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Making progress from null results:



If we assume that the only scale is ⟨H⟩~246 GeV (as in the SM),

we have excluded experimentally any new physics!

Making progress from null results:

No extra fermions,
gauge bosons,…

getting their mass from H



we have excluded experimentally any new physics!

Making progress from null results:
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Figure 14: Feynman diagrams contributing to pair production of the 750GeV resonance.

Expanding the logarithm provides the low energy theorem (LET) description of multiple scalar
production from gluon or photon fusion.9 In fact, we can see that in the absence of a scalar self
coupling the pair production amplitude is related to the single production amplitude simply by
a factor of 1/vr.

To make our expressions more transparent, we limit our discussion to the case of NQ copies
of identical electrically-neutral coloured fermions with Casimir IQ and NL copies of colourless
fermions with charge qL. We also take masses and couplings universal in the two sectors, which
are then described by the two scales vQ ⌘ MQ/yQ and vL ⌘ ML/yL. The extension to general
fermion representations is completely straightforward and can be expressed in terms of e↵ective
vQ and vL. In particular, heavy fermions with both colour and electric charge simultaneously
contribute to both vQ and vL.

Using this description the decay widths of the particle z into gluon and photon pairs are
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The corresponding single production cross section �(pp ! z), initiated by gluon and photon
annihilations, is
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where, as defined in [3],
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and s (ŝ) is the proton (parton) squared centre-of-mass energy.10

The pair-production cross section pp ! zz also depends on the value of the possible
cubic interaction, FMzz3 in the potential of eq. (4). It is convenient here to rewrite it as
F = Mz/2vQ.

9A translation to the operators in eq.s (5) and (9) is cgg/⇤ = IrNr/(12⇡2vr), and c
(6)
gg /⇤2 = �IrNr/(24⇡2v2r).

10The parton distribution functions also depend on the factorisation scale, however we have suppressed this
variable in the equations above and taken the factorisation scale as µ =

p
ŝ throughout.
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cubic interaction, FMzz3 in the potential of eq. (4). It is convenient here to rewrite it as
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Figure 4: Weakly coupled models.

3 Weakly coupled models

Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
by adding one (or more) scalar singlets S, and extra vector-like fermions Qf (written in Dirac
notation) or scalars Q̃s with massMi, hypercharge Yi, chargeQi and in the colour representation
ri, with the couplings

SQ̄f (yf + i y
5f�5)Qf + SAsQ̃⇤

sQ̃s. (20)

As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.

Focusing on the CP-even couplings, we find that the fermion and scalar loops induce the
following widths [5]:
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where ⌧i = 4M2
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2 and Ir and dr are the index and dimension of the colour representation r

(e.g. I
3

= 1/2, I
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= 3), and
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p
⌧ � 1) , S(⌧) = 1 + (1 � ⌧)P(⌧) , F(⌧) = ⌧P(⌧) � 1 . (22)

In the limit of heavy extra particles (⌧ ! 1) we have P(⌧) ⇡ 1/⌧ , S(⌧) ⇡ 2/3⌧ , F(⌧) ⇡ 1/3⌧
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●
crucial piece of information! 

We know this thanks to the interplay between direct & indirect searches:

• If light:   they should have been seen in detectors
• If heavy: they should have been seen indirectly 

γκ
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Figure 17: Negative log-likelihood contours at 68% and 95% CL in the (�, g) plane for the combination of ATLAS
and CMS and for each experiment separately, as obtained from the fit to the parameterisation constraining all the
other coupling modifiers to their SM values and assuming BBSM = 0.

coupling modifiers decrease, such that the values of �i(~) · Bf remain consistent with the observed signal
yields. The p-value of the compatibility between the data and the SM predictions is 74%.

A di↵erent view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 19. New parameters are derived from the coupling modifiers, to make explicit the dependence
on the particle masses: linear for the Yukawa couplings to the fermions and quadratic for the gauge
couplings of the Higgs boson to the weak vector bosons. These new parameters are all assumed in this
case to be positive. For fermions with mass mF,i, the parameters are F,i · yF,i/

p
2 = F,i · mF,i/v,

where yF,i is the Yukawa coupling strength, assuming a SM Higgs boson with a mass of 125.09 GeV,
and v = 246 GeV is the vacuum expectation value of the Higgs field. For the weak vector bosons with
mass mV,i, the new parameters are

p

V,i · gV,i/2v =
p
V,i · mV,i/v, where gV,i is the absolute Higgs boson

gauge coupling strength. The linear scaling of these new parameters as a function of the particle masses
observed in Fig. 19 indicates qualitatively the compatibility of the measurements with the SM. For the
b quark, the running mass evaluated at a scale equal to mH , mb(mH) = 2.76 GeV, is used.

Following the phenomenological model suggested in Ref. [128], the coupling modifiers can also be ex-
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No extra fermions,
gauge bosons,…

getting their mass from H

If we assume that the only scale is ⟨H⟩~246 GeV (as in the SM),

AP, LHCP16 proceedings



Standard Model 

We have been able to clean up the electroweak sector,
being now confident in the SM

No theory argument to have SU(3)xSU(2)xU(1)
with 3 families (the SM), instead of something else

Making progress from null results:



New states should bring their own mass-scale
M

Consequences:

M ̄ e.g.
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But…   why M should be around the EW-scale ?
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New states should bring their own mass-scale

But…   why M should be around the EW-scale ?

M ̄ 

M
Consequences:

e.g.

Crucial question to address 
to know whether there is a motivation  

to search for them at the LHC
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MW 

MP 
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from which mH (or ⟨H⟩) arises, together with something else

How could new physics scales be connected to the EW scale?
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☛  Superpartners 

☛  Softly-broken MSSM
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☛  Kaluza-Klein states

 ☛   Extra dimension  
    Λ~1/R

1926 using a formalism that is usually called Kaluza-Klein reduction [5]. Although their initial

motivation and ideas do not seem to be viable, the formalism that they and others developed

is still useful nowadays. This is the one that will be considered below.

y

xµ

Figure 1 Compactification on S1

For simplicity, we will start with a 5D field theory of scalars. The action is given by

S5 = −
∫

d4x dy M∗

[

|∂µφ|2 + |∂yφ|2 + g2
5|φ|4

]

, (4)

where by y we refer the extra fifth dimension. We have extracted a universal scale M∗ in front

of the action in order to keep all the 5D fields with the same mass-dimension as in 4D. Let

us now consider that the fifth dimension is compact and flat. We will consider that it has the

topology of a circle S1 as Fig. 1. This corresponds to the identification of y with y + 2πR. In

such a case, we can expand the 5D complex scalar fields in Fourier series:

φ(x, y) =
∞

∑

n=−∞

einy/Rφ(n)(x) = φ(0)(x) +
∑

n ̸=0

einy/Rφ(n)(x) , (5)

that inserted in Eq. (4) and integrated over y gives

S5 = S(0)
4 + S(n)

4 (6)

4

R
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☛  Strong dynamics



ΛQCD MP

αs

E

Explains why ΛQCD << MP and the origin of most hadron masses

Strong dynamics at Λ~TeV

QCD as an inspiration:



ΛQCD MP

αs

It could explain why

↵⇤

⇤⇤

mH . ⇤⇤ ⇠ TeV ⌧ MP

New strong dynamics at TeV

E

Composite Higgs

Strong dynamics at Λ~TeV

QCD as an inspiration:



The Higgs, the lightest of the new strong resonances, 
as pions in QCD: they are Pseudo-Goldstone Bosons (PGB)

�

GeV

130 MeV

Composite Higgs

TeV

125 GeV h

QCD

SU(2)L ⇥ SU(2)R
SU(2)V

SO(5)

SO(4)



(as in the 60’, experiments will be driving the field)

Even though no possibility to calculate,

it’s possible provide a characterization of the expected signals

Beyond the lamp-post:

perturbation 
theory

Strong dynamics



Physical implications 
 of TeV strong-dynamics

New resonances

TeV

125 GeV h

Signs of compositeness
in the Higgs (and top) 

New flavor-violating 
& CP-violating

transitions



New flavor-violating & CP-violating transitions



fSM Resonances

Yukawa origin depend on how the SM fermions 
couple to the strong sector:

1) Linear mixing:

2) Bilinear mixing:

New flavor-violating & CP-violating transitions

flavor structure from mixings 
without flavor symmetries!

fSM
ResonancesfSM´



G.Panico & AP: arXiv:1603.06609 

New flavor-violating & CP-violating transitions

Lower bounds on the scale of the strong dynamics Λ 
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Bounds of O(TeV)!   Effects visible soon. Hopes for the future!



Signs of compositeness of the Higgs 



Well-defined pattern of deviations in Higgs couplings: 
Giudice,Grojean,AP,Rattazzi 07

ghWW
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=
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1� v2
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=
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2
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q
1� v2
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n = 0, 1, 2, ...

small deviations on the h𝜸𝜸(gg)-coupling due to the 
Goldstone nature of the Higgs

AP,Riva 12

f

(model dependent but expected f ~ v)

MCHM4 MCHM5

 = Decay-constant of the PGB Higgs
related to the compositeness scale

Signs of compositeness of the Higgs 



Well-defined pattern of deviations in Higgs couplings: 
Giudice,Grojean,AP,Rattazzi 07

ghWW

gSMhWW

=
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1� v2

f2 f

(model dependent but expected f ~ v)

 = Decay-constant of the PGB Higgs
related to the compositeness scale

Signs of compositeness of the Higgs 

MCHM5,10

Higgs mediated processes recover calculability:

Back to the prediction era!

WL
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Finite results!
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Massive gauge theories become 
as good as massless gauge theories 

But already constrained at LEP

☛ 
�ghWW
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We could not expect large deviations
in Higgs coupling measurements
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Figure 26: Top: negative log-likelihood contours at 68% and 95% CL in the (F , V ) plane on an enlarged scale for
the combination of ATLAS and CMS and for the global fit of all channels. Also shown are the contours obtained
for each experiment separately. Bottom: negative log-likelihood contours at 68% CL in the ( f

F ,  f
V ) plane for the

combination of ATLAS and CMS and for the individual decay channels as well as for their global combination (F
versus V ), assuming that all coupling modifiers are positive.
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Signs of compositeness of the Higgs 

n=0

n=1

Entering the interesting region: bounds getting below 10%!



Since its mass is large, its mixing with the strong sector must be large:

Signs of compositeness of the top 

tL,tR Resonances

tL,R

tL,R

H,VL

H,VL



Since its mass is large, its mixing with the strong sector must be large:

Signs of compositeness of the top 

tL,tR Resonances

tL,R

tL,R

H,VL

H,VL

tL couplings don’t show much deviations from SM predictions:

see for example,  
arXiv:1512.03360 

arXiv:1504.03785 
arXiv:1601.08193 
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Figure 6: Left: Individual (red) and marginalised (blue) 95% confidence intervals on

dimension-six operators from top pair production and single top production (bottom three).

Right: Marginalised 95 % bounds considering all data from LHC and Tevatron (green) vs

Tevatron only (purple).

power-counting arguments of the previous paragraph that allowed us to reject the operators

OdW , O'ud at order ⇤�2 would not be clear in an anomalous coupling framework. In

addition, the four-quark operator O(3)

qq in eq. (10) can have a substantial e↵ect on single-top

production, but this can only be captured by an EFT approach. For a detailed comparison

of these approaches, see e.g. Ref. [125]. The 95% confidence limits on these operators

from single top production are shown in Fig. (6), along with those operators previously

discussed in top pair production.

Let us compare these results to our findings of section 4.1. The bounds on operators

from top pair production are typically stronger.

The so-called chromomagnetic moment operator OuG is also tightly constrained, owing

to its appearance in both the qq̄ and gg channels, i.e. it is sensitive to both Tevatron and

LHC measurements. For the four-quark operators, the stronger bounds are typically on

the C1

i -type. This originates from the more pronounced e↵ect on kinematic distributions

that they have. The phenomenology of the C2

i -type operators is SM-like, and their e↵ect

becomes only visible in the tails of distributions.

The much wider marginalised bounds on these two operators stems from the relative

sign between their interference term and those of the other operators, which results in

cancellations in the total cross-section that significantly widen the allowed ranges of Ci.

With the exception of Ct, which strongly modifies the single top production cross-

section, the individual bounds on the operator coe�cients from single top production are

typically weaker. This originates from the larger experimental uncertainties on single top

production, that stem from the multitude of di↵erent backgrounds that contaminate this
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If tR is highly composite, it will be a challenge to know it!

Best ways to see it in the future: 

Effects grow with the energy!

CMS (1406.7830) and ATLAS looked at this process in Same Sign Leptons
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Reproducing their same analysis:

8 TeV Bounds

but they did not include our signal
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Figure 7: Contribution of the four-top interaction to the process pp! tt̄tt̄.
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Figure 8: Cross-section for pp ! tt̄tt̄ as a function of c4t arising from the operator O4t (4t), SM diagrams (SM)
and both (ALL).

Due to Eq. (51), we expect the tt̄ pair coming from the four-top interaction to have a larger

invariant mass and transverse momenta than those coming from gluons. Hence, by taking p
T

(t1) >

p
T

(t2) (and the same for the anti-tops), we can identify the top t1 as the scattered top and the

top t2 as the spectator top. We also expect the t1t̄1 pair to have large invariant mass m and to

be produced at large angles and then to have a small pseudorapidity ⌘. These observables can be

useful to discriminate the four-top signal versus backgrounds.

In Fig. 9 we plot the four-top normalized di↵erential cross-section arising from the four-top

contact interaction, and compare this with that of the SM. We show the normalized di↵erential

cross-section versus the invariant mass of the scattered top pair m(t1, t̄1), the transverse momentum

of t1, p
T

(t1), and its pseudorapidity ⌘(t1); being normalized distributions, they do not depend on
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for a recent analysis, see arXiv:1611.05032 
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in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum of the TeV Composite Sector

Good BSM prototype for many searches e.g Little Higgs
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:

The ATLAS Dijet Diboson excess  
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in

16

• ATLAS reported an excess in the Run I all-jet Diboson search 

• Excess seen at ≈2 TeV in three overlapping analyses (i.e., not 
independent results)


• 3.4� in the WZ channel, 2.6� in WW, 2.9� in ZZ


• Global significance evaluated to 2.5� after Look Elsewhere effect
ATLAS arXiv:1506.00962 
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The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC?

through mixing with the SM W: 
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VV → qqqq (II)

13

CMS PAS EXO-15-002 CMS PAS EXO-15-002 CMS PAS EXO-15-002

ATLAS-CONF-2016-055ATLAS-CONF-2016-055ATLAS-CONF-2016-055

…not much of a di-Boson excess!

At the LHC 13 TeV…    

12 6 Modelling of background and signal
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Figure 4: Final observed mjj distributions for the dijet analysis, in the signal regions. On the left
the HP and on the right the LP categories are shown for the WW, WZ, and ZZ categories from
top to bottom. The solid curve represents a background-only fit to the data distribution where
the filled red area corresponds to the 1 sigma statistical error of the fit. The data are shown as
black markers. For the ZZ high-purity category (bottom left), we also show the background-
only fit using the two-parameter functional form (blue solid line), for comparison.
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VV → !νqq
• Look into a W boson leptonic (e", !") decay in 

association with a hadronic vector boson (W,Z)
➡ Backgrounds: W+jets, top, diboson, Z+jets

• ATLAS 
➡ 13 TeV, 13.2 fb-1 results , boosted regime

• CMS
➡ Latest public results with 13 TeV, 2.2 fb-1, boosted regime
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m(W0) & 2.5 TeV

scratching the interesting regions!
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum of the TeV Composite Sector

7/8 TeV LHC searches 
“scratching the surface”
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the lightest resonances
 due to the 

lightness of the Higgs

where we have used the fact that the physical top mass is given by
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procedure does not depend on its quantum numbers. We then have

m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:

m
Q

. 700 GeV
⇣ m

h

125 GeV

⌘✓160 GeV

m
t

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term

of Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR

+ Tr
{

Q̄ ( ̸∂ − MQ)Q
}

+ ¯̃T ( ̸∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)
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• m(X5/3) > 0.99 TeV (was 0.74 TeV @ Run-1)	

• m(B|singlet) > 0.83 TeV (was 0.69 TeV)	

• m(T|singlet) > 0.78 TeV (was 0.66 TeV)	

• sensitivity to T via H → WW* or Z → l+l-  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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.
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(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR

+ Tr
{

Q̄ ( ̸∂ − MQ)Q
}

+ ¯̃T ( ̸∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)
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• m(X5/3) > 0.99 TeV (was 0.74 TeV @ Run-1)	

• m(B|singlet) > 0.83 TeV (was 0.69 TeV)	

• m(T|singlet) > 0.78 TeV (was 0.66 TeV)	
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FIG. 2: Cancellation of the top divergence in the Twin Higgs model. The e↵ective vertex in the

second diagram arises upon integrating out the heavy radial mode.

protected against large cuto↵ sensitivity from top loops provided a twin top with ŷ

t

= y

t

.

But how much can the top Yukawa Z2 be relaxed while preserving the naturalness of the

weak scale? When the coupling (2) is introduced, by Eq. (3) the physical mass of the

pseudo-Goldstone boson Higgs gets a quadratically divergent radiative correction at the

scale ⇤,

�m

2
h

⇡ 3⇤2

4⇡2

�
y

2
t

� ŷ

2
t

�
. (5)

This precisely cancels out when the Z2 symmetry is exact. We can picture this in Fig. 2,

where the pseudo-Goldstone Higgs acquires an e↵ective coupling to the twin top upon inte-

grating out the heavy radial Higgs mode. The cancellation in Fig. 2 is very similar to that

in Little Higgs theories [40–42],3 with the di↵erence that the top partner is uncolored. But

without exact Z2 symmetry, the naturalness demand that these corrections are not much

larger than the observed SM-like Higgs mass-squared of (125 GeV)2, translates into
����
ŷ

t

(⇤)� y

t

(⇤)

y

t

(⇤)

���� . 0.01 , (6)

for ⇤ ⇠ 5 TeV.

Ordered by the size of tree-level couplings to the Higgs doublet, the next ingredients to

consider are the potential twin sector equivalents of SU(2)
L

⇥ U(1)
Y

gauge bosons. The

contribution to the Higgs mass-squared from SU(2)
L

boson loops in the SM is ⇠ (400 GeV)2

for a cuto↵ ⇤ ⇠ 5 TeV — still a significant source of electroweak destabilization, although

subdominant to top loops. This suggests gauging the twin SU(2) global symmetry acting on

B and Q̂. Introducing twin weak gauge bosons with coupling ĝ2 translates to the quadratic

3 See also [43] for review and references therein.
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Aren’t we adding too many epicycles?



FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++ twin glueball has the right quantum numbers to mix with

6
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       but we must dig more to see how serious it is!
● Clearly, BSM had already too many chances to show up  
            (in EDM, flavor, Z/H couplings, as a WIMP, new particles,…)  

      If nothing is found at the LHC: 

DILEMMA

more epicycles? Twin Higgs,… paradigm shift? Multiverse, relaxion
EW scale from 
cosmological 

evolutionIn any case, we will be making (painful) progress even with null results!



MORE IF NEEDED



All you need to know about relaxion



P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

Field-dependent Higgs mass

minimum of 𝟇 where 

Higgs-mass parameter

m2
H(�)|H|2m2

H |H|2

m2
H(�) ⌧ M2

P

 “Relaxation” mechanism:



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:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫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 G̃µ⌫ = ✏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

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/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, m2

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

Breakthrough: 
  An axion-like 𝟇 can have the following (natural) potential:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1
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the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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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, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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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:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫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 G̃µ⌫ = ✏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

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/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.
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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, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large
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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:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫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 G̃µ⌫ = ✏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

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/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.
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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, m2

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

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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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:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫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 G̃µ⌫ = ✏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

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/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, m2

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

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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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:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫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 G̃µ⌫ = ✏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

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/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.
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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, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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