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Little Higgs History

! Arkani Hamed, Cohen, Georgi, 
“Electroweak Symmetry 
Breaking From Dimensional 
Deconstruction” (2001)

! Arkani-Hamed, Cohen, 
Gregoire, Wacker, first use of 
“Little Higgs” (2002)

! Arkani-Hamed, Cohen, Katz, 
Nelson, Gregoire, Wacker, “The 
Minimal Moose for a Little 
Higgs” (2002)
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! “Bestest Little Higgs”

! “Worstest title ever”               
-- Cliff Cheung
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Outline

! SM hierarchy and little hierarchy problems

! Higgs and pseudo--Nambu--Goldstone boson and little Higgs

! Problems with little Higgs models

! A model with a simple quartic

! A modular gauge sector

! Bestest fermion sector

! Constraints and collider phenomenology
3

Tuesday, January 18, 2011



/41 January 20, 2011 FNAL SeminarDaniel Stolarski

Hierarchy Problem

! Standard Model very successful

! Quadratic divergences, need 
new physics to prevent fine-
tuning

! Top:            TeV

! Gauge:           

! Quartic: 

4

Λ <∼ 2

top

Λ <∼ 5 TeV

!W,Z, higgs

W,Z, higgs

Λ <∼ 10 TeV
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Little Hierarchy Problem

! Precise measurements of SM 
gauge sector

! No deviations from SM, 
stringent bounds

! Custodial symmetry violation

! Four fermion operators

5

Λ ! 5 TeV

Λ ! 7 TeV

1
Λ2

|h†Dµh|2

1
2Λ2

(lγµσal)(lγµσal)
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Higgs as a PNGB

! Make the Higgs pseudo--Nambu--Goldstone Boson (PNGB)

! Break a global symmetry, Higgs is one of the broken generators

! Explicitly break the global symmetry 

! Tree level potential for Higgs vanishes, one loop contribution 
generates mass and self interactions

6

Kaplan, Georgi, Dimopoulos, 1984; Dugan, Georgi, Kaplan, 1985.
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Little Higgs

! PNGB Higgs doesn’t solve 
little hierarchy problem

! Potential will be 
quadratically divergent, 
proportional to explicit 
breaking

! Have to fine-tune two terms

! Little Higgs: collective symmetry 
breaking

! Explicitly break global 
symmetry with two different 
operators

! Each operator preserves 
enough symmetry 

! Radiative corrections 
proportional to 2 couplings, 
only log divergent at one loop

7
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! SU(3)/SU(2) toy model with 
two      fields

! Parameterize Goldstones

! Gauge diagonal            , 
explicitly break               

! Symmetry is broken 
collectively: both      and      
must have gauge interactions

Simple(st) Model

8

SU(3)2

Schmaltz, Tucker-Smith, hep-ph/0502182

Σ
SU(3)

L =
2∑

i=1

tr(∂µΣ†
i∂

µΣi)

Σ1 = eiπ1/f

(
0
f

)

Σ2 = eiπ2/f

(
0
f

)

Σ1 Σ2
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! Quadratic divergence generates 

! Log divergence can generate potential 
for 

Collective Symmetry in Action

9

which does not generate a potential for  πi

πi

1

g2Λ2

16π2
(Σ†

1Σ1 + Σ†
2Σ2)

g4

16π2
log Λ2 |Σ†

1Σ2|2 ∼ g4f2

16π2
log Λ2 h†h

Σ†
i Σi

Σ2 Σ†
2

Σ†
1 Σ1

1
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Scales of the Theory

10

Σ = e2 i π/f

Λ ∼ 4πf ∼ 10 TeV

〈Σ〉 ∼ f ∼ 1 TeV

vEW ∼ mh ∼
f

4π

∂µh ∂µh

h

∼ 1
f2

Λ2

16π2
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Recipe for a Little Higgs

! Spontaneously break global symmetry. Some PNGBs = SM Higgs

! Parameterize PNGBs with nl!m, cutoff at 

! Collectively break symmetries to generate gauge, Yukawa, and Higgs 
self interactions

! Enlarged symmetry means extra particles

! Explicit breaking for small couplings, ie light quark Yukawa’s

11

Λ ! 4πf
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Problems with LH models

! Fine tuning in top sector 

! Precision electroweak constraints 

! Allow some fine tuning

! Implement T-parity to reduce PEW corrections

! Separate scales control top Yukawa and gauge sectors

! Preserve custodial symmetry before and after electroweak symmetry 
breaking

12

Λ <∼ 2 TeV

Cheng and Low, hep-ph/0308199

Λ >∼ 5 TeV
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σ ± h h)
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! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σij ± hi hj)
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σij ± hi hj)
PEW
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σ ± h†h)
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σ ± h†h)
Dangerous Singlet
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

(σ ± h†
1h2)
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Difficulty with Quartic

! Collective Higgs quartic 

! No dangerous singlets, must forbid:

! Ugly in other models

13

Schmaltz and Thaler, 0812.2477 [hep-ph]

λ+|σ + h h|2 + λ−|σ − h h|2

Minimal Moose:

tr(Σ1Σ†
2Σ3Σ†

4 + Σ1Σ†
4Σ3Σ†

2)
Littlest Higgs:

εwxεyzε
ijkεkmnΣiwΣjxΣ∗myΣ∗nz

(σ ± h†
1h2)
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Symmetry Structure

14

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)× U(1)

Figure 1: Moose diagram for the simple model in Sec. 2. There is a global SO(6)A × SO(6)B

symmetry with a diagonal SU(2)× U(1) gauged. Σ transforms as a bifundamental of the global
symmetry, and gets a vev which spontaneously breaks the global symmetry down to SO(6)V and
preserves the gauge symmetry.

2.1 Non-Linear Sigma Structure

Under the global SO(6)A × SO(6)B symmetry, we introduce a non-linear sigma field that trans-

forms as:

Σ → g1Σg†
2. (2)

All the group elements of SO(6) are real so g† = gT , and Σ is in a real representation of SO(6)

so Σ† = ΣT . The vev of Σ

〈Σ〉 = 11, (3)

spontaneously breaks the global symmetry down to the diagonal SO(6)V .

The upper SO(4) block in each SO(6), can be decomposed into SU(2)L × SU(2)R, with

the corresponding six generators T i
L and T i

R given in App. A. We weakly gauge the diagonal

combination of SU(2)LA and SU(2)LB and identify this with the SM SU(2)L gauge group. We

also gauge the diagonal combination of the third component of SU(2)R (T 3
RA + T 3

RB) and identify

it with SM hypercharge. The symmetry structure of the theory is exhibited in “moose” [15]

notation in Fig. 1. This gauge structure will lead to quadratically-divergent contributions to the

Higgs mass, which we address in Sec. 3.

The PNGBs from SO(6)A × SO(6)B/SO(6)V can be parameterized by looking at broken

symmetry transformations about the vev of Σ

Σ = g〈Σ〉g = g2〈Σ〉 = e2iΠaT a/f . (4)

Here, f is the decay constant which we take to be of order a TeV. We will be agnostic as to what

high energy dynamics give rise to this non-linear sigma model, so our construction will require

some kind of UV completion above the “compositeness” scale Λ ∼ 4πf .2 If we were using an

2Unitarity may break down at a scale lower than 4πf [19], but this is an issue with the UV completion which
is beyond the scope of this paper. This is not strictly true. –jdt

5

f
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Non-linear sigma model

15

SO(4) = SU(2)L × SU(2)R

Π = i




φi + ηi 0 0

0 0 σ/
√

2
0 −σ/

√
2 0













SO(6)

SO(4) h1 h2

iΠh =

−hT
1

−hT
2
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!  

!  

!           operator breaks

!           operator breaks

Collective Quartic

16

λ65

λ56

Σ→ gAΣ g†B

λ65|Σ65|2 + λ56|Σ56|2 







SO(6)

SO(4)

Σ56

Σ65

SO(6)A × SO(6)B → SO(5)6 × SO(5)5

SO(6)A × SO(6)B → SO(5)5 × SO(5)6

! Two operators combined break

SO(6)A × SO(6)B → SO(4)× SO(4)

h1 h2
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Expanding in terms of    

17

Π

λ65

(
f σ − hT

1 h2 + . . .
)2

+ λ56

(
f σ + hT

1 h2 + . . .
)2

    transforms under a symmetry, 

Not a dangerous singlet!

σ

No h mass generated

σ → −σ, h2 → −h2

Integrate out      and plug back in to get

which is collective

λ56λ65

λ56 + λ65
(hT

1 h2)2σ

Σ65 Σ56
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Radiative Corrections

! Quadratic divergence

! Log divergence

! Right order of magnitude for 
natural EWSB

18

λ65λ56f2

16π2
log

(
Λ2

m2
σ

) (
hT

1 h1 + hT
2 h2

)

h

h h h h

σ

+

h h

σ

h

−3f2Λ2

16π2

(
λ65|Σ65|2 + λ56|Σ56|2

)
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Gauge Sector

19

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)× U(1)

Figure 1: Moose diagram for the simple model in Sec. 2. There is a global SO(6)A × SO(6)B

symmetry with a diagonal SU(2)× U(1) gauged. Σ transforms as a bifundamental of the global
symmetry, and gets a vev which spontaneously breaks the global symmetry down to SO(6)V and
preserves the gauge symmetry.

2.1 Non-Linear Sigma Structure

Under the global SO(6)A × SO(6)B symmetry, we introduce a non-linear sigma field that trans-

forms as:

Σ → g1Σg†
2. (2)

All the group elements of SO(6) are real so g† = gT , and Σ is in a real representation of SO(6)

so Σ† = ΣT . The vev of Σ

〈Σ〉 = 11, (3)

spontaneously breaks the global symmetry down to the diagonal SO(6)V .

The upper SO(4) block in each SO(6), can be decomposed into SU(2)L × SU(2)R, with

the corresponding six generators T i
L and T i

R given in App. A. We weakly gauge the diagonal

combination of SU(2)LA and SU(2)LB and identify this with the SM SU(2)L gauge group. We

also gauge the diagonal combination of the third component of SU(2)R (T 3
RA + T 3

RB) and identify

it with SM hypercharge. The symmetry structure of the theory is exhibited in “moose” [15]

notation in Fig. 1. This gauge structure will lead to quadratically-divergent contributions to the

Higgs mass, which we address in Sec. 3.

The PNGBs from SO(6)A × SO(6)B/SO(6)V can be parameterized by looking at broken

symmetry transformations about the vev of Σ

Σ = g〈Σ〉g = g2〈Σ〉 = e2iΠaT a/f . (4)

Here, f is the decay constant which we take to be of order a TeV. We will be agnostic as to what

high energy dynamics give rise to this non-linear sigma model, so our construction will require

some kind of UV completion above the “compositeness” scale Λ ∼ 4πf .2 If we were using an

2Unitarity may break down at a scale lower than 4πf [19], but this is an issue with the UV completion which
is beyond the scope of this paper. This is not strictly true. –jdt

5

f

9 g2
EWΛ2

128π2

(
hT

1 h1 + hT
2 h2

)
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Gauge Sector

! Collective symmetry breaking,              then full SO(6) is preserved

19

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A × U(1)A SU(2)B × U(1)B

Figure 2: The traditional way to cut off gauge divergences for the model in Fig. 1. We simply
gauge the SM gauge group separately at the two sites.

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A SU(2)BU(1)Y

〈∆〉 = 11

SU(2)C SU(2)D

SU(2)A SU(2)B

Figure 3: A modular way to cut off the gauge divergences in the model of Fig. 1. We introduce
two new global symmetries and a new field ∆ which transforms under them. ∆ and Σ transform
under the same SU(2) gauge symmetries. The decay constant of ∆, F , is greater than that of
Σ, so at scales below F , this moose reduces to Fig. 1. We do not employ a collective breaking of
hypercharge and simply gauge the diagonal combination in SO(6)A × SO(6)B.

some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.

11

f

gi → 0
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Gauge Sector

! Collective symmetry breaking,              then full SO(6) is preserved

! Gauge and top partner masses controlled by f
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some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.

11

f

gi → 0
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Gauge Sector

! Collective symmetry breaking,              then full SO(6) is preserved

! Gauge and top partner masses controlled by f

! Situation worse because
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two new global symmetries and a new field ∆ which transforms under them. ∆ and Σ transform
under the same SU(2) gauge symmetries. The decay constant of ∆, F , is greater than that of
Σ, so at scales below F , this moose reduces to Fig. 1. We do not employ a collective breaking of
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some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.

11

mT

mW ′
! mtop

mW
! 2

f

gi → 0
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Modular Gauge Sector

! Add a gauge breaking module,     that has a decay constant F

!      is a singlet under SO(6) global symmetries

! Make F > f, gauge partner mass ~ g F while top partners mass 

20

∆

Text

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A × U(1)A SU(2)B × U(1)B

Figure 2: The traditional way to cut off gauge divergences for the model in Fig. 1. We simply
gauge the SM gauge group separately at the two sites.

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A SU(2)BU(1)Y

〈∆〉 = 11

SU(2)C SU(2)D

SU(2)A SU(2)B

Figure 3: A modular way to cut off the gauge divergences in the model of Fig. 1. We introduce
two new global symmetries and a new field ∆ which transforms under them. ∆ and Σ transform
under the same SU(2) gauge symmetries. The decay constant of ∆, F , is greater than that of
Σ, so at scales below F , this moose reduces to Fig. 1. We do not employ a collective breaking of
hypercharge and simply gauge the diagonal combination in SO(6)A × SO(6)B.

some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.

11

f F

∼ λtf

∆
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Reduction to Initial Model

21

Text
Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A SU(2)BU(1)Y

〈∆〉 = 11

SU(2)C SU(2)D

SU(2)A SU(2)B

f F

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)× U(1)

f m2
W ′ ! f2 + F 2
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A Generic Tool

! While LH quartic is difficult, this shows that putting in 
gauge sector is easy

! This tool is very generic, can be used by LH model 
builders again

22
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i




φ + η 0 0

0 0 σ/
√

2
0 −σ/

√
2 0





Consequences

! Traditional LH models:    is eaten

23

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A × U(1)A SU(2)B × U(1)B

Figure 2: The traditional way to cut off gauge divergences for the model in Fig. 1. We simply
gauge the SM gauge group separately at the two sites.

Gauged:

Global: SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A SU(2)BU(1)Y

〈∆〉 = 11

SU(2)C SU(2)D

SU(2)A SU(2)B

Figure 3: A modular way to cut off the gauge divergences in the model of Fig. 1. We introduce
two new global symmetries and a new field ∆ which transforms under them. ∆ and Σ transform
under the same SU(2) gauge symmetries. The decay constant of ∆, F , is greater than that of
Σ, so at scales below F , this moose reduces to Fig. 1. We do not employ a collective breaking of
hypercharge and simply gauge the diagonal combination in SO(6)A × SO(6)B.

some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.
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some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.
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! Traditional LH models:    is eaten

!      means more PNGB’s,    remains in the spectrum

! Custodial symmetry unbroken without hypercharge
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two new global symmetries and a new field ∆ which transforms under them. ∆ and Σ transform
under the same SU(2) gauge symmetries. The decay constant of ∆, F , is greater than that of
Σ, so at scales below F , this moose reduces to Fig. 1. We do not employ a collective breaking of
hypercharge and simply gauge the diagonal combination in SO(6)A × SO(6)B.

some of the shift symmetries protecting the Higgs potential, but the PNGBs bosons are still

protected from getting a potential by SO(6)B. The same argument applies if we reverse the

gauge and the global groups, so any operators generated for the potential must be proportional

to both of the gauge couplings. Since operators in the one loop quadratic divergence are only

proportional to single couplings, no potential is generated from gauge interactions at the one loop

quadratically divergent level.

In a traditional little Higgs model, the relevant φ and η Goldstone bosons would be eaten,

giving masses to heavy W ′ and Z ′ bosons of order gEWf . These heavy gauge bosons would

effectively regulate the quadratic divergence from Eq. (23). However, previous studies [12, 13]

have shown that without T -parity, the mass of such gauge boson partners must be several TeV,

meaning that f would be too large to mitigate fine-tuning in the fermion sector.
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Top Yukawa Coupling

! Want to minimize fine tuning and partner masses

! Use three different symmetry breaking operators

! Each operator and each pair leaves enough symmetries unbroken

! One loop radiative corrections proportional to 3 couplings -> finite

! Each operator increases top Yukawa coupling for fixed partner mass

24

L = y1O1 + y2O2 + y3O3
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SO(6) Fermions

! SO(6) fundamentals:

25

6 =
(

ψa ψb ψ5 ψ6

)

SU(2) doublet

Y=1/2

SU(2) doublet

Y=-1/2

Singlets

Y=0

Q and U c
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SO(6) Fermions

! SO(6) fundamentals:

! SO(6) incomplete 
multiplets:                    

25

6 =
(

ψa ψb ψ5 ψ6

)

SU(2) doublet

Y=1/2

SU(2) doublet

Y=-1/2

Singlets

Y=0

Q and U c

Q′
a and U ′

5
c SO(6)A SO(6)B SU(3)C U(1)X

Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17
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SO(6) Fermions

! SO(6) fundamentals:

! SO(6) incomplete 
multiplets:                    

! Additional gauge 
generator for 
hypercharge

25

6 =
(

ψa ψb ψ5 ψ6

)

SU(2) doublet

Y=1/2

SU(2) doublet

Y=-1/2

Singlets

Y=0

Q and U c

Q′
a and U ′

5
c SO(6)A SO(6)B SU(3)C U(1)X

Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].
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Top Yukawa Operator 1

26

L = y1O1 + y2O2 + y3O3

S = diag(1, 1, 1, 1,−1,−1)

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

O1 = QT S Σ S U c
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Top Yukawa Operator 1

26

L = y1O1 + y2O2 + y3O3

S = diag(1, 1, 1, 1,−1,−1)

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

O1 = QT S Σ S U c

Can do a field redefinition:

QT → QT
LS and U c → S U c
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Top Yukawa Operator 1

26

L = y1O1 + y2O2 + y3O3

S = diag(1, 1, 1, 1,−1,−1)

No global symmetries are broken by O1

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].
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O1 = QT S Σ S U c

Can do a field redefinition:

QT → QT
LS and U c → S U c
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Top Yukawa Operators 1 and 2

27

L = y1O1 + y2O2 + y3O3
SO(6)A SO(6)B

Q 6 −
Q′

a 2(∗) −
U c − 6
U ′
5
c − 1(∗)

O1 = QT S Σ S U c

O2 = Q′
a

T Σ U c
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Top Yukawa Operators 1 and 2

27

L = y1O1 + y2O2 + y3O3
SO(6)A SO(6)B SU(3)C U(1)X

Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

Can do more complicated field redefinition:

U c → Σ U c and QT
L → QT

LSΣSΣT

which gives                               and doesn’t generate a 

potential for the PNGB’s. 

O1 = QT S Σ S U c

O2 = Q′
a

T Σ U c

QT U c + Q′
a

T
U c
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Top Yukawa Operators 2 and 3

28

L = y1O1 + y2O2 + y3O3
SO(6)A SO(6)B SU(3)C U(1)X

Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

O2 = Q′
a

T Σ U c

O3 = QT Σ U ′
5
c
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Top Yukawa Operators 2 and 3

28

L = y1O1 + y2O2 + y3O3

Can do another field redefinition:

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

U c → Σ U c and QT
L → QT

LΣ
which eliminates    Σ from O2 and O3.

O2 = Q′
a

T Σ U c

O3 = QT Σ U ′
5
c
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Top Yukawa Operators 2 and 3

28

L = y1O1 + y2O2 + y3O3

Can do another field redefinition:

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

U c → Σ U c and QT
L → QT

LΣ

Need all three operators to generate potential.  

which eliminates    Σ from O2 and O3.

O2 = Q′
a

T Σ U c

O3 = QT Σ U ′
5
c
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Top and Partner Spectrum

! Mass spectrum for top Yukawa operators

! 6 colored Dirac fermions with mass ~

! 3 massless Weyl fermions; SM top

! Coupling to Higgs: 

! One loop Coleman--Weinberg potential

29

yt q h1u

− 3 m2
t

8π2v2
1

m2
T m2

U

m2
T −m2

U

log
(

m2
T

m2
U

)
hT

1 h1

yt = 3
y1y2y3√

(|y1|2 + |y2|2)(|y1|2 + |y3|2)

SO(6)A SO(6)B SU(3)C U(1)X
Q 6 − 3 2/3
Q′

a 2(∗) − 3 2/3
U c − 6 3 −2/3
U ′
5
c − 1(∗) 3 −2/3

Table 1: Fermion charge assignments for the top sector. Note that the fermions Q′
a and U ′

5
c form

incomplete representations of SO(6)A and SO(6)B respectively. The notation 2(∗) indicates that
Q′

a is a doublet of SU(2)A, and 1(∗) indicates that U ′
5
c is a singlet of SU(2)B.

The SM up-type singlet will live in the fifth component of U c. This switched notation has the

virtue that fields with identical indices have the correct quantum numbers to obtain Dirac masses.

For example, Q5 can have a mass with U c
5 and Qa with U c

a (assuming U(1)X charge −2
3 for U c).

4.1 Top Yukawa Coupling

The biggest coupling in the fermion sector is the top Yukawa coupling. We will introduce this

coupling using collective symmetry breaking in such a way that one-loop radiative corrections to

the Higgs masses from the top and top partners are finite and proportional to the top partner

masses. In order to minimize top partner masses (and therefore radiative corrections to the Higgs

mass), we will adopt the “bestest” structure for the top Yukawa coupling which minimizes the

mass of the top partners for fixed top Yukawa coupling. Similar constructions have been used

previously in Refs. [18, 19, 34], and we mention other less ideal top Yukawa structures in App. D.1.

The Yukawa couplings for the remaining quarks do not require special care; we will briefly discuss

them in Sec. 4.2.

For the top Yukawa coupling, we use the fermion multiplets Q and U c given above which

transform as fundamentals of SO(6)A and SO(6)B, as shown in Table 1. In addition, we use

an SU(2)A doublet Q′
a and a singlet U ′

5
c, which can be considered as incomplete multiplets of

SO(6)A and SO(6)B.9 Note that except for the primes, we are using the same names for these

incomplete multiplets as for the corresponding components of Q and U c. This notation indicates

that the fields with identical names mix, and one linear combination will be heavy while the other

will correspond to third generation quark fields.

The collective top Yukawa coupling is

Lt = y1f QT S ΣS U c + y2f Q′
a
T ΣU c + y3f QT ΣU ′

5
c + h.c. , (46)

where the incomplete multiplets (Q′
a and U ′

5
c) are contracted with Σ like normal SO(6) multiplets

but with extra components set to zero. To be concrete, Q′
a
T → 1√

2
(−Q′

a1, iQ
′
a1, Q

′
a2, iQ

′
a2, 0, 0)

9In particular, we are imagining that the full SO(6)A × SO(6)B is a good global symmetry above the scale Λ,
see e.g. [35].

17

ytf
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Spectrum

30

t

W/Z

η0

h0
φ+,φ0

H+, A0

η+
H0

σ

W ′

Ta
T5

T6

Tb

100 GeV

1 TeV

SM Scalars Fermions Gauge Bosons

Figure 4: An example spectrum in this model.

this particle cannot be seen in low energy flavor factories. We can determine the higher order

couplings of the η0 to gauge bosons by inserting spurions that parameterize symmetry breaking

loop effects in the kinetic terms. We find that up to fourth order in scalars there is no coupling

to the light gauge bosons, so there will be no constraints from current colliders. We can also use

this method to show that the branching ratio of the Higgses to this particle is neglible. Because

it is short lived, there are also no bounds from cosmology or astrophysics. It may be interesting

to search for this particle in precision experiments in the future, particularly in the top sector

where it couples most strongly.

At a mass of about gY f which is a few hundred GeV there is the charged η± which is an

SU(2) singlet and gets its mass from quadratically divergent loops of hypercharge gauge bosons

in Eq. (41). At a similar mass of about gEWF/4π, there is the electroweak triplet φ and the

five Higgs scalars of the two Higgs doublets which get significant contributions to their masses

from loops of gauge bosons shown in Eq. (37). One scalar in the Higgs sector can remain light,

particularly in the decoupling limit. We identify it with the usual SM Higgs and require that its

mass be above the the LEP direct search bound of ∼ 114 GeV [38]. By increasing the couplings

in the Higgs potential, the Higgs mass can be raised to several hundred GeV.

Most of the heavier particles in the theory cut off the divergences in the Higgs potential. At

a mass of around λ0f " 1 TeV, there is an additional scalar σ with no gauge charges which

cuts off divergences from the Higgs quartic. At a similar mass of order ytf , there are six Dirac

fermions with color charge. There is an SU(2) doublet Ta and a singlet T5 which together cut

22
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Sweet Spot for  f

! Masses of top partners and (most) scalars controlled by f

! For                   , evade all direct bounds

! Indirect constraints fall like 1/F

! Choosing f now dictated by naturalness 

31

f ∼ 1 TeV
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Constraint: Triplet VEV

! Electroweak measurements 
require:

!        generated through                       

! Forbidden by symmetries

! Symmetries broken by 
combination of SU(2) and 
hypercharge gauge 
couplings

! VEV is only generated at 2 
loops, so no constraint 

32

〈φ〉 # 〈hi〉

〈φ〉

h†φ h
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Constraints from Heavy Particles

! Use effective field theory analysis of Han and Skiba, hep-ph/0412166

! Dangerous operators generated only by heavy gauge bosons

! Bound F, but f is unaffected

33

1

W ′

1
Λ2

(qγµσaq)(lγµσal)

i

Λ2
(h†σaDµh)(qγµσaq)

q̄

q

l̄

l
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Light Quarks and Leptons

! Yukawa couplings for light quarks:

! Can leptons in a different way:

! Couple all fermions to h1  (but don’t have to)

34

yc cL Σh cR yb QL εΣ∗
h bR

ye e εΣ∗
h L
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Bounds on Heavy Gauge Bosons

! Can get better fit than SM

! Top partners are always 
lighter, O(1 TeV)

35

SO(6)A SO(6)B

〈Σ〉 = 11

SU(2)A SU(2)BU(1)YA B
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Reduce Fine Tuning

! Fine tuning ~ 

! Change electroweak fit, 
heavier Higgs is allowed

! Can make gauge partners 
even lighter

36
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Figure 5: The allowed masses for the heavy gauge boson mW ′ as a function of sin2 θg, with
Mh0 = 125 (250) GeV on the left (right). The light blue region is excluded at 3σ with respect to
the SM, the lavender region is disfavored at 95%, and the white region is allowed. We have also
marked where gA = gB and gA = 2 using Eq. (35).

heavy gauge bosons. Using the results of Ref. [39], we can compute the effect of these higher

dimensional operators on all measurements and determine a bound. We require that the difference

in χ2 between our model and the SM is less than 4 (for 95% confidence) or 9 (for 3σ) and use

this to place a bound on the mass of the heavy gauge bosons. We use the SM SU(2) gauge

coupling gEW = 2MW /v ! 0.65 as an input, so our fit is a function of two model parameters,

tan θg = gA/gB and the mass of the heavy gauge boson mW ′ . The electroweak fit also depends on

loop corrections from the Higgs sector. Working in the decoupling limit, we will only include the

usual logarithmic dependence of S and T on the mass of the lightest Higgs, Mh0 , as detailed in

Appendix A of Ref. [39]. For the Higgs mass, we show two benchmark points, 125 and 250 GeV.

The results of the electroweak fit are shown in Fig. 5. We see that a large region of parameter

space is open as long as gA ! gB where the gauge boson partners decouple from the Higgses (“T -

parity limit”). For a Higgs mass of 125 GeV, the allowed region gets quite large as we increase

mW ′ which makes sense because that is the SM limit. On the other hand, increasing mW ′ makes

the allowed region smaller for heavier Higgs masses which reproduces the well-known fact that a

heavy Higgs is disfavored in the SM. From Fig. 5 we see that the gauge partner can be quite light,

lighter than 2 TeV for a heavy Higgs. Finally, it is interesting to note that much of the allowed

parameter region, including our benchmark of Mh0 = 250 GeV, mW ′ = 2 TeV, and gA = gB, fits

the electroweak data better than the SM does. While we take this as our benchmark point, we

will show in Sec. 6 that the collider phenomenology becomes more interesting if the two gauge

26

δm2
h

m2
h
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Collider Phenomenology

! Biggest difference: heavy gauge partners (lighter fermions)

! Gauge partner pheno similar to other LH models

! Can be discovered at the LHC if mass 

37

<∼ 5 TeV
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Collider Phenomenology II

! 6 new colored Dirac fermions with 
masses 600 GeV to 1 TeV

! Can singly produce T doublet with 
Wb or Wt 

! All can be pair produced, three 
lightest will dominate

38

1

W

b

T

1

g

U

Ū

σ ∼ 1 pb
@ 14 TeV LHC
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Lots of b’s and t’s

! Have would be eaten 
Goldstones              , largest 
coupling via Yukawa coupling

! Top partners often decay          
to t or b and

! Scalars tend to decay to third 
generation quarks also 

39

η and φ

η or φ

mf

f
η f̄γ5f

1

T

b

b

t

η+

Single production events 

 have 4 third gen. quarks

Pair production events 

   have 6 third gen. quarks
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Light Pseudoscalar (Axion)

! This model (and other LH models) contains a light pseudo 

! No gauge charges or direct coupling to Higgs

! Couples to massive fermions

! Easiest place to find is events with tops

! Phenomenological study underway with Jesse Thaler

40

η0

mf

f
η f̄γ5f
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Conclusions

! Other LH models try to solve the hierarchy problem, but break cust. 
symmetry, have ugly quartics, and are still more than 10% fine-tuned

! We have built the first model which has a natural Higgs potential 
with no fine-tuning in the scalar, gauge, or fermion sector

! Our modular gauge sector can be implemented in many LH models

! Collider signatures with copious top/bottom production

! Looking for triplet could provide smoking gun

41

Traditional LH: Bestest LH
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Hypercharge?

! Could use modular trick again with       to cut off divergence

! Hypercharge coupling is small, so just gauge diagonal       of SO(6)

! One loop corrections given by  

!     is neutral and light

! Fine-tuning is small, and heavy hypercharge boson are among biggest 
problems from precision electroweak

43
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Masses of Particles

! Heavy gauge bosons:

! One loop Coleman--Weinberg, only log divergent and finite pieces 

! Other scalars uncharged under SU(2)

44
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Top and Partner Spectrum

! Take                    in the top Yukawa Lagrangian

! Remaining light particles are orthogonal linear combination: 

! SU(2) doublet, Y=1/6

! singlet, Y=-2/3
45

Σ → 〈Σ〉

√
|y1|2 + |y3|2 f Q5

(
y1√

|y1|2 + |y3|2
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|y1|2 + |y3|2
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y1f(Ua · Qb + Q6U6)
√
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(
y1√
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SU(4) Language

46









SU(4)

SU(2)L

SU(2)R

SO(6) ! SU(4)
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SU(4) Language

46









SU(4)

SU(2)L

SU(2)R

SO(6) ! SU(4) 


0 H̃∗

2 − iH̃∗
1 H2 − iH1

H̃2
T

+ iH̃1
T

0 0
H†

2 + iH†
1 0 0





H̃ = iτ2H
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SU(4) Language

46









SU(4)

SU(2)L

SU(2)R

SO(6) ! SU(4) 


0 H̃∗

2 − iH̃∗
1 H2 − iH1

H̃2
T

+ iH̃1
T

0 0
H†

2 + iH†
1 0 0





H̃ = iτ2H

(
φiτ i + σ√

2
11 0

0 ηiτ i − σ√
2
11

)
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Old and New Particles

! Light quarks do not couple to top partners (except     )

! Light quark coupling to other scalars at dimension > 4

! Minimal flavor bounds on third generation (only               which is 
small)

! Could have chosen to put down-type quarks or leptons in 6th 
component, changes little 

! Radiative corrections do not generate new operators and are small

47

bL

Z → bb̄
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Higgs Potential

! Kinetic Term

! Radiative corrections also 
generate small quartics

! Need to lift flat direction with     
operator           which gives 
small mass to all scalars

! Need to destabilize origin for 
EWSB with                    which 
has

! Easy to show that vacuum 
preserves global symmetry

48

f2 tr(DµΣT DµΣ)
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