
figurations at each order. In addition, the MHV-type helicity configurations tend to give the
dominant contribution to the spin-summed matrix element. MHV amplitudes are also those
best described by the shower because they contain the maximum number of soft and collinear
singularities.

The speed of the old (helicity-independent) VINCIA algorithm was examined in [7], for the pro-
cess of Z decay to quarks plus showers, and was there compared to SHERPA [27], as an example of a
slicing-based multileg matching implementation. In fig. 7, we repeat this comparison, including now

1A related type of phase-space generator is embodied by the SARGE algorithm [25], and there are also similarities with
the forward-branching scheme proposed in [26].

2As long as all of phase-space is covered and the trials remain overestimates over all of it, something which we have
paid particular attention to in VINCIA, see [9].

Can this gain be replicated for pp collisions?

1301.0933
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Are top pairs in 
high-pt events always

back-to-back?

An 8 TeV study with POWHEG, top-pair production, no 
decay and no parton showering (to keep things simple) 

A reminder that top-quarks at LHC are almost “light”
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top topology v. cuts

48
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top topology v. cuts
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top topology v. cuts
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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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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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A side remark:
Studying partonic luminosities is a standard technique

10 Chris Quigg
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Figure 1: Parton luminosity (⌧/ŝ)dL/d⌧ for gg interactions.
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8

 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
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Why does it work?

54
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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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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.

– 3 –
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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
        

1208.1447
ATLAS-CONF-2013-024

ATLAS EXOT-2011-06
ATLAS-CONF-2012-129
ATLAS-CONF-2013-017

EXOT-2011-07
ATLAS-CONF-2012-088
ATLAS-CONF-2012-148

LHC comparison
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New Particle Reaches 

1/31/2014 3 

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.

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.
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Figure 1. Left: the ratio of the qq̄ luminosity from various NNPDF [], CT10 [] and MSTW to that from

MSTW 2008 NNLO [], for pp collisions with
p
s = 8TeV, showing the much large uncertainty from NNPDF

and the feature that the uncertainty band includes negative qq̄ luminosities for MX & 0.5
p
s. Middle: the

NNPDF replicas for the qq̄ luminosity, compared to the 68% confidence level band. Right: the ratio of the

qq̄ to qq luminosities, highlighting the fact that in the MSTW and (especially) NNPDF PDFs, these start to

grow at large MX .

However, in Fig. 1 (right), one sees that in the NNPDF fits (and, at large x in the MSTW fits), the
qq̄/qq luminosity ratio grows at large x. The consequence for the mass reach plots is that a given
increase in integrated luminosity can appear to lead to a greater increase in reach for qq̄ channels than
for qq channels.
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qq̄ to qq luminosities, highlighting the fact that in the MSTW and (especially) NNPDF PDFs, these start to

grow at large MX .

However, in Fig. 1 (right), one sees that in the NNPDF fits (and, at large x in the MSTW fits), the
qq̄/qq luminosity ratio grows at large x. The consequence for the mass reach plots is that a given
increase in integrated luminosity can appear to lead to a greater increase in reach for qq̄ channels than
for qq channels.
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NNPDF replicas for the qq̄ luminosity, compared to the 68% confidence level band. Right: the ratio of the

qq̄ to qq luminosities, highlighting the fact that in the MSTW and (especially) NNPDF PDFs, these start to

grow at large MX .

However, in Fig. 1 (right), one sees that in the NNPDF fits (and, at large x in the MSTW fits), the
qq̄/qq luminosity ratio grows at large x. The consequence for the mass reach plots is that a given
increase in integrated luminosity can appear to lead to a greater increase in reach for qq̄ channels than
for qq channels.
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