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• The Higgs boson discovery at the LHC 
completes the standard model, but many 
questions in high energy physics are left 
unanswered.

• New physics beyond the standard model must 
exist, both from theoretical and experimental 
(observational) points of view.

• SUSY is still a leading candidate, but there are 
also interesting non-SUSY scenarios which will 
be the topic of this talk.

Introduction



• The main driving force in our understanding of 
our universe at the most fundamental level is 
the energy frontier.

- Higher energy pp collider can direct access 
new states with higher masses and new 
interactions at shorter distance.

- High luminosity e+e− collider can perform 
precise measurements to test the consistency 
of the theory and also probe physics at high 
scales indirectly.

Introduction



• There are too many possible new physics which 
can be tested at future colliders.  Instead of 
discussing random new particles. new forces, or 
new operators, one may first focus on the cases 
which are motivated by the big questions that 
require new physics beyond the standard model. 

• Certainly there can be new physics at the TeV 
scale which is not connected to these big 
questions in any obvious way.  It will be as 
exciting if it’s discovered and will raise more 
questions for investigations.

Introduction



• Origin of the electroweak symmetry breaking 
and the hierarchy problem.

• Dark matter - Pyungwon Ko’s talk

• Baryon asymmetry in the universe - Patrick 
Meade’s talk

• Flavor in quark and lepton masses and mixings - 
Cai-Dian Lu’s talk

• Inflation, dark energy are not likely accessible at 
foreseeable future colliders. However, discovery 
of new physics at colliders can affect our 
thinking of these problems.

Big Questions



• The hierarchy problem is still the strongest 
indicator that there should be new physics near 
the weak scale.

• Of course, naturalness is only a probability 
statement, which cannot be used as a theorem 
to guarantee discovery.

• Not finding new physics so far at the LHC may 
be a disappointment.  However, being unlucky at 
the LHC 7-8 TeV run can not be used to 
invalidate the naturalness argument based on 
QFT which underlies all our understanding of 
elementary particle physics.

Electroweak Symmetry Breaking



• For non-SUSY scenarios, technicolor theories 
without a light Higgs boson have been ruled out 
by the Higgs discovery.

• The composite Higgs boson from strong 
dynamics is generically heavy unless there is an 
(approximate) symmetry to protect its mass, 
i.e., Higgs as a pseudo-Nambu-Goldstone boson 
(pNGB) of some broken global symmetry 
[usually SU(3)/SU(2) or SO(5)/SO(4)].

• There are many variations, e.g., little Higgs, 
holographic Higgs, etc., but underlying structure 
has a lot similarities.

Composite Higgs



• f is the global symmetry breaking scale. The explicit 
breakings create a potential for the pNGB Higgs 
such that the minimum is shifted a bit (by v ) from 
the SU(2)W×U(1)Y preserving point.

f
v

Composite Higgs

SU(2)W×U(1)Y unbroken

SU(2)W×U(1)Y →U(1)EM

The tuning is typically characterized by ξ≡v2/f2.
To avoid excessive fine-tuning, f should be close 
to the weak scale (~ 1 TeV).



• The new physics is characterized by 2 scales:

- f : global symmetry breaking scale

- mρ = gρf : mass of the new states that cut of 
the radiative corrections to the Higgs mass, or 
resonances of the strong dynamics.  (Typically 
gρ >1 for strong dynamics and gρ ~1 for little 
Higgs type models.)

• At low energy the new physics is integrated out 
to generate higher-dim operators suppressed by  
f or mρ. 

Composite Higgs

Strongly interacting light Higgs (SILH), Giudice, et al, hep-ph/0703164



• For mρ > f, the leading effects come from 

Composite Higgs

equations of motion this term can, however, be rewritten as

1

m2
ρ

[
m2

HHα + λH†HHα + yf(FLfR)α
]2

, (12)

corresponding to effects that are all subleading to more direct corrections from the strong

sector.

For completenes we should also list the dimension-6 operators involving only covariant

derivatives and field strengths

O2W = (DµWµν)
i(DρW

ρν)i O2B = (∂µBµν)(∂ρB
ρν) O2g = (DµGµν)

a(DρG
ρν)a

(13)

O3W = εijkW
i
µ

ν
W j

νρW
k ρµ O3g = fabcG

a
µ

νGb
νρG

c ρµ. (14)

As we show in the appendix A, see eq. (117), the three operators in eq. (13) can be generated

at tree level through the exchange of massive vectors transforming respectively as a weak

triplet, as a singlet and as a color octet. Their coefficients are therefore in general of order

1/(gρmρ)2. The two operators in eq. (14) cannot arise at tree level in minimally-coupled

theories. For instance O3W contributes to the magnetic dipole and to the electric quadrupole

of the W . They are thus generally expected with a coefficient ∼ 1/(4πmρ)2.

2.3 The SILH effective Lagrangian

We now basically have all the ingredients to write down the low-energy dimension-6 effective

Lagrangian. We will work under the assumption of a minimally coupled classical Lagrangian

at the scale mρ.

Using the rules described in sect. 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f 2
∂µ

(
H†H

)
∂µ

(
H†H

)
+

cT

2f 2

(
H†←→DµH

)(
H†←→D µH

)

−
c6λ

f 2

(
H†H

)3
+

(
cyyf

f 2
H†Hf̄LHfR + h.c.

)

+
icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)

i +
icBg′

2m2
ρ

(
H†←→DµH

)
(∂νBµν)

+
icHW g

16π2f 2
(DµH)†σi(DνH)W i

µν +
icHBg′

16π2f 2
(DµH)†(DνH)Bµν

+
cγg′2

16π2f 2

g2

g2
ρ

H†HBµνB
µν +

cgg2
S

16π2f 2

y2
t

g2
ρ

H†HGa
µνG

aµν . (15)
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cH : universal reduction of Higgs coupling by

cT : custodial SU(2) violation,

cy : modification of Higgs-fermion couplings, depending  
on the fermion rep under the global symmetry.

c6 : modification of Higgs self couplings.

1� cHv2

2f2

�⇢ = bT = cT
v2

f2



• Operators suppressed by mρ (form factors):

Composite Higgs
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theories (gρ ∼ g), the two contributions are comparable but, in strongly-coupled theories

(gρ " g), the operators proportional to cW,B give only subleading effects. Since, as we will

show in sect. 3, realistic models of electroweak breaking without excessive fine tuning prefer

gρ > g, in most cases the contribution from cW,B are subleading with respect to the one

from cH .

A linear combination of the operators with coefficients cW and cB contributes to the

Ŝ parameter of electroweak precision data:

Ŝ = (cW + cB)
m2

W

m2
ρ

, (18)

where Ŝ is defined in ref. [16]. Using the SM fit of electroweak data [16], we obtain the bound

mρ
>∼ (cW + cB)1/2 2.5 TeV at 95% CL. (this bound corresponds to assuming a light Higgs

and ∆ρ ≡ T̂ = 0; by relaxing this request the bound becomes mρ
>∼ (cW + cB)1/2 1.6 TeV).

In terms of the parameter ξ defined in eq. (17), this bound becomes

ξ <∼
1.5

cW + cB

( gρ

4π

)2
. (19)

As we show in sect. 4, new effects in Higgs physics at the LHC appear only for sizable

values of ξ. Then eq. (19) requires a rather large value of gρ, unless cW + cB happens to be

accidentally small.

The operators with coefficients cHW and cHB originate from the 1-loop action L(1), under

our assumption of minimal coupling for the classical action. Although they are H2D4 terms,

like cW , cB, they cannot be enhanced above their 1-loop size by the exchange of any spin 0

or 1 massive field. In the case of a large N theory where N ∼ 16π2/g2
ρ, these terms are down

with respect to the others by 1/N . Notice that according to this counting Ŝ ∼ g2Nξ/(16π2),

which for ξ ∼ 1 coincides with the usual technicolor result. Recently, it has been pointed

out that walking at small N might be a promissing direction [15].

As discussed in sect. 2.2, the operators proportional to cγ and cg are suppressed by an

extra power (gSM/gρ)p with respect to those proportional to cHW and cHB. Moreover, while

cH and cy indirectly correct the physical Higgs coupling to gluons and quarks by O(v2/f 2)

with respect to the SM, the direct contribution of cγ and cg is of order (v2/f 2)(gSM/gρ)p.

Their effect is then important only in the weakly coupled limit gρ ∼ gSM. Notice that from

the point of view of the Goldstone symmetry, OBB and Og are like a Higgs mass term with

extra field strength insertions. According to our power counting rules we then expect their

coefficient to roughly scale like m2
H/mρ

4 times the trivial factors of g′2 and g2
3. In the simplest

models m2
H ∼ (g2

SM
/16π2)m2

ρ. We have here assumed this simplest possibility, which accounts

11
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• Loop suppressed operators:

• 3rd gen often different, there are flavor-dependent 
operators. 

written by generalizing the rules 1, 2 and 3 of sect. 2.2, noticing that each tR leg added to

leading interactions carries an extra factor 1/(fm1/2
ρ ). We find three dimension-6 operators

suppressed by 1/f 2 and involving tR:

ctyt

f 2
H†Hq̄LH̃tR + h.c. +

icR

f 2
H†DµHt̄RγµtR +

c4t

f 2
(t̄RγµtR)(t̄RγµtR) . (94)

We are not considering dimension-6 operators suppressed by 1/m2
ρ since their effects are

smaller than those in eq. (94) for large gρ. The first term of eq. (94) was already included

in eq. (15). Nevertheless, here it is only present for the top quark and therefore it violates

the universality of cy. The difference ct − cy can be viewed as originating from an insertion

of H†H/f 2 on the tR line. The second term of eq. (94) violates the custodial symmetry, and

therefore it generates a contribution to T̂ at the one-loop level

T̂ ∼
Ncc2

Rv2Λ2

16π2f 4
= 0.02 c2

R

(
Λ

f

)2

ξ , (95)

where Λ is the scale that cuts off the one-loop momentum divergence. In models in which

Λ ∼ mρ the 95% CL bound T̂ <∼ 0.002 translates, via eq. (95), into a severe upper bound on

c2
Rξ. This bound on cR can be easily satisfied in models in which the strong sector preserves

a custodial symmetry under which tR transforms as a singlet. This guarantees cR = 0 at

tree-level. Another possibility to evade the bound on cR is to reduce the scale Λ in eq. (95).

This can be achieved in models in which tR transforms non-trivially under the custodial

group as discussed in sect. 3. In this case Λ ∼ mcust where mcust is the mass of the custodial

partners of the tR. Assuming mcust # mρ we can satisfy the bound from T̂ even if cR ∼ 1.

Similarly, we can consider the case in which tL and H are strongly coupled. We have

now the following 1/f 2 dimension-6 operators in the low-energy Lagrangian involving qL =

(tL, bL):

cqyb

f 2
H†Hq̄LHbR +

cqyt

f 2
H†Hq̄LH̃tR + h.c. +

ic(1)
L

f 2
H†DµHq̄LγµqL

+
ic(3)

L

f 2
H†σiDµHq̄LγµσiqL +

c4q

f 2
(q̄LγµqL)(q̄LγµqL) . (96)

The possibility of having a strongly-coupled qL has, however, severe constraints from flavor

physics due to bL. For example, the operator proportional to c4q in eq. (96) contributes to

∆mB, the mass difference of neutral B mesons

∆mB =
2

3
ξc4qmB

f 2
B

v2
θ2

bd , (97)

where the angle θbd parametrizes the projection of bL into the d mass eigenstate. From the

requirement that the new contribution to ∆mB does not exceed 20% of the experimental
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• The new particles (resonances) which cut off the 
quadratic contributions to the Higgs mass from 
the SM fields generically carry SM charges. They 
contribute cγ and cg  at one loop, modifying the 
h→ γγ , h→ gg couplings.

Composite Higgs

h h h �h� �h� �h�

�(Z)

� �

�(Z)

(a) (b) (c)

FIG. 1: (a) Higgs oblique corrections from new electroweak particles. (b) Contributions from

new electroweak particles to h ! �� and h ! Z�. (c) Electroweak oblique corrections from new

particles.

SM gauge bosons to the loop, from which one readily obtains a corresponding diagrammatic

contribution to Higgs decays to SM gauge bosons [8]. This correspondence is demonstrated

in Fig. 1(a) and Fig. 1(b) for new particles carrying electroweak quantum numbers. We

see that there is a one-to-one correspondence between Higgs oblique corrections and decay

amplitudes for h ! �� and h ! Z�. If we replace the remaining Higgs boson by its VEV

again, we see now there is a one-to-one correspondence between the decay amplitudes and the

electroweak oblique corrections, as shown in Fig. 1(b) and Fig. 1(c). This correspondence

lies in the heart of the low energy Higgs theorems [9, 10], which relate amplitudes for the

loop-induced Higgs decays into two photons and two gluons to the QCD and QED beta

functions. Therefore, Naturalness Principle not only predicts new particles entering into the

Higgs oblique corrections, but also corrections to the loop-induced Higgs decays. In addition,

whether the quadratic sensitivity in the Higgs mass is cancelled or not would dictate the

interference pattern between SM and new particles in the loop-induced decays [8]. In the

end, wee see that loop-induced decays of the Higgs boson are the new oblique corrections in

precision Higgs measurements.

In this work we study constraints on masses and couplings of new scalars and fermions

from Higgs oblique corrections, concentrating on h�� and hgg couplings.1 Before setting

1 hZ� coupling is another Higgs oblique observable that could be measured [11]. However the corrections
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SM gauge bosons to the loop, from which one readily obtains a corresponding diagrammatic

contribution to Higgs decays to SM gauge bosons [8]. This correspondence is demonstrated

in Fig. 1(a) and Fig. 1(b) for new particles carrying electroweak quantum numbers. We

see that there is a one-to-one correspondence between Higgs oblique corrections and decay

amplitudes for h ! �� and h ! Z�. If we replace the remaining Higgs boson by its VEV

again, we see now there is a one-to-one correspondence between the decay amplitudes and the

electroweak oblique corrections, as shown in Fig. 1(b) and Fig. 1(c). This correspondence

lies in the heart of the low energy Higgs theorems [9, 10], which relate amplitudes for the

loop-induced Higgs decays into two photons and two gluons to the QED and QCD beta

functions. Therefore, Naturalness Principle not only predicts new particles entering into the

Higgs oblique corrections, but also corrections to the loop-induced Higgs decays. In addition,

whether the quadratic sensitivity in the Higgs mass is cancelled or not would dictate the

interference pattern between SM and new particles in the loop-induced decays [8]. In the

end, we see that loop-induced decays of the Higgs boson are the new oblique corrections in

precision Higgs measurements.

There are many works studying the interplay between new physics and Higgs coupling

measurements [11]. In this work we focus on constraints on masses and couplings of new

scalars and fermions from Higgs oblique corrections, concentrating on h�� and hgg cou-

3

Gori and Low,
arXiv:1307.0496

They can also produce corrections to EW 
observables.



• Measurements at Z pole:  The precision of LEP of 
EW observables is ≳ 0.1%, sensitive to dim-6 
operators suppressed by 1/(a few TeV)2.  The next    
e+e− collider may reduce the uncertainties by 
factors of 10-100, probing scales 3-10 times higher. 

- Important measurements for composite Higgs:

Precision Measurements

Table 9: Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance with 50% data at the
peak, leading to 7⇥ 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min) intervals; (ii) one year at the Z peak with 40%
longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a one-year scan of the WW threshold (around 161 GeV), with resonant
depolarization of single bunches for energy calibration at O(20min) intervals; and (iv) a five-years scan of the tt̄ threshold (around 346 GeV). The statistical errors expected
with two detectors instead of four are indicated between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the
course of the design study.

Quantity Physics Present Measured Statistical Systematic Key Challenge
precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) keV < 100 keV Ebeam calibration QED corrections
�Z (keV) �⇢ (not �↵had) 2495200± 2300 Z Line shape scan 8 (10) keV < 100 keV Ebeam calibration QED corrections
R` ↵s, �b 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections
N⌫ PMNS Unitarity, ... 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.
N⌫ ... and sterile ⌫’s 2.92± 0.05 Z�, 161 GeV 0.0010 (12) < 0.001 Statistics
Rb �b 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations
ALR �⇢, ✏3, �↵had 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment
mW (MeV) �⇢ , ✏3, ✏2, �↵had 80385± 15 WW threshold scan 0.3 (0.4)MeV < 0.5 MeV Ebeam, Statistics QED corrections
mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) MeV < 10 MeV Statistics Theory interpretation
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bS, bT , Z ! bb̄, etc.



- cH : most important parameter. It’s possible to 
build models with other parameters suppressed.

‣ cT  can be suppressed by a custodial symmetry.

‣ Effects from tree-level mixings between SM 
fields and new fields may be suppressed by a Z2 
symmetry (e.g., T-parity in little Higgs models). 

‣ Loop induced effects are not suppressed by 
this Z2 though, so measurements of h→gg,γγ 
are important tests of the new states which 
solve the hierarchy problem. (However, they 
can even be absent if the new states don’t 
carry SM charges, e.g., Twin Higgs.)

Higgs Couplings
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Higgs Couplings
‣ cH is always O(1) in pNGB Higgs. If it is the only 

deviation, the Higgs decay branching fractions are 
not modified and it would be hard at a hadron 
collider (maybe WLWL scattering).  A high 
luminosity e+e− collider could measure κV down 
to ~0.2% through Zh production cross section, 
probing f up to ~4 TeV. SM Higgs

pNGB Higgs



• Other coefficients can be tested by various Higgs 
branching fractions. They can be tested to ~1%.

Higgs Couplingsleading order, are given by
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(73)
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ρ
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κγ =
m2

W

m2
ρ

( gρ

4π

)2

(cHW + cHB) , κZ = gZ
1 − tan2 θW κγ. (77)

In LV we have included only trilinear terms in gauge bosons and dropped the effects of O2W ,

O2B, O3W . In Lh we have kept only the first powers in the Higgs field h and the gauge fields.

We have defined W±
µν = ∂µW±

ν − ∂νW±
µ (and similarly for the Zµ and the photon Aµ) and

Dµν = ∂µ∂ν − !gµν . Notice that for on-shell gauge bosons DµνAµi = M2
i Ai

ν . Therefore ĉW

and ĉB generate a Higgs coupling to gauge bosons which is proportional to mass, as in the

SM, and do not generate any Higgs coupling to photons. Notice also that the corrections to

trilinear vector boson vertices satisfy the relation gZ
1 = kZ + tan2 θW kγ [23].

The new interactions in Lh, see eq. (71), modify the SM predictions for Higgs production

and decay. At quadratic order in h, the coefficient cH generates an extra contribution to

the Higgs kinetic term. This can be reabsorbed by redefining the Higgs field according to

h→ h/
√

1 + ξcH (see appendix B for an alternative redefinition of the Higgs that removes the

derivative terms of the Higgs – first term of eq. (71)). The effect of cH is then to renormalize

by a factor 1− ξcH/2, with respect to their SM value, the couplings of the canonical field h
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to all other fields. Notice that the Higgs field redefinition also shifts the value of mH (but

not of v or mf ).

We can express the modified Higgs couplings in terms of the decay widths in units of

the SM prediction, expressed in terms of physical pole masses (for a review of the Higgs

properties in the SM, see [22],

Γ
(
h→ f f̄

)
SILH

= Γ
(
h→ f f̄

)
SM

[1− ξ (2cy + cH)] (78)
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Γ (h→ γγ)SILH = Γ (h→ γγ)SM
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Γ (h→ γZ)SILH = Γ (h→ γZ)SM



1− ξ Re
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+
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 .

(83)

Here we have neglected in Γ(h → W+W−, ZZ)SILH the subleading effects from cHW and

cHB, which are parametrically smaller than a SM one-loop contribution. The loop functions

I and J are given in appendix C.

The leading effects on Higgs physics, relative to the SM, come from the three coefficients

cH , cy, cγZ , although cγZ has less phenomenological relevance since it affects only the decay

h → γZ. The rules of SILH select the operators proportional to cH and cy as the most

important ones for LHC studies, as opposed to totally model-independent operator analy-

ses [24–26] which often lead to the conclusion that the dominant effects should appear in the

vertices hγγ and hgg, since their SM contribution occurs only at loop level. Therefore, we

believe that an important experimental task to understand the nature of the Higgs boson

will be the extraction of cH and cy from precise measurements of the Higgs production rate

(σh) and branching ratios (BRh). The contribution from cH is universal for all Higgs cou-

plings and therefore it does not affect the Higgs branching ratios, but only the total decay

width and the production cross section. The measure of the Higgs decay width at the LHC

is very difficult and it can be reasonably done only for rather heavy Higgs bosons, well above

the two gauge boson threshold, while the spirit of our analysis is to consider the Higgs as
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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(Higgs Working Group Report, Snowmass 2013)

Precision Measurements

• Measurements at a 100 TeV collider

- The Higgs self coupling can be measured to ~8%, 
which constrains c6.

- WLWL scattering tests cH.

- htt coupling (if no ILC)

Of course, the real excitement of a 100 TeV collider 
is that it can discover new states directly.



• The new states that cut off the quadratic 
divergent contribution to Higgs mass are 
expected to be close to ~1 TeV.

• In particular, the largest contribution in the SM 
comes from top quark loop.  The (colored) top 
partner are expected to be seen first.  LHC run 
II can extend discovery reach to ~ 1.3 TeV.

Direct Searches

38 New Particles Working Group Report
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Figure 1-34. Discovery reach (left and middle panel) and exclusion (right panel) as a function of the mass
of a heavy vector-like quark at

p
s = 14 TeV [48].

several high-pT jets of which at least one shows substructure consistent with originating from a hadronic W -
or Z-boson decay one may see an excess of 500 events over an expected background of about 2000 events.

If such an excess is seen in a search for vector-like heavy quark one would first want to determine the
properties of the new particle, such as production process (single or pair-production) and cross section,
mass, charge, decay modes and branching fractions. The first order of business would be to establish the
nature of the new particle. Additional evidence for a new particle could come from events with two or more
leptons. If the production cross section is consistent with strong production the particle likely is colored.
One would identify whether the decay modes are consistent with vector-like quarks. Vector-like quarks with
charge 5/3 decay to tW, those with charge 2/3 decay to bW , tZ, and tH,and those with charge 1/3 decay
to tW , bZ, and bH.

Most interestingly, observation of a vector-like quark would most likely indicate that there are other heavy
new particles. In little Higgs models there would be W and Higgs boson partners, in compositeness models
there would likely be other vector-like quarks. A robust prediction of models with top-partners like composite
or Little Higgs models is significant deviations of the Higgs couplings, in particular hWW and hZZ, from
the SM. The ILC-250 Higgs factory would measure these couplings with very high precision, providing a test
of this interpretation of the excess. In addition, in most models, the top partner should be accompanied by
additional new particles, some of which may be studied at the HL-LHC, HE-LHC, ILC at center-of mass
energies of 500 GeV and 1 TeV. An example of this is the Littlest Higgs model with T-parity [33], which
shows that the achievable level of precision by ILC-500 allows non-trivial tests of the model structure.

Depending on the mass of the vector-like quark and the other new particles, collisions at higher energy might
be needed to produce the heavy vector-like quarks in su�cient numbers to understand their properties. This
could be done at HE-LHC or VLHC pp colliders or at the CLIC e+e� collider.

1.3.10 Fermion Compositeness

High-energy particles are powerful probes of physics at small scales. Experiments at escalating energy
scales have historically unveiled layers of substructure in particles previously considered as fundamental,
from Rutherfords probing of gold atoms which revealed the presence of a central nucleus, to deep inelastic
scattering of protons which demonstrated the existence of quarks. In this section, we consider the extent to
which the compositeness of quarks can be probed by future collider facilities [103, 102].

Community Planning Study: Snowmass 2013

New Particles Working Group, 
Snowmass 2013



• LHC has decent coverage of the most natural 
range of top partner mass.  However, it is 
unlikely to uncover the whole structure of new 
strong dynamics. E.g., vector resonances with 
only EW charges (ρ) are likely to be heavier 
than 2-3 TeV (S parameter), beyond the reach 
of the LHC.

• A 100 TeV pp collider will greatly extend the 
reaches of the new states, allowing us to 
reconstruct the complete picture if this 
scenario is realized in nature.

Direct Searches



• Twin Higgs was designed to be a natural model 
for EW symmetry breaking which can 
completely evade LHC detection.

• It’s postulated that there is a Z2 symmetry 
between SM and a mirror sector.  The Higgs 
sector has an enlarged accidental SU(4) global 
symmetry due to the Z2 symmetry.  The Higgs 
boson is a PNGB of the broken SU(4).

• The fields that cancel the quadratic divergence 
from the SM to the Higgs are mirror world 
fields, which do not carry SM charges.

Twin Higgs
Chacko,  Goh, Harnik, hep-ph/0506256



• However, it won’t evade the next generation 
colliders.

- As a pNGB Higgs, cH ≠ 0 can be determined at 
the e+e− collider.

- SM Higgs mixes with the mirror world Higgs. If 
mirror world has light states which the Higgs 
boson can decay to ⇒ invisible Higgs width.

- It’s only an EFT up to 5-10 TeV.  Something 
new (SUSY or strong dynamics) has to come in 
before that scale.  A 100 TeV pp collider will be 
able to uncover the underlying mechanism.

Twin Higgs



• (H†H) is a SM singlet. It’s easy to couple to new 
fields, even in the hidden sector.  Any such new 
interaction can modify the Higgs couplings, in 
particular, cH.  There are many well-motivated 
scenarios with such couplings. 

- Dark matter with Higgs portal.

- Electroweak baryogenesis.

Other New Physics Connected to Higgs

See talks this afternoon.



• The Higgs discovery completes the standard 
model which started its development in the 
1960’s.

• The origin of EW symmetry breaking and the 
hierarchy problem hint that new physics is near. 
Composite Higgs is an interesting possibility 
besides the most popular supersymmetry.

• New discoveries will open a new chapter in 
physics and it will be even more exciting.  The 
next high energy colliders will play the crucial 
roles in advance human’s knowledge in the most 
fundamental frontier.

Conclusions


