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• Since the discovery of the Higgs in 2012 there has been 
lots of attention and work on the SMEFT


• It allows to include Dim 5,6,7,8,…. operators to the 
renormalizable lagrangian of the SM without any prejudice 
on the possible new physics that causes those deviations 
from the SM prediction.

I. INTRODUCTION

The LHC experimental discovery of the Higgs boson, along with the measurement of Higgs

properties that are in rough agreement with the Standard Model (SM) predictions, suggests

that the SM is a valid e↵ective theory at the weak scale. The lack of new particles up to the

TeV scale makes possible the parametrization of possible high scale physics e↵ects in terms

of higher dimension operators containing only SM fields [1]. In this paper we study new

physics contributions to Higgs decays in the context of the dimension-6 Standard Model

E↵ective Field Theory (SMEFT). When compared with precise theoretical calculations,

measurements of Higgs properties serve to constrain the coe�cients of the higher dimension

operators and restrict possible beyond the SM (BSM) physics at energies ⇤ >> v.

We study Higgs decays to Z boson pairs and to Z� in the context of the SMEFT, where

new physics is described by a tower of operators,

L = LSM + ⌃1
k=5

⌃n
i=1

C
k
i

⇤k�4
Ok

i . (1)

The dimension-k operators are constructed from SM fields and the BSM physics e↵ects

reside in the coe�cient functions, Ck
i . For large ⇤, it is su�cient to retain only the lowest

dimensional operators. We assume lepton number conservation, so the lowest dimension

relevant operators are dimension-6. Ignoring flavor, there are 59 dimension-6 operators that

are SU(3) ⇥ SU(2) ⇥ U(1) invariant combinations of the SM fields [1, 2]. The operators

have been classified in several di↵erent bases, which are related by the equations of motion

[1–4]. In this paper we will use the Warsaw basis of Ref. [2].

A detailed understanding of Higgs properties requires the inclusion of the dimension-

6 tree level SMEFT e↵ects, along with radiative corrections in the e↵ective field theory.

Measurements at the Higgs mass scale, MH , that are sensitive to a set of SMEFT coe�cients,

Ci(MH), at leading order will develop logarithmic sensitivity to other coe�cients when the

renormalization group evolved to the scale ⇤, due to the renormalization group mixing of

the coe�cients [5–9]. There are also finite contributions that may be of the same numerical

size as the logarithmic terms.

We compute the one-loop electroweak SMEFT contributions to the decays H ! ZZ and

H ! Z�. These corrections include the one-loop SM electroweak corrections, along with

the one-loop corrections due to the SMEFT operators of Eq. (1). Our results are interesting
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Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.14), which
needs to be modified from the SM to the theory of interest. The pieces of eq. (3.14)
which are SM specific are the gauge groups (and as such the Haar measures that need to be
integrated over to produce gauge singlets), and the field content (which enters the plethystic
exponential).

In the present work we studied the expansion of eq. (2.7) in powers of mass dimension,
✏. However, in our previous work in (0+1) dimensions [11] we were able to obtain all-order
formulae for Hilbert series, revealing a fascinating analytic structure which could not be
seen in any finite order expansion. Can we hope to attack eq. (2.7) directly? Could this
reveal some previously hidden all-order structure of the SM EFT? While lofty, questions
along these lines merit detailed investigation of the structure underlying operator bases,
which we take up in [1].

– 16 –

Number of operators in the SMEFT as a function of the dimension 
(Henning, Lu, Melia, Murayama) 

Also: Lehman, Martin



• Dim 5 is just the Weinberg operator. 


• All odd dimensions violate L or B


• Dim 6 was first studied by Buchmüller and Wyler in 1986 
and then completed by  Grzadkowski et al. in 2010.



X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

Q !G fABC !GAν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄pur !ϕ)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

"
ϕ†Dµϕ

#⋆ "
ϕ†Dµϕ

#
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

Q"W εIJK$W Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

Qϕ !G ϕ†ϕ !GA
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)!ϕGA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕ"W

ϕ†ϕ$W I
µνW

Iµν QuW (q̄pσµνur)τ I !ϕW I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)!ϕBµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

Qϕ !B ϕ†ϕ !BµνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

Qϕ"WB ϕ†τ Iϕ$W I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(!ϕ†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (!ϕ†lp)
TC(!ϕ†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

Dim 6 operators with bosons



(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

!
(dαp )

TCuβr
" !
(qγjs )TClkt

"

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

!
(qαjp )TCqβkr

" !
(uγs )

TCet
"

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

!
(qαjp )TCqβkr

" !
(qγms )TClnt

"

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

!
(dαp )

TCuβr
" !
(uγs )

TCet
"

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
#Xµν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

4-fermion operators



Figure 1: Fits to the �S and �T parameters [121–126] using Z-pole, W mass, and LEP

2 WW scattering measurements (red), using LHC Run 1 and Run 2 Higgs results (dark

yellow), and all the data (blue). The darker and lighter shaded regions are allowed at 1 and

2�, respectively. We see that the Higgs measurements at the LHC have similar impacts to

the electroweak precision measurements, and are largely complementary, emphasizing the

need for a combined global fit.

Figure 1 shows the preferred parameter space for �S and �T for three di↵erent

selections of the data sets included in the fit. The green ellipses are obtained using just the

Z-pole, W mass, and LEP 2 WW scattering measurements in the fit, whereas the orange

ellipses use only the LHC Run 1 and Run 2 Higgs results. Finally, the blue ellipses are

obtained using all the data described in Section 3. The regions shaded in darker and lighter

colours are allowed at 1 and 2�, respectively. The 2-� marginalized ranges of �S and �T

are

�S 2 [�0.06, 0.07],

�T 2 [�0.02, 0.05], (12)

with a correlation coe�cient of 0.72.

This two-dimensional fit is restricted to the two operators in the Warsaw basis that

contribute to �S and �T , as defined by electroweak gauge boson propagator modifica-

tions 9. Nevertheless, Figure 1 makes it clear that the importance of the Higgs measure-

ments at the LHC is now comparable to that of the electroweak precision measurements

9These operators also induce vertex corrections that enter in the h�� coupling.

10

Figure 2: Results from global fits in the Warsaw basis (orange) including all operators

simultaneously (upper panel) and switching each operator on individually (lower panel).

Also shown are fits omitting the LHC Run 2 data (blue). We display the best-fit values and

95% CL ranges.

12

S and T

Warsaw base coeff. after LHC Run 2

Ellis, Murphy, Sanz & You



• There are equivalent parametrizations, i.e. SILH, and similar 
bounds and fits can and have been done.


• A lot of experimental effort is happening and will happen in 
the future to measure deviations on the triple gauge 
couplings and higgs potential parameters as smoking guns 
for new physics.


• A similar approach has been applied to ALP’s. 
Generalization of the QCD axion which could be the DM.


• In this same category one can mention simplified models for 
SUSY or DM. Modifications to the SM lagrangian with few 
degrees of freedom to ease the experimental interpretation.



• Naturalness continue to be a guiding principle in model 
building……


• but faces the verdict of the LHC.



• In order to avoid those bounds one can try to build a 
model where the lightest states are uncoloured but with 
the model remaining natural.


• That means that the states that provide with a cut-off to 
the top loop, contributing to the quadratic sensitivity of 
the Higgs mass parameter have to be uncoloured but with 
the right multiplicity (6) and coupling (ytop).


• There are several ways…….
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y = 0 y = ⇡ R

Hu,d

SU(2)W ⇥ SU(1)Y ⇥ SU(3)c ⇥ SU(3)f

⇣
Qf , Uf , Df , Lf , Ef

⌘

i

�
Q, U, D, L, E

�
i

FIG. 4: A sketch of the geography for the brane Higgs model. The standard MSSM two Higgs
doublets Hu,d live on the y = 0 brane, while the gauge groups, matter, and f -matter fields are in
the bulk.

tension between a large Higgsino mass and a weak-scale Higgs vev. This is in addition to

the challenges of electroweak symmetry breaking which, as discussed in Sec. III A above,

motivate extending the model to arbitrary twist parameter ↵.

However, in the absence of additional ingredients, the regions of parameter space that

break electroweak symmetry are excluded by constraints on the Higgs sector. Higgs coupling

predictions run afoul of precision measurements at the LHC, and the extra MSSM Higgs

states are excluded by direct searches. The heart of the issue is that the leading contribution

to the bµ term, given in Eq. (13), arises at one loop via the combination of the brane µ term

and the O(↵/R) e↵ective A-term induced by the Scherk-Schwarz twist. Since µ must itself

be O( yt

4⇡

↵

R
) for viable electroweak symmetry breaking, this implies bµ is suppressed by an

amount ⇠ yt/4⇡ relative to other masses-squared in the Higgs sector. Similarly, the one-loop

contribution to the down-type Higgs mass-squared is proportional to the electroweak gauge

couplings and suppressed relative to the up-type Higgs mass-squared by an amount ⇠ y
2

t
/g

2.

One minimal solution for lifting the second Higgs doublet without introducing new

sources of SUSY breaking is to introduce the leading “BMSSM” operator which appears

at dimension-5 in the superpotential [27, 51]. Supersymmetry is still broken strictly by

boundary conditions; the new contribution acts as an e↵ective bµ term after electroweak

symmetry breaking. The BMSSM operator also modifies the quartic of the light Higgs, but

in most of the viable parameter space this is a small correction – the dominant correction

to the tree-level prediction for the Higgs mass comes from the radiative quartic coupling.

The complete viable model is given by the brane superpotential

W = �(y)

✓
µ Hu Hd �

1

M
(Hu Hd)

2 + y
(5)

t Hu (Q U + Qf Uf )

◆
, (12)

5D model implementing Folded SUSY 
Upon compactification the first KK stop has the wrong color 

(Cohen, Craig, Lou, Pinner)

FOLDED SUSY



• The model has an approximate SU(4) global symmetry 
which protects the Higgs mass parameter.

However, in a twin Higgs model, the top Yukawa interaction takes the form 

The top Yukawa need not respect any global symmetry at all, simply a    
discrete A         B exchange symmetry. As a consequence, in general the 
twin Higgs and twin quarks need not carry any Standard Model quantum 
numbers.   

Only the Higgs sector of the theory has an enhanced global symmetry. 
The Standard Model Higgs emerges as the Goldstone boson associated 
with the breaking of this global symmetry. This is sufficient to ensure the 
cancellation of quadratic divergences from the top Yukawa coupling. 

TWIN HIGGS

Chacko, Goh, Harnik



• Both of this models present some challenges in the model 
building since they need lots of extra structure and also 
they face a low cut-off since secretly they are strongly 
coupled theories.


• From the experimental point of view since the lightest 
new particles are colourless their production cross-
section are generally small and direct production is 
difficult.


• These models predict deviations in the Higgs potential 
and therefore measurements of di-Higgs production and 
self coupling could provide with handles to these 
scenarios.



• A more dramatic approach by Graham, Kaplan & 
Rajendram suggests that the EW scale is a consequence 
of the cosmological evolution of our universe.


• The Higgs begins with a zero vev and it is coupled to a 
field that relaxes from big field values to smaller ones in 
an inflationary phase.



2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M
2 + g�)|h|2 + V (g�) +

1

32⇡2

�

f
G̃

µ⌫
Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃

µ⌫ = ✏
µ⌫↵�

G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M
2 + g�)|h|2 +

�
gM

2
� + g

2
�
2 + · · ·

�
+ ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M
2, and thus we take the range of validity for � in this e↵ective

field theory to be � . M
2
/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact

the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that the
e↵ective mass-squared of the Higgs, m

2
h, is positive. During inflation, � will slow-roll, thereby scanning the physical

g is dimensionfull and very tiny



• There has been several realizations of this idea with 
different flavours.


• In general all of them require an exponential number of e-
folds.


• There are very few signals at the LHC for this kind of 
models.


• There are potential issues between these scenarios and 
the weak gravity conjecture.



• The final idea I will discuss on the hierarchy problem is 
the one introduced by Giudice and McCullough.


• The ‘clockwork' is a proposal to generate a hierarchy of 
scales via a product of charges.


• It can be viewed as a deconstructed extra-dimension 
where there is a decrease in the vev of the link fields. 



Clockwork: generic mechanism to generate large hierarchies 

• in couplings: suppressed by N-node ‘gear ratio’ factor 

• in scales:                           ;  M = actual UV d.o.f. mass  

• Example: EW - Planck hierarchy

Can one solve SM flavor puzzle with clockwork? 

⇤e↵ = M/ge↵

vEW ⇠ MPl ⇥ q�N

⇤ ⇤N = qN
⇤

Figure 1: A schematic representation of the clockwork mechanism increasing the interac-

tion scale of a non-renormalisable operator.

case, the association between the interaction scale and the energy at which new particles
must enter, although not formally correct, works in practice. The situation is very di↵erent
in presence of couplings which are small, in natural units, as the dynamics associated with
an interaction scale could occur at much smaller energies.

These considerations open the possibility that dynamics, usually associated with very
high-energy phenomena may lie much closer to, and possibly within, accessible energies. If
this were to be the case, a new puzzle arises: why would nature choose extremely small
coupling constants? Since long ago [1, 2] physicists have been reluctant to accept small (or
large) numbers without an underlying dynamical explanation, even when the smallness of a
parameter is technically natural in the sense of ’t Hooft [3]. One reason for this reluctance
is the belief that all physical quantities must eventually be calculable in a final theory with
no free parameters. It would be strange for small numbers to pop up accidentally from the
final theory without a reason that can be inferred from a low-energy perspective.

In this work we propose a general mechanism to generate small numbers out of a the-
ory with only O(1) parameters, and thus large e↵ective interaction scales out of dynamics
occurring at much lower energies. In all of these theories the full UV completion enters at
energies exponentially smaller than suggested by a given interaction strength. The mech-
anism is fairly flexible and can produce exponentially large interaction scales for light or
massless scalars, fermions, vectors, and even gravitons. It provides an interesting theoretical
tool which opens new model-building avenues for axion, neutrino, flavour, weak scale, and
gravitational physics.

The underlying structure is a generalisation of the clockwork models [4, 5], which were
originally used to construct axion (or relaxion [6]) setups in which the e↵ective axion decay
constant f is much larger than the Planck mass MP , without any explicit mass parameter
in the fundamental theory exceeding MP . In this way, one could circumvent the need for
transplanckian field excursions in models which, for di↵erent phenomenological reasons, re-
quire f > MP . These constructions can be viewed as extensions of an original proposal for
subplanckian completions of natural inflation [7–9]. The name clockwork follows from the
field phase rotations with periods that get successively larger from one field to the next (see
fig. 1 for a pictorial interpretation).

The general framework is the following: Consider a system involving a particle P , which
remains massless because of a symmetry S. At this stage neither the nature of P or S, nor
whether the description is renormalisable or not, is crucial. We will give plenty of specific
examples in our paper, but we want to stress that the general mechanism is insensitive to
the details of the model implementation.
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Chain of vectorlike fermions + one chiral node: 

• Results in particular mass structure:
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Figure 1. The profiles for zero mode and gears for  R JZ: to be improved, if we decide to
keep it.

where for notational simplicity we identified  R,N ⌘  R. The chain of  R,j fermions
carry the same gauge quantum numbers as  R,N , while  L,j are in the complex conjugate
representations. The covariant derivatives are thus the same for all nodes (and related by
complex conjugation from  L,j to  R,j). For successful clockworking one requires q > 1.

The N ⇥ (N + 1) mass matrix,

M = m

0

BBBB@

1 �q 0 . . . 0

0 1 �q . . . 0
... . . . . . . 0

0 · · · 0 1 �q

1

CCCCA
, (2.2)

is diagonalized by the unitary rotations,
�
~0, diag(mk)

�
= V

L†
M V

R. This gives one mass-
less right-handed Weyl-fermion,

 
0

R,0 =
NX

j=0

V
R

j0 R,j , (2.3)

and N Dirac fermion mass-eigenstates, k = 1, . . . , N (note the change in labeling the left-
handed fields),

 
0

R,k
=

NX

j=0

V
R

jk
 R,j ,  

0

L,k
=

N�1X

j=0

V
L

kj
 L,j , (2.4)

with masses

m
2

k
= m

2

⇣
1 + q

2
� 2q cos

⇣
k⇡

N + 1

⌘⌘
. (2.5)

There is an O(m) mass gap between the gears and the zero mode, while the masses of
the gears are split by O(qm/N). For N � q the splitting between the gears is thus much
smaller than the mass gap to the zero mode.
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Diagram of a clockwork fermion



Spectrum of the clockwork model



• The clockwork in the continuum limit can be understood 
in the context of the linear dilaton model.


• A particular realization of little string theory (a construction 
where gravity decouples, so the apparent weakness of 
gravity is due to an ultra small coupling) introduced by 
Antoniadis, Dimopoulos and Giveon.

2

o↵, where bulk gravity becomes strong and is of the order
of the string scale in the fundamental theory. The extra
dimension is finite and compactified on an interval, de-
scribed by a circle with a Z2 symmetry. We identify the
boundary at x5 ⌘ y = 0 with the Standard Model (visi-
ble sector) brane, while at y = rc there is a hidden sector
brane, and the corresponding actions are, respectively:

Svis(hid) =

Z
d4x

p
�ge

� �

M
3/2
5

�
LSM(hid) � Vvis(hid)

�
(3)

In order to study the properties of this setup we can go to
the Einstein frame, where the curvature term no longer
has a dilaton field dependence. This is achieved by the
conformal transformation:

g̃ = e
� 2

3
�

M
3/2
5 g (4)

and the above actions are rewritten as:

Sbulk =

Z
d5x
p
�g̃

 
M3

5 R̃� 1

3
(r̃�)2 � e

2
3

�

M
3/2
5 ⇤

!
(5)

Svis(hid) =

Z
d4x
p
�g̃e

1
3

�

M
3/2
5

⇣
L̃SM(hid) � Vvis(hid)

⌘
(6)

The LST solution arises when we impose a linear dilaton
background �

M3/2
5

= ↵|y|. The gravity equations of mo-

tion in this background are solved by the following bulk
metric:

ds2 = e�
2
3↵|y|

�
⌘µ⌫dx

µdx⌫ + dy2
�

(7)

with the following conditions:

⇤ = �M3
5↵

2 and Vvis = �Vhid = 4↵M3
5 (8)

Similar to the case for RS, there are two tuning condi-
tions. One is needed to cancel our 4d cosmological con-
stant and the other results in the tuning of the radion
potential. This second tuning becomes irrelevant after a
stabilization mechanism is taken into account.

The Planck scale is determined by the size of the extra
dimension, the slope of the dilaton field and the 5d cuto↵:

M2
Pl = 2

Z rc

0
dy e�↵|y|M3

5 = �2
M3

5

↵

�
e�↵rc � 1

�
(9)

Given that the cuto↵ is of around the TeV scale it is
first obvious that ↵ < 0. In addition, this relation shows
that gravity decouples when rc ! 1, as expected from
the LST picture. The sign of ↵ is indeed compatible
with the relation between our model and LST: one may
think about the NS5-branes as being located at y = 0,

where the string coupling exp(�/M3/2
5 ) is large, while

the asymptotically flat regime away from the branes is
at y = rc, where g2s = e↵rc ⌧ 1. Moreover, ↵ and M5 are
related to the other two parameters of the dual LST on

the stack of NS5-branes, Ms and the number of branes
N , by:

↵ = � Msp
N

, M3
5 ' M9

s V6p
N

. (10)

In order to develop a better intuition for this frame-
work it is worth rewriting the metric in a form that is
familiar for RS geometries using the coordinate transfor-
mation dz = e�

1
3↵ydy:

ds2LST =
⇣
1 +

|↵z|
3

⌘2
⌘µ⌫dx

µdx⌫ + dz2 (11)

We see that the gravity dual of LST is a geometry with
power law warping and logarithmically varying dilaton.
Thus, when we impose the constraint for the value of
MPlanck given the TeV scale cuto↵, we find that the
proper length of the extra dimension is quite large in fun-
damental units, z0 ⇡ (100 eV)�1(⇠ 10 nm). In order to
understand the physical implications of this dimension,
it is essential to calculate the graviton KK spectrum.
Graviton Kaluza-Klein Modes. We find the spectrum

of spin-2 excitations of the graviton h(n)
µ⌫ by taking the

following parametrization of the metric:

e�
2
3↵|y|

h
(⌘µ⌫ + h(n)

µ⌫ )dx
µdx⌫ + dy2

i
(12)

Working in the transverse-traceless gauge, we find that
the equation of motion for these modes is:

⌘⇢@⇢@h
(n)
µ⌫ + @2

yh
(n)
µ⌫ � ↵@yh

(n)
µ⌫ = 0 (13)

The Neumann boundary conditions imposed by the sym-
metry result in a massless mode that is flat in the extra
dimension, while the rest of the KK modes have wave-
function localized close to the Standard Model brane:

h(n)
µ⌫ = N (n)

µ⌫ e
↵
2 |y|
✓
�2n⇡

↵rc
cos

n⇡|y|
rc

+ sin
n⇡|y|
rc

◆
eipx(14)

where N (n)
µ⌫ accounts for a normalization factor and the

tensor indices. Their mass is given by:

m2
n =

✓
n⇡

rc

◆2

+
↵2

4
; n = ±1,±2, . . . (15)

We see that this metric gives rise to a quite special spec-
trum – there is a mass gap of order the curvature scale
followed by what essentially is a continuum of modes.
This type of spectrum has been pointed out before in
the LST literature (see e.g. [9]). This behavior of the ge-
ometry can be understood by rewriting the equation of
motion for these modes as a Schroedinger equation with

a potential by defining h(n)
µ⌫ = e

↵
2 |y|h̃(n)

µ⌫ :

⌘⇢@⇢@h̃
(n)
µ⌫ + @2

y h̃
(n)
µ⌫ � ↵2

4
h̃(n)
µ⌫ = 0 (16)
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Figure 13. The diphoton signal of the scalar KK modes (the lower curve, green) vs. that of the
KK gravitons (the upper curve, blue) for k = 500 GeV (left) and 100 GeV (right), in the case of
rigid boundary conditions for the dilaton field.

however, that as one goes lower in mass, the experimental resolution worsens, and at some

point the distinct peaks will no longer be visible. For example, for m�� = 10 GeV, the

invariant mass resolution is about 4% (much higher than indicated by the band in figure 2),

so the separation between the peaks is largely lost also for n  40. The situation is better

in the e+e� channel, where the degrading calorimeter resolution is somewhat compensated

by an improving resolution on the track momentum, so that the overall e+e� invariant

mass resolution can be around 2% even at low masses [78]. Additionally, at very low

masses, the resolution in the µ
+
µ
� channel becomes adequate, being approximately 1%

for mµ+µ� ⇠ 10 GeV [79, 80]. In all three channels, however, standard triggers start losing

e�ciency at m . 100 GeV. Still, it may be useful to extend the searches down in mass, to

the extent possible. The low-mass µ+
µ
� spectrum may also be accessed by LHCb [81, 82].

Of course, since the spectrum contains O(10) comparably strong peaks, an estimate

for the sensitivity to the model as a whole would be actually higher than indicated by the

limits we show. However, again, the caveats discussed above suggest it is unclear what the

result of a full analysis would be. Moreover, one should consider searching for the periodic

structure of peaks as a whole, rather than only attempting to detect individual peaks. We

will analyze this possibility in detail in section 3.2.1.

We note in passing that resonant signals due to the scalar (dilaton / radion) KK modes

can be neglected, at least in the case of rigid boundary conditions on which we focus in

this work, as shown in figure 13 for the diphoton channel. This is true even at low masses,

where the diboson decays of the scalar KK modes are kinematically forbidden so that the

diphoton branching fraction is larger (right panel of the figure). In both cases, a further
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Diphoton signal for KK-gravitons and KK-dilatons



• This scenario can be extracted from D=5 N=1 SUGRA. 
(Antoniadis, AD, Markou, Pokorski)


• It needs a theory with pure SUGRA in 5D plus an extra 
gauge multiplet that contains the dilaton.


• Upon the inclusion of the linear dilaton background half of 
the supersymetries get broken.


• It solves the hierarchy problem supposing the 
fundamental scale is around the TeV and MPl is large due 
to a very small string scale and not because of a large 
volume like in ADD. 



Conclusions 
(or apologies again)

• I have not talked about flavour models due to lack of time.


• There are interesting anomalies from Belle and LHCb that 
could point out to new physics.


• Neutrinos are massive and there are a lot of model building 
around them.



• Model building is still an active part of the research program in 
theoretical particle physics beyond the SM.


• It still tries to understand the origin of the EW scale.


• The expectation is still that there is a ‘reason' for that value (as 
opposed to fine-tuning or anthropicity).


• One way to describe the new physics is through EFTs or simplified 
models. LHC data constrain the deviations from the SM. 



•  Facing the lack of signals from the LHC ‘neutral 
naturalness’ appears as a possibility although the models 
tend to be rather baroque.


• A more dramatic approach is taken in the relaxion idea 
where the EW scale is generated cosmologically.


• Finally the ‘clockwork' is another way of generating the 
hierarchy via a carefully chosen ratios of charges which 
can be viewed as a deconstructed extra dimension in a 
particular background.



–Albert Einstein

“Look deep into Nature, and then you will 
understand everything better” 


