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–Gian (more or less)

“Is neutral naturalness the beautiful reason we 
haven’t seen anything, or the last desperate 

hope of theorists?” 



We don’t know yet; now is the time 
to explore and figure out what 
“neutral naturalness” can offer.



Perhaps you think neutral naturalness is not minimal. 
!

I do not particularly care. 
!

I do not think nature cares much, either. 
!

We had 30 years to write down the theory of physics 
beyond the weak scale, and so far it does not look 

like we have done very well using minimality 
alongside naturalness as our guiding principle.



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 ????

dim-6 mixing dim-8 mixing

*Table borrowed from David Curtin



Naturalness: 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)
HSCP gluino (cloud)

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)

SSM W'(jj)
SSM W'(lv)

SSM W'(WZ→lvll)
SSM W'(WZ→4j)
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Heavy Gauge 
Bosons

CMS Preliminary

j+MET, SI DM=100 GeV, Λ
j+MET, SD DM=100 GeV, Λ
γ+MET, SI DM=100 GeV, Λ
γ+MET, SD DM=100 GeV, Λ

l+MET, ξ=+1, SI DM=100 GeV, Λ
l+MET, ξ=+1, SD DM=100 GeV, Λ

l+MET, ξ=-1, SI DM=100 GeV, Λ
l+MET, ξ=-1, SD DM=100 GeV, Λ
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Dark Matter
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Leptoquarks

e* (M=Λ)
μ* (M=Λ)

q* (qg)
q* (qγ)

b*
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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-

0 4 8 13 17 21

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)
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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)

Excluded Mass (TeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

ttbar+MET,scalar(semilep)

ttbar+MET,scalar(dil)

t+MET,scalar(had)

t+MET,vectorial(had)

bH(hadronic)→B'

tW(semilep)→B'

bH(semilep)→B'

bZ(semilep)→B'

bZ(dilep)→B'

tW(ss-dilep)→B'

tW(multilep)→B'

bH(multilep)→B'

bZ(multilep)→B'

tH(hadronic)→T'

)γγ→tH(H→T'

bW(semilep+lep)→T'

tH(semilep+lep)→T'

tZ(semilep+lep)→T'

T'(5/3)(dilep,ss)        

Dark matter

Vector-like B'

Vector-like T'

Excluded Mass (TeV)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

)µ)=2 cm(e+t~(τc

t*(semilep)

t*(dilep)

W'(had)

W'(lep)

Z'(1.2%)(all-had)

(all-had)
KK

g

Z'(1.2%)(semilep)

(semilep)
KK

g

Z'(1.2%)(dilep)

(dilep)
KK

g

Z'(1.2%)(combined)

(combined)
KK

g

Displaced tops

Excited tops

tb Resonances

 Resonancestt

170 of these 226 channels tied to naturalness 
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Signs of neutral naturalness
• 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] 

• …
So far, so good…

[Chacko’s talk]

[Chacko’s talk]

[Burdman’s, 
Farina’s talks]

[Burdman’s, 
Curtin’s, Katz’s 

talks]

[Burdman’s, 
Curtin’s talks]

[Howe’s talk?]



What is the organizing 
principle?



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, turtles)

Global symm. breaking 
Partner particles m̃

≲4π/G

Higgs mh

Conventional symmetries

Continuous symmetries → partner states w/ SM quantum #s



Orbifold correspondence

!

• In the large N limit, correlation functions (two-point functions!) of the 
parent and daughter theory are identical up to an overall rescaling.  

• Daughter theory does not possess all the irreps of parent theory, but still 
reflects (up to 1/N) symmetries of parent theory. 

• Given a continuous symmetry solution to hierarchy problem, orbifold 
probably solves it too. 

• Provides an organizing principle for neutral naturalness.

[Kachru, Silverstein ’98, Bershadsky, Johansen ’98, Schmaltz ’99,…]

Parent theory
orbifold Daughter theory



Caution!

Theory A

VacA

Theory B

Im(VacA)

Planar diagrams around Planar diagrams around

Orbifold equivalence 
is really…

In general, VacB≠Im(VacA) for global symmetries.

1.  We have not yet actually tried to exploit this correspondence directly. 
2. Proceeding with caution, leveraging orbifold correspondence more 

completely may lead to new lessons.



Unconventional symmetries
SUSY Global

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

}
} Residual SUSY

≲4π/G

≲4π/G

~Orbifold

Residual breaking

Higgs mh

}
} Residual global

≲4π/G

≲4π/G

~Orbifold

Residual breaking

Higgs mh

Residual symmetries → partner states without SM quantum #s

Totally natural: m̃ . 200GeV



Twin Higgs*

SU(6)xSU(4)

[S
U

(3
)x

SU
(2

)]x
[S

U
(3

)x
SU

(2
)]

SU
(6)xSU

(4)

Zero mode spectrum: SU(3)AxSU(3)BxSU(2)AxSU(2)Bx[U(1)Y]

Fermionic top partners charged under SU(3)BxSU(2)B 

*Mirror twin Higgs doesn’t need to be an orbifold; bottom-up Z2 symmetry sufficient



Quirky Little Higgs

y=0 y=πR

SU(6)xSU(3)WxU(1)X

SU
(3

) C
xS

U
(3

) Ix
SU

(2
) W

xU
(1

) Y
SU

(6)xSU
(3)W xU

(1)X

Φ

Zero mode spectrum: SU(3)CxSU(3)IxSU(2)WxU(1)Y 

Fermionic top partners charged under SU(3)IxSU(2)WxU(1)Y 



Folded SUSY

y=0 y=πR

SU(6)xSU(2)WxU(1)Y

SU
(3

) A
xS

U
(3

) B
xS

U
(2

) W
xU

(1
) Y

Zero mode spectrum: SU(3)AxSU(3)BxSU(2)WxU(1)Y 

Scalar top partners charged under SU(3)BxSU(2)WxU(1)Y 

SU(3)AxSU(3)BxSU(2)WxU(1)Y

or

N = 1 N 0 = 1



When do you need an orbifold?
• Can construct Z2 Twin Higgs (or even ZN Twin Higgs) without 

recourse to orbifolds, purely from the infrared: just impose parity 
and assume quartic; accidental quadratic global symmetry follows. 

• Or you can get the parity as an accidental symmetry from an 
orbifold. I.e., SU(4)/Z2 gives SU(2)xSU(2)xS2. No big deal? 

• But orbifolds can also give you approximate symmetries that 
cannot be written as exact parities of IR theory. I.e., incomplete 
multiplets for Z2 Twin Higgs, or SU(12)/S3→SU(2)xSU(2)xSU(4)xS2 

• Also need orbifolds whenever SUSY is nontrivially involved in IR. 

Thinking more about orbifolds will lead us to new theories.



Where to go 
from here?



1. Further explore orbifolds: both field theory and geometry 

2. Fill the last box: totally neutral scalar top partners? 

3. Outmaneuver Rattazzi: do we always hit color at two loops? 

4. Explore four dimensions: deconstruct everything. 

5. Embrace accidents: Accidental symmetries without 
symmetries.



Orbifold away…
are just the rows of the Cartan matrix of SO(10) (see Tables 6 and 8 of Ref. [23]),
namely (2,−1, 0, 0, 0), (−1, 2,−1, 0, 0), (0,−1, 2,−1,−1), (0, 0,−1, 2, 0), (0, 0,−1, 0, 2)
in the Dynkin basis, while the lowest root is αθ = (0,−1, 0, 0, 0), then the Z4 twist
vector V = (1/2, 0, 1/2, 1/4, 1/4) projects out just the third root leaving the unbroken
Pati-Salam group in the zero mode sector.

In the case of Z2, a classification of all breaking patterns is given in Table 17 of [23].
Here we only reproduce the breaking patterns for SU(N), SO(N) and E6, since they are
most likely to be of physical interest.

G H restrictions
SU(p+q) SU(p)×SU(q)×U(1)
SO(p+q) SO(p)×SO(q) p or q even
SO(2n) SU(n)×U(1)

E6 SU(6)×SU(2)
E6 SO(10)×U(1)

Table 2. Possible breaking patterns of SU(N), SO(N) and E6 based on orbifold action
by Z2 inner automorphisms.

The feature of rank-preservation by inner automorphisms is only generally true in
the case where the orbifold action in field space is Zn. For more general actions and,
in particular, if this action is non-Abelian, it is not possible to write the group element
g as the exponential of the Cartan subalgebra generators, cf. Eq. (10), and therefore
conjugation by g can act non-trivially on some Hi, leading to the projection of the
corresponding gauge fields out of the zero mode spectrum. If we wish to have the gauge
symmetry broken on the fixed branes (rather than in the bulk as a whole), it is necessary
that the orbifold action on the spatial coordinates y also be non-Abelian. Such models
(which are possible, e.g., in higher dimensions [29]) can be quite complicated and highly
constrained by anomaly cancellation considerations (as discussed in Section. 6.2), so
despite their potential interest we now focus attention on a more elementary method of
rank reduction.

3.2 Orbifold breaking by outer automorphisms

Even if we restrict to Abelian orbifold groups, rank preservation is not automatic. The
new possibility of breaking rank in the Abelian case is realized if outer automorphisms
are employed, and, as we will now show, even Z2 ‘orbifold GUT breaking’ can reduce the
rank.

Recall that outer automorphisms are structure-constant preserving linear transfor-
mations of the generators which cannot be written as group conjugations. For any given
Lie algebra there are only a limited number of possible outer automorphisms, their group
structure corresponding to the symmetries of the Dynkin diagram of the Lie algebra. To
make this concrete, consider the prime example of an outer automorphism; complex
conjugation, T a → −(T a)∗ for all a ∈ L(G), which of course preserves the structure con-
stants. For groups with complex representations this cannot be written as a conjugation

9

by a group element. As a simple example consider an SU(n) gauge theory defined on the
orbifold S1/Z2, with

T aAa
µ(x, y) ∼ −(T a)∗Aa

µ(x,−y)
T aAa

5(x, y) ∼ (T a)∗Aa
5(x,−y). (14)

Then the gauge fields corresponding to generators in SO(n) but not SU(n) are even,
and have a Kaluza-Klein decomposition containing zero modes, while the others are
odd and possess no zero modes. Thus the theory on the brane only respects the gauge
symmetry of the SO(n) subgroup, and the rank is reduced (for n > 2). In fact in a sense
a U(1) theory provides an even simpler, though somewhat degenerate example of this. It
is certainly possible in principle to mod out by the equivalence Aµ(x, y) ∼ −Aµ(x,−y),
A5(x, y) ∼ A5(x,−y) which eliminates the U(1) completely from the zero mode spectrum.

Of course a requirement for such modding out to make sense is that the original bulk
theory be symmetric under the field space transformation being employed. In the case
of U(1) including charged matter the original theory must then have a q → −q ‘charge-
conjugation’ symmetry. Similarly in the non-Abelian situation the pure gauge case is
trivially consistent as the adjoint representation is always real, while with matter present
we require a r ↔ r symmetry. Thus we see that the original bulk theory must be vector-
like, at least with respect to the group we wish to act on by an outer automorphism.
One may be concerned that this is a difficulty if one wants to realize a chiral theory
in the zero-mode sector. However we are used to the fact that orbifolding can produce
chiral states from an originally vector-like theory, an example being the chiral N = 1
theories in 4d resulting from the ‘N = 2’ minimal SUSY theory (8 supercharges) in 5d.
The simplest possibility is just to add chiral matter of the H subgroup theory (in an
anomaly-free representation) on the brane where G → H via the outer automorphism.

A natural question is if this most simple form of Z2 rank reduction can work for
SO(10), reducing the theory to SU(5) or SU(3)×SU(2)×U(1) without an additional U(1).
Unfortunately this does not appear to be possible. A complete listing of such Z2 outer
automorphism reductions is given in Table 2.

G H action or restrictions
U(1) 1 q → −q
SU(n) SO(n) R → R

SO(p+q) SO(p)×SO(q) R → R, p, q odd p + q = 4n + 2
SO(p+q) SO(p)×SO(q) S → S ′, p, q odd p + q = 4n
SU(2n) Sp(n) R → R

E6 Sp(4) R → R
E6 F4 R → R

Table 2. Allowed rank reduction by orbifold action employing Z2 outer automorphism
twist.
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Much more room for orbifolds, both field theory orbifolds & 
geometric completions. E.g., ZNxZM, combinations of 

global/gauge/R-symmetries, irregular embeddings, etc.

Z2 inner automorphism Z2 outer automorphism

[Hebecker & March-Russell]

Also more exotic reduction of symmetries possible:

Rank-preserving Rank-breaking



Totally neutral scalars?
SU(6)xSU(2)WxU(1)Y

SU(3)AxSU(3)BxSU(2)WxU(1)Y

or L � �tHuqA
3 uA

3 + �2
t |Hu · q̃B

3 |2 + �2
t |Hu|2|ũB

3 |2

In folded, take a common SU(2) factor:

so F-stops are electroweak states; 
bounds from Drell-Yan production.

Is it possible to arrange for completely neutral top partners?

Need to get the scalar potential without an SU(2) contraction

�tHuq
A
3 u

A
3 + �2

t |Hu|2|q̃B3 |2 + �2
t |Hu|2|ũB

3 |2

�
Hu ·

�✓ · X
· ·

◆✓
·
q̃B3

◆
Not impossible; suggests 

larger parent symmetry and 
judicious orbifold projection.



Outmaneuver Rattazzi

Does UV-complete neutral naturalness always 
give SM-charged states at two loops?

E.g., full SUSY or compositeness enters at two 
loops above Higgs mass.

True of all current UV-complete examples.

If true: Essentially a no-lose theorem for 100 TeV 
collider, bonanza for FCC-hh/SppC physics case.

m2

H ⇠ 3y2t
8⇡2

�2

t

g2⇤
m2

colored



Turtles?
Is there an alternative?

[Batra, Kaplan]

Figure 1: The energy scale and dependence of just a single stage of a Little Higgs theory. The
tower of effective field theories (EFTs) begins with an SU(4)×U(1) EFT that spontaneously breaks
at 1 TeV, leaving behind an SU(2)W × U(1) EFT which spontaneously breaks at .1 TeV.

radial modes. By working in a linear-sigma model, we keep the theory at weak-coupling

near 10 TeV, which allows us to extend the theory perturbatively to 100 TeV. In Section

3, we actually lift Λ to 100 TeV and detail the perturbative UV structure that justifies our

chosen spurion structure and maintains an insensitivity of the Higgs mass to high scales.

2.1 SU(4) × U(1)X Breaking

The scalar sector of the SU(4) × U(1)X gauge theory consists of fundamental fields, φ,

with the same U(1)X charge, −1/4. These φ fields are arranged in pairs, φ & φ′, with

interactions designed to produce Goldstone bosons; we visually depict these interactions in

Figure 2. This structure is familiar – if we replace φ & φ′ with H1 & H2 we find the usual

scalar sector of a standard 2-Higgs-Doublet-Model (2HDM).

As visual shorthand Figure 2 has two ele-

Figure 2:

ments: shaded circles (which always represent

fundamental scalar fields that have vev’s) and

lines (which represent interactions between fields).

Specifically, the diagram in Figure 2 represents

the potential

V ⊃ −b1

(

φ†φ′ + h.c.
)

+ m2
1

(

|φ|2 +
∣

∣φ′∣
∣

2
)

+ λ
∣

∣

∣
φ†φ′

∣

∣

∣

2

. (2.1)

For simplicity we’ve assumed that all the scalar masses in the theory are identical, though

none of our results depend on this degeneracy. We also set all dimensionful operators to

be of order ∼ 1 TeV, the seemingly natural scale given a cutoff of 10 TeV (we discuss this

assumption further in Section 2.3).

In the potential of Equation 2.1, the b1-term promotes spontaneous symmetry breaking

while the quartic λ provides stability around the minimum. The potential has a global U(4)

symmetry, under which φ & φ′ are fundamentals. Due to this structure, φ & φ′ acquire

– 5 –

Figure 6: The energy scale and structure of a two-stage Little Higgs theory. As in Figure 1, the
theory can be represented by successive stages of EFT’s: A spontaneously broken SU(12) × U(1)
gauge theory lives between 10 & 100 TeV, leaving behind a spontaneously broken SU(4)×U(1) gauge
theory that lives between 1 & 10 TeV, which leaves behind a spontaneously broken SU(2) × U(1)
gauge theory that lives between .1 & 1 TeV.

Unlike the electroweak scale, the scale of SU(4)-breaking is sensitive to quadratic diver-

gences proportional to the cutoff which generate the operators φ†
MφM . Even though the

electroweak scale, f0, remains insensitive to quadratic divergences, f0 retains sensitivity to

f1. As Λ is pushed to 100 TeV, fine-tuning is introduced into the weak-scale.

Therefore, to push the cutoff, Λ, up to 100 TeV requires introducing new interactions

if the theory is to remain natural. These new interactions should remove quadratic diver-

gences to the SU(4) breaking scale, f1, without reintroducing unnatural scale dependence

into the electroweak breaking scale, f0.

We attempt to satisfy this stringent requirement by embedding the SU(4) × U(1)X
gauge theory into an SU(12) × U(1)Z gauge theory. This gauge theory is cutoff by the

scale Λ ∼ 100 TeV, and interactions are such that the SU(12) × U(1)Z gauge theory is

collectively and spontaneously broken at the scale f2 ∼ 10 TeV by a set of fundamental

scalars, χ. The SU(4) × U(1)X gauge theory of Section 2 is left over, with the fields φ

surviving as light pseudo-Goldstone bosons without quadratic sensitivity to Λ ∼ 100 TeV.

All required SU(4) quartics – both those that directly stabilize φ vev’s and those that will

eventually stabilize the Higgs vev – are again generated at tree-level. All other quartic

interactions (which we assumed were absent in the SU(4) theory) are generated at 1-loop

order and are suppressed. However, the suppression is not quite large enough, due to the

compensating factor of the number of fields, and some fine-tuning remains at this stage.

We review the fields and scales involved in Figure 6.

3.1 SU(12) × U(1)Z Breaking

We build the SU(12) × U(1)Z sector up iteratively from the SU(4) × U(1)X theory.

The basis of this pattern is again the unit shown in 7 which now visually depicts two

– 12 –

N grows with each level; couplings rapidly grow strong.

Unless theory has good large-N behavior, i.e. ’t Hooft couplings 
Ng2, Ny2, Nλ2 remain under control. Plausible, no examples yet…

SUSY/CHM Turtles



Explore four 
dimensions



Deconstruction

SU(2N)
SU(N)

SU(N)
⇥

SU(N)

SU(N)
⇥

g2N ⌧ gN⇥N

g ⇡ g2N

Fairly simple to build 4d orbifolds for global symmetries

h�i = h�̄i 6= 0

�

�̄

+massive states

What about supersymmetry?

Geometry = fields 
localized on different 

gauge nodes 



Twisted supersymmetry

carrying out the above circular compactification and imposing a discrete Z2 parity identifying x5 with
�x5, acting on fields  as  (xµ, x5) ! ± (xµ,�x5). By assigning di↵erent parity to di↵erent fields
in the same 5D multiplet, the orbifold breaks one of the two N = 1 supersymmetries and removes
half of the original tower of KK modes. The n 6= 0 modes arrange themselves into N = 2 multiplet as
before. The zero modes must have even parity, and thus preserve only an N = 1 supersymmetry. By
assigning an even parity only to (A

µ

,�1) and ( , ), the zero mode contains only an N = 1 vector
and chiral multiplet.

Finally, we can break all of the 4D supersymmetries by imposing on the 5D fields a nontriv-
ial global-symmetry rotation under 2⇡R translations, acting on the fields as  (xµ, x5 + 2⇡R) =
e2⇡i↵T (xµ, x5); this is the Scherk-Schwarz twist, which breaks the symmetry generated by T . For
supersymmetry breaking, one candidate generator is T = �2 for the SU(2)

R

symmetry. This choice
splits the nth Dirac gaugino into two Majorana fermions of mass |n ± ↵|/R, and the nth KK hyper-
multiplet complex scalars into two complex scalars of mass |n± ↵|/R. The mass spectrum of the nth
KK gauge boson, adjoint scalar, and hypermultiplet fermions are untouched as they do not transform
under SU(2)

R

. For |↵| < 1/2, the lightest gauginos and hypermultiplet scalars have masses ↵/R, and
supersymmetry breaking is controlled by two parameters 1/R and ↵/R.

The specific choice ↵ = 1/2 is noteworthy. As ↵ ! 1/2 the Majorana fermions from adjacent KK
levels coincide, such that the zero mode spectrum consists only of a massless gauge boson and chiral
fermion, while Majorana gauginos again pair up to form Dirac multiplets. In particular, the nth KK
towers include Dirac gauginos and complex scalars of mass |n � 1/2|/R alongside the usual spectrum
of KK gauge bosons, adjoint scalars, and matter fermions.

2.2 Twisted supersymmetry and its discontents

Our objective is to reproduce the physics of Scherk-Schwarz supersymmetry breaking in a purely four-
dimensional framework through dimensional deconstruction [34]. A four-dimensional analogue of SSSB
called “twisted supersymmetry” was proposed in [35] by introducing hard supersymmetry breaking
to an otherwise supersymmetric quiver. In [35] the physics of a supersymmetric extra dimension are
reproduced by a conventional supersymmetric quiver, albeit with explicit supersymmetry breaking in
the form of relative phases between the gauge-link field and the gaugino-link field couplings. Such
phases can always be removed locally at a given node in the quiver by field redefinitions, but in a
circular quiver there is one physical phase – the global phase – that is invariant under field redefinitions.
The global phase ✓ leads to a shift in the tree-level spectrum of gauge bosons and fermions, namely

m2
B,n

=

✓
2

a

◆2

sin2
⇣ na

2R

⌘
(2.1)

m2
F,n

=

✓
2

a

◆2

sin2
⇣ na

2R
+ ✓

⌘

where a is the lattice spacing.
This appears to reproduce the physics of SSSB for modes lighter than 1/a, but upon closer

inspection it di↵ers in two key respects. The first discrepancy is evident in the mass spectrum. For
✓ = 0, 1/2 one reproduces the spectra of a Scherk-Schwarz theory with ↵ = 0, 1/2, but for any other
value of ✓ there is no correspondence with a Scherk-Schwarz spectrum. In particular, while the phase
✓ can take arbitrary values as one expects for generic Scherk-Schwarz boundary conditions, the mass
eigenstates are always Dirac – in contrast with genuine Scherk-Schwarz theories, where the gauge
fermions are Majorana for general ↵. The twisted construction cannot be simply altered to fix the

– 4 –

[Arkani-Hamed, Cohen, Georgi]

NX

i=1

p
2�⇤i (hi�i � h0

i�1�i�1) i + h.c.

|hi|, |h0
i| = g

hi, h
0
i = g

hi, h
0
i 6= g

h⇤
i , h

0
i = gei✓/N

1. Maximal twist only (gauginos dirac) 
2. Incompatible with chiral fermions (S1)

Link-gaugino couplings:

SUSY:
Twist:

Can always locally rephase, but global 
phase exists in circular quiver.

E.g.



Soft SUSY from hard SUSY
[Falkowski, Grojean, Pokorski]

dimensions models, less suppression of the quadratic divergence is required to alleviate the
hierarchy problem. In this paper we investigate the four-dimensional analogue of the Scherk–
Schwarz mechanism and take the model proposed by Barbieri, Hall and Nomura (BHN) [5] as
our reference point. We do not aim at constructing a complete and phenomenologically vi-
able model, which would give the Standard Model as its low-energy approximation. We rather
aim at analyzing the general situation, when divergences in non-supersymmetric theories are
considerably softened.

More precisely, we start with N = 1 supersymmetric models consisting of a chain of N gauge
groups which communicate to each other through N −1 bifundamental link-Higgs fields Φi [17].
The matter and Higgs fields are also replicated and represented by a set of N chiral superfields
transforming in fundamental representation of the corresponding gauge group. When the link-
Higgs fields acquire vacuum expectation values (vev) the mass pattern of the gauge, Higgs and
matter fields is similar as in the theories with extra dimensions. We are mainly interested in
the models in which the low-energy spectrum (zero-modes of the mass matrix) shows no sign of
supersymmetry but still the radiative corrections to the mass parameters are weakly dependent
on the cutoff scale.

✧✦
★✥

✧✦
★✥

✧✦
★✥

✧✦
★✥

SU(2) SU(2) SU(2) SU(2)

Φ1 ΦN−1

H1 H̃1

Q1 Q̃1

H2 H̃2

Q2 Q̃2

HN−1 H̃N−1

QN−1 Q̃N−1

HN H̃N

QN Q̃N

Figure 1: The quiver diagram of the model. Each circle (site) represents an SU(2) N = 1
Yang-Mills multiplet. Each line pointing outwards a circle represents a chiral multiplet in the
fundamental representation of the group while a line pointing towards a circle stands for a
chiral multiplet in the anti-fundamental representation of the group.

First, recall how the 5D supersymmetric Yang-Mills theories on S1/Z2 are realized in the 4D
set-up [17]. We write a supersymmetric Lagrangian for a chain of N gauge multiplets (Aa

i ,χ
a
i )

(with common gauge coupling g0) and N chiral, link-Higgs multiplets (Φi, Ψi). In this paper
all the gauge groups are SU(2) and the diagonal subgroup is identified with the SM weak
hypercharge group. The link fields are 2×2 complex matrices transforming in the fundamental
representation of the i-th and antifundamental of the (i+1)-th gauge group . The orbifolding
procedure is accounted for by the fact that the first and the last gauge groups are not linked,
thus the quiver diagram has ’topology’ of the line segment (see Fig. 1). The product group
is spontaneously broken by the link-Higgs fields which acquire a common expectation value
⟨Φi⟩ = v1. Diagonalizing the mass matrix, one finds that the spectrum in the large N limit is
the same as in the 5D super-YM theory compactified on S1/Z2. In particular, the link-Higgs
degrees of freedom account for completing N = 1 gauge multiplets up to N = 2 at every
massive level.

2

that the Higgs mass gets logarithmically divergent contribution proportional to the supertrace
in the quark sector at the first site, which we assumed to vanish. Thus, in spite of the fact that
the theory is non-supersymmetric, the Higgs mass (in fact the same holds for the squarks) gets,
from the Yukawa interactions, only a finite one-loop correction to its mass. These conclusions
hold even if the model has a different number of bosonic and fermionic degrees of freedom!

To illustrate this discussion we present a construction inspired by the five-dimensional of
the BHN model [5]. Arriving at the spectrum of [5] involves some tunings of the parameters.
But we stress that these tunings are by no means important for the cancellation of divergences;
they serve only to obtain simple mass matrices, so that formulae for the Higgs boson mass can
be evaluated explicitly. So we tune the parameters in the superpotential (1) as:

yh
i = yq

i = yd
i = yu

i = g0 and mh
i = mq

i = md
i = mu

i = g0v (5)

We also add ΦN link-Higgs, as in Fig. (3), which we need to avoid a massless gaugino mode.

✧✦
★✥
SU(2) (0,ψΦN

)

(Aa
N ,χa

N)

(hN ,ψHN
) (0,ψH̃N

)
(qN ,ψQN

) (q̃N , 0)

Figure 3: The magnifying glass view of the N -th site of the model. The fields φN , h̃N and
ψQ̃N

have been removed in order to break supersymmetry and induce a mass splitting in the
low-energy theory. This specific construction mimics the spectrum of the 5D supersymmetric
model on S1/Z2 × Z ′

2. Similarly as in the deconstruction of S1/Z2 models, the orbifolding
procedure amounts to removing those fields from the mirror multiplets at the N -th site which
in the 5D picture have both Z2 quantum numbers negative, the (−−) states of [5].

In the second step we break supersymmetry by setting φN , h̃N and ψQ̃N
to zero in the

Lagrangian (see Fig. 3). This is of course hard breaking of supersymmetry, as some the fields at
the last site lose their superpartners (a similar supersymmetry breaking has also been proposed
in Ref. [15]). Moreover, in order for the Higgs mass matrix to have a zero mode we add a soft
breaking negative squared mass term, −g2

0v
2|hN |2.2 Diagonalizing the mass matrices yields a

spectrum as in Table 1. At the massless level we have only the gauge field, quarks and the
Higgs boson. Their lightest superpartners have masses m̃(1) ∼ g0v/(2N +1) and include a Dirac
gaugino, two squarks for every quark and a Dirac Higgsino. The complete mass matrices and
their eigenvector can be found in Appendix A. Within this particular model, we can now get
a close expression of the finite radiative Yukawa correction. Let us evaluate it.

2The last step is not necessary as the radiative corrections will drive the lowest level higgs mass negative,
even if its tree-level mass is not precisely zero.
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gauge and link quark Higgs
m(0) = 0 Aa

(0) ψQ(0)
h(0)

m(n) = 2g0v sin
(

nπ
2N

)

Aa
(n), φ

a
(n)

(

ψQ(n)

−iσ2 ψ∗
Q̃(n)

)

h(n), h̃(n)

m̃(n) = 2g0v sin
(

(2n−1)π
2(2N+1)

)

(

ψφa

(n)

−σ2 χa ∗
(n)

)

q(n), q̃(n)

(

ψH(n)

−iσ2 ψ∗
H̃(n)

)

Table 1: Spectrum of the model after the diagonal symmetry breaking. The bifundamental link

fields are decomposed into irreducible representations of the diagonal SU(2): ψa
φi

=
√

2 tr(TaψΦi)

transforms as an adjoint, while ψs
φi

= tr(ψΦi)/
√

2 transforms as a singlet – similar definitions for the
bosonic components hold. Note that the singlet bosonic as well as fermionic fields remain massless,

fortunately they will also remain uncharged under the full SM gauge group.

The top-quark Yukawa term (2) in the superpotential leads to the following interactions:

L = −λ2|h1|2(|u1|2 + |q1|2) + λg0v(h1u1q̃
†
1 + h1q1ũ

†
1 + h.c.) − λ(h1ψU1ψQ1 + h.c.) (6)

The orthogonal transformations into the mass eigenstates are given in Appendix A. Plugging
in the mode decomposition we find the following interactions involving the zero mode Higgs
doublet h(0) ≡ H :

L = − 4λ2

N(2N + 1)
|H|2

N
∑

n,m=1

(u(n)u
†
(m) + q(n)q

†
(m)) cos

(

(2n − 1)π

4N + 2

)

cos

(

(2m − 1)π

4N + 2

)

+
4λ√

N(2N + 1)

N
∑

n,m=1

(Hu(n)q̃
†
(m) + Hq(n)ũ

†
(m) + h.c.)m̃m cos

(

(2n − 1)π

4N + 2

)

cos

(

(2m − 1)π

4N + 2

)

− 2λ√
N

N−1
∑

n,m=0

(HψU(n)
ψQ(m)

+ h.c.)ηnηm cos
(nπ

2N

)

cos
(mπ

2N

)

(7)

The one-loop radiative correction to the Higgs mass can now be computed explicitly and
after some algebra, we arrive at:

δm2 = −λ2
T (gv)2 F (Λ, N) (8)

where F (Λ, N) is a pure numerical factor given by:

F (Λ, N) = π−2N3

∫ X

0

dx cosh x sinh3 x
(cosh 2x + 1)(cosh 2x + 2 cosh 4Nx − 1)

sinh2 2Nx cosh2(2N + 1)x
(9)

the cutoff, X, being related to the cutoff scale of the theory by Λ = 2g0v sinh X. The normalized
coupling, λT = λ/N3/2, is the Yukawa coupling of the zero mode Higgs to the zero mode quarks,

6

1. Maximal twist only (gauginos dirac). 
2. Two loop quadratic divergences.

Delete supermultiplet 
components on boundary



SS is radion mediation

ary conditions. In the gauge sector, a non-vanishing F
T

induces Majorana masses for the fermions,
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Together with the fermion kinetic terms, these soft masses can be written in a manifestly SU(2)
R

invariant way through the combination �
i

= (�1,�i�2):
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Written in this way, the soft supersymmetry breaking masses can be absorbed by the field redef-
inition �

i

! ei�fij�
j

, explicitly demonstrating the correspondence between a Scherk-Schwarz phase
and radion mediation. Analogous arguments go through for additional matter �,�c; a non-zero F

T

mixes their scalar and auxiliary components,

L⇠⇠⇠SUSY 3 F
T

2R
(F †

��+ F †
�c�c) + h.c. (2.11)

This mixing modifies the values of the auxiliary components F�, F�c when they are integrated out,
such that
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To make the SU(2)
R

symmetry manifest, we can define �
i

= (�,�c†) and D
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= (@
�

� iRA5/2). The
resulting kinetic terms for the �,�c fields are
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As with the vector multiplet, we see that the soft breaking can be absorbed into the redefinition
�

i

! ei�fij�
i

. Consequently, the mass spectrum of radion mediation agrees with the mass spectrum
of Scherk-Schwarz breaking with an R-symmetry twist upon the identification F

T

= 2↵.
The advantage for realizing the Scherk-Schwarz mechanism as radion mediation is that supersym-

metry breaking by a radion F -term is manifestly soft and under good UV control. This immediately
suggests that the deconstruction of SSSB can proceed entirely through soft supersymmetry-breaking
terms by adding analogous radion couplings, avoiding the potential UV sensitivity of previous propos-
als and capturing all possible values of the Scherk-Schwarz twist ↵. This is the route we will take in
Section 4.

3 The Supersymmetric Deconstruction

In this section we review key concepts for supersymmetric deconstruction, with special emphasis on
the analogue between 4D and 5D physics, in terms of both the action and the geometric boundary
conditions. As we will see, there are many subtleties involved in correctly reproducing the physics
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metry breaking by a radion F -term is manifestly soft and under good UV control. This immediately
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terms by adding analogous radion couplings, avoiding the potential UV sensitivity of previous propos-
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Write in SU(2)R-symmetric form

�i ! ei�fij�j

[Marti & Pomarol; Kaplan & Weiner]

Rephase

Removes majorana term, gives nontrivial winding in 5th dimension.



So deconstruct radion 
mediation instead

However, introducing radion-like couplings to the linear realization of the supersymmetric decon-
struction does not reproduce all the physics of radion mediation, as terms of the form

R
d4✓T †�

i

�
i

required for the majorana gaugino mass spectrum are absent. One potential remedy is to add higher-
dimensional operators proportional to Q†

i

Q†
i

, but additional matter needs to be introduced to render
such a term gauge invariant. More problematically, naively coupling T universally to matter terms
in the action can potentially give rise to spurious terms such as 1

✏

R
d4✓T †�

i

, leading to divergent
behavior in the large-N limit.

The remedy is to promote the link field variables Q
i

into SL(k,C)-valued non-linear sigma fields,
and expand around the vacuum expectation value 5

Q
i

= v exp

✓
�
i

gv

◆
= v exp

✓
✏R�

ip
2

◆
(4.2)

This is not surprising; while it was perfectly adequate to take the Q
i

as linear fields in the supersym-
metric limit, the exact reproduction of the full 5D physics on a lattice requires Wilson loop variables,
which are essentially non-linear sigma fields. As such, it implies that the theory is not UV complete
in itself; the deconstruction grows strongly coupled around 4⇡v and requires a further UV completion,
albeit one that can be readily achieved in four dimensions.

In terms of these �
i

fields, the Kähler potential takes the form

Z
d4✓

NX

i

tr v†v e
✏R�

†
ip

2 eVie
✏R�ip

2 e�Vi+1 (4.3)

Expanding the exponential and taking the large N limit, we find that working in terms of non-
linear sigma variables introduces one additional quadratic term relative to Equation 3.6:
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g24R
2✏2

Z
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1

N

NX

i

✏2R2

4
(�†2 + �2)

This new term comes from the second order term in the exponential, and it exactly cancels the
spurious �†2 + �2 term already appearing in Equation 3.6. In addition, by demanding the Q

i

to be
SL(k,C) valued, terms proportional to tr(�+�†) vanish. Now that all the spurious terms are canceled,
the radion coupling can be added as prescribed in Equation 2.8, more explicitly,
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5
For a U(1) theory, writing Qi = v exp(�i/gv) su�ces as the spurious terms

R
d2✓

P
i(�

†
i+�i) become gauge invariant

and can be removed by hand directly.
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There is an extra factor of two when comparing Equation 3.16 to Equation 3.2, and R is a factor
of two larger compared to before. This is expected since the quiver now corresponds to the segment
(0,⇡R) instead of (0, 2⇡R). The extra factor also breaks the degeneracy n ! N �n, as expected with
an orbifold. The continuum limit then only contains half of the full KK tower. The new dictionary
for the parameters is then

R =

p
2N

⇡gv
a =

p
2

gv
✏ =

a

R
=

⇡

N
m2

n

=

✓
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⌘
(3.17)

For the gauge fields, the mass terms are

L 3 1
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�
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i

�2
(3.18)

Where the term (Aµ

N�1 �Aµ

0 )
2 is now absent, this leads to a tower of masses

m2
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= 2g2v2 sin2
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✓
2

a

◆2

sin2
⇣ an

2R

⌘
n 2 {0, 1, · · · , N � 1} (3.19)

The massless mode for the gauge bosons is retained. All massive gauge bosons pair up with the massive
tower of Q

i

to form N = 2 multiplets, and the desired physics of the orbifold is recovered.
Note that we have so far discussed the case of SU(k) nodes, for which the individual link field

vevs are D-flat and there is no complication in taking a linear quiver. This is no longer the case for
abelian U(1) nodes, where the link field vevs cease to be D-flat at the endpoints of the linear quiver.
However, this can be dealt with by adding Fayet-Iliopoulos terms at the endpoints as discussed in [43].

3.4 Orbifold (matter)

Besides gauge bosons, a phenomenologically viable model also requires chiral matter. Analogous to
the vector multiplet case in Section 3.3, chiral matter can be obtained by removing an appropriate
matter field at one of the end-points, corresponding to forcing a Dirichlet boundary condition and
Neumann boundary condition for the conjugate field. We leave the detailed mass matrix calculation in
Appendix B. For example, to get a chiral field in the fundamental representation, one can remove 'c

N�1,
so that an extra ' field will remain unpaired in the low energy theory, leaving N = 1 supersymmetry
at the level of the zero modes. The corresponding quiver diagram is shown in Figure 3.

'0,'
c

0 '1,'
c

1 '
N�2,'

c

N�2 '
N�1

SU(k)0
Q0 // SU(k)1

Q1 // · · · Q
N�3 //SU(k)

N�2
Q
N�2 //SU(k)

N�1

Figure 3. A quiver with N nodes deconstructing an SU(k) gauge theory on an S1/Z2 orbifold, including
chiral matter. There is one more 'i than 'c

i , resulting in an extra chiral 'i with N = 1 supersymmetry.

As before, the superpotential remains the same except all couplings with 'c

N�1 are removed. The
masses for the matter fields are
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Mass spectrum

There is an extra factor of two when comparing Equation 3.16 to Equation 3.2, and R is a factor
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Note that we have so far discussed the case of SU(k) nodes, for which the individual link field

vevs are D-flat and there is no complication in taking a linear quiver. This is no longer the case for
abelian U(1) nodes, where the link field vevs cease to be D-flat at the endpoints of the linear quiver.
However, this can be dealt with by adding Fayet-Iliopoulos terms at the endpoints as discussed in [43].

3.4 Orbifold (matter)

Besides gauge bosons, a phenomenologically viable model also requires chiral matter. Analogous to
the vector multiplet case in Section 3.3, chiral matter can be obtained by removing an appropriate
matter field at one of the end-points, corresponding to forcing a Dirichlet boundary condition and
Neumann boundary condition for the conjugate field. We leave the detailed mass matrix calculation in
Appendix B. For example, to get a chiral field in the fundamental representation, one can remove 'c

N�1,
so that an extra ' field will remain unpaired in the low energy theory, leaving N = 1 supersymmetry
at the level of the zero modes. The corresponding quiver diagram is shown in Figure 3.
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Reproduces Scherk-Schwarz spectrum; SUSY breaking is soft 
Works to all loops, allows SS spectrum for arbitrary twist.



Full disclosure

�m2 ⇠ N
3

4⇡2
g2v2 ln

✓
⇤

2gv

◆2

Radiative corrections to zero modes:

Logarithmic dependence; same as soft mass in 
5d for finite # of KK modes. Usual 5d result 

involves integrating over infinitely many modes.

Deconstruction of SS possible, but finite quiver 
loses ideal features of 5d picture.

Still opportunities, e.g. warping+SS?



Embrace accidents
Orbifolds provide organizing principle for neutral 

naturalness, but somewhat cumbersome.

What if necessary symmetries are accidental 
symmetries of IR fixed point?

E.g. accidental supersymmetry [Sundrum]

�� ⇠ �2
t

IR theory contains SM + scalars

Strong dynamics drives

�tHQ3ū3 ��|H|2|�|2



Conclusions
• We’re in the early days of exploring neutral 

naturalness; much to learn. 

• Clearly an excellent signal generator; excellent 
motivation for new searches at LHC. 

• Orbifolds of continuous symmetries provide a 
natural organizing principle for generalizations. 

• Many opportunities for exploration; likely we’ll 
discover more surprising and delightful ideas.

Thank you!


