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Higgs & Hierarchy Problem
• Great triumph of Run 1 @ LHC: discovery of an SM-like 

Higgs @ 125 GeV.

• Great challenge for Run 2: sensitivity of elementary scalar 
mass to higher physical thresholds.

• We expect many scales above the weak scale: flavor, dark matter, 
neutrino mass, gauge coupling unification, PQ symmetry breaking, ...

• At the very least, as far as we know a theory of quantum gravity should 
give physical thresholds around the string scale.

• An apparently elementary Higgs makes the hierarchy problem as 
pressing as ever. 
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Natural vs. unnatural
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Natural!

Spin-0
Unnatural!

Hierarchy problem is not a “just-so story”
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Supersymmetry Global symmetry

m2
h ⇠ 3y2t
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log(⇤

2/m̃2
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}

m̃ . 200GeV

Supersymmetry 
Sparticles m̃

≲4π/G

Higgs mh

(compositeness, SUSY, turtles)

Global symmetry 
Partner particles m̃

Hierarchy Solutions

Continuous symmetries commuting w/ SM 
→ partner states w/ SM quantum numbers
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Supersymmetry Global symmetry

Two spectra

Simple game for LHC: look for colored partners.
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Missing top partner problem

Global Symmetry Supersymmetry

Problem 1: nothing yet (~10% tuning).!
Problem 2: not much new to do.

LHC searches driven by top partners 
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More generally…

Mass scales [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

233
'λ  µ tbt→ 

R
t~

233
λt  ντµ → 

R
t~

123
λt  ντµ → 

R
t~

122
λt  νeµ → 

R
t~

112
''λ qqqq  → 

R
q~

233
'λ  µ qbt→ q~
231
'λ  µ qbt→ q~
233

λ  ν qll→ q~
123

λ  ν qll→ q~
122

λ  ν qll→ q~
112

''λ qqqq  → g~
323

''λ tbs  → g~
112

''λ qqq  → g~
113/223

''λ qqb  → g~
233
'λ  µ qbt→ g~
231
'λ  µ qbt→ g~
233

λ  ν qll→ g~
123

λ  ν qll→ g~
122

λ  ν qll→ g~

0
χ
∼ l → l~

 
0

χ
∼ 

0
χ
∼

ν τττ → ±χ∼ 
2

0
χ
∼

 
0

χ
∼ 

0
χ
∼

ν τ ll→ ±χ∼ 
2

0
χ
∼

0
χ
∼ 

0
χ
∼ H W → 

2

0
χ
∼ ±χ∼

0
χ
∼ 

0
χ
∼ H Z → 

2

0
χ
∼ 

2

0
χ
∼

0
χ
∼ 

0
χ
∼ W Z → 

2

0
χ
∼ ±χ∼

0
χ
∼ 

0
χ
∼ Z Z → 

2

0
χ
∼ 

2

0
χ
∼

0
χ
∼0

χ
∼

νν-l
+

 l→ 
-

χ
∼+

χ
∼

 
0

χ
∼ 

0
χ
∼

ν lll → ±χ∼ 
2

0
χ
∼

0
χ
∼ bZ → b~

0
χ
∼ tW → b~

0
χ
∼ b → b~

) H 
1

0
χ
∼  t → 

1
t~ (→ 

2
t~

) Z 
1

0
χ
∼  t → 

1
t~ (→ 

2
t~

 H G)→ 
0

χ
∼(

0
χ
∼ t b → t~

)
0

χ
∼ W→ 

+
χ
∼ b(→ t~

0
χ
∼ t → t~

0
χ
∼ q → q~

))
0

χ
∼ W→ 

±
χ
∼ t(→ b~ b(→ g~

)
0

χ
∼ W→

±
χ
∼ qq(→ g~

)
0

χ
∼ t→ t~ t(→ g~

0
χ
∼ tt → g~

0
χ
∼ bb → g~

0
χ
∼ qq → g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25 x = 0.50
x = 0.75

SUS-14-002 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-007 SUS-13-013 L=19.4 19.5 /fb

SUS-12-027 L=9.2 /fb

SUS 13-019 L=19.5 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb
SUS-13-003 L=19.5 9.2 /fb

SUS-13-006 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-14-011 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 L=19.5 /fb

SUS-12-027 L=9.2 /fb

EXO-12-049 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-003 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-019 L=19.5 /fb

SUS-13-018 L=19.4 /fb

SUS-13-014 L=19.5 /fb

SUS-14-011 SUS-13-019 L=19.3 19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-024 SUS-13-004 L=19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20x = 0.50

SUS-12-027 L=9.2 /fb

SUS-13-003 L=19.5 9.2 /fb

SUS-12-027 L=9.2 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-14-002 L=19.5 /fb

SUS-12-027 L=9.2 /fb

SUS-13-013 L=19.5 /fb

SUS-13-006 L=19.5 /fb x = 0.05x = 0.50
x = 0.95

SUS-13-006 L=19.5 /fb

RP
V

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sle
pt

on

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
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Compositeness
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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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 Resonancestt

Only limits so far.
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But: is this all there is?

Maybe we’ve spent too 
much time under our 
favorite lamp-posts.

“i’m searching for”

(Even if you do not find naturalness compelling, its role as a 
signature/search generator begs for further exploration) 

8



Discrete symmetries
Discrete 

symmetry

}
Discrete symmetry 
Neutral partners m̃

≲4π/G

Higgs mh

Symmetry-based approaches 
to hierarchy problem employ 

continuous symmetries. 
!

Leads to partner states w/ SM 
quantum numbers. 

!
Discrete symmetries can also 

serve to protect the Higgs. 
!

Leads to partner states w/ 
non-SM quantum numbers.  

!
“Neutral naturalness”

9



Neutral naturalness
Partner quantum #s Global SUSY

QCD x EWK CHM, Little Higgs MSSM

Neutral x EWK Quirky Little Higgs Folded SUSY

Neutral x Neutral Twin Higgs ????

tree-level Higgs couplings loop-level Higgs couplings

10



Proof of principle
The Twin Higgs

[Z. Chacko, H.-S. Goh, 
R. Harnik ’05]
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The Twin Higgs: Natural Electroweak Breaking from Mirror Symmetry

Z. Chacko,1 Hock-Seng Goh,1 and Roni Harnik2

1Department of Physics, University of Arizona, Tucson, AZ 85721
2 Department of Physics, University of California, Berkeley, CA 94720

Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

We present ‘twin Higgs models’, simple realizations of the Higgs as a pseudo-Goldstone boson
that protect the weak scale from radiative corrections up to scales of order 5 - 10 TeV. In the ultra-
violet these theories have a discrete symmetry which interchanges each Standard Model particle
with a corresponding particle which transforms under a twin or mirror Standard Model gauge
group. In addition, the Higgs sector respects an approximate global SU(4) symmetry. When this
global symmetry is broken, the discrete symmetry tightly constrains the form of corrections to
the pseudo-Goldstone Higgs potential, allowing natural electroweak symmetry breaking. Precision
electroweak constraints are satisfied by construction. These models demonstrate that, contrary to
the conventional wisdom, stabilizing the weak scale does not require new light particles charged
under the Standard Model gauge groups.

I. INTRODUCTION

In the Standard Model (SM) the weak scale is unstable
under quantum corrections. This suggests the existence
of new physics at or close to a TeV that protects the Higgs
mass parameter of the SM against radiative corrections.
While the exact form that such new physics takes is
unknown there are several interesting alternatives. One
possibility, first proposed in [1, 2] is that the Higgs is
naturally light because it is the pseudo-Goldstone boson
of an approximate global symmetry. This idea has
recently experienced a revival in the form of little Higgs
theories [3, 4] (for a clear review and more references
see [5]) that protect the Higgs mass from radiative
corrections up to scales of order 5 - 10 TeV.

In this paper we propose a class of simple alterna-
tive realizations of the Higgs as a pseudo-Goldstone
boson that also protect the weak scale from radiative
corrections up to scales of order 5 - 10 TeV. In the
ultra-violet these theories have a discrete Z2 symmetry
which interchanges each Standard Model particle with
a corresponding particle which transforms under a twin
or mirror Standard Model gauge group. In addition,
the Higgs sector of the theory respects an approximate
global SU(4) symmetry. Although the weak and elec-
tromagnetic interactions, as well as the top Yukawa
coupling, violate the global symmetry they all respect the
discrete interchange symmetry. When SU(4) is broken to
SU(3), the discrete symmetry tightly constrains the form
of corrections to the pseudo-Goldstone Higgs potential,
allowing natural electroweak symmetry breaking.

Although the smaller Yukawa couplings need not re-
spect the discrete symmetry, naturalness constrains the
masses of most of the twin/mirror partners not to exceed
a few hundred GeV. Precision electroweak constraints
are satisfied by construction, since although these new
particles may be very light, they do not transform under
the SM gauge groups. This is in contrast to little
Higgs theories where these constraints are often a severe
problem [6].

We illustrate the basic idea by way of a simple
example where the global symmetry is realized linearly.
Consider a complex scalar field, H , that transforms as
a fundamental under a global SU(4) symmetry. The
potential for this field is given by

V (H) = −m2H†H + λ(H†H)2 . (1)

Since the mass squared of H is negative it will develop a
VEV, ⟨|H |⟩ = m/

√
2λ ≡ f , that breaks SU(4) → SU(3)

yielding 7 massless Nambu-Goldstone bosons. We now
break the SU(4) explicitly by gauging an SU(2)A ×
SU(2)B subgroup. The field H transfoms as (HA, HB)
where HA is a doublet under SU(2)A and HB is a doublet
under SU(2)B. At the end of the day we will identify
SU(2)A with SU(2)L of the SM. Since SU(4) is now
broken explicitly, the would-be Goldstones pick up a mass
that is proportional to the explicit breaking. Specifically,
gauge loops contribute a quadratically divergent mass to
the components of H as

∆V =
9g2

AΛ2

64π2
H†

AHA +
9g2

BΛ2

64π2
H†

BHB + . . . , (2)

a loop factor below the cutoff Λ of the theory. The
mechanism in our model hinges on the following simple
observation. Suppose we now impose an additional Z2

symmetry, which we label ‘twin parity’, which inter-
changes HA and HB and also interchanges the gauge
bosons of SU(2)A with those of SU(2)B. This symmetry
forces the two gauge couplings to be equal, gA = gB ≡ g.
The gauge contribution to the mass of H is now

∆V =
9g2Λ2

64π2
(H†

AHA + H†
BHB) =

9g2Λ2

64π2
H†H (3)

which is invariant under SU(4) and therefore does not
contribute a mass to the Goldstones. In other words,
imposing twin parity constrains the quadratically di-
vergent mass terms to have an SU(4) invariant form.
The Goldstones are therefore completely insensitive to
quadratic divergences from gauge loops.

Symmetry is SMA x SMB x Z2

11



The Twin Higgs
Consider a scalar H transforming as a 

fundamental under a global SU(4):

V (H) = �m2|H|2 + �|H|4

SU(4)! SU(3) yields seven goldstone bosons.

|⇥H⇤|2 =
m2

2�
� f2

Potential leads to spontaneous symmetry breaking,

UV: λ≫1 NLSM;  λ≲1 LSM12



The Twin Higgs

V (H) � 9
64�2

�
g2

A�2|HA|2 + g2
B�2|HB |2

�

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

Quadratic potential has accidental SU(4) symmetry.
13



The Twin Higgs

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

Quadratic potential has accidental SU(4) symmetry.
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2

SMA  
(hA,tA,WA,ZA…)

~v

~f SMB  
(hB,tB,WB,ZB…)

??



The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2
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~f SMB  
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✓
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2

SMA  
(hA,tA,WA,ZA…)

~v

~f SMB  
(hB,tB,WB,ZB…)

|hHAi|2 + |hHBi|2 = f2
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16�2

✓
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t +
9
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g2 + . . .

◆ �
|HA|2 + |HB |2

�

Breaks “quadratic” SU(4), higgses EWKA & EWKB
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Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2

SMA  
(hA,tA,WA,ZA…)

~v

~f SMB  
(hB,tB,WB,ZB…)

v ≪ f for SM-like Higgs to be the goldstone

|hHAi|2 + |hHBi|2 = f2

Gives a radial mode, a goldstone mode, 
and eaten goldstones.

Primary coupling between SMA and 
SMB is via Higgs portal

??

V (H) ⇥ �2

16�2

✓
�6y2

t +
9
4
g2 + . . .

◆ �
|HA|2 + |HB |2

�

Breaks “quadratic” SU(4), higgses EWKA & EWKB



The Twin Top

15

Twin top

Standard Model

h + . . . f � h2

2f
+ . . .

Symmetry protecting the Higgs 
takes us into a different SU(3) group. 

No direct limit on top partners. 

The top partner acts as we expect 
from global symmetry protection, but 

is not charged under QCD. 

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3



The big picture
Instead of protecting Higgs w/ 

continuous symmetry so 
partners have SM charges…

SM
H

Partners

Protect Higgs w/ a hidden 
sector mirroring the SM. 

Partners have no SM charges.

SM H SM’

16

“Higgs is pseudo-goldstone of the accidental global symmetry of 
the quadratic action obeying a discrete symmetry”



UV Physics

MSSMA x MSSMB x Z2

The SUSY Twin Higgs

[Chang, Hall, Weiner ’06; NC, Howe ’14]

SMA  ~v

~f SMB  

SUSY

Quartic    can be ~1; there is a 
perturbative radial twin Higgs mode

�

SUSY protects the linear sigma model

SMA  ~v

~f SMB  

Strong

The Composite Twin Higgs

[Geller, Telem ’14; Barbieri, Greco, 
Rattazzi, Wulzer ’15; Low, Tesi, Wang ‘15]

Compositeness for nonlinear sigma model

No perturbative radial twin Higgs mode; 
only fermionic partner states are light

17



The General Framework
“The twin Higgs is an example of ???”

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP] 
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The General Framework
“The twin Higgs is an example of ???”

SMA x SMB x Z2 looks like it came from an orbifold.

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP] 

(Quotient space of manifold modded out by a discrete group) 
[Dixon, Harvey, Vafa, Witten, `85 & `86, Dixon, Friedan, Martinec, Shenker, `86]
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The General Framework
“The twin Higgs is an example of ???”

SMA x SMB x Z2 looks like it came from an orbifold.

NC, S. Knapen & P. Longhi [PRL 114, 061803 & 1411.7393/JHEP] 

(Quotient space of manifold modded out by a discrete group) 
[Dixon, Harvey, Vafa, Witten, `85 & `86, Dixon, Friedan, Martinec, Shenker, `86]

Familiar tool in string 
theory & field theory 

(realistic string 
compactifications, 
orbifold GUTs, 5D 

SUSY theories, etc.)

φ=0
φ=+π

φ=−π Identify
+φ with −φ

(i.e. x5 with −x5)

φ=0 φ=π

φ=0

x5=0

φ=π

x5=πR

Figure 10: Orbifolding the circle to an interval

interval as an “orbifold” of the circle. This is illustrated in Fig. 10, where the
points on the two hemispheres of the circle are identified. Mathematically,
we identify the points at φ or x5 with −φ or −x5. In this way the physical
interval extends a length πR, half the circumference of our original circle.
This identification is possible if we also assign a “parity” transformation to
all the fields, which is respected by the dynamics (i.e. the action). The action
we have considered above has such a parity, given by

P ( x5) = −x5 P (Aµ) = +Aµ P (A(0)
5 ) = −A(0)

5

P (ΨL) = +ΨL P (ΨR) = −ΨR ,
(5.1)

precisely when the 5D fermion mass vanishes, m = 0. We consider this case
for now.

Ex. Check that the action is invariant under this parity transformation.
With such a parity transformation we continue to pretend to live on a

circle, but with all fields satisfying

Φ(xµ,−x5) = P (Φ)(xµ, x5) . (5.2)

That is, the degrees of freedom for x5 < 0 are merely a reflection of degrees
of freedom for x5 > 0, they have no independent existence. Of course we also
require circular periodicity,

Φ(xµ, φ + 2π) = Φ(xµ, φ) . (5.3)

These conditions specify “orbifold boundary conditions” on the interval, de-
rived from the the circle, which of course has no boundary.

17

[Sundrum, TASI 2004]
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we have considered above has such a parity, given by
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5 ) = −A(0)

5

P (ΨL) = +ΨL P (ΨR) = −ΨR ,
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for now.

Ex. Check that the action is invariant under this parity transformation.
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circle, but with all fields satisfying

Φ(xµ,−x5) = P (Φ)(xµ, x5) . (5.2)

That is, the degrees of freedom for x5 < 0 are merely a reflection of degrees
of freedom for x5 > 0, they have no independent existence. Of course we also
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Φ(xµ, φ + 2π) = Φ(xµ, φ) . (5.3)

These conditions specify “orbifold boundary conditions” on the interval, de-
rived from the the circle, which of course has no boundary.

17

[Sundrum, TASI 2004]

Punchline: Many models of the twin kind, where Z2 or 
larger symmetries may be exact or approximate.

18



The minimal model

Hr

tR

bR

SU(2)WSU(3)G

Q L

⌧R

Just Z2 partner states for the third 
generation, a la “natural SUSY”.

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

[NC, A. Katz, M. Strassler, & R. Sundrum ’15]

19



What to look for?

!

• Partner states are SM neutral, couple only 
to the Higgs. Lighter than mh/2: modest 
invisible BR (or more). 

• Heavier than mh/2:                                   
produce through                                       
an off-shell Higgs. 

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

[Mixing leads to O(v/f)2 changes in 
Higgs couplings; current O(20%) 

precision not constraining.]

Hard but very interesting; 
directly probe naturalness

20



What to look for?!

• Heavy radial mode may be visible in 
perturbative completion (e.g. SUSY). Looks 
like singlet mixing w/ invisible decays.

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

1000500 2000300 1500700

0.01

0.02

0.05

0.10

0.20

0.50

m̀h@GeVD

BR

WW

ZZ

W
`
W
`

Z
`
Z
`

hh

tt

t`t`

1000500 2000300 150070010-4

0.001

0.01

0.1

1

m̀h@GeVD

s
@pbD 14 TeV

8 TeV

f=3v

f=3v Current searches 
not constraining; 

very interesting for 
13/14 TeV LHC
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What to look for?
!

Decays into the hidden sector may 
come back to the Standard Model 

on interesting scales.

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

• Light fermions in the hidden sector: form 
light hadrons. Look for invisible decays 
of the Higgs. 

• Light U(1) in the hidden sector: look for 
hidden photon phenomena. 

• Light glueballs in the hidden sector…

22



Twin QCD
Coupling related to QCD by twin symmetry.

1

5

10

0 1 2 3 4 5
-0.10

-0.05

0.00

0.05

0.10

ỳbêyb

dg
3êg 3
@5T

eV
D

L
`
QCD @GeVD, Minimal Twin HiggsΛ' [GeV]           

Must be present to keep top yukawas in 
twin sector(s) related to SM top yukawa.
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Confinement within ~order of magnitude of QCD

If no light fermions, glueballs of twin 
QCD at bottom of the spectrum:  m0++ ⇠ 7�0

QCD

Glueballs are special: mix 
with SM via dim-6 operator!

L ⇥ ��0
3

6⇥

v

f

h

f
G

0a
µ�G

0µ�
a

Portal for 
production…

…and decay: 0++ ! h⇤ ! ff̄

gg ! h! 0++ + 0++ + . . .



Displaced decays @ LHC

-6-3

0

3

6

0 20 40 60 80 100

800

1000

1200

1400

m0@GeVD

f@Ge
V
D

ctH0++L@log10HmLD

c� ⇡ 18 m ⇥
✓

10 GeV
m0

◆7 ✓
f

500 GeV

◆4

Intriguing lifetime!

Glueballs decay back to the SM through an off-shell SM higgs

L ⇥ ��0
3

6⇥

v

f

h

f
G

0a
µ�G

0µ�
a  0++ ⇤ h⇤ ⇤ . . .

Strong dependence (7th power) 
on glueball mass → decays scan 
rapidly over LHC length scales.

24

Glueballs produced through decays of 
Higgs into twin sector, BR ∼ 0.1%-10%



A SUSY variation

Folded Supersymmetry

[G. Burdman, Z. Chacko, R. Harnik ’06]

Symmetry is SUSY w/ [SU(3)xSU(3)fxZ2] xSU(2)xU(1)
25
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Folded Supersymmetry and the LEP Paradox

Gustavo Burdman,1 Z. Chacko,2 Hock-Seng Goh,2 and Roni Harnik3

1Instituto de F́ısica, Universidade de São Paulo,
R. do Matão 187, São Paulo, SP 05508-0900, Brazil

2Department of Physics, University of Arizona, Tucson, AZ 85721
3 SLAC, Stanford University, Menlo Park, CA 94025
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We present a new class of models that stabilize the weak scale against radiative corrections up
to scales of order 5 TeV without large corrections to precision electroweak observables. In these
‘folded supersymmetric’ theories the one loop quadratic divergences of the Standard Model Higgs
field are cancelled by opposite spin partners, but the gauge quantum numbers of these new particles
are in general different from those of the conventional superpartners. This class of models is built
around the correspondence that exists in the large N limit between the correlation functions of
supersymmetric theories and those of their non-supersymmetric orbifold daughters. By identifying
the mechanism which underlies the cancellation of one loop quadratic divergences in these theories,
we are able to construct simple extensions of the Standard Model which are radiatively stable at
one loop. Ultraviolet completions of these theories can be obtained by imposing suitable boundary
conditions on an appropriate supersymmetric higher dimensional theory compactified down to four
dimensions. We construct a specific model based on these ideas which stabilizes the weak scale
up to about 20 TeV and where the states which cancel the top loop are scalars not charged under
Standard Model color. Its collider signatures are distinct from conventional supersymmetric theories
and include characteristic events with hard leptons and missing energy.

I. INTRODUCTION

Precision electroweak measurements performed at LEP
over the past decade, while lending strong support to
the Standard Model (SM), have lead to an apparent
paradox [1]. These experiments are completely consistent
with

• the existence of a light SM Higgs with mass less
than about 200 GeV, and also

• a cutoff Λ for non-renormalizable operators that
contribute to the precision electroweak observables
greater than or of order 5 TeV.

The problem arises because quadratically divergent loop
corrections from scales of order 5 TeV, particularly from
diagrams involving the top quark, naturally generate a
Higgs mass much larger than 200 GeV in the SM. This
is called the ‘LEP paradox’.

The LEP paradox seems to suggest the existence of
new physics at or below a TeV that cancels quadrat-
ically divergent contributions to the Higgs mass, but
does not contribute significantly to precision electroweak
observables. One interesting possibility is weak scale
supersymmetry, where R-parity ensures that contribu-
tions to precision electroweak observables are small. Here
the quadratically divergent contributions to the Higgs
mass from the top quark are cancelled by new diagrams
involving the scalar stops, shown in Figure (1).

Little Higgs theories [2, 3] constitute another approach
to the LEP paradox. Models of this type with a
custodial SU(2) [4] and T-parity [5] do not give large
corrections to precision electroweak observables. Warped

extra-dimensional realizations of the Higgs as a pseudo-
Goldstone boson [6] are closely related to little Higgs
theories. Reviews of this class of models and more
references may be found in [7]. In little Higgs theories the
top loop is cancelled by diagrams involving new fermions,
the ‘top-partners’, which are charged under color and
whose couplings to the Higgs are related by symmetry to
the top Yukawa coupling. These diagrams are also shown
in Figure (1).

Recently twin Higgs theories [8][9], (see also [10],[11]),
a new class of solutions to the LEP paradox, have
been proposed. These models have the feature that the
diagrams which cancel the top loop have exactly the same
form as in little Higgs theories, but the top-partners are
not necessarily charged under SM color. The reason is
that in a twin Higgs theory the top-partners need be
related to the SM top quarks only by a discrete symmetry
and not by a global symmetry as in little Higgs theories,
and so do not necessarily carry the same color charge.
Clearly, what is crucial for the cancellation to go through
is that the couplings of the top-partners to the Higgs
be related by symmetry in a specific way to the top
Yukawa coupling. In these diagrams color serves merely
as a multiplicity factor, and therefore whether the top-
partners are charged under SM color or not is irrelevant
to the cancellation.

At this point we turn our attention back to the
supersymmetric case, where the cancellation of the top
loop is realized by the scalar stops. Note that the fact
that the stops are charged under SM color does not
seem crucial for this cancellation, any more than in the
little Higgs case. As before, color seems to serve merely
as a multiplicity factor and what is necessary for the
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Want a low-energy spectrum with 
opposite-spin partners; start with 
a discrete symmetry + 5D SUSY.

Can lead to light superpartners 
with different gauge quantum 

numbers from SM counterparts.

[Burdman, Chacko, Goh, Harnik ‘06]
Folded SUSY

Reduce symmetries & 
SUSY at the boundaries

[Cohen, NC, Lou, Pinner ‘15]
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...Plus towers of KK states
Charged under a hidden 

SU(3); only carry electroweak 
SM quantum #’s.

Normal top quarks

Couplings related by SUSY

Higgs potential is finite and calculable, protected by 5D 
SUSY but with the lightest partner states neutral under QCD.

Zero mode spectrum: SM fermions, folded sfermions

Many possible variations using the tools of 5D SUSY model-building.
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• Produced via a Z, annihilate into hidden glueballs, 
which decay back to SM via Higgs; displaced decays 
@ LHC length scales. 

• Produced via a W, annihilate back into the SM to 
shed their charge. 

• Also leave their mark indirectly, correcting Higgs 
decays to photons.

FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1
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) is of

the form
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) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,
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Figure 8: Constraints on folded SUSY-like models from a one-parameter fit with “F -stops,” i.e. scalars that have the electroweak
quantum numbers and Yukawa couplings of stops but no QCD charge. Because they affect h! �� but not h! g g , constraints
on such particles are much weaker than on stops. At left are the current constraints. The three shaded purple regions, from
darkest to lightest, are excluded at 3� (99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The red solid lines: contours of
Higgs mass fine-tuning. The blue dashed line displaying 10% fine-tuning associated with r t̃

� is barely visible in the left-hand
corner, indicating that we do not yet have enough precision to make this argument. At right: projected constraints from TLEP.
The purple shaded region along the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The
blue shaded region requires a tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs
mass fine-tuning.

5 Discussion

5.1 Possible Caveats

In our analysis, we neglect beyond-MSSM physics in loops, assuming that the leading loop correction to the Higgs-
gluon coupling originates from stops. If there exist light vector-like colored states beyond MSSM which contribute
negatively to the Higgs-gluon coupling, the constraints on stop masses might be relaxed. However, the cancelation
between the new colored states and stops still contributes to the Higgs coupling fine-tuning.

When including Higgs mixing effects in Sec. 3.2 and Sec. 3.3, we neglect non-holomorphic bottom and tau
Yukawa couplings that could arise from integrating out third generation squarks, higgsinos and gauginos at the
one-loop level. Such non-holomorphic Yukawas would alter the 2HDM coupling relations that we assumed. They
are only non-negligible when tan� is large, e.g, tan� ¶ 50. However SUSY scenarios with such a large tan� are
always fine-tuned at worse than 1% level in flavor observables such as Bs ! Xs� [14, 53]. Thus we do not consider
these scenarios here further.

5.2 What is Tuning?

Attitudes about fine-tuning vary widely in the particle theory community. We have seen in Figure 2 that at 95% con-
fidence level, theories where the dominant corrections to Higgs properties arise from stop loops are constrained
to be tuned at worse than the 20% level (according to the measure in equation 9). A 10% fine-tuning is still com-
patible with the data at 90% confidence level, although a substantial portion of the parameter space with less than
10% tuning is already ruled out. Theorists often discuss models that are much more tuned, so one might wonder
how significant this result is. We believe it is an important conclusion. Of course, to some extent this is an aesthetic
judgment, and in any case it relies on intuitions about the structure of the space of UV completions of the Standard
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F-squarks carry 
electroweak quantum 
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Much progress in recent years; much room to explore 

• Higgs invisible width [mirror Twin 
Higgs] 

• Tree-level Higgs coupling deviations 
[Twin Higgs] 

• Loop-level hγγ, hZZ coupling 
deviations [folded SUSY] 

• Displaced Higgs decays [folded 
SUSY, fraternal Twin Higgs] 

• Heavy higgs with reduced couplings, 
invisible width [Twin Higgs] 

• Wγ, hh, displaced 4b resonances 
[folded SUSY]

A plethora of new naturalness-related signatures @ LHC:

Pandora’s box
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See also Friday talks 
by Curtin, Telem, 

Verhaaren, Salvioni
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Thank you!


