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Extend the SM with a symmetry acting on the Higgs
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Best case scenario given null results: 
superpartner mass hierarchy inversely 

proportional to contribution to Higgs mass

[Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson ’96; Papucci, 
Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum ’11]

“Natural SUSY”
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QCD production of stops, gluinos 
leads to strongest constraints
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Higgsino signals
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Lots of searches…

…but no irreducible limits
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Chargino-neutralino splitting in 
pure higgsino multiplet: 355 MeV 

[Thomas, Wells ’98]
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Quantify tuning (as 
you like)

Generic limit* > 800 GeV (both stops)  
→ Δ~90 (1% tuning) 

(Λ = 100 TeV)

* I’ll come back to this6
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Gluino signals

Generic limit* > 1800 GeV 
→ Δ~57 (2% tuning) 

(Λ = 100 TeV)*
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break the Signal 1: compression

Living here? Have to contend with 
stop1-stop2 limits

Living here? LSP mass implies 
higgsino tuning (~10%)
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Reduce missing energy with mass degeneracy

running out of room for compression @ lhc.
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+still have to worry about gluinos.



Break the signal 2: RPV
kill missing energy by breaking r-parity. In practice, 

leptons are killers. RPV can help provided no 
leptons → baryonic RPV.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].
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[Bai, Katz, Tweedie ‘13]

Gluinos > 1 TeV (5%)
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 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

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

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

0
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1
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+
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0
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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

±
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0
1 )) 1407.0350355 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)) 1402.7029715 GeVχ̃±

1 , χ̃
0

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, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

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, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

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)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃
GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

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

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 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 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 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 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 13.2 m(t̃1)<750 GeV ATLAS-CONF-2016-0371.3 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

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

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.Stops > 500 GeV (5%)



Break the Signal 3: stealth
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Figure 3: The g̃ ! S̃ ! G̃ simplified model in the SYY scenario. Effectively, a gluino decays to three gluons (plus a soft
particle), so the signal is g̃g̃ ! 6 jet + soft.

Figure 4: Bound on the g̃ ! S̃ ! G̃ decay chain. The red solid line is the 95% confidence exclusion from the ATLAS
multijet search [104, 105], and the red dashed line is a conservative constraint in which we weaken the bounds by a
factor of 2 to account for possible systematic overestimation of the signal efficiency.

4.2 The g̃ ! t̃ ! S̃ ! G̃ Decay Chain
The decay chain with a right-handed stop as the lightest MSSM superpartner splits into two cases: in the
SHu Hd model, the stop decays as t̃ ! tS̃, while in the SYY model it decays as t̃ ! tgS̃. Thus there
are slightly different signatures in terms of kinematics and jet multiplicity, and we provide two different
exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its charge conjugate) or, if phase
space is insufficient, to the 3-body final state bW� t̃R.

Both models are well constrained by the ATLAS multijet search [104, 105], the ATLAS same-sign dilep-
ton or 3-lepton search [117], and the CMS same-sign dilepton search with b-jets [114]. The ATLAS multijet
search signature is events with high jet multiplicities without any constraints on missing transverse mo-
mentum. Such searches are well suited for these models due to the stop decay, which produces events with
jets and multiple leptons. Of the signal regions in the ATLAS same-sign dilepton search, the SR3b region
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Figure 4: Bound on the g̃ ! S̃ ! G̃ decay chain. The red solid line is the 95% confidence exclusion from the ATLAS
multijet search [104, 105], and the red dashed line is a conservative constraint in which we weaken the bounds by a
factor of 2 to account for possible systematic overestimation of the signal efficiency.

4.2 The g̃ ! t̃ ! S̃ ! G̃ Decay Chain
The decay chain with a right-handed stop as the lightest MSSM superpartner splits into two cases: in the
SHu Hd model, the stop decays as t̃ ! tS̃, while in the SYY model it decays as t̃ ! tgS̃. Thus there
are slightly different signatures in terms of kinematics and jet multiplicity, and we provide two different
exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its charge conjugate) or, if phase
space is insufficient, to the 3-body final state bW� t̃R.

Both models are well constrained by the ATLAS multijet search [104, 105], the ATLAS same-sign dilep-
ton or 3-lepton search [117], and the CMS same-sign dilepton search with b-jets [114]. The ATLAS multijet
search signature is events with high jet multiplicities without any constraints on missing transverse mo-
mentum. Such searches are well suited for these models due to the stop decay, which produces events with
jets and multiple leptons. Of the signal regions in the ATLAS same-sign dilepton search, the SR3b region
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ATLAS multijets

Figure 8: Bound on the g̃ ! t̃ ! H̃ ! S̃ ! G̃ decay chain. At left: bound for the SHu Hd model. At right: bound
for the SYY model (right). The purple curves correspond to the CMS same-sign dilepton plus jets search [114]; the
red curves correspond to the ATLAS multijet search [104, 105] and the blue curves correspond to the ATLAS search
requiring at least three b-jets plus missing energy [118, 119]. Solid lines correspond to 95% CLs exclusion limits using
the best signal region from a given search, and dashed lines weaken the bound by a factor of 2.
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Figure 9: The t̃R ! S̃ ! G̃ simplified model. Left: diagram of decays.The green “+g” in the stop decay applies only
to the SYY scenario, not the SHu Hd one. Right: Feynman diagram for the most common decay chain. We show the
SHu Hd scenario in black, with the green gluons indicating the most common decays in the alternative SYY scenarios.
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Figure 10: Bounds on the t̃ ! S̃ ! G̃ decay chain. At left: 68% CLs exclusion bound on the SYY model from the
CMS measurement of tt̄ + jets [113]. At right: 95% CLs exclusion bound on the SHu Hd model from the tt̄ + multi-b-jet
distribution. Solid curves correspond to a nominal 60% b-tagging efficiency, while dashed curves reflect a conservative
rescaling to 50% as a crude representation of systematic uncertainty in our detector simulation. To the left of the dashed
black line, tops produced in stop decays are off-shell. Regions of parameter space with off-shell W bosons are shaded
in grey.

5.2 The t̃ ! H̃ ! S̃ ! G̃ Decay Chain
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Figure 11: The t̃R ! H̃ ! S̃ ! G̃ simplified model. Left: diagram of possible decays. Right: example Feynman
diagram for the most common decay chain in the SHu Hd model (black), plus alternative singlet decay in the SYY
model (green) and other possible stop decay chains in both models (orange).
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Stealth SUSY: erase MET by decaying into sector with small non-SUSY splitting 
Motivates addition of hidden sectors to the MSSM.

Trade MET for 
additional event 
activity, migrate 

signals to exotics; 
sometimes you 
win, sometimes 

you lose.

[Fan, Reece, Ruderman; Fan, Krall, Pinner, Reece, Ruderman] 11



γ τ j t W Z h MET

γ H,A H χ01

RPV RPV RPV RPV

τ H,A RPV RPV τ̃

j H,A RPV q ̃

t H,A t ̃

W H H± χ±

Z H A h ̃

h H h ̃

MET h

susy the signal generator

however you feel about the hierarchy problem, supersymmetry 
populates a vast array of signals at colliders. 



Supersymmetry Global symmetry

}
Supersymmetry 

Sparticles m̃

≲4π/G

Higgs mh

Global symmetry 
Partner particles m̃

possible symmetries

} ≲4π/G

Higgs mh

Extend the SM with a symmetry acting on the Higgs



global symmetry: an example
Consider a global SU(3) with fundamental S. 

(S has its own hierarchy problem; but this shows up at higher energies). 

S gets a vev, S = f ∼ TeV. 

Breaks SU(3)→SU(2), 5 goldstones. 

Gauge the SU(2) (weak group!) and assemble 4 goldstones into a 
complex doublet H. Protected by shift symmetry! Now we have a 

scalar doublet of SU(2) much lighter than f.

But! sm couplings break this symmetry. Adding realistic couplings (top 
yukawa!) would badly explicitly break SU(3); no sense in which H is 

protected. mh∼ytΛ/4π, hierarchy problem all over again. 



Solution: Extend top 
multiplet to SU(3), and 

write down SU(3) 
symmetric top yukawa. 

✓
tL
bL

◆
!

0

@

✓
tL
bL

◆

TL

1

A

tR ! tR + TR

Integrate out the radial mode of S (i.e. higgs boson of 
SU(3) breaking) and arrive at the low energy theory:

Couplings exactly so that top partner cancels radiative contributions 
(“quadratic divergences”) from higher scales, and                                              

ytHQ3t
†
R �

y2
t

2mT
(H†H)TLT †

R

global symmetry: an example

� 6y2t
16⇡2

⇤2 +
6y2t
16⇡2

⇤2

sign that the global symmetry protects against physics @ higher scales.

m2
H ⇠ � 6y2t

16⇡2
m2

T



Global Expectations

5 TeV

global

16

b’L
t’Rt’L

w’,z’

h

Story basically the same as SUSY, but now w/ light 
fermionic top partners & Higgs mixing

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

(Higgs mixing)

(top partners)

� ⇠ f2/v2v

h

etc…

Limits now from QCD-charged states & 
Higgs mixing.

Higgs a PNGB of global symmetry breaking. 
Compositeness usually protects scale of global 

symmetry f



Higgs signals

5 TeV

global symm.
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b’L
t’Rt’L

w’,z’

h

Higgs is a PNGB, 
misaligned w/ SM vev 

by O(v/f) 

H
µ

=0.05

H,SM
Γ/H

Γ

=0.1
H,SM

Γ/H
Γ

=0.2
H,SM
Γ/H

Γ
=0.5H,SM

Γ/HΓ

=1.0H,SMΓ/HΓ

ATLAS
-1 = 7 TeV,  4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

EW singlet
SM

<0.122’κObs. 95% CL:  

<0.232’κExp. 95% CL:  

0 0.05 0.1 0.15 0.2 0.25

H,
ne

w
BR

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Figure 4: Observed and expected upper limits at the 95% CL on the squared coupling scale factor, 02, of a heavy
Higgs boson arising through an additional EW singlet, shown in the [µH ,BRH,new] plane. The light shaded and
hashed regions indicate the observed and expected exclusions, respectively. Contours of the scale factor for the
total width, �H/�H,SM, of the heavy Higgs boson are also illustrated based on Eqs. (14) and (15).

Both Higgs doublets acquire vacuum expectation values, v1 and v2 respectively. Their ratio is denoted
by tan � ⌘ v2/v1, and they satisfy v21 + v

2
2 = v

2 ⇡ (246 GeV)2. The Higgs sector of the 2HDM can be
described by six parameters: four Higgs boson masses (mh, mH , mA, and mH±), tan �, and the mixing
angle ↵ of the two neutral, CP-even Higgs states. Gauge invariance fixes the couplings of the two neutral,
CP-even Higgs bosons to vector bosons relative to their SM values to be:

g2HDM
hVV /g

SM
hVV = sin(� � ↵)

g2HDM
HVV /g

SM
HVV = cos(� � ↵) .

(17)

Here V = W,Z and gSM
hVV,HVV denote the SM Higgs boson couplings to vector bosons.

The Glashow–Weinberg condition is satisfied by four types of 2HDMs [67]:

• Type I: One Higgs doublet couples to vector bosons, while the other couples to fermions. The first
doublet is “fermiophobic” in the limit that the two Higgs doublets do not mix.

• Type II: This is an “MSSM-like” model, in which one Higgs doublet couples to up-type quarks
and the other to down-type quarks and charged leptons. This model is realised in the Minimal
Supersymmetric Standard Model (MSSM) (see Section 8).

• Lepton-specific: The Higgs bosons have the same couplings to quarks as in the Type I model and
to charged leptons as in Type II.

• Flipped: The Higgs bosons have the same couplings to quarks as in the Type II model and to
charged leptons as in Type I.
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Limit v2/f2 < 0.1 
Δ~10 (10% tuning) 

Unlikely to improve much in 
Run 2

V (h) ⇠ Nc

16⇥2
m4

��2

c1

h2

f2
+ c2

h4

f4

�

� ⇠ f2/v2

Radiative Higgs potential from partners

Quartic & m2 at same loop order, expect v~f
i.e., no separation between weak scale & global breaking

Making v < f requires tree-level tuning 
of terms in the potential



Top partner signals

5 TeV

global symm.

b’L
t’Rt’L

w’,z’

h

3rd-generation vector-like quarks. 
Easier game than SUSY: larger xsec, no 
MET needed, so fewer holes. Various SM 

final states.

W

Z

h
p

p

t0

t0

t0

t0

t0

t

t

b



Top partner signals

5 TeV

global symm.

b’L
t’Rt’L

w’,z’

h
Generic limit > 800 GeV (both t’)  

→ Δ~30 (3% tuning) 
(Λ = 5 TeV)
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Resonance Signals

5 TeV

global symm.

20

b’L
t’Rt’L

w’,z’

h Generic limit > 3 TeV  
→ Δ~1 (no tuning) (on top of v/f tuning) 

Wide variety of possible resonances & signals

S = 4�(1.36)
✓

v

m⇢

◆2

! m⇢ & 3 TeV

Comparable to precision electroweak limits



breaking the global signal

21

b
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t

h, Z

b

g

g

Figure 2: Feynman diagrams contributing to top partner pair production, with top partners

decaying to yield a 4b, 2W± final state. Our signal, containing decays of the type T !
bH± ! btb (left), potentially has a background from the decays T ! tZ, th ! tbb (right).

final state as suggested in Ref. [28]. Requiring an additional b-jet does suppress the tt+jets

background. However, the additional b-jet produced in pp ! tH±b is frequently relatively

soft, suppressing the signal process if typical b-jet pT criteria are imposed. Furthermore, even

if the tt+jets background can be reduced to acceptable levels via this strategy, there is an

irreducible background due to SM ttbb production. Consequently, even using sophisticated

techniques to distinguish signal from background, the reach of this search strategy remains

limited. The discovery reach found in Ref. [29] is tan�⇠> 50 for mH± = 500 GeV in a Type

II 2HDM.1 Comparing with Ref. [30], this corresponds roughly to �(pp ! tH±)⇠> 700 fb.

Thus, the discovery of a charged Higgs boson via top quark associated production seems

extremely challenging, particularly for intermediate tan� and larger mH± .2 This motivates

an investigation of alternative methods for searching for charged Higgses.

2.2 Via Fermionic Top Partner Decays

In this paper, we advocate an alternative method for observing H± at the LHC, namely in the

decays of fermionic top partners. Colored top partners can be copiously produced at hadron

colliders via QCD processes pp ! TT as shown in Fig. 2.3 If the branching ratio for T ! bH±

is non-negligible, top partner decays can yield a significant number of events containing at

least one H±, potentially permitting discovery. Since the T ! bH± branching ratio is not

necessarily suppressed at intermediate values of tan� (but rather depends on specific model-

building details), searches in this channel can complement top quark associated production

searches outlined above.
1Ref. [29] assumed a conservative b-tagging e�ciency of ✏b = 0.5, so the reach might improve somewhat

with better b-tagging.
2For much larger values of mH± ⇠> 1 TeV, jet substructure techniques may o↵er some improvement [31].
3For very large mT ⇠> 1 TeV, single top partner production may dominate [32], favoring alternative search

strategies.

– 4 –

[Kearney, Pierce, Thaler, ‘13]
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Search for vector-like top partners assumes 
decays proceed into SM final states (e.g. bW, 

tH, tZ) 

Cross section large enough that missing 
energy unnecessary, so less kinematically 

delicate than SUSY.

But: Many composite and little Higgs models 
have additional Higgs scalars. 

Possible/likely for decays to proceed 
through additional Higgses, yielding novel 

final states. 



But: is this all there is?



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”



An example: Twin Higgs
Standard 

Model
Standard 

Model

E.g., weak gauge symmetry is SU(2)us x SU(2)twin

Thanks to Z2, radiative corrections to the Higgs mass 
are SU(4) symmetric: 

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3

Higgs is a PNGB of ~SU(4), but partner states 

neutral under SM.

There are many more theories of this kind…

Z2

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�



5 TeV

b’L
t’Rt’L

w’,z’

h

g’

“Neutral” naturalness
Simplest theory: exact mirror 

copy of SM

Many more options where 
symmetry is approximate, e.g. a 
good symmetry for heaviest SM 

particles.
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[Chacko, Goh, Harnik ’05]

[NC, Knapen, Longhi ’14; Geller, Telem ’14; NC, 
Katz, Strassler, Sundrum ’15; Barbieri, Greco, 
Rattazzi, Wulzer ’15; Low, Tesi, Wang ’15, NC, 

Knapen, Longhi, Strassler ‘16]

But this is more than you need, 
and mirror 1st, 2nd gens lead to 

cosmological problems



Exotic Higgs Decays

h

h*

h*

SM

SM

0++

0++

26

• Twin sector must have twin QCD, confines around QCD scale 

• Higgs boson couples to                                                                           
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; have same 
quantum # as Higgs 
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Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, decay length is macroscopic; length 
scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15; Curtin, Verhaaren ’15; Chacko, Curtin, Verhaaren ‘16 ]
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Decay back to SM via Higgs



Searching for mirrors

• ATLAS: HCAL/ECAL & muon chamber 
searches powerful, sensitive to 
displaced Higgs decay. 

• CMS: use inner tracker, sensitivity 
to short decay lengths. Reliant on 
vertexing, trigger thresholds too 
high for Higgs decay. 

• Signal: displaced decays of SM 
Higgs with BR >10-3 (σ.Br~20fb @ 
Run 1). 

• more room for innovation in the 
displaced decay search program…

27

3

heavier range of the intermediate ⇡v masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT
trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 300 GeV. However, this large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted ⇡v’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light ⇡v. Nevertheless, we
still find that the search places bounds on signals with
m⇡v & 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the ⇡v

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy ⇡v and shorter
lifetimes, ranging from 1� 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with m⇡v . 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section we propose new search strategies for
detecting displaced Higgs decays within the ATLAS or
CMS inner detector, noting that lifetimes corresponding
to the decay lengths considered here are mostly uncon-
strained. For longer decay lengths, a search for decays in
the muon spectrometer would be more sensitive and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The
ATLAS constraints are reproduced from the searches for long
lived particles decaying in the muon spectrometer [18] (solid)
and the hadronic calorimeter [19] (dotted). The CMS recast
exlcusion curves are derived from the search displaced dijet
in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches, looking for single decays
in the tracker, typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the ⇡v particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on m⇡v , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,

[Csaki, Kuflik, Lombardo, Slone ’15]



Not symmetries?
What if the weak scale is selected by dynamics, not symmetries?

[Graham, Kaplan, 
Rajendran ‘15]

Old idea: couple Higgs to field whose minimum sets mH=0 
Old problem: How to make mH=0 a special point of potential?

Vev gives quark 
masses which give 
axion potential! 

“Relaxion”

φ

V (φ)

You are here.

New solution: what turns on when mH
2

 goes negative? 



(�M2 + g�)|H|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫

(�M2
+ g�)|H|2 + V (g�) + ⇤

4
cos(�/f))

M <

✓
⇤4M3

P

f

◆1/6

✓1/4 ⇠ 30 TeV ⇥
✓
109 GeV

f

◆1/6 ✓
✓

10�10

◆1/4

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation

Minimal model: cutoff is

Just need Higgs + non-compact axion + inflation w/

In vacuum, axion gives O(1) contribution to θQCD 

φ

V (φ)

You are here.

But: immense energy 
stored in rolling field, 

still need to stop. 
Inflation is a good 
source of friction.

Warning: likely just transferring fine-tuning to inflationary sector.



Fix: make it someone else’s QCD + axion

L � mLLL
c +mNNN c + yHLN c + y0H†LcN

1. New quarks must get most of mass from Higgs:

2. Must confine, but with light flavor ⇤4 ' 4⇡f3
⇡0mN

I.e. axion of a 
different SU(3); 

need to tie in 
Higgs vev

Field SU(3)N SU(3)C SU(2)L U(1)Y
L ⇤ � ⇤ �1/2
Lc ⇤ � ⇤ +1/2
N ⇤ � � 0
N c ⇤ � � 0
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Not symmetries?



…still new physics @ weak scale

mN � yy0v2/mLNow

But also
mN � yy0

16⇡2mL log(M/mL)

mN � yy0f2
⇡0/mL

{

Can’t decouple new degrees of freedom. 
New confining physics near weak scale!

(smallest see-saw mass from 
EWSB if L heavy)

(Radiative Dirac mass)

(Higgs wiggles biggest)

f⇡0 < v and mL <
4⇡vp

log(M/mL)
These bounds imply

electroweak production of new fermions (look like higgsinos) 
Also Couple to Higgs; can have decay of higgs into confining sector

31



on one hand, speculative indications of bsm are on, well, 
speculative footing! 

on the other hand, they point to deep & profound (Rather 
than piecemeal) changes to the structure of the sm, 

which perhaps explains their appeal. 

successful answers to these speculative problems often 
also fulfill other indications of bsm physics (e.g. susy 

dark matter, unification, & baryogenesis) 

invariably predict new states near weak scale @ colliders. 

current era is a time of opportunity — popular paradigms 
under stress, room for innovation.


