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Solution: spontaneous symmetry breaking
The masses are emergent due to a non-trivial structure of the vacuum

4

mass. The “cancellation” of massless bosons to give
a massive boson, as anticipated by Anderson and
developed in the 1964 papers, is the famous Higgs
mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10

Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
accepted.

At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are
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Figure 2. The Mexican-hat potential energy density considered by 
Jeffrey Goldstone in his seminal 1961 paper.2 The energy density is a
function of the real (Re) and imaginary (Im) values of a spinless field ϕ.
In the context of the electroweak theory developed later in the decade,
the yellow ball at the top of the hat would represent the symmetric 
solution for the potential, in which the photon, W bosons, and Z boson
are all massless. The blue ball in the trough represents the solution after
symmetry breaking. In that solution the W and Z bosons are massive
and the photon remains massless. The steepness of the trough is related
to the mass of the Higgs boson.

• At this point it is usually claimed 
that spontaneous symmetry 
breaking is obvious, but this is 
not so

• For example in the double well 
quantum mechanics problem, 
there is a degeneracy 
associated with a Z2 symmetry

• But the ground state is a 
superposition that preserves the 
symmetry!

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

Goldstone’s Mexican Hat (1961)

vacuum = a space entirely devoid of matter
Oxford English
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Englert and Higgs received this year’s Nobel Prize
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That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
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in terms of the mass generated for the gauge boson.
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nal, Physical Review Letters, and it was promptly 
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At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
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as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.
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a hundred million readout channels each and made
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29 shows a visualization of the data produced by a
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whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 
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cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
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nate inversion, or parity), as the pion wavefunction
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important channels used by ATLAS and CMS in
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29 shows a visualization of the data produced by a
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products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.
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particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 
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cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are
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mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10

Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
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determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
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actions. Only in 1967 did Weinberg, and, independ-
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of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
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The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.
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The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are
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Goldstone’s Mexican Hat (1961)

ground state of QM double well potential 
is a superposition of two states localized on one minimum, 

and this superposition preserves the Z2 symmetry of the potential  

(courtesy of J. Lykken@Aspen2014)
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My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

The HEP landscape after LHC8TeV

Nicely summarized by M. Mangano @Aspen’14:
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• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

The HEP landscape after LHC8TeV

Nicely summarized by M. Mangano @Aspen’14:

The Higgs discovery sets a large part of the agenda for 
the theoretical and experimental HEP programs 

over the next couple of decades.
Unless a new major discovery soon (supersymmetry, DM...)!

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf


Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o145

The open questions about the Higgs

 Is it the SM Higgs?
 Is it an elementary/composite particle?
 Is it unique/solitary?
 Is it eternal/temporary?
 Is it natural?
 Is it the first supersymmetric particle ever observed?
 Is it really “responsible” for the masses of all the elementary particles?
 Is it mainly produced by top quarks or by new heavy vector-like quarks?
 Is it a portal to a hidden world?
 Is it at the origin of the matter-antimatter asymmetry?
 Has it driven the inflationary expansion of the Universe?
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The open questions about the Higgs

 Is it the SM Higgs?
 Is it an elementary/composite particle?
 Is it unique/solitary?
 Is it eternal/temporary?
 Is it natural?
 Is it the first supersymmetric particle ever observed?
 Is it really “responsible” for the masses of all the elementary particles?
 Is it mainly produced by top quarks or by new heavy vector-like quarks?
 Is it a portal to a hidden world?
 Is it at the origin of the matter-antimatter asymmetry?
 Has it driven the inflationary expansion of the Universe?

 ... Will it help to discover BSM before the construction of the Hamburg Opera 
house is over?
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Is the Higgs solitary?
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Results for 2HDM for ATLAS

Combination of several channels, probing all 4 types of 2HDM

● Assume the 126 boson to be the CP-even h
● Rescale production and decay rates as function of the couplings
● Express the couplings as functions of the theory parameters: tanβ and cos(β-α)

ATLAS-CONF-2014-010

Also direct search in WW in ATLAS-CONF-2013-027

  6

2HDM

• One more degree of freedom: different scaling factor for leptons/bosons, up/down 
lepton&quarks, leptons/quarks, …

• Free parameters (more general than MSSM)

• m
h
, m

H
, m

A
, m

H±
, m

12
, tgβ, α

• All mass eigenstates couple to both h and H in all models, but couplings depend on model

 Mixing angle for CP-even h and H

Different scaling
for up and down fermions

Different scaling
for leptons and quarks

Different scaling
for up and down quarks,

leptons flipped

See arXiv 1106.0034

κ
V
 ~ sin(β-α)

κ'
V
 ~ cos(β-α)

Is there a second Higgs doublet?

How to search for a second Higgs?
Reuse the SM searches in the high mass region?

What about new prod./decay modes? New ideas needed!
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The measurements of the 125GeV Higgs couplings already constrain the existence of a second Higgs

http://cds.cern.ch/record/1670531?ln=en
http://cds.cern.ch/record/1670531?ln=en
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Is the Higgs temporary?
aka the fate of the EW vacuum
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Can we live without new physics?

Forgetting the hierarchy problem for a moment, it seems 
possible to extend the validity of the SM up to MPl and 

that it remains weakly coupled?

Buttazzo et al ’13

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/arXiv:1307.3536
http://arxiv.org/abs/arXiv:1307.3536
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Is the Higgs temporary?
If λ becomes negative, the EW vacuum is meta/unstable

(courtesy of JR Espinosa)

and the Higgs and our EW vacuum are only temporary!
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Are we living at a edge of the phase diagram?

Degrassi et al ’12

Bezrukov et al ’12

Buttazzo et al ’13

see also: 

The (near) criticality of our vacuum calls for a precise measurement 

LHC

ILC/TLEP

Future Predictions from Gfitter 
• Assumed inputs 

mH = 126 ± 3Exp ± 4Th GeV 

Baak 

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1205.6497
http://arXiv.org/abs/1205.6497
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1205.2893
http://arXiv.org/abs/1205.2893
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/arXiv:1307.3536
http://arxiv.org/abs/arXiv:1307.3536
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Is the Higgs a portal to a hidden/dark world?
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Is the Higgs a portal to a hidden/dark world?
 the WIMP hypothesis: hierarchy pb ⇒ NP with weak quantum numbers ⇒ DM

 the DM portal models are examples of DM neutral under the SM interactions

DM-portal prime ex.:                              (note: fully renormalizable)L = �S2|H|2
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Is the Higgs a portal to a hidden/dark world?
 the WIMP hypothesis: hierarchy pb ⇒ NP with weak quantum numbers ⇒ DM

 the DM portal models are examples of DM neutral under the SM interactions

DM-portal prime ex.:                              (note: fully renormalizable)L = �S2|H|2

DM direct search

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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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
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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

19

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⌫)

2

Philippe Calfayan, LMU Munich Moriond EW 2014, March 15-22 2/20
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λh!!

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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larger'cross'section'
than'ZH'production,'
better'sensitivity

Signal'
two'final@state'quark'jets'separated'by'a'large'
rapidity'gap'with'high'invariant'mass
large'missing'transverse'energy'(MET)

Backgrounds
Z(νν)+jet','W(lν)+jet
QCD'multijet
single'top,'ttbar,'diboson,'DY(ll)+jet'

CMS$HIG$13$030
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Z(l+l=)'H(Inv.)

Backgrounds
SM'ZZ→2l2ν:'dominant'&'irreducible,'estimated'from'MC'simulation
WZ#→3lν:#similar'to'ZZ'when'one'lepton'is'not'detected'(MC'simulation)
Z/γ*+jets:'fake'MET'from'instrumental'effects'(data@driven)
WW,'single'top,'ttbar,'Z→#τ+τ=:'non@resonant'in'mll'at'Z'mass'region'(data@driven)
W+jets/QCD'multijet:'fake'leptons'from'jets'(small'background)'(data@driven)

Event'Selection'(similar'between'ATLAS'and'CMS)
exactly'2'leptons'with'pT>20GeV,'|mll@mZ|<15GeV
jet'pT'>'20'GeV;'3rd'lepton'veto:'pT'>'7GeV'(ATLAS),''>'10GeV(CMS)
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q
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χ

χ
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a'pair'of'high'pT,'isolated''leptons'with'opposite'charge'
compatible'with'a'Z'boson

large'missing'transverse'momentum'together'
with'limited'jet'activity

 VBF & ZH searches

CMS 
PAS HIG-13-030

ATLAS 
CONF-2013-011

http://cds.cern.ch/record/1523696?ln=en
http://cds.cern.ch/record/1523696?ln=en
http://arxiv.org/pdf/1404.1344v2.pdf
http://arxiv.org/pdf/1404.1344v2.pdf
https://cds.cern.ch/record/1670012
https://cds.cern.ch/record/1670012
http://cds.cern.ch/record/1542387/files/HIG-13-005-pas.pdf
http://cds.cern.ch/record/1542387/files/HIG-13-005-pas.pdf
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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
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couplings to Standard Model (SM) and
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.

14

the LHC direct searches are not competitive

De Simone, Giudice, Strumia ’14

http://cds.cern.ch/record/1523696?ln=en
http://arxiv.org/pdf/1404.1344v2.pdf
https://cds.cern.ch/record/1670012
https://cds.cern.ch/record/1670012
http://arXiv.org/abs/1402.
http://arXiv.org/abs/1402.
http://arxiv.org/abs/arXiv:1307.3536
http://arxiv.org/abs/arXiv:1307.3536
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Dynamics of the EW phase transition:
is the Higgs at the origin of the matter-antimatter asymmetry?
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Dynamics of EW phase transition and Cosmology
The asymmetry between matter-antimatter can be created dynamically

it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition

Ch!"o#e Grojean Beyond the Higgs To!no, January‘08

EW Phase Transition in the Standard Model

V
V

In the SM, a 1st order phase transition could occur due 

to thermally generated cubic Higgs interactions: 
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the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access to in colliders (LHC≠Big Bang machine!)

finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings
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visible @ HL-LHC/ILC/TLEP
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FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.
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(a) Service de Physique Théorique, CEA Saclay, F91191 Gif-sur-Yvette, France
(b) MCTP, Department of Physics, University of Michigan, Ann Arbor, MI 48109

(c) High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60539
(d) Enrico Fermi Institute, University of Chicago, Chicago, IL 60637

We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction
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FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction
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New physics in loops
new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].

– 3 –
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FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction

Grojean, Servant, Wells ’04
Noble, Perelstein ’07

➾ ➾

colored scalars

O(20%) deviation in h→gg

(8%LHC14, 5%HL-LHC,1%ILC,<1%TLEP)

➾ SM neutral scalars

O(1%) deviation in σ(ee→Zh)

(10%LHC14, 2%HL-LHC,0.25%ILC,0.05%TLEP)

➾electrically charged scalars

O(5%) deviation in h→γγ

(5%LHC14, 2%HL-LHC,2%ILC,1%TLEP)

➾

New physics in loops
new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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What is the Higgs the name of?
The SM Higgs couplings are fixed to restore unitarity with mass

For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
Dµ�

†Dµ�
⇥⇤

1 + 2a
h

v
+ b

h2

v2

⌅
� �⇥̄L�⇥R

⇤
1 + c

h

v

⌅

For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

Goldstone of SU(2)LxSU(2)R/SU(2)V� = ei⇥
a�a/v Dµ⌃ = gVµ
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Higgs couplings 
are proportional 

to the masses of the particles

Higgs

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�
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“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC
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Higgs and Flavor
In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass higgs-fermion interactions

both matrices are simultaneously diagonalizable 

no tree-level Flavor Changing Current induced by the Higgs
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Look for SM forbidden Flavor Violating decays h → μτ and h → eτ

weak indirect constrained by flavor data, eg (μ→ eγ): BR<10%
ATLAS and CMS have the sensitivity to set bounds O(1%)
ILC/CLIC/FCC-ee can certainly do much better 

 Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

CMS-PAS-HIG-2014-005

(look also at t→hc ATLAS ’14)
 Celis, Cirigliano, Passemar ’13
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New Physics in Rare Higgs Decays?
The rare exclusive semi-hadronic h decays

h

π
q

q
_

Rare h → VP decays, where P is a single 

hadron state (pseudo-scalar or vector-meson) 

are a very interesting probe of the vacuum-

structure of the theory

ASM ∝ 
 fP
 v

ratio of the two order parameters 
controlling the SU(2)

L
 breaking 

Radiative modes of the type h → γY where Y is a 

quarkonium state have similar properties: more 

sensitivity to hqq couplings, but still dominated 

by h → γZ* → γY within the SM

GI, Manohar, Trott, '13

Bodwin, Petriello, Sonyev, Velasco, '13

In both cases, sizable deviations from the SM can be expected in presence of 

non-minimal couplings of the Higgs to fermions 
Kagan et al. '14

G. Isidori –  Rare Higgs decays                           CERN, June 2014

h

q

q
_

Y

γ

The rare exclusive semi-hadronic h decays

GI, Manohar, Trott, '13

The SM rates are suppressed but not outrageously small (thanks to mh ~125 GeV), 
and some channels may have a (relatively...) clean signature 

  h  →Zϒ         1.6 x 10-5    h  →γ J/ψ      2.5 x 10-6 Bodwin et al. '13
GI, Gonzales-Alonso '14

1.7

Sizable modifications 
possible in various 
BSM frameworks

G. Isidori –  Rare Higgs decays                           CERN, June 2014
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Isidori, Monohar, Trott ’13

Isidori, Monohar, Trott ’13

Isidori, Gonzalez-Alonso ’14
Bodwin, Petriello, Stoynev, Velasco ’13

https://indico.cern.ch/event/313708/contribution/20/material/slides/0.pdf
https://indico.cern.ch/event/313708/contribution/20/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1305.0663
http://arxiv.org/abs/arXiv:1305.0663
http://arxiv.org/abs/arXiv:1305.0663
http://arxiv.org/abs/arXiv:1305.0663
http://arxiv.org/abs/arXiv:1403.2648
http://arxiv.org/abs/arXiv:1403.2648
http://arxiv.org/abs/arXiv:1306.5770
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Is the Higgs produced by top quarks?
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

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

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)
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Is the Higgs produced by top quarks?
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)
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compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.
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been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
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~ current single Higgs processes are insensitive to top partners ~

two competing effects that cancel:
 T’s run in the loops
 T’s modify top Yukawa coupling

Falkowski ’07
Azatov, Galloway ’11

Delaunay, Grojean, Perez, ’13

�SM
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and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.
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contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).
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corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
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sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
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From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
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14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel

Measurement of the Higgs Boson Coupling to the Top Quark 
and the Higgs Boson Self-Coupling at ILC

The International Linear Collider is a proposal for a 50 km electron-positron collider in the Kitakami hills in northern Japan. Precision measurements of Higgs properties 
and direct searches for new physics will complement the LHC experiments and their upgrades in our drive to answer open questions about the universe and the origin 
of matter. Two detector concepts have been validated as being feasible to deliver the necessary precision. 

In its baseline configuration the machine has a collision energy of about 500 GeV, upgradeable to 1 TeV. The integrated luminosity in a high-lumi scenario is 1.6 ab-1 at 
500 GeV and 2.5 ab-1 at 1 TeV.

The measurements of the Higgs boson self-coupling and the coupling to top quarks are challenging measurements that are limited by low cross sections and by the 
ability to reconstruct complex events with precise tagging of heavy quark flavors.The Higgs coupling to the top quark can be measured to XX±YY % and the Higgs tri-
linear self-coupling can be measured to XX±YY %

Measurement of the tri-linear Higgs self-coupling
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Flavor Tagging — LCFIPlus 
Building on vertex reconstruction techniques 
developed at the previous linear collider, the ILC 
detectors will have excellent flavor tagging 
capabilities, with the innermost layer  
14 mm (SiD)-16 mm (ILD) from the interaction.

Jet Reconstruction 
Building on the Particle Flow paradigm, the ILC detectors allow the 
reconstruction of jets with unprecedented resolution even in complex 
environments. The goal is to reconstruct heavy bosons with a resolution of 
a few GeV.

www.linearcollider.org/ilcReferences:
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In the Standard Model:

The Higgs potential after 
electroweak symmetry breaking 

Simulation Reconstruction

The self-coupling can 
be measured in two 
channels of double 
Higgs production.

First 
measurement 
at the ttbar 
threshold

Direct observation 
of ttH final state 
feasible at 500 
GeV thanks to 
bound-state 
effects.

The measurement precision 
rises quickly with collision 
energy
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ATLAS CONF-2014-11  μ <4.1 CMS PAS HIG-14-010  μ <3.3 
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Future Higgs measurements:
Multi Higgs, boosted and off-shell Higgs channels  
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How to organize? 

The entire Higgs business is all about extracting the Higgs 
properties as precise as possible 

- also roughly indicates possible initial states/related kinematics 
- Jet  multiplicity  might  be  replaced  with  V=W,Z,  top,  etc… 

∼ 44  ab ∼ 50  pb ∼ 34  fb 

∼ 2  fb ∼ 15  pb 

∼ 2  fb୮(୨)வଵ 

(adapted from M. Son@Planck2014)

~	  2	  pb

~	  4.2	  pb
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Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
1000 fb
100 fb

100 fb

Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
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100 fb

A long term plan?

x 1000

x 100-1000

FCC = H+X factory

(Plots from P. Torrielli and MLM, CERN’14)

https://indico.cern.ch/event/304759/contribution/35/material/slides/0.pdf
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

access to Higgs couplings @ mH Probing the Higgs couplings 
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Assuming'no'BSM'in'the'producLon'
and'decay'
'

2  CompaLble'with'SM''
2  NegaLve'κt'(relaLve'to'κV)'disfavored'(but'sLll'

possible'soluLon)'
2  Already'excluding'composite'models'

Custodial'symmetry'
'

2  Already'corroborated'by'EW'precision'
2  Directly'measured'in'Higgs'couplings'
2  In'agreement'with'SM'expectaLon'

under'various'assumpLons'

34'

Coupling deviations 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

64 

!  Scaling the 
couplings to 
fermions (κf) and 
vector bosons (κV). 

!  Destructive 
interference in 
H�&γγ decay 
loop breaks 
degeneracy. 

[CMS-PAS-HIG-14-009] [arXiv:1307.1347] 
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

access to Higgs couplings @ mH 
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(same order as S and T but cannot be probed @ LEP1)

Probing new corrections to the SM Lagrangian?
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Figure 5. Invariant-mass mV h distribution of a two-body system comprised of a Higgs boson
and a gauge boson for LHC collisions at a center-of-mass energy of 14 TeV. We show results
for the Standard Model (red-solid histogram) to which we superimpose predictions computed when
c̄HW = 0.1 (blue-dotted line) and c̄W = 0.1 (black-solid line) couplings are allowed.

We show the dependence of R on the coe�cient of c̄HW which turns out to be quite steep

when c̄HW is of order O(0.1) or smaller, and smoother for larger (absolute) values of this

Wilson coe�cient. The results however largely depend on the selection requirements (on

the final state lepton and missing transverse energy) of the corresponding analysis that

could further accentuate the e↵ect of the e↵ective operator.

4.2.2 Invariant mass of a two-body system constituted of a Higgs boson and

a gauge boson

The kinematical properties of the system formed by the massive vector boson V and the

Higgs boson hmay be modified by the presence in the Lagrangian of non-standard operators

such as those introduced in Section 2.1. In this context, one interesting observable consists

of the invariant-mass distribution of the V h-system [31], as illustrated in Figure 5 for

proton-proton collisions at a center-of-mass energy of 14 TeV. We present in this figure

invariant-mass mV h spectra computed at the parton-level, i.e., without accounting for

gauge-boson and Higgs-boson decays, and compare the Standard Model predictions (red-

solid histogram) to results including first new physics e↵ects induced by a non-zero c̄W = 0.1

parameter (black-solid line) and second by a non-zero c̄HW = 0.1 parameter (blue-dotted

line). While the Standard Model expectation steeply falls for invariant mass larger than

500 GeV�600 GeV, beyond the Standard Model results exhibit a tail extending up to

much larger mV h values around the TeV scale. New operators indeed contribute to this

process with di↵erent kinematics, favoring configurations with larger four-momentum. This

example therefore demonstrates the powerful usage of such an observable for unraveling

new physics in the Higgs sector.
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Figure 6. Transverse-momentum spectrum of both Higgs bosons of a hh pair produced by vector
boson fusion, the results including hence two entries for each event. The green-solid histogram
depicts the SM predictions, while the blue-solid line corresponds to the addition of new physics
e↵ects modeled by c̄W = 0.05.

4.3 Di-Higgs production in vector boson fusion

Recently, the interest for di-Higgs production at the LHC, running at a center-of-mass

energy of 14 TeV, has importantly increased. This process indeed allows to get a first grip

on the triple-Higgs interaction strength. In the following, we show as an example di-Higgs

production in the vector boson fusion mode,

p p ! hh j j , (4.13)

where both jets j are forward jets. Several of the e↵ective operators of Section 2.1 can

a↵ect such a process and we find that the distribution of the Higgs transverse momentum

pT provides information allowing to probe such e↵ects. This is illustrated on Figure 6 where

we represent the pT spectrum of both Higgs bosons, including hence one entry for each

Higgs boson in the histograms. We compare the Standard Model expectation (green-solid

histogram) to new physics results arising from c̄W = 0.05 (blue-solid line).

We demonstrate in this way how the operatorOW (and the associatedWilson coe�cient

c̄W ) favors final state configurations with boosted Higgs bosons. This behavior is even more

pronounced than the one observed in Section 4.2.2 when the Higgs boson is produced in

association with a massive gauge boson. As a consequence, the operator OW is likely to

be investigated via new techniques dedicated to Higgs searches in boosted topologies, as

presented for example in Refs. [61, 154, 155].

4.4 Associated production of a Higgs and gauge boson from contact interac-

tions with fermions

As a last example of the strength of our implementation, we investigate, in this subsection,

possible e↵ects originating from e↵ective operators involving one single Higgs field, one

– 23 –
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Boosted Higgs in HV production
The hVff form factors are accessible also inV+h associated production in a 

different kinematical regime 
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Of course the f.f. probed in associated production at LHC maybe different from 

those appearing in h → Zll, in case of flavor-non-universal contact interactions.

What's next? Precision Higgs studies [ I. Kinematical studies ]

G. Isidori –  Consequences of the Higgs discovery                               Orsay, Jan 2014

Associate production ff➙Vh probe 
the high q2 dependence of the form factors

Isidori, Trott ’13

The large effects at high pT or mVH have been used to probe higher dimensional derivative operators 

Ellis, Sanz, You ’13

but the validity of the EFT approach is endangered
Biekoetter et al ’14

Beneke, Boito, Wang ’13

Alloul, Fuks, Sanz ’13

http://arxiv.org/abs/arXiv:1307.4051
http://arxiv.org/abs/arXiv:1307.4051
http://arxiv.org/abs/1404.3667
http://arxiv.org/abs/1404.3667
http://arxiv.org/abs/arXiv:1406.7320
http://arxiv.org/abs/arXiv:1406.7320
http://arxiv.org/abs/arXiv:1406.1361
http://arxiv.org/abs/arXiv:1406.1361
http://arxiv.org/abs/1310.5150
http://arxiv.org/abs/1310.5150
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Multiple Higgs interactions in WW→HH
in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering) 
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�C3

2b2�

4b

 In the 4b final state, 14 TeV with 300 fb-1 

(3000 fb-1) the hhVV coupling can be 
measured with good precision: ~25-30% 
(10-15%)

 As expected, the precision on the Higgs 
trilinear coupling is worse than in gg->hh 
(since backgrounds dominate hh threshold 
region)

 At the FCC, the hhVV coupling can be 
pinned down with very high, few percent 
precision

 We have included a 50% error in the 
backgrounds, to account for theory and 
experimental uncertainties

 Encouraging to begin to explore Higgs 
pair-production in VBF already at the LHC 
Run II

PRELIMINARY
LHC 14 TeV 300 fb-1

LHC 14 TeV 3 ab-1

FCC 100 TeV 
3 ab-1

�C3

�C2V

Bondu, Contino, Massironi, Rojo ‘to appear

V

V h

h

gVVhh=c2V*gVVhh
SM

h

h

h

ghhh=c3*ghhh
SM

https://indico.cern.ch/event/313725/session/1/contribution/19/1/material/slides/0.pdf
https://indico.cern.ch/event/313725/session/1/contribution/19/1/material/slides/0.pdf
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c2t = 3(ct � 1)

27

What do we learn from gg→HH?
𝒄𝒕 

𝒄𝒕 

𝒄𝟐 

𝒅𝟑 

𝒄𝒕 

𝒄𝒈𝒈 𝒄𝒈 𝒅𝟑 

Six parameters are involved 
What’s  the  connection  of  these  pars.  to  NP?   

𝑔𝑔 → ℎℎ process 

: How do we systematically study the effects of those pars ? 

in principle gg→HH gives access to many new couplings, including non-linear couplings

In reality single-Higgs processes is unable to differentiate ct from cg

In practice, if the Higgs is part of an EW doublet, 
these new couplings are related to single-Higgs couplings

cgg = cg

c2t
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𝑔𝑔 → ℎℎ process 

: How do we systematically study the effects of those pars ? 

in principle gg→HH gives access to many new couplings, including non-linear couplings

In reality single-Higgs processes is unable to differentiate ct from cg

In practice, if the Higgs is part of an EW doublet, 
these new couplings are related to single-Higgs couplings

cgg = cg
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Evolution of  
c3 and c2t under 14 TeV → 100 TeV  

Preliminary 300  fbିଵଵସୣ 

3000  fbିଵଵସୣ 

3000  fbିଵଵୣ 

Azatov, Contino, DelRe, Meridiani, Micheli, Panico ‘to appear

http://indico.cern.ch/event/304759/contribution/29/material/slides/0.pdf
http://indico.cern.ch/event/304759/contribution/29/material/slides/0.pdf
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5
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panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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see also Banfi, Martin, Sanz ’13 
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Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89

ˆ

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Recent analysis of gg→H*→ZZ→4l 
(about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS PAS HIG-14-002 
ATLAS-CONF-2014-042  

http://inspirehep.net/record/268478
http://inspirehep.net/record/268478
http://cds.cern.ch/record/1740973/files/ATLAS-COM-CONF-2014-052.pdf
http://cds.cern.ch/record/1740973/files/ATLAS-COM-CONF-2014-052.pdf
http://arxiv.org/abs/1405.3455
http://arxiv.org/abs/1405.3455


Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1429

Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Recent analysis of gg→H*→ZZ→4l 
(about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS PAS HIG-14-002 
ATLAS-CONF-2014-042  

e.g. Dobrescu, Lykken ’12

Access to the Higgs width @ LHC?

Narrow Width Approx.: on-shell off-shell
ratios of κ only

no direct access to the width itself
upper bound if κV < 1 is assumed 

different width dependence 
ΓH can be fitted w/o assumption

often said, it is impossible to measure the Higgs width at the LHC. Not quite true.
it can be done either via off-shell measurements or via the mass shift in gg➝h➝γγ
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Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL
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Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Recent analysis of gg→H*→ZZ→4l 
(about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS PAS HIG-14-002 
ATLAS-CONF-2014-042  
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for
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degenerate solution along the line ct + cg = constant, which originates from the Higgs low-
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process
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ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
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ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
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to be compared to the triangle amplitude mediated by the top loop, which grows like
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the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
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The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as
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Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
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diagram contribution [22,24].

6

Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region

Cacciapaglia et al. ’14

can distinguish ct from cg

c t

g

g

Z

Z
g

g
Z

Z

c g

g

g

Z

Z

Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly
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section is proportional to
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schematically written as
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Figure 5: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for the

injected SM signal: expected posterior probability as a function of ct, assuming the constraint

ct + cg = 1 and to observe the SM signal. The black curve corresponds to the nonlinear

analysis including all bins, at 68% probability we find ct 2 [0.74, 1.28]. The red curve was

obtained using only the categories below 600GeV and at 68% we have ct 2 [0.1, 1.25] The

brown curve corresponds to the linear analysis including all bins, which gives ct 2 [0.36, 1.66]

at 68%.

a dimension-8 operator. We can estimate the Wilson coe�cients of the dimension-6 and

dimension-8 operators in Eqs. (2.2) and (2.9) as

cg = cy ⇠ Y 2
⇤ v2

M2
⇤
,

c8 ⇠ Y 2
⇤ v4

M4
⇤
. (3.22)

This implies that the dimension-8 operators will become important at the scale

p
s ⇠ M⇤ , (3.23)

where our analysis breaks down.9 Therefore to remain in the region of validity of the EFT

approach, when deriving the bounds on the model parameter space we only considered the

9 As a side comment, we note that an exact treatment of the gg ! ZZ amplitude in this model requires

the computation of box diagrams with two di↵erent massive fermions in the loop. These diagrams are

exactly the same as those for the SM contribution to the gg ! WW process, mediated by top and bottom

quarks [50]. Within this work, however, we chose to remain within the EFT approach and leave the analysis

of the e↵ects of the dimension-8 operators for future study.
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provides an alternative to ttH to measure the top Yukawa coupling
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endowed with a gauge structure

Higgs = Elementary or Composite?
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Conclusions

Precision Higgs physics is on the HEP agenda for the next 2-3 decades
- for a deep understanding of the SM 

- for an accurate comparison with experiments
- for an access to BSM 

“Where is everybody? What is the scale of new physics?”
Proton decay: >1015 GeV

Flavor violations: >108 GeV
CP violation (EDMs): 104 GeV 

New physics should be around the TeV scale 
to stabilize the Higgs potential (aka hierarchy problem).

That makes the Higgs a very special character



Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1432

Who is going to win?

NMSSM

BrazilItaly

Spain

England

Argentina
Netherlands

32



Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1432

Who is going to win?

NMSSM

BrazilItaly

Spain

England

Argentina
Netherlands

Several nice teams (Spain, Italy...) waded away quickly

32



Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1432

Who is going to win?

NMSSM

BrazilItaly

Spain

England

Argentina
Netherlands

Several nice teams (Spain, Italy...) waded away quickly
At the end, it is Germany who wins

Germany

32



Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1432

Who is going to win?

NMSSM

32

Several nice models (TC, CMSSM..) waded away quickly

Composite HiggsHiggsless

Technicolor

CMSSM

Natural SUSY



Christophe Grojean Higgs Physics - Theory Hamburg, August 25, 2o1432

Who is going to win?

NMSSM

32

Several nice models (TC, CMSSM..) waded away quickly

Composite HiggsHiggsless

Technicolor

CMSSM

Natural SUSY

At the end, it is SM who wins

SMSM


