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Happy Birthday, Higgs boson!
As time flies, some consistency in the questions we are facing

 Is B. Obama going to be re-elected?
 Is the € going to survive?
 Is the Higgs boson going to be discovered?

 Is D. Trump going to be elected?
 Is UK going to leave Europe?
 Is di-gamma going to be discovered?

 Greece?  Technicolor/Higgsless?

 Spain/Italy?  (C)MSSM?

 Germany?  SM?

Where should you 
invest your money? 

 Which physics to expect    
 Beyond the Standard Model?

 Poland?  (Natural) SUSY? 
Composite Higgs?

2012 2016
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Higgs Portrait
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HEP with a Higgs boson
The successes have been breathtaking

 in 4 years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)

The meaning of the Higgs

Particle physics is not so much about particles but more about fundamental principles

 About 10-10s after the Big Bang, the Universe filled with the 
Higgs substance because it saved energy by doing so:

 “the vacuum is not empty” 
(even when    → 0, not a Casimir effect)

 The masses are emergent quantities due to a non-trivial 
vacuum structure

 There are only a finite number of particles (the SM ones) that 
acquire their mass via the Higgs vev

~

Profound change in paradigm: 
missing SM particle ➪ tool to explore SM and venture into physics landscape beyond
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 rare Higgs decays: h→µµ, h→γZ
 Higgs flavor violating couplings: h→µτ and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/Ψ+γ ) and measurement of couplings to light quarks 
 exotic Higgs decay channels: 

h→ ET, h→4b, h→2b2µ, h→4τ,2τ2µ, h→4j, h →2γ2j, h→4γ, h→γ/2γ+ ET, 

h→isolated leptons+ ET, h→2l+ ET, h→one/two lepton-jet(s)+X, h→bb+ ET, h→ττ+ ET ...

 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...

Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC, SHiP

multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues 

like EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15
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HEP with a Higgs boson
The successes have been breathtaking

 in 4 years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)

What is the next mass scale?

http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson
is part of a doublet)
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Higgs physics vs BSM 
Several deformations
 away from the SM 

affecting Higgs properties 
are already probed in the 

vacuum

One can use h→ZZ→4l to probe this deformation 
but hard time to compete with LEP bounds

consistency check
not discovery mode

https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
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e.g.

G G
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g2s
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µ⌫ +
|H|2

⇤2
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µ⌫ !
✓
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g2s
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v2
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◆
G2

µ⌫

Effects that on the vacuum, H = v, give only !
a redefinition of the SM couplings:

⨂ ⨂

G G
Not physical!

But can affect h physics:

G G

⨂h
affects GG →h!
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Higgs/BSM Primaries
There are others deformations away from the SM that are harmless 

in the vacuum and need a Higgs field to be probed

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%)

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181
http://arxiv.org/abs/arXiv:1405.0181
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L = (iH†�a
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eH = i�
2

H⇤
, and in operators / ¯QLuR we include a Yukawa coupling yu (mu = yuv/
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%)

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection

With some important differences:
1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by ∆ρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions up to a flat direction between between the 

top/gluon/photon couplings

Combination with on-shell constraints
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electric charge 2/3

L = �ct
mt

v t̄th + g2

s

48⇡2

cg
h
vGµ⌫Gµ⌫

+ e2

18⇡2

cg
h
v �µ⌫�

µ⌫

only tth can break the ct � cg
degeneracy

¯ SM

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

ct

c g

ATLAS +CMS 68%,95%

Figure: For top partners ct � cg degeneracy
becomes much stronger.
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP

8

Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

ILC Physics WG, ’15
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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where high energy thresholds are important and 

complementary to physics near Higgs threshold

(HH & ttH productions)
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BSM Higgs: Naturalness
aka where is everybody else?
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Higgs couplings as a test of naturalness
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Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]
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Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  

14

��Zh = � g2?
8⇡2

v2

m2
?

Neutral naturalness (invisible?) @ LHC



Christophe Grojean Non-SUSY BSM Higgs Melbourne, July 4, 2o1611

Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311

Effective Higgs

typical mass scale
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NP
EW scale v=246GeV
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g2  /g*
SM

effective approach valid iff
mass gap: M >> gSM v

weakly coupled NP strongly coupled NP

MSSM in the decoupling limit composite Higgs models

in both cases, Higgs couples to NP with g*

g* ~ gSM g* >> gSM

 Precision Higgs study: 

 Direct searches for resonances:

Composite Higgs : Reach 
Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Note: the two approaches cannot be directly compared since the spectra of 
the heavy resonances are heavily model-dependent.  Higgs couplings provide 
a model-independent probe of Higgs compositeness. 
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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311
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Mass reach:

Rattazzi, BSM@100TeV, CERN ’14
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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g2

96⇡2

⇠ log

✓
⇤

mh

◆
+

m2

W

m2

⇢
+ ↵

g2

16⇡2

⇠ ,

�T̂ = � 3g0 2

32⇡2

⇠ log

✓
⇤

mh

◆
+ �

3y2t
16⇡2

⇠ ,

(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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A combination of VV searches
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for the W0 ! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to
1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W0 ! WLZL and Gbulk ! WLWL. The
compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.

In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the
global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W0 ! WLZL. The preferred mass range for the excess after the
combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands
represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue
lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.
From left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and
Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)
bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and
blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-
only. We also show the result of the combination without use of the fudge factors in dashed. From

left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,
compared with the best fitted cross section from the individual results for ATLAS-only (red) and
CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit
with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,
W0 ! WLZL and Gbulk ! ZLZL selections and signal hypotheses.

– 13 –

Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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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
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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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• 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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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC? suppressed by large couplings from the 
composite sector

δHiggs couplings↘
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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g2

96⇡2

⇠ log

✓
⇤

mh

◆
+

m2

W

m2

⇢
+ ↵

g2

16⇡2

⇠ ,

�T̂ = � 3g0 2

32⇡2

⇠ log

✓
⇤

mh

◆
+ �

3y2t
16⇡2

⇠ ,

(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we
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e.g. 
 indirect searches at LHC over-perform direct searches for g > 4.5
 indirect searches at ILC over-perform direct searches at HL-LHC for g > 2

DY production xs of resonances decreases as 1/gρ2

2 4 6 8 10

2

4

6

8

10

12

m� [TeV]

g�

�=
1

LH
C

HL
-L
HC

ILC

TLEP / CLIC

LHC8

LHC

HL-LHC

Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Searching for the top partners
top partners searches in composite models:

Search in same-sign dilepton events

Pair production
 (model independent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

single prod.
pair prod.

[Contino, Servant ’08]

 tt+jets is not a background [except for charge mis-ID and 
fake e-]

 the resonant (tW) invariant mass can be reconstructed
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Aguilar-Saavedra ’09๏ l± + 4b final state

Aguilar-Saavedra ’09

Azatov et al ’12

Vignaroli ‘12

Searching for the top partners

๏ l± + 6b final state

๏ γγ final state

b

๏ l± + 4b final state

Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

95% CL Limit on mT (GeV)  
obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 

1505.04306 1509.04177
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Other searches of the missing top partners
“Looking and not finding is different than not looking”
giving the null search results, the top partners should either be

‣heavy (harder to produce because of phase space)
‣stealthy (easy to produce but hard to distinguish from background, e.g.  mstop~mtop)
‣colorless (hard to produce, unusual decay)

Neutral Naturalness
• Top partners are color neutral 

• Charged under a different, ‘mirror’, color 

• Have a discrete symmetry  
that does not commute with SM color 

• Prime examples are Twin Higgs,  
Folded SUSY, and Quirky Little Higgs 

• Span much of the NN model space

Scalar  
Top Partner

Fermion 
Top Partner

All SM 
Charges SUSY pNGB/RS

EW 
Charges

Folded 
SUSY

Quirky 
Little Higgs

No SM 
Charges ??? Twin Higgs

require hidden QCD
with a higher confining scale:

⇒ 1) hidden glueball (0++) that can mix with Higgs
h➛G0G0➛4l with displaced vertices

⇒ 2) emerging jets

}

need to go beyond
traditional searches  

(C. Verhaaren@
N

KPI’16)

Curtin, Verhaaren ’15

Schwaller, Stolarski, Weiler ’15

Chri
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Searching for the top partners with Higgs
In Higgs measurements, top partners easily hide themselves

lightness of the Higgs makes it impossible to resolve the top-loop
top partners run in the loop and modify top Yukawa couplings ⇒ net effect=0

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

Need to look at differential distributions
Higgs+jet, off-shell Higgs production
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BSM Higgs: Dark Matter

3
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Littlest Simplified Model?

The Higgs Portal:

The Higgs itself could 
be the “mediator” to 

the dark sector!

ϕ is the dark matter?

Higgs Portal at 100 TeV
Coupling sensitivity possible with variety of 
invisible branching ratio limits.









100 TeV capability depends on coupling precision.  
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Higgs portals and Higgs exotic decays
|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector 
that could make up the DM relic abundance 



Christophe Grojean Non-SUSY BSM Higgs Melbourne, July 4, 2o16

Littlest Simplified Model?

The Higgs Portal:

The Higgs itself could 
be the “mediator” to 

the dark sector!

ϕ is the dark matter?

Higgs Portal at 100 TeV
Coupling sensitivity possible with variety of 
invisible branching ratio limits.









100 TeV capability depends on coupling precision.  
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DM direct search LHC indirect search

BRinv 

from Higgs coupling fits
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Indirect'BRinv'search'from'Higgs'coupling
With'visible'Higgs'decay'results'in'hand,'explore'a'general'scenario'that'
agrees'with'observed'modes'but'allows'for'non@vanishing'Higgs'boson'
decaying'beyond'the'SM

Non@SM'Higgs'decay'modes'will'modify'the'total'Higgs'decay'width
an'upper'limit'on'invisible'branching'ratio'can'be'achieved'by'global'fits'
of'visible'Higgs'decay'modes

3

95%CL

68%CL

BRBSM'<'0.52'

�
tot

= �SM
tot

·
P

X

2
X

· BRSM
X

1� BRBSM

CMS$PAS$HIG$13$005

95%CL

BRi.,u.'<'0.41

ATLAS$CONF$2014$009

CMS 
PAS HIG-13-005

ATLAS 
CONF-2014-009
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Higgs$portal'Dark'matter(1)

Can'invisible'Higgs'result'provide'clues'to'DM'?

Invisible'Higgs'decay'can'be'interpreted'in'context'of'DM@Higgs'coupling
Higgs=portal#model:''Higgs'as'the'mediator'between'SM'particles'and'DM
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Dark Matter Mono-X Mono-Jet Mono-W/Z(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Conclusion

Dark Matter candidates at the LHC

• Cosmological indications for “invisible”, Dark
Matter (DM):

� rotation velocities of galaxies
� gravitational lensing
� cosmic microwave background (CMB)

• Search at hadron collider:

� could be produced as a WIMP

� DM would escape detection
) would be seen as missing energy

• E↵ective field theory:

� DM pair-produced
� mediator too heavy to be generated directly
� contact interation with suppression scale

M? ⇠ Mp
g�gSM

, with g� and gSM the

couplings to Standard Model (SM) and
DM, and M the mediator mass

Name Initial state Type Operator

D1 qq scalar
mq

M3
?
�̄�q̄q

D5 qq vector 1
M2
?
�̄�µ�q̄�µq

D8 qq axial-vector 1
M2
?
�̄�µ�5�q̄�µ�5q

D9 qq tensor 1
M2
?
�̄�µ⌫�q̄�µ⌫q

D11 gg scalar 1
4M3
?
�̄�↵s(G

a
µ⌫)
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the'limit'on'the'invisible'branching'
fraction'of'Higgs'can'be'interpreted'as'

bounds'of'coupling'λh!!

the'same'coupling'λh!! allows'us'to'compute'DM@nucleon'
cross'section'and'compare'with'Direct#DM#searches

LHC direct search

 MET + mono γ/jet

Dark Matter Searches

‣ Scan mediator mass
‣ Parameters : 
‣ m#, M, ΓM, Λ (=M/√gqg#)

‣ Weak limits for low M
‣ Resonant enhancement when 

mediator can be produced on-shell
‣ Limits approach EFT approximation 

at high M
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subdominant for Higgs portals
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Higgs portals and Higgs exotic decays
|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector 
that could make up the DM relic abundance 
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Littlest Simplified Model?

The Higgs Portal:

The Higgs itself could 
be the “mediator” to 

the dark sector!

ϕ is the dark matter?

Higgs Portal at 100 TeV
Coupling sensitivity possible with variety of 
invisible branching ratio limits.









100 TeV capability depends on coupling precision.  
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Higgs portals and Higgs exotic decays
|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector 
that could make up the DM relic abundance 

new exotic/invisible decay modes
HL-LHC sensitivity: BRexo<10% vs. ee sensitivity: BRexo<1%

(if mNP < mH/2, possible production via off-shell Higgs but limited reach Craig et al ’14 )

  

Beyond the SM Higgs couplings...          
                                     

13/15                                                                                                                                                              S.Gori

Z
D
, S, N

DM

SM

New forces
New Higgses

New matter
 fields

Mediator

The interactions can be mediated by a 
(small set of) renormalizable "portals":

 The Higgs can easily couple to NP particles:
 since |H|2 is a singlet with respect to the SM gauge group, the Higgs
 can couple to NP that are neutral w.r.t the SM (e.g. hidden valleys)

 If these NP particles are light ( m
NP 

< m
H
/2 ), 

the Higgs will have new decay modes: H  NP particles

 Unique opportunity to test (light) "dark sectors":

Models for DM, 
neutral naturalness, 
baryogenesis, ...

new force new Higgses new matter
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The interactions can be mediated by a 
(small set of) renormalizable "portals":

 The Higgs can easily couple to NP particles:
 since |H|2 is a singlet with respect to the SM gauge group, the Higgs
 can couple to NP that are neutral w.r.t the SM (e.g. hidden valleys)

 If these NP particles are light ( m
NP 

< m
H
/2 ), 

the Higgs will have new decay modes: H  NP particles

 Unique opportunity to test (light) "dark sectors":

Models for DM, 
neutral naturalness, 
baryogenesis, ...

new force new Higgses new matter

  

Higgs (rare) exotic decays                       
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Looking "directly" for rare new decays of the Higgs:

Background limited at the LHC.
Theory studies show that BRs ~ 0.1
might be reached

Example: 
h  ZZ

D
  4l

Example: 
h  ss  4b

These can be seen
by the LHC pretty easily:
BRs ~ 10-6 – 10-7 can be 
probed by the HL-LHC

Curtin, Essig, SG, 
Shelton 1412.0018

Cao et al, 1309.4939

What can e+e- colliders say about 
these difficult decay modes?

(as in the NMSSM)

Possibility to discover Higgs branching ratios to NP particles below 2%?

Final aim: maximize the coverage!

See Liu, Potter,
1309.0021
for a ILC
h  4τ
analysis
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Higgs portals power-counting

approximated results for the Higgs decay rates in the framework of linearly realized EWSB.

Section 5 explains how to run eHDECAY and presents sample input and output files. We

conclude in Section 6.

2 E↵ective Lagrangians for linearly and non-lineary re-

alized EW symmetry

We assume for simplicity that the Higgs boson is CP-even and that baryon and lepton

numbers are conserved. If the Higgs is part of a weak doublet, the leading e↵ects beyond

the Standard Model are parametrized by 53 operators with dimension-6 [7–9] (additional 6

operators must be added if the assumption of CP conservation is relaxed), when a single

family of quarks and leptons is considered. In the following we will adopt the so-called SILH

basis proposed in Ref. [3]:

L = LSM +
X

i

c̄iOi ⌘ LSM +�LSILH +�LF1 +�LF2 +�LV +�L4F , (2.1)

with 2

�LSILH =
c̄H
2v2

@µ
�

H†H
�

@µ
�

H†H
�

+
c̄T
2v2

⇣

H† !DµH
⌘⇣

H† !D µH
⌘

� c̄6 �

v2
�

H†H
�3

+
⇣⇣ c̄u

v2
yu H

†H q̄LH
cuR +

c̄d
v2

yd H
†H q̄LHdR +

c̄l
v2

yl H
†H L̄LHlR

⌘

+ h.c.
⌘

+
ic̄W g

2m2
W

⇣

H†�i !DµH
⌘

(D⌫Wµ⌫)
i +

ic̄B g0

2m2
W

⇣

H† !DµH
⌘

(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HB g0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄� g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄g g2S
m2

W

H†HGa
µ⌫G

aµ⌫ ,

(2.2)

2In this paper we follow the same notation as in Ref. [1]. In particular, the expression of the SM

Lagrangian LSM and the convention for the covariant derivatives and the gauge field strengths can be found

in Appendix A of Ref. [1].
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◆
. O(1)

g⇤ = 4�
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� = 4⇥
p

�SM ' 4.5 c̄H ⇠ 0.03

c̄6 ⇠ 1

27

no tuning in 
Higgs mass for

series in powers of Higgs 
fields perturbative for:

These bounds imply:
at most O(100%) shifts in 
the Higgs trilinear coupling

Example:

enhanced w.r.t.       for 

(                        )� ⇠ coupling

2L
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= �H†HO

c̄H ⇠ v2

f2

�2

g4⇤
c̄6 ⇠ v2

f2

�3

g4⇤�SM
⇠ �

�SM
c̄H

� > �SM = m2
h/(2v

2)

c̄H

c̄uc̄u ⇠ y2t
16�2

c̄H

�3
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Azatov, R.C., Panico, Son  PRD 92 (2015) 035001

UV theory = SM (including elementary Higgs doublet) + strong sector 
characterized by 1 scale (      ) and 1 coupling strength (     )

assumptions:  - 
m⇤ g⇤

Higgs-portal interaction between the two sectors:- 

     generated 
only at 1-loop

How large      can be ?       Higgs-portal scenario
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no tuning in 
Higgs mass for

series in powers of Higgs 
fields perturbative for:

These bounds imply:
at most O(100%) shifts in 
the Higgs trilinear coupling

Example:

dominant effect
in Higgs

self-interactions

Contino FCC@Rome ’16
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BSM Higgs: Baryogenesis
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Electroweak baryogenesis - Requirements

Electroweak baryogenesis requires:

A strong first order phase transition

Su�cient CP violation

However in the SM:
The Higgs mass is too large

Quark masses are too small

We require new (EW-scale) physics!
4 / 32

Electroweak baryogenesis - Requirements

Electroweak baryogenesis requires:

A strong first order phase transition

Su�cient CP violation

However in the SM:
The Higgs mass is too large

Quark masses are too small

We require new (EW-scale) physics!
4 / 32

EW scale flavons for EW baryogenesis
Baldes, Konstandin, Servant ’16

This negative result is tied to the fact that 
Yukawa couplings during EW phase transition are identical the ones afterwards 

What if they were larger? 
E.g. flavor structure emerges during the EW transition

yij f̄
i
LHf j

R yij

⇣ �

M

⌘qH+qj�qi
f̄ i
LHf j

R➾

traditionally, M >> v and ! is frozen during EWSB
lowering M and allowing ! to vary leads to totally different phenomenology
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EW scale flavons for EW baryogenesis

2

Yukawa couplings are controlled by the VEV of some scalar
fields (the so-called “flavons”) and it is natural to wonder
about their cosmological dynamics. Our working assumption
is that the flavon couples to the Higgs and therefore the flavon
and the Higgs VEV dynamics are intertwined, motivating the
possibility that the Yukawas vary during the EWPT. The vari-
ous implications of this framework for electroweak baryogen-
esis will be presented in a series of papers. We will in particu-
lar discuss the CKM matrix as the unique CP-violating source
[31] as well as specific models of varying Yukawas [32, 33].

In this letter, the key point we want to make is that we do not
need to specify the dynamics responsible for the evolution of
the Yukawas to derive the nature of the EWPT. In fact, even if
the dynamics of the scalar potential of the flavon-Higgs cou-
pled system would correspond to a second order EW phase
transition when ignoring the variation of fermion masses, the
fact that the Yukawas of the SM were large during the EWPT
is enough to completely change the nature of the EWPT, while
relying only on the SM degrees of freedom (dof).

III. EFFECT OF FERMIONIC MASSES ON THE EWPT

The physics of the effect of varying Yukawas is related to
the contribution of effective relativistic dof g⇤ to the effec-
tive potential Ve↵ � �g⇤⇡

2
T

4
/90. Regions in Higgs space

in which species are massive correspond to a decrease in g⇤
and hence an increase in Ve↵ . The effect of species coupled to
the Higgs is therefore to delay and hence strengthen the phase
transition. In the usually assumed case where the Yukawas
have the same values during the EWPT as today, all Yukawas
except the one of the top quark are small and therefore al-
most all fermions are light even in the broken phase during the
EWPT. Therefore there is no significant change in g⇤ during
the EWPT and the effect of the light fermions is negligible.
Crucially, the contribution of bosonic species to the finite-T
effective potential also includes a term cubic in the mass and
hence bosonic dof not only delay the phase transition but also
create a barrier between the two minima. However, the effect
of the SM bosons is insufficient to provide a strong first-order
phase transition [1]. Thus, the common lore consists of adding
additional bosonic degrees of freedom to strengthen the phase
transition. As mentioned in the introduction, this has been
severely constrained at the LHC.

On the other hand, it was shown in [34] that adding new
strongly-coupled fermions with constant Yukawa couplings
can also help to strengthen the EWPT. Though these do not
create a thermal barrier on their own, they can lead to a de-
crease in g⇤ between the symmetric and broken phases and
hence delay and strengthen the phase transition. However,
these models are far from minimal. They suffer from a vac-
uum instability near the EW scale due to the strong coupling
of the new fermions and new bosons are also needed to cure
this instability.

In our approach of varying Yukawas, these problems are
alleviated. We are interested in models where the variation
of the Yukawa couplings is due to the VEV of a flavon field,
coupled to the Higgs, whose VEV therefore also varies during

FIG. 1: The mass of a fermionic species as a function of � for a
constant Yukawa coupling, n = 0, and varying Yukawas. In the
constant Yukawa case we take y(�) = 1. For the varying Yukawa
cases we take y1 = 1 and y0 = 0 (see Eq. 2).

the EWPT. If the Yukawa couplings decrease with the Higgs
background value �, the SM fermions can be massless both
in the symmetric phase, at � = 0, as well as at � ⇠ v due to
the falling couplings, but be massive somewhere in between,
i.e in the region 0 < � < v. This raises the potential in this
area and can therefore create a barrier. The quantitative size of
this effect is encoded in the effective potential which we shall
study below.

We stress that this does not mean that the Yukawa couplings
are controlled solely by the Higgs field, i.e. the Higgs need not
itself be the flavon (such a scenario is strongly constrained by
various Higgs and flavour measurements, see [20, 21, 26, 27]).
The variation of the Yukawas is related to the variation of the
Higgs VEV during the EWPT (during which the flavon VEV
may also change) but the Yukawas today do not depend on
the Higgs VEV v = 246 GeV nor are the Higgs-fermion cou-
plings sizeably affected. Model-dependent implementations
will be presented elsewhere [32, 33].

The aim of this letter is to stress the model-independent
features of the physics of Yukawa variation. We will therefore
present results using the following ansatz for the variation of
the Yukawa related to the variation of the Higgs VEV itself:

y(�) =

(

y1

⇣

1�
h

�
v

in⌘

+ y0 for �  v,

y0 for � � v.

(2)

The mass of the fermion species is given by

mf =

y(�)�p
2

(3)

and we illustrate the dependence of mf on � in Fig. 1. Equa-
tion (2) just expresses the fact that before the EWPT, the
Yukawas take values y1 and after the EWPT they take their
present value y0. The power n is just a parametrisation of how
fast the variation is taking place and is therefore encoding the
model dependence. Depending on the underlying model, the
Higgs field variation will follow the flavon field variation at

3

FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V

0
1 (�) + V

T
1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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We consider the effective potential given by the sum of the
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rection [36]
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In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
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(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the

The evolution of the effective potential with temperature in the SM (left) and with varying Yukawas (right) 
The varying Yukawa calculation includes all SM fermions with y1=1, n=1 and their respective y0, chosen to 

return the observed fermion masses today (the neutrinos are assumed to have a Dirac m=0.05eV). 

In the varying Yukawa case, there is a first-order phase transition with "c=230GeV and Tc=128GeV 
(vs. second order transition at Tc=163GeV for the constant Yukawa case).

1st order phase transition +  enhanced source of CP 

Baldes, Konstandin, Servant ’16
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Naturalness without TeV-scale New Physics:
relax!

5
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The Darwinian solution to the Hierarchy 
Other origin of small/large numbers according to Weyl and Dirac:

hierarchies are induced/created by time evolution/the age of the Universe

 Higgs mass-squared promoted to a field
 The field evolves in time in the early universe and scans a vast 

range of Higgs mass
 The Higgs mass-squared relaxes to a small negative value
 The electroweak symmetry breaking stops the time-evolution of 

the dynamical system

Graham, Kaplan, Rajendran ’15

Self-organized criticality
dynamical evolution of a system is stopped at a critical point due to back-reaction

Can this idea be formulated in a QFT language? 
In which sense is it addressing the stability of small numbers at the quantum level? 

hierarchies result from dynamics not from symmetries anymore!
important consequences on the spectrum of new physics

Espinosa et al ’15
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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

⇤/g

Cosmological evolution:

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
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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
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We add to the standard model Lagrangian the following terms:
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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
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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-
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Hierarchy problem solved
by light weakly coupled new physics 

and not by TeV scale physics

~interesting cosmology signatures~
◎ BBN constraints

◎ decaying DM signs in "-rays background
◎ ALPs

◎ superradiance

~interesting signatures @ SHiP~
◎ production of light scalars 

by B and K decays
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Phenomenological signatures
Nothing to be discovered at the LHC/ILC/CLIC/CepC/SppC/FCC!

only BSM physics below Λ 
two (very) light and very weakly coupled axion-like scalar fields

m� ⇠ (10�20 � 102)GeV

m� ⇠ (10�45 � 10�2)GeV

interesting signatures in cosmology
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Some open questions
 large field excursions  ↪ monodromy?

 non-periodic potential for an axion-like particle?

 hierarchy of decay constants: F>>f is ≈ to non-periodid potential  

 eternal inflation vs classical evolution?

 long period of inflation?

 other source of friction to prevent over-shooting the EW scale?

 UV completion?

 weak gravity conjecture? 

 can other scales be relaxed too? SUSY breaking scale?

 signatures in atomic physics?

McAllister, Schwaller, Servant, Westphal ‘in progress

Gupta, Komargodski, Perez, Ubaldi ’15

Choi, Im ’15 Kaplan, Rattazzi ’15

Arvanitaki, Dimopoulos, Villadoro ‘private communication

Riotto et al ‘in progress

Hardy ’15

Batell, Giudice, McCullough ’15

A new playground for model builders
at the cross-road between exp/cosmo/pheno/strings

Joined forces needed

Ibanez, Montero, Uranga, Valenzuela ’15

Heidenreich, Reece, Rudelius ’15 Hebercker, Rompineve, Westphal ’15

Evans, Gherghetta, Nagata, Thomas ’16
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Conclusions
At 4, the Higgs has certainly entered the age of precision

๏ advanced QCD calculations for rates and distributions
๏ dedicated experimental program
๏ direct searches for BSM physics

BSM in the Higgs sector can provide answers to the burning questions in HEP
๏ what is DM?
๏ what is the origin of matter-antimatter?
๏ what explain the smallness of neutrino masses?
๏ what stabilize the weak scale?
๏ what drives inflation?
๏ is there a stochastic gravitational background?

LHC data force to go beyond standard paradigms explored for 4 decades

Let us continue the exploration of the unkown  
that will become the SM of tomorrow


