
Naturalness at the 
100 TeV scale

Nathaniel Craig 
UC Santa Barbara

FCC Week 2015
1



We should venture to higher 
energies/shorter distances purely for 

the sake of exploration.

2



We should venture to higher 
energies/shorter distances purely for 

the sake of exploration.

However…

2



We should venture to higher 
energies/shorter distances purely for 

the sake of exploration.

However…

It is extremely useful to have 
specific motivation to shape the 

goals of future colliders. 
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Pre-Higgs Guarantee
Planning for colliders was 

simple following the 
discovery of W/Z bosons:

Violation of unitarity in 
VV scattering

Standard Model breaks 
down parametrically 

near weak scale

Consistency demands 
new physics (e.g. 
Higgs mechanism)

Higgs discovery @ LHC
3

Consistency gave us a 
no-lose theorem.



Post-Higgs Ambiguity
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102 GeV

1018 GeV

1016 GeV

1012 GeV

Weak scale

Strong CP?

Grand Unification?

Quantum gravity?

. . . .
. . .

The Standard Model with an 
elementary Higgs boson is 

consistent to energies far 
beyond the weak scale.

There are suggestive indications 
of interesting physics at various 

scales, but these need not be 
accessible at colliders.

We face an absence of no-lose 
theorems — but in their place 

we have compelling strategies.



The naturalness strategy
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In the SM, mh is a parameter: not predicted, and 
worse, incalculable (elementary scalars are special). 

!
In a theory where mh is calculable, new physics 

beyond the SM enters at a scale Λ. 
  

We see a hierarchy problem: quantum contributions 
to mh are at least around this scale Λ. 

 

�mh / ⇤

Natural if                    .        
(                     unnatural or UV miracle)

�mh ⇠ mh
�mh � mh



The naturalness strategy
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This is a strategy for new physics near mh, not a no-lose theorem, 
because the theory does not break down if it is unnatural. 

E.g. charged pions Electromagnetic contribution to the 
charged pion mass sensitive to the 

cutoff of the pion EFT.

But naturalness has often been a very successful strategy.

�m2 ⇠ 3e2

16⇡2
⇤2

Naturalness suggests Λ~850 MeV. 
Rho meson (new physics!) enters at 770 MeV. 



Supersymmetry Global symmetry

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Totally natural:

} }

m̃ . 200GeV

SUSY breaking 
Sparticles m̃

≲4π/G

Higgs mh

(compositeness, SUSY,…)

Global symm. breaking 
Partner particles m̃

≲4π/G

Higgs mh

Electroweak naturalness

Continuous symmetries → partner states w/ SM quantum #s
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A physics driver @ LHC

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
CMS Exotica Physics Group Summary – ICHEP, 2014

stopped gluino (cloud)
stopped stop (cloud)
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HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
neutralino, ctau=25cm, ECAL time
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RS Gravitons

Multijet 
Resonances

Long-Lived 
Particles

SSM Z'(ττ)
SSM Z'(jj)

SSM Z'(bb)
SSM Z'(ee)+Z'(µµ)
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Heavy Gauge 
Bosons

CMS Preliminary
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j+MET, SD DM=100 GeV, Λ
γ+MET, SI DM=100 GeV, Λ
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Leptoquarks
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q* (qg)
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Excited 
Fermions dijets, Λ+ LL/RR

dijets, Λ- LL/RR
dimuons, Λ+ LLIM
dimuons, Λ- LLIM

dielectrons, Λ+ LLIM
dimuons, Λ- LLIM
single e,  Λ HnCM
single μ, Λ HnCM
inclusive jets, Λ+
inclusive jets, Λ-
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ADD (γγ), nED=4, MS
ADD (ee,μμ), nED=4, MS

ADD (j+MET), nED=4, MD
ADD (γ+MET), nED=4, MD

QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV

Jet Extinction Scale
String Scale (jj)

0 2 4 5 7 9

Large Extra 
Dimensions

Compositeness

Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

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

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

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

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 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(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

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

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 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 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

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

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ 1-2 b Yes 20 m(χ̃
0
1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

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

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0

2

χ̃±1 χ̃
0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

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 1310.3675270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 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 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 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 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

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: Feb 2015

ATLAS Preliminary
√

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.
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 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 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 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 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 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 − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB 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∗) to be submitted to PRD4.09 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

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

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

CMS Searches for New Physics Beyond Two Generations (B2G)

95% CL Exclusions (TeV)
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KK
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(combined)
KK

g

Displaced tops

Excited tops

tb Resonances

 Resonancestt

170 of these 226 channels tied to naturalness 
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Signs of naturalness
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h~

bL
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g~

w~

10 TeV

h

b’Lt’Rt’L

w’,z’

h

Supersymmetry Global symmetry

“Colorful” naturalness

Simple game for LHC: look for QCD-charged partners.
10



Colorful naturalness

• SUSY: Direct searches (and indirect searches). 
• Look for colored partner states (stops, gluinos)  

• Look for O(loop*v/m) Higgs coupling deviations. 

• Global: Direct and indirect searches. 
• Look for colored partner states (vector-like t’) 

• Look for O(v/f) Higgs coupling deviations.

Experimental handles

This is our current search 
program for naturalness. But…

11



10 TeV

“Neutral” naturalness

b’Lt’Rt’L

w’,z’

h

g’

Twin Higgs

h~

bL
~tR~tL~

w~

h

g’

(In progress)
[Chacko, Goh, Harnik]12



Neutral naturalness

• SUSY: Direct searches (and indirect searches). 
• Look for off-shell Higgs portal.  

• Look for O(loop*v/m) Higgs coupling deviations. 

• Look for the UV completion. 

• Global: Direct and indirect searches. 
• Look for O(v/f) Higgs coupling deviations. 

• Look for displaced decays [NC, Katz, Strassler, Sundrum] 

• Look for the UV completion.

Experimental handles

13



Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  
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Colorful naturalness
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Where we’ll be 
@ end of LHC:
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0 and 1-lepton combined

 discoveryσ>=60) 5µ (<-1300 fb
>=60) 95% CL exclusionµ (<-1300 fb

 discoveryσ>=140) 5µ (<-13000 fb
>=140) 95% CL exclusionµ (<-13000 fb

ATLAS 8 TeV (1-lepton): 95% CL obs. limit
ATLAS 8 TeV (0-lepton): 95% CL obs. limit

Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, ⇥̃0

1 mass plane assuming t̃ ⌅ t + ⇥̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the ⇥̃0
2⇥̃
±
1 simplified model studied in this note. The ⇥̃±1 is assumed

to decay as ⇥̃±1 ⌅ W±(⇥)⇥̃0
1 and the ⇥̃0

2 as ⇥̃0
2 ⌅ Z(⇥) ⇥̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the ⇥̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or ⇥̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

~1% level (global)!
~2% level (SUSY)

8

Mass (GeV) OS23 OS5+ SS Multi-leptons (� 3)
Signal Event Yields
500 3622.5 19168.6 10348.1 6005.0
700 1738.9 8617.9 2716.8 2381.7
900 777.5 2875.6 665.8 881.8
1100 297.5 867.2 168.1 275.7
1300 109.1 256.5 46.8 78.9
1500 38.4 79.3 14.8 22.7
1700 14.7 25.9 4.8 6.9
1900 5.6 8.7 1.7 2.2
Total Background 1378.6 23473.7 4403.2 691.4

TABLE VII: Number of expected signal and background events for 3000 fb�1 of pp collisions at 14 TeV in di↵erent
event categories for < µPU >=140 pileup scenario.

Mass (GeV) OS23 OS5+ SS Multi-leptons (� 3)
Signal Event Yields
700 17451.9 12970.1 17225.9 30396.1
1700 1022.0 1033.7 257.2 352.0
1900 552.6 532.4 125.8 154.0
2100 320.7 386.6 81.4 99.7
2300 171.0 157.4 34.8 30.5
2500 97.5 88.7 19.5 17.5
2700 54.5 50.5 11.4 8.6
3100 20.5 17.8 4.4 2.3
3300 12.4 10.5 2.3 1.3
3500 8.0 6.6 1.4 0.7
Total Background 7154.6 30150.3 13655.9 6400.4

TABLE VIII: Number of expected signal and background events for 3000 fb�1 of pp collisions at 33 TeV in di↵erent
event categories for < µPU >=140 pileup scenario.

A.
p
s=14 TeV

Figures 1, 2, and 3 show the expected 95% C.L. limit, the 5� and 3� discovery reaches respectively forp
s=14 TeV.
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FIG. 1: Expected 95% C.L. limits for T quark pair production in the the l+ jets channel (left), multilepton channel
(middle) and combined (right).

[Bhattacharya, George, Heintz, Kumar, Narain, Stupak]

~7% tuning level
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“generically”

“generically”

@LHC



And yet…
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, ⇥̃0

1 mass plane assuming t̃ ⌅ t + ⇥̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the ⇥̃0
2⇥̃
±
1 simplified model studied in this note. The ⇥̃±1 is assumed

to decay as ⇥̃±1 ⌅ W±(⇥)⇥̃0
1 and the ⇥̃0

2 as ⇥̃0
2 ⌅ Z(⇥) ⇥̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the ⇥̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or ⇥̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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We could live 
right here

…or the conventional collider signals could be eroded 
or reduced by modest complications of the theory 

(RPV, stealth, etc.)

Completely natural, but in 
a kinematic region that is 
hard to cover @ LHC. 



Neutral naturalness

Where we are:

Where we’ll be 
@ end of LHC:

natural (at worst 
30% for global)

natural (at worst 
20% for global)
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[NC, Lou, McCullough, Thalapillil]

[NC, Katz, Strassler, Sundrum]

17

[NC, Lou, McCullough, Thalapillil]
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The question of electroweak naturalness 
cannot be settled at the LHC.  

!

Settling the question of naturalness is a 
compelling strategy for future colliders.

18



Naturalness at future colliders

19

Three major opportunities

Extend reach of LHC for 
new particles important 

for naturalness

Uncover UV structure 
well beyond LHC reach

Cover holes from LHC with 
precision Higgs measurements



Colorful naturalness

Where we’ll be @ Higgs factory:

[Fan, Reece, Wang]

~1-2% level
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Figure 3.3: Comparison of direct and indirect searches in the (m⇢, ⇠) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to TLEP.

We can now appreciate the complementarity of direct and indirect searches in exploring the

parameter space of the CH scenario: direct searches are more e↵ective for small g⇢ while indirect

measurements win in the large coupling region. At the LHC with 300 fb�1 direct searches

will completely cover the region accessible by indirect measurements at the same collider for

g⇢ . 4.5 and it is only for g⇢ > g⇢
max = 4.5 that the latter will explore novel territory.

Since direct and indirect constraints benefit similarly from the luminosity improvement, the

gmax

⇢ threshold remains unchanged at the HL–LHC. As far as future machines are concerned,

gmax

⇢ ' 4.5 in the comparison between the 10 ab�1 FCC and TLEP and gmax

⇢ ' 6 for FCC versus

ILC. On the other hand direct searches become ine↵ective at large coupling, not only because

of the reduction of the production cross–section as explained above but also for the following

reason. An e↵ect, which is not taken into account in our analysis, is that the resonances

become broad for large g⇢ because their coupling to longitudinal vector bosons and Higgs

grows, increasing the intrinsic width as g2⇢. Broad resonances are harder to see and since a

narrow resonance has been assumed in our analysis we expect the actual limits to be even

weaker than ours in the large coupling regime. One can get an idea of where finite width

e↵ects should start to become relevant and our estimates might fail by looking at the fine

red dotted curves which are shown in all plots. Above this bound the total resonance width

exceeds 20% of the mass and our bounds are not reliable anymore (see ref. [31] for a more

quantitative assessment of the width e↵ects).

10

[Thamm, Torre, Wulzer]

Look for O(loop*v/m) [SUSY] or O(v/f) [global] Higgs 
coupling deviations; precision electroweak corrections.

Sensitive to kinematic holes at LHC.

Probing at a Higgs factory:

20
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2
t = m2

t̃1
+m2

t̃2
. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di↵erent values of tan�. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as
“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond
SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which
dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].
It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops
could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e+e�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –



Colorful naturalness
Probing at 100 TeV:

11

contours of the two di�erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

~.05% levelWhere we’ll be @ 100 TeV:
LPC meeting on future 100 TeV proton collider,  31st January 2014    

Results

Mass reach for double production 
of  T quark in l+jets channel 
estimated to be:

‣ 95% exclusion limit ~ 7.3 TeV

‣ 3sigma discovery reach ~ 5.7 TeV

‣ 5sigma discovery reach ~ 4.8 TeV
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[Cohen, D’Agnolo, Hance, Lou, Wacker]

[Ahuja, Black]

“generically”
21

Look for the light partner states



Colorful naturalness
Probing at 100 TeV:

22

…or for the UV physics
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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FIG. 4: Leading experimental limits and (left) projected 5σ discovery sensitivity contours and (right) 95% C.L. exclusion
contours for 14 TeV (blue solid), 33 TeV (brown solid), and 100 TeV (green solid) pp colliders in the coupling tan θ versus mass
MG′ plane for coloron resonances. Values of tan θ above each line are excluded at the 95% C.L. The dotted continuation of
each projection line to low masses indicates an extrapolation to low multijet trigger thresholds.

Acknowledgments

FY would like to acknowledge useful discussions with Ciaran Williams. Fermilab is operated by the Fermi Research
Alliance, LLC under Contract No. De-AC02-07CH11359 with the United States Department of Energy.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 105, 161801 (2010) [arXiv:1008.2461 [hep-ex]].
[2] V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett. 105, 211801 (2010) [arXiv:1010.0203 [hep-ex]].
[3] B. A. Dobrescu and F. Yu, arXiv:1306.2629 [hep-ph].
[4] Y. Bai and B. A. Dobrescu, JHEP 1107, 100 (2011) [arXiv:1012.5814 [hep-ph]].
[5] J. Alitti et al. [UA2 Collaboration], Nucl. Phys. B 400, 3 (1993).
[6] F. Abe et al. [CDF Collaboration], Phys. Rev. D 55, 5263 (1997) [hep-ex/9702004].
[7] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 79, 112002 (2009) [arXiv:0812.4036].
[8] [CMS Collaboration], CMS-PAS-EXO-11-094.
[9] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 708, 37 (2012) [arXiv:1108.6311].

[10] S. Chatrchyan et al. [CMS Collaboration], arXiv:1302.4794 [hep-ex].
[11] S. Chatrchyan et al. [CMS Collaboration], JHEP 1301, 013 (2013) [arXiv:1210.2387].
[12] [ATLAS Collaboration], ATLAS-CONF-2012-148.
[13] [CMS Collaboration], CMS-PAS-EXO-12-059.
[14] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, JHEP 1106, 128 (2011) [arXiv:1106.0522].
[15] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and W. K. Tung, JHEP 0207, 012 (2002) [hep-ph/0201195].
[16] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605, 026 (2006) [hep-ph/0603175].
[17] J. Conway, R. Culbertson, R. Demina, B. Kilminster, M. Kruse, S. Mrenna, J. Nielsen, M. Roco, http://physics.ucdavis.

edu/∼conway/research/software/pgs/pgs4-general.htm
[18] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A. D. Polosa, JHEP 0307, 001 (2003) [hep-ph/0206293].
[19] S. Esen and R. MHarris, CMS-NOTE-2006-069.
[20] K. Gumus, N. Akchurin, S. Esen and R. MHarris, CMS-NOTE-2006-070.
[21] M. Cacciari, G. P. Salam and G. Soyez, Eur. Phys. J. C 72 (2012) 1896 [arXiv:1111.6097 [hep-ph]].
[22] M. Cacciari, G. P. Salam and G. Soyez, JHEP 0804, 063 (2008) [arXiv:0802.1189 [hep-ph]].

Even if light states are hard to 
find, can directly access 

heavy resonances



Neutral naturalness

Where we’ll be @ Higgs factory: ~1% level (global)!
~50% level (SUSY)

23

2 4 6 8 10
10-3

10-2

10-1

100

m� [TeV]

�

TLEP / CLIC

LHC

LHC8

LHC

HL-LHC

HL-LHC

ILC

g�=4�

g�=1

Figure 3.3: Comparison of direct and indirect searches in the (m⇢, ⇠) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to TLEP.

We can now appreciate the complementarity of direct and indirect searches in exploring the

parameter space of the CH scenario: direct searches are more e↵ective for small g⇢ while indirect

measurements win in the large coupling region. At the LHC with 300 fb�1 direct searches

will completely cover the region accessible by indirect measurements at the same collider for

g⇢ . 4.5 and it is only for g⇢ > g⇢
max = 4.5 that the latter will explore novel territory.

Since direct and indirect constraints benefit similarly from the luminosity improvement, the

gmax

⇢ threshold remains unchanged at the HL–LHC. As far as future machines are concerned,

gmax

⇢ ' 4.5 in the comparison between the 10 ab�1 FCC and TLEP and gmax

⇢ ' 6 for FCC versus

ILC. On the other hand direct searches become ine↵ective at large coupling, not only because

of the reduction of the production cross–section as explained above but also for the following

reason. An e↵ect, which is not taken into account in our analysis, is that the resonances

become broad for large g⇢ because their coupling to longitudinal vector bosons and Higgs

grows, increasing the intrinsic width as g2⇢. Broad resonances are harder to see and since a

narrow resonance has been assumed in our analysis we expect the actual limits to be even

weaker than ours in the large coupling regime. One can get an idea of where finite width

e↵ects should start to become relevant and our estimates might fail by looking at the fine

red dotted curves which are shown in all plots. Above this bound the total resonance width

exceeds 20% of the mass and our bounds are not reliable anymore (see ref. [31] for a more

quantitative assessment of the width e↵ects).
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Look for O(loop*v/m) oblique [SUSY] or O(v/f) [global] 
Higgs coupling deviations.

Probing at a Higgs factory:

[NC, Englert, McCullough]
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Probing at 100 TeV

Where we’ll be @ 100 TeV: ~1% level

[NC, Lou, McCullough, Thalapillil]

Look for the UV completion, or probe 
light states via the Higgs portal.
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Even if the light 
natural states are 
neutral, there are 

heavier states with 
SM charges
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new physics near the weak scale.

• The LHC will eventually probe conventional “colorful” 
theories to (at best) the ~1% level.

• But it will leave kinematic regions in conventional theories 
—  and all regions of more novel theories — essentially 
untested, and the status of naturalness truly unresolved.

• A Higgs factory & 100 TeV collider can uniformly probe 
natural symmetry-based theories to the ~1% level with 
powerful complementarity.
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