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Not in this talk

• Little Higgs at linear colliders

• Little Higgs and astrophysics/cosmology

• Supersymmetric Little Higgs

• UV completions



Outline
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• Flavor 

• LHC discovery potential

• Distinguishing scenarios and models

• Tests of the Little Higgs idea
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The models
All LH models are constructed 
such that the Higgs doublet(s) is 

a pseudo-Goldstone boson 

The shift symmetry

is explicitly broken

The obvious thing does not work:

As both the quartic amd quadratic terms are governed 
by the same symmetry-breaking parameter  ρ



h −→ h + η1

h −→ h + η2

(ρ1 != 0)
(ρ2 != 0)

V = ρ1V1(φa − h†σah) + ρ2V2(φa + h†σah)

“Collective” symmetry breaking

Shift symmetry preserved 
despite explicit breaking 

ρ1, ρ2 could be two gauge couplings, two Yukawa couplings, 
two contributions to the Higgs quartic term, etc

Quadratic divergences for the Higgs mass are absent at 
one loop because there are no one-loop diagrams that 
involve two different gauge couplings, two Yukawas, etc



The most important, numerically, quadratic divergences 
are from the top, SU(2) gauge bosons, Higgs, U(1) gauge

If these are absent electroweak theory is natural to 10 TeV. 

(It is easy to extend this approach and remove 2, 3, ... loop 
quadratic divergences. However, it is not useful to do so as 

logarithmically divergent and finite corrections do bite.)

New TeV-scale particles: top partners, new gauge 
bosons, SU(2) singlet or triplet scalars. 



SU(3)× SU(3)→ SU(3) SU(3)× SU(2)× U(1)

SU(5)→ SO(5) (SU(2)× U(1))2

SU(6)→ Sp(6) (SU(2)× U(1))2

(SU(4)→ SU(3))4 SU(4)× U(1)

SU(9)→ SU(8) SU(3)× U(1)
. . . . . .

LH Models are classified according to the global symmetry breaking 
patterns and the (extended) electroweak gauge group



SU(3)× SU(3)→ SU(3) SU(3)× SU(2)× U(1)

SU(5)→ SO(5) (SU(2)× U(1))2

SU(6)→ Sp(6) (SU(2)× U(1))2

(SU(4)→ SU(3))4 SU(4)× U(1)

SU(9)→ SU(8) SU(3)× U(1)
. . . . . .

LH Models are classified according to the global symmetry breaking 
patterns and the (extended) electroweak gauge group

An alternative classification is according to the forms of  the 
adjectives “small”, “simple”, “minimal”, “little” used by the 

authors to describe their models 



An important subset of LH models - are “T parity” models

T parity is a discrete,     , symmetry designed such that most, 
or all, new particles are odd while SM particles are even

Z2

Important consequences:

- no tree level contributions to precision electroweak
- new scalars, especially triplets, don’t get vevs
- dark matter candidate



Electroweak constraints
Three main sources of constraints (no T parity):

- new gauge bosons: produce four-fermion operators 
          and by mixing with the SM gauge bosons alter 
          the couplings of SM bosons to fermions

- triplet scalar: alters the rho (or T) parameter

- fermion mixing: alters the couplings of SM bosons 
                          to fermions 
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Figure 8: Contour plot of the allowed values of f in the variation of the SU(5)/SO(5)
Littlest Higgs model with an SU(2)×SU(2)×U(1)Y gauged subgroup, as a function
of the parameters c ≡ cosψ and a (see Eq. (38)). The gray shaded region at the
bottom is excluded by requiring a positive triplet mass. From Ref. [20].

of model parameters, an f as low as 1 TeV is allowed, see Fig. 8. However, consistent
fits with low f are possible only if the mixing angle between the two SU(2) groups,
ψ, is close to π/2; that is, the relation g1 # g2 is required. Unlike the original little
hierarchy, this relation is technically natural; however, the model provides no expla-
nation for its origin. Thus, the Littlest Higgs model with an SU(2)×SU(2)×U(1)Y

gauged subgroup is consistent with experimental data, but somewhat unsatisfactory
from a theoretical point of view.

Existing analyses of precision electroweak constraints on the Littlest Higgs (and
other LH models) typically only include the calculable effects of weakly-coupled states
at the scale f , ignoring the potential contributions from local operators generated at
the cutoff scale Λ. This is justified as long as the expected hierarchy between the two
scales, f and Λ ∼ 4πf , holds; however, an explicit analysis [50] of NGB scattering
amplitudes in the L2H model indicates a significantly smaller hierarchy, Λ/f ∼ 3− 4,
due to the high multiplicity of NGBs. If this is the case, operators generated at Λ
may have substantial effects on precision electroweak fits; these effects remain to be
investigated.
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Figure 5: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is neglected.
From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence level
exclusion.

With the assumption of flavor-diagonal and flavor-independent Yukawa couplings κ
made in Section 3.2, the one-loop vertex corrections due to loops of T-odd fermions are
flavor-universal, and can therefore be absorbed in the redefinitions of gauge couplings. They
will not induce an observable shift in Zbb̄ couplings.

4 Constraints on the Littlest Higgs Parameter Space

To obtain constraints on the parameter space of the LH model with T parity, we have
performed a global fit to precision electroweak observables, including the LH contributions
evaluated in the previous section. The LH contributions are parametrized by two dimen-
sionless numbers, R = λ1/λ2 and δc, and the symmetry breaking scale f . In the fit, we
have used the values of the 21 Z pole and low-energy observables listed in Ref. [17]; the
equations expressing the shifts in these observables in terms of the oblique parameters and
δgbb̄

L are given in Ref. [21]. We take the top mass to be 176.9 GeV [17], and do not include
the uncertainty associated with the top mass. In each constraint plot, we draw the 95, 99,
and 99.9% confidence level contours in the context of a χ2 analysis with two degrees of
freedom6.

6It is important to note that changing the assumed number of degrees of freedom can strongly affect
the positions of the contours; this is equivalent to modifying the priors that enter into the fit [22]. A
complete Bayesian analysis taking into account a variety of different priors for the model parameters is
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[Hubisz, Meade, Noble, Perelstein, ph/0506042]

A  T-parity LH model: constraints 
from the S and T parameters

R =
λ1

λ2

(Ratio of Yukawa couplings)



K −K, D −D, B −B, BR(D → ...), BR(B → ...), t→ cZ

µ→ eγ, µ→ 3e, τ → lπ

Flavor
- New fermions mix with SM fermions,      
making 3 by 3 CKM matrix non-unitary 
- New gauge bosons contribute to box 
diagrams potentially altering  predictions

Constraints (model-dependent) from numerous processes 

[A. Buras and collaborators, others]

New production channels for single heavy quarks
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Figure 22: Plot showing the accessible regions for 5σ discovery of the gauge bosons WH and ZH as
a function of the mass and cot θ for the various final states. The regions to the left of the lines are
accessible with 300 fb−1.
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LHC discovery
Models without T parity - standard heavy gauge 

boson and heavy quark searches

[Azuelos et al, ph/0402037]

[300 inverse fb,
an (SU(2)xU(1))^2 model]



FIG. 5: Total cross sections for T T̄ production (dashed) and T+jet production (solid and dotted)
via t-channel W -exchange versus mass MT at the LHC. The solid line is for the couplings λ1 = λ2;

the dotted are for λ1/λ2 = 2 (upper) and 1/2 (lower). The number of events expected per 300 fb−1

luminosity is indicated on the right-hand axis. The scale f corresponding to λ1 = λ2 is given on the

top axis.

gauge bosons at higher energies. In Fig. 5 the cross sections of pair production of T T̄ (dashed
line) and the single T plus a jet production (solid and dotted) are presented versus its mass
MT at the LHC energy. We see that T+jet production dominates throughout the mass range
of current interest. The solid line is for the choice λ1 = λ2, while the dotted are for λ1/λ2 = 2
and 1/2. We see that for a T with a 3 TeV mass, the cross section can be about 0.23 fb. With
an integrated annual luminosity of 300 fb−1, this corresponds to about 70 events per year, as
indicated on the right-hand axis. The other processes of single T production qq̄′ → b̄T via
s-channel W -exchange and the associated production gb → WLT are both much smaller.

Because of the unsuppressed coupling of the heavy top T to the Higgs boson, and the en-
hanced couplings to the longitudinally polarized gauge bosons (Goldstone bosons)1, the partial
decay widths of T are

Γ(T → tH) = Γ(T → tZ) =
1

2
Γ(T → bW ) =

κ2

32π
MT , (51)

with the coupling κ = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are effectively suppressed by v2/f 2.

1 We thank M. Perelstein [25] for drawing our attention to this point.
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Heavy top production 

[Han, Logan, McElrath, Wang, 
ph/0301040]



4.1 T-odd phenomenology

We will begin our study with the cross sections for pair producing T-odd particles. Imple-
menting the model in COMPHEP [26] we compute production cross sections for the LHC.
In the heavy gauge boson sector of the model there are no free parameters other than the
scale f so the production cross sections at leading order are unambiguous. The cross section
for pair producing heavy gauge bosons is plotted in Figure 4. For proton-proton scattering

Figure 4: The cross section for the production of a pair of T-odd heavy vector bosons at
the LHC is plotted as a function of the symmetry breaking scale f . The number of events
for 300 fb−1 is plotted on the second y-axis. MW±

H
is plotted on the second x-axis. MZH

is
degenerate in mass with MW±

H
, and MAH

∼ .16f .

at the LHC the dominant production channels are W±
H ZH or W+

H W−
H pairs, while other

channels such as W±
H AH have lower total cross sections. For W±

H ZH and W±
H AH pairs,

the production is from the exchange of a W±; however the W±
H AH pairs interaction with

the SM W± is v/f suppressed. The W+
H W−

H pairs are produced through the exchange of
a photon or Z. The decay channels of the heavy gauge bosons are simple since it turns
out that they always decay directly to AH , the lightest T-odd particle. The ZH decays
exclusively to AH h and the W±

H decays entirely to AH W±.

The heavy triplet Φ is also T-odd and must be pair produced. The various components
of the triplet φ++, φ+, φ0, φP and their antiparticles all have the same mass at tree level.
The mass of the Φ is related to the mass of the Higgs through the relation (2.15). In
principle one should analyze all the different production channels for the components of
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Heavy gauge bosons with T parity 

[Hubisz, Meade, ph/0411264]



Telling scenarios/models apart
Paradoxically, distinguishing scenarios may be more 

difficult than distinguishing among LH models

If few new states are observed, many such states are 
generic to almost any extension of the Standard Model 

LH with T parity - a particular challenge (SUSY, UED)

Spin determination very important, see for example 
“A review of spin determination at the LHC” 

Wang, Yavin, ph/0802.2726



Many concrete ideas, but no silver bullet

- heavy fermion decays (Han, Logan, Wang)

- angular distributions of t tbar pairs (Barger, Han, Walker)

- helicity of W’ couplings to fermions (Rizzo)

- trileptons (Datta et al) 

- angular distributions in t’ events with missing ET   
(Hallenbeck et al)



Tests of the LH mechanism

Are the signs of various Higgs couplings to the new 
vector bosons, quarks, scalars such that the quadratic 

divergences do indeed cancel?

This is a really, really difficult experimental task. 
Measuring signs would requires measuring the sign of 

interference terms and it requires a Higgs, or two.  
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FIG. 2. Cubic couplings between the physical Higgs boson
h and pairs of charged gauge bosons.

other rotations required to diagonalize the mass matrix
involve angles of order ε; we will not need to know them
explicitly. The Higgs couplings to pairs of gauge bosons
are proportional to the elements of the matrix M2; we
collect the non-vanishing couplings in Fig. 1, keeping only
the leading order in ε. Note that M2 is not diagonal in
the mass eigenbasis, leading to off-diagonal Higgs cou-
plings such as W 3

HZh. The cubic couplings of the Higgs
to charged gauge bosons are computed in the same fash-
ion; they are shown in Fig. 2.

The three diagonal couplings of the Higgs in Fig. 1,
hZZ, hW 3

HW 3
H and hBHBH , add up to zero. So do the

two diagonal couplings in Fig. 2, hW+
L W−

L and hW+
H W−

H .
These cancellations can be traced back to Eq. (10), and
are therefore directly related to the crucial cancellation
of quadratic divergences. Measuring the diagonal cou-
plings would provide the most direct way to verify the
little Higgs model. Unfortunately, experimentally this is
a difficult task: the measurement requires associated pro-
duction of a WH boson with a Higgs. The cross section
for this process is very small: with 100 fb−1 integrated
luminosity at the LHC there are typically only tens of
events in this channel, rendering it virtually unobservable
once specific final states are considered. It is much eas-
ier to measure the off-diagonal couplings, such as hW 3

HZ
and hW±

H W∓
L . Although these couplings do not directly

participate in the cancellation of quadratic divergences,
verifying their structure would provide a strong evidence
for the crucial feature of the model, Eq. (9). Indeed, the
factor of cot 2ψ in these couplings is a unique consequence
of Eq. (9). To illustrate this point, consider an alterna-
tive “big Higgs” theory with the same [SU(2) × U(1)]2

gauge structure as the little Higgs, but with a Higgs field
transforming only under a single SU(2) × U(1) factor
with SM quantum numbers. (The one-loop quadratic di-
vergence in the Higgs mass parameter is not canceled in
this theory.) This theory predicts hW 3

HZ and hW±
H W∓

L
vertices of the same form as in the little Higgs model,
but with the replacement cot 2ψ → cotψ. Thus, if the
mixing angle ψ can be obtained independently, the mea-
surement of these vertices would act as a discriminator
between the little Higgs and the alternative theory.

Production and decay of heavy gauge bosons — Heavy
gauge bosons W a

H and BH are produced at the LHC

predominantly through their coupling to quarks. The
charges of the SM fermions under the extended [SU(2)×
U(1)]2 gauge group are constrained by the requirement
that they have correct transformation properties under
its low-energy subgroup. We choose the left-handed
fermions to transform as doublets under SU(2)1 and sin-
glets under SU(2)2; the right-handed fermions are sin-
glets under both SU(2)’s [4]. The couplings of the heavy
SU(2) bosons have the form

g cotψ W a
Hµ

(

L̄γµ σa

2
L + Q̄γµ σa

2
Q

)

, (12)

where L and Q are the left-handed lepton and quark
fields, and we suppress the generation indices. The
charges of the fermions under the two U(1) groups have
to add up to the SM hypercharge, Q1 + Q2 = Y , but are
otherwise unconstrained. This implies a high degree of
model-dependence in the couplings of the BH boson to
fermions. Note that the strongest electroweak precision
constraints on the little Higgs model [3,5] arise precisely
from the diagrams involving the BH . Certain choices of
the fermion charges and the angle ψ′ can help minimize
these constraints [6]; alternately, the extra U(1) can be
eliminated completely [9] without introducing significant
fine tuning due to the smallness of the coupling g′. Given
this model uncertainty in the U(1) sector, we will con-
centrate on the production and decay of the SU(2) heavy
bosons.

In pp collisions at the LHC, the heavy gauge bosons are
predominantly produced through qq̄ annihilation. The
sub-process qg → WHq is considerably smaller and could
be separately identified due to the presence of a high
pT jet. Fig. 3 shows the leading order production cross
section of WH as a function of its mass, for the case
ψ = π/4. The general case may be obtained from Fig.
by simply scaling by cot2 ψ.

FIG. 3. Production cross sections for W 3
H (solid) and W±

H

(dashed) at the LHC, for ψ = π/4. We use the CTEQ5L
parton distribution function.

From our discussion thus far, it is clear that the two-
body decay channels of the W 3

H include W 3
H → f̄f , where

3

[Burdman, Perelstein, Pierce, ph/0212228]

Z ′ → Zh,W ′ →WhHeavy vector boson decays: 

The off-diagonal coupling of the 
Higgs is not directly related to 

the divergence cancellation

However,  the magnitude of such 
couplings does differ in models 
where quadratic divergences 
cancel and when they do not

For example, the number of Zh 
invents is about a factor of 10 
fewer in little Higgs models vs 

generic model with heavy vectors
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Figure 6: Parton level production cross section for the heavy top in the channel bq → Tq′ at
the 14 TeV Large Hadron Collider. The figure is made with the CTEQ4l parton distribution
function. The different lines show the difference in the production cross section for various
values of λT . The parabolas represent the predictions of the Little Higgs model for a
constant f as λT is varied.

where fb,w are the pdfs of the b quark and the W boson, σ̂ is the parton-level cross
section, S is the usual Mandelstam variable, and Q is the renormalization scale, Q2 ∼
m2

T . The b quark pdf is derived perturbatively from the gluon pdf [42,43,44]. The
integral in (67) receives significant contributions from the region where x ≈ mT /

√
S.

At the LHC,
√

S = 14 TeV, and this region can extend to x as high as ∼ 0.2 for
the values of the T mass considered here. Currently, our knowledge of the b pdf in
the large-x region is rather poor: the uncertainty on f(xb) is about 20% for xb = 0.1
and even higher for higher xb [45]. Without reducing this uncertainty, even a very
accurate measurement of the single-T production cross section would not provide a
precision test of the relation (10).

One possible way to reduce the uncertainty is to obtain an accurate measurement
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Figure 2: One-loop contributions to the Higgs boson (mass)2 in the Little Higgs model.

The quadratic divergences neatly cancel. The top sector contribution to the Higgs
(mass)2 is then given by

∆m2
h = −3

λ2
1λ

2
2f

2

8π2
log

Λ2

m2
T

= −3
λ2

tm
2
T

8π2
log

Λ2

m2
T

, (9)

where Λ ∼ 4πf is the strong interaction scale of the theory that gives rise to the
Goldstone bosons. In Little Higgs models, f is typically taken to be of order 1 TeV
(corresponding to Λ ∼ 10 TeV) to avoid fine tuning of the Higgs mass. As long as mT

is parametrically lower than Λ, the negative contribution to m2
h in Equation (9) could

be the dominant one and thus would provide the explanation for why electroweak
symmetry is broken. There are incalculable (quadratically divergent) two-loop con-
tributions to m2

h, which are the same order in λ1λ2, but these are not logarithmically
enhanced, and so are sub-dominant. The situation is that typically found in chiral
perturbation theory.

The cancellation of quadratic divergences in Equation (8) depends on the relation
of Equation (6), which can be rewritten as

mT

f
=

λ2
t + λ2

T

λT
. (10)

The relation (10) is a very interesting one. All of the four parameters in this equation
are in principle measurable. The top quark Yukawa coupling is known. The decay
constant f can be determined by measuring the properties of the heavy vector bosons
in the Little Higgs theory [25]. The mass and couplings of the heavy top quark will
be measured when this quark is observed, perhaps at the LHC. If the relation (10) is
shown to be valid, that will be strong evidence for the picture of electroweak symmetry
breaking given by the Little Higgs model.

6

Γ(T → th) ≈ Γ(T → tZ) ≈ mT λ2
T

64π

Heavy Top decays and production

[Perelstein, Peskin,Pierce, ph/0310039]

Both the production cross section 
of the heavy top and its width can 
be used to measure the coupling
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III. AMPLITUDES FOR DOUBLE HIGGS PRODUCTION

We now turn to Higgs boson production at the LHC in the LH model, which involves the very same couplings
responsible for the cancellation of quadratic divergences.

Gluon-gluon fusion is the dominant mechanism for SM Higgs boson pair production at the LHC [11]. The
amplitude for gg → HH is dominated by top quark loops, in the form of triangle and box diagrams. Figs. 2
and 3 show the case for a LH model. The SM case is similar, except that Fig. 2.a and all extra heavy-top loops
are absent. We also would like to point out that T-parity forbids a term like hhφ in the radiatively generated
Coleman-Weinberg potential. Therefore, there is no contribution of the heavy scalar in Fig. 2.b and the trilinear
Higgs coupling is the same as in the SM.
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FIG. 2: Triangle contributions to Higgs boson pair production at LHC in a Little Higgs model.
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FIG. 3: Box contributions to Higgs boson pair production at LHC in a Little Higgs model.

Let us now write the expressions for the amplitude. In what follows, the external momenta pa, pb, pc, pd are
defined as incoming. The contribution from triangle diagrams is given by:

iM!(gagb → HcHd) = −
αs

4π3
δAB

(

gHttI(mt)
gHHH

ŝ − M2
H − iMHΓH

(15)

+ gHTT I(mT )
gHHH

ŝ − M2
H − iMHΓH

+ gHHttI(mt) + gHHTT I(mT )

)

where the integral I(mQ) is:

I(mQ) =

∫

d4q
T r [(/q + mQ)γµ(/q + /pa + mQ)γν(/q + /pa + /pb + mQ)]

[q2 − m2
Q][(q + pa)2 − m2

Q][(q + pa + pb)2 − m2
Q]

εµ(pa)εν(pb). (16)

This integral reduces to the following result:

I(mQ) = i 4π2 mQ[1 + (2m2
Q − ŝ/2)C0(0, 0, ŝ, m2

Q, m2
Q, m2

Q)]ε(pa) · ε(pb), (17)
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FIG. 4: Cross section for double Higgs production at the LHC for MT = 4 TeV and f = 500 GeV (dashed line), 1000
GeV (short dashed line) and 2000 GeV (dotted line). In solid line is shown the SM result.

MT (GeV)

σ
(p

p
→

H
H

)
(f
b
)

400035003000250020001500

18.2

18

17.8

17.6

17.4

17.2

17

16.8

FIG. 5: Cross section for double Higgs production at the LHC for MH = 200 GeV and f = 1000 GeV, as a function of
the heavy top quark mass MT .

V. CONCLUSIONS

The double Higgs production process probes the nature of the electroweak symmetry breaking mechanism.
This process is intimately tied to the cancellation of quadratic divergences in Little Higgs models. Here we
have studied the reach of the LHC to probe the LH models in this way. We found that only for relatively small
values of the energy scale f , of the order of 500 to 1000 GeV, it is possible to distinguish meaningfully the LH
from the SM. These low values are attainable without violating the electroweak precision limits only in models
where an extra T parity is incorporated [10]. On the other hand, these results only mildly dependent on the
heavy top quark mass mT ; while the situation is more promising for larger values of mT , it becomes practically
independent of it for mT above 2.5 TeV.

[Dib, Rosenfeld, Zerwekh, ph/0509179]

Double Higgs production
This is plausible for light Higgs mass, due to statistics 

[no detector effects]

[and other diagrams]



Summary

• Little Higgs an interesting case study for weakly 
coupled models that address the hierarchy problem

• T-parity little Higgs in many respects similar to SUSY

• Spin measurements important 

• If it looks like little Higgs, that is not supersymmetry, 
showing a hint of divergence cancellation challenging





the end 


